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Abstract

To optimize the design of a pressurized pipe network, large number of possible solutions needs to be examined. This paper explores
the option to accelerate the computation using AQ hydraulic method. The AQ method is firstly used in a standard form, as stand-
alone hydraulic solver inside the evaluation function. Second version was to use AQ method once to solve the initial network, and
during optimization procedure, unknown flow corrections were added to list of other unknowns for optimization. The suggested
approach was tested on New York City distribution network reconstruction example using standard genetic algorithms (GA).
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1. Introduction

In the last decades modern engineering practice has been moving towards the higher degree of computer and
software usage. As computer sciences experience fast progress, engineering practice is trying to catch up and utilize
stronger processors and new software capabilities that are introduced. One of the engineering fields which benefits
from this progress is hydraulics and water system analysis, especially numerical modelling of fluid flow and
optimization of the design and performance of water systems. In this paper the focus is on the optimization of water
distribution network systems, specifically the long computation time needed and the possibility to reduce it.

In order to accelerate the computation or optimization process, three different approaches can be utilized: use of
more powerful computers (faster processors), use of parallel computing systems [1, 2] with adapted hydraulic solvers
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or use of more efficient hydraulic method. First two, mostly hardware driven approaches, have been successfully
addressed by many different authors, computer and communication scientists [3, 4]. In this paper third listed approach
is being investigated and the results of first tests are presented. The idea was to promote the intelligent, hydraulically
based solutions compared to brute force one.

When pressurized water supply network is to be optimized, in most cases the EPANET is used. EPANET is reliable,

free software package, available as standalone EXE or DLL version, which can be easily integrated with most
optimization programs. The software is using a so called hybrid node-loop algorithm originating from Todini and
Pilati [5], for solving the continuity equation. Actually, the basis of this method originates from Hardy Cross and the
method he originally called a method of balancing flows [6].
Hardy Cross has also introduced the 4Q method for hydraulic calculation of network [6]. It was derived from his
original moment distribution method, which he used for structural analysis purpose. It has been in a common use in
50’s and 60’s until computers arrived and node method took over the throne. Most significant difference is that in the
node based method, number of non-linear equations is equal to number of unknown nodal heads plus unknown pipe
flows while in 40 method it is equal to the number of loops in the network which is usually a much smaller.

In this paper, we explore the possibilities to use the 40 method in hydraulic calculation of network inside evaluation
function of optimization algorithm. Method is firstly used in a standard format, where we simply employed it as a
hydraulic solver. After that, we tried the modified version, named “Variable 4Q method”, where values of the flow
corrections are not directly computed in evaluation function, but used as additional set of unknowns in optimization
process. Paper will present results and obtained optimization accelerations for both options. Although number of
variables used for optimization is larger in the Variable 40 method, obtained results are encouraging since acceleration
is up to two orders of magnitude. To test the 4Q methods, a well-known problem of the New York City distribution
network reconstruction was used. Results and needed computation time were compared to ones obtained using
EPANET as hydraulic solver inside the evaluation function. Used optimization method was standard genetic
algorithm, efficient in handling a single objective optimization problem [7].

