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OPTIMIZATION OF IRRIGATION SCHEDULING FOR COMPLEX WATER DISTRIBUTION USING MIXED INTEGER QUADRATIC PROGRAMMING (MIQP)

Irrigation scheduling is necessary to ensure the fair water distribution between end-users and to organize gate keepers work. After analyzing water distribution issues at a secondary sector of the Gignac Canal, we developed an approach to optimize water delivery of ondemand distribution policies. MIQP was used to solve such problem. Within irrigation network, water resources and manpower for gate operation constraints, we built an objective function for dual goal: as close as possible to demand load profile and less manpower work. This method will be illustrated for scheduling off-take turnouts of an example chosen from a secondary command area of the Gignac Canal.

INTRODUCTION

In open-channel irrigation networks, the channel is traditionally designed for low volume storage and for agricultural usage only. Water is distributed from the source to outlets based on fixed rotation schedules (seen the definition in Clemmens [START_REF] Clemmens | Planning Operation Rehabilitation and Automation of Irrigation Water Delivery Systems[END_REF]) which water delivery rarely matches crop needs (Merriam et al. [START_REF] Merriam | Flexible irrigation systems: Concept, design, and application[END_REF]) and leads to water waste. Moreover, increasing of land cultivation and worsening drought conditions have led to the need for water savings. Thus, delivering water to farmer outlets at the right time and in the right quantities is increasingly important (free access). However, the systems are characterized by significant hydraulic constraints, such as time lags and overtopping. Currently, some irrigation schemes have undergone diversification: irrigation techniques, crop patterns and usages (agricultural, urban and industrial usages); e.g., the Gignac Canal scheme in the south of France. These changes generate water distribution complexity. It is actually due to rapidly changing (somehow apparently random) water demands. Satisfactory distribution may be very difficult to achieve. In this situation, on-demand distribution giving farmers the opportunity to present their demands regarding irrigation start time as well as water quantities in advance should be considered. Water delivery through coordinated efforts to manage supply and demand should be optimized.

Optimization of irrigation scheduling has been being studied more than twenty years. The work of Suryavanshi and Reddy [START_REF] Reddy | Optimal scheduling of irrigation for lateral canals[END_REF] is considered as the first optimization approach on the subject by many literature reviews (Wang et al. [START_REF] Reddy | Improved 0-1 programming model for optimal flow scheduling in irrigation canals[END_REF], Anwar et al. [START_REF] Anwar | Irrigation scheduling using mixed-integer linear programming[END_REF], de Vrie et al. [START_REF] De Vries | Irrigation scheduling with travel times[END_REF], [START_REF] De Vries | Irrigation scheduling. I: Integer programming approach[END_REF], Wardlaw et al. [START_REF] Wardlaw | Comparison of genetic algorithm and linear programming approaches for lateral canal scheduling[END_REF] , Mathur et al. [START_REF] Mathur | Optimal Operation Scheduling of Irrigation Canals Using Genetic Algorithm[END_REF], Haq and Anwar [START_REF] Haq | Irrigation scheduling with genetic algorithms[END_REF]). This method was conceived to minimize water flows in the lateral canal by stricter application of the duration of the irrigation turn. It is called "stream tube method". The method function was criticized and corrected by Wang et al. [START_REF] Reddy | Improved 0-1 programming model for optimal flow scheduling in irrigation canals[END_REF]. Later, it was improved for optimizing irrigation schedules using arranged-demand by Anwar et al. [START_REF] Anwar | Irrigation scheduling using mixed-integer linear programming[END_REF] and De Vries and Anwar [START_REF] De Vries | Irrigation scheduling. I: Integer programming approach[END_REF]. Another technique called "time bloc approach" was developed by Reddy et al. [START_REF] Reddy | Optimal scheduling of irrigation for lateral canals[END_REF] for optimizing the random water demand at the lateral canal level. Recently, the irrigation scheduling using on-demand distribution was developed by Nixon et al. [START_REF] Nixon | A genetic algorithm for optimizing offfarm irrigation scheduling[END_REF] and Li et al. [START_REF] Alende | A 0,1 linear program for fixed-profile load scheduling and demand management in automated irrigation channels[END_REF]. However, the above techniques are not designed to solve the irrigation scheduling problem linked to flexible decision making on time-on, duration and flow rate, multi-irrigation techniques and priority criteria. To our knowledge, manpower issues associated to gate operations were not mentioned in previous research.

