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Cost Minimization Planning for
Greenfield Passive Optical Networks

Ji Li and Gangxiang Shen
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Abstract—We plan greenfield PON networks to
minimize their total deployment costs. We propose an
efficient heuristic called the Recursive Association
and Relocation Algorithm (RARA) to solve the optimi-
zation problem. Our algorithm can significantly re-
duce PON network deployment costs compared to an
intuitive random-cut sectoring approach. To further
tune down the costs, we also exploit the opportunity
of cable conduit sharing by proposing an extension to
RARA. Our case studies show that there are saturat-
ing trends for the PON deployment costs with the in-
crease of the three system parameters, including
maximal optical split ratio, maximal transmission
distance, and maximal differential distance. Also, to
reduce computation time for large PON deployment
scenarios, we propose a disintegration planning
method to divide a large planning scenario into sev-
eral small ones. The method is found to be effective to
provide close performance, but require much less
computation, compared to the situation without dis-
integration.

Index Terms—PON deployment; Cost minimization;
Sectoring approach; RARA; Disintegration.

I. INTRODUCTION

W ith the growing popularity of bandwidth-
intensive services such as HDTV, VoD, peer-to-

peer, and video conferencing applications, there is an
increasing demand on broadband access. To meet this
demand, the access networks are evolving from the
traditional DSL and cable techniques to a new genera-
tion of fiber-based access techniques. Fibers are per-
meating from the curb (FTTC), through the building
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FTTB) and the node (FTTN), eventually to the home
FTTH) [2,3]. Today there are two major types of pas-
ive optical access networks (PONs), i.e., Ethernet
assive optical networks (EPONs) [2,4] and gigabit-
apable passive optical networks (GPONs) [5,6].
PON is a type of network based on the traditional
thernet technique. An EPON can provide 1 Gb/s ca-
acity in both upstream and downstream directions
nd cover a distance of up to 20 km as well as support
20 km differential distance.1 In contrast, GPON is a

tandard evolved from the traditional ATM PON
APON) technique. A GPON can support higher band-
idth, up to 2.5 Gb/s, in both upstream and down-

tream directions. It can cover a longer distance, up to
0 km, and support a differential distance of up to
0 km.
Much research has been carried out for passive op-

ical networks. First, as bandwidth allocation in the
pstream direction in both EPON and GPON is one of
he most challenging issues, many investigations have
een dedicated to efficient bandwidth allocation and
oS support [2,7,8]. A range of efficient scheduling
nd bandwidth allocation strategies have been devel-
ped and evaluated [7,8]. Second, transmission dis-
ance and capacity are also essential to passive optical
etworks. In order to support users in rural areas who
re far away from a central office, the maximal trans-
ission distance of a PON is being extended from

tandardized 20 km or 60 km, to up to 100 km [9].
lso, to provide even higher bandwidth, a new genera-

ion of PON techniques is being developed to increase
he transmission capacity by either shortening the
ime duration of each data bit or increasing the num-
er of parallel transmission channels. IEEE 10G
PON standards are being developed to increase the
PON transmission capacity from 1 Gb/s to 10 Gb/s

10]. Wavelength division multiplexing (WDM) trans-
ission techniques are also being applied to upgrade
ON transmission capacity several times [9].
On the other hand, optimal design and planning for

ON networks is important to PON deployment.
1We define the coverage (also called reach) of a PON as the maxi-
al transmission distance between an OLT and an ONU and the
ifferential distance for a PON as the difference between the fiber
istances of different ONUs to a central OLT within the PON.
2009 Optical Society of America
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Little research has been performed in this direction.
Only very recently, there was a study that tried to
minimize the total PON network deployment cost [11].
The study, however, considered several small deploy-
ment scenarios. More generalized approaches are thus
required for practical deployment with hundreds of
optical network units (ONUs).

In this paper, we consider a generic approach for
greenfield2 PON network deployment, which is ca-
pable of planning a large network scenario with hun-
dreds of ONUs. We formulate the research problem of
PON network design and planning. We also develop
mathematical optimization models for the problem.
Due to high computational complexity of solving the
optimization model, we also propose an efficient heu-
ristic called the Recursive Association and Relocation
Algorithm (RARA) for suboptimal solutions. Extensive
simulation studies indicate that the proposed ap-
proach RARA is much more efficient than an intuitive
random-cut sectoring approach. In addition, we evalu-
ate the impacts of PON system constraints, such as
optical split ratio, maximal PON transmission dis-
tance, and maximal PON differential distance, on the
overall cost of PON deployment.

The rest of the paper is structured as follows. In
Section II, we elaborate on the PON network deploy-
ment problem and develop a mathematical optimiza-
tion model for the problem. In Section III, we intro-
duce an intuitive random-cut sectoring approach and
an efficient heuristic, called the Recursive Association
and Relocation Algorithm (RARA). We also improve
the performance of RARA by combining it with an ex-
tended minimum spanning tree (MST) approach to ex-
ploit the benefit of cable conduit sharing among mul-
tiple fiber links. In Section IV, we conduct simulations
to evaluate the performance of the proposed ap-
proaches and gain insights into the factors that affect
costs of PON deployment. We conclude the paper in
Section VI.

II. PROBLEM DEFINITION AND MATHEMATICAL
OPTIMIZATION MODEL

A. Problem Definition

Figure 1 shows an example of PON network plan-
ning and deployment. Given a set of disperse loca-
tions, with one ONU at each location, and a central of-
fice on a given position, from which passive optical
networks are deployed to connect to the ONUs, our ob-
jective for PON network deployment is to minimize its
total cost. Specifically, the total cost is composed of
various subcosts, including (i) the system cost of PON,
such as the costs of optical line terminals (OLTs) and

2Here the “greenfield” that we are considering is a kind of situa-
tion where central offices have been constructed, while fiber con-
duits and splitter cabinets are to be planned.
ptical splitters, (ii) the labor cost for trenching and
aying fibers, and (iii) the cost of fiber cables.

