
 

 

  
Abstract—In this paper a procedure for the split-pipe design of 

looped water distribution network based on the use of simulated 
annealing is proposed. Simulated annealing is a heuristic-based 
search algorithm, motivated by an analogy of physical annealing in 
solids. It is capable for solving the combinatorial optimization 
problem. In contrast to the split-pipe design that is derived from a 
continuous diameter design that has been implemented in 
conventional optimization techniques, the split-pipe design proposed 
in this paper is derived from a discrete diameter design where a set of 
pipe diameters is chosen directly from a specified set of commercial 
pipes. The optimality and feasibility of the solutions are found to be 
guaranteed by using the proposed method. The performance of the 
proposed procedure is demonstrated through solving the three well-
known problems of water distribution network taken from the 
literature. Simulated annealing provides very promising solutions and 
the lowest-cost solutions are found for all of these test problems. The 
results obtained from these applications show that simulated 
annealing is able to handle a combinatorial optimization problem of 
the least cost design of water distribution network. The technique can 
be considered as an alternative tool for similar areas of research. 
Further applications and improvements of the technique are expected 
as well. 
 

Keywords—Combinatorial problem, Heuristics, Least-cost 
design, Looped network, Pipe network, Optimization 

I. INTRODUCTION 
N a water distribution network system, pipes are 
interconnected to form a complex loop configuration. A 
water distribution network problem is a nonlinear mixed 

integer problem that is cast in the combinatorial problem in 
which a set of solution is selected among a discrete set of 
feasible solution while the functions defined over it are 
nonlinear. The analytical solution of such problem is quite 
complicated because it involves simultaneous consideration of 
continuity equation, energy conservation, head-loss function, 
and avoidance of constraints violations.  
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There exists a large body of literature related to the optimal 
design of water distribution network problems. The linear 
programming gradient (LPG) method has long been 
recognized as the popular classical method for the design of 
looped water distribution network systems. The method was 
used extensively by many researchers (e.g., Alperovits and 
Shamir [1]; Quindry et al. [25, 26]; Goulter et al. [14]; 
Fujiwara et al. [10,11]; Kessler and Shamir [15]; Bhave and 
Sonak [3]; Eiger et al. [9]). 

In recent years, heuristic-based techniques, as referred to 
stochastic optimization techniques, have been developed into 
powerful tools for optimization. Stochastic optimization 
techniques, for instances, genetic algorithms (GAs) and 
simulated annealing (SA), allow the resolution of design 
optimization problems formulated as nonlinear mixed integer 
problems. Advantages of heuristic optimization techniques 
over the conventional optimization techniques are their 
robustness, flexibility, general application, and capability of 
solving large combinatorial problems, but they do not 
guarantee the optimal solutions.  

SA is a heuristic stochastic optimization method that has 
been suggested as a powerful optimization technique by which 
discrete or combinatorial problem can be solved. SA belongs 
to the global optimization method that provides near optimal 
solutions that can be accepted for most of the real-life 
problems. The basic idea behind SA is an analogy of physical 
annealing in solids. Its random search algorithm has the ability 
of escaping from local minima (minimization is assumed in 
the general discussion of the algorithms) by moving both 
uphill and downhill while conventional algorithms move only 
downhill. The uphill decision is made by the acceptance 
criterion incorporated with a probability function. The 
property of avoidance of the search process being trapped in 
local optima (using a descent strategy but allowing random 
ascent moves) overcomes, on many occasions, the major 
drawbacks of classical optimization methods. Application of 
SA requires little knowledge of the problem to be optimized 
other than an objective function. 

SA was successfully applied to a wide range of problems in 
various fields such as economic, social, education, science and 
engineering. In the water resources field, SA has been little 
applied to optimize groundwater management problems (e.g., 
Dougherty and Marryott [8]; Marryott et al. [20]; Rizzo and 
Dougherty [27]; Cunha [6]), reservoir operation problems 
(e.g., Teegavarapu and Simonovic [30]; Mantawy, et al., [19]; 
Tospornsampan et al. [31], and other water resource related 
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works (e.g., Bardossy A. [2]; Kuo et al. [17]).  
SA is quite a new technique for optimization of water 

distribution pipe network problems while applications of GAs 
were found from many works [e.g., Simpson et al. [29]; 
Dandy et al. [7]; Savic and Walters [28]; Montesinos et al. 
[22]]. Applications of SA to water distribution pipe network 
optimization were found from the work of Cunha and Sousa 
[5] and Loganathan et al. [18] who combined SA with 
MULTISTART search technique.  

Applications of heuristic based techniques to water 
distribution network optimization overcome the complexity 
and uncertainty of conversion of continuous diameters into 
discrete diameters as found in the classical optimization 
techniques because discrete values of pipe diameters are used 
directly. Although the heuristic based techniques i.e. GAs, SA 
and Tabu search (Cunha and Riberiro [6]) were implemented 
to optimize the water distribution network problems already, it 
is found from those works that the solutions were limited to 
only the discrete diameter design in which only one diameter 
of pipe occupies an entire length of the link. Though realistic 
design requires single pipe solution, but if this is done, the 
design will not be optimal. At the optimal solution, each link 
will contain at most two segments (Alperovits and Shamir 
[1]). In this paper we propose a new procedure for the split-
pipe design using SA to obtain the least cost design of water 
distribution network. In the proposed method, a set of pipe 
diameters is selected directly from a specified set of 
commercial pipe diameters. Its performance is illustrated 
through application to three well-know networks: the two-
loop network, the Hanoi network, and the New York City 
network. To compare the solutions obtained in this study with 
those obtained for the discrete diameter design by other 
researchers; the solutions of the discrete diameter design are 
derived as well.  

