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OPTIMAL OPERATION

1.0 INTRODUCTION

1.1 A Flood Control SYstem

OF A FLOOD CONTROL SYSTEM

Two kinds of flood control works may be actively operated in order to

alleviate flood danage, reservoirs and diversiors. Reservoirs reduce

flood damage by storing flood waters and releasing them at a later date

so as to reduce the peak of the flood wave and lengthen its duration.

Diversions sinply divert flood waters away to an area less prone to flood

damage. An operable flood control system as discussed in this thesis is

composed of reservoirs and diversions in addition to passive flood con-

trol rvorks such as dykes.

The object of operation of any flood control system is to minimlze

flood damage. This requirement defines the optimal operating schedule

for each of the system components. The degree of complexity of the op-

timal operation of a flood control systeilì is deternined by the nr¡rber of

flood control reseryoirs and/or diversions which conrprise the system for

each flood control component requires its oirrn operating schedule. Since

the operating schedules of the components of the system may be hi-ghly

inter-related it may be appreciated that the difficulty in arriving at

optinal operating schedules increases very rapidly as the ru.mber of com-

ponents of the flood control systen increases.

The opti-mal operating procedure is based on anticipated

r:ncertainty in forecasting flows therefore adds a degree of

to the optimal operating procedure. It need not add to the

of the analysis if the rincertainty itself is not a factor in

tive of the system oPeration.

florvs. The

r.rncertaintY

complexity

the objec-
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In this thesis all flow values have been treated as being determin-

istic and no allowance for stochastic variation has been included.

Stochastic variation of flow values could be addressed by mearìs of new

estinates of flow values which would then be subject to another analysis.

In an operational flood control context this might take the form of a

high, best and low estimate of systen in flows with each estimate re-

quiring a separate analysis. In this manner any stochastic variation in

flow estimates can be partially addressed within the deterministic frame-

work of the model constructed in a nanner acceptable for operational flood

control ÐurDoses,

7.2 Sinrulation Analysis

Sinrulation analysis is a conmonly accepted method of arrivi¡rg at an

operating schedule for a flood control systen. In a simulation analysis,

the river system is modelled so that movement in time and space of river

flows throughout the river basin may be simulated. This is generally

done by mathenatical nodels of the river basin rather than by analog

models and is carried out on an electronic computer.

Forecast inflows to the river basin are innut to the simulation

-^J^1 ^-c +L^ ^--^fem encl An l-lne.ì2*:-- -^1^-1,-1 ^ i- -^^+,.'1 -+^J f,^'- eaChllluL-tgl_ uI Lllg 5y>LCilr drru d1 'JpErdLIrrB >LlluuL]l.c 15 PU5Lur-d"LUL.L luI

system component. The output from the simulation model consists of dis-

charges and water 1eve1s at various locations of interest in the river

basin. Each nrn results in a calculated value of flood damage. Operating

schedules for each system component are changed between runs so as to jm-

prove the perfonnance and the sj-mulation analysi-s is repeated. The re=

sults of individual sjmulation runs are compared and revised operating

schedules are postulated until a best operating schedule for the system

3



components is arrived at. No systematic search for optirnal operating

schedules of system components is necessarily iniplied in a simulation

analysis although it can be incorporated therein'

The nain difficulty with this technique lies in the revision of the

operating schedules for individuaL system components so as to improve

the performance. If the variables are changed one by one by sma1l amouttts'

the amormt of work required to achieve the optimr.un becomes prohibitive.

If larger steps are taken or Several variables changed at once, the an-

alysis may well miss the optimr-m altogether. Therefore, simulation

analysis works well to refine initial postulates of system corrponent

operating schedules. If the initial operation postulates are far from

optimal simulation nay give problems.

When the flood control system is not overly complex the limitations

of sinrulation a¡ralysis are not severe. However, as the complexity of the

system increases it may prove very difficult, if not impossible, to find

the optimal operating schedule through simulation analysis-

1.3 Optinization AnalYsís

Optini.zatj-on techniques differ from simulation in that a systematic

search for the optinir-mr operating schedule is incorporated in the technique.

Theoretica1Jy, this would solve the problem-

However, in practice it is often found that the large nulber of

variables involved makes an optimi zation technique much too laborior'rs

even with the aid of large electronic computers. It is possible in nany

cases to set the target in optimization somewhat lower and to aim for a

solution that is not too far away from the optimrln' The so ca11ed fine

tuning can then be acconplished by means of sintulation analysis'

¿.



In optimization, all the components of the flood control system must

be arnlyzed simultaneously over their entire range of possible operating

schedules. In addition, the technique mrst realistically reflect any op-

erating schedule inter=relationships between individual system components.

The time interval, however, caÌr be increased substantially to reduce the

nurber of variables.

An optini zation technique l<nown as linear progranming Ïras employed

in this thesis to provide ínitial operating schedule postulates. It was

decided to use a time interval of seven days in the optimization technique

rather than the daily time interval generally used in flood control sjm-

ulation analysis. This is acceptable when one keeps in mind that the

primary function of the optimization technique is to provide initial

systen component operating schedule postulates, that are near optimal,

for input to a simulation analysis which will then fine tune these post-

ulates. The use of the seven day time period greatly reduces the com-

putational burden of the optinization process.

I.4 Optimization-Slmulation Conrparison

^ ^^--^*;^"rn of the ont'imization and simulation nrocesses is infL LUllqJdI -L>U-^ -- ---* -l- --..-'@ LIUII allu Jlllul@Lavl¡ y¡vuvJJvJ

order. Optimization tends to look at the overall picture with respect

rn nner:fino s,chedules of individual flood control systeni components.

In an optin,ization analysis the entire physically feasible range of op-

erating schedules for operating system components is ana1yzed. Generally,

the flood control system is not modelled in great detail with respect to

either the time step employed in the analysis or the degree of exact

modelling of the systen under consideration.

Simulation analysis, on the other hand, tends to look at a very 1in-

ited picture with respect to operating schedules of the individual flood

5



Control System components. fn sjmulation analysis a nalro\^I range of

operating schedules for individuaL system coniponents is analysed. Gen-

era11y, the system is modelled in considerable detail with respect to the

tìme step employed and the degree of exact modelling of the system.

It may be appreciated that a trade off in tenns of computational

burden a¡d exactness of results is involved in sirnulation and optì:r'iization

analysis.

A point may be made that the optiinization and sjmulation analysis

processes are always carried out together in the determíning of optímal

operating schedule for flood control components. For the case of less

coniplex flood control systems the optimization analysis takes the form

of intuitive reasoning by the person responsible for the analysis ' For

more conplex flood control systems, a more formal optimi-zation process,

together with the all important intuitive reasoning of the person res-

ponsible for the analysis, is felt to be more appropriate.

1.5 The Optjmlzation Model Selected in this Thesis

A linear programming technique was selected as the optimization model

in this thesis. It is intended to optìmize operation of flood control

works so as to mÍnimize damage caused by flooding. Flood damage is re-

presented by flooded area in this context. Iniplicit in this statement

is the assumption that all flooded areas in the model have the same do11ar

value per acre with regard to flood damage for a gíven ti-rne of yeaT.

This assr.nrption may be relaxed quite easily should a particular river

systen require different dollar peï acle values of flood damage' The

linear progranmring model constructed herein produces opti:na1 mean seven

day operating schedules for each of a flood control system's control

o



works on the basis of ninimizing total flooded area as a function of peak

mear seven day discharges at selected damage centres throughout the flood

control system. Peak mean seven d.ay d"ischarges at each d.amage centre in

the analysis, together with their corresponding damage coefficients,

form the objective firnction in the anal-ysis. The total value of this

objective function is to be ininimized.

No limitation as to the nunber of flood control reservoirs or diver=

sions in the flood control system is i-rqplied by the model although in

reality the computational capacity of the electronic computer employed

in the analysis or the cost factor of the analysis itself would be the

limiting factor as to the size of the systen lvhich could be optimized

attd/or the detail to which the system could be modelled in the optim:_zat:.on.

The optimtzatíon model is formulated to address river basins in which

the predominant danages due to floodíng are agricultural in nature. In

this respect the phenornenon that agricultural flood danages are tjme depen-

dent is addressed in the model. This feature is an extension rather than

a restriction to the use of the model as non=agricultural damages, such

as flooding of buildings or loss of bridges are non time dependent and

may be addressed directly by the model constructed.

The general optimization model constructed ín this thesis was applied

to the Assiniboine River in lt4anitoba to assess its applicability. It
should be noted that the flood control system in existence on the

Assiniboine River system may be treated as one j-n which acceptable

postulates for a simulation analysis may be obtained by intuitive reasoning

rather than requiring the use of an optimization model. However, it should

also be noted that it is this ver/ norr.co:nplexity of the flood control

system in terms of the mmber of operable system coilponents that allows a

7



reasonable check of the applicabiltty of. the optimlzation model as com=

pared to intuitive reasoning.

The linear prograilûlting optimization model constructed in this thesis

effectively reflects the inter-relationships of the flood control system

on the Assiniboine River in ]t{anitoba and produces acceptable starting

postulates for a simulation analysis.
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2.0 THE ASSINIBOINE RI\/ER SYSTE}4

a 1 IJ:^+^*,L.L lrr>LLrrJ',

Since the begirLning of the settl-ement of the west the Assiniboine

River has had a record of destructive floods. 0n several occasions

during the 1800's floods did occur but nuch of this information is very

sketchy. Detailed records have been kept since 1913. In the latter

period there were seventeen years in which major flooding occurred-

The Assiniboine Ri-ver flows in a valley from Kamsack to Portage 1a

Prairie. Flooding in this reach would generally affect the river valley

bottem land on1y. Downstream of Portage 1a Prairie the Assiniboine en-

ters the flat prairie which once comprised the bottem of Lake Agassis.

In this reach the adjacent land fa11s away from the river banks which

have been raised by silt deposits. Once the banks are overtopped the

water ca¡mot return to the river chamel when the flood peak has passed-

The flood waters eventually drain via old creeks ancl char¡rels to Lake

X{a¡itoba to the north and into the La Sa1le River to the south. However,

drainage is generally poor and flood waters may remain on the land for

several weeks.

2.2 Flood Control Investigatiorx

Following the 1950 f1ood, measures were studied for both the

Assiniboine River and the Red River. In 1958 the Royal Conmission on

Flood Cost Benefit reconrnended specific flood control rvorks.

ÌVith respect to the Assiniboine River, the Royal Conmission invest-

igated storage as wel-1 as diversion proposals. For every principal

tributary investigations were conducted to assess the feasibility of

10



flood control storage; each analysis, however, showed that tríbutary

contribution was insufficient to warra¡tt the construction of a major

flood control dam.

It was finally decided that a substantial storage reservoir on the

main stem of the Assiniboine was required in order to achieve the desired

level of flood control. Three sites for a major dam were thoroughly in-

vestigated; the first at St. Lazare, the second west of Russell and the

third below the confluence of the She1l and Assiniboine Rivers- All

three sites were found to be econornically feasible. The Shellmouth site

was finally chosen because of more satisfactory foundation conditions, a

smaller acreage of agricultural land in the reservoir area and a better

source of construction materials.

