208

Integration of heuristic knowledge with analytical
tools for the selection of flood damage reduction
measures

Sajjad Ahmad and Slobodan P. Simonovic

Abstract: Heuristic knowledge has been integrated with analytical tools to support decision making for flood manage
ment. Development of an expert system called Intelligent Flood Management System for the selection of appropriate
flood damage reduction measures for a given area is described. The selection of flood damage reduction measures is
based on hydraulic, hydrological, geotechnical, environmental, and economic factors related to the river system and the
area to be protected from floods. The knowledge base of the Intelligent Flood Management System is generic and can
be used to identify a suitable flood management option for any area. The model base of the Intelligent Flood Manage
ment System consists of the hydraulic analysis package HEC-RAS, the flood damage analysis program HEC-FDA, and
a model for economic analysis. The graphical user interface is developed for effective communication with the system.
The developed system has been implemented to identify appropriate flood damage reduction options for the town of
Ste. Agathe in Manitoba, Canada using data from 1997 flood in the Red River Basin.

Key words flood control, flood management, structural measures, heuristic knowledge, decision support systems, expert
systems.

Résumé: Des connaissances heuristiques ont été intégrées avec des outils analytiques afin d’aider a la prise de déci-
sions pour la gestion des crues. Le développement d'un systeme expert appelé « Intelligent Flood Management System
(IFMS) » (systeme intelligent de gestion des crues) pour la sélection de mesures appropriées de réduction de domma-
ges dues aux crues sur une région donnée est décrit. La sélection de mesures de réduction de dommages dues aux
crues est basée sur des facteurs hydrauliques, hydrologiques, géotechniques, environnementaux et économiques reliés al
systeme de la riviere et a la région qui doit étre protégée des crues. La base de connaissances du IFMS est générique
et peut étre employée pour identifier une option appropriée quelle que soit la région. Le bloc de modélisation com-

prend I'ensemble d’analyse hydraulique HEC-RAS, le programme d’analyse des dommages dues aux crues HEC-FDA

et un modele pour analyses économiques. Linterface graphique usager est développé pour permettre une communcation
efficace avec le systeme. Le systeme développé a été appliqué pour identifier les options appropriées de reduction des
dommages dues aux crues pour le village de Ste-Agathe au Manitoba, Canada, en utilisant les donnés de la crue du
bassin de la riviere Rouge en 1997.

Mots clés: contrdle des crues, gestion des crues, mesures structurales, connaissances heuristiques, systémes d’aide a la
décision, systemes expert.

[Traduit par la Rédaction]

Introduction

The complexity involved in selecting a flood management
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novice in the field. Typically, simulation models are used toonstrated the applicability of the proposed system with two
analyze flood management options; however, they can natase studies. Simonovic and Bender (1996) developed-a col
incorporate heuristic, subjective, and judgmental informa laborative planning-support system. The system focusses on
tion, which is also needed for the selection of flood maragefish habitat issues relating to a hydropower development
ment options. Expert systems can handle heuristic knowledgeroject. Marsi and Moore (1995) integrated design theory,
and are capable of reproducing the expert’s decision procegxpert methodology, and information processing technology
of solving the complex problems within a confined problemfor disaster planning analysis. They used the developed sys
domain. Considerable advantages can be realized by conem to evaluate the costs and benefits of the Los Angeles
bining analytical tools (simulation) with an expert systemearthquake damage mitigation strategies. Bender and
(heuristic knowledge). Integration of heuristic knowledge Simonovic (1994) developed a rule-based decision-support
with analytical modelling provides a powerful tool for formu system for long-range stream flow forecasting. Evans et al.
lating a problem, performing “what if” analysis and choosing (1993) combined the rule-based reasoning with spatial data
the appropriate flood damage reduction measure for a giverepresentation and analysis to develop an expert geographic
area. information system. An expert geographic information-sys
The main strength of the integrated approach lies with théem for long-term regional water resources planning is re
concept of expert systems. An expert system allows the capported by McKinney et al. (1993). Raman et al. (1992) used
ture and formalization of the knowledge of a human exper@n expert system and linear programming model to develop
within a computer program, so that the program can draw ina decision support system for crop planning during droughts.
ferences from the data with which it is presented and therfSimonovic (1992) describes an expert system for reservoir
recommend a course of action. Traditional computer- promanagement and operations. Davis et al. (1991) developed a
grams are composed of interrelated procedures where the gerototype decision support system for analyzing the impact
quential execution of the algorithms is explicitly controlled of catchment policies. Engel and Beasley (1991) developed
and efficiency is achieved by optimizing the iterative pro an expert system for dam site selection. Simonovic and
cess. In contrast, expert systems are rule-based prograrBavic (1989) presented an intelligent decision support sys
with independent IF-THEN statements and the developmeriem for reservoir management and operations. Palmer (1987)
of the rules is based on the heuristic knowledge (rule-of-developed an expert system for drought management plan-
thumb) of the problem domain. Expert systems are dat&ing.
driven (it is the data that determines the action and not the The Intelligent Flood Management System (IFMS) pre-
procedure) and have the ability to efficiently use symbolicsented in this paper selects the suitable flood damage reduc-
data (nonnumeric) and explain to the end-user how the infetion option for a given area. The modelling and analysis
ence procedure arrived at a conclusion. The use of heuristi@pproach presented here combines hydrologic and economic
knowledge, the inference procedure, incorporation of symsimulation models with heuristic knowledge. The hydrologic
bolic data, and the ability to explain how the system derivedand economic simulation modelling approach is based on
a conclusion, are the main strengths of expert systems. conventional methods. Combining the simulation models
The discipline of water resources planning and manageWith heuristic knowledge is the more innovative aspect of
ment involves procedures developed from theory and actudhe methodology presented here. The Red River Basin in
practice thus a considerable amount of knowledge exists in &anada has been used as a case study. The paper is divided
heuristic form. Numerous subjective decisions and, thereinto four sections. The first section covers the introduction.
fore, linguistic variables are involved in the problem domainThe selection process of flood management measures, along
of flood management. The necessity to utilize the valuablavith details on the modelling tools, used in this study is-pre
heuristic knowledge leads to the idea of integration of-heusented in the second section. The third section discusses the
ristic knowledge (expert systems) with analytical tools. ~ architecture of the system and details on knowledge repre
The integration of heuristic knowledge with analytical tools Sentation. Finally, in the fourth section an application of the
has been suggested for a variety of tasks in the field of watefl€veloped system to the case study area is presented. The
planning, management, and operations. Some important afe fourth section of the paper.
plications are briefly described in this section. Ledn et al.
(2000) have developed a hybrid expert system for water ne P
work management. Mohammadabad and Riordan (2000 election of flood management measures
have reported an advisory system for the feasibility study of Floodplains provide advantageous locations for urban and
small hydropower plants. Arumugam and Mohan (1997)agricultural development. Unfortunately, the same rivers that
coupled knowledge derived from field experts with an opti attract development periodically overflow their banks ecaus
mization model to aid the operation of a tank (small-scaleing loss of life and property. Flood management is a broad
reservoir) irrigation system in south India. Chang et al.spectrum of water resources activities aimed at reducing the
(1996) developed an expert system for daily drought monipotentially harmful impact of floods on people, the environ
toring. DeGagne et al. (1996) have discussed a decision sument, and the economy of the region. A variety of structural
port system for the analysis and use of stage—discharge ratirqnd nonstructural measures can be implemented to reduce
curves. Shepherd and Ortolano (1996) have described-an eftood damages; however, complete control of floods or pre
pert system for water supply system operations. Simonoviwention of all damage is seldom economically feasible. Thus
(1996, b) discussed the structure of a decision support syseconomic analysis plays an important role in formulating
tem for sustainable management of water resources and demnd selecting plans for reducing flood damages.
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The selection process of suitable flood management oper surface profiles and can handle subcritical, supercritical,
tion for a given area starts with the review of available infor and mixed flows. The model can analyze flood management
mation and data related to the river system and area to bglans involving flow diversion, channel modification (dredg
protected from floods. Based on preliminary information,ing), and dykes. The most important output of the model is
feasibility of different flood management options is evalu surface water profiles. First, surface water profiles for “with
ated. Feasibility studies for engineering projects depend oout project conditions” are generated. Then by introducing
an understanding of the various components of the problendifferent flood management options into the model, for exam
a broad knowledge of techniques yielding possible solutionsple, diversion, dredging, and dykes, the modified surface wa
the constraints related to these solutions and their signifiter profiles are obtained. The surface water profiles are the
cance. An experienced professional with knowledge of floodmain input to the flood damage analysis program.
management domain and using available data and (or)-infor
mation may discard some flood management options-withF
out going into detailed analysis. For example, a reservoir is
not a practical option when floodplains are very flat and no.
storage space is available. Similarly, construction of a dyk
is not the preferred option in an area where the soil type i
clay. Going through a similar process, different flood man

