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Passive Optical Network Layout in Manhattan
Samee Ullah Khan

Abstract— In this paper, we discuss the Passive Optical Net-
work (PON) deployment on an arbitrary grid. We show that
this problem in general is NP–hard. We propose an algorithm,
which guarantees a solution of 3–approximation to the optimal
deployment, and further argue that this is the best lower bound
achievable in our case.

Index Terms— Optimization methods, optical fiber communi-
cation, passive optical network, optical access network.

I. I NTRODUCTION

T HE “last mile problem” is often thebottleneckin pro-
viding efficient and cost effective service to the end–

users. Not only must the carries satisfy today’s ever growing
bandwidth demands by leveraging the limits of existing in-
frastructure, but also must plan for future subscriber needs. A
new network infrastructure that allows more bandwidth, quick
provision of services, and guaranteed QoS in a cost–effective
and efficient manner is required [3].

The access lines that provide the users with a medium of
communications have diversified in the recent times. High
speed data communication services such as Asymmetric Dig-
ital Subscriber Line (ADSL) that uses metal wires, voice/
data communications services that use CATV networks, and
wireless devices such as portable phones, are giving users/
vendors a wide range of media choices. PON has been
considered the best choice for cost–effective delivery of high
bandwidth data directly to the customers. Employing PON
technology in Fiber To The Home (FTTH) architecture, makes
quality, high–speed, and cost–effectiveness possible. Moreover
coupling it with ATM technology, makes Quality of Service
(QoS) answerable for users [2].

A basic architecture of PON is shown in Figure 1. The main
component of PON is an optical splitter device. Depending on
which direction the light is travelling, it splits the incoming
light and distributes it to multiple fibers towards Optical
Network Termination (ONT), or combines it into one towards
Optical Line Terminal (OLT) [1]. The PON when included in
the FTTH architecture, runs an optical fiber from the Central
Office (CO) to an optical splitter and on into an ONT which
then distributes it to the subscriber’s location. The OLT is
mostly located in the CO, or sometimes in an outside plant,
or in a building. Fiber To The Cabinet (FTTCab) architecture
runs an optical fiber from the CO to an optical splitter and
then onto the Optical Network Unit (ONU), where the signal
is converted to feed the subscribers over a twisted copper pair.
The PON technology uses a double–star architecture. The first
star topology centers at the OLT, and the second at the optical
splitter.
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Fig. 1. Basic PON System Architecture

II. PROBLEM DESCRIPTION

We can formulate the problem of optimal PON Network
Layout (PNL) as a graph theoretical problem. Consider a graph
G(V,E), such thatV represent the physical locations of the
subscriber’s, CO, and another location acquired by the CO
to expand its network, andE represent the communication
lines between twoVi’s. If there is no direct communication
line c(i, j) betweenVi andVj , we consider the shortest path
between them measured in terms of simple distance or cost
constraints. Without the loss of generality we assume that
c(i, j) = c(j, i). For simplicity we do not further sub–divide
V into the obvious categories that represent the locations of
OLT, ONT, CO, optical splitters and the subscribers. We can
now formulate the PNL problem as follows:
“Given an undirected graphG, find the locations of ONTs and
splitters such that the cost of the equipment is minimized and
for QoS the maximum distance from an ONT to a splitter and
from a splitter to the OLT is minimized”.

We assume that the OLT is residing inside the CO. The
problem definition does not consider the optimization of ONT
to the customer premises. This is due to the fact that the
distance from ONT to the premises is negligibly small, and
fault tolerance for a failed ONT can be answered by replacing
the connection from a nearby ONT. We will treat ONT and
ONU as more or less the same entity.

A. Preliminaries

In this section, we will define the terms and conditions
necessary for deriving the proof of NP–hardness and our
proposed algorithm.

Definition 1: A dominating set (dom(G)) of a graphG is
a subset (S ⊂ V ) such that every vertex inV − S is adjacent
to a vertex in S. Computing adom(G) is NP–hard.

Definition 2: A square of a graphG, G2 is a graph
containing an edge(u, v) wheneverG has a path of length
two betweenu andv, andu 6= v.