2. Methodology of 40 method implementation

It was already mentioned that 4Q method requires solving less equations than usual node-loop methods. This implies
already a modest reduction of computation time if it is presumed that a similar amount of resources is needed for both
types of equations. Another big difference in usage of these two different methods is that here in the pre-processing
stage of an optimization algorithms, analysis of network graph topology has to be performed. This is due to the nature
of the hydraulic solver, where it is firstly necessary to detect all simple cycles, or minimal basis loops, in the network
in which flow corrections need to be calculated. Flow corrections are introduced in the place where original loops
were split. When every loop is split, network structure is changed. Instead of looped graph, tree-structured graph is
obtained. Tree-structured or branch networks are quite easy to handle in water distribution analysis and unknown
flows and nodal heads can be obtained in double sweep. In pre-processing stage after the branch network is derived,
unknown flows are calculated for this new network. These flows satisfy continuity equation in the network nodes,
which means that they can be used as starting assumption of flow for the 40 method. This is only done once in pre-
processing stage, so latter calls of evaluation function will just include iterative solution for the flow corrections.
Since it is obvious that implementation of 4Q method requires change from loop to branch structured networks,
another variation of optimization algorithm can be derived in order to improve computation time. From previous
experience it was concluded that the convergence to an optimal solution in branch networks is much better than in
loop ones, even if new networks are made of several hundreds of pipes with unknown diameters. The tests were made
with the version of the optimization algorithm in which values of flow corrections were kept fixed, equal to the initial
values obtained in pre-processing stage [8]. Results were satisfying in the terms of the performance acceleration but
there was the major applicability issue in the more complex and new networks. In complex networks, with large
number of loops, starting assumptions for flow corrections can have a significant difference from their final, correct
values. Also, for the new networks, starting assumptions for flow corrections cannot be calculated in the pre-
processing stage which renders this approach inapplicable. In order to overcome these shortcomings, another approach
was tested, and is presented in this paper. Initial values of flow corrections, as calculated during pre-processing stage,
were assumed to be new unknown variables, subject to optimization together with other unknowns (for example, pipe
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diameters, or pipe roughness). In each evaluation function call, no time consuming hydraulic computation has to be
done. Only simple pressure distribution has to be calculated. Also, one more penalty function has to be added in fitness
function calculation, which will guide the optimization of flow corrections. This version is named Variable 40
method.

In the next subsections, basics of the 40 method and minimal loop detection algorithm are recapitulated, followed
by a brief description of the used optimization algorithm and test case. At the end of this section, the description of
the both Standard and Variable 40 method implementations in optimization algorithm are given.

2.1. AQ method

The 40 method was originally presented by Hardy Cross in 1936. It was proposed as one of the two possible methods
for analysis of flow in networks of conduits. In his original work this method is called “Method of balancing heads”
[6]. Method is based on the fact that in every closed loop (circuit) of the water supply network sum of total head loos
is equal to zero. This is derived from the conservation of energy equation for the closed loop.

In order to apply this method, initial distribution of flows needs to be assumed. This distribution likely won’t satisfy
the previously mentioned condition for the head losses in the loop (Fig. 1a).

a) b)
—_— )
Qn QB-AQ P \>AQ
loop » point

Fig. 1. a) Head loss sum in loop; b) Introduction of flow corrections.

This implies that corrections to that distribution must be made. To define the initial distribution of flows and make
corrections to the distribution, loop needs to be broken at some point (Fig. 1b). Now we have branched network and
with one pass backwards through that network, satisfying continuity equation in every node, the initial flow
distribution is obtained. In this research graph, theory algorithms are used to obtain the initial flow distribution. Graph
Breadth First Search (BFS) algorithm, started from the source node in the network, results in the spanning tree, which
is essentially a branched network. Order in which spanning tree is formed is obtained as well, so this can be used to
perform the passing backwards in order to determine initial flow distribution.

At the same break point flow correction AQ is introduced. Expanded form of the sum of head losses equation for
the loop now is:

+Ria |15 + 00| (01 + A0 + Ras |08 + 0| (0% + A0) - Ris [0l - A0 (01 - A0) =0 M)

where R is the pipe flow resistance characteristic [s> m™] and Q@ is the initial pipe flow [m® s™!']. This nonlinear
equation needs to be solved for the flow correction AQ. For this purpose we employ Newton Raphson iterative method
and obtain general form of the solution:
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z sign-K; Qéo) + z sign~AQ; '[ng) + z sign~AQLJ
: i loop pipe pipe
AQHI _ AQI _ (2)
22 K; Ql-(jo) + Z sign-AQ;7
loop pipe

where i is the iteration number, 7 is the ij-th pipe in the loop and AQ, is the p-th flow correction that corrects initial
flow in the pipe ij (there can be more than one, if pipe is common for two loops). Sign equals one (1) if direction of
the introduced correction AQ, is the same as the direction of the initial flow and zero (0) if otherwise. Iterative
calculation is done until desired precision is reached.

Number of equations that need to be solved corresponds to the number of loops in the network. Loops are obtained
as a result of graph theory algorithms. Aside from “ordinary loops”,” term “pseudo loop” is introduced [9]. This is
loop that is formed between two reservoirs/tanks with defined heads. Number of such loops is for one less than the
number of reservoirs in the network. In that case one addition to the equation above has to be made. On the right side
of the equation, in the numerator of the fraction, term —AH ., needs to be added, where AH, is the difference of
heads in the reservoirs.