Extensive investigations to divert flood waters into Lake Manitoba

were conducted. Several different locations and diversion capacities

were examined. Several alternative diversion routes were found which is

not surprising since areal photographs clearly show that the Assiniboine

at one time flowed north to Lake Manitoba. It followed several different

routes to the lake before it broke through to its present course eastward

to the Red River.

The diversion route finally selected has its begin¡ring two miles

west of Portage 1a Prairie. Froni there the chalmel runs almost due north

to Lake Manitoba.

The length of river betrveen Portage la Prairie and l{innipeg has been

dyked.

The drainage basin of the Assiniboine River in lr{anitoba together with

the location of the above noted flood control works are shown on Figure II-1.

Both the Shellmouth Reservoir and the Portage Diversion will be discussed

in more detail below.

11



2.3 Shellmouth Reservoir

The Shellnouth Reservoir, on the Assiniboine River, is located approx-

imately two miles north and two miles east of the Village of Shellnouth in

an area where the Assiniboine River Va11ey is wide, with high banks.

The earth dam is 75 feet high and 4000 feet 1ong. It is equipped

with a concrete conduit to control releases fron the reservoir. An un-

controlled concrete spillway passes flows in excess of the conduit capacity.

The storage capacity is used for water conservation as well as flood con-

trol. The conservation pool is up to an elevation of 1591.0, representing

165,000 acre=feet of storage, while con'bined conservation a¡d flood

control capacity is between elevations 1391.0 and 1402.5 resulting in a

storage of 13ór000 acre-feet. A further 87,000 acre-feet of flood storage

capacity is available between elevation 1402.5 and 1408.5, the elevation of

the uncontrolled sPi11waY.

The location of the dam is shown on Figure II-2-

The prime purpose of Shellurouth Reservoir is to reduce the flood

damage along the Assiniboine River and in tr{innipeg by storing the majority

of the flood n-rnoff that originates l4lstream from the Shellmouth Reservoir

in the Assiniboine River Basin. A secondary benefit that can be achieved

by operation of the reservoir is that of augmenting 1ow flows on the

Assiniboine River during dry periods.

The Water Resources Division of the Department of Mines, Resources

and Environmental Management of the Government of lr4alitoba has determined

the following principles of operation.

In order that the ful1 capacity of the reservoir for flood control

purposes be available in the spring the reservoir is lolvered from a

sumner leve1 of 1402.5, to 1391.0 over the period Novenùer tr, to l'larch 31.

T2



The lowering is carríed out at as r.niforn rate o{ release as is possible

based on an early winter forecast of the inflow to the reservoir during

the winter period and recogniztng the anount of water in storage that nust

be released. In years with evidence of a high spring runoff the reservoir

may be drarnm down below 739L.0 by March 51.

In order that storage spece be available in the reservoir subsequent

to the spring runoff to reduce flood damage from sumner floods on the

Assiniboine River, the water level in the reservoir is lowered to 1402.50

immedíately after the spring mnoff at a rate which does not cause down-

stream flooding. The reservoir is then mai¡rtained at 1402.50 throughout

the sunmer a¡rd early fall until Novenber 1 when releases begin to lower

the reservoir for spring flood control as noted earlier. If drought

conditions plus high water sr-pply demands prevail, these elevations may

be impossible to obtain.

This system of allocating the available storage to the various

purposes makes it possible to provide sufficient storage to reduce peak

flows along the Assiníboine River downstream of the Shellmouth Reservoir

and at the same time make it possible to maintain a flow of 250 c.f.s.

in the Assiniboine River at Brandon compared to the recorded minimun of

7 c.f .s.

2.4 Assiniboine River Diversion

The Assiniboine River Diversion channel begins two miles lvest of

Portage 1a Prairie and mns almost due north to Lake Manitoba. It is

18 nriles long and is designed to carry up to 25,000 c.f.s. away from the

Assiniboine River. The removal of water through the Diversion gives flood

protection to the cities of Portage 1a Prairie and Winnipeg and the areas

bet-ween them.
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An earthfill darn across the Assiniboine River with a concrete spi11-

r,ray control structure creates a small reservoir with a storage capacity

of 14,600 acre-feet. North and west of the dam at the upper end of the

diversion cha¡lnel an inlet control structure regulates flow to Lake

Manitoba. The diversion cha¡¡rel has three drop structure along its route

so as to keep water velocities below those which would cause erosion.

For economic reasons approxìmately the last 3 niles of the diversion,

which are located in the Delta Marsh, have been designed to carry only

15,000 c.f.s. The excess flow, which at fu1l d,esign discharge could be

up to 10,000 c.f.s. is spil-led over into the west Delta Marsh. A section

of the rvest dyke of the diversion cha¡ne1 in the vicinity of Cram Creek

was designed and constructed at a lower elevation than the remaining

portion of the dykes through the marsh. This particular reach of lower

designed dyking concentrates the overflol and reduces the probability of

an extended faí1ure along the dyke.

The location of the diversion and details of its layout are shown

on Figure II=3 a¡d Figure II-4.

The nrrrnose of the Assiniboine River Diversion is to provide flood

protection to i{innipeg and the area from Portage 1a Prairie to l\rirmipeg.

The diversion will acconrnodate and regulate the Assiniboine River flow up

to a maximum of 45,000 c.f.s. At this design flood f1ow, 25,000 c.f.s.

is diverted i¡to Lake Manitoba, while the remaining 20,000 c.f.s. passes

downstream into the Assiniboine River. At Assiniboine River flows of

greater than 45,000 c.f.s. flood damage will occur either along the

Diversion or the Assiniboine River depending on whether the flow is di-

r¡erted or alloived to flow down the Assiniboine. The following points

illustrate the procedures now being followed by the Water Resources

Division in the operation of the Diversion.
1¿"



l\tt I{hile there is ice on the AssÍniboine Riyer downstream of the

Portage Diversion it is desirabLe to maintaln flows less than

5,000 c.f.s.',in the river because of the possibility of ice jams.

After the ice has gone from the Assiniboine River downstream of

the Portage Diversion it is desirable to maintain flows less

than 10,000 c.f.s. in the river. Flows greater than 10,000 c.f.s"

are above the natural bank stage of the river and backup of 1ocal

streams which outlet into the Assiniboine may occur at this 1eve1.

There also rnay be seepage problens through dykes, leakage through

gated through-,dyke culverts a¡rd flooding of cultivated land be-

tween dykes.

The bankfull capacity of the Assiniboíne River downstream of the

Assiniboine River Diversion is 20,000 c.f.s.

The overflow section of the west dyke of the Portage Diversion

rvhich al1ows flows in excess of 15,000 c.f.s. to spi11 out into

the west marsh of Delta Marsh should only be overtopped when

dictated by an extreme condition on the main stem of the

Assiniboi¡re.

The design capacity of the Portage Diversion is 25,000 c.f.s.

If possible flows on the Assiniboine River dorn¡nstream of the

Diversion while ice is stil1 present should only exceed 5,000

c.f.s. if the I{inlipeg James Avenue stage is below 745.57.

The 1evel of Lake Ma¡ritoba should not be taken into account

while there is ice on the Assiniboine River, as the period

during which there is ice on the river during the sprin runoff

is only a few days, and diverted flows for this short period

of time would have a negligible effect on the level of Lake

I{anitoba. 
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7) For Assíniboine River inflows to the Portage Reservoir in the

25,000 to 35,000 c.f.s. range, the diverted flow nay i¡ some

insta:rces be limited to 15,000 c.f.s. to prevent overtopping of

the west dyke overflow section. Thus flows in the 10,000 to

20,000 c.f.s. ra-rìge would occur on the river. rn this instance

the Janes Avenue stage would be the deciding factor as to how

much water should be sent down the river and how nuch diverted.

Flows in excess of 10,000 c.f.s. in the river should only be

pennitted if Lake lvfanitoba is high and the James Avenue 1eve1 is

1ow. tf both the lake and the Janes Avenue levels are high,

presr.unably flows would be diverted to the lake rather than down

the river.

8) The 20,000 c.f.s. 1ínit to flows down the Assiniboine River

should only be exceeded in the event of inflows greater tha¡r

45,000 c.f.s.

9) The 15,000 c.f.s. 1ímit to flows doi^¡n the Diversion should only

be exceeded when,

a) there is the possibility of exceeding a flow of 20,000

c.f.s. in an ice=free Assiniboine River.

b) there is the possibility of exceeding a flow of 5,000 c.f.s.
in an ice-borind Assiniboine River.

c) the stage of James Avenue is at such a 1evel that flows

down the Assiniboine River must be reduced. This condition

may be reached at all inflows as conditions at Janes Avenue

nay require that the entire inflow or a very large portion

of it be diverted.
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3.0 THE ffiNERAL LINEAR PROGRAilMING X4]DEL FOR A FLOOD CONTROL SYSTEM

3.I The Linear Progranuning Technique

In the development of an optimization model to determine optirnal

operating schedules for flood control system components it l.vas declded

in this thesis to employ a linear progrannning analysis. Linear pro-

grannning has decíded advantages in that if the problem at hand can be

adapted to the linear programming technique a-n optimal solution can be

obtained very quickly at a reasonable cost. Most non-linear opti:nization

techniques on the other hand, such as a pattern or gradient search may

arrive at a 1oca1 optimr-mi solution which could be quite different fron

thetrueglobal or overall optimal solution to the problem at hand. Many

tj¡nes the cost of the non-linear techaique may be prohibitive. This

probleni does not exist with the linear progranmring technique.

Linear progranming is a nunerical technique that generates a

solution to the optirnizatì-on problem at hand by means of a iterative

procedure. The linear progranrníng technique involved in optimization

nanipulates all the variables in the analysis simultaneously on each

iteration subject to the constraints of the problem in the quest for

arr optimum solution.

A linear programning problen is one in which a linear frinction is

the criterion to be minirnized or naximized. This linear criterion to

be minimized or maximized is subject to constraints that are also linear

functions. A conbination of variables denoted in general by X is said

to be linear if the variables can be assenbled in the form:

C"X.+C^X^+ C XT-L¿¿NN

where the C's are constants. For example the function:
¿¿



4X, + 3Xr+ 5X, + Z

is linear in the vatiable XI , XZ , XS , whereas the fr-mction:

2Å-\+X.X^+3exp[X-')- t- | L

is non-linear i-n the same variables. The linear progranrning technique

solves equations of the following form:

U = CrX, * CZXZ + . ... * CrrXr, = minimum (or naximum)

Ç.rrlrioef fn.

AttXt *AtzX| +... +Ah\ >b1
'Z .L

A^"X" + A^^X^ + ... + A^ X > b^¿I I ¿¿ L LnnT ¿

The above equations may be written in a much more concise nathematical

fonn. n

Minimize u =F, c.x.
r'^* rrr---i-;z-r J Jlor lvraÀxlrl-zej J =1

A"X-+A^X^+...+A X >bm-L-]. m¿L mn?m

Qrrl-rìoef fn'¿vu J vv

tl

\- A.*x., ¡b* ; for i = 1, m/11 l-=1
j''t

X.>0 ;for j=7,n
J-

The ats, b's and cts in the above equations are constants and the

xrs are variables whose values are sought. A simple linear programníng

problem will serve to illustrate the teclinique.
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Let us consider a graphícal solutíon of a s.imple linear progranrning

nrnhl cm The nrohl em mâv he fn-ry¡ufated aS follows:l/r vurvrr!. uv 
^vr

Obiective Function:

Çr rhi o¿-f f n' 7X-,.1

4X
1

U=4Xr+X,

X">2

2X, +SXr< 2I
LL-

It is desired to naximize tlne objective function in this problem.