Definition 3: A star graph is a tree onn + 1 nodes with
one node having vertex degree ofn and the others having
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vertex degree 1.

Definition 4: An independent set (I) of a graphG is a
subset of the vertices such that no two vertices in the subset
represent an edge ofG. The cardinality of the independent
set is the measure of the number of vertices included in the
set, i.e.|V |.

Definition 5: The maximal independent set (M ) of a graph
is maximum cardinality of a set of vertices such that no two
vertices in the subset represent an edge ofG.

B. PNL is Hard

Essentially our problem definition consists of two major
optimization steps, i.e. ONT to splitters and splitters to
the OLT. Showing the hardness of the problem over one
optimization step would be sufficient to show that the over
all the problem is hard. If we consider the optimization of
the first phase of the problem, i.e. minimize the maximum
distance of ONTs to the splitters and reduce the cost of the
equipment, this can be solved by associating cost to vertices
V (equipment cost) and edgesE (fiber cost). Thus the
problem reduces to finding the smallest number of minimum
cost edges from a splitter to an ONT, such that the chosen set
of edges identify vertices that connect in a min–max fashion.

Lemma 1:PNL problem is at least as hard as to find the
minimum dom(G).
Proof: Suppose that the edges are indexed in ascending order
of associated cost, i.e.coste1 ≤ coste2 .... ≤ costem , than
dom(G) would denote the size of the minimum cardinality
dominating set inG. Thus solving PNL problem is no less
easier than finding thedom(G) [4].

III. O UR APPROACH

Here we describe our PNL algorithm. As mentioned in
section II-B, the PNL problem is a two–step optimization
problem. The first part deals with the location estimation
of ONTs. This step we only concentrate on minimizing
the fiber length and not the ONT equipment cost, since
ONTs are not costly and they should be widely distributed
in order to incorporate the random incursion and removal
of subscribers. The second step takes as input the locations
of ONT’s which are used to optimize the splitter locations
and reduce both the fiber and equipment cost. We assume
that the edges of the graphG have the triangle inequality
property. Lets(u) denote the lightest neighbor ofu in I. Let
S = {s(u)|u ∈ M}. Thus,S represents the set of weighted
verticesw(v) such that once picked, they form a clique in
graphG. The input to the PNL algorithm would be simple
the graphG andk which is the number of clustered population.

Lemma 2:The PNL algorithm is complete and will identify
a solution, if there exists one.
Proof: The first part of the algorithm lines 1–5 (optimizing
ONT locations), is based on the fact that|I| ≤ dom(G). Let
D be the minimum dominating set in a graphG. Then, in the

worst caseG contains|D| stars spanning all vertices. Since
each of these stars would form a clique inG2, therefore,G2

has at least|D| cliques spanning all the vertices. Thus, one
can pick at most one and only vertex from each clique. The
second part of the algorithm lines 6–12 (optimizing ONT to
splitter), works the same way as the first part except that now
in the weighted graph the neighbors are picked inG and not
in G2.

PNL Algorithm
Input: G andk.
Output:G′ (Final PNL).

1. ConstructG2
1 ,G2

2 , ....,G2
m.

2. ComputeMi in eachG2
i .

3. Find the smallest indexi so that|Mi| ≤ k, sayMj .
4. Construct backGj from Mj .
5. InputGj and |Mj | for step 5.
6. ConstructG2

1j ,G2
2j , ....,G2

mj .
7. ComputeMij in eachG2

ij .
8. ComputeSi = {si(u)|u ∈ Mij}.
9. Find the minimum indexi so thatw(Si) ≤ w(D), saySj .
10. ReturnSj .
11. ComputeG′ = minMij maxsi(u)

∑|Sj |
i=0 .

12. ReturnG′.

Lemma 3: If a solution is identifiable, the PNL algorithm
computes the solution inO(n5).
Proof: The bottleneck is computing the square of the sub-
graphs in steps 1 and 6 computable inO(n3), that are used to
identify the maximal independent set. Maximal independent
set can be identified inO(n2). Since these two operations are
interdependent, we cannot simply parallelize them. Thus, the
overall running time isO(n5).
Although the running time ofO(n5) is high, we argue that
PNL algorithm will be used at initial layout of the network. If
so, it is worth spending time to optimally and cost-effectively
deploy a passive optical network.