lood damage analysis

The HEC-FDA is used to estimate the benefits (reduction
n damages) derived from the implementation of selected
lood management plans. For the calculation of flood dam
ages, as a first step, flood management plans to be analyzed

agement optons are analyzed ane by one based on he v, e T0e 1 ented, A plan consitsofone o more,
able information and the heuristic knowledge. Finally, one or 9 y

two potential flood management options are selected fer destreams and damage reaches. A plan starts with the base

tailed analysis using modelling tools. The detailed analysié’ i?r;gﬁ u}f;fﬁ)lerr;grrw;at_lrc;]r; 3\23] cij(tlStfopevc?rcggdi?oar:yizlzl\?vznzd’
covers technical and economic evaluation of the selecte yliy'y : Proj y

flood management options thus, leading towards the final se c fgst plan agamsthwhlch al sqbls;(]?lqugn': plans are-cogn
lection of flood management measures. The heuristic knowlP2re¢: Damage reaches are spatial floodplain areas used to

cdge and focal expertse play an mportant rle n 10" 12 01 Pan Bvaatons, e o agaregace srcure
selection of flood management options. Local knowledge P 9 y

about the river system and floodplains is very valuable. Ing stage. I
A water surface profile is the water surface stage along a

stream length associated with discharge values of a hypo-
Tools used in the selection process thetical or observed flood event. In HEC-FDA, a water sur-
face profile data must consist of eight flood events. Each
The integrated approach presented in this paper makes ug@ter surface profile has stream stations, invert elevations,
of an expert system shell for knowledge coding andand discharge—stage values. The probabilities of each profile
inferencing and employs modelling tools HEC-RAS (United are used to generate exceedance probability functions at in-
States Army Corps of Engineers 1%)8and HEC-FDA  dex locations normally associated with water surface profile
(United States Army Corps of Engineers 1898r hydrau-  cross-sectional stations. The default set of eight water sur
lic and flood damage analysis, respectively. The followingface profiles are for the 0.50, 0.20, 0.10, 0.04, 0.02, 0.01,
section will discuss details on theoretical basis of tools used.004, and 0.002 exceedance probability flood events. The
for hydraulic modelling, economic analysis, and heuristicwater surface profile data is imported from HEC-RAS. An

knowledge presentation. exceedance probability function can be specified as either
analytical (discharge—exceedance probability) if it can be fit
Hydraulic modelling ted by a Log Pearson Type lll distribution, or graphical {dis

The tool used for hydraulic analysis of flood managemenicharge or stage-exceedance probability).