This problen is shown graphically on Figure III-1.
It is to be noted that all lines on Figure III-1 are straight and

the nnfìmizafior ^"-r^^^ :^ ^ -lane Tt mav readilr¡ he dcdrrr-ed thatL]1ç \-rP LLilLLLA Lrvrl )(]I LduÇ l-5 d P**^- - -áIJLL/ LJç uUuLaLçu

the limit equations are satisfied by any solution inside the shaded

area. If it proves difficult to determine the direction of feasibility

graphically for a limit equation this may be determined quickly by

taking any point, i.rsua1ly the origin, and evaluating the function at

hand. This inrnediately tells where the origin is on the feasible or

infeasible side of the 1ine.

Let us rewrite the obiective fi-nction U in the form:

x^=U-4x,
¿I

The dashed lines on Figure III-1 represent this equation for

various values of the objective fi-rnction U. It is apparent that point

D is the opti:num solution with objective function U having a value of

3xz

4x.,-x.,<16
I L-

>-3

x,, > 0
f-

Xrt0
L-

z4



3.43. Variable X, having the value 4.93 and variable X, having the

value of 3.7L.

Essentially the procedure in linear progranmring is to start in any

one corner of the shaded polygon shown and jump to a¡l adjacent corner

having a higher value of the objective function U. This is continued

until there is no adjacent corner having a higher value. The general

probleni has more than two variables and cannot be thought of in geome-

trical terms. However, the mathematical method is essentially similar.

Various computational algorithnis have been developed to solve the linear

prograruning problen.

The linear programning solution algorithn employed in this thesis

; ^ L^ -^Å .,-^- +Lr> udrcu uyurr ur).e mutual primal dual siniplex method of Michael L.

Polinsþ and Ralph E. Gomery. The algorithm in question was supplied

through the courtesy of Charles Howard and Associates, Professional

Engineers, ltlinnipeg, Manitoba. It is recognized that different algorithms

are available for the solutiorLs of linear progranrning problems. However,

the algorithm used in this thesis proved extremely efficient. Moreso,

valuable assistance was available from Charles Howard and Associates

regarding the use of the algorithm in particular and the linear prograruning

f er-hn i nr re 'i n oeq6¡¿] .Lvurur¡Yuv r¡r 6v¡.

3.2 The Model Description

The linear programning model is conrprised of two cornponents.

first of these is a linear objective function and the second is a

system of constraints. These two components are as described in

preceding section.

Some general conrnents regarding the linear prograrmning model

The

linear

tlro

developed
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in this thesis are in order. It is assrmed in the formulation of the

model that all reservoirs and/or diversions have gated or controllable

outflohrs and that decisions regarding the size and location of individual

flood control system components have already been made. It is not

intended, in its present form, to size reservoirs and/or diversions in a

planning study. In other words, the linear progranrning nodel constructed

herein is an operative model rather than a planning model. The optinal

operating schedules for a flood control system proposed in this thesis

are based trpon the object of minj¡rizing the total flooded area, with

respect to the system as a whole, based on the peak mean seven day dis-

charges at selected damage centres withín the systen. The use of a seven

day tíme period in the fornulation of the model a11ows adequate starting

postulates for a sjmulation analysis and reduces the conputational burden

of the linear prograruning solution.

For the purpose of illustrating the linear progranmíng model developed

in this thesis a hypothetical river system is sholvn on Figure III-2" lthile

this system, in general, is much sirpler than an actual flood control

system, ít serves to illustrate the linear progranming model for the op-

timal operation of a flood control system as developed in this thesis.

3.3 Linear Progranuning N4ode1 Constraints

The constraints, which together with the objectíve function comprise

the linear progratrming nodel , fray be classified in two t)?es. These are

physical constraints and computational constraints. Physical constraints

force the linear prograilrning model to fo11ow the physical realities of

the flood control system being mode11ed. These would include upper

storage limits for reservoirs in the flood control system, diversion



capacity of diversions within the flood control system, and minimr¡n flow

requirements within the system. Computational constraints adapt the

nathematical linear progralming technique to the determining of optirnal

operating schedules for individual components of the flood control system.

An example of this tlpe of constraint is that which is required to

determine peak discharges at individual damage centers in a form suitable

for the linear progrannning techlique.

3.3.I Physical Constraints

3.3.7.7 Storage Constraints

Each reseryoir in the flood control system is limited to its maximun

storage capacj-ty. That is, at the start of any tíme period in the

analysi-s the quaatity of water stored in a given reservoir nust be equal

to or less than the maximun available flood storage voli¡ne of that

reservoir. This nay be represented mathematically as

where S. is the volume of water stored in reservoir i at the start of a

given time period t, and V is the maximun available flood storage volune

at the reservoir in question. It should be noted that the maximu'n avail-

able storage for a given reservoir may be set in the model at any

preselected magnitude less than or equal to the absolute physical

reseryoir capacity in order to address, for example, Tecreation use con-

straints on the reservoir in question.

t
s_.V.

1f
II]-1
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3.3.I.2 Reservoir lt4ass Bá1aúce Constraint

This constraint is based on the principle of continuity and states

that during any time period the inflow voh¡ne minus the outflow voh-une

for a given reservoir mu.st equal the change in reservoir storage. Eva-

poration and seepage losses from reservoirs during flood periods are

generally an insignificant portion of the total flow and are therefore

not included in this mode1. Because of the seven day tin,e period used

j-n this study all storage terms are in r-¡nits of c.f.s.-weeks. This

constraint may be represented mathematically as

+L1 +1 L1L L-l L-I L-.1
S -S +I -0 III-Z
iiii

+1L- -L

where I is the inflow to a given reservoir over a given ti:ne period
:+1

L- r r

question over the same tjme period and S and S are storage volunes

for a given reservoir at the beginning of the tine period in question

and the beginning of the preceding ti:r,e period. All terms in this

constraint are expressed in a consistent set of units, in this case

c.f.s.-weeks. Figure III-3 shows the defi¡rition of time periods.

0 is the corresponding outflow froni the reservoir in
i

3.3.7.3 Reservoir Release Constraint

Reservoir releases are limited by the conduit discharge capacity

which is a function of the reservoir storage volune. In general this

is a non-1ínear function. The reservoir release constraint may be

erpressed inathenaticalTy by the equation

t t-1

0 < f(sj)
it

III-3
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where i denotes Reseryoir

outflow lirniting function

3.3.L"4 Chânnè1 Continúiti óf Storage Constraint

Inflow must equal outflow for any river cha¡nel reach over each

week in the model as changes in channel storage aïe neglected. Channel

inflows are comprised of the outflow from the i¡mediately upstream

channel or reservoir, loca1 inflow to the reach, expressed as end of
reach inflow, and as a negative term, any flow lost from the reach by

diversion in the reach in question. This may be e4pressed nathematt-ca1;¡y

as follows:

i and t denotes time period t.
for reservoir i"

with reference to Figure rrr-z this would be expressed as

f(Si) is the

LLL

^ - T I T^^
v - l- T Ll.-

iii

L

where Q is the mean seven day discharge at:¡
-LL

period t; 0 is the mean seven day outflow
i

perì-od t, that is, the mean seven day inflow
+u_

t; LOC is the mean seven day local inflow

t

i

11
L' ljlvR is the mean seven ðay diversion flow diverted from reach i:
over tjme period t.

- ÐIVR

ttt_O +LM -DIVR
111

1'

i

3.5.1. 5 Riparian Constraint

It{inimun releases are usually specified for any ïeservoir ín order zg

III-4

the end of reach i over time

from reservoir i over time

to reach i over tiile períod

to reach i over time period

III-5



to

AS

rneet doL\rnstream riparian rights. This may be e>çressed mathematicaTTy

follows:

Í
where 0

I

*^-i ^l +.UUI -LL'LI L.

reservoir

is

and

i

the mean seven day outflow from reservoir i over

C is the ninimrm mean seven day release allowed

t
0
ii

3.3.7.6 Diversion Capacity Constraint

Any diversion in the flood control system will have an upper limit

conceptionaLly simi.lar to that specified for reservoir storage. In the

case of a diversion it is the diversion capacity. This may be expressed

mathematicaTly as follows :

t
where Divr

!

reach i over

the diversion

I]I-6

is the mean seven day

time period t; D- is
1

in chamel reach i.

time

for

Divr

3.3.I.7 llpper Lhit on Diversion Flow Values

t
¿Tì

l-1

As ure11 as the physical diversion capacity described in the preceding

section, any diversion within the flood control systen must be constrained

so that its flow ís less than or equal to the inflow above it in the river

system. That is, it is impossíble for a diversion to divert more flow

away from a damage centre than is available to the diversion. With
in

diversion flow diverted fron channel

the absolute diversion capacitv for

ITT-7



reference to Figure III=2 this

^r in aanatllv ¡ f¡r 5v¡rvr sf

nay be expressed

Divr

+
where Div-rl is the mear seven ðay diversion flow diverted from reach i

I

over time period t; I." is the mean Seven day i-nf1ow to reach i over

rimc neriod t: fOCl is the mean seven day l-:ocal] ínflow to reach i,uarrrv Hvr t -- -1 --

expressed as end of reach inflow over tiine period t. All terms are in

r.u-rits of mean seven day c.f .s.

tt
<0

11

t
+ LOC

Div-r

mathematically as

++
LL

<I
11

3.3.2 Computational Constraints

t
+ LOC

i

3.3.2.1 Peak Discharge Constraint

This constraint is a computational constraint used simply to identify

the peak mean seven day discharge as the largest of all mean seven day

discharges during the tiine periods in the arralysis at each damage centre.

It may be represented mathenatically as

III-8

III-9

1-

where Q.t ir the mean seven day dì-scharge at the end of chanrrel reach i,

that is, at damage centre i over the tirne interval t; QPi is the peak

mean seven ðay discharge at damage centre i. It should be noted that

damage centres are assumed to be located at the end of a given reach.

f
nD >rì-Y

ii III-10
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The peak mean seven day discharge at the respective danage centres are

used ín the obj ective fi-u-rction.

3.3.2.2 Non:negativity Constraint

This constraint is flndarnental to the linear progranrning technique

and states that all variables in the linear progranming analysis mrst

be greater than or equal to zero. No variables may take on negative

values.

3.4 ObjéctiVe Fúnction

The linear progralnming technique requiTes a linear relationship of

the variables involved in the analysis to be minimized. This relation-

ship ís lanown as the objective function. In this thesis the objective

function is the damage cost of flooding at selected danage centres

oçressed in arbitrary damage units. For simplicity these damage units

are taken as weighted magnitudes of flooded areas" For the purposes of

this thesis, that is the obtaining of preliminary optimal operating

schedules for the flood control systern components it is not necessary

to ex?ress the damage in do11ars. The weighted magnitudes of the flooded

areas serve equally well provided the weights make the dollar values and

the areas roughly proportional.