II. DESIGN OF WATER DISTRIBUTION PIPE NETWORK 
Pipe network problems are usually solved by numerical 

methods using a computer since any analytical solution 
requires the use of many simultaneous equations. Three 
simple methods used to solve pipe network problems are the 
Hardy Cross method, the linear theory method, and the 
Newton Raphson method. The Hardy Cross method that 
involves a series of successive approximations and corrections 
to flows in individual pipes is the most popular procedure of 
analysis. Besides, the most well-known formulas that are used 
to evaluate the head loss in pipes are Darcy-Weisbach 
equation and Hazen-Williams equation. The Hazen-Williams 
equation that has been widely used in water supply 
engineering is written as: 

 
 87.4852.1)/( −= DCQLh f α  (1) 

 
where hf is the head loss, α is a numerical conversion constant 
whose numerical value depends on the used units, L is the 
length of the pipe, Q is the discharge, C is a Hazen-Williams 

coefficient of roughness and D is the pipe diameter.  
The optimal design of a water distribution network for 

gravity system is to find the combination of commercial pipes 
with different sizes and lengths that provides the minimum 
cost for the given layout of network and a set of specified 
demands at the nodes while the pressure heads required at the 
nodes are also satisfied. Consider the network that composed 
of N nodes, t links, and m loops, the objective function of the 
least-cost design is to minimize the total cost of the system 
which is often assumed to be a cost function of pipe diameters 
and lengths as: 

 
 ∑ ∑
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where F is the total cost of the network system, Ci,j is the cost 
of the unit length of the jth pipe segment in link i which can 
be deterministic value or calculated by empirical formulas, xi,j 
is the length of the jth pipe segment in link i, and p(i) is the set 
of all pipe segments in link i. 

The objective function above is subject to the following 
constraints: 

1. The flow entering a junction or node must equal the flow 
leaving it (the law of continuity): 

 
 NkqQQ k

kouti
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 (3) 

 
where Qi is the flow in link i, q,k is the demand at node k, in(k) 
and out(k) are the sets of all links connected into and out of 
node k, respectively. Note that qk > 0 if k is a demand node, 
and qk < 0 if k is a supply node. 

2. The algebraic sum of the head losses (pressure drops) 
around any closed loop must be zero: 

 
 mnhf

nloopi
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∈

0
)(

 (4) 

 
where hfi is the head loss in link i which is calculated from (1), 
and loop(n) is the set of all links in the nth loop  

3. The head at a certain node in the network must satisfy a 
given minimum and maximum head limitations: 
 
 NkHhfHHH k

kspathi
iskk ∈∀≥±+=≥ ∑

∈

min

),(

max  (5) 

 
where  max

kH  and min
kH  are the maximum and minimum 

head allowed at node k, respectively, Hk is the head at node k, 
Hs is the head at any starting node s, and path(s,k) is the path 
of links that connecting node s with node k. 

4. Minimum and Maximum diameter requirements may be 
specified for certain pipes in the network: 

 
 jiDDD ji ,min,max ∀≥≥  (6) 
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where Di,j is the diameter of the jth pipe segment in link i, 
Dmax and Dmin are the upper and lower bounds for diameter of 
pipes. 

5. Minimum required discharge might be specified for 
certain pipes in the network: 

 
 iQQ ii ∀≥ min  (7) 

 
where min

iQ  is the minimum required flow rate along link i. 
6. The total length of pipe segments in link i must be equal 

to the length of the link and each length must be nonnegative 
value:  

 
 jiLx i

ipj
ji ,

)(
, ∀=∑

∈

 (8) 

 
 jixL jii ,0, ∀≥≥  (9) 

 
where Li is the length of link i. 

III. SIMULATED ANNEALING 
SA is motivated by an analogy to physical annealing in 

solids, inspired from Monte Carlo methods in statistical 
mechanics. Kirkpatrick et al. [16] took the idea of annealing 
from Metropolis algorithm and applied to combinatorial 
optimisation problems (e.g., the travelling salesman problem, 
TSP).  

The SA algorithm starts from randomly generating the 
initial configuration, which is analogous to the current 
solution that is composed of a set of decision variables of the 
problem, within feasible region at a high initial temperature 
value (T0). Then, the new configuration is generated from the 
corresponding neighborhood of the current solution using a 
generation mechanism that implements a random 
rearrangement or perturbation of variables of the current 
configuration. One rearrangement is referred to as a transition. 
Acceptance of a transition from one state to another is 
depending on the Metropolis criterion given by P(ΔE) = min 
[1, exp(-ΔE/T)] where P(ΔE) is probability of acceptance, ΔE 
= f(Sj) – f(Si) is the difference of the objective function values 
of the new current configuration Sj and the current 
configuration Si,  and T is the current temperature, used to 
control the acceptance of modifications. If the new 
configuration is found to have a better fitness (evaluated by 
the objective function of the system) than its predecessor, then 
it is retained and the current configuration is discarded. If the 
new configuration is found to have a less fitness than its 
predecessor, it may be retained if the Boltzmann probability, 
Pr = exp(-ΔE/T), is greater than the generated uniform random 
number r distributed in the interval (0,1). At the same 
temperature, the rearrangement must proceed long enough for 
sufficient number of transitions that allows the system to reach 
a steady state. Then the temperature is slowly decreased based 
on ‘annealing schedule’ and the process is repeated 

successively until the stopping criterion is satisfied. The 
general procedure of SA applied in this study is illustrated in 
Fig. 1. 

