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Abstract

Effect of flood control curve to river stage during flood period is estimated by a multireservoir
optimization model for basin-scale flood control at the first year. In order to determine the optimal hourly
releases from reservoirs under the estuary tidal effects during typhoon periods, this paper develops a
generalized multipurpose multireservoir optimization model for basin-scale flood control. The model
objectives include: reducing the downstream floodwaters, and meeting reservoir target storage at the end
of flood. The model constraints include the reservoir operations and the neural-based linear channel level
routing. The proposed channel level routing based on feed-forward back-propagation neural network is
used to estimate the downstream water levels. The developed optimization model has been applied to the
Tanshui River Basin system in Taiwan. The results of optimization model running, in contrast to historical
records, successfully demonstrate the practicability in solving the problem of flood control operations.

Keywords: real-time optimal operation for flood control, optimization model, reservoir release



1. Introduction

Tanshui River Basin is located in the northern part of Taiwan having steep terrain and excessive rainfall.
The most severe disaster in Tanshui River Basin is flooding which is caused by the intensive rainfall and
rapid flows during typhoon seasons. Once typhoon strikes, the water level at the estuary rises abnormally
by typhoon surge. Meanwhile, receiving voluminous rainfalls from upstream watershed, considerable
streamflows usually converge downstream in a short time. Therefore, it is very difficult to release such
voluminous water into ocean for the downstream reach. With all these unfavorable natural conditions,
multireservoir operations play an important role in mitigating the downstream flood disaster.

For developing a multireservoir operation model for ariver basin system, Windsor (1973), Needham
et al. (2000), and Braga and Barbosa (2001) described an application of deterministic optimization using
a linear programming (LP) model to treat the flood control problem, using the Muskingum method for
channel routing and mass balance equation for reservoir operations. Wasimi and Kitanidis (1983) applied
the discrete-time linear quadratic Gaussian (LQG) stochastic control for the real-time daily operation
under flood conditions. The streamflow routing along a channel reach used the Muskingum linear channel
routing model. Unver and Mays (1990) formulated a nonlinear programming (NLP) model to address the
real-time hourly flood control problem. The constraints included the reservoir operation constraints,
which are defined by bounds on reservoir releases, surface elevations and gate facilities; the hydraulic
constraints are defined by the one-dimensional unsteady flow. The above published papers have studied
the multireservoir operation problem well. However, such case with tidal effects by typhoon surge has not
been studied in the past.

For solving the complicated flow routing under the interaction between upstream flows and tidal
effects, Lai (1986; 1999; 2002) developed a CCCMMOC model, which is one of the gradually varying
unsteady flow methods. In the last two decades, he has succeeded in applying amodel for ssimulating the
complicated behavior of water movement and interaction at each river section in Tanshui River (Lal,
2002). The CCCMMOC model demonstrates that it is good at accurately analyzing the variations of water
surface elevation under the unsteady channel flow. In the CCCMMOC model, however, the multireservoir
operations have not been taken into consideration. Moreover, the time consumed for computer calculation
makes it inefficient.

Artificial neural networks (ANN) are good at identifying and learning correlated patterns between
input data sets and the corresponding target values (Chang and Chen, 2001; Huang, 2001). After
McCulloch and Pitts (1943) established the first neura network, a number of ANNs were developed to
solve different problems such as water level predictions (e.g., Bazartseren et al., 2003; Chang and Chen,
2003; Tissot et al., 2004). This study proposes a neural-based linear channel level routing al gorithm based
on feed-forward back-propagation neural network (BPNN) to estimate the downstream water level.

The purpose of this paper is to formulate a generalized multipurpose multireservoir optimization
model for basin-scale flood control to determine the optimal hourly releases under tidal effects. The
presented optimization model is formulated as a mixed-integer linear programming (MILP) model. The

model constraints include the reservoir operation rules and the neural -based linear channel level routing.
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The devel oped optimization model will apply to the Tanshui River Basin system in Taiwan.

2. Tanshui River Basin System

2.1. SYSTEM DESCRIPTION

Figure 1 shows the geographical location of the greater Tanshui River Basin. The Tanshui River consists
of three major river basins. Tahan River, Hsintien River, and Keelung River. The mgjor stream flows of
Tanshui River go through the Taipel Bridge and Tudigong, and finally reach Hekou. In this basin, the
paralel Shihmen and Feitsui Reservoirs, have been used for joint operations for flood control.