2.2. Minimal basis loops detection
Prior to conducting calculations using the AQ method network loops need to be detected. This is done based on the

results of the BES algorithm mentioned before. Number of loops corresponds to the number of unused links during
BFS propagation.

Fig. 2. Different configurations of Spanning Tree (ST).

These links (marked with dashed line) complete two loops — (1, 2, 4) and (1, 2, 3, 4). It is obvious that latter one is
not a minimal basis loop but is a union of the loops (1, 2, 4) and (2, 3, 4) (Fig. 2a). Using this minimal basis loops
configuration for the delta Q method means obtaining the simplest form of nonlinear equations to be solved, which
would speed up the calculation. However, detecting them is not an easy task. Some algorithms are based on using
outer or “back edges” of the network [10] but these have to be predefined. In the case of thousands of pipes this would
be very demanding job so in these research another approach is proposed. Algorithm steps are as follows: 1)
propagation with BFS algorithm to obtain spanning tree (ST); 2) transformation of ST to obtain optimal loops with
minimal number of links; 3) final decomposition of overlapping loops if needed after step 2.

Transformation of ST will be explained on the simple example (Fig. 2a). Total number of links in loops for this
configuration is 4+3 =7. In order to get better configuration, unused links will be swapped with the used ones. If link
v5 is swapped with link v4, new configuration of ST gives the total number of links in loops 3+3 = 6 (Errore.
L'origine riferimento non ¢ stata trovata.2b). This is better than the previous one and it’s marked as the new best
configuration. Procedure is done until better configuration can’t be reached. For the considered simple example best
configuration, and with that minimal basis loops, is obtained with only one ST transformation. It could take more than
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one but it doesn’t mean that minimal basis loops will be obtained eventually (Errore. L'origine riferimento non &
stata trovata.2c).

This requires step 3 of the algorithm — final decomposition. Decomposition is based on sorting the loops by their
length (number of links) and creation of overlapping matrix which shows number of overlapping between any two
loops. Decomposition starts from the loops with highest number of overlapping links. If this number equals one,
decomposition is not needed.

2.3. Optimization algorithm and example problem

GA-s are employed as an optimization method which are efficient in terms of running time and finding suboptimal
solutions [7]. GA-s are called inside an optimization algorithm, after pre-processing stage, with the task to generate
coded solutions which are to be tested inside an evaluation function. For every solution examined, new value of fitness
function is computed. Based on this value, examined solutions are ranked, where the solution with the lowest value
of fitness function is ranked as suboptimal.

Testing example was extracted from literature [11], well known problem of New York's water distribution network
reconstruction. Starting network for optimisation is presented in Fig. 3a.

b) | = | Reservoir

a) v | Reservoir

21524

21829
19

Fig. 3. a) Starting New York's water distribution network; b) Modified fictitious branch network.

It is an example of gravitational water distribution network made out of n, = 20 nodes with n, = 1 source node or
reservoir. Nodes and reservoir are interconnected with #, = 21 large pipes. Current disposition of the system cannot
satisfy the minimal nodal pressure values of 20 meters of water column. Therefore it is necessary to reconstruct the
network in order to meet the given condition in nodes. Changing the diameters of existing pipes is not possible due to
the problem of excessive water demand shortfall so the remaining options are to: a) either duplicate the existing tunnel
with some of the diameters offered, or b) do nothing. Number of diameters in catalogue for new pipes is 15. Together
with the “do nothing” option, this makes 16 possible solutions for every pipe in the network. Fitness function ffor this
example is made of two parts, first one is investment in the water network 7 (eq.(3)) and the second is the penalty I,
for failing to meet the minimal nodal pressure values (p"" = 20 m H>O).
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In the equation above Ci, Dy and L are cost of the new pipe per meter, diameter and length of the pipe respectively,
7 is the number of a node, p; is the pressure value in the node j while O is the function whose value is above zero if the
p; < p™™". Specific value of penalty function is C, = 15 000 000 $/m.