 

A. Annealing Scheduling 
Annealing scheduling is the heart of SA. Avoidance of 

getting trapped in local minima is dependent on the annealing 
schedule that includes 1. the choice of an initial temperature, 
2. the number of transitions at each temperature, and 3. the 
decrement rate of the temperature at each step as cooling 
proceeds (or cooling rate).  

A temperature parameter is used to control the acceptance 
of modifications (rearrangements). The initial temperature 
value, T0, must be high enough to ensure a large number of 
acceptances at the initial stages. It is gradually decreased over 
time depending on the ‘cooling rate’ which is the coefficient 
used to decrease the temperature at the end of every 
temperature change counter. The cooling schedule is 
described as follows: 

 
 1−= tt TT α  (10) 

 
where Tt and Tt-1 are the temperatures at the end and beginning 
of the cooling schedule at temperature change counter t and α 
is the ‘cooling rate’ which can range from 0 to 1. The value of 
α is accomplished in the ranges between 0.8 and 0.99 as 
suggested by Kirkpatrick et al. [16]. 

At each temperature, the configuration of the system is 
changed using a generation mechanism that implements a 
random perturbation of variables of current state. The total 
number of transitions at same temperature T constitutes a 
homogenous Markov chain of length given by the parameter 
Lt. Lt can be a constant value or varied during the annealing 
process. Setting parameters for SA is problem specific and it 
is best accomplished through trial and error. 

Generate an initial configuration Si  
Select an initial temperature T0 
Set temperature change counter, t=1 
Tt=T0 
Repeat  Until Tt=Tf  or stopping criterion is met 
 Set repetition counter L=0 
 Repeat Until L=Lt 
 Rearrangement by generating configuration Sj,  

a neighbor of Si  
 Calculate ΔE = f(Sj) – f(Si), the improvement of 

objective function 
 If ΔE < 0 then Si = Sj 
 Else if random (0,1)<exp(-ΔE/T) then Si = Sj  
 L=L+1 
 End Repeat 
t=t+1 
Tt=α Tt-1 
End Repeat 
 

Fig. 1 Simulated Annealing Algorithm 
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B. Rearrangement of the system 
Rearrangement or neighborhood generation is done by 

randomly changing the current configuration to a new one. 
Rearrangement can be performed in many different ways 
based on different types of problems. In the present work, the 
uniform mutation approach initiated in GA is adopted with 
some modification for rearrangement procedure. In this study 
each decision variable is allowed to change its value randomly 
within ±σ feasible ranges of its current value based on the 
probability of mutation, Pm,. Initially, the search 
neighborhood, σ, may be large at high temperature and during 
the annealing process the search neighborhood may be 
decreased or maintained throughout the annealing process.  

C. Termination of the algorithm 
The stopping criterion is used to terminate the annealing 

process. In this study, the annealing process may be 
terminated when the fitness value is not improved over a 
specified number of successive iterations or when the final 
temperature reaches a specific level.  

IV. OPTIMAL DESIGN OF WATER DISTRIBUTION NETWORK 
USING SIMULATED ANNEALING 

From the previous studies of pipe network optimization, the 
design of pipe diameters can be classified into three 
categories. A continuous diameter design is an optimal set of 
pipe diameters that may take only continuous real value. A 
discrete diameter design is a set of pipe diameters that is 
selected from a specified set of commercial pipe sizes that 
span an entire length of the links. A split-pipe design may be 
derived from a continuous diameter design by decomposing a 
length of continuous diameter into two segment lengths of the 
two adjacent commercial diameters to create two pipes that 
span the link. Anyhow, the continuous diameter design is not 
practical because commercial pipe diameters are available in 
specified discrete diameters. Although attempts have been 
made to convert continuous diameters into one or two 
commercial discrete diameters in a segment, it is found that 
the conversion may not guarantee the optimality or even the 
feasibility of the solution.  

In this paper a set of pipe diameters in the proposed split-
pipe design is chosen directly from a specified set of 
commercial pipes. The complexity and uncertainty of 
conversion of continuous diameters into discrete diameters are 
eradicated because the optimality and feasibility of the 
solution can be determined directly.  
The initial configuration or the initial solution of the water 
distribution network problem is a set of decision variables of 
the problem, which is the combination of commercial pipe 
segments in the network. In split-pipe design, a link may 
consist of one or two pipes of different diameters then the 
decision variables are composed of two commercial pipe 
diameters and a segment length in each link. Because two pipe 
segments are concatenated to form a link, the lengths of the 

remaining segments can be derived by subtracting the variable 
of a segment length to the entire length of the link. The total 
number of decision variables for split-pipe design is triple to 
the number of links. In the discrete diameter design, only one 
pipe occupies an entire length in each link thus the decision 
variables are the commercial pipe diameters in each link 
whose number is equal to the total number of link. The 
decision variables of the segment pipe diameters are discrete 
values but the decision variables of the segment pipe lengths 
are continuous values whose required precision are decided at 
two decimal places in this study. Both variables of pipe 
segment diameters and pipe segment lengths are determined 
simultaneously throughout the algorithm. 