Lemma 4:The PNL algorithm has a lower bound of 3–
approximation to the optimal algorithm.
Proof: The key observation is thatI in a graph also forms
the dom(G). If a vertex v is not dominated byI, then I ∪
{v} would formI, contradicting definition 3. Thus, there exist
starts (Definition 3) inG2

j , such that their centers lay onMj

and covering all the vertices. By the assumption that triangle
inequality holds, these stars would use edges of cost at most
2 · cost(ej). Moreover each star center would be adjacent to a
vertex inSj , using an edge of cost at most2 · cost(ej). Thus,
forcing to move each center to the adjacent vertex inSj , and in
turn redefining the stars. Since the edge costs exhibit triangle
inequality, the largest edge cost in constructing the stars is at
most3 · cost(ej).

IV. EXPERIMENT AND DISCUSSION

We evaluated our proposed algorithm, from the point of
view of saving the fiber and equipment cost. We also identified
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the relationship between the splitters, ONT’s and the fiber
length being used during the experiment run. We considered
a 10 sq. milesManhattangrid with 50m. apart streets. The
choice of Manhattan grid was due to the fact that PNL
algorithm will fail if the layout is performed on an arbi-
trary graph whose edges do not show triangle inequality
(Definition 3). The locale was populated with 20K personnel
(random distribution), clustered into small, medium and large
businesses. We assumed that small business has on average
6 personnel, medium has 60 and large franchise has 2000
employees on average. The assumed simulated traffic per
person per business type can be seen in table I. Fiber cost was
assumed to be $100/m, ONT at $50/unit, splitter at $600/unit
and OLT at $250/unit. To evaluate our solution quality, we

TABLE I

TRAFFIC SIMULATION PATTERNS

Type Traffic

Small Business Medium Business Large Business

Voice − − −
Web 0.9MB 1.35MB 1.8MB

E–mail 15kB 150kB 500kB

FTP 5MB 7MB 7MB

Fax 4kB 4.8kB 4.8kB

Total/person 5.919MB 8.505MB 9.3045MB

Total/busines 35.514MB 510.3MB 18609MB

first generated a random network layout. The main purpose
was to compare PNL algorithm with arbitrary layouts. The
parameters such as the number of ONTs, splitters, OLT and
the fiber used were observed. In the second phase we ran
our proposed algorithm to generate the network layout. The
difference (drop/ increase) in solution quality was observed.
For the evaluation of each parameter, i.e. maximum allowable
fiber, ONT deployment distance etc., we generate a total of
5 different random network layouts. The average fiber used,
ONTs and splitters were recorded in all the 5 runs, to have a
comprehensive comparison with our proposed algorithm.

In the first series of experiments we evaluated the general
pattern observed by our proposed algorithm. Figure 2, shows

Fig. 2. ONT Distance vs. Fiber Length.

the relationship between the fiber length and the number of
splitters used. The number of splitters is directly related to the
splitting number. Thus, more splitters would guarantee higher
branching factor in the network and which in turn would
guarantee extra fiber usage. The maximum distance allowable

for the placement of ONT was varied from 1km to 5km. A
consistence increase was observed with the decrease in the al-
lowable ONT distances. The next two experiments (Figures 3–

Fig. 3. Allowable Fiber vs. No. of Splitters Saved.

4) were used to evaluate the fiber and number of splitters
being saved as compared to that of the randomized network
layout placement. For each run, the average of 5 random
layouts was compared with PNL algorithm. On average the
PNL algorithm saved 14–59% splitters being used and 13–64%
fiber dependent on the constraints on the maximum allowable
fiber and maximum allowable distance of ONT placements
respectively.

Fig. 4. No. of Splitters vs. Fiber Saved.

V. CONCLUSIONS

We proposed a 3–optimal algorithm for the generalized
Passive Optical Network Layout (PNL) problem. The exper-
imental results revealed significant saves in fiber, ONT and
reduce branching factor as compared to random layouts.
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