Thus the objective of the 1ínear progrannning model constructed in

this thesis j-s to obtain optimal operating schedules for the flood

control Systen components So aS to minjmize the total flooded aTea,

considering all locations being protected, given the nrn-off hydrographs

at aII significant points in the systern. The flood damage to be minimized,

or objective function, is assr¡ned to be some function of only peak mean
\/



weekly discharge. The problern therefore requires, finding the minimr¡n of

a non-linear objective firnction subject to a large nunber of linear and/or

non- linear constraints.

3.5 Time Dependéncy 0f ObjéctiVè Fúnctión at Damáge Centres

In the application of the linear progralmning technique to the

determination of optinal operating schedules for the components of the

Assiníboine River flood control system it must be recognized that a major

portion of the flood prone area in the Assiniboine River Basin is agri-

cultural in nature. Agricultural flood damages are decidedly time

dependent in that flooding early in a crop year, before the crop is

planted, may cause 1itt1e or no reduction to the crop yield that year and

therefore 1itt1e or no damage. However, flooding later during the year

will cause steadily increasing damage as the crop yield is reduced due

to a shortened growing season until, at some point, it is too late to

plant a crop at all during the year in question and harvest the crop

during the same year. At this point the entire value of the crop in

question is 1ost.

It is necessary that this tin,e dependency of agricultlral flood

damages be adequately reflected in the linear prograrrning model. It has

been noted earlier that the basis of optimization in this thesis is to

minimize flooded area within the river basin. By this technique all

flooded area would be assuled to have the same value regardless of the

time of flooding. What is required to reflect the time variability of

agricultural damage is that flooded areas in the river basin may take on

different values of flood danage, dependent on the time of flooding.

This may be accomplished by including in the objective function 
n4
l\



several flood peak values for each damage centre each for a different

tírne period.

By means of introducing this family of tjme dependent peak mean

seven day dishcarges denoted "s QPLi where i is the darnage centre in

question with each aq. defined for a different time dependent fanily
L1

component 1 over a different tìme period t, t=t1r tz, it is possible to

model the phenomenon that agricultural flood damages are time dependent.

Each QP. will be the peak discharge at darnage centre i for the tirne
Lf

dependent family component 1 over tìme period t. to t .

Each variable Qf . has a d.ifferent coeff i.i".,. :-3 .fr" obj ective
L1

function reflecting the relative tine variabiliry of agricultural damages.

All individual tïne periods t must be included once in the analysis and

in only one time dependent family component.

This concept may be illtistrated as follows with reference to equation

ITI-10.

For the purpose of this discussion 1et us assume ten time periods.

Therefore t varies from one to ten. Also let us assume that the damase

relationship for time periods one to ten is as follows:

+
L

nP :ô.Y
ii

Time Period

One to three

Four to Six

There are thTee

Equation III-10 may

Seven to ten

Damage Relationship

tíne dependent fanLily conponents in this

be modified to represent this situation as

Damage = 0.25 QPr-

Damage = 0.50 QPZ.

Damage = 0.90 QPS.

IIT-10

ovarnrr'l o

follows:
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for t=4r6
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tQ

QP

Each variable QP , L=1,3 is given a different value in the objective
Li

function as follows:

3i
rQ

0.2s QP
1i

0. s0 QP
¿J-

0.e0 QP
3i

As shown, equation III-10 has been replaced with three separate

equations, each modelling one segment of a tjrrre dependent fanily re-

lationship for flood damage.

IïI-10a

III-1Ob

III-10c

3.6 Nonlinearity

In the application of the linear prograrrrning algorithm to the flood

control problem in this study non-linear relations occur in the objective

firnction. These nonlinear relations nrust be replaced by piecewise linear

approximations so that the problem may be solved by a standard linear

progrann'ning solution procedure employing a separable progranrning analysis.

The application of the separable progranrníng technique will be

illustrated in the case of the damage curves for the damage centers in

the mode1. These non-linear damage curyes provide the infonnation needed

to derive the optimal release schedules for the system. The form of

these functions is inportant since the total damage is to be minimized in
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the optfunal solution. If the curves are conve¡ ìn chena rho nrnÞ'1 êm m'ìz

be solved in a straightforward manner. Concave curves or a combination

of concave and convex curves, on the other hand, tend to create difficulties

as a linear prograÍnìing technique rnay, in this case, arrive at a 1'ocal op-

timr.un rather than a g1oba1 optimun for the solution. Concave curves mr:st

either be approximated in a convex manner, or if this involves an i.rnaccept-

able loss of accuracy in the analysis, dealt with through another form of

optiniization rather than linear programming. This thesis deals only with

convex firnctions.

The nethod of solution, used in this study, involving a rnodification

of linear progranu.ning lcrown as separable progranrning will be illustrated

with reference to Figure III=4, which is assrmed to represent the peak

mean seven day discharge=damage fi-inction for a given damage centre.

A convex cost curve for the damage centre is first approximated by

piecewise linear approximation, as shor.rn in Figure ITI-4. This is

accomplished by selecting a n¡.¡nber of breaþoints, or points at which the

slope of the piecewise linear function changes. Let us define M as the

nulber of segments in the pi-ecewise linear function approximati-ng Ui (Qi)

and let

be the ascending values of Q at which the slopes of the piecetr'ise linear

segments change value. Next 1et us subdivide the peak discharge at the

damage centre Q, into a set of ar:xi1iary variable such that

U , U ,"", U
7j 2j inj

M

Q. =5- Q

J Á--r mJ

m=1

IIT-11
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where M = 1 -2- ^-r ^^^L ^ is bounded as follows:wlIUIv !', - LrL, ... lY¡ 4lru çCLLIf VnJ

The nonlinear cost function Uj (Qj) can now be defined in terms of its

piecewise linear approximations :

a <u
mj ittj

where

to 0 and is defined as:'ml

r\.J.>
m-l

ÏT

Ìt
U (Q) ), K A
J ) flt=.L mJ ml

the partial difference of the objective

trthen the nOnlinear terms ¿¡o ronleeori Ìrv fhe pieCeWiSe

the objective function becomes:

NM
ffiMin() ) K a )' LÅ l--á -i ì; 

-

J=1 m=l-

III-72

= ACIAQ
nj urj

rvhere M is the nmrber of conponents for a given cost function approximation

a¡rd N is the mmber of damage centres in the analysis.

The problem has now been transformed into an ordinary linear pro-

granming problen. Since the variables K*, are increasing in character,

in a cost mininrization problem the linear prograrnning algorithm will

select the cost variables in their correct sequential order, and no add-

itional constraints are required. That is, the linear progranming algorithm

will naturally e:haust the lower.valued Kr. variables first, which is com-

putationally correct. 
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3.7 Size of the Linear Progranrning Problen

The computational burden of solving a linear progranming application

is directly reflected in the cost of doing so on an electronic computer.

In order for any model constructed to be operationally applicable it is

extremely important that this computational cost be minimized. It should

be noted that computational costs involved in the solution of linear

programning applications rise as a positively increasing exponential

function of the nunber of variables in the analysis. It rnay be readily

appreciated that is is i.nrperatiye to minimize the nunber of variables in

the analysis while at the same time constructing arr adequate model of the

flood control system under analysis. Two techniques were applied in this

thesis to minirnize t]ne nurber of variables in the analysis.

3.7.7 Elimination of Variable Qf

The variabl" al has been defined, previorisly in this thesis as the

mean seven day flow at d.amage centre i over tine period t. The variables
+

Qr" do not appear directly in the linear progranrning model fonnulated in

this thesis. Rather, they are calculated as the sunnation of all system

inflows, positive and negative, at the damage centre in question.

Equations IIi-4 and rrl-10 are repeated at this point for reference.

l{ith reference to equation III-5 and

be arrived

t
Y
i

ND

1
T

i

t
>o
-\ í

LL
+ LOC - Diyr

ii

III-10 the

I]I -4

following equation

III-10
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Variable QP. is the peak mean seven day discharge at damage centre

i, which is located at the end of chanrrel reach i, over time period t.
This variable is as defined earlier in this thesis. I: is the mean seven

-
day inflow to channel reach i over time period t. LOCi is the mean seven

day 1oca1 inflow to charrrel reach i over tirne period t, arrd Divrf is the
J-

mean seven day diversion flow diverted from cha:rnel reach i over time

period t.

It is to be noted that no new variables have been introduced in the

formulation of III-16, rather the variabf" Ql has been eliminated. With
I

reference to equation III-16 it may be seen that the peak nean seven day

discharge at any damage centre in question, i,uhich is noted as QP. is de-

fined as being greater than or equal to the sr¡n of all inflow arriving at

a damage centre in question for a given time period. The given time

period varies over the entire range of tine periods analysed in the model.

It must be noted that both positive and negative flows to the damage

centre in question are considered in the formulation of equation III-16.

tt
l.ìD > T + T/-\n

iii
- Divr

+

i
III-16

3.7.2 Elimination of Fixed Valued Variables

Certain variables in the analysis are fixed in value by their very

nature and thus carurot be allowed to assume different values at the optimal

solution. Examples of variables of this type are system inflows or

initial reservoir storage 1eve1s. In the interest of computational effi-
cienry a trarsfornation is carried out with respect to these noted fixed

valued variables. For any constraints containing fixed valued variables

the variables in question are first rmrltiplied by their corresponding
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coefficient in the constraint equation and then subtracted from the right
hand síde of the constraint in question. In this manner the mmber of

varj.ables that the li¡rear progranuning algorithm mu.st address is signi-

ficantlv reduced.
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4.0 TFIE LINEAR PROG.AM{ING T,ODEL APPLIED
RIVER SYSTEM

4.1 The Assiniboine River Model

The Assiniboine River basin in Manitoba between Shellmouth Reservoir

and Winnipeg is the river basin or physical system nodelled in this thesis.

It is broken down into six river reaches on the basis of the location of

Water Survey of Canada streamflow gauging stations on the Assiniboine

River. These river reaches are from Shellmouth Reservoir to Russell,

Russell to Miniota, Miníota to Brandon, Brandon to Portage 1a Prairie,

Portage 1a Priarie to Headingley and Headingley to l{innipeg. The systen

thus described is shown on Figure IV-1, and the locations of the above

noted Water Survey of Canada streamflow gauging stations are shown on

Fígure IV-Z.

There aïe seven points of inflow in this model. These are: the

inflow to Shellmouth l{eservoir, inflow fron Shellmouth Reservoir to

Russell, ilflow from Rirssell to Miniota, inflow from Miniota to Brandon,

inflow from Brandon to Portage la Prairie, inflow from Portage 1a Prairie

to Headingley, and the inflow from Headingley to Winnipeg. The inflow

from Headingley to Winnipeg includes flow on the Red River in Manitoba

not diverted down the Red River Floodway.

The model constructed in this thesis was tested using 7974 streamflow

data over the tjme period April 15 to August 11. The year 1974 was se-

lected because it was a high flow year and hydrometric flow data was

readily available. The ilflows to Shellnouth Reservoir were calculated by

the Water Resources Division, Department of l4ines, Resources and Environ-

mental Managenent, Government of lt{a¡ritoba. The remainilg irifloiv values

were calculated on a inean seyen dav basis as the difference in mean seven

46

TO TFiE ASSINIBOINE



day flow values between successive Water Survey of Canada streanflow

gauging stations. The exception to the above noted calculation technique

involves the inflow at Winnipeg, which includes flow from Assiniboine

River and the Red River mimrs whatever flow was diverted through the Red

River Floodway.