option is HEC-RAS. This program is developed for thesim  For calculation of flood damages either general depth-
ulation of one-dimensional steady flow based on thedamage functions (McBean 1988) are directly provided or
Manning equation. The model calculates water surface prothe program computes an aggregated stage-damage function
files (elevations) and flow velocities in a river from given by damage category at the index station using structure in
geometry, discharge data, and boundary conditions. Data reentories. The program requires the uncertainty of depth-
quired to set-up the model include: schematic presentatiopercent damage functions, first floor levels, structure and
of the river reach; cross section data; length of the channedontent values to be defined, and a complete set (eight pro
until next cross section; length along the left and the rightfiles) of water surface profiles to be available. The computa
bank; coordinates for the left and the right bank; Manning’stion for damage is based on the residual damage associated
n values for banks and the main channel; and contractiomwith a specific exceedance probability event. Performance
and expansion coefficients. The basic computational procdargets are essentially the zero damage stage. The flood
dure is based on the solution of the one-dimensional energgamage associated with a plan is calculated in average an
equation. Energy losses are evaluated by friction andiual equivalent terms. The procedures discount the expected
contraction—expansion (coefficient multiplied by the changeannual damage stream to the beginning of the period of anal
in velocity head). The momentum equation is utilized in sit ysis or the base year. Future year damage values are linearly
uations where the water surface profile is rapidly varied (hy interpreted between the base and most likely future year
draulic jumps, hydraulics of bridges, and river confluence).conditions and are assumed to be constant from the most
The model uses the standard step method for calculation-of wéikely future year to the end of the analysis period. The ex
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Fig. 1. Architecture of the Intelligent Flood Management System.
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pected annual damage for each year in the analysis period iseasure for a given area. The problem domain is focussed
computed, discounted back to present value, and annualizexh the flood management options. An expert system that is
to get the equivalent value over the analysis period (projectapable of formulating the problem and selecting appropri-
life). The HEC-FDA also calculates reduced annual dam-ate options requires knowledge about the flood management
ages, that is, benefits of implementing a flood managementroblem domain, flood management options, hydrological—

option that are used for benefit-cost analysis. hydraulic modelling, and economic analysis. The knowledge
system is built from facts, rules, procedures, and objects that
Heuristic knowledge representation relate to flood management issues. The inference engine per-

An expert system shell (Cimflex Teknowledge Corpora forms the reasoning process and assists in solving a problem
tion 1991) has been used to code the expert knowledge arfty drawing conclusions based on perceived facts. This is
develop an inference mechanism. The shell provides a ruleachieved by using knowledge stored in the knowledge base
based programming language environment integrated witBnd comparing it with input from the user. This way a large
both procedural and object oriented language support. Th@umber_of possible conclusions are narrowed to select the
main strengths of the integrated system developed includ@ppropriate measure.
both backward and forward chaining, pattern matching,
backtracking, recursion, iteration, certainty factors, symbolic . .
list process?ng, value checking, and exp)llanation. E%(tendeﬁlrcmtecmre of the Intelligent Flood
capabilities include meta-facts, meta-propositions, proceManagement System
dural control methods, and retraction. Powerful object-
oriented features like classes, instances, slots, and metho
with inheritance and message passing, round out the knowElz
edge representation. The syntax representation of rules
very close to natural language and any ASCII based text edi,
tor can be used for writing the knowledge base. In the fol
lowing section the architecture of the flood managemen
system developed for this study is discussed.

he architecture of IFMS consists of four main components:
graphical user interface; (2) model base; (3) knowledge
se; and (4) inference engine. The communication between
ese components is shown in Fig. 1. The graphical user in
rface (GUI) allows interaction between the system and
user providing transparency to the model and its functions.
in an interactive session using the GUI the user enters-infor
mation about the river system and the area to be protected
from floods. Results are also communicated to the user
i through the GUI. Built-in help facilities and menu-driven
Intelligent Flood Management System commands are the features that make the GUI user-friendly.
The Intelligent Flood Management System (IFMS) is anAn explanation facility has also been provided to the user
interactive consultation program that, through dialogue withthrough interface that explains why a particular question has
the user and by consulting the knowledge base and analytbeen asked or a certain recommendation has been made. The
cal models, determines the suitable flood damage reductiomodel base consists of three models: (1) river analysis
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Fig. 2. Graphical user interface of the Intelligent Flood Manage to multiple choices, or entering values. The user has an op
ment System. tion to provide a confidence factor on a scale from 0 to 100
with all, or some, of the answers. The default value for a

Ll 2l [ confidence factor is 100. The flow diagram of the complete
Expert System for Selection of Flood consultation process is shown in Fig. 3. The flood manage
Damage Reduction Measures ment options considered by the IFMS are (1) levees and (or)

dykes; (2) floodwall; (3) diversion (floodway); (4) retention
basin and (or) controlled flooding; (5) dam and (or) reser
voir; (6) dredging or increasing the hydraulic capacity of the
channel; and (7) relocation of the town. The term diversion
and floodway are used synonymously in this paper. Once all
the information required to make a preliminary selection is
compiled, through interaction with the user, the IFMS con
sults the knowledge base to recommend a single, or a com
bination of flood management options to protect the area
under consideration from flooding. Following the initial rec
ommendation of the flood management option, a detailed
analysis of the recommended option is required to make a fi
nal selection. Detailed analyses using simulation tools pro
vide answers to some important questions, like the extent to
which the selected option would be able to protect the area
from floods, and the dimensions of the required flood-con
trol structures. The information on dimensions of the flood
control structure helps in calculating the construction cost
\jior that option. The flood damage analysis package HEC-

