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Abstract: This paper presents a predictive optimization approach based on a quadratic minimization method to improve
the water resource allocation planning of inland waterways. These networks are large scale systems composed
of several interconnected reaches. Their management consists in keeping the water level of each reach close
to an objective by allocating the available water resource among the network. It is particularly required in the
context of global change where inland waterways should be strongly impacted by flood and drought events.
The designed predictive optimization approach is achieved considering future horizons with the aim to reduce
the impacts of extreme climate events thanks to anticipation of the management actions. A real part of the
inland waterways in the north of France is considered in order to test the designed approach. The obtained
management improvement comparing to water resource allocation planning methods that have been recently
proposed in the literature is highlighted. The influence of the size of the predictive horizon is discussed.

1 INTRODUCTION

The study of the climate change impact on transport
(Tafidis et al., 2017), and more specially on inland
waterways is relatively recent (Koetse and Rietveld,
2009; EnviCom, 2008; IWAC, 2009), with works on
the inland waterways in UK (Arkell and Darch, 2006),
in China (Wang et al., 2007) and on the Rhine (Jon-
keren et al., 2007). The navigation is particularly vul-
nerable to the effects of extreme events, drought and
flood which frequency and intensity are expected hig-
her in close future (Bates et al., 2008; Boé et al., 2009;
Ducharne et al., 2010). Indeed, the navigation is al-
lowed only when the level of each canal is keeping
inside a navigation rectangle that is defined by two
boundaries around the setpoint: the Normal Naviga-
tion Level (NNL). Hence, an efficient management of
water resource is required. It consists in allocating
the available water and the water in excess (respecti-
vely) among all the waterways during drought peri-
ods and flood periods (respectively). A hierarchical
management strategy has been proposed in (Duviella
et al., 2013) to contribute to this objective. The water
resource allocation planning is achieved in a deter-
ministic way by defining Constraint Satisfaction Pro-
blems (Nouasse et al., 2015; Nouasse et al., 2016b),

with quadratic optimization (Nouasse et al., 2016a),
and with a stochastic view using Markov Decision
Process in (Desquesnes et al., 2016). The quadratic
approach is used considering a part of the real inland
waterways of the north of France in (Duviella et al.,
2018). In (Duviella et al., 2016), a water resource
allocation planning over a future time horizon is pro-
posed to reduce the pumping cost by anticipating the
navigation demand. The proposed approach is based
on a nonlinear programming solver that works by fol-
lowing an iterative process until some stopping crite-
rion is reached. Moreover, it was tested using a fictive
case-study. In this paper, the predictive water resource
allocation planning is based on a quadratic program-
ming solver that yields precise results numerically in a
finite number of steps. This new approach leads to an
improvement of the results that are obtained in (Du-
viella et al., 2018) on the part of the inland waterways
of the north of France. The influence of the size of the
predictive horizon is also discussed.

The paper is organized as follows: the part of the
inland waterways in the north of France that is com-
posed of three reaches is described in Section 2. The
modelling methods that aim at facilitating the imple-
mentation of the allocation planning problem are des-
cribed and exemplified by this case-study. They are
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based on an integrated model and a flow-based net-
work. In section 3, The predictive allocation planning
approach is detailed. Simulation results are provided
in Section 4.

2 CUINCHY-FONTINETTES
SYSTEM

2.1 Description

The studied inland waterways is composed of three
Navigation Reaches (NR) that are linked to the
Cuinchy-Fontinettes reach (see NR3 in Figure 1); a re-
ach is a part of a canal between at least two locks. The
NR3 is particularly important for the management of
the waterways in the north of France. In effect, it is an
artificial canal that can be used to dispatch water be-
tween three watersheds. The Cuinchy-Fontinettes re-
ach is also a high water consumer. It is equipped with
a lock downstream that consumes more than 25,000
m3 at each operation.
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Figure 1: Part of the inland waterways in the north of
France.

The physical characteristics of the three NR are
given in Table 1. The NNL is the water level ob-
jective of each NR that corresponds to the objective
depth. The boundaries, Low Navigation Level (LNL)
and High Navigation Level (HNL) are given in rela-
tive according to the NNL.

2.2 Models

The NR1 has a distributary configuration (i.e. a dif-
fluence) and supplies the NR2 and NR3 thanks to a
gate and a lock in each case. A schematic representa-
tion of the studied network is depicted in Figure 2.a.
The locks are dedicated to the navigation (boat cros-
sing). The gates are used to regulate the water level

Table 1: Dimensions of the NRi, level objectives NNL and
navigation limits.