4.2 Studv Operational Rules

For the purposes of this thesis the operational guidelines for the

two major flood control works on the Assiniboine River, that is Shellnouth

Reservoir and the Assiniboine River Diversion, have been simplified some-

what from those outlined in Chapter II. Shellmouth Reservoir is regulated

so that the spillway will not be used. In other words there is no use

of live storage above the spillway in flood control operations. This

assunption is in accordance with actual operating criteria for the

Shellnouth Reservoir in that reservoir live storage is generally not

relied on for flood control purposes by the Ïlater Resources Division.

As wel1, a mean seven day release from the reservoir of 100 c.f.s. has

been assumed for riparian puryoses. That is , during no week during the

analysis will the discharge from the Shellnouth Reservoir be allowed to

fa11 below 100 c.f.s.

The operation of the Assiniboine River Diversion has been constrained

to fo11ow the Assiniboine River Diversion operation guideline outlined in

Chapter II. The pattern of operation assumed for the purpose of this

thesis is as follows:
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First 10000 c.f.s. down Assiniboine River

Next 15000 c.f.s. down Assiniboine River Diversion

Next 10000 c.f.s. down Assiniboine River

Next 10000 c.f.s. down Assiniboine River Diversion

Remainder down the Assiniboine River

The flood stage at Winnipeg is taken into accor.u-rt at all times with

regard to the operation of the Assiniboine River Diversion by means of

placing a high damage value on flood stages greater tha¡r bank capacity in

winninco Tt is to be noted that Winnipeg flows include flow of the Red

River not diverted by the lVinnipeg Floodway. The high value of possible

dan,age at the Winnipeg damage centre may at any tìme overrule the assumed

general pattern of operation of the Assiniboine River Diversion. This in

accord with the present actual operating practices with respect to the

Assiniboine River Diversion in which flood protection at Winnipeg assumes

paramount i-nportance .

Total Flow at Diversion
Point

10000

25000

3s000

4 s000

45000 +

r-fc

c.f.s.

c.f.s.

L. r.5 .

4.3 Flood Damage Functions

As noted previor-rsly the linear progrannning algorithn requires a linear

relationship of the variables in the problem to be mininized. This is

lsrom as the objective function. In this thesis the objective firnction is

comprised of damage functions at each damage centre in the alalysis. These

danage functions are described earlier in Chapter 3.0 in section 3.4,

Objective Function
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There are seven ðanage centres in the analysis carried out in this

thesis. These damage centres are l-ocated at Water Survey of Canada stream-

flow gauging stations. The locations are as follows:

Location

Assiniboine River near Russell

Assiniboine River near Miniota

Assiniboine River near Brandon

Assiniboine River near Portage 1a Prairie

Assiniboine River near Headingley

Assiniboine River Dir¡ersion near Portage Ia Prairie

Red River at Winnipeg

Each damage centre is assuned to be representative of the reach of

river from the damage centre in question upstream to the next damage

centre. The location of the damage centre at Water Survey of Canada

streamflow gauging stations provided stage-discharge relationships at each

damage centre. The only exception to this is at i{innipeg where the lVater

Survey of Canada does not calculate a stage-discharge relationship.

Flooded area or damage versus discharge relationships were obtained

from the Water Resources Division, the Department of lvtines, Resources a¡d

Environrnental ]r4anagement, Government of Manitoba, for the first four

damage centres, Russel1, lt4iniota, Brandon and Portage 1a Prairie. These

relationships are based on air photo analysis fron previous flood years.

They are shown on Figures IV-3, IV-4, IV-5 a¡d IV-6. From inspection of

the above noted figures it may readily be seen that all of these functíons
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are convex linear approximations to distinctly non-linear firnctions. This

non-linearity is to be e4pected in fi:nctions of this type.

All of the fi.rnctions have an initial segment of zero slope which

infers zero damage. This represents the cha¡nel capacity for the damage

centre in question and is in acûnl fact the t'arìge of flow values that

may occur in the river reach between the proceeding danage centre and the

centre in question before any flood damage occurs in the reach. It should

be noted that this range may be quite different fron the range at the

actual site of the Water Survey of Canada gauging station. This phenomenon

results from the fact that Water Survey of Canada streamflow gauging

stations are generally located at constrictions in the river with high

charmel capacities so as to catch all flow in the river in easily rnetered

charnels.

The flooded area verslr.s discharge relationships are converted to

damage relationships by nrultiplying each curve segment slope by an agri-

cultural damage factor as discussed in chapter IIr to yield damage, in

agricultural damage inits, verslrs discharge relationships. The agricul-

tural damage factors used were as follows:

Date

anTft t\

't\,t^., )'7t'øI L t

Jr-.ne 24

lvIay 26

Jtxte 23

onwards

The selection of these weights

of the analysis is to test the model

practical operating rules.

Week'of Analysis

1

7

11

o

10

t7

Agricultural Damage
Factor

is rather arbitrary

capability rather

n <<<

0.5

1n

since the purpose

than to devise
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These weights imply that r-ip to May 26 there is a linear agricultural

darnage relationship of 0.333 agricultural damage units .per acre of land

flooded. For the period of l4ay 26 to J:lr:re 23 there is a linear agricul-

tural damage relationship of 0.5 agricultural units per acre of land

flooded. For the period of Jrine 24 onward there j-s a linear agricultural

damage relationship of 1.0 agriculturaL damage i.nits per acre of land

flooded.

It is to be noted that in the application of the linear progranming

model to the Assiniboine River basin all flooded area was assumed to have

the same unit value per acre. Agricultural damage factors were then

applied against these trnit values. This assi..nnption may be easily relaxed

to permit any differention in land values deemed necessary in a given

analysis.

The final three discharge-damage relationships, namely, at Assiniboine

River Diversion, at Headinley and in Winnipeg were not based on flooded

area versus discharge relationships. Rather, they are what is termed in

this thesis as surrogate damage furctions in which preselected flood

control conponent operating schedule characteristics are forced on the

linear prograunning analysis by selected fornrulation of the above noted

relatíonships. Operating rules for the Assiniboine River Diversion have

been established as a matter of policy. To achleve compliaace with these

rules surrogate damage functions have been introduced. These relationships

are shown on Figure IV-7, IV-B and IV-g.

The pre-selected component operating characteristics forced on the

linear progranrning analysis by these damage relationships is the previously

discussed operation pattern of the Assiniboine River Diversion. The oper-

ation pattern of the Diversion desired in the analysis is controlled by
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the stage discharge relationships for the Assiniboine River Diversion,

the. Assiniboine River at Headingley and the conbined Assiniboine River

a¡rd non-diverted Red River flow at Winnipeg.

The last damage relationship, for the Assiniboine River at Wiruripeg,

is not formulated to control the operation charàcteristics of the

Assiniboine River Diversion directly but rather to reflect the cha¡nel

capacity of the Assiniboine=Red River complex in Winnipeg and the very

high potential damage should flooding occur in the City. As noted pre-

viously the damage discharge relationship at lVinnipeg may at any tirne

overrule the preselected operation pattern of the Assiniboine River

Diversion so as to relieve flood damage at Wirmipeg. This is in accord

to the present operating practices with respect to the Assiniboine River

Diversion and is to be expected when one considers the extremely high

potential damage of flooding in Winlipeg.

All flood damage relationships, wíth the exception of Winnipeg,

reflect the time dependency of agr:cultural damages as noted previously

in this thesis. In the case of l{ir.nipeg the damage weights are assuned

to be unity for all three time periods. That is, it is assumed that

flood damage in 't{innipeg is not time dependent and would be equally seveïe

regardless of the time of year in which flooding would occur.

As noted previously in Chapter 3.0 the damage functions which comprise

the objective functions for the linear program optÍmization technique are

non=1inear. Thls situation is addressed by the previously defined tech-

nique of separable progranmring. As well the previor:.sly defined technique

allowing time variability in the objective function through a time dependent

fanily of damage functions is employed in the application of the model to

the Assiniboine River basin.
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4.4 Specific Linear Prograruning l'4odeJ- for the Assiniboine River Syste¡1

4 . 4.1 Physical Constraints

4.4.1.I Storage Constraints

The maximun storage available at Shellmouth Reservoir at the spillway

elevation is 388,000 acre feet or approxirnate\y 27572 c.f.s. - weeks.

With reference to equation (III-1) the storage variables for Shellmouth

Reservoir in the linear progranrning inodel must be Lpper bounded at a value

of 27572 that is

+
where S' is the volune of water stored

start of time period t and is in r:nits

4.4.I.2 Reservoir- Mass Balance Equation

f

s < 27572

'l{ith reference to equation

for Shellnouth Reservoir may be

r t-.1
S -S

where St and St-1 "r" the Shellmouth Reservoir storage voLumes, in units

of c.f.s. - weeks, at the beginnilg of time intervals t and t-1. It-l

and Ot-1 "t" the mean seven day inflow a¡d outfloic from Shellmouth Re-

servoir over time period t-1. The storage units of c.f.s. - weeks are

required il order to maintain dimensional honogenity in the problem in

which all flow values are mean seven day values.

ln

of

Shellmouth Reservoir at the

c.f.s. - weeks.

(III=2) the reservoir mass balance equation

stated as follows:

ry-1

+J
L-.I

-0
L1
L-l

rv-2



4.4.7.3 Reser'¿olr Release Constraint

For the purpose of this study releases from Shellmouth Reservoír are

only allowed via the reservoir conduit. That is, no flow over the spill-

way is allowed since the probLem is constrained so that the water level

on the reservoir nay not exceed the spillway clest elevation.

An elevation=.discharge relationship for the conduit and spillway

flow is shown on Figure IV-1-0. The conduit rating curve on this figure

j-s a maxim¡n flow curve and based on a Prairie Farm Rehabilitatlon Authority

memoraldum of August 25, 1966.

An elevation storage relationship for Shellmouth Reservoir is shor¡n on

Figure IV-11.

Figures IV=10 and IV=11 may be combined to yield on outflow-storage

relationship for conduit flow only or conduit and spi-llway combined. An

outflow-storage relationship for conduit flow only is shown on Figure IV-IZ.

For the purposes of this thesis the conduit flow curve may be approx-

inated as shown on Figure IV-1,2. All reseryoir releases must be less than

or equal to this lùniting function defined by the reservoir storage for

the tirne period in question.

With refeïence to equation (III-3) this nay be represented as

ivhere O' is the mean seven day outflow from Shellmouth Reservoir over

time period t; St is the storage volr.me in Shellmouth Reservoir at the

beginning of t jme period t.