In general, among all the above costs, the labor cost
f trenching and laying fibers is the most expensive,
hich overwhelms all the other costs in the whole de-
loyment. In addition, for PONs with different
eaches, the costs of their OLTs are different. A long-
each PON generally has a more expensive OLT than
short-reach PON. Also, for trenching and laying fi-

ers, in addition to the labor cost there could be other
osts such as the costs for a trenching permit, traffic
nterruption, and other city considerations. However,
or simplicity in this study we have ignored the cost
ifference of OLTs and also do not consider the extra
osts like a trenching permit because without real
ata these costs are always uncertain.
The optimization problem needs to consider several

ON system constraints, including (i) maximal trans-
ission distance, (ii) maximal differential distance,

nd (iii) optical split ratio. Typically, the optical split
atio ranges from 1:4, 1:8, 1:16, 1:32, 1:64, to up to
:128. A 1:n optical splitter means that up to n ONUs
an be connected to the splitter.3

In addition to the above system constraints, there
ould be other constraints, such as legacy routing/
onduits, road maps, private properties, and so on.
his study assumes a greenfield deployment, in which
entral offices have been constructed and fiber con-
uits and splitter cabinets are to be planned. The as-
umptions are practical for the PON deployment in
ome rural areas and developing countries, where all
he network facilities need to be built from zero. For
ore complicated constraints such as legacy routing/

onduits and road maps, the current greenfield net-
3Given a specific optical split ratio, each user is ensured with a

ertain average data rate. For example, in a 1:16 EPON each ONU
an obtain an average 60 Mb/s data rate. Thus, by controlling the
aximal split ratio, we can control the bandwidth provided to each
NU user.

Fig. 1. (Color online) Illustration of PON networks.
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work is still useful. First, the solutions to the current
greenfield design can serve as lower bounds on the de-
signs that consider more constraints. Second, the ap-
proach developed in the paper can function as a base-
line for extensions when more specific constraints are
considered. For example, if a fiber link of an optimiza-
tion solution based on the greenfield planing needs to
cross a private property, which is, however, not acces-
sible, we may make a local bypass to get around the
property.

B. Mathematical Optimization Model

We develop an optimization model for the problem,
which is as follows:

• Sets:
— S: set of splitters. The size of S is the maximal

number of splitters allowed for a deployment.
We normally set a large size as a starting
point though the actual required number of
splitters is smaller in the final solution. For
example, if there are 500 ONUs in a design,
then we can set the splitter set size to be 500
since each ONU can only connect to a single
splitter.

— Ts: set of splitter types, which is based on the
split ratios. The splitter types can range from
1:4, 1:8, 1:16, 1:32, 1:64, to up to 1:128 accord-
ing to the PON standards.

— U: set of ONUs. Each ONU corresponds to a
geographic position in a Euclidean plane.

• Parameters:
— x0 ,y0: the position coordinates of the central

office (CO).
— xi

o ,yi
o: the position coordinates of the ith ONU,

i�U.
— �: a large value, which is set to be 105 in this

study.
— Tk: the total number of outlet ports of the kth

type of splitter. For example, a 1:8 splitter has
eight outlet ports.

— �: the cost factor or weight of the OLT. As
mentioned, though there can be a cost differ-
ence for different types of OLTs under differ-
ent PON reaches, for simplicity we use a
single cost factor for all types of OLTs.

— �i: the cost factor or weight of each outlet port
of the ith type of splitter. For simplicity, we
assume that the cost of each outlet port of
each type of splitter in set Ts is identical.

— �: the cost factor or weight of trenching and
laying fibers (per kilometer). In this study, we
assume a uniform cost for trenching and lay-
ing fibers though the cost can be increased un-
der some situations at which a trenching
permit may be required or other city consider-
ations should be taken into account.
— �: the cost factor or weight of fiber cables (per
kilometer).

— lmax
total: the maximal transmission distance of a

PON between an OLT and an ONU, which is
generally less than 100 km.

— lmax
diff : the maximal differential distance be-

tween different ONUs within the same PON,
which is generally less than 20 km.

• Variables:
— xi

s ,yi
s: the position coordinates of the ith split-

ter, i�S.
— �i: the usage indicator function of the ith

splitter. It takes the value of one if the splitter
is used; otherwise, zero.

— �i
j: the connection or association indicator

function between the jth ONU and the ith
splitter. It takes the value of one if the ONU is
connected to the splitter; otherwise, zero.

— �i
k: the splitter type indicator function of the

ith splitter. It takes the value of one if the
splitter is the kth type; otherwise, zero.

— li
s: the distance from the ith splitter to the cen-

tral OLT.
— li

j: the distance from the jth ONU to the ith
splitter.

— li
max: the maximal distance from an ONU to

the OLT in the ith PON, i�S. Each PON cor-
responds to a splitter.

— li
min: the minimal distance from an ONU to

the OLT in the ith PON.
— 	i ,
i

j: intermediate binary variables for “if and
then” conditions in the optimization model.