Before implementing an optimization, assumption of an 
initial flow pattern of the network that satisfies the principle of 
continuity at each node as written in (3) is required. The SA 
algorithm starts from randomly generating an initial 
configuration (a set of decision variables) within the pre-
specified range using pseudorandom generator at an initial 
temperature value (T0). A correction to the assumed flows is 
computed successively for each loop in the network by Hardy 
Cross method based on the present configuration until the 
correction is reduced to an acceptable magnitude that makes 
the sum of head losses around any closed loop close to zero. 
After that the pressure head at each node is determined and 
the total cost of the network is computed subsequently in 
which the penalty costs are added if the constraints of pressure 
head and discharge are not satisfied. The new configuration is 
then generated using the rearrangement mechanism as 
described previously. The cost of the new configuration is 
determined again after the Hardy Cross procedure has been 
carried out. Acceptance of the new configuration is depending 
on the Metropolis criterion of acceptance as described above. 
The annealing process proceeds successively until the 
termination criterion is satisfied. Note that the same initial 
flow pattern is used at the beginning stage of Hardy Cross 
procedure. Fig. 2 shows the diagram of the SA algorithm 
applied to the least cost design of water distribution network 
described in this section. 

V. ILLUSTRATED EXAMPLES 
Performance of the developed SA based model for 

optimization of the least-cost design of water distribution 
network problem is evaluated through applications to the three 
well-known networks appearing in the literature, i.e., the two-
loop network, the Hanoi network, and the New York city 
water supply network. 

To compare the results with those obtained from the 
discrete diameter design and split-pipe design published in the 
literature, solutions of both designs are to be obtained. 
Because both designs in this work are derived from discrete 
diameter variables, the original discrete diameter design is 
called the single pipe design hereinafter. It is found from the 
literature that researchers did not use the same head-loss 
coefficient, α, in equation (1), therefore, different values of α 
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are used in the present work in order to compare the results 
obtained in this study with those published in the literature. 
Following the work of Savic and Walters [28], the maximum 
and minimum values of α covering the range of published 
values are chosen for both designs which are equal to 10.5088 
and 10.9031 respectively for Q in m3/h, and D in centimeters 
(= 8.439 ×105, and 8.710 ×105 respectively for Q in ft3/s, and 
D in inches). Besides another values of α which are the same 
values as used in the original works of each problem are also 
used for split-pipe design. As results, five solutions are to be 
obtained from each problem. 

A. Two-Loop Network 
The two-loop network, as shown in Fig. 3, was first 

introduced by Alperovits and Sharmir [1]. The network 
consists of eight pipes, seven nodes, and two loops. The 
network is fed by gravity from a constant head reservoir at the 
first node. The system is to supply water to meet the required 
demand and to satisfy minimum pressure head at each node. 
Fourteen sizes of commercial pipe are available for the 

network and each of them has its own unit cost. The Harzen-
Williams coefficient is fixed at 130 for all pipes. The basic 
data necessary for the optimization are given in the paper of 
Alperovits and Sharmir [1]. 

The solutions for the two-loop network taken from the 
literature are given in Table 1. Note that solutions of the 
continuous diameter design are not chosen, as they are not 
practicable in reality. SA performed for several runs with 
different seed numbers for the pseudorandom generator using 
different sets of parameters. For water distribution network 
problem, choices of parameters are really hard tasks. 
Appropriate parameter values are very difficult to define. The 
effect of changing values of each parameter on the 
performance of SA cannot be distinguished clearly. Moreover, 
the objective function values obtained from each solution are 
not converted into the same direction unlike those obtained 
from solutions of reservoir operation (Tospornsampan et al. 
[31]). However, the values of parameters T0, α, σ, and Lt that 
seem to work well for the problem are ranged from 10-100, 
0.9-0.95, 0.1-0.25%, and 500-1000 respectively. The best 
solutions obtained by SA in this study are shown in Table 2. 
The optimal pressure heads corresponding to those solutions 
are shown in Table 3. Though the convergence cannot be 
derived, SA produced very satisfactory results. Many good 
solutions that are better than or comparable to those in the 

3
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2 

Reservoir 210 m 

1 

 
 

Fig. 3 Two-Loop Network  

TABLE 1 
PREVIOUS SOLUTIONS OF TWO-LOOP NETWORK 

Authors Fitting αa Cost (units) Solution 
Alperovits and Shamir (1997) 10.6792 479,525.00 Split-pipe
Goulter et al. (1986) 10.9031 435,015.00 Split-pipe
Kessler and Shamir (1989) 10.6792 417,500.00 Split-pipe
Eiger et al. (1994) 10.5088 402,352.06 Split-pipe
Loganathan et al. (1995) 10.6792 403,657.00 Split-pipe
Savic and Walters (1997) 10.5088 419,000.00 Single 
Savic and Walters (1997) 10.9031 420,000.00 Single 
Cunha and Sousa (1999) 10.5088 419,000.00 Single 
Cunha and Ribeiro (2003) 10.5088 419,000.00 Single 

a For Q in m3/h, and D in centimeters 

Generate initial configuration, 
Si 

Select initial temperature,  
T0 

t = 1, Tt = T0 

Rearrangement: 
Generate Sj from Si 

New initial Configuration,  
Si=Sj 

Correction of initial flow 
by Hardy Cross Method 

Compute investment cost 
plus penalty cost f(S)  

Compute pressure head at 
each node 

L = L +1 

L = Lt ? 