+l.
LL

0 <0.066S +1930

4.4.7.4 Riparian Constraint

With reference to equation (III-6) the riparian constraint for
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Shellmouth Reseryoir

+
wnere u ls tne

PUI l-U(l L. r.lrl_>

time periods.

for the purposes of this study may be

t
0 >100

mean seì,¡en day outflow

outflow is constrained

4.4.7.5 Diversion Capacity Constraint

With reference to equation (II-.8) the rrpper ljmit

Assiniboine Diversion may be stated as:

t
DIVR < 25OOO

t
wneïe ulvK

fimo norináLfrrrv yu¡ fvu

nerinác in

from Shellmouth Reservoir over time

to be at least 100 c.f.s. for all

stated as:

ís the mean seven ðay

t and is constrained

+L^ ^.^^'l--^-: -LrlU criICL-L/>-L5.

rv-4

4.4.7.6 Upper Lj¡rit on Diversion Flow Values

l{ith reference to equation (II-10) the Assiniboine River Diversj-on

flow m.rst be constrained so that at aJJ- times it is less than or equal to

the flow available to be diverted down the Diversion. This may be rep-

resented as:

Assiniboine River Diversion flwo over

to be less than 25000 c.f.s. for al1 time

for flow dor'm the

where all terms are

tttttt
DIVR <O +LOCA +LOCB +LOCC +LOCD

w-5

as defined earlier.

I I I.13
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4.4.2 Conputational Constraints

4.4.2.I Peak Discharge Constraint

The chan¡rel flow constraints are defined for each damage centre in

the format shou'n in equation (II--6). With reference to Figure fV-15 they

are defined as follows:

Damage Centre A - Russell

QPA' Ot * LoCAt III-4
Damage Centre B = Miniota

QPB ' Ot + LoCAt * LoCBt ]II-5
Damage Centre C -.Brandon

QpC ' Ot + LOCAT + LOCBT + LOCCT rIT-6

Damage Centre D - Portage 1a Prairie
t

QpD r Ot * LocAt + LOCBT + LOCCT + LOCDT . DrVRt rrr-7

Damage Centre E - Headingley

QpE t Ot + LoCAt * LOCBT + LOCCT + LOCDT + LOCET III-8
D]VRt

Danage Centre F - Winnipeg

QPF'Ot + LOCAT * LOCBT + LOCCT + LOCDT + LOCEI III-9
+ LOCFT - DrvRt

Damage Centre G - Assiniboi¡e River Diversion

QPc ' DIVRT IIr-10

where:

Ot is the mean seven day outflow from Shellrnouth Reseryoir over time

period t
LOCAT is the meari seven ðay j¡f1ow to reach A, Shellmouth Reservoir to

Russell, over time period t
56



LOCBT is the mean seven day inflow to

time period t

LOCCT is the mean seven day inflow to

time period t

LOCDT is the mean seven day inflow to

Prairie over time period t
+

-^^-LLOCE- is the mean seven day infLow to

Headingley, over time period t
I

I,OCF" is the mean seven day inflow to

over time period t

QPA is the peak nean seven day flow

QPB is the peak mean seven day flow

QPC is the peak mean seven day flow

QPD is the peak mean seven day flow

reach B. Russell to

reach C, Miniota to

rTa]-r].e

QPE is the peak mean seven day flow at damage centre E, Headingley

QPF is the peak nearr seven day flow at danage centre F, I{innipeg

QPG is the peak meal seven day flow at damage centTe G, Assiniboine

River Diversion

DIVR is the mean seven day Assiniboine River Diversion flow

reach D, Brandon to

Miniota, over

reach E, Portage la Prairie to

Brandon, over

reach F, Headingley to Winnipeg,

Portage 1a

at damage centre

^+ Å^^^-^ ^^ñ+,^d- L LadlildBç uurr Lt ç

at damage centTe

^+ Å^^^-^ ^^ñ+-^d L Lldtild.BÇ \-çl r Ll E

4.5 Sunrnary of Problem Contraints

A sumnary of all constraj-nts involved in the linear programriing model

of the Assiniboine River flood control system is provided herein. This

sunnary includes the previously discussed techniques of time dependency

and separable progrannning enployed to address the tì-me dependence ard

non-lj¡learity situations inherent in the problem r_mder arralysis.

Í-
J/

A, Russell

R Mi n'ì nte

C, Brandon

n Þnrtq oo 'l q



Storase Constraint

Reservoir lJass Balance Constraint

St . 27572

Reservoir Release Constraint

St - St-,1 + 1t-'1 _. 6t..1

Peak Flow Constraint at Damase Centre A

Ot . 0.06ó St + 1930

PA1L +

PA1M +

PA1H +

t^T T = | ttv Lrrt

PAZL + PA3L

PAZM + PASM

PA2H + PASFI

Peak Flow Constraint at Damase Centre B - Mlniota

tot
rot
tot

for t = 2177

+ LOCAT

+ LOCAT

+ LOCAT

PB1L +

PB1M +

PB1H +

PB2L + PB3L

PBZM + PBSIT,I

PB2H + PBSH

Russell

for t = 7r\7

Peak Flow Constraint at Damase Centre C - Brandon

tot

tot

tot

PC1L + PCZL > Ot + LOCAT * LOCBT + LOCCT

+ LOCAT + LOCBT

+ LOCAT + LOCBt

+ LOCAT + LOCBT

for t

for t

for t

= 116

= 7rt)

- 11 17

for t

for t

for t

= 116

= 7r!0

= 77 r17

€^-+- 1É.rul L - r:u
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PC1M + PCAIT. > Ot + LOCAT * LOCBT + LOCCT

PC1H + PC}H> Ot + LOCAT * LOCBT + LOCCt

Peak Flow Constraínt at Damage Centre D - Portage Ia Prairie

PD1L + PDZL > Ot * LOCAT + LOCBT + LOCCT

+ LOCDT - DrvRt

PD1M + PDZM t Ot * LOCAT + LOCBT + LoCCt

+ LæDt = DIVRT

PD1H + PDZH > Ot + LffiAt * LOCBT + LOCCT

+ LocDt - DrvRt

Peak Flow Constraj¡rt at Damage Centre E = Headingley

for t = 7170

for t = t1-,l7

PE1L + PE2L + PESL > Ot * LOCAT + LOCBT + LOCCT

+ LOCDT + LOCET - DrvRt

PE1M + PEzu + PE5T4 > Ot + LoCAt + LoCBt + LOCCT

+ LOCDT + LOCET - DrvRt

PE1H + PEZH + PESH > Ot + LOCAT + LOCBT + LOCCT

+ LOCDT + LOCET - DIVRT

fnrf= 1 6

for t = 7,70

Peak Flow Constraint at Damage Centre F - Winnipeg

PF1 + PFZ + PFs > 0t + LOCAt * LOCBT + LOCCT + LOCDT

+ LoCEt + LoCFt --. DrVRt for t = !.rT

t^? f = ll l/

forf='1 6

for t = 7,70

for t = 77,17
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Peak Flow Constraint at Damage Centre G - Assiniboine River Diversion

PV1L +

PV1M +

PV1H +

wzL >

PVZM >

PVZH >

DIVRT

DIVRT

DIVRT

Riparian Constraint

Ot t 100

Divers ion Capacity Constraint

DrvRt < 25000

Upper limit on Diversion Flow Constraint

for

for

for

DIVRT .Ot * LOCAT + LOCBT + LOCCT + LOmt

f=16u lrv

+ - 1 1^L - I ,rV

+ - 11 1'7L - _Ll_rJ-l

where:
f

+
I

fnrt= 1 77" 't"

is the storage volume, in c.f.s. - weeks, in Shellmouth Reservoir

at the beginning of time period t
is the mean seven day inflow to Shellmouth Reservoir over time

period t

0" is the mean seven day outflow from shellmouth Reservoir over

time period t

PA1L is the peak mean seven day flow at damage centre A, the

Assiniboine River near Russell. It is section 1 of the linear
rnnrnvi¡¿tion to the non-linear damage fi.ulction and is selectedLr¡v ¡rvrt rf,¡tçel \"4l@éç lutuLlvlt aru -L) 

ó0

for to = 7,I7

for to = 7rI7



PAZL is the peak mean seven ðay flow at danage centre A, the

Assiniboine River near Russe1l. It is section 2 of the linear

approximatíon to the non=linear damage fr-rrction and is selected

over time period L which varies from t=1 to t=6. Other peak

variables are identified in a símilar ma¡ner. The first char-

acter of the variable name, P, indicates a peak mear seven day

flow; the second character, A,B,C,D,E,F or V indicates a

danage centre as follows:

A - Russell

B - Miniota

C - Brandon

D - Portage 1a Prairie

E - Headingley

F - Wimipeg

V - Assiniboine River Diversion

The next character is nuneric and represents the section of the

linear approximation to the non.linear damage function the variable

represents.

The last character represents the fanily of time dependent variables

to u'hich the variable in question belongs. This is defined as follows:

over time period L which varies from t=1 to t=6

L - April 15, to lvlay 26

M - lrlay 27 to Jl;trre 23

H - Jr.me 24 onwards

is the mearr seven day outflow from Shellmouth Reservolr over

time period t

ot

LOCA" is the mean seven day loca1 infloiv to reach A, over time period

t and is applied to the model at Russell 61



LOCB' is the mean seven ðay local- inflow to reach B, over time period

t and is applied to the model at Miniota
+

LOCC" is the mean seven ðay 1ocal inflow to reach C, over tirne period

t and is applied to the model at Brandon
+LOCD" is the mean seven ðay 1oca1 inflow to reach D, over time period

t and is applied to the model at portage la prairi-e
fLOCE" is the mean seven day local inflow to reach E, over time period

t and is applied to the model at Headingley
+LOCF" is the mean seven day 1oca1 inflow to reach F, over time period

t and is applied to the nodel at Winnipeg

DIVR" is the mean seven day flow down the Assiníboine River Diversion

over time period t

OL
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5. 0 cOrpuTATI0NAL TECFINTQLTES

5.1 The Computer Model

The computer model constructed in this thesis consísts of tlrree

separate prograrns which are run sequentially but individually il the

analysis. That is, each program is run a¡d the output from the program

in question is inspected and accepted before the next program is run.

The three prograns are:

1. the Matrix Generator

2. the Linear Progrannning Sollution Algorithm

3. the Report Writer

These individual programs will not be discussed separateTy.

5.2 Matrix Generator

The purpose of the matrix generator prograrn is to transpose the

problern under analysis from an algebraic representation of corrstraints

and an objective function to the input format required by the linear

progranrning solution algoritlun.

Each individual problem r-rnder analysis could be kelpinched sep-

arately in the correct i:rput format for the linear programning solution

algorithm. Ilowever, one nust realize the volume of input that is

required. Tn the case of this study approximately 250 computer cards

are required for every single problem anal-yzed. It should be noted that

this mea¡rs that for every single minor chaage r¡ade to a problem under

analysis, a ner^/ deck of approximately 250 cards would be required. A

minor change would involve such things as a different reservoír storage

starting 1eve1 or changes irr any one of the inflows to the system. These

chaages would occur frequently on an operational basis. 77



It rnust also be noted that in the development of the workíng linear

progranuning model there were literal.Ly hrmdreds of problem fornulations

attenpted before the final l-inear progranrning model was determined.

Without a matrix generator to generate this input for the linear pro-

granming solution algorithm, tt may readily be seen that the volume of

work required to develop the working linear progranrning nodel would be

high enough to have been infeasible.

