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Abstract—Smart meters are responsible for keeping track of
user energy consumption in a smart grid infrastructure. This data
is periodically sent to one or more data aggregation points (DAPs),
typically via wireless communication. Efficiently choosing the best
positions for installing DAPs is an NP-Complete problem and
therefore a difficult task, specially in big cities that may contain
thousands of smart meters in a single neighborhood. Nevertheless,
network planning has a major impact on network performance.
This work proposes a reduction of the DAP positioning prob-
lem to a problem in the optimization area known as the Set
Covering and a heuristic to solve it. This reduction considers
a pre-processed subset of reliable links estimated based on the
neighborhood characteristics, device’s communication technology,
antenna heights and transmission rate. The obtained solution
corresponds to the least number of DAPs, and its positions,
necessary to cover an entire neighborhood. Our heuristic divides
the problem in smaller independent sets that are solved separately
and united afterwards. A post-optimization method is also applied
in order to improve the heuristic’s solution. Heuristic and linear
programming techniques are compared and results show that
our heuristic is capable of obtaining solutions 0.05% close to the
optimal while reducing both the execution time and the memory
consumption by 2.27 and 8.14 times, respectively. Additionally,
our heuristic was able to obtain results for large instances where
the optimal solution failed due to insufficient memory.

I. INTRODUCTION

Smart Grids are the evolution of the current electrical
grid and allow data communication among consumers, dis-
tributors, transmitters and electrical power producers [1]. This
communication allows energy companies to use information
sent by consumers to optimize the generation, transmission
and energy distribution. In order to operate, however, Smart
Grids require the installation of smart meters at the sub-
scribers’ homes and of data aggregator points (DAPs) at
the distribution network. In this work we consider the street
electrical poles as potential DAP deployment positions. DAPs
are equipped with communication interfaces and are part of the
advanced metering infrastructure (AMI) [2]. In a Smart Grid,
each residence contains a smart meter responsible for storing
detailed information about its electrical power consumption.
Data collected by these meters are periodically transmitted
to one or more DAPs, typically via wireless communication.
DAPs transmit the collected data from the neighborhood to the
power distribution company via long-distance communication
technologies. There is no standard on which communication
technology should be used between meters and DAPs nor
between DAPs and provider. For the former, short and medium
distance communication standards such as IEEE 802.15.4

and IEEE 802.11 can be used. For the latter, longer range
technologies such as GPRS, 3G cellular network, LTE, 4G or
IEEE 802.16 (WiMAX) are recommended [3].

One of the greatest challenges for an AMI deployment
is to properly plan the DAPs positions. The manual analysis
of the best DAPs positions is costly and hard to execute in
practice, especially in dense neighborhoods. Planning an entire
city, for example, involves considering millions of meters,
one for each residence. This work proposes a heuristic that
automatically determines DAPs positions in a Smart Grid. For
a given neighborhood the geographical positions of deployed
meters along with the geographical positions of possible DAP
installation points are reducted to an NP-Complete optimiza-
tion problem known as Set Covering Problem (SCP) [4]. This
reduction is possible because the communication load between
meters and DAPs is negligible. Therefore, the main objective
of a Smart Grid planning is to place DAPs in order that all
smart meters are covered. By solving the SCP it is possible
to obtain the minimum number of DAPs needed, as well as
its deployment positions. We propose to solve the SCP by
dividing it into smaller subsets that are solved separately by an
exact method. The union of these subsets compose the solution
to the problem as a whole. A post-optimization method is
also applied to improve the heuristic’s solution. Results show
that the proposed heuristic provides a multifold reduction in
terms of memory requirements and execution time while still
achieving near optimal solutions.

The remaining of this work is organized as follows.
Section II explains the concept of an advanced metering
infrastructure. Related work is presented in Section III. Sec-
tion IV describes the mathematical formulation of the Set
Covering Problem and how the Smart Grid planning with and
without multiple hops is reducted to it. Section V explains
the methodology proposed to solve the reducted problem.
Section VI evaluates the performance of the proposed heuristic
and discusses the advantages of employing multiple hops.
Finally, Section VII concludes this paper and presents some
future work.