Tahan River originates from Mt. Pinten and joins the Hsintien River at Chiangchutsui, which is the
starting point of Tanshui River. The length of Tahan River is 126 km with a drainage area of 1,163 km?
There are four major creeks in the Tanhan River, including Yufong creek, Shankwan creek, Shanshia
creek, and Heng creek. The Shihmen Reservoir, completed in 1964, is the most important hydraulic
structure in the Tahan River. The maximum elevation of 245 m is for normal operation, whereas the
maximum elevation of 248 m is for flood-mitigation operation. Approximately the capacity of 27 x 10°
m® is reserved for flood control during typhoon invasions. The Shihmen Reservoir currently managed by
the Water Resources Agency was built primarily for flood control and the water is used for the irrigation
and domestic water supply along the Tanhan River (Hsu and Cheng, 2002).

Hsintien River originates from Mt. Chilan and joins Tanshui River at Chiangchutsui. The length of
Hsintien River is 82 km, with a drainage area of 916 k. There are three major creeks in the Hsintien
River, including Peishih creek, Nanshih creek, and Gingmei creek. The Feitsui Reservoir, completed in
1985, isthe most important hydraulic structure in the Hsintien River. The maximum elevation of 170 mis
for normal operation and the maximum elevation of 171 m is for flood-mitigation operation.
Approximately 9 x 10° m® of the storage is reserved for flood control during the typhoon season. The
Feitsui Reservoir currently managed by the Taipei City Government was built primarily to provide
domestic water supply to the Taipei Metropolitan area (Hsu and Cheng, 2002).

2.2. NETWORK REPRESENTATION

For the easy representation of a complex study area, the network representation (see Figure 2) is used. In
Figure 2, nodes are introduced to represent reservoirs, control points, and the estuary; arcs are used to
represent rivers. In this study, the two gauge stations (i.e., Taipeli Bridge and Tudigong, locations are
shown in Figure 1) are selected as control points. Table I lists the denotations of nodes and arcs.

3. Optimization M odel

The proposed linear optimization model requires al relations associated with objective functions and
constraints to be linear or linearized representations. The proposed optimization model can be described
in detail asinthe following.



3.1. CONSTRAINTS

The model constraints involve two parts. (1) the multipurpose multireservoir operations for flood control,
and (2) the control-point level routing by using neural-based linear channel level routing algorithm. The
configuration of Part 1 and Part 2 can be seenin Figure 2.

For the Multireservoir system operations (Part 1), the constraints include reservoir continuity and
physical limitations. In addition, in view of implementing the reservoir flood operations in Taiwan, the
flood control polices (rules) are embedded into constraints.

e Reservoir continuity: The constraints associated with a reservoir node (see Figure 2) for continuity of

mass in inflowl,; ., outflow X7,

and storage X 5, can be expressed according to the finite difference

formula

Aty 4y )4 XR .+ X8
2 it-1

2 it-1 it it

where i istheindex of reservoir; t isthe index of time period; At isashort timeinterva in hours for
routing; R is the set of reservoirs; T is the flood duration; and t, is the operating initial time. The
whole control horizon is the time length between to and T. It is noticed that when t isequal toty, both

):Xii—Xiifl ieR, telty,T] (1)

the reservoir initial release X7, (can be denoted asR ;) and storage X7 , (denoted asS§,) are
known.
e Physical limitations: The reservoir storage ranges from full storage (S™) to dead storage (S™)

over the control horizon, that is

S < XS <S™ jeR, telt,T] )

it -

In addition, for reservoir outflow capacity, the outflow amounts based on hydraulic facilities by
employing linearized representations are limited. It can be achieved in four steps (Needham et al.,
2000):

Step 1: Dividing storage. The whole reservoir storage volumeis divided into zones (e.g., three zones

in Figure 3). Hence, the total storage (X, ) can be the sum of storage ( X, ) in these divided

zones, that is
XS = Z X3 ieR, telt,T] (3)

I,le¥

wherel istheindex of storage zone, and ¥ istheset of storage zones.
Step 2: Limiting storage zone. The storage in each zoneis constrained as

XS <S™ ie®R le¥, teft,T] (4)

where S isthe maximum value of storage zonel in reservoiri.