The rnatrix generator written for this thesis is a general matrix

generator and is not limited to the problemanalyzed in the thesis. The

matrix generator will handle any linear progranmring problem as long as

the problem is expressed in a simple algebraic notation. As we11, the

matrix generator has the flexibilíty of designating any variables so

desired as constants. This tlpe of varia-ble would include 1oca1 inflows

or initial reservoir storage conditions. il¡ith the matrix generator

developed in this thesis it is a simple matter to investigate different

linear progrannning models or the effect of di-fferent inflow hydrographs

nn nnf'ìma] oneration of a gìven flood control system that has alreadyvrr vI/

been modelled.

As noted previously in this thesis, in the interest of computational

efficienry, it is desirable to ljmit the nurber of variables actually in

the analysis to as sna11 a nimber as possible. The matrix generator

developed in this thesis employs a trarsformation lvith regard to the

previorxly noted fj-xed-valued variables. For any constraint containing

constarts, these constants are first multiplied by theiT corresponding

coefficient in the constraint and then subtracted from the right-hand

side of the constraint in question. In this marrner the number of

varj-ables that the linear progranrning algorithn nust address is reduced.
/ó



As noted previously the number of variables in the problem has a direct

effect on computational efficiency and will be reflected in the cost of

the computer resources required to solve the problem. It should be noted

that if the nunber of variables exceeds arl upper bound detenriined by

the storage capability of the con'puter installation used for the analysis

the particular linear progranrning solution algorithm employed in this

thesis is inapplícabl-e. A eomputer source code listing of the natrix

generator developed in this thesis is provided in Appendix A. As we1l,

Appendix A contains documentation as to the fornrat of input required by

the natrix generator prograln and sample output from the computer pTogram'

5.5 The Linear Programning Solution Algorithm

The linear progïarnming soLution algorithn employed in this thesis is

based upon the mutual primal dual simplex method of Michael L. Bolinski

and Ralph E Gomery. The al-gorithm in question was supplied through the

courtesy of Charles D.D. Howard and Associates, Consulting Civil

Engineers, I{iruripeg, lt4anitoba.

The algorithm proved to be quite efficient in the solution of the

linear progranrni-ng problens involved in this thesis- Several different

algorithms were tried out in the analysis and conrputational difficulties

weïe encountered wj.th then. ûn the other hand the ntutual prinal dual

simplex method proved to be computationally practicable and quite

^++a -a ôn1
UIIfUfV¡I ç.

5 .4 The Report 'Writer

An irirportant point in a¡ opti.nization nodel is that the model output

nust be presented in a readily r-rrderstatdable concise format. It is not
79



necessary that this output is meaningful from a linear progranrning point

of view. Rather, it is important that the output related to the physical

system being modelled especially since the object of the optimization

nodel is to assist in the for¡mrlation of subsequent si¡n-ilation analysis.

The report writer shows firstly all system inflolv values. Under

operational conditions these would be forecast values for all d-amage cen-

tTes. Secondly, the natural streamflows are presented at all damage

centres. Thirdly, optimal operating schedules for Shellmouth Reservoir

and. the Assiniboine River Diversion resulting from the optimization

analysis are presented in a table together with streamflow conditions

arising from the optirnal operati-on of the flood control system. All

terms are in units of mean c.f.s. - weeks.

The output from the report writer is shown in Appendix B. Also

shown is a listing of the computer source code and user j-nfornation to

describe input to the report writer prograin.
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6.0 RESULTS

6.1 The Optimization lifodel

The linear progïatrnning optimization model constructed in this thesis

is not intended to provide actual operational decisions with respect to

the operation of the Assiniboine River flood control system. Rather,

it is intended to provide reasonable starting postulates for a more de-

tailed simulation arralysis of the flood control system in question. It

is i:r,portant nevertheless that the optimization model produce starting

postulates which are near optìmal with respect to the relative timing of

the individual operatíons. The values of the reservoir and diversion

releases should also be fairly close to optimal values. In the case of

the Assiniboine River flood control system it is important that periods

of high and 1oi.v Shellmouth Reservoir release be accurately timed- The

tirning of the high and 1ow values of the flood control systen operating

components is more important to the postulating of input to a simulation

analysis than the actual values of tire individual flood control system

conponents obtained fron the optirirtzatton analysis '

The results from the optimization mode1, that is operating schedules

for the flood control system, may be input to a more detailed simulation

model to fine ilme the operating schedules. This ivill allow the deter-

mination of acceptably accurate estjmates of the operating schedules with

a minimum of simulation model computer ïuns. This in turn minimizes the

cost of determining the operating schedules and, possibly frorn a flood

control viewpoint, more important the tjme required for the analysis.
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The l-ínear prograffnìing optimization model constructed in this thesis

was evaluated by applying the nodel spring 1974 conditions on the

Assiniboine River in Manitoba. This application ü/as described

earlier in thi-s thesis.

As noted previously there are six damage centers located along

the Assiniboine River; Russell, Miniota, Portage 1a Prairì-e,

Headingly and Winnipeg. For each of the above noted damage centers

natural flow values ald resultalt optinal flow values from the

optimization model constructed in the thesis are shown on Figures VI-1

to VI-6 inclusive.

The optimal operating schedules resulting from the linear

prograrrning optirnization model for both Shellmouth Reservoir and

the Assiniboine Ríver Diversion of the Assiniboine RiveÏ flood

control system are shown on Figures VI-7 and VI-8 respectively.

The computer printout from the report writer constructed

in this thesis is shown on Figures vI-9 to VI-11 inclusive.

Inspectíon of the above noted figures will give a

complete graphic and numeric sumnary of the results of the

linear progranrning optirnization model constructed in this

thesis for a given hydrologic event. In this case the hydrologic

event is the spring 1974 streamflow conditions on the

Assiníboine River as noted earlier.
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6.2 Discussion of Results

l\s note<i previously ín

pect to agricultural darnage

dependenry of the objective

Date

April 15 - May 26

May 27 - J:;irle 23

J:urrle 24 onwards

tiri-s thesis

is decidedly

fi.mction is

the objective fi¡nctíon with res-

tine dependent. The time

as follows:

With reference to the above table it may be seen that least damage

j-s caused in time periods 1 to 6. More severe damage is caused in tine

periods 7 to 10, md the most severe damage is caused in time periods

tI r.o 77 .

With refelence to Figure VI-11, tt may be seen that for each danage

centre in the a:ralysis the peak mean seven day discharge is greatest

during time period 1 to 6, less in tine periods 7 to 10 and least in

time periods 11 to 77. As noted previously, flood danage in tenrs of

agricultural damage units has been assuned to be a si:rple fu¡rction of

peak meân Seven day dischaTge. Tl-lus, for each damage centre in the

analysis, flood damage is greatest in ti:ne periods 1 to 6, less in time

periods 7 to 10 a¡d least in tjme periods 17 to 17 - This result is as

e>çected because of the previously noted time dependency of agricultural

damages in the objective fi.¡nction.

I,Vith refelence to Figure VI-11 it may be seen that the first week

.!¡ +tr a ----r.,-;- involve-s a snì11ing of Shellmouth Reseryoir. J|is isl-ll L.tIç ct.lld-Lj'/>-LJ fl¡vvlvvJ 4 JPrrrlró vI u,rur¡rr 
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I{eek of Analysis

1

7

11

6

10

L7

Agricultural
Damage Factor

0.333

0.5
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realistic when one considers that the second week of the analysis is

the peak mean seven day inflow to Shellmouth Reservoir. With respect

to the formulation of input for a subsequent si¡n;lation analysj-s it should

be noted that the model indicates that a postulated generating schedule

for shellmouth Reservoir that spi11s early in the spring period is in

order. The balance of time periods 1 to 6 indicate that the first tirne

frane in the analysis, that is tjme peri-ods 1 to 6, generally be one of

Shellmouth Reservoir spi11ing. This is in accord with the time dependency

of agricultural damage functions r-rsed in the model developed in this thesis '

With reference to Figure VI-11, it may be noted that the mean seven

day Assiniboine River Diversion flow rate for time period 2 is 16,100 c.f.s'

This is greater than the previously noted primary ljmit for flow down the

Assiniboine River Diversion of 15,000 c.f.s. It is anticipated that ín-

vestigations through the r.se of subsequent si¡rulation analysis would as-

certain whether or not the Assiniboine River Diversion discharge could be

held to 15,000 c.f.s. without undue flood damage downstream on the

Assiniboine Ríver.

In overview Figure VI-11, the output from the report writer constructed

in this thesis, provi-des the necessary tining relationships between the

operation of individual flood control system components of the Assiniboine

River system and the relative magnitude of the same operating schedules to

formulate reasonable starting postulates for a subsequent sjmulation an-

alysis. With reference to Figure \{-11 it may be seen that the operation

of Shellmouth Reservoir has been detennined by the optimization model to

be one of generally early spilling of the reservoir followed by a period

of moderate releases and finally by a period of ninjmal release as deter-

nined by riparian flow constraints. 
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The operation of the Assiniboine River Diversion may be seen to be

one of initially high diverted flow values followed by a period of

steadily decreasing diversion flow values and finally by a period of non

use of the diversion.

The above noted tining of the operation of the individual flood

control components together with approximate nagnitudes of the operating

schedules for the same flood control system components is what is required

to formulate initial postulates for a subsequent si¡irlation analysis.

This is the objective of the optimization model constructed in this thesis.

6.3 lr{odeI Run Cost

The three comPonents

i c flro m:trir{- o^-^?4+^?L-' --^-- Þgllgl 4LLrr t

the report writer are run

at Cybershare Ltd.

Run costs r^/ere as follows:

of the model constrLlcted in this thesis, that

the linear progranming solution algorithm and

on a CDC Cyber , 77 0 computer located in lVirmipeg

I4atríx generator

Linear prograinning solution algorithm

Dannrf r^rri tarr\uyvr

Fron the above it nay be seen that the total cost for the analysís

of one set of forecast inflows for the systern as a whole is $2.55. It

is argued that at this pri-ce rate it is quite feasible to evallrate the

effect on system component operating schedules of different inflow values
86
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to the system. In this manner it is thus

stochastic aspect of systen inflow values

from an operational if not theoretically

6. 4 Sr¡nnary Conclusions

In sunnary it is concluded that the linear progranu'ning optimization

model constnrcted in thís thesis successfully provides feasible operating

schedule postuXates for a subsequent sjmulation analysis. The model

constT-ucted in this thesis has been successfully applied to a rather

simple flood control network on the Assiniboine River in l.{anitoba. It

is recogntzed that the application of the model in this specific instance

may well be a form of overkill in that the system is in fact sinple

enough that acceptable starting postulates for a subsequent simulation

analysis may be determined without the optimization mode1. However, it

ís argued that th-is would not be the case in a more complicated system.

lrbreover, it is the simpliciry of the Assiniboine River flood control

system that a11ows one to properly assess the applicability of the mode1.

The model can be used at a reasonable cost. This factor augers

well for the feasibility of using this model on an operational basis for

more colupLex ftood" contrÇ1 systems.

possible to deal with the

in a manner which.is acceptable

elequant point of view.
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APPENDIX A - T4ATRIX GENERATOR

A-1 Introduction

The matrix generator program transfers the problem under analysis

from an algebraic representation of constraints and an obj ective fr.mction

to the input format required by the linear progranmring solution algorithm.