II. THE ADVANCED METERING INFRASTRUCTURE

The Advanced Metering Infrastructure (AMI) [2] aims at
providing communication between consumers and the power
distributor. DAPs act as intermediary nodes, connecting smart
meters to a power distribution center. On the other hand, this
infrastructure also allows power distributors to obtain detailed
information of the power consumption of its users, ensuring a



greater control in the power distribution and avoiding energy
waste. AMI allows consumers to obtain information regarding
the electrical grid status, verifying power rates and consump-
tion in real time.

The main challenge of an AMI is to efficiently connect the
smart devices without excessive costs for the communication
infrastructure. For this reason, it is recommended that the
communication between AMI devices occur via the wireless
medium [5]. Figure 1 shows an example of AMI. The meters
of each residence, represented by circles in this figure, connect
to a DAP that forwards the meter generated data to the
power distributor using a long distance technology. The DAPs,
represented as triangles, can be deployed on any electric poles,
as shown in the figure.

Fig. 1. An example of advanced metering infrastructure.

This work assumes that the communication between meters
and DAPs happen exclusively through the wireless medium.
Communication between DAPs and power distribution centers
is out of the scope of this work. We consider that all DAPs
are capable of forwarding data generated by meters.

III. RELATED WORK

Souza et al. propose a positioning mechanism for DAPs in
an RF-Mesh network [6]. Their work introduces an algorithm
that identifies the best position to install these DAPs based on
the number of hops obtained from the Breadh-First Search,
Dijkstra and Bellman-Ford methods. The best positions are
obtained through an exhaustive search that compares the num-
ber of hops for each possible installation site. Additionally, this
algorithm allows the positioning of more than one DAP. In this
case, the K-means clustering method is executed previously,
dividing the meters into clusters. For each cluster, the exhaus-
tive search is executed considering the closest positions to its
center. The authors also propose a mathematical formulation
for the problem and are able to solve it through Binary Linear
Programming, having as input the number of DAPs that will
be used.

The disadvantage of this work is the need to previously
indicate the number of DAPs that must be used. Finding the
least number of DAPs needed and its positions is not trivial.
Such number is considered in the work of Aalamifar et al [7],

which proposes an reduction of the DAP positioning problem
to a facility location problem [8] and a heuristic to solve
it based on the K-means algorithm. The reducted problem
focuses on positioning the least number of DAPs on electric
poles while considering both installation and transmission
costs. In addition to finding the least DAPs necessary, the
proposed problem also focuses on minimizing the communica-
tion’s link path loss between meters and DAPs. However, the
mathematical formulation of this condition makes the problem
computationally complex, which is an obstacle when searching
for the optimal solution, especially in city-sized instances that
may contain thousands of meters and electric poles to consider.

In order to reduce the problem’s complexity, the solution
proposed in this paper executes a pre-processing which filters
the links between meters and poles thus creating a subset of
reliable links. Consequently, there is no need to formulate
the path loss minimization since the coverage information is
based on this pre-processed subset. This pre-processing allows
the DAP positioning problem to be reducted to a simple
Set Covering Problem. The pre-processing and reduction are
addressed in the following sections.

IV. THE SET COVERING PROBLEM: FORMULATION AND
REDUCTION

In a Smart Grid, meters generate negligible amount of
load on a network, of the order of a 2400-byte packet every
240 minutes, as indicated by NIST [9]. Therefore, the main
objective of a Smart Grid planning is to ensure that all meters
can establish a reliable communication to one or more DAPs.
This is one of the motivations to formulate this problem as
an SCP. The rest of this section explains the Set Covering
Problem and discusses how the automatic planning of DAPs
in Smart Grids is reducted to it.

A. SCP Mathematical Formulation

The classic SCP is described as follows: given a set M , of
size m, and n subsets Sj ⊆M , where j ∈ N = 1, ..., n, each
containing a non-negative cost cj , the objective is to select
one or more subsets Sj , such that each element of M belongs
to at least one of these subsets, while minimizing the sum of
the costs. A mathematical formulation of this problem is as
follows:

min

n∑
j=1

cj · xj (1)

Subject to:∑
j∈N

aijxj ≥ 1, i ∈M (2)

xj ∈ 0, 1, j ∈ N. (3)

The xj decision variable is equal to 1 if the Sj subset
belongs to the solution and 0 if not. The aij coefficient is
equal to 1 if the element i belong to Sj and 0 otherwise. The
matrix A = (aij), i = 1, ...,m , j = 1, ..., n, is called coverage
matrix. In the coverage matrix each line represents an element



to be covered and each column represents a subset. Restriction
1 guarantees that every element of the M set is covered by
at least one subset. The minimization function includes the cj
variable which indicates the cost of choosing a given subset.
This work addresses a variation of the SCP known as the
unique cost SCP, introduced by Toregas et al. [10]. For this
reason, variable cj assumes a constant value because the cost
of choosing any subset is identical and does not affect the
minimization function. However, in a Smart Grid planning it
is possible that some poles are preferable installation points
than others. In this case, for example, the cj variable may be
used to qualify each pole regarding an electrical company’s
desire to install a DAP on it.