HEC-FDA

Exit

model; (2) flood damage analysis model; and (3) economi . ; X
analysis model. The river analysis model simulates the flo DA _calculates the reduct|on_ in the damages (benefits)
in the river and floodplains. The most important output gen_resultmg from the implementation of a selected flood man-

erated by the river analysis model is surface water pro1‘ile§‘gement plan. The final recommendat!on on the flopd man-
that are used as input to flood damage analysis program. THRgement option is bas_ed on th_e benefit cost analysis carried
flood damage analysis model estimates the reduction iifut Using the economic analysis model. _

damages (benefits) as a result of implementing a flood man- Detailed analysis starts with the river analysis program
agement plan. The economic analysis model performs bendlEC-RAS that can be activated through the graphical user
fit cost analysis for the selected flood management optioninterface (GUI) of the IFMS. The user needs to establish the
The knowledge base contains the knowledge specific to thEVer system by providing the data on river cross-sections,
flood management domain. The heuristic knowledge, that islength of each river reach, and Manning’s roughness coeffi-
knowledge developed through experience is collectedient. Rating curves, discharge series, and boundary €ondi
through a series of interviews with experts in the field oftions (either water levels or discharges) are also required.
flood management. The acquired expert knowledge is codedihis completes the data files for the basic plan, which is al
in the form of rules using the IF-THEN construct. The infer Ways the without project situation. Then depending upon the
ence engine is the heart of the IFMS. The user, through thEecommended flood management measure, a separate plan
GUI, enters known facts about the river system and the areBas to be identified for each flood management scenario. For
to be protected from floods in the knowledge base. Follow this study the flood management options of dykes, floodway,
ing its control strategy, the inference mechanism locates théredging, and a combination of floodway and dykes have
potentially applicable rules, those whose condition portion ioeen established in the HEC-RAS. As an output the HEC-
matched by the facts in the context, selects one of thesBAS provides eight water surface profiles for a range of
rules and fires it, that is, causes its action to be executedloods of different return periods. These water surface pro
The result of any action is to add to, or modify some aspecfiles are used as input to the flood damage analysis program
of the context; thus, new rules become candidates to bElEC-FDA. The user needs to provide information on the
fired, and a cycle of matching and firing is repeated in an in humber and category of structures in the area to be censid

finite loop until a goal is satisfied or there are no more rulesered for flood protection, the monetary value of structures,
remaining to be fired. and their contents. The level of the basement and the first

floor along with a relationship between the depth of water
and damages is also required. As an output, the HEC-FDA
provides the reduced flood damages resulting from imple
The user can start the consultation process by activatingienting a flood management plan. The reduced flood-dam
the expert system from the user interface (Fig. 2). Througlages calculation is based on the comparison between the
an interactive process, the IFMS asks the user a series @fith and without project situation. With information on-re
questions. Questions are related to hydraulic, hydrologicakluced damages (benefits) from HEC-FDA, and physical de
topographic, geotechnical, and environmental aspects of thtails (dimensions, capacity) of the flood control structure
river system, and the area to be protected from floods. Th&om HEC-RAS, the user consults the IFMS again. Now, the
expected question response varies from a simple yes or n&EMS performs a benefit cost analysis and makes a final rec

Consultation process
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Fig. 3. Flow chart of the consultation process.

Input Parameters
» Input from User
® Hydraulic
® Hydrological
® Topographic < Revise Input Data
® Geotechnical h 4 A
| ettt e[S
Flood Control Options

® Dikes/Levees v
® Floodwall Hydraulic Analysis < HEC-RAS
® Floodway
® Reservoir
® Retention Basins v
* Dredging Flood Damage Analysis = HEC-FDA
® Relocation

h 4

Benefit Cost Analysis = ES
h 4
Flood Management Option ] ES
Recommendation
No
Accept
Yes
> Stop

ommendation on the flood management plan to be imple then recommended_measure = floodway.

mented to reduce flood damages. The IFMS may try rules that conclude best _measure in

an attempt to determine if best_measure is floodway:- For
ward chaining is supported with the WHENFOUND and

WHENCACHED constructs that cause actions to be taken
after values for an expression have been sought.

This section describes the details of knowledge represen
tation along with some salient features of IFMS. Intelligent questioning

. L Intelligent questioning is incorporated in the system by

Back-chaining and forward-chaining o using the PRESUPPOSITION command. For example, while

The IFMS is capable of using both backward chaining and;onsidering a dyke as the flood management option the IFMS
forward chaining. When a rule is used in an attempt to find a3sks the user, “Is there enough space available to place a
value for an expression, back-chaining is triggered, causingyke?” If the answer is no, only then it will ask “Is it possi
the IFMS to seek values for expressions tested in the rule’gie 1o acquire land to place a dyke?” If the answer to first
premise. For example, if the system is trying to find theqyestion is yes the IFMS will omit the second question. In
value of recommended_measure by using the rule the following example the use of PRESUPPOSITION -con

If best_ measure = floodway trols the sequence of questions. The second question (acquisi

Knowledge representation in the Intelligent
Flood Management System
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tion) will only be fired when the answer to the first question Rules
(distance-to-river) is no. The rules are the storage of heuristic knowledge and they

question(distance-to-river) = “From inspection of the pro affect t_he way parameter values are inferred and ultimately
ject area, is there enough space available for placing etermine the system goal(s). The rules use IF statements

dyke between river and area to be protected from flood?” ollowed by the THEN statement, to inference a conclusion
legalvals(distance-to-river) = [yes,no] based upon parameter data. Some rules calculate a specific

. L i L value based on input from the end-user. Rules are also used
presupposition(acquisition) = distance-to-river = no.

k N . ; . f th . to derive new facts based on specified conditions. The prem
question(acquisition) = “From inspection of the projectise of 4 ryle specifies the conditions under which a new fact
area, considering number of structures close to river ban

5 iol ire land | dvke b “'"ran be concluded. Symbolic, as well as numeric, compari
Is it possible to acquire land to place a dyke between riveg, g o tests are combined with standard Boolean operators
and area to be protected from floods?