NR NR1 NR2 NR3

Length [km] 56.724 42.3 25.694

Width [m] 41.8 52 45.1

NNL [m] 3.7 4.3 3.3

LNL [m] -0.05 -0.05 -0.05

HNL [m] +0.1 +0.05 +0.05

by controlling the exchanged water volumes between
NR. For a better representation of the type of water
volume exchanges between NR, an integrated model
has been proposed in (Nouasse et al., 2016c). It is
shown for the case study in Figure 2.b.
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Figure 2: (a) Studied network, (b) the integrated volume
model, (c) the flow graph.

The NR can be supplied or emptied by control-
led and uncontrolled water volumes. The controlled
water volumes come from gates and locks. They are
expressed as:

• V s,c
i (s: supply, c: controlled) is the controlled vo-

lume that supplies NRi from another NR,

• V e,c
i (e: empty) is the controlled volume that emp-

ties the NRi,

• V c
i is the controlled volume from water intakes

that supplies or empties the NRi. This volume is
signed. Here it is negative for NR1.

The uncontrolled water volumes come from water in-
takes or rain. They are expressed as:

• V u
i (u: uncontrolled) is the uncontrolled volume

from natural rivers, rainfall-runoff, Human uses.
These volumes are signed. Here, they are positive
for the three NR.

At each lock operation, an amount of water vo-
lume are exchanged between the upstream NR and
the downstream NR. It is denoted υch. These water
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volume exchanges depend only to the navigation de-
mand. The gates are controlled to deliver a discharge
inside an operating range. The operating ranges of the
gates are given in Table 2.

Table 2: Characteristics of the NRi.

NR NR1 NR2 NR3
Qc

i [m
3/s] [-1; -1] - -

Qu
i [m

3/s] 6.56 0.63 1.2
Qi

up [m
3/s] - [0; 6.4] [0; 30]

Qi
dw [m3/s] - - [0; 60]
υch

up.[m
3] 6.709 3.526 5.904

υch
dw[m

3] - 23.000 7.339

In Figure 2.c is depicted the flow-based network
of the case-study. It is built according to the integra-
ted model following the definition and the step given
in (Nouasse et al., 2015). The flow-based network
is composed of a set of ordered nodes (vertices) N
and a set of arcs (directed edges) A . There are nodes
that correspond to the NR and two additional nodes;
a common source vertex O without incoming edges,
a common sink node without outgoing edges, deno-
ted S. The total number of nodes is η = card(N )+2.
Hence, the flow-based network G = (N ,A) of the sy-
stem is composed of 5 nodes, i.e. η = 5, whose 3
nodes correspond to the three NR.

The arcs represent the possible water exchanges
between the NR, the source, i.e. water volumes that
supply the waterways, and the sink, i.e. water volu-
mes that empty the waterway. The arcs are defined as
a couple a = (i, j), a∈Rα with α = card(A), where i
and j are the origin and destination nodes. At each arc
is associated a flow φa(k) = φi j(k) that represent the
transferred water volumes between nodes i and j at
time k. These flows are bounded by the physical cha-
racteristics of the hydraulic devices. Thus, each flow
has to respect li j(k) ≤ φi j(k) ≤ ui j(k), where li j(k)
and ui j(k) are the lower and upper bound constraints
respectively.

For the case-study, the flows and their boundary
conditions are given by:




φO1 ∈ [υch
up1 ·βO1(k)+Qu

1 ·TM ; υch
up1 ·βO1(k)+Qu

1 ·TM ],

φO2 ∈ [Qu
2 ·TM ; Qu

2 ·TM ],
φO3 ∈ [Qu

3 ·TM ; Qu
3 ·TM ],

φ1S ∈ [Qc
1 ·TM ; Qc

1 ·TM ],

φ2S ∈ [υch
dw2 ·β2S(k); υch

dw2 ·β2S(k)+Q2
dw ·TM ],

φ3S ∈ [υch
dw3 ·β3S(k); υch

dw3 ·β3S(k)+Qc
dw3 ·TM ],

φ12 ∈ [υch
up2 ·β12(k); υch

up2 ·β12(k)+Qc
up2 ·TM ],

φ13 ∈ [υch
up3 ·β13(k); υch

up3 ·β13(k)+Qc
up3 ·TM ],

(1)

where βi j(k) ∈ N is the number of lock operations
of the lock between nodes i and j on a given pe-
riod TM , TM is expressed in 10−3 s to obtain volu-
mes in 103 · [m3], and Q is the upper value of the con-
trolled discharge interval. As an example, the upper
bound capacities for arcs {φ12, φ13, φO1, φ2S,φ3S} are
the sum of the maximum available volumes from wa-
ter intakes over TM , i.e. V u

i = Qu
i · TM , and volumes

that correspond to the lock operations υch
upi · βi j(k).