Figure 2 exemplifies an SCP coverage matrix. To solve the
problem, the goal is to select the minimum possible number of
columns such that every line is covered. A line L is covered
by a column C if the pair (L,C) is represented by the value
1. Note that for this example, Columns 0, 1 and 2 cover all
lines of the problem, thus representing a feasible solution. The
objective of the SCP, however, is to minimize the number
of subsets in the solution. Columns 0 and 3 compose the
minimum number of possible columns in order to cover every
line, thus representing the optimal solution for the presented
example.

Fig. 2. A Set Covering Problem coverage matrix.

B. Reduction: The DAP planning problem as an SCP

In an SCP the elements to be covered are the smart meters
and the subsets are composed by the meters that can be covered
by placing a DAP in a certain pole. As in the example in
Figure 2, meters can be identified by lines and the electrical
poles by columns. When the minimum number of columns is
determined, it is possible to obtain in which electrical poles
DAPs must be deployed, thus covering all possible meters.

In order to create the coverage matrix it is necessary to
estimate which meter is capable of establishing a reliable
communication with which pole assuming a DAP is deployed
on it. This estimation is important because it dictates how
close the SCP is to a real scenario. If this estimation is poorly
calculated, the optimal solution of the generated SCP will be
unreliable. As mentioned in Section III, we execute a pre-
processing to determine a subset of reliable links that will
be used to create the SCP. In this way, it is not necessary to
extend the SCP with a path loss minimization factor, since only
reliable links which guarantee communication are considered.
Therefore, the optimization problem itself remains simple.

The communication link estimation is based on the Suc-
cessful Delivery Rate (SDR) [11]. SDR is computed according
to the chosen technology, the transmission power, the operation
scenario and the distance between devices. More specifically,
SDR is obtained from the bit error rate (BER). The BER, in

turn, is obtained from the spectral density of the noise and
energy per bit. The noise spectral density can be estimated for
each scenario or, for better accuracy, measured in the receiver
proximity. The energy per bit of the signal is representative of
the level of signal power at the receiver. The signal strength
at the receiver is equal to the power of the transmitter signal
subtracted from the link attenuation. For simplicity, losses on
cabling and connectors are considered to be compensated by
the low directivity gain of the antennas. The link attenuation
is calculated according to the frequency, the antenna heights,
the distance between nodes and the specific scenario. To
calculate this loss we employ the Extended Hata SRD [12]
propagation model which is suitable for long distances and for
short range devices (up to 100 m). Other propagation models
were studied such as the Okumura-Hata, Hata COST 231
and the Walfisch-Ikegami. The first two models are applicable
only when distances exceed 1 km, the third model requires
many parameters that are difficult to obtain in practice such
as streets’ average width and separation of buildings. We
consider three types of scenario: urban, suburban and rural, as
recommended by the ITU-R SM. 2028-1 [13]. Further details
of the above calculations are presented in [14].

The subset of reliable links are composed of links with
SDR superior to 90%. The value of 90% was chosen precisely
to filter unreliable links. This value can be easily changed and
directly impacts the SCP’s solution accuracy. For example, if
such limit is lowered to 70% the planning will consider that
a DAP is able to cover farther meters and consequently the
number of DAPs on the solution tends to drop when compared
to a solution with a SDR limit of 90%. However, the increased
range of communication provided by the decreased SDR limit
may correspond to a poor, or even nonexistent, communication
link in real scenarios that are not well represented by this
propagation model.