2.4. Standard AQ method inside an optimization algorithm

Standard 40 method (section 2.1) is implemented as hydraulic solver inside the optimization algorithm. Equation (1)
is solved using iteration. Pre-processing stage and evaluation function calculation includes:

e Pre-processing stage (preceded by a call of GA):

1. Topological graph sorting of network (Fig. 3a), resulting with directed graphs.

2. Minimal basis loop detection and fictitious branch network creation (Fig. 3b).

3. Hydraulic calculation of the branch network. The resulting 4Q; and 4Q; are stored as starting values for flow
corrections 4Q,” and AQ-” in further GA calls. It is presumed that 4Q; and 4Q- calculated this way will not differ
much from their final values which will be calculated for every call of the evaluation function, thus, this should
speed up the convergence of eq. (2).

e Evaluation function calculation:

For every tested alternative, "exact" values of flow corrections AQ are calculated using the eq. (2).

Using calculated flow corrections, the pressure distribution for the fictitious branch network is calculated in only
one pass.

3. Fitness function (eq. 3) is calculated.

N —

2.5. Variable AQ method inside an optimization algorithm

In standard 4Q method (section 2.4) each evaluation function's calculation involves the iterative calculation of "exact"
flow corrections. In variable 4Q method, it is assumed that flow corrections are unknown variables, whose values are,
together with pipe's diameters values, optimized. The pre-processing stage and evaluation function now includes:

e Pre-processing stage: same as in standard 4Q method, all of the necessary analyses are done and flow corrections
AQ; and 4Q:; for fictitious branch network.

e Evaluation function calculation:

1. For every tested alternative (having pipe's diameters and flow corrections as variables to optimize) only pressure
distribution for the fictitious branch network is calculated in one pass.

2. Fitness function (eq. 3) is calculated.

3. Additional penalty function is added to the value of the fitness function, to compensate the fact that used flow
corrections are not "exact". If pressure drop between neighbouring nodes where the loop is split (like 6 and 6°)
is positive in the direction of water flow, the value of penalty function is zero. This solution is feasible meaning
that the pressure reducing valve should be installed in the place where the pressure drops occurs. However, if
pressure drop between neighbouring nodes where the loop is split is negative, the solution would require a pump
between these nodes, and it has to be penalized. The same penalty value as for pressure deficiency is used.

To reduce the search space for flow corrections, the value is entered as multiplication of flow corrections 4Q; and
AQ> computed in pre-processing stage, as M;¥*4Q; and M>*AQ:. In previous tests it was confirmed that the correct
values of 4Q; and 4Q; deviate not more than 25% from the first iteration [8], so multiplicative factors M; and M: can
take a value in relatively narrow space from 0.75 to 1.25. However, the used search space is problem dependant and
should be taken with the care.

Since the variable 4Q method does not solve the "exact" flows, it tends to be the fastest method, but the accuracy
of the hydraulic results is degraded compared to the standard method.
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3. Results

Both presented approaches share the same modified fictitious branch network (Fig. 3b). There are two loops in the
network, larger loop 1 contains reservoir along with the nodes numbered from 2 to 15, while the loop 2 has nodes 11,
9, 16 and 20. Location of the split is arbitrary and inconsequential. Loop 1 was split in the proximity of the node 6
where a new node 6’ is introduced as a start node for the downstream pipe. Loop 2 was split close to node 20, with
the new node 20’ being generated. Flow corrections for loops 1 and 2, 4Q; and 4Q; respectively are introduced as
demands in the nodes 6 and 20, and in the nodes 6’ and 20’ as negative demands or inflows.

Table 1: Obtained optimal solutions

Pipeid  Start node Endnode  Existing Diameter New Diameter - Standard AQ New Diameter - Variable AQ
[/ [ [ Deia [m] Dhrew-staq [m] Dhew-varag [m]

7 8 7 3.353 3.353 0

15 1 15 5.182 0 3.353

16 10 17 1.829 2.438 2.134

17 12 18 1.829 2.438 2.743

18 18 19 1.524 2.134 2.134

19 11 20' 1.829 1.829 1.829

21 9 16 1.524 1.829 1.829

Calculated optimal diameters are presented in the table 1 for both methods (last two columns). Pipes not affected
by the presented solutions, are omitted from the table 1. Diameter of 0 m represents the “do nothing” option.
Computation time is obtained through MATLAB function cputime. Standard AQ method presented in section 2.4.
needed z404 = 15 s, while the Variable AQ method presented in section 2.5. needed only Z4gvar = 5.5 s.