• The objective is to minimize the total cost of PON
deployment that interconnects all the ONUs to
the central OLTs, subject to the PON system con-
straints including maximal transmission dis-
tance, maximal differential distance, and optical
split ratio.
Objective: minimize

��
i�S

�i + ��
i�S

�
k�Ts

�iTk�i
k + �� + ��

���
i�S

�ili
s + �

i�S
�
j�U

�i
jli

j� . �1�

• Constraints:

�
i�S

�i
j = 1, ∀ j � U; �2�

� · �i � �
j�U

�i
j, ∀ i � S; �3�

�
j�U

�i
j 
 �

k�Ts

Tk · �i
k, ∀ i � S; �4�

�
k�T

�i
k − 1 
 � · 	i, ∀ i � S; �5�
s
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1 − �
k�Ts

�i
k 
 � · 	i, ∀ i � S; �6�

�i 
 � · �1 − 	i�, ∀ i � S; �7�

li
s = ��xi

s − x0�2 + �yi
s − y0�2, ∀ i � S; �8�

li
j = ��xi

s − xj
o�2 + �yi

s − yj
o�2, ∀ i � S, j � U;

�9�

�li
s + li

j� − li
max 
 � · 
i

j, ∀ i � S, j � U;

�10�

li
min − �li

s + li
j� 
 � · 
i

j, ∀ i � S, j � U; �11�

�i
j 
 � · �1 − 
i

j�, ∀ i � S, j � U; �12�

li
max 
 lmax

total, ∀ i � S; �13�

li
max − li

min 
 lmax
diff , ∀ i � S. �14�

In the model, the total cost is made up of three
parts. The first part is the cost of OLTs, as each split-
ter corresponds to a PON, which requires an OLT. The
second part is the cost of splitters, and the last part
includes the cost for trenching and laying fibers and
the cost of fiber cables.

Constraint (2) says that each ONU must connect to
a splitter. Constraint (3) determines whether the ith
splitter should be deployed, which depends on
whether there are any ONUs connected to the splitter.
If there are any, the splitter must be deployed; other-
wise, not deployed.4 Constraint (4) selects a splitter
type, which ensures that the splitter has sufficient
outlet ports to connect to all the ONUs.

Constraints (5)–(7) ensure an if-then condition. If
the ith splitter is selected, there must be only one
splitter type associated with the splitter. More specifi-
cally, if �i=1 (i.e., the ith splitter is selected), then 	i
=0 must hold, which further leads to �k�Ts

�i
k=1 due

to constraints (5) and (6) (i.e., there is a single splitter
type for the ith splitter). Constraint (8) computes the
distance from a splitter to the central OLT. Constraint
(9) computes the distance from a splitter to an ONU.
These two constraints are nonlinear, which makes the
whole optimization model nonlinear as well.

Constraints (10)–(12) find the maximal distance
and the minimum distance between an ONU and an
OLT, respectively, within each PON. The constraints
are also based on an if-then condition. If �i

j=1 (i.e.,
the jth ONU is associated with the ith PON or split-

4If there is only a single ONU connected to a splitter in the opti-
mization results, we will manually remove the splitter from the re-
sults as no splitter is required to connect a single user to an OLT.
er), then 
i
j=0 must hold, which thus derives con-

traints (10) and (11) into li
s+ li

j 
 li
max and li

min
 li
s+ li

j,
espectively.
Constraint (13) ensures that the maximal transmis-

ion distance of a PON is not exceeded. Constraint
14) ensures that the maximal differential distance
etween different ONUs within the same PON net-
ork is satisfied.

. Discussion

The whole optimization problem can be divided into
hree subproblems, i.e., (i) determining the total num-
er of required PONs (i.e., splitters); (ii) associating
NUs to splitters, which is termed the ONU-splitter
ssociation subproblem, i.e., clustering ONUs into
roups that connect to common splitters; and (iii) re-
ocating the positions of the splitters that achieve the
ptimal cost, which is termed the splitter relocation
ubproblem. The three subproblems entangle with
ach other. We need to jointly solve them to obtain an
ptimal solution to the whole problem.
In the first subproblem, the total number of re-

uired PONs or splitters cannot be determined in ad-
ance. The only way to evaluate the required number
f PONs or splitters that minimizes the total cost is to
numerate all possible partition patterns of ONUs
nd then determine the optimal splitter location for
ach ONU cluster. The computation complexity of this
rute-force search increases factorially with the total
umber of ONUs, which is prohibitive for a large
umber of ONUs.
The ONU-splitter association subproblem, i.e., sub-

roblem (ii), attempts to find an optimal association
etween ONUs and splitters, providing that the loca-
ions of the splitters are given, i.e., the variables xi

s, yi
s,

i, li
s, and li

j all become given parameters. With these
iven parameters, the previous optimization model
ecomes a mixed integer linear programming (MILP)
odel. Though it is possible to find an optimal asso-

iation for a medium-size planning scenario, the sub-
roblem is still NP-complete, which is intractable for a
arge planning scenario.

The third subproblem determines splitter locations
or each PON such that the total fiber length, which is
he sum of the fiber lengths from each ONU to the
plitter, is minimum.5 This relocation problem is well-
nown as the Fermat–Weber point problem (FWPP)
12], which is a nonlinear optimization problem and
hose objective function is convex, but not every-
here differentiable [13]. Several algorithms are
vailable to solve the problem. One of them is the
5Because the cost of trenching and laying fibers is generally much
ore expensive than other costs such as OLT and splitter costs, we

onsider minimizing the fiber length as a key objective when locat-
ng an optical splitter.
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Weiszfeld algorithm [12,13]. We will adopt this algo-
rithm as a subroutine in our subsequent heuristic.

In addition, the current optimization problem re-
lates to the well-studied classical problem, called the
multifacility location-allocation problem (MLAP),
which was introduced by Cooper [14] in operations re-
search. The MLAP aims to select the positions of dis-
tributed warehouses, such that the total cost (usually
represented by a Euclidean distance) to serve a set of
given service centers is minimal, if each service center
is served by one and only one distributed warehouse.
Despite the similarity, the fiber deployment problem
that we consider here does show major differences
from the classical MLAP in several aspects as follows.