Step 3: Restricting release. This limitation of release is expressed as a piecewise linear function of
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reservoir storage. The restricted release can be specified as

osxifsz%(xjﬁfo) ieR telt,T] (5)
|| e¥

where m; is the slope of the storage-release capacity relationship at storage zone | in

reservoir i.
Step 4: Correcting the release logic. To correctly represent release logic, for example, storage zones 1

and 2 are filled before water is stored in zone 3. The following binary variable (4, ) and

logical constraints must be added for each reservair i.

Iz_l‘,xi Z¢i,t ) IZl‘,Serax

S max
><i,t < ¢|,t '

¢i,t e{0,L}, ieR, te[t,T] (6)

e Operation rules. The reservoir flood control rules stipulate the release operation rules in Taiwan in
order to mitigate flood damage (Water Resources Agency, 2002; Taipei City Government, 2004). A
summary of release rules regarding the two flood stages and the corresponding constraints are
described as follows.

For the peak-flow-preceding stage, there are two rules in this stage: Rule 1, that is, the reservoir
release is less than or equal to the reservoir inflow; Rule 2, that is, the release at current period is
greater than that at the previous period. Rule 1 and Rule 2 can be integrated into an equation

XA SXE<, i1eR, te[tyt,] (7)

where t, istheending time of the peak-fl ow-preceding stage when reservoir peak inflow occurs

For the peak-flow-proceeding stage, there are two rules. Rule 1, that is, the release at each period
is less than the reservoir peak inflow; Rule 2, that is, the release at the current period is less than that
at the previous period. Rule 1 and Rule 2 can be integrated as follows:

Xil,?t < Xil,?tflg |ipeak I eﬂ%, te[ta+LT] (8)

| ek
i

where isthe peak inflow at reservairi.

For the downstream flood movement (Part 2), this study proposes a neural -based linear channel level
routing algorithm. Figure 4 is a schematic of a typical BPNN with a three layer (i.e., an input layer, a
hidden layer, and an output layer). Mathematically, a three-layer BPNN with N; input nodes, N, hidden
nodes, and N3 output nodes, can be expressed as (Xu and Li, 2002)

y. =T, (iqur . f{iw}m -XPJJ re[l N,] 9)

where p istheindex of input nodes; g isthe index of hidden nodes; r isthe index of output nodes; w})q is



the weight set connecting input layer and hidden layer; vqur istheweight set connecting hidden layer and

output layer; y, is the outputs from the network; f, (+)is the activity function on the hidden layer;

and f, (+)is the activity function on the output |ayer.

The bias weights and terms appear when p or q equals 0. The commonly used activity function
includes linear, sigmoid and hyperbolic tangent (Imrie et al., 2000; Xu and Li, 2002). This study

introduces the linear activity function for this algorithm. Thus, Eq. (9) can be rewritten as
NZ Nl

yr=ZZVV§r'V\/1pq‘Xp re[l, N3] (10)

q=0 p=0

As in Figure 4, the input layer can be used to receive the hydrologica time series information
including the reservoir releases, tributary and lateral runoffs, estuary levels, control-point levels, time
delay, and so on; and the output layer is to output the control-point water level. From Eq. (10), the
formula of the linear channel level routing can be expressed as

¢1 G2 {3
L 1 R 2 R 3 tribu
Xk,t = z Wkdl' Xl,t—dl + z Wkdz' X2,t—d2 + szdg' It—dg
e d,=1 dy=1

3=

Ca s Co
+z Wlfd4' Itl(—J((::: + z Vvlfds' Ltm—O;:h + z vade' Xll<_.t—d6 keQ (11)
d,=1 dg=1

dg=1

where k is the index of control points, Q is the set of control points (i.e.,, Control-point 1 and
Control-point 2); d,—d, are indices of lag-time; {,— are lengths of lag-time associated with the related

hydrological information; and Wkldl _Wlfds are the weighting parameters. The seven terms of Eq. (11) are
defined as follows.