4. Discussion

Results of two presented 40 methods are compared to results obtained using EPANET hydraulic solver: optimization
algorithm calls the EPANET.DLL in every pass through evaluation function, gets the results of the simulation and
uses them to derive the value for fitness function. Obtained optimal solution using EPANET is the same as one taken
from the literature f,, = 38.6 x 10° $ [11], proving it as a valid reference. Since 4Q method approach presented in this
paper was programmed in MATLAB environment, to compare the execution times, the same MATLAB environment
and optimization algorithm was used with EPANET. Also, the GA settings were the same for every optimization
algorithm tested, with maximum of 1000 generations and population of 50 coded solutions. Computer used was an
Intel i7-2630QM CPU with 6 GB of RAM memory.

Table 2: Comparison of different optimization algorithms

GA optimization Flowe.40; Flowe. 40>  Fitness function/  Relative change of /  CPU times  Relative change of ¢
algorithm [m¥/s] [m?/s] [10°8] (%] [s] [%]

EPANET - based / / 38.6 / 390 /

Standard AQ - based 14.24 4.28 38.6 0 15 2500

Variable AQ - based 13.53 4.40 39.8 3 5.5 6991

Table 2 gives the two main compared parameters: quality of the obtained optimal solution (suboptimal value of the
fitness function f) and total computation time (including pre-processing and optimization). In terms of the computation
time, both 4Q methods shown a significant reduction comparing to the computation time f.,, = 390s obtained with
EPANET. Standard 40 method (section 2.4) needed only t40s = 15s, which is 2500% faster than EPANET, and
Variable 40 method (section 2.5) was even faster, taking in average f4ov.- = 5.5s for the computation, which meant
that the achieved acceleration is about 7000%. Acceleration in both 4Q methods is primarily due to the way how
evaluation function is handled. The pre-processing stage, called just once, performs a large portion of necessary
analysis, therefore later calls for evaluation function take much less computation time than in reference algorithm. In
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faster Variable 40 method, evaluation function solves only network pressure distribution in a single pass, while in
Standard 4Q method, computation of correct flow correction values is also done.

The reference EPANET-based algorithm founds the same optimal value of fitness function as given in the literature.
The Standard 4Q method also founds the same optimal value of the fitness function. This was expected, since the
Standard 4Q method uses the "exact" hydraulic solution. However, the Variable 40 method has found the suboptimal
solution of fitness function figw.r = 39.8 x 10° $, which is 3% higher than the optimal one. Reason for the suboptimal
solution degradation is mostly due to hydraulic result's inaccuracy, which can be seen in Table 2 where both “exact”
and “optimized” values of flow corrections 4Q are presented. Having in mind the achieved speed acceleration, this
can be satisfying and encouraging result.

5. Conclusions

During the optimization of water distribution networks, hydraulic computation of network inside an evaluation
function consumes the most of the computation time. In this paper, use of the 4Q hydraulic computation method inside
an optimization algorithm is presented, through two different approaches. Each of these approaches requires a pre-
processing stage, in which the loops in original water network are detected through minimal basis loop detection
algorithm, split into the fictitious branch network and initial flow corrections computed. After that, in standard 40
method the correct values of the flow corrections are computed inside each evaluation function, while in Variable 40
method the values of flow corrections are, as multiplicative factors of their initial value, added to the list of variables
for optimization. Presented optimization algorithms were tested on the example of New York water distribution
network reconstruction. In both 4Q methods significant computation time reduction was achieved, because 40
method solves fewer equations than EPANET's hybrid node-loop method. Also, in the Variable 4Q method the
network hydraulics is solved only once in the pre-processing stage which makes it even faster. However, only Standard
AQ method managed to compute a global optimum. Second approach has slight solution's degradation caused by the
hydraulic accuracy problem. However, it can still be used as hot-start for Standard 40 method.
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