It is important to notice that the subset of reliable links
calculated can be visualized as connections between a pole and
the meters in its range. The pole’s range indicates that all me-
ters inside it are capable of establishing a reliable connection
to a DAP placed on it. To reduct the DAP positioning problem
to an SCP it is necessary to obtain the geographical positions
of meters and poles in order to create the coverage matrix. For
each pole, we verify which meters are capable of establishing
a reliable connection to it. This is equivalent to verifying
witch meters are within a pole’s range. Meters that satisfy
these conditions are represented by 1 (0 is assigned otherwise).
Figure 3 exemplifies this process. The transmission ranges are
represented by dashed circles, meters are represented by filled
circles and poles by filled triangles. The resultant coverage
matrix is also illustrated. Note that the meters inside the
coverage range of a DAP are identified by the value 1 and
those outside its range by 0.

Analogously, it is possible to construct the coverage matrix
considering multiple hops. We have to consider that meters are
capable of acting as relay nodes allowing DAPs to reach meters
which, otherwise, would be unreachable. Given a pole and its
reachable meters, we consider that the pole also reaches all
meters that have these reachable meters as neighbor. Figure 4
compares the coverage matrix using 1 and 2 hops. Using 2
hops, the meter M1 is capable of reaching its neighbor M2.
Therefore, we consider that the DAP P1 covers M2 using 2



Fig. 3. An example of a coverage matrix based on the meters and poles
positions.

Fig. 4. Coverage matrix comparison with and without multiple hops.

hops. This construction is adaptable to consider any number
of hops. If a maximum of 3 hops were to be considered on
the above example meter M3 would be covered using both M1
and M2 as intermediary nodes.

V. THE PROPOSED HEURISTIC

The SCP can be solved by using a linear programming
solver, such as the CPLEX [15] or the GLPK [16]. These
methods return the optimal solution but need a great amount
of memory and processing capability, depending on the size
and complexity of the problem. An alternative approach is to
develop a heuristic. Heuristics do not guarantee the optimal
solution but are often capable of obtaining good results re-
quiring less computational resources and in shorter execution
time.

The SCP modelled for the DAP planning in Smart Grids
follows a geographic pattern, i.e, meters reachable by a pole
are limited to a region around it. Solvers use the problem
characteristics to define a series of restrictions, limiting the
solution group to obtain the optimal solution through trial-
and-error. It is not the objective of this work to explain how a
solver works. The mentioned geographic pattern characterizes
the SCP as an Euclidean SCP. Yelbay et al. [17] explains that
Euclidean SCPs present small complexity and that the progress
of solvers over the years allowed them to be rapidly solved.
Indeed, such characteristic can be observed in the following

example. The OR-Library [18] provides many instances for
different optimization scenarios. The smallest SCP instance
containing 200 elements and 1000 subsets was submitted to
the GLPK solver. In 9 hours of execution the optimal solution
was still not found. An SCP instance created based on a Smart
Grid scenario, with real poles positions offered by the power
distribution company CELESC, containing 9997 meters, 750
poles was submitted to the GLPK solver in the same computer
and the optimal solution was found in 31.56 seconds.

However, for a larger instance containing 29002 meters
and 12140 poles the solver, running on machine with 16 GB
RAM, couldn’t obtain the solution due to insufficient memory.
The geographical arrangement and the limited reach of DAPs
allow the SCPs created after Smart Grids to be processed in
short time by the solver but the amount of memory needed may
become a limiter. It is useless to have high processing capacity
if the high memory requirements prevent its execution.

The proposed heuristic takes advantage of the characteris-
tics mentioned above and a grid with fixed size cells. The prob-
lem is divided in smaller parts which are independently applied
to the exact method. For each cell, an SCP is created from the
meters and poles of this cell plus the poles of the neighbor
cells. The poles from neighbor cells are utilized to increase the
degree of choice during the execution. The union of all cells
solutions compose the solution to the initial complete problem.
This solution is then submitted to a post-optimization method
for refinement. Figure 5 shows the heuristic division procedure.
The initial problem, shown as P1, is divided into a grid G. For
each cell of this grid, a sub-problem is created with the meters
and poles of a cell plus the poles of the neighbor cells. The
cell C1 generates the sub-problem S1, C2 generates the sub-
problem S2 and C3 generates the S3. Each sub-problem is
optimally solved. The union of the results for S1, S2 and S3
composes the solution to the problem P1.

Fig. 5. Division process of the proposed Heuristic.