- M to form the rule premise. Also, basic arithmetic functions are
legalvals(acquisition) = [yes,no]. used in the premise of a rule.
With each question one fact related to the problem under This rule provides a definition of “between”:
consideration is analyzed and information is stored in cache jf EXPRESSION = VALUE and
memory. Next time when the system tries to match that fact \ALUE > = LOWER BOUND and
with the left hand side of any rule it will have ready-to-use VALUE < UPPER BOUND
information about the fact. The point is that the system will - then petween(EXPRESSION, LOWER_BOUND, UPPER
not have to ask the same question more than once. The BouND). - -
IFMS has 78 separate parameters for collection of specifi . .
facts to reach the system goals. The number of questior:g _zc.)methcases,llthetz_ orde;rkof tr:edrule is very important for
(parameters) prompted by the IFMS to the end-user during diding the application of knowledge.
consultation process are dependent upon the path employ
by the system to reach its goals, that is, not all questions ar
asked in every consultation.

ertainty factors
A certainty factor (CF) makes it possible to represent un-
certain knowledge in the IFMS. Certainty factors are entered
with user-input. The inference engine automatically deals
Acceptable value of answers with certainty factors, combining the certainty of input data,
The IFMS may ask the user for the value of an expressionule premise clauses, and rule conclusions, as well as accu-
it is seeking, if it encounters a question meta-fact in themulating the certainty of the same conclusion made by dif-
knowledge base. Additional meta-facts specify the acceptferent rules. The use of certainty factors allows the IFMS to
able values for the expression. Acceptable values are preeach realistic conclusions when presented with incomplete,

sented to the user in a menu or as an enumerated ligincertain, or even conflicting data or knowledge.
following the question. Expressions are declared to be “inte-

ger” or “number” (real) and a range is specified. The IFMS Goals

is capable of accepting yes or no answers, multiple choices, More than one goal can be specified for the back-chaining

integers, and real numbers. search. The initial search will be performed to satisfy the
The response to some questions posed to the users by tfisst goal and then each subsequent goal will be satisfied in

knowledge system is restricted. This includes specifying @rder. This gives knowledge engineers maximum flexibility

question as single-valued or multi-valued (i.e., whether oiin developing search strategies.

not the answer should be limited to a single definite answer), goal = [recommended-measure,next_step].

and specifying acceptable values or ranges for answers. In

addition, unknown and (or) certainty factors are allowed o'l this example first goal determines the appropriate flood
disallowed for input. In the following example only a real Ma@nagement measure (recommended-measure) and second

number is allowed as an answer goal asks user what to do next, quit or another consultation.

- ) ] In case of another consultation it re-initializes the system.
presupposition(channel-width) = selected-option = flood-

way. Facts
question(channel-width) = “What is the bottom width of  Facts are used in knowledge base to represent information
the floodway channel in metres? Please enter value in thghat is known statically about the domain. Facts may also be
form of real number.” stored in cache files that can be loaded on demand.
legalvals(channel-width) = real.
or Pattern-matching
Pattern-matching variables are employed in rules and facts
to make them more general and powerful, combining into a
psingle fact that would otherwise require a number of rules or
acts.

question(foundation) = “Based on geotechnical informa
tion, how would you describe the strata underlying the to
soil?”

f
legalvals(foundation) = [hard-rock,soft-rock,sand-or-silt,

clay]. Symbolic expressions
In this example the user is restricted to make a selection out Symbolic expressions take on values (e.g., height of dyke,
of the four given options that is, hard-rock, soft-rock, sand-construction_cost), can be tested in rules, tested or manipu
or-silt, and clay. lated in procedures, or given static values via facts. When
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the value of a symbolic expression is needed, the inferencEloodway (diversion)
engine, guided by the knowledge base, may obtain the value A floodway is not an option for a small town or if only
from a fact, by using rules, by asking the user, and (or) byfew houses are to be protected from floods. To consider a
calling an external routine. floodway either there should be no endangered animal spe
cies in the watershed area, or the corridor of movement for
these species should not be interrupted by construction of
. . . : . the floodway. Excavation should be easily possible, that is,
ityTgZ;E:NIIeSVEI ee?(lpj)llgﬁz(tjixgha?g Zﬁ%ﬂ:ﬂgglIsn;eggfaeté?jcgthere should be no _bedrock within the excavation depth of
thé IEMS to elaborate why a particular question is being¥|00dway' Another important factor is that either there
should be a natural water body to dispose the diverted water,

%S:teggugé’ t?\):aplaggélt?gnfobt?gzdsk%r:j tr}l’ierutlr?a\c%r fgrc?l(i:tedgrgr there should be enough gradient available to drop the wa
the q e y r back into the river without causing a serious backwater
be used to display events as a consultation is run. The exa ect

sequence of goals sought, rules invoked, facts or procedures
used, instances created, and conclusions made by SyStngétention basin
during a consultation can be traced.

User friendliness

The willingness of farmers to allow their land to be flooded
is very important for controlled flooding option. Water-
logging (high ground water levels) should not be severe in
Logic of inference engine the area. There should be no historic site of importance or it
should be possible to protect the site from damages caused
In this section the logic and reasoning used by an expefty controlled flooding by constructing a dyke around it or
(as captured in the knowledge base) to select a particuldry using some other measures.
flood management option has been described. The heuristic
knowledge (knowledge developed through experience) waBam and (or) reservoir
collected from experts in the Water Resources Branch of These are not an option for small towns unless the project
Manitoba Department of Conservation through series of incan be economically justified by considering additional uses
terviews. In addition to domain knowledge obtained fromlike hydropower generation, water supply, recreation, etc.
experts some rules were formulated from published informaThey are not feasible in river environments where high sedi-
tion. The knowledge and logic were captured in the IFMSmentation is an issue. Water-logging should not be severe in
using the IF-THEN structure of rules. A brief description is the area. Either there should be no endangered animal spe-
given for criteria expressed by experts for selection of eaclties in the watershed area or their corridor of movement
flood management option. should not be interrupted by construction of a reservoir. A
good foundation must be available (e.g., rock, sand, or silt).
The geology should not be permeable. There should be no

Dykes_ . S wetlands in the area. Land use should not be forest, espe-
An important requirement for considering dykes as a

flood management aption is that either there should be spa cially rain forest. There should be no historic site of impor

available, between the area to be protected from floods an nce, or it should be possible to protect the site from
the river bank, to site a dyke or it should be feasible te ac amage by constructing a dyke around it. There should be

. . . . “no endangered aquatic habitat in the river system. Most im
?yuplreei;htehgr\]/(ijéi::i'zys/ ?sot;rgis(;?lﬁ :ﬁ;?gj:‘rggttignd?;kilg;he SOIIportant of all there should be a suitable site available to

build a reservoir.