First, the fiber deployment problem is subject to the
maximal transmission distance and the maximal dif-
ferential distance of a PON, while in the MLAP, there
are no such corresponding constraints. Second, in the
fiber deployment problem, the required number of
splitters is not given in advance, which actually is a
part of the solution to be determined, while the num-
ber of required distributed warehouses is given and
fixed in the MLAP. Finally, the splitter capacity is lim-
ited in the fiber deployment problem, while the classi-
cal MLAP allows warehouses to serve any number of
service centers. Thus, based on the above comparison,
the fiber deployment problem that we attempt to solve
is even more difficult than the classical MLAP.

III. HEURISTIC ALGORITHMS

We propose two heuristics to solve the above PON
deployment problem. One is based on an intuitive
random-cut sectoring approach, which is simple and
used for performance comparison. The second is called
the Recursive Association and Relocation Algorithm
(RARA), which employs a recursive process to keep on
executing the subroutines of ONU-splitter association
and splitter relocation until an optimal (at least lo-
cally minimal) solution is found. Because among all
the PON deployment costs, the cost of trenching and
laying fibers is the most expensive, which overwhelms
all the other costs in the whole deployment, in both of
the heuristics we have taken the total distance of
trenching and laying fibers as a major minimization
objective.

A. Random-Cut Sectoring Algorithm

Like cutting a cake, the random-cut sectoring algo-
rithm partitions all the ONUs into equal-size groups
according to their geometric positions. The size of each
group is equal to the maximal optical split ratio. After
the partitioning, Weiszfeld’s algorithm [12,13] is then
pplied to find the optimal splitter position for each
ON. Finally, all the ONUs in the same groups con-
ect to common splitters.6

Figure 2 illustrates an example of the above sector-
ng approach. Given a set of disperse ONUs and an op-
ical split ratio 1:4. We start from the positive direc-
ion of the vertical axis, which is randomly selected,
nd rotate the radius line in the clockwise direction
or ONU grouping. A radius line is drawn when four
NUs are included in the current section. The rota-

ion will continue until all the ONUs are grouped or
lustered.

. Recursive Association and Relocation Algorithm
RARA)

The Recursive Association and Relocation Algo-
ithm (RARA) is extended from Cooper’s algorithm
15], which has been used to solve the MLAP in logis-
ics studies. The flowchart of RARA is shown in Fig. 3.

The left column implements an outer loop, which
onsists of several steps. Step 1 randomly generates
n initial set of splitters, i.e., a set of locations. To find
he best design, the size of the initial splitter set s will
ake all the values from a minimum value, Smin, to a
aximal value, Smax. Smin equals the minimum re-

uired number of splitters to connect all the �U�
NUs, i.e., Smin= ��U� /n�, where 1:n is a maximal al-

owed split ratio. Smax is set to be the total number of
NUs, �U�, which corresponds to an extreme case that

ach splitter connects to a single ONU. Furthermore,
6If the total number of ONUs is not an integer multiple of the split

atio, the number of ONUs in the last group is less than the split
atio. Also, no system constraints such as maximal PON reach and
aximal PON differential difference are considered in this simple

lgorithm. For real deployment, a further step is required to verify
hether each of the planned PONs meets the system constraints.

ig. 2. (Color online) An example of the random-cut sectoring
pproach.
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to avoid falling into a local minimum, for each specific
splitter set size s, which is a value within the range
from Smin to Smax, we randomly generate N different
initial splitter sets (splitters positions). These N sets
of initial splitters correspond to an i loop from i=1 to
i=N in Fig. 3. In total, there are N�Smax−Smin+1� ini-
tial sets of splitters that are evaluated as starting
points in the searching algorithm. For example, if we
set Smin=30, Smax=480, and N=100, then the algo-
rithm evaluates a total of 45,100 initial sets of split-
ters as starting points.

Step 2 validates whether the current initial set of
splitters can meet all the PON system constraints, in-
cluding maximal transmission distance, maximal dif-
ferential distance, and optical split ratio, if they are
used to connect all the ONUs. If the set is valid, the
algorithm calls a recursive process, i.e., Step 3, to use
the initial set of splitters as a starting point to find the
best (often a smaller) set of splitters and their corre-
sponding locations. For example, the current initial
splitter set may contain 100 splitters. After the recur-
sive step, i.e., Step 3, the total number of splitters
may be tuned down to 80 while all the ONUs can still
be connected to their corresponding splitters without
breaking the PON system constraints.

The middle column in Fig. 3 shows the detail of the
recursive (searching) process. Specifically, the process
first calls an “ONU-splitter association and splitter re-
location” step (i.e., Step 4), which is termed the A/R
step. The detail of the A/R step is shown in the right
column of Fig. 3, which employs an ONU-splitter as-
sociation step (i.e., Step 7) and splitter relocation
steps (i.e., Steps 8 and 9) to find the (minimal) re-
quired number of splitters and their best locations,
and the association relationship between the ONUs
and the splitters. We will introduce the detail of the
steps of ONU-splitter association and splitter reloca-
tion later.