A. Post-optimization Method

Naturally, the optimal solution of each cell is not necessar-
ily part of the optimal solution of the complete problem. There



is a high chance of redundant DAPs on the solution, mainly at
the borders of each cell. Hence, we propose a post-optimization
method that aims at reducing these redundancies by finding a
pole position that can replace 2 or more already placed DAPs.
Algorithm 1 shows the post-optimization pseudo-code.

input : Solution
output: Optimized Solution

1 succeded ← true ;
2 while succeeded do
3 succeded ← false ;
4 foreach pole 6∈ Solution do
5 replaceablePoles ← {};
6 foreach selectedPole ∈ Solution do
7 if selectedPole can be removed then
8 replaceablePoles ← replaceablePoles ∪

{selectedPole};
9 end

10 end
11 if |replaceablePoles| ≥ 2 then
12 foreach toReplace ∈ replaceablePoles do
13 Solution ← Solution − {toReplace};
14 end
15 Solution ← Solution ∪ {pole};
16 succeeded ← true;
17 break;
18 end
19 end
20 end

Algorithm 1: Post-optimization algorithm

The input solution comprises all poles selected by the first
stage of the heuristic. The post-optimization method checks
for each pole that does not take part in the solution (line 4) if
there is a set of 2 or more selected poles that can be removed
if the analyzed pole becomes selected. A pole can be removed
(line 7) if no meter becomes uncovered when the replacement
occurs. If such set exists (line 11), the replacement occurs
(lines 12 to 15) and the process restarts from the beginning.
If the number of selected poles is no longer reducible, the
post-optimization finishes.

VI. RESULTS

The goals of the following evaluation is to compare the
performance of the proposed heuristic with the linear program-
ming exact method with regards to execution time, quality of
the solution (i.e. the number of required DAPs) and the mem-
ory requirements. The utilized solver was GLPK. All methods
were executed on only one thread on a 3 GHz Intel Core
i5 CPU with 8 GB of RAM memory. Instance characteristics
and results are shown in the following subsections. All tests
considered IEEE 802.11g devices transmitting at 20 dBm with
a fixed 6 Mb/s rate.

A parameter of the proposed heuristic is the cell size.
In order to differentiate executions with different cell sizes,
we employ the notation GP <cell size> in our results. For
example, GP 100 uses cells with 100x100 m2 dimension.
The GLPK was chosen as the solver to be used in each
cell. The instances dimensions are represented by <number
of meters x number of poles>. E.T indicates the execution

time in seconds. S.Q indicates the solution quality given in the
number of DAPs necessary to cover the entire neighborhood.
The acronym M.A.M indicates the maximum RAM allocated
memory in megabytes. A.R indicates the average redundancy
of all meters. We consider that a meter’s redundancy is the
number of DAPs that covers it. There are two values for each
GP result, the column on the right indicates the results with
post-optimization and the column on the left without it. Notice
that the M.A.M is the same for both columns because the
post-optimization method does not interfere on the maximum
memory needed. For the multi-hop tests M&Q(hop) represents
the number of covered meters per hop followed by the average
link quality per hop. For example, the value 820(96.56%) in the
M&Q(2) line represents that the planning covered 820 meters
with 2 hops and the average successful delivery rate (SDR)
of all 2-hop links is 96.56%. The SDR of multi-hop meters
is calculated by multiplying the SDR percentage of all links
in the path needed to reach the DAP. The average SDR is
omitted in the results without multiple hops because it was
approximately 99% for all instances and grid sizes.

A. Floripa Instance

The Floripa instance was created based on real geographi-
cal positions of electric poles in a neighborhood in the city
of Florianópolis, Brazil. Pole positions and the number of
clients in this neighborhood were obtained from the power
distribution company CELESC. Based on these values, the
instance of Floripa contains a total of 12140 electrical poles
and 29002 meters. Figure 6 shows this region. To increase
and diversify the evaluation, the Floripa instance was divided
in 4 sub-instances in an additive fashion. For example, the
second sub-instance is composed of the first plus a new set
of meters and poles from the original instance, the third sub-
instance includes the second and so on. The fourth sub-instance
is the complete instance, containing all 12140 poles and 29002
meters. The dimension of each sub-instance was determined
so the results could be based upon small, medium and large
instances. Due to its density, we consider this instance as an
urban scenario.

Fig. 6. Meter distribution for the Floripa instance.