In this paper, optimization of water distribution method using MIQP (Mixed Integer Quadratic Programming) will be described. This approach is based on user water demand parameters: irrigation start time, irrigation duration, and flow rates. These three parameters are considered as input. The decision making process is in accordance with the global solution of the objective function and constraints. The difference between demand and supply should be minimized. Gate operation tasks are also considered in the objective function and constraints in order to optimize the gate keepers work. This method is applied to an example of irrigation scheduling performed in a secondary command area of the Gignac Canal in south of France.

IRRIGATION SCHEDULING OPTIMIZATION USING MIQP

In most cases, water is diverted from sources such as rivers or reservoirs by a main canal at fairly stable flow rates to irrigation schemes. Lateral or secondary canals are connected to the main canal and supply several distribution areas. The water turn is generally performed at this level. Some outlet groups need a distributor or tertiary canal to transfer water from the lateral canal as seen in Figure 1. Water delivery from the canal to sub canal is controlled by means of a manually-operated gate. The farm outlets can be connected to any hierarchical level of canal. Otherwise, each outlet follows the indices i, j and k which represent the off-takes on the main canal, the lateral canal and the distributor canal respectively.

For on-demand scheduling, each outlet is characterized by three demand parameters: 1) irrigation start time ( td ), 2) duration ( dd ) and 3) flow rate ( qd ). The issue that must be addressed is how to set optimal supply levels that take into account these three random demand variables while satisfying all actors (users and irrigation manager).

Objective function

For on-demand scheduling, the objective is to deliver water to users as close as possible to their requests. Therefore, the deviation between demand and supply should be minimized. The deviation of irrigation start time, irrigation duration, and flow rate as well as water quantity are considered. Concerning irrigation start time, it can be at any time (lead - ), inferior (

- -q d ,
) or superior (

+ + q d ,
) to demand (Figure 2). Whereas, water quantity supply must be equal or inferior to demand. The quantity parameter is used to make a decision on duration and flow rates which should be adjusted in opposite directions (Figure 2); e.g., when irrigation duration increases, water flow should be decreased. In this paper, all deviation comparing to the request were taken into account as penalty costs. We use a quadratic function to develop our approach. And three decision variables 1) start time ( ts ), 2) irrigation duration ( d ) and 3) water flow ( qs ) are integer numbers.

As described above, irrigation techniques and crop patterns have been diversified. Water should be diverted to outlets based on priority criteria. We propose three priority coefficients linked to start time ( ts c ), flow rate ( qs c ) and volume ( qv c ). Furthermore, water distribution is a complex task. Water is diverted from the sources to end-users through hydraulic structures and the delivery is controlled by means of gates which are generally manually operated (the approach would be the same if the regulating structures were weirs). To carry out the distribution and to reduce operation cost, their tasks should also be minimized. The duration of one job depends on the distance of the operation site from where the previous job was performed. Nevertheless, to simplify the duration determination for each job, we use the maximum job duration for all jobs. Thus, the number of jobs possible for gate keepers during irrigation schedule is defined as the maximum number ( max

Mo

) which we should try to reduce. max

Mo

for each work period is the result of division between the duration of work period and the maximum job duration. We use a Boolean variable ( mo ) to define a gate operation. This variable is nil when the operation is not required and one otherwise. Therefore, the objective function can be written as follows:

( ) , are the outlet indices, t is the time index and v is the gate index. In the X variable, the three additional variables are defined for 1) the outlet flow rate as a function of time ( q ), 2) the unused water flow at each canal exit ( qp ) and 3) the outlet irrigation time ( y ). The variables q and qp are integer variables and y is a Boolean variable. y is equal to one during the irrigation time associated with each outlet, and to zero the rest of the time.
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Each term value in the objective function should be between 0 and 1. In fact, the sum of the difference between supply and demand squared is divided by the sum of the maximum deviation squared. 

Constraints

To ensure distribution and to obtain fair irrigation performance, every water turn should respect some constraints. The first one is that all individual water turns should be completed before the end of the schedule period (T).
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(2) As y is a Boolean variable and represents the irrigation time, and M is as high a positive value as required to respect the conditions below, we can write the constraint to determine y for each job or outlet as follows: Where t is defined for the time horizon (time slots). In order to avoid perturbation during the irrigation period, the water flow for each outlet should be constant. Thus, while y is equal to one, the variable q is equivalent to qs . ( )
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The variable mo can be equal to one only for the work period of gate keepers and to zero outside of this period. [START_REF] Haq | Irrigation scheduling with genetic algorithms[END_REF] As water saving is increasingly a hot topic, the supply of water volume that is superior to the demand is seen as very wasteful. In this context, water supply must match or be inferior to the demand volume. However, it should also respect the minimum supply level. t δ is the time slot for our simulation.
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On the other hand, all decisions on outlet flow rates must take into account the available flow rate (Qr) as well as the volume. nb c is the number canal.
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Besides that, irrigation network capacities are limited to distribute water to all users simultaneously. We put some more constraints to primary flow rate capacity. The canal is 
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APPLICATION