Floodwall Dredging

Levees and (or) dykes and floodwalls have been censid This is not an option for small towns or if there are only
ered as two separate flood management options. Generalligw houses to be protected from floods. It should not be con
dykes cover two or more sides of an area to be protectedidered if the majority of the watershed is bare land as sur
from floods. A floodwall, on the other hand, is along the face runoff will bring lots of sediments. Water-logging
bank of the river providing a barrier between the river andshould not be severe, as additional capacity would be lost
the area to be protected from floods. It is not feasible to-condue to increased groundwater flow into the river. The river
struct a floodwall if either the soil type in the area, or the path should be stable. Dredging is not an option if the-sedi
foundation, is clay. A floodwall is also not recommended, mentation problem is severe in the river. The additional ca
due to environmental considerations, if there are wetlands gpacity of the river required to accommodate damaging
marshes in the area, as they will dry out without naturalfloods should preferably be equal to or less than 50% of the
floods. To consider a floodwall either there should be roomexisting river capacity. There should be no endangered
available, between the area to be protected from flood andquatic habitat in the river system.
the riverbank, to place a floodwall or it should be feasible to
acquire the land. There should also be a place available tRelocation of town
plug in the floodwall at both ends like natural high ground, This option should be considered only if it is a small town
road, hill, etc. If there is a place to plug in the floodwall on or there are only few houses in the area to be protected from
sides and there are none or few wetlands or marshes in tH®ods, if damaging floods are frequent, if damages are high
area then a floodwall is preferred over a dyke. and all other options are not economically justified.
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Fig. 4. Study area.
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lllustrative case study 116 500 ks, exclusive of the Assiniboine River and its trib

utary the Souris, of which nearly 103 500 krare in the

To demonstrate a sample application of developed intelliUnited States and the remaining 13 000%kane in Canada.
gent flood management system, Ste. Agathe town situate@ihe basin is remarkably flat. The slope of the river is on av
along the Red River in Manitoba, Canada was selected asrage less than 9.5 cm per kilometre. The basin is about
the study area. Actual topographic and river information wasL00 km across its widest. During the major floods the entire
used to establish the Red River system in the model fronbasin becomes the floodplain. The flatness of the terrain also
Morris to the inlet of the Winnipeg floodway (Fig. 4). The means few natural large water storage sites are available.
flooding event of 1997 was used for analysis of all flood The Red River Basin has a subhumid to humid continental
management options. The flood frequency estimates reclimate with moderately warm summers, cold winters, and
ported by Royal Commission (1958) were used as the basigpid changes in daily weather patterns. On average the Red
for water surface profile calculation. The damage curves deRiver Basin mean monthly temperature ranges from —15 to
veloped by KGS (2000) were used for the calculation of+20°C. Most major floods occur following heavy precipita
flood damages. The data used by the analytical models amgon during the previous fall, hard and deep frost prior to
case study specific. However, the knowledge base of thgnowfall, substantial snowfall, sudden thaws, heavy rainfall,
IFMS is generic and can be used to identify a suitable floocbr wet snow conditions during the spring breakup. The low
management option for any area. absorptive capacity of the basin’s clay soils is a contributing

Some important characteristics of flooding in the studyfactor. The 1997 flood on the Red River (4587 at
area are described in this section. Situated in the geographWinnipeg) was the largest flood since 1852. Around
centre of North America, the Red River originates in Miane 2000 kn¥ or about 5% of Manitoba’s farmland was flooded.
sota and flows north (International Joint Commission 1997)With 28 000 Manitobans evacuated (6000 from Winnipeg),
It forms the boundary between North Dakota and Minnesotdhe damages of 1997 flood are in the hundreds of millions of
and enters Canada at Emerson, Manitoba. It continues-nortldollars (International Joint Commission 1997). The town of
ward to Lake Winnipeg. The Red River basin coversSte. Agathe was completely flooded in 1997.
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Fig. 5. User consultation with the system.
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Thi=s Intelligent Flood Hanagement Sy=tem will help the -
professionals make a sound decision in the selection of flood
managemnent messures. J

Initially user will be asked a =eries of gquestion= about the river
=vstem and floodplains and IFHS will make initial recommendations on)
flood damage reduction measures.

The =elected option= will ke analy=ed u=sing modeling tools HEC-RAS
and HEC-FDA. Following the analysis IFHS will malke final
recomnendation on =election of flood damage reduction measures based
on economnic analvsis.

What 1=z the predominant =oil type in the area under Why

consideration? —
Unknown

Select: Any item. CF

= (100 oK

zand—loamn =

clay—loam Cancel

Consultation...

Sample consultation with the Intelligent Where the area considered for flood protection is located
Flood Management System with respect to river?
(a) Close (100) (b) far
A sample consultation with the IFMS is listed in this sec- How would you describe the changes in river course and
tion. First the questions are given, which IFMS will ask dur- (or) path?
ing consultation, followed by list of possible answers to (a) Stable (80) (b) changes frequently
choose from (Fig. 5). The answers in bold are the ones se- How would you describe the river-channel cross-section?

lected for this sample consultation. A number next to se- (a) Unstable; b) stable uniform: ¢) stable nonuniform
lected answer shows the confidence factor for that particula{m) ’ ’

answer. . ) . What is the predominant soil type in the area considered
Which option best describes the proximity of the area tofg, flood protection?

be protected from floods? (a) Silt loam; () sand loam; ¢) clay loam (75)
(a) Along major river (100); (b) coastal area;dj along Based on geotechnical information, how would you de
multiple streams _ _ ~_scribe the strata underlying the top soil?
What climatic factors are mainly responsible for flooding? () Hard rock; b) soft rock; €) sand or silt (70); (d) clay
(a) Snow melt; b) rainfall; (c) combination (80) How would you describe the floods based on response
How do you categorize the size of area to be consideregme of catchment?
for flood protection? o (a) Flash floods; ) slow floods (65)
(a) Large city; ) medium size city; ¢ small town (100) How would you describe the level of study area with re
(d) few houses spect to existing riverbanks?