Table I shows the planning results without the multiple
hops technique. With larger cell dimensions, the proposed
method obtains greater information about the neighborhood as
a whole and consequently is capable of generating solutions
closer to the optimal. However, the greater the cell size the
greater the memory requirements and the execution time. In
the complete instance, the exact method wasn’t capable of
obtaining a solution, exceeding the RAM memory capacity.
On the other hand, the GP 100 obtained the worst solution
qualities, even though using significantly less memory and
execution times. In smaller instances the post-optimization
method had little or none impact in both solution quality and
execution time. The greater the instance dimension the more
evident the post-optimization impact becomes. For the GP 100
in the complete instance, for example, the number of DAPs
dropped 6.5% with an addition of 22 seconds to the execution
time.

Naturally, the higher the solution’s number of DAPs the
higher the chance of an average redundancy increase. We
have already extended the SCP’s formulation presented on
Section IV to consider a minimum redundancy requirement but
computational tests are still under way. This new formulation,
however, demands an increased number of DAPs on the
solution to meet such requirement.

TABLE I. FLORIPA INSTANCE RESULTS WITHOUT MULTIPLE HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

4967
x

354

E.T
(s) 2.53 2.79 4.64 5.21 6.58 6.7 6.28

S.Q
(DAPs) 314 = 311 = 311 = 311

M.A.M
(MB) 1.40 41.20 118.00 275.40

A.R 1.19 = 1.18 = 1.18 = 1.19

9997
x

750

E.T
(s) 5.80 5.54 9.94 10.32 24.32 22.64 30.06

S.Q
(DAPs) 640 637 636 = 636 = 636

M.A.M
(MB) 2.00 76.00 307.89 1162.70

A.R 1.13 = 1.13 = 1.13 = 1.14

14991
x

1872

E.T
(s) 14.79 15.68 21.79 24.68 45.46 46.54 120.49

S.Q
(DAPs) 1413 1403 1393 1390 1388 1387 1383

M.A.M
(MB) 2.8 134.89 531.29 4331.10

A.R 1.16 1.15 1.15 1.15 1.15 1.14 1.14

29002
x

12140

E.T
(s) 45.54 67.79 258.62 268.68 583.32 604.96 *

S.Q
(DAPs) 3238 3038 3030 2986 3009 2981 *

M.A.M
(MB) 27.50 1262.59 5287.20 *

A.R 1.45 1.30 1.32 1.29 1.32 1.29 *
∗The method couldn’t obtain a result due to insufficient memory.

Table II shows the planning results considering a maximum
of 4 hops from meter to DAP. Comparing Tables I and II,
the results indicate that the multiple hops technique greatly
reduces the number of DAPs necessary to cover a region. For
the complete Floripa instance, there is a drop from 2981 to
1570 selected poles, indicating a reduction of 89.9%. Though
the quality of meters tend to drop when increasing the number
of hops, the results show that the average successful delivery
rate is kept above 90%, with only one exception at the GP 100
with post-optimization in the 4967x354 instance.

B. Niterói Instance

The Niterói instance is based on the real positions of streets
and houses at the neighborhoods of Icaraı́ and São Francisco
in the city of Niterói, Brazil. Meters were distributed along the

TABLE II. FLORIPA INSTANCE RESULTS WITH 4 HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

4967
x

354

E.T
(s) 2.87 3.98 5.64 6.64 7.05 8.15 7.25

S.Q
(DAPs) 233 206 198 192 194 190 190

M.A.M
(MB) 1.50 41.50 119.09 277.70

A.R 1.42 1.21 1.14 1.08 1.10 1.06 1.06
M&Q

(1)
3828

(99.9%)
3399

(99.9%)
3526

(99.9%)
3485

(99.9%)
3475

(99.9%)
3472

(99.9%)
3395

(99.9%)
M&Q

(2)
909

(96.2%)
1099

(96.2%)
981

(96.7%)
962

(96.5%)
1005

(96.7%)
972

(96.6%)
971

(96.5%)
M&Q

(3)
224

(95.9%)
380

(96.2%)
413

(96.2%)
453

(95.8%)
440

(96.2%)
467

(95.8%)
527

(95.9%)
M&Q

(4)
6

(98.5%)
89

(89.8%)
47

(94.6%)
67

(93.1%)
47

(94.6%)
56

(94.2%)
74

(94.9%)