X,tt = variable associated with the water level elevation at Control-point k at timet, k €{1,2};
ijfdl = variable associated with the release of Reservoir 1 at lag-timed;

XZRHjz = variable associated with the release of Reservoir 2 at lag-time d,;

| " = flow of the Tributary at lag-time ds;

1% = flow of the total amount of Lateral 1, Lateral 2, and Lateral 3 at lag-time ds;

L7 = water level elevation at Estuary at lag-time ds;

XkL’H16 = variable associated with the water level elevation at Control-point k at lag-time de.



3.2. OBJECTIVE FUNCTION

In this study, for a multipurpose multireservoir operating system taking into consideration of controlling
flood and regulating storage, the model objectives include (1) maintaining reservoir safety, (2) mitigating
downstream flood hazard, and (3) meeting target reservoir storage at the flood ending. Mathematically,
the objective function can be formulated as

nm{Zxﬁ+Zx&+2xf} (12)

i,ieR i,ieR k,keQ

where X® is the maximal release at reservoir i; X isthe maximal target storage error that is the

arget

difference between storage and target value (i.e., S** , the target storage in normal periods at reservoir i);

and X, isthe maximal water level a Control-point k.
e The first objective (i.e., Minz X® ) is to minimize the maximal reservoir release. For a min-max
ijeR

problem, it should be subjected to

XR<XF ieR, telt,T] (13)

it —
e The second objective (i.e.,, Min Z X5 ) is to minimize the maximal target storage error during the
ijieR

specific timeinterval at the flood ending periods. Thus, the min-max problem is subjected to
—XFP XS -STHXE ieR, te[t,T] (14

where t, isthe starting time for regulating storage. Itisnoted that t, <t, <T .
e The third objective (i.e.,Min z X ) isto minimize the maximal water level at the selected control

k,keQ

points during flood. Similarly, the min-max problem is subjected to
X X keQ, te[t,T] (15)

The above objective function is used to explicate the trade-offs between the three objectives. However,
there exists a problem with different scales among these objectives. Therefore, this study uses the
dimensionless method to tackle the problem. Thus Eq. (12) can be rewritten as

. X X" X
Mln{z Ipeak + target + Z Lb;k} (16)
k

ijeR 1 ijeR k keQ

where L™ isthe elevation of embankment at Control-point k.

4. Model Settings
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Prior to application of the proposed model, this section concentrates on the parameters setup and weights
calibrating.

4.1. PARAMETERS SETUP

For the Tanshui River Basin system, the reservoir characteristics are listed in Table Il. Currently, the
embankment elevations of Control-points 1 and 2 are at the atitude of 10.0 m and 4.8 m, respectively.
The setup of time phases regarding the peak-fl ow- preceding stage and the peak-fl ow-proceeding stage are
defined as:

e For Reservoir 1: Based upon Water Resources Agency (2002), the initial operating timeto is at 600
md/s inflow. In addition, this study assumes that the starting regulating storage time t,, is at 400 m%/s
inflow and the flood ending time Tis at 300 m*/sinflow.

e For Reservoir 2: Based upon Taipel City Government (2004), the initial operating time to is at 500
md/s inflow. Also, both the starting regulating storage timety, at 150 m*/s inflow and the flood ending
time T at 100 m*/sinflow are supposed.

In order to choose the suitable lag-time lengths from various hydrological sources of the channel level
routing, for simplicity, the travel time caused by propagating flood wave from a source point to the
specific control point has been regarded as the lag-time length. For example, empirically, the travel time
(&1) of reservoir release from Reservoir 1 to Control-point 2 takes four hours roughly when flood occurs
Table Il lists al the lag-time lengths based upon the similar empirical way.

4.2. CHANNEL LEVEL ROUTING VALIDATION

In this section, the weightswithin the neural-based linear channel level routing formula(i.e., Eq. (11)) are
first calibrated. Then, the linear channel level routing iscompared to CCCMMOC model running.

For training the weights, the collected data for 36 typhoons (1987—2004), published by the Water
Resources Agency, are divided into two independent subsets: the training and validating subsets. The
training subset includes 26 typhoons (1,564 hourly records) and the validating subset has 10 typhoons
(620 hourly records). Based on normalized data, two weight sets by BPNN are trained with the following
parameters:

e For Control-point 1: The input nodes = 11, hidden nodes = 8, output node = 1, training cycles = 8,000,
learning rate = 2.0, and momentum = 0.5. The BPNN is trained using the BFGS Quasi-Newton
algorithm as implemented within the software Matlab.

e For Control-point 2: The input nodes = 14, hidden nodes = 10, output node = 1, and other parameters
are the same as Control -point 1.