S T A R T 

Tt = Tf ? or Stopping Criterion 
is met? 

L = 0 

t = t + 1, Tt = α Tt-1 

E N D 

Yes 

No 

No 

Yes 

Record best solution 

ΔE = f(Sj)-f(Si) 

Random (0,1) ≤ exp(-ΔE/T)? 

ΔE < 0 ? 

Yes 
No 

No 

Yes 

Assume initial flow 

 
 

Fig. 2 Simulated Annealing for Water Distribution Network 
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literature are obtained. The best solutions of the single pipe 
design obtained from the present study using both lower limit 
and the upper limit of α values are same as those obtained 
from Savic and Walters [28] and Cunha and Sousa [5,6] 
which are derived from using the lower limit of α = 10.5088. 
Though the solutions of both α values are same but the 
pressure head corresponding to them are different. The 
solution obtained using the upper limit of α = 10.9031 is 
superior to those obtained by other researchers. This could be 
due to the marginal differences of coefficient value used in 
equation (1). The least cost solution of the split-pipe design 
obtained in this study using the lower limit of α = 10.5088 is 
less expensive than the best one published in the literature of 
Eiger et al. [1994] that satisfies the minimum head constraint 
at the same α value. The solution obtained using α = 10.6792 
is slightly more expensive than that of Loganathan et al. [18] 
(only 0.02% difference). The least cost solution thus found is 
the lowest-cost solution for the two-loop network to date. 

B. Hanoi Network 
The water distribution trunk network in Hanoi, Vietnam, 

first introduced by Fujiwara and Khang [11] is shown in Fig. 
4. The network consists of 34 pipes, 32 nodes, and 3 loops. 
The problem is similar to the two-loop network that is fed by 
gravity from a single fixed head source and is to satisfy 

demands at required pressures. In this problem six sizes of 
commercial pipe are available and the cost of each pipe i with 
diameter Di and length Li is calculated from 

iii LDC ××= 5.11.1 , where cost is in dollars, diameter is in 
meters, and length is in meters. The Harzen-Williams 
coefficient is fixed at 130 for all pipes. The data necessary for 
the optimization can be found in the work of Fujiwara and 
Khang [11]. 

It is found from published solutions in the literature that the 
solutions of this problem are sometimes less realistic because 
some segments of split-pipes have too short lengths compared 
with their link lengths. To avoid such problem, a constraint of 
the minimum length of pipe segment length that must be at 
least or more than 5% of its link length is imposed to this 
network. 

In this problem, good solutions are rather difficult to be 
derived compared with the two-loop network problem. The 
same sets of parameters were used but higher numbers of 
iterations were required to obtain good solutions because the 
number of variables is higher and the network is more 
complex. Table 4 summarizes solutions of Hanoi network 
found from the literature. The best solutions obtained by SA 
are shown in Table 5 and the optimal pressure heads 
corresponding to those solutions are shown in Table 6. The 
least cost solutions of the single pipe design obtained using 
both lower limit and upper limit of α are superior to other 
corresponding solutions published in the literature. The least 
cost solution of split-pipe design obtained in this study using 
the lower limit of α = 10.5088 is cheaper than that of Eiger et 
al. [9] which is the best solution published in the literature that 
satisfies the minimum head constraint at the same α value. In 
addition, the best solution obtained is more realistic compared 
to that of Eiger et al. [9]. As pointed out by Savic and Walters 
[28], a segment length of pipe 11 and 27 of the solution of 
Eiger et al. [9] are only 0.09% and 2.43% of their total pipe 
lengths while in the best solution the shortest segment length 

TABLE II 
SOLUTIONS OF TWO-LOOP NETWORK FROM SIMULATED ANNEALING 

 SA1 (Single) SA2 (Single) SA3 (Split-pipe) SA4 (Split-pipe) SA5 (Split-pipe) 
Link αa=10.5088 α a=10.9031 α a=10.5088 α a=10.6792 α a=10.9031 

 D (in.) L (m) D (in.) L (m) D (in.) L (m) D (in.) L (m) D (in.) L (m) 
1 18 1000 18 1000 18 1000 20 33.43 18 1000 
       18 966.57   

2 10 1000 10 1000 10 827.58 10 801.78 10 745.74 
     12 172.42 12 198.22 12 254.26 

3 16 1000 16 1000 16 1000 16 1000 16 1000 
           

4 4 1000 4 1000 1 1000 1 1000 1 1000 
           

5 16 1000 16 1000 16 613.34 14 338.99 16 807.56 
     14 386.66 16 661.01 14 192.44 