Based on the returned set of splitters and the asso-
ciation relationship between the ONUs and the split-
ters from Step 4, which essentially is a PON network
planning, we can evaluate the optimality of the result
by calculating the total cost if the PONs are deployed
in this way. This cost includes all the sub-costs de-
scribed in Section II.A and is compared to the current
best known cost in Step 5. The best known cost is
based on a previous good design. If the new cost is bet-
ter than the current best known cost, then we update
the new cost as the current best known cost and
record the current PON network planning. Mean-
while, if the two costs are very close (within a pre-
defined difference range), we say the searching pro-
cess is converged, and stop the recursive process and
return the result to Step 3. Otherwise, we will repeat
Steps 4 and 5 until either the total cost is eventually
converged or a predefined number R of iterations are
erformed. For the latter case, i.e., a non-converged
ituation, we further employ a simulated annealing
SA)-like process (i.e., Step 6) to finalize a (good) solu-
ion. The detail of this SA-like algorithm is introduced
ext.
We decribe the three key steps, i.e., Steps 6, 7, and

, in the RARA heuristic as follows.
1) ONU-splitter association: The ONU-splitter asso-

iation step (i.e., Step 7) is important to the whole
euristic to find an optimal association between
NUs and splitters, subject to the PON system con-

traints. Given the location of each splitter, it is pos-
ible to employ the aforementioned mixed integer lin-
ar programming (MILP) model to find optimal
olutions. The MILP model essentially carries out an
fficient exhaustive search. However, the association
roblem itself is NP-complete, which is intractable for
large size planning scenario. Thus, in the RARA al-

orithm we employ a heuristic subroutine to deter-
ine the association.
The association process first finds a pair of ONU

nd splitter, which has the shortest distance among
ll the ONU-splitter pairs. Then, three PON system
onstraints including optical split ratio, maximal
ransmission distance, and maximal differential dis-
ance, are verified for the selected ONU-splitter asso-
iation. If the association is valid, we keep it and move
n to the next pair of ONU and splitter that has the
hortest distance among all the remaining uncon-
ected ONUs, and the same verification is performed.
uch a process is repeated until all the ONUs find
heir associated splitters.

Particularly, if a “Calendar” data structure [16] is
mployed to store the pairs of ONUs and splitters, the
equired computation complexity of the above ONU-
plitter association process is on the order of O�m2�,
here m is the total number of ONUs, i.e., m= �U�.
Fig. 3. Flowchart of RARA [1].
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2) Splitter relocation: The ONU-splitter association
step divides the whole group of ONUs into several
small groups with each corresponding to a PON.
Based upon these ONU groups, the next step (i.e.,
Step 8) is to find the best location of the optical split-
ter for each PON. The problem is essentially to find a
Femat–Weber point for a polygon with a group of
ONUs and an OLT as vertices [12]. We extended the
traditional Weiszfeld’s algorithm (see Appendix A) to
search such a splitter location in a continuous space.
In particular, when applying Weiszfeld’s algorithm,
we need to ensure the PON system constraints includ-
ing maximal transmission distance and maximal dif-
ferential distance. The output of the relocation step
will be the best location of the splitter for the current
group of ONUs and the associated OLT.

3) Simulated annealing (SA)-like subroutine: There
is a key loop (i.e., loop a) in the middle column of Fig.
3. The loop stops whenever a solution to a set of split-
ters is converged. However, sometimes the loop may
fail to converge after R iterations, but enter a dead-
lock between two or even more local minimum solu-
tions. Under these circumstances, we need to find a
way to resolve the deadlock. For this purpose, we pro-
pose a simulated annealing-like subroutine for the
RARA algorithm, i.e., Step 6.

Specifically, when a deadlock occurs, the SA-like
subroutine is called to repeat the A/R step (i.e., Step
4). The subroutine stores two variables. One is the
best solution during the whole simulated annealing
process, and the other is the current solution. In each
iteration, if the new found solution is better than the
current best one, then the new solution substitutes for
the current best one, as well as the current solution;
otherwise, a random number between the interval of
[0, 1] is generated and compared with a temperature
function, which is updated in each iteration. The new
solution is also accepted as the current solution if the
random number is less than the temperature function
value. The whole subroutine stops when the tempera-
ture function is less than a predefined small thresh-
old.

C. Maximal Sharing of Cable Conduit

In RARA, an important assumption is postulated
that an independent cable conduit is built for each fi-
ber link between an ONU and a splitter. It is possible
to further tune down the deployment cost by allowing
a fiber link to traverse the cable conduits that have
been built for other fiber links, which is called sharing
of cable conduits.

As shown in Fig. 4, there are three PONs in the de-
ployment. We take PON 2 as an example to illustrate
the concept of cable conduit sharing. Rather than
building a cable conduit directly for the fiber links be-
tween the splitter and ONUs B and C, respectively, we
ay build a cable conduit from A to B and from B to C
nd then use the consecutive conduits from the split-
er to A and from A to B to lay fibers for the link be-
ween the splitter and B. Similarly, we can use the
onsecutive conduits from the splitter to A, from A to
, and from B to C, to lay fibers for the link between

he splitter and C. By doing so, the trenching cost for
aying fibers can be significantly reduced, compared to
ndependent trenching for each ONU-splitter link.

To exploit the potential benefit of conduit sharing,
e develop an enhanced algorithm subsequent to the
esign obtained by RARA. Specifically, for each PON,
he algorithm considers each of the locations (includ-
ng the splitter and each of the ONUs) as a vertex and
mploys an extended minimum spanning tree algo-
ithm, similar to Prim’s algorithm [17], to find a con-
trained minimum spanning tree that connects all the
ocations. Different from a pure minimum spanning
ree, we need to ensure the PON system constraints,
uch as maximal transmission distance, when finding
he minimum spanning tree.