For more details, please refer to the rules defined in
(Nouasse et al., 2015).

2.3 Water Resource Planning Objective

The dynamics of the waterways is modelled by con-
sidering the dynamics of each NR according to the
integrated model. The dynamics of the NRi is given
by:

Vi(k) =Vi(k−1)+V s,c
i (k)−V e,c

i (k)+V c
i (k)+V s,p

i (k)
−V e,p

i (k)+V u
i (k),

(2)

where k corresponds to the current period of time and
k−1 the last one.

This equation can be easily applied to the flow-
based network by considering a relative volume dyn-
amics and by giving a capacity of each node with the
exception of the source and sink nodes. The dynamic
capacity of each node is expressed as:

di(k)= di(k−1)+φa+(k)−φa−(k) for i∈N −{O,S} ,
(3)

where a+ is the set of arcs entering the node i, a−

the set of arcs leaving the node i, and di(k− 1) the
capacity of the node i for the last period.

Then, a relative volume objective that corresponds
to the NNL is introduced. It is denoted Di(k), with
i ∈ N −{O,S}, and such as Di(k) = 0. To keep this
objective, the water volume that supplies each node
has to be equal to the water volume that empties it, at
each step time. For real systems, this condition can
not be guaranteed at each step time. Thus, an interval
around the objective Di(k) is allowed. It corresponds
to the limits LNL and HNL and leads to di ≤ di(k)≤
d̄i, with di and d̄i the lower and upper bounds. The
capacity di(k) can be negative or positive.

Even if an interval around the objective Di(k) is
allowed, the capacity di(k) has to be closest as pos-
sible to the objective. To this aim, a dynamical cost
function Wi((Di(k)−di(k))

2), i ∈ N −{O,S} is as-
sociated to each capacity di(k). This function aims at
penalizing the gap between the current capacity di(k)
and the objective Di(k). It is expressed as:
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Wi((Di−di(k))
2)=

{
Cmax

(di)2 · (Di−di(k))2, i f di(k)≤ 0,
Cmax
(di)2 · (Di−di(k))2, i f di(k)> 0,

(4)

with Cmax the maximal cost, assuming that di and
di correspond to the lower and upper boundaries re-
spectively.

Moreover, the way to supply or empty one NR has
not the same cost. As example, the volume of water
from natural river may be more expensive than the
volume of water from upstream NR, i.e. water volume
already inside the systems. Thus, a dynamical cost
ωi j(k) ∈ Rα is associated to each arc a. All these
elements are used to define the criteria to optimize.

3 PREDICTIVE ALLOCATION
PLANNING

The optimal water resource allocation consists in sa-
tisfying the objectives of each node, i.e. Di(k), by
optimizing the flows Φ(k) in terms of minimal cost.
Two vectors Φ(k) and ∆(k) are introduced to gather
the set of flows φi j(k) and of capacities di(k) at time
k respectively. The optimal sequence of flows ΦH

is determined by considering a management horizon
H = n×TM with n ∈ N and TM the management pe-
riod (in hours) to guaranty the objectives Di(k) over
the horizon H (Duviella et al., 2016) . The objective
criterion to minimize is:

f H(x) =
H

∑
k

[
η

∑
i

W |Di(k)−di(k)|+
α

∑
a

ωa(k)×φa(k)

]
,

(5)

with η the number of nodes without nodes O and S,
and α the number of arcs. The initial conditions are
di(k−1) = 0 for i ∈ [1,η].

The quadratic programming method quadprog in
Matlab is used to minimize f H(k) under the equality
constraints defined for each flow and each capacity:

min f H(x) such that





LH(k)≤ xH(k)≤UH(k),
AH

eq.x(k) = bH
eq(k),

AH .x(k)≤ bH(k)
(6)

where xH(k) is the vector at time k gathering ΦH(k)
and ∆H(k). The LH(k) and UH(k) are vectors that
comprises all boundaries of φH(k) and dH

i (k) and
have to be computed according to the boundary con-
strains on H. The second condition is the dynamic re-
lation of each node, where bH

eq contains the values of

di at the previous period, and AH
eq is a vector compo-

sed of 0 or 1 following the structure of the network.
Finally, the last condition is the representations of the
linear coefficients, so AH and bH are equal to zero.