The performance is assessed based on the criterion of root mean square error (RMSE), that is

3 (L() - L) )
RMSE={[- . (17)

where L"™(j) isthe simulated water level at record j; L°®(j) is the observed water level at record j;
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and N is the number of hourly records.

During the training processes, the weights gradually converge to values in which input vectors
produce output values as close as possible to the target output desired. The results show that: (1) for
Control-point 1, the RMSE of training = 0.020 and validation = 0.027; and (2) for Control-point 2, the
RMSE of training = 0.015 and validation = 0.018. Figure 5 depicts the scatter plots of observation vs.
simulation of the training and validation. By means of weights calibration, thelinear channel level routing
formulas at the two control points are obtained.

Prior to comparisons, the CCCMMOC model is briefly introduced. As mentioned in Section 1,
CCCMMOC mode is a powerful model for the simulation of riverine flow. The feature of the
CCCMMOC model isto deal with the Compound-Complex Channel (network or dendritic) system based
on the Multimode Method of Characteristics. Essentially, the governing equations of this one-dimensional
model are based on Saint-Venant equations, which consist of the two following partial differential
equations (i.e., continuity and motion) (Lai, 1986):

g, Q_ (18)
ot ox

R, QRINQR HI(Q oh _ _ :
&+A8X+Q8X(Aj+gAax—gA(So S )+qu (19)

where B is the width of the river cross-section; h is the flow depth (i.e., the elevation difference between
water surface and channel bottom); Q is the river flow; q is the lateral flow per unit length; A is the
cross-sectional area; g is the acceleration of gravity; S, is the bed slope of channel; S is the slope of the
energy gradient; and U’ isthe latera flow velocity in the x-direction. In order to solve this problem, Lai
devel oped the multimode method of characteristics for multiple-reach rivers and estuaries. The details can
befound in La (1965; 1986; 1988).

In here, the CCCMMOC model is used in the Tanshui River system whichis divided into 17 reaches
Each reach corresponds to a resistance coefficient which was calibrated and verified by Lai (1999). The
Hsinhai Bridge, Showlan Bridge, Bao Bridge and Tawa Bridge (the locations see Figure 1) are used as the
upstream boundaries, and Hekou is the only downstream boundary. Typhoon Xangsane in 2000 is used
for smulating the water level variations at Control-point 1 and Control-point 2. Figure 6 shows the
simulation results of CCCMMOC model as well as the neural-based linear channel level routing. In
comparison, the results of the linear channel level routing are dlightly less accurate than the CCCMMOC
model. However, the neura-based linear channel level routing demonstrates that it still is a good
alternative method.

5. Application

Typhoons Aere in 2004 and Nari in 2001 are first selected for applying the proposed optimization model.
Both typhoons were unusually extreme typhoons in recent years in Taiwan. Table IV, Figures 7 and 8
display the related hydrological characteristics of the two typhoons in Tanshui River Basin system.
Typhoon Aere contains a single peak event in the two reservoir inflow hydrographs (see Figure 7a-b)
while typhoon Nari has two peak events (see Figure 8a-b).

The two typhoon cases are solved by the commercia optimization software, LINGO. It is capable of
8



solving linear, nonlinear, and integer programming problems. LINGO uses the branch-and-bound
algorithm to deal with the integer variables (LINGO, 2001). The computing time of each typhoon case
with a Pentium M 1.70 GHz processor is 70 seconds approximately. Comparisons are made between the
records and optimization model running. Figures 9 and 10 respectively show the results of typhoons Aere
and Nari with respect to the reservoir storage and release hydrographs as well as the control-point level
hydrographs.

From Figures 9¢-d and 10c-d, one can see that the maximal releases of Reservoirs 1 and 2 in the two
typhoons derived from optimization model are less than that historic operation records. In Figures 9e-f
and 10e-f, the model results of the maximal levels of Control-points 1 and 2 exhibit more positive than
records in reducing the downstream floodwaters. Also, for meeting reservoir target storage at the end of
flood, Figures 9a-b and 10a-b show that the results derived from model can be carried out in Reservoirs 1
and 2.