The natrix generator allows the flexibility of designating any variables

as constants" In this nanner different variables in a given analysis

may easily be held to constant values in the analysís.

A-2 Program Logic

The matrix generator trarsforms tine related families of constraints

to the input format required by the linear progrannning solution algorithm.

A tjme related fanily constraint is a constraint which has the same form

with respect to the variables involved and the same coefficients over a

finite m-unber of time periods. Only the variables change in that a new

variable is defined for each time period. This is illustrated as follows:

Constraint Family Name

fimc ncr-iods defined over

Constraint Name

LESS 1

IESS 2

LESS 3

LESS 4

LESS 5

LESS

1to5

Constraint

Q1 < 5000

Q2 < 5000

Q3 < s000

Q4 < 5000

Q5 < 5000

100



In this example tt nay be seen that the same form of the constraint

is maintained over the five time periods involved but a ner,r variable is

introduced for each tjme period.

The matrix generator reduces constraints of the family related type

to the input matrix format required by the linear progrannning solution

algorithn.

An internal function of the matrix generator prograrn is to transfer

each constraint name and each variable in the analysis to a unique in-

teger value in the interests of progranrning efficiency. A cross reference

table is built for both constraint names and variables in the analysis.

In the interest of computational efficiency the matrix generator

employs a transformation with regard to the previously noted constants.

For any constraint containing constants, these variables are first
multiplied by theiï corresponding coefficient and then subtracted from

the right hand side of the constraint in question. In this manner the

mmber of variables that the linear prograrTrning solution algorithn nmst

address is reduced. The ntmber of variables in the problem under analysis

has a direct effect on computational efficiency. A listing of the program

is provided on Figures A-1 to A-7 inclusive.

A-3 Capacity and Limitations

The following limitations are i:r.posed:

7. A maxirni¡n of two hundred unique variables in the problen

under analysis.

2. A maximl¡n of sixty unique variables i-n any one constraint.

Problems involving either a greater nunber of equations or a greater

ni¡nber of variables in any given constraint than noted above will requir" r0l
minor progran modifications.



A-4 Input

Sample Input is

deck consists of the

1. System Initial Condition Cards

These cards define initial system conditiors in the analysis,

constant per card.

shor^m on Figures A-8

f^'r 'r 
^,.,; --.ruf Ivwrtr5.

Colur¡rs

to A-14 inclusíve. An input

2-5

7-1 ñ

77-20

2. Constant Value Cards

DescriÞtion

Variable Fanili'Name

Variable Time Period

Variable Constant Value

These cards define constants

Colimns

2-5

/-IU

77-20

3. Run Title Card

Example

S

I

72743

in the analysís, one constant per card.

Description

Variable Family Name

Variable Time Period

Variable Corstant Value

This card contains

analysis "

the alpha-ni.¡neric description of

Example

I

1

2900

the problem under

NZ



Colun¡s

1- B0

4 " Obj ectivei.Fúnction'and :Constráiúts

The objective function.and the constraints are input

generator in the same format. The objective function is

prior to the problem constraints.

All constraints are identified by a constraint type

DéScription

Run Title

TyPe

N

E

T

LE

G

G

Assiniboine Rlver L/P

Flood Control Qptimization

Study.

Example

4"1 Constraint Náme Card

Description

to the matrÍx

input first,

Objective Function

Equality Contraint: =

Less than constraint;

as follows:

Coh¡nns

Less than or equal to constraint; <

Greater than or equal to constl'aint;

Greater than constraint; >

2-5

9- 10

T7-20

Description

Constraint fan,ily name

Constraint type

Right Hand Side Value

of corstraint

Example

OR]T

N

Blank
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4.2 Row Definition Card

Colunns

1- 10

]-'7-20

4.3 Variable Counter Card

DescriÞtion

Starting time value

for row names

Nr¡nber of time periods

constraint is to be

generated for

Coltunns

4.4

1- 10

Exanple

-L

Variable Fanilv Name Cards

Eight variable family nanes

Description

Ni.nrber of variables in

constraint

Colunns

2-5

7 -I0

37- 40

4"5 Coefficient Card

Eight coefficients may be input per card to correspond to the

variable fanily names on the preceding Variable Family Name Card.

may be input per card"

Tlaqerinf i nn

Variable family name

Variable family name

Variable family name

Elanrpl-e

54

Example

PAlL

DA 1I

PAZFI

L04



Colunns

1- 10

LI-20

71- 80

A/+. o Variable Lower,Time Qualifier Card

Th-is card defines the lower time qualifier

the preceding Variable Fanily Name Card.

DéScriÉtion

Coefficient value

Coefficient value

Coefficient value

Coh.un¡s

1- 10

E_xanple

0.0

0. 06

0" 18

2L-30

Description

Variable lower time

qualifier

Variable lower time

ñlr1 lf tf aT

Variable lower time

or¡el i fi or^

71- 80

4.7 Variable ljpper Ti¡le Qualifier Card

This card defines the i-rpper time qualifier for each variable input

on the preceding Variable Family Name Card.

for each variable input

Exanple

I
I

Colwms

1- 10

Tlec.r-ri nf i nn

Variable i-rpper ti:r, e

n¡ra-l-ifior

Variable upper time

nrre'lificr

Variable qpper tíme

^.-^1;.c:^-qu¿rrrrur

71- 80

Example.

1
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4.8 Fixed Válue Cârd

This card defines whether or not the variables input on the preceding

Variable Family Name Card are constants. Two t¡rpes of constants are

allowed as follows:

F - Fixed value

F1 - Fixed value

period.

Coltmms

variable

variable

1- 10

77-20

71- 80

4.9 Variâb1-e JJpper Bóund Câ-rd

This card is used to input

duced on the preceding Variable

or

or

corstant

constant

DeScripti.on

Constant indicator

Constant indicator

Constant indicator

for all
for only

time periods.

the first time

Coh¡nns

1- 10

17-20

71- 80

card t¡'pes 4.1 to 4.9 are repeated as necessary to introduce and

define all the variables for a given farnily of cor¡straints.

an upper bound on

Fatnily Name Card.

ExaFple

T\^^^--:*+-: ^*rruJ\-r ry L-LUtt

IÞper bound value

lÞper bound value

tÞper bound value

all variables intro-

Example

1 500

1300

1300
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0utput

The resultant output from the ltÞtrix generator program ís shown on

Figures A-16 to A-24b inclusive.

The printed output is in two parts. The first part is a listing of

each constraint family in the analysis. Each constraint fanily is
identified by a one to four character alphameric name. To this narne an

i-nteger is added to denote lvhich tìme period the constraint applies to.

For example with reference to Figure A-17:

T,IXAL 1-6

This corresponds to the following constraints:

TDGLl

NDGL2

IfiAl5

lvfrAL4

¡,frAT,5

NI(AL6

Each variable in the constraint is identified by a one to four

character alphameric name and an integer denoted time period. With ref-

erence to Figure A-17 it nay be seen that a range is given for the time

period. For exanple:

PAlL

1-1

Corresponds to: PA1L1
L07



while:

L- 6

Corresponds to: 01

o2

UJ

o4

o5

06

For each constraint defined by the time period indicator the variables

in the constraint are defined according to their family name and their

time period qualifier. With reference to Figr-u'e A-17 for corstraint IfiAt

1-ó the following constraints are i:lplied:

MXALI: -1.0 PA1L -1.0 PA21 -1.0 PASL + 01 + LmÆ < 0"0

MXAL2: -1"0 PA1L -1.0 PA2L -1.0 PA3L + OZ + L0CA2 < 0.0

I,XAIS: -1.0 PA1I -1.0 PA2L -1.0 PASL + 03 + LOCAS < 0.0

ti{KAL4: -1.0 PA1L -1.0 PAZL -1.0 PA3L + 04 + L0CA4 < 0.0

Ir4üI5: -1.0 PA1L -1.0 PA2L -1.0 PASL + 05 + LOCAS < 0.0

IfxAt6: -1.0 PA1L -1.0 PAZL -1.0 PASL +,06 + L0CA6 < 0.0

As shown above each variable in the constraint is nrultiplied by its
corresponding coefficient as shoran in the row labe11ed "coefficient".

As noted earlier any variable in the analysis may be held constant.

Any variables held constant are shown in the next row label1ed "Fii(ed Va1ue".

A I'Fr indicates that the variable in question is fixed over the entire range
108



of the constT'aint in question while a

in question j-s. only held constant for

analysis.

All varíables are ræper bounded in this analysis. The rpper bound

specified for each variable is shown in the next row of the output

labelled "llpper Bounds".

As noted earlier all variable names and all ïow names are converted

to integer values to facilitate the computer progranming required. A

cross-reference of variable names and integer representation and row

names and integer representation is shown on Figures A-25 to A-31 inclusive.

"F1" indicates that the variable

the first time period in the

The output fron the matrix generator in the format required for the

linear progranmring solution algorithm is shown on Fisures A-3?. to A-S5

inclusive.
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APPENDIX B - REPORT I\IRITER

B-1 Introduction

Thì.s prograrn translates the output from the linear programning

solution algorithm into a readily readable and irnderstandable format.

B-2 Prograrn Logic

The report writer program assembles and reduces the output from

the lj-near progranmring solution algorithm into a concise meaningful

format" Optimal operating schedules for the components of the Assiniboine

River flood control system are presented. As we11, the program calculates

flows that would occur without regulation or diversion by the Assiniboine

River Flood Control System. These flow values are referred to as natural

flows in the report writer pïogratn. All flow values are in terms of

mean c.f.s. - weeks. A listing of the program is provided on Figures B-1

to B-4 inclusive.

B-3 Capacitv and Limitations

1. A naxi¡iuun of twenty time periods in the analysis.

2. A rnaxjmr¡n of one hundred twenty five unique variables in the

analysis.

Problems involving either a greater ni.¡nber of time periods or a

greater ntnnber of unique variables than noted above will require minor

program modifications.
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B-4 Input

San'ple input

An input deck

1" Date Card

to the program is shown on Figure

consists of the following:

This card identifies the first calendar date of

printed on each page of output as a sub-heading.is

Coh¡nns

2. Nr.unber of Ti¡rer Periods Card

1- 80

This card inputs the n¡nber of tjme periods in

DF

Description

First date of analysis

Colunrs

3. Required Variables Card(s)

This card ínputs the variables

of variables is described per card.

requested for output.

1- 10

the analysis. It

T)cqcrinf i nn

l.tr¡rber of time periods

Exanple

April 17, 1974

Colimms

the analysis.

2-5

o- r_u

11- 15

required for output. One fanily

0n1y non-constant variables maY

Example

L7

Description

Variable family naine

Initial tíme period

Final time peri-od

Exarple

S

¿

t7

L47



B-5 Output

The resultant output from the report writer program is shown on

Figures B-6 to B-8 inclusive.

The first section of output, shown on Figure B-6, shows all inflows

to the Assiniboine River System for the problem under analysis.

The second section of the ou@ut, shomr on Figure B-7 shows the

natural flow values throughout the river systen for the problem under

analysis "

The third section of the output, shown on Figure B-8, shows the

optirnal operating schedules determined for the individual flood control

system components, Shellmouth Reseryoir and. the Assíniboine River

Diversion, and the resultant flow throughout the river system.
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