6 10 1000 10 1000 8 21.17 10 989.38 10 1000 
     10 978.83 8 10.62   

7 10 1000 10 1000 10 891.64 10 901.26 10 914.61 
     8 108.36 8 98.74 8 85.39 

8 1 1000 1 1000 1 1000 1 1000 1 1000 
           

Cost (units) 419,000.00 419,000.00 400,337.97 403,751.22 408,035.00 
a For Q in m3/h, and D in centimeters 

TABLE III 
OPTIMAL PRESSURE HEADS FOR TWO-LOOP NETWORK 

SA1 
(Single) 

SA2 
(Single) 

SA3 
(Split-
pipe) 

SA4 
(Split-
pipe) 

SA5 (Split-
pipe) 

α a=10.5088 α a=10.9031 α a=10.5088 α a=10.6792 α a=10.9031 

 
Link 

Min. 
Head 
Req. 
(m) 

Head (m) Head (m) Head (m) Head (m) Head (m) 
2 30 53.35 53.10 53.35 53.33 53.10 
3 30 30.78 30.05 30.02 30.01 30.01 
4 30 43.63 43.20 44.03 43.94 43.62 
5 30 34.22 33.26 30.01 30.00 30.01 
6 30 30.67 30.14 30.02 30.00 30.02 
7 30 30.86 30.14 30.00 30.00 30.02 

a For Q in m3/h, and D in centimeters 
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is more than 11% of its total pipe lengths. In fact, SA 
produced many good solutions with different combinations of 
pipe segments, the designer may choose the solutions that are 
practicable though their costs may be little more expensive 
than the best but less realistic ones. The solutions thus 
obtained show that SA has produced significant improvement 
in solutions and that the least cost solution found in this study 
is the lowest-cost solution yet presented in the literature for 
the Hanoi network. 

C. New York City Water Supply Network 
The data of the New York City water supply tunnels is 

taken from Quindry et al. [25], Fujiwara and Khang [11] and 
Dandy et al. [7]. The configuration of the network, as shown 
in Fig. 5, consists of 21 pipes, 20 nodes, and 2 loops. The 
work is to construct additional gravity flow tunnels parallel to 
the existing system to satisfy the increased demands at the 
required pressures. Sixteen sizes of diameters (including none 
pipe) are available and the cost of each pipe i with diameter Di 

and length Li is calculated from iii LDC ××= 24.11.1  in 

which cost is in dollars, diameter is in inches, and length is in 
feet. Although the cost function is used to calculate the 
investment cost for this problem, the unit cost of each pipe has 
been transformed into discrete values and is given in Dandy et 
al. [7]. In the present work, the discrete values of unit costs 
are used. The Harzen-Williams coefficient for this problem is 
assumed at 100 for all existing and new pipes. 

Previous solutions of the New York City water supply 
network obtained from the literature are shown in Table 7. 
The lowest cost design was found in the work of Fujiwara and 
Khang [11]. Unfortunately their solution was proved to be 
clearly infeasible (Loganathan et al. [18]; Dandy et al. [7]; 
Savic and Walters [28]). Therefore the feasible least cost 
solution of this problem is that of Savic and Walters [28], 
which is derived from the single pipe design.  

For this problem, the same sets of parameters were used as 
well but good solutions could be obtained easier than that of 
the Hanoi network. The best solutions obtained from SA are 
shown in Table 8. The optimal pressure heads corresponding 
to those solutions are shown in Table 9. The best solutions of 
the single pipe design obtained in the present study are as 
same as those obtained from Savic and Walters [28] and 
Cunha and Sousa [5]. The least cost of split-pipe design 
obtained from SA using the lower limit of α = 843900 is less 
than the least cost solutions of Savic and Walters [28] and 
Cunha and Ribeiro [6] which were derived from the single 
pipe design. The solution of split-pipe design obtained from 
SA using α = 851500 is very close to that obtained from 
Loganathan et al. [18] but the solution of Loganathan et al. 
[18] is found to be slightly infeasible but it is only marginal. 
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Fig. 3 Hanoi Network  

TABLE IV 
 PREVIOUS SOLUTIONS OF HANOI NETWORK  

Authors Fitting αa Cost ($ milliion) Solution 
Fujiwara et al. (1990, 1991) 10.5088 6.320 Split-pipe 
Sonak and Bhave (1993) 10.5088 6.046 Split-pipe 
Eiger et al. (1994) 10.5088 6.027 Split-pipe 
Savic and Walters (1997) 10.5088 6.073 Single 
Savic and Walters (1997) 10.9031 6.195 Single 
Cunha and Sousa (1999) 10.5088 6.056 Single 
Cunha and Ribeiro (2003) 10.5088 6.056 Single 

a For Q in m3/h, and D in centimeters 
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TABLE V 
SOLUTIONS OF HANOI NETWORK FROM SIMULATED ANNEALING 

 SA 1 (Single) SA 2 (Single) SA 3 (Split-pipe) SA 4 (Split-pipe) SA 5 (Split-pipe) 
Link αa=10.5088 α a=10.9031 α a=10.5088 α a=10.6823 α a=10.9031 

 D(in.) L (m) D(in.) L (m) D(in.) L (m) D(in.) L (m) D(in.) L (m) 
1 40 100 40 100 40 100 40 100 40 100 
           