To calculate the matrix LH
b (respectively UH

b ) is
necessary know the low boundaries (resp. high boun-
daries) on ΦH for all the horizon time period. The ma-
trix ΩH is composed of the weights of all the arcs for
each step time k ∈ [1,n] of the management horizon
H. These vectors are obtained with the concatenation
of each line of the matrices. For example for H = 3,
if:

LH
b =




1 2 3
4 5 6
7 8 9


 , (7)

the vector LH
b (k) is equal to:

LH
b = [1 2 3 4 5 6 7 8 9] . (8)

The vector bH(k) is computed of η× n elements
bH

i,l(k) with i ∈ [1,η] and l ∈ [1,n]. The index i repre-
sents the node number at the time step l. By conside-
ring only one node over the time horizon H = n×TM
and the relation (3), it is possible to write the relations
that give the value of the capacity d1(l) at each time
step:





d1(1) = d1(0)+φa+(1)−φa−(1)
d1(2) = d1(1)+φa+(2)−φa−(2)
...
d1(n−1) = d1(n−2)+φa+(n−1)−φa−(n−1)
d1(n) = d1(n−1)+φa+(n)−φa−(n)

(9)
where d1(0) corresponds to the initial capacity of the
node, φa+(l) (resp. φa−(l)) are the arcs leaving (resp.
entering) the node 1 at the time step l. Thus, it is
possible to express the value of d1(n−1) at time n−1
such:

d1(n−1) = d1(0)+
n−1

∑
m=1

[φa+(m)−φa−(m)] . (10)

Hence, the components of the vector bH(k) can be
computed. Its first elements bH

i,1(k), i∈ [1,η] are equal
to 0. The following elements are computed according
to relations (3) and (11) such as:

bH
i,l(k) = bH

i,1(k)+
l−1

∑
m=1

[φa+(m)−φa−(m)] , (11)

with i∈ [1,η], l ∈ [2,n], where φa+(m) (resp. φa−(m))
are the arcs leaving (resp. entering) the node i at the
time step m.

It is also necessary create the matrix ΩH that is
composed of the weights of all the arcs for each step
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time k ∈ [1,n]. Then, the algorithm 1 is proposed to
obtain the sequence of optimal flows ΦH

0 .
That optimization approach leads to the determi-

nation of the optimal sequence of flows on the horizon
H. The proposed approaches are used in next sections
to optimize the water dispatching on a inland naviga-
tion network.

Algorithm 1: Time horizon optimization algorithm.

4 SIMULATION RESULTS

The Cuinchy-Fontinettes system is considered over
two weeks, starting by Monday. The navigation de-
mand is given and the daily lock operations Bi j are
depicted in Figure 3. The navigation scheduled time
is 14 hours, that means that the remaining 10 hours
(night period) are not allowed the navigation. The na-
vigation is also reduced the 7th day that corresponds
to Sunday.

Figure 3: Navigation demand over 15 days.

It is assumed that water volumes that sup-
ply or empty the network from natural rivers
{φO2, φO3, φ1S} have less priority than the others
{φO1, φ12, φ13, φ2S, φ3S}. Thus, two different costs

are chosen such as {ωO1, ω12, ω13, ω2S, ω3S}= 0 and
{ωO2, ωO3, ω1S} = 1. In addition, the cost is tune as
Cmax = 2000, a big arbitrary value.

The proposed integrated model of the Cuinchy-
Fontinettes systems has been implemented in Mat-
lab/Simulink. A Matlab function is defined to use the
proposed optimization approach.

Then, three simulated scenarios have been defined
to estimate the impacts of extreme events on the sy-
stem and to study the improvement of the predictive
management strategy. It is supposed that these ex-
treme events have only impacts on uncontrolled dis-
charges from natural rivers. The first scenario is based
on a normal period of navigation. There is no modi-
fication on Qu(i) as it is depicted in Figure 4.a. The
second scenario aims at simulating a rainy period with
strong intensity, starting on day 3 and stopping only
on day 12 (see Figure 4.b). The third scenario corre-
sponds to a period of drought (see Figure 4.c).

Figure 4: Climatic event impacts in percentage on uncon-
trolled discharges Qu for the three scenarios.

To highlight the improvement providing by the
predictive optimization approach, two different hori-
zons H are considered: H = 1 meaning that the opti-
mization is performed for only the next time (no pre-
diction), and H = 5 days (10 simulation steps).