IV. SIMULATION CONDITIONS AND TEST SCENARIOS

To evaluate the efficiency of the proposed ap-
roaches, we conducted extensive simulation studies.
he following conditions are assumed in the simula-

ions. First, the number N in the flowchart shown in
ig. 2 is initially set to be 500. That is, for each given
umber s of splitters, we generate 500 different in-
tances of splitter set in size s. Second, the available
aximal split ratios are 1:4, 1:8, 1:16, 1:32, and 1:64.
maximal split ratio constrains how many ONUs can

e connected to a common PON. For example, if the
aximal split ratio is 1:32, which means that up to 32
NUs can be connected to a single PON. However, it

hould be noted that the parameter of maximal split

ig. 4. (Color online) Concept of cable conduit sharing in PON
etworks.
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ratio does not require us to always use the maximal-
size splitter. For example, if there are only 11 ONUs
connected to a PON, then a smaller splitter with a ra-
tio of 1:16, instead of 1:32, can be used for cost saving.
Third, the following cost factors are assumed for the
simulations: the cost of trenching and laying fiber is
$16,000/km, the cost of fiber cables is $4,000/km, the
cost of each OLT is $2,500, and the cost of each split-
ter port is $100.

Three PON network planning scenarios are consid-
ered, including (i) a circle with a 16 km radius, (ii) an
annulus with a 16 km inner circle radius and a 50 km
outer circle radius, and (iii) a circle with a 50 km ra-
dius. The region of scenario (iii) is essentially made up
of the regions of scenarios (i) and (ii). Within each of
the scenario regions, we assume that all ONUs are
randomly distributed.

Practically, scenario (i) corresponds to a situation
that all the users are close to the central office, which
therefore requires only short-reach PONs, while sce-
nario (ii) represents a case that all the users are far
away from the central office, thereby requiring long-
reach PONs. The last scenario corresponds to the situ-
ation that we do not distinguish close or far users, but
use the same type of (long-reach) PONs to connect all
the users.

In scenario (i), we planned for the cases with differ-
ent numbers of ONUs ranging from 100 to 500 ONUs
with 100 ONUs for each step increase. Note that when
making a step increase of ONUs, the locations of the
existing ONUs are not changed. That is, based on the
existing ONUs, the new ONUs are just randomly
added and evenly distributed. The EPON system
standard is applied for this scenario, which is subject
to the system constraints of 20 km maximal transmis-
sion distance and 20 km maximal differential dis-
tance.

In scenario (ii), we considered the cases with the
numbers of ONUs ranging from 300 to 700 also with
100 ONUs for each step increase. In this scenario the
system constraints of GPON are applied, which are
subject to 60 km maximal transmission distance and
20 km maximal differential distance.

Finally, the numbers of ONUs in scenario (iii)
ranges from 600 to 1000 also with 100 ONUs for each
step increase. The locations of the ONUs in scenario
(iii) are actually the combinations of the previous two
scenarios. We combined the case of 300 ONUs of sce-
nario (i) with all the cases ranging from 300 to 700
ONUs of scenario (ii) to form all the cases of scenario
(iii). For example, the case of 700 ONUs is formed by a
combination of the case of 300 ONUs of scenario (i)
and the case of 400 ONUs of scenario (ii). Also, for sce-
nario (iii), the system constraints of GPON are ap-
plied, which are subject to 60 km maximal transmis-
ion distance and 20 km maximal differential
istance.

V. RESULTS AND ANALYSES

. Comparison of Different Approaches

In this section, we compare the performance of dif-
erent planning approaches. Figure 5 shows how the
otal cost changes with the total number of ONUs un-
er a maximal split ratio of 1:16 for scenario (i). We
an see that the RARA approach can achieve a much
etter performance, i.e., lower cost, than the random-
ut sectoring approach. Moreover, RARA shows better
fficiency with the increase of the total number of
NUs. Also, comparing the results of cable conduit

haring and non-sharing (i.e., with MST and without
ST in the legends), we can see that cable conduit

haring can help to significantly reduce the cost of
ON deployment. The cost reduction also increases
ith the increase of the total number of ONUs. We
lso conducted similar simulations for other maximal
plit ratios, and similar results were observed.
To highlight the significance of the RARA and cable

onduit sharing, we also compare two extreme cases,
.e., the sectoring approach without cable conduit
haring, i.e., Sectoring, and the RARA approach with
able conduit sharing, i.e., RARA+MST. It can be
ound that the RARA approach and the effort of con-
uit sharing can jointly bring about 50% cost reduc-
ion for a network design with 500 ONUs.

Figures 6 and 7 show the results for the annulus
cenario, i.e., scenario (ii), and the large circular sce-
ario, i.e., scenario (iii), respectively. Similar observa-
ions are made to those of the small circular scenario.
pecifically, the sectoring approach without MST per-
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ig. 5. Total cost vs. number of ONUs, circular scenario, radius
16 km, maximal split ratio=1:16.
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forms worst, and the RARA approach with MST and
without PON system constraints (i.e., allowing any
maximal transmission distance and maximal differen-
tial distance) performs best.

In particular, for the annulus scenario, it seems ab-
normal (actually not abnormal) that the approach of
Sectoring+MST outperforms the approach of RARA
+MST. This is because the sectoring approach does
not consider the PON system constraints (including
maximal transmission distance and maximal differen-
tial distance), while the RARA approach always takes
these constraints into account. To evaluate the effec-
tiveness of the RARA approach, we also show the re-
sults of RARA+MST without considering the system
constraints, i.e., RARA+MST (unconstrained), which
as shown significantly outperforms the approach of
Sectoring+MST.
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Fig. 6. Total cost vs. number of ONUs, annulus scenario, maximal
split ratio=1:16.
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Fig. 7. Total cost vs. number of ONUs, circular scenario, radius
=50 km, maximal split ratio=1:16.
. Impact of Maximal Optical Split Ratio