To have an estimate of what volume of flood we are deal (a) Lower; (b) same level (100)(c) higher
ing with, Choose a range of flood discharges that best de From inspection of the project area, is there enough space
scribes the maximum recorded historic flood in the area3vailable for placing a dyke between river and area to be

Values are in cubic metres per second. protected from flood?
(a) More than 5000; i) 2000-5000 (92Q)(c)1000—-2000; (@) Yes (90) (b) no
(d) less than 1000 Are there wetlands, marshlands or swamps in the water

How do you describe the frequency of floods causingshed?
damages in the area? Make a choice based on return period. (a) Yes a lot; b) some; ) not at all (95)

(@ One in hundred; k) one in fifty (60); (c) one in From inspection of the project area, are there suitable ob
twenty; (@) one in ten; €¢) more frequent jects (e.g., roads, high ground, hills) available to plug in

How do you describe the topography of study area? both ends of floodwall?

(a) Flat (100); (b) hilly; (c) moderate slope (a) Yes; () no (100)
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Fig. 6. Analyzing the floodway option in the HEC-RAS.
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From inspection of the project area, considering number Is there any important historic site located in the area that
of structures close to river bank, would it be possible to acwill be affected by the project?
quire those buildings to place a dyke between river and area (a) Yes; (b) no (100)
to be protected from floods? What is the climate category of the watershed?
(a) yes (90) (b) no (a) Subarctic (60); (b) marine westcoast,c{ humid sub-
Based on geotechnical information, considering the stratéropical; d) Mediterranean;d) rain forest; {) desert
underlying the topsoil, is there a chance to encounter rock Choose a range of discharges that best represent the safe

formation within excavation depth for floodway? carrying capacity of river. Values are in cubic metres per
(a) Yes; (o) no (90) second.
Is there a large natural water body (reservoir, lake) avail (&) More than 5000(b) 2000-5000 (75)(c) 1000-2000;
able nearby, with a capacity to absorb floodwater? (d) less than 1000
(a) Yes; () no (100) Considering the historic maximum-recorded flood and

From inspection of the project area, is there enough slop&af€ carrying capacity of river make a selection that best de
difference available to drop the water from floodway backScribes the additional capacity of river reqwr_ed_ to accommo
into the river without causing serious backwater effect? ~ date floods. Values are in percentage of existing capacity.

(a) Yes (100) (b) no (a) More than 100;(b) 50—100 (85) (c) 25-50; €) less-
Are there any endangered animal or bird species in théhan 25. s
project area? What is the geology c_)f the area” _

(@ Yes: () no (95) (a) Permeable(b) semi-permeable (80)(c) impermeable

' What is the land use and vegetation cover in the area con
sidered for flood protection?

(@) Bare ground;(b) crop land (90); (c) grass land;

(d) forest cover

How would you describe the sedimentation process-(silt
ing and (or) scouring) in the River?
(a) Heavy; ) medium; €) slight (70)
To what extent is water logging, that is, ground water ‘Lo do you rate the farmers’ willingness to allow their
within the root zone, a problem in the watershed? land to be flooded (used as retention basin)? Use a scale of
(a) Severe; f) moderate; ¢ nil (95) zero to ten where 10 is total acceptance and 0 is complete
From inspection of the project area, Is there a route availresistance?
able for the floodway, without building excessive infrastruc 2 (70)

ture components like bridges, etc.? Following the interactive session with the user the IFMS
(a) Yes (90) (b) no consults the knowledge base and makes preliminary recom
Is there any rare aquatic habitat (fish, etc.) in the river sysmendations.

tem? e Build a Levee and (or) dyke CF (84%)
(a) Yes; (b) no (95) * Build a Floodway CF (60%)
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Fig. 7. Final recommendation of the Intelligent Flood Management System.
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Consultation...

The two recommended options are analyzed using HEC- What is the top width of the dyke in metres? Please enter
RAS and HEC-FDA. The analysis through HEC-RAS gener-value as real number (with decimal place), e.g., 1.0.
ates the modified surface water profiles due to the imple- 3.66
mentation of selected flood management option and also What are the side slopes of the dyke? Enter the horizontal
provides dimensions of the structure for reducing flood damvalue against unit vertical value e.g., for 1V:4H you will en-
ages. The river setup and flow diversion through floodwayter 4. Please enter value as real number (with decimal place),
as defined in HEC-RAS is shown in Fig. 6. Once technicale.g., 1.0
feasibility of selected flood management option is evaluated 4.0
through HEC-RAS the IFMS activates HEC-FDA to esti- What is the total length of the dyke in metres? Please en-
mate reduction in flood damages by implementing a floodter value as real number (with decimal place), e.g., 1.0
management plan. Analysis reveals that the flow diversion 4400.0
using a floodway is not able to reduce flood damages signifi What are the total damages (in 1000 of $) without project,
cantly. As the area is flat, there is not enough slope differ calculated through HEC-FDA?
ence to accommodate the diverted water back in the river 96.0
without causing serious backwater affects. This backwater is What is the cost of constructing a levee and (or) dyke per
causing flood damages around the St. Agathe town. cubic metre of material used?

Following the hydraulic and flood damage analysis IFMS 6.0
continues the consultation and performs the benefit cost Based on the information provided by user, IFMS calcu
ana|ysis to make a final recommendation. The benefit Coslﬂtes benefit-cost ratio and net annual benefits and make fi
analysis is based on the analysis period of 50 years with thal recommendation of a measure to reduce flood damages
discount rate of 4.5%. The benefits and costs for each yedp the given area.
in the analysis period are computed, discounted back to the The Annual Cost (1000)$: 82.85
present value and annualized to get the equivalent value over The Annual Benefits (1000)$: 96.0
the analysis period (project life). The information collected The Benefit Cost Ratio: 1.16
by IFMS for economic analysis, through questions, is listed The Annual Net Benefits (1000)$: 13.15
in the following section. Based on economic analysis IFMS recommends building

Which flood management option you want to choose for2 dyke (Fig. 7).
benefit cost analysis?