2 40 1350 40 1350 40 1350 40 1350 40 1350 
           
3 40 900 40 900 40 900 40 900 40 900 
           
4 40 1150 40 1150 40 1150 40 1150 40 1150 
           
5 40 1450 40 1450 40 1450 40 1450 40 1450 
           
6 40 450 40 450 40 450 40 450 40 450 
           
7 40 850 40 850 40 850 40 850 40 850 
           
8 40 850 40 850 30 565.95 40 850 30 139.08 
     40 284.05   40 710.92 
9 30 800 40 800 30 800 40 800 30 800 
           

10 30 950 30 950 30 950 30 824.13 30 950 
       24 125.87   

11 24 1200 30 1200 30 395.66 30 675.14 30 1200 
     24 804.34 24 524.86   

12 24 3500 24 3500 24 3500 24 3500 24 3500 
           

13 16 800 20 800 16 564.02 20 800 16 800 
     12 235.98     

14 12 500 16 500 12 500 16 500 12 500 
           

15 12 550 16 550 12 550 12 328.49 12 550 
       16 221.51   

16 12 2730 12 2730 16 2730 12 2730 16 2730 
           

17 20 1750 16 1750 20 1750 16 1750 20 1750 
           

18 24 800 24 800 24 800 24 292.60 24 800 
       20 507.40   

19 24 400 20 400 24 400 20 147.90 24 400 
       24 252.10   

20 40 2200 40 2200 40 2200 40 2200 40 2200 
           

21 20 1500 20 1500 20 886.61 20 1191.36 20 812.24 
     16 613.39 16 308.64 16 687.76 

22 12 500 12 500 16 55.83 12 500 16 500 
     12 444.17     

23 40 2650 40 2650 40 2650 40 2650 40 2650 
           

24 30 1230 30 1230 30 1230 30 1230 30 1230 
           

25 30 1300 30 1300 30 1300 30 1300 30 1300 
           

26 20 850 20 850 20 725.48 20 850 20 850 
     16 124.52     

27 12 300 16 300 12 300 12 300 12 300 
           

28 12 750 12 750 12 750 12 750 12 750 
           

29 16 1500 16 1500 16 1500 16 1500 16 1500 
           

30 12 2000 12 2000 12 2000 12 2000 12 706.48 
         16 1293.52 

31 12 1600 12 1600 12 1600 12 1600 12 1600 
           

32 12 150 16 150 16 150 16 92.86 16 89.09 
       20 57.14 12 60.91 

33 16 860 20 860 16 860 20 393.85 16 860 
       16 466.15   

34 24 950 24 950 24 500.24 24 950 24 950 
     20 449.76     

Cost ($ Million) 6.026 6.188 6.023 6.111 6.169 
a For Q in m3/h, and D in centimeters 
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The least cost solution found in this study is the lowest-cost 
solution yet published in the literature for the New York City 
water network.  

VI. CONCLUDING REMARKS 
The heuristic-based SA has been developed and applied to 

optimize the least cost design of water distribution networks. 
The new procedure of the split-pipe design that obtained from 
the discrete diameter design using SA has been presented. The 
model was applied to the three well-known networks 
appearing in the literature: the two-loop network, the Hanoi 
network, and the New York City water network. Both 
solutions of the single pipe design and the split-pipe design 
were obtained using different values of head loss coefficients. 
They are compared with those published in the literature. 

SA provides very satisfactory solutions. The least cost 
solutions of all test networks obtained in this study are the 
lowest-cost solutions yet presented in the literature. It is 
proved from the present work that the least cost design of 
water distribution network is obtained from the split-pipe 
design because the solutions of the split-pipe design always 
produce lower costs than those obtained from the single pipe 
design when the same value of α is used. Though some 
solutions of the split-pipe design are less realistic, the designer 
can choose an appropriate one that is practicable as SA 
provides many good solutions with different combinations of 

pipe sizes and lengths.  
Results obtained from these applications prove that SA is 

flexible and has ability to effectively handle an optimization 
of a complex water distribution network in which the 
continuous diameter design, the single pipe design and the 
split-pipe design can be formulated. Significant advantage of 

TABLE VI 
OPTIMAL PRESSURE HEADS FOR HANOI NETWORK 

SA 1 
(Single) 

SA 2 
(Single) 

SA 3 (Split-
pipe) 

SA 4 (Split-
pipe) 

SA 5 (Split-
pipe) 

α a=10.5088 α a=10.9031 α a=10.5088 α a=10.6823 α a=10.9031

 
Link 

Min. 
Head 
Req. 
(m) Head (m) Head (m) Head (m) Head (m) Head (m) 

1 100 100.00 100.00 100.00 100.00 100.00 
2 30 97.17 97.08 97.18 97.12 97.08 
3 30 62.00 60.82 62.24 61.37 60.82 
4 30 57.23 55.92 58.06 56.54 56.39 
5 30 51.32 49.85 52.89 50.55 50.90 
6 30 45.07 43.45 47.50 44.22 45.17 
7 30 43.61 41.94 46.26 42.74 43.85 
8 30 41.85 40.14 44.85 40.96 42.33 
9 30 40.44 38.70 41.52 39.54 40.54 