It should be pointed out that for the water level at Control-point 2 in typhoons Aere and Nari (see
Figures 9f and 10f), the difference between records and optimal values are limited. The reason is because
Control-point 2 (i.e., Tudigong station) is close to the estuary in which it leads to the influence of tide
much greater than that of upstream floodwater movement.

Additionally, this paper analyzes other four typhoons, including Herb of 1996, Zeb of 1998, Xangsane
of 2000, and Haima of 2004 (the hydrological characteristics see Table 1V). In order to assess the
performance of the optimization model, several criteria are taken into account, defined as follows.

e Reservoir maximal release reduction rate (RR)
peak max

| p

RR(%) =

where 1™ isthereservoir peak inflow, and R™ isthe reservoir maximal release.

e Reservoir target storage meeting rate (TM)
d

TM(%) = = %100 (21)

target
Sg

where S*™ s the reservoir storage at the end of flood, and S™™ is the target storage in normal
periods.
e Control-point maximum level reduction rate (LR)

* max

LR(%) = x100 (22)

*

where L™ is the control-point maximal level during flood, andL" is the control-point maximal level

based upon supposing no building upstream reservoir. The L' can be derived from linear channel level

routing (i.e., EQ. (11)) by substituting reservoir inflows for reservoir releases.

Generdly, the higher the criterion is, the greater the performance is. Figure 11 shows that the bar
charts concerning the performance of optimization model and records in six typhoons. Clearly, the results
of the proposed model are better than records.

6. Summary and Conclusions

9



This paper develops a multipurpose multireservoir optimization model for basin-scale flood control. The
optimization model is used to determine the reservoir releases. The model objectives include: preventing
reservoir dam from overflow, reducing the downstream floodwaters, and meeting reservoir target storage
a the flood ending. The model constraints include reservoir multipurpose flood control operation and
channel routing under tidal effects. The optimization model is formulated as a mixed-integer linear
programming (MILP) model. In order to formulate a linear channel level routing, the proposed
neural-based linear channel level routing agorithm demonstrates a good alternative method in
comparison with CCCMMOC model.

The developed model has been applied to the Tanshui River Basin system in Taiwan by using the
observed hydrological data of six typhoons. The optimization model successfully demonstrates its
practicability for the problem of multipurpose multireservoir flood control under tidal effects in contrast
to records. For future studies, this paper suggests that the presented generalized optimization model can
be used in real-time flood control operations to identify the multireservoir real-time releases at each flood
period.
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Table |. Denotations of nodes and arcsin Tanshui River Basin system

Node Denotation Arc Denotation
Reservoir 1 Shihmen Reservoir Inflow 1  Yufong creek + Shankwan creek
Reservoir 2 Feitsui Reservoir Inflow 2 Peishih creek
Control-point 1 Taipei Bridge station Tributary Keelung River
Control-point 2 Tudigong station Lateral 1 Shanshiacreek + Heng creek
Estuary Hekou station Lateral 2 Nanshih creek
Lateral 3 Gingmei creek

Table | 1. Characteristics of two reservoirs

Full storage Normal storage Dead storage

Reservoir
(10° ) (10° m3) (10° )
Reservoir 1 280.8 254.0 18.3
Reservoir 2 397.3 388.2 8.7

Table I1l. Various lag-time lengths at control points
L ag-time length (hr)

Gauge station
&1 G2 & Ca Cs Ce
Control-point 1 3 2 0 2 2 2
Control-point 2 4 3 1 3 1 2
Table IV. Characteristics of six typhoons
Typhoon Date Flood Reservoir 1 Reservoir 2 Estuary
duration highest
Maximum Initial storage Maximum Initial
(hr) _ . . level
inflow (10° m®) inflow storage
3 3 5 (m)
(m'/s) (m/s) (10°m?)
Herb 1996/07/30 93 6360 153.2 2590 276.8 2.51
Zeb 1998/10/15 85 4650 214.0 2640 342.7 2.51
Xangsane  2000/10/31 61 1850 193.0 2640 300.9 1.55
Nari 2001/9/16 106 4110 187.2 3500 261.8 2.07
Aere 2004/8/23 82 8600 234.4 2650 294.9 1.78

Haima 2004/09/11 53 1640 229.0 1340 331.3 1.56
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