Maximal optical split ratio is an important system
arameter that affects the deployment cost of PONs.
igures 8 and 9 show how the average PON deploy-
ent cost per user changes with different maximal op-

ical split ratios under the small circular scenario, i.e.,
cenario (i), and the annulus scenario, i.e., scenario
ii). As shown in Fig. 8, in addition to the similar per-
ormance ranks of the curves as reported in Section
.A, we can see that the average cost per user de-
reases with the increase of maximal optical split ra-
io. This is because a larger optical split ratio enables
single splitter to accommodate more ONUs, thereby
ore efficiently sharing the feeder fiber from a central
LT to the splitter.
On the other hand, it is interesting to see that there

s a saturating trend with the increase of maximal op-
ical split ratio. When the split ratio is small, an in-
rease of the split ratio can significantly reduce the
eployment cost per user, e.g., up to 40% from a ratio
f 1:4 to a ratio of 1:16. However, if the split ratio has
eached a certain level, a further increase does not
ring much reduction to the deployment cost. As
hown in Fig. 8, the cost reduction from the split ratio
f 1:16 to 1:32 is marginal. Similar observations can
e found for the annulus scenario as shown in Fig. 9,
n which the cost per user decreases with the increase
f split ratio, until it approaches a saturation split ra-
io of 1:32. It should be noted that the saturating
hreshold value changes with the ONU density. In
eneral, a higher optimal split ratio can be expected
or a higher ONU density.

. Impact of Maximal PON Transmission Distance

The maximal transmission distance of a PON is an-
ther important system constraint that shows impact
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ig. 8. Average cost per user vs. split ratio, circular scenario,
adius=16 km, number of ONUs=500.
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on the total deployment cost. To evaluate the impact,
the following test conditions were assumed. We con-
sider the small circular scenario with radius=16 km.
400 ONUs are assumed to be uniformly randomly dis-
tributed within the circle. The allowed maximal opti-
cal split ratios include 1:4, 1:16, and 1:64. The maxi-
mal differential distance is 20 km. The maximal PON
transmission distances are configured to change
among 16, 18, 20, 24, and 30 km.

Figure 10 shows how the total PON deployment cost
changes with the increase of the PON maximal trans-
mission distance under the RARA approach with cable
conduit sharing. It is not surprising to see that the to-
tal cost decreases with the increase of the maximal
transmission distance, as a longer maximal transmis-
sion distance provides more flexibility and optimiza-
tion opportunities for the design. Also, it is interesting
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Fig. 9. Average cost per user vs. split ratio, annulus scenario,
number of ONUs=700.
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Fig. 10. Total cost vs. maximal PON transmission distance, circu-
lar scenario, radius=16 km, ONU number=400.
o see that there is a saturating trend, which shows a
arginal total cost reduction after the maximal trans-
ission distance has been extended to a certain

ange. Specifically, for the current design scenario,
uch a saturation distance is around 20 km, which im-
lies that after 20 km, a further increase of maximal
ransmission distance will not bring much reduction
n the total cost. It is reasonable since once a trans-

ission distance is sufficient to cover all the users, it
ould not bring any benefit even if the maximal

ransmission distance is further increased.

. Impact of Maximal Differential Distance

The maximal differential distance of a PON can also
ffect the total deployment cost. To evaluate this ef-
ect, we again design the test scenarios as follows. We
onsider the smaller circle scenario, i.e., scenario (i),
ith 400 ONUs uniformly randomly distributed. The
aximal PON transmission distance is set to be

0 km. The maximal optical split ratio is assumed to
hange among 1:4, 1:16, and 1:64. Finally, the maxi-
al differential distance is assumed to range from

rom 4 km to 20 km with 4 km increase for each step.

Figure 11 shows how the total network costs change
ith the increase of maximal differential distance un-
er the RARA+MST approach. It can be found that
he increase of maximum differential distance can
ring some reduction of the total deployment cost,
hich is, however, very marginal. The result thus im-
lies that the total PON deployment cost seems not to
e sensitive to the change of the maximal differential
istance. This is reasonable because all the ONU us-
rs that are connected to a common splitter are often
lose to each other, which does not require a large
aximal differential distance.
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ig. 11. Total cost vs. maximal differential distance, circular sce-
ario, radius=16 km, ONU number=400.
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E. Effectiveness of ONU-Splitter Association
Algorithm

In the RARA approach, there is an important step
that associates ONUs to splitters given a specific set
of splitters. For the association, in addition to the heu-
ristic subroutine as proposed in RARA, we employ the
MILP model described in Section II.B (ignoring con-
straints (8) and (9)) to find an optimal solution for a
medium-size planning scenario, e.g., with up to hun-
dreds of ONUs. This posterior MILP optimization is
termed RARA+MILP. It is carried out based on the
results found by the RARA heuristic, in which a list of
splitters have been found. We used the commercial
software package AMPL/CPLEX to solve the MILP op-
timization model. We consider the small circular sce-
nario, i.e., scenario (i), as a study case, in which the
total number of ONUs is no greater than 500 and the
maximal split ratio is 1:64.

Figure 12 compares the total costs of the two de-
signs, i.e., pure RARA vs. RARA with the posterior
MILP optimization �RARA+MILP�. It is found that
without considering the PON system constraints in-
cluding maximal transmission distance and maximal
differential distance, the pure RARA algorithm can
achieve almost the same performance as that of
RARA+MILP. Their relative performance difference
is less than 1%. When the PON system constraints are
considered, the pure RARA algorithm still performs
well, close to that of RARA+MILP. Their relative dif-
ference is consistently less than 10%. These results
thus verify that the ONU-splitter association algo-
rithm used in RARA is efficient, which can achieve
good solutions, close to the optimal results obtained by
the MILP optimization.