10 30 39.40 37.64 38.34 38.49 37.08 
11 30 37.85 36.05 36.80 36.50 35.48 
12 30 34.43 34.86 34.16 34.32 34.30 
13 30 30.24 30.56 30.02 30.06 30.00 
14 30 35.49 33.69 30.33 34.59 31.66 
15 30 33.44 31.64 30.01 32.59 30.64 
16 30 30.36 30.91 30.82 30.57 30.86 
17 30 30.51 32.58 40.30 31.79 39.17 
18 30 44.29 48.97 51.45 47.56 50.00 
19 30 55.90 54.18 58.55 57.28 57.12 
20 30 50.89 49.57 51.30 50.20 49.58 
21 30 41.58 40.02 34.70 36.91 31.42 
22 30 36.42 34.74 30.04 31.67 30.13 
23 30 44.73 43.39 45.26 44.04 43.40 
24 30 39.03 37.66 39.75 38.35 37.94 
25 30 35.34 33.99 36.20 34.69 34.49 
26 30 31.44 30.39 31.47 31.00 30.90 
27 30 30.15 30.18 30.42 30.03 30.09 
28 30 39.12 38.00 39.50 38.53 36.53 
29 30 30.21 30.01 30.01 30.07 30.01 
30 30 30.47 30.51 30.15 30.45 30.00 
31 30 30.75 30.82 30.42 30.67 30.48 
32 30 33.20 31.73 32.72 32.48 32.48 
a For Q in m3/h, and D in centimeters 

 

1 

Reservoir 
300 m 

1

3

4

5

15
2

6

7

8

9

14

13 

12

11

20 

16 

18 19

17

10

2 

3 

4 

5 

6 

7 

8 

15 

14 

13 

12 
18 17 

11 

19 
10 

20 21 

16 

Assu

 
 

Fig. 5 New York City Water Network 

TABLE VII 
PREVIOUS SOLUTIONS OF NEW YORK CITY WATER SUPPLY NETWORK 

Authors Fitting αa Cost ($ milliion) Solution 
Morgan and Goulter (1985) 851500 38.9 Split-pipe 
Morgan and Goulter (1985) 851500 39.2 Single 
Fujiwara et al. (1990) None 36.6 Split-pipe 
Loganathan et al. (1995) 851500b 38.04 Split-pipe 
Dandy et al. (1996) 851500 38.8 Single 
Savic and Walters (1997) 843900 37.13 Single 
Savic and Walters (1997) 871000 40.42 Single 
Montesinos et al. (1999) 851500 38.8 Single 
Cunha and Ribeiro (2003) 843900 37.13 Single 

a For Q in ft3/s, and D in inches 
b Slightly infeasible 
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SA over the conventional optimization methods is their 
handling of complex, highly nonlinear problems that 
accurately reflect the real world. Though SA does not 
guarantee the global optimum solution, many good solutions 
are obtained which are practically useful in reality. 

Performance of SA depends on the type of the applied 
problem. Though the algorithm is very easy to implement, its 
performance is largely dependent on fine-tuning of the 
parameters and neighborhood generation mechanism. The 
difficulty in choice of optimal parameters is significant 
problems and time-consuming. More robust parameter set and 
effective generation mechanism should be considered to 
improve the performance of the algorithm for the problem of 
water distribution network. Since SA is quite a new technique 
for optimization of the water distribution network problem, it 
can be considered as an alternative tool for this area of 
research. Further applications of SA to the layout and 
operation of water distribution networks are expected as well. 
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TABLE IX 
OPTIMAL PRESSURE HEADS FOR NEW YORK CITY WATER SUPPLY 

NETWORK 
SA 1 

(Single) 
SA 2 

(Single) 
SA 3 

(Split-
pipe) 

SA 4 
(Split-
pipe) 

SA 5 
(Split-
pipe) 

αa=843900 α a=871000 α a=843900 α a=851500 αa=871000

 
 

Link 

Min. 
Head 
Req. 
(ft) 

Head (ft) Head (ft) Head (ft) Head (ft) Head (ft) 
1 300 300.00 300.00 300.00 300.00 300.00 
2 255 294.34 294.59 294.35 294.24 294.58 
3 255 286.47 287.15 286.50 286.24 287.11 
4 255 284.16 285.00 284.21 283.89 284.95 
5 255 282.13 283.13 282.18 281.81 283.07 
6 255 280.55 281.70 280.61 280.21 281.64 
7 255 278.08 279.54 278.15 277.67 279.46 
8 255 276.52 276.45 276.43 276.56 276.35 
9 255 273.76 274.32 273.70 273.71 274.20 

10 255 273.73 274.29 273.67 273.68 274.17 
11 255 273.86 274.48 273.80 273.81 274.35 
12 255 275.15 276.00 275.10 275.09 275.86 
13 255 278.12 279.31 278.07 278.06 279.17 
14 255 285.58 287.56 285.55 285.54 287.40 
15 255 293.34 296.09 293.33 293.32 295.91 
16 260 260.16 260.30 260.00 260.00 260.00 
17 272.8 272.86 272.92 272.80 272.80 272.80 
18 255 261.30 261.70 261.24 261.15 261.56 
19 255 255.21 255.41 255.00 255.00 255.00 
20 255 260.82 261.00 260.71 260.68 260.79 

a For Q in ft3/s, and D in inches 
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