The method is applied to a command area of a secondary irrigation canal of the Gignac Canal for scheduling water user demands. This sector has about 130 ha of irrigated land, mainly vineyards. Nowadays, this command area is in the complex situation of diversified crop pattern, mixed usages (farming and urban), different irrigation techniques and mixed distribution scheduling (rigid rotation and arranged schedule). In addition, it faces water scarcity in June and July and less water turn respect (after analyzing data collected in summer 2010). This sector has 201 outlets including 9 urban outlets.

Here, we studied the irrigation scheduling of a network example with 11 outlets extracted from the studied sector for a 12 h period. The irrigation starts at 8 h and finishes at 20 h. In this example, two gates are operated manually by gate keepers at two intervention periods: 1) from 8 to 9 h, and 2) from 11 to 13 h. The requested load profiles are presented in Figure 4. For all outlets, we consider the same priority criteria. The flow rate at lateral canal inlets matches 70 l/s during 12 h for supplying 11 outlets downstream through a lateral canal (capacity of 70 l/s), two other distributor's canal and two of their sub canals that have the same capacity of 35 l/s.

Equations ( 1) to [START_REF] Reddy | Optimal scheduling of irrigation for lateral canals[END_REF] were transformed into matrix formulation within Matlab software. The IBM-Ilog Cplex solver is called to find an optimum solution. For 11 outlets during 12 h which was set to 13 time slots of 1 h, the problem has 371 variables and 923 constraints to be solved. The result of the optimization is shown in the graphs of Figure 4. The objective function cost was found to be 0.235 (by considering w f =1/6). The total water taken from the canal was found to be inferior to the available amount (ratio = 60%). However the adequacy (using Gates et al [START_REF] Gates | Multicriterion strategic planning for improved irrigation delivery. I: Approach[END_REF]'s method) on water quantity was estimated to Lateral canal inlet Figure 4 : Requested and scheduled load profiles be 79%, i.e. the scheduled volume was inferior to the requested ones by 21%. Actually, it is caused by the canal capacity and manpower constraints. The work of the gate keepers was reduced from 8 (maximum work) to 2 (optimum work). Moreover, the adequacy on start time was found to be 36% early and 20% late compared to demands. While, we found the adequacy 98% on demanded irrigation duration and 81% on demanded flow rate.

CONCLUSIONS

This paper introduces a new method for irrigation scheduling using on-demand distribution policies. The technique proposed uses MIQP algorithm which objective function was developed based on a quadratic function. We proposed six terms for this function, with four being defined for user adequacy, one for water distribution cost linked to gate operation and the last one concerns water lost. First, this optimization procedure allows a flexible decision making on irrigation start time, irrigation duration and outlet flow rate, as close as possible to the requested load profile. Second, it enables taking into account priority criteria referring to crop pattern, irrigation technique, usage type, and outlet location. Moreover, it can optimize the gate operation.

However, water delivery needs transit time which depends on the hydraulic state of the canals. We will take this into account in future work. The present work also assumes that gate operation duration is constant for all operation jobs. Nevertheless, it can be variable depending on the distance between the gates. Also, it may be better to minimize the distance covered by the gate keeper instead of the number of operations. Finally, standard water demand, weather prediction and previous irrigations should be considered as closed loop calculation.
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 1 Figure 1: Irrigation scheme1

  or right time td ) in accordance with global distribution resolution. Similarly, irrigation duration and flow rate can be equal ( qd dd,
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 2 Figure 2: Scheduling issue

  of start time, duration, flow rate and volume respectively. Furthermore, we also introduce penalty factor costs above terms thereby providing more options to irrigation policies.

  keepers' work start time and end time respectively. int nb is equal to the number of work periods.
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 3 Figure 3: Example of irrigation network generally divided into pools which have their own capacity ( pool Qc ). ipool is the initial number and npool the maximum value of i at each pool. To lateral canal and distributor, its actual flow rate must be inferior or equal to its capacity ( ij i Qc Qc and).

  

  All modifications of the water position are considered as operations. The constraints below are used to count the number of operations for each gate.
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