(@) Levee (b) reservoir; €) floodway; @) floodwall; Conclusions

(€) retention basin; f| dredging; ¢) relocation of town; The development of the flood management expert system
(h) unknown _ _(IFMS) has demonstrated the potential of integrating heuris
What is the height of the dyke above ground surface inic knowledge with analytical tools in facilitating the engi
metres? Please enter value as real number (with decim@kering planning and feasibility study work in the field of
place), e.g., 1.0. water resources. Coupling of artificial intelligence tech

3.5 niques with traditional simulation tools provides a viable al
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ternative to deal with complex issues involved in selectionBender, M., Simonovic, S.P. 1994. Decision-support system for
of flood management option. The system is not only valu long-range stream flow forecasting. Journal of Computing in
able as a training tool for “entry level” professionals, but can Civil Engineering,8(1): 20-34.

also act as an advisor to a decision maker with less exposuféhang, T. J., Kleopa, X. A., and Teoh, C. B. 1996. Development of
to flood management issues. It captures valuable expertise in an expert system for daily drought monitoring. Journal of €om
the area of flood management and also allows for easy dis_Puting in Civil Engineering,10(1): 20-24. _
semination of that expertise to less experienced professiorfimflex Teknowledge Corporation. 1991. M.4 User Guide.
als. The codification of expertise has been done to ensure Cimflex Teknowledge Corporation, Calif.

that, as new technology and knowledge in flood manageDaV'S' J.R., Nanninga, P.M., John Biggins, and Laut, P. 1991. Proto
ment options become available, they can easily be incorpo type _deC|S|on support system for analyzmg_lmpact of catchment
rated into the existing system. The salient benefits of policies. Journal of Water Resources Planning and Management,

. - . 1174): 399-414.
Intelligent Flood Management System presented in this paDeGa;rze M.P., Douglas, G.G., Hudson, H.R., and Simonovic, S.P.

Pei: acr;:tures and disseminates the valuable expertise in 1996. A decision support system for the analysis and use of
p p stage—discharge rating curves. Journal of Hydrold®4(3—4):

flood management area. 295_241

it mlnlml;es the time it takes to select the flood manage Engel, B.A., and Beasley, D.B. 1991. DSS: dam site selector expert
ment option. o i i system for education. Journal of Irrigation and Drainage Engi

« it allows for the end-user the flexibility to try different eri neering,117(5): 774-782.
teria easily and efficiently (what-if analysis). Evans, T.A., Djokic, D., and Maidment, D.R. 1993. Development

* the system is valuable as a training tool for entry-level and application of expert geographic information system. -Jour
professmnals. . . ) _nal of Computing in Civil Engineering?(3): 339-353.

* itaugments the experienced professionals as an interactivgternational Joint Commission. 1997. Red river flooding, short
problem-solving and advisory system. term measures: interim report of the International Red River Ba

Environmental concerns related to different flood damage sin Task Force to the International Joint Commission, Ottawa.
reduction measures have been addressed implicitly in the International Joint Commission, Washington, D.C.
model. For example, the choice of a measure is influence®GS (Kontzamanis Graumann Smith Macmillan Inc.). 2000. Red
by the presence of aquatic life, endangered species, historic river basin stage damage curves update and preparation of flood
sites, wetlands, rain forest, etc, however, there are some en-damage maps: report submitted to International Joint Commis-
vironmental aspects that are not addressed in the current sion, Ottawa. International Joint Commission, Washington, D.C.
model for example impacts on river morphology, etc. TheLeon, C., Martin, S., Elena, J. M., and Luque, J. 2000. EXPLORE-
sedimentation process and river morphology may be consid- hybrid expert system for water networks management. Journal
ered by adding an appropriate modelling tool in the model| ©f Water Resources Planning and Managem&B§(2): 65-74.
base of the IFMS. Similarly, for benefit cost analysis, dam-Masri, A., and_ Moore, J. E_. 1995. Int_egrated planning mformathn
ages are calculated for infrastructure and buildings only. The Systems: disaster planning analysis. Journal of Urban Planning
cost of lost income due to flooding is not considered for the 2and Development21(1): 19-39. o
analysis; however, the model structure is flexible and m°rév'C;;Q;gﬁ,ﬁfi;{fﬁ:ﬁngyggrﬁ %r;dTgigg"ﬁggr'\sl'aﬁ?% EJ):)%?;\tal
g\?;?lgsbﬁ:m be added for analysis, if additional information is of Water Resources Planning and Managemet®(2): 170-163.

Based on the performance of tis system, the domain ol BEA £ Sore, 0 Fotn b, Do, o nc wouon. &
flood management appears appropriate for the use of expert ' . . '
system technology. This project has also demonstrated th :r\]/:t:]:nigzzgrgez Plliam;'gg ;?g rd'\gin%}e%%ﬂaﬂ(fis)}nilf ;33:16 power
the model base (hydraulic analysis tool) is a very importan TS o .

. advisor: application and user perspective. Journal of Energy En
part of the Intelligent Flood Management System. Currently gineering 226(2): 83-93. persp 9

work is in progress to integrate expert system with more SOpaimer, R.N. 1987. Expert system for drought management plan
phisticated hydraulic and geographical analysis tools (two- ping. journal of Computing in Civil Engineerint4): 284-297.
dimensional hydrodynamic model and GIS) that will further paman, H., Mohan, S., and Rangacharya, N. C. V. 1992. Decision
increase benefits to the professionals dealing with flood sypport system for crop planning during droughts. Journal-of Ir
Royal Commission 1958. Report of the royal commission on flood
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