The simulation results for the first scenario are de-
picted in Figure 5. The red line is the water level. The
blue line corresponds to the HNL, the yellow one to
the LNL. It is shown that the levels in NR1 and NR3
remain to the NNL. The most impacted is NR2 that
can not be emptied during night and during the na-
vigation day-off because no navigation is authorized.
Thus, its level increase during night and Sunday. As
soon as the navigation is allowed, the lock operations
are used to keep its levels to the objective.

When the time horizon (H = 5) is used, there is no
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Figure 5: Scenario 1: Levels in (a) NR1, (b) NR2, (c) NR3,
with H = 1.

effect on NR1 and NR3 (see Figure 6.a and c). The an-
ticipation on the discharge setpoint on NR2 leads to a
decrease of the water level during navigation periods
to limit its magnitude during the no navigation peri-
ods. The main improvement can be saw during Sun-
day. Even if the water level of NR2 oscillates around
the NNL, this strategy is less costly than the previous
simulation in term of global management cost.

Figure 6: Scenario 1: Levels in (a) NR1, (b) NR2, (c) NR3,
with H = 5.

The second scenario highlights the impacts of
strong rain on the Cuinchy-Fontinettes system for
H = 1 (see Figure 7.b). The combination of the
strong rain intensity and the no navigation day leads
to an overflow on NR2 in days 7 and 8. This rain cre-
ates flood.

The impact of rain is highly reduced when the ho-
rizon H = 5 is used as it is shown for NR2 in Fi-
gure 8.b. Here again, there is an anticipation in the
setpoint determination that allows to empty more the
NR2 before the no navigation day. Even if the water
level is close to the HNL on Saturday, the water level
is kept inside the defined boundaries.

Figure 7: Scenario 2: Levels in (a) NR1, (b) NR2, (c) NR3,
with H = 1.

Figure 8: Scenario 2: Levels in (a) NR1, (b) NR2, (c) NR3,
with H = 5.

The drought scenario effects on the Cuinchy-
Fontinettes system are shown in Figure 9 for H = 1.
In this scenario, the most impacted reach is NR1. NR1
is the upstream NR that supplies the two other NR.
Moreover, it has to supply a natural river with a con-
stant control discharge of 1 m3/s. Thus, the effect of
the strongest drought periods (day 7) has impacts on
the NR1 water level in days 8 and 9 (see Figure 9.a).
At the opposite, the water level in NR2 is close to the
NNL during drought period (see Figure 9.b).

Figure 10 shows that the water resource allocation
planning is improved when H = 5. The water level of
the most impacted NR1 is kept to the objective NNL.
The water level of NR2 oscillates around the NNL le-
ading to the optimal global cost of the management
strategy (see Figure 10.b).

These results show that optimizing the water allo-
cation problem by considering the operating horizon
leads to better performance. It remains one question
concerning the size of the prediction horizon. To de-
termine the best value of the prediction horizon, the
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Figure 9: Scenario 3: Levels in (a) NR1, (b) NR2, (c) NR3,
with H = 1.

Figure 10: Scenario 3: Levels in (a) NR1, (b) NR2, (c) NR3,
with H = 5.

three scenarios are considered by increasing the value
of H from 1 to 10. Then, the global cost of the mana-
gement strategy is computed and depicted in Figure
11 for the three scenarios. It is shown that the global
cost decreases between H = 1 to H = 4 and remains
stable for higher values. This is mainly due to the
navigation scheduling of the Cuinchy-Fontinettes sy-
stems and to the fact that the effects of extreme events
are known a priori. That confirms that the considera-
tion of H = 5 was well adapted to the management of
the Cuinchy-Fontinettes systems.

5 CONCLUSIONS

In this paper, a predictive optimization approach ba-
sed on a quadratic minimization method is propo-
sed to improve the water resource allocation plan-
ning of inland waterways. A realistic case study, the
Cuinchy-Fontinettes system is considered to evaluate

Figure 11: Global cost of the management strategy for (a)
scenario 1, (b) scenario 2, (c) scenario 3 according to H.

these improvements by considering drought and rainy
scenarios. The simulation results show that the anti-
cipation of extreme events leads to an efficient mana-
gement of inland waterways. However, even if some
improvements are obtained, uncertainties on the im-
pacts of extreme climate events have not been taken
into account. It will be the main concern of future
works. Moreover, it will be also possible to design a
predictive water allocation planning by considering a
sliding windows.
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