9997
x

750

E.T
(s) 9.95 17.21 15.40 23.45 25.57 35.35 36.98

S.Q
(DAPs) 503 455 437 429 430 426 422

M.A.M
(MB) 2.3 71.09 306.50 1167.19

A.R 1.49 1.19 1.07 1.03 1.04 1.02 1.02
M&Q

(1)
8320

(99.9%)
7509

(99.9%)
6993

(99.9%)
6877

(99.9%)
6927

(99.9%)
6849

(99.9%)
6785

(99.9%)
M&Q

(2)
1263

(96.8%)
1548

(96.6%)
1513

(97.0%)
1488

(96.9%)
1537

(96.9%)
1507

(96.9%)
1583

(96.8%)
M&Q

(3)
344

(96.6%)
734

(95.2%)
1154

(95.8%)
1261

(95.6%)
1195

(95.6%)
1272

(95.6%)
1281

(95.7%)
M&Q

(4)
70

(95.2%)
206

(9.34%)
337

(92.5%)
371

(92.2%)
338

(92.4%)
369

(92.2%)
348

(92.2%)

14991
x

1872

E.T
(s) 15.39 19.62 31.58 37.35 60.32 65.60 149.30

S.Q
(DAPs) 1154 1077 1048 1031 1036 1030 1024

M.A.M
(MB) 2.8 135.60 532.50 4338.50

A.R 1.36 1.13 1.09 1.04 1.05 1.04 1.04
M&Q

(1)
11567

(99.9%)
10297

(99.9%)
10321

(99.9%)
10116

(99.9%)
10092

(99.9%)
10041

(99.9%)
10084

(99.9%)
M&Q

(2)
2286

(96.3%)
2564

(96.6%)
2414

(96.7%)
2511

(96.8%)
2483

(96.7%)
2496

(96.7%)
2571

(96.6%)
M&Q

(3)
871

(95.5%)
1537

(95.8%)
1764

(95.8%)
1817

(95.8%)
1843

(95.9%)
1896

(96.6%)
1797

(95.9%)
M&Q

(4)
267

(91.3%)
623

(91.7%)
492

(91.7%)
547

(92.3%)
573

(92.5%)
558

(92.4%)
539

(92.2%)

29002
x

12140

E.T
(s) 61.15 152.48 284.45 348.79 557.19 630.16 *

S.Q
(DAPs) 2048 1632 1680 1579 1619 1570 *

M.A.M
(MB) 28.70 1272.80 5313.39 *

A.R 2.02 1.23 1.33 1.16 1.26 1.17 *
M&Q

(1)
17765

(99.7%)
13528

(99.7%)
13823

(99.7%)
12976

(99.7%)
13269

(99.7%)
12813

(99.7%) *

M&Q
(2)

7833
(96.6%)

8117
(96.4%)

8601
(96.4%)

8433
(96.4%)

8520
(96.4%)

8291
(96.4%) *

M&Q
(3)

2932
(95.3%)

5377
(94.8%)

4904
(95.3%)

5474
(95.2%)

5186
(95.2%)

5543
(95.3%) *

M&Q
(4)

472
(94.6%)

1980
(93.4%)

1674
(93.1%)

2119
(93.2%)

2027
(93.0%)

2355
(93.0%) *

∗ The method couldn’t obtain a result due to insufficient memory.

streets spaced one from the other by a distance varying from 15
to 25 m. The distance between the electrical poles varied from
30 to 50 meters. Figure 7 shows this region. This instance was
divided in two sub-instances, the smaller one considers only
one neighborhood while the larger one considers both. Due
to its density and distribution we consider this instance as a
suburban scenario.

Tables III and IV show the planning results without the
multiple hops technique and with a maximum of 4 hops,
respectively. It is important to notice that with only 1 hop, 4
meters couldn’t be covered due to the lack of reliable links to
establish a communication. This number reduces to 2 meters
when considering 4 hops. The number of uncovered meters
is the same regardless of the solution’s quality. This value is
determined during the pre-processing phase and represents that
on the assumed conditions (i.e: suburban scenario, 802.11g at
20dBm with 6 Mb/s rate) these meters are unreachable by the
instance’s set of poles. Section VI-E will further analyze the
number of unreachable meters while varying the maximum
number of hops allowed.



Fig. 7. Meters distribution for the Niterói instance.

TABLE III. NITERÓI INSTANCE