100 200 300 400 500
0.5

1

1.5

2

2.5

3
x 10

4

Number of ONUs

T
ot

al
co

st
in

th
ou

sa
nd

do
lla

rs

RARA (MILP, unconstrained)
RARA (unconstrained)
RARA (MILP)
RARA

Fig. 12. Comparison of the ONU-splitter association algorithm in
RARA and the MILP model for the circular planning scenario with
radius=16 km, split ratio=1:64.
. Disintegrating Large PON Planning Scenarios

RARA+MST is efficient and fast for the design sce-
arios containing several hundreds of ONUs. How-
ver, for a very large planning scenario with thou-
ands or several thousands of ONUs, the computation
ime of RARA+MST is prohibitive. To shorten the
omputation time, one effective way is to divide a
arge planning scenario into several smaller ones. For
xample, given a large circle containing 1400 ONUs,
e may divide this large circle into two parts, includ-

ng one small circle containing 700 ONUs and one
uter annulus containing the remaining 700 ONUs.
hen we apply the approaches proposed in the study

o solve the two smaller scenarios and sum them up to
nd an overall solution to the large circular scenario.
y doing this, we expect that the overall computation

ime can be significantly reduced, while the design
erformance is still close to the design without such
isintegration.
In our study, scenario (iii) is essentially made up of

he combinations of the cases of the small circular
rea, i.e., scenario (i), and the cases of the outer annu-
us, i.e., scenario (ii). To evaluate the effectiveness of
he proposed disintegration method, we compare the
olutions to scenario (iii) with the sums of the solu-
ions to scenarios (i) and (ii).

Under the RARA+MST approach, Fig. 13 shows the
otal costs of the designs without disintegration, i.e.,
cenario (iii), and the designs with disintegration, i.e.,
he sums of scenarios (i) and (ii). We can see that the
esults without disintegration and with disintegration
re very close, while the latter requires much shorter
omputation times. As shown in Table I, the approach
ith disintegration requires only 20% of the time of
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that required by the approach without disintegration
when planning a PON network with 600 ONUs. The
results therefore verify that the disintegration method
is effective for large-size PON deployment.

VI. CONCLUSION

We plan greenfield PON networks to minimize their
total deployment costs. A mathematical optimization
model is developed, which is intractable due to its
nonlinearity and NP-complete feature. Thus, we pro-
pose an efficient heuristic called RARA to find sub-
optimal solutions to the problem. Due to the dominant
cost of trenching and laying fibers, we also exploit the
benefit of cable conduit sharing among different fiber
links to further tune down the deployment cost. The
simulation studies indicate that the RARA approach
is efficient to significantly reduce PON deployment
cost compared to a random-cut sectoring approach.
The simulation studies also show that the effort of
cable conduit sharing can bring up to 20% cost saving
compared to the pure RARA approach.

We also evaluate the effects of PON system con-
straints, including maximal optical split ratio, maxi-
mal transmission distance, and maximal differential
distance. Saturating trends of the PON deployment
cost are observed in PON network planning when in-
creasing the three system parameters. In addition,
the efficiency of the ONU-splitter association subrou-
tine in RARA is evaluated. It is found that the pro-
posed association heuristic is efficient to perform
closely to the MILP approach.

Finally, to shorten the computation time of a large-
PON network design, we develop an approach to dis-
integrate a large size planning scenario into several
small scenarios. It is found that the disintegration ef-
fort can significantly reduce the planning time while
no significant performance is sacrificed.

As a limitation, the current study has considered a
simplified greenfield PON network deployment, in
which only PON system constraints were taken into
account. A more comprehensive future study can also
consider other constraints such as existing routing/
conduits. Moreover, while a single-stage splitter per
PON is a valid assumption, multi-stage PONs are an-

TABLE I
COMPARISON OF COMPUTATION TIMES (HOURS) OF THE

APPROACHES WITH DISINTEGRATION AND WITHOUT DISINTE-
GRATION (600 ONUS)

Computation Times (hours)

Optical split ratio 1:4 1:8 1:16 1:32 1:64
With disintegration 4.93 6.16 7.06 7.93 8
Without disintegration 23.33 31.05 32.77 37.17 34.21
ther interesting topic that shows practice in real
ON deployment. As a first-cut of PON network plan-
ing, we hope this article will spark new research in-
erest in the field.
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APPENDIX A. WEISZFELD’S ALGORITHM

Weiszfeld’s algorithm is an iterative reweight least
quare method, which computes the position of the
eometric median, also known as the Fermat–Weber
oint, for a convex polygon. Though the complexity of
he Fermat–Weber problem itself is not known [12],
he Weiszfeld algorithm is proved to be efficient in
ractice, especially for a small-scale problem. The al-
orithm is proved to be convergent in linear time. The
esudo-code of Weiszfeld’s algorithm is given below:

lgorithm 1 Weiszfeld Algorithm [12]
nput: Set of ONUs U;

1: for i=1 to �U� do
2:

if ��v��U\v�i

v� −v� i

�v� −v� i�
� 
1 then

3: return v� i

4: Select initial solution x0 inside the convex hull
form by U.

5: repeat
6:

x�k+1=�v��U
v�

�v� −x�k�
/�v��U

1
�v� −x�k�

7: Until �x�k−x�k+1 � 
�

8: return x�k+1

In the algorithm, �U� stands for the cardinality of
et U. v� corresponds to an ONU in U, which is a two-
imensional vector embedding the coordinates of the
NU. The for loop (i.e., lines 1–3) is a procedure to

heck whether the Fermat–Weber point coincides with
ny of the ONU positions. The procedure of the
epeat-until loop (i.e., lines 5–7) is an iterative step
o find the Fermat–Weber point, providing that the
oint does not coincide with any of the ONU positions.
he subscript k of x�k is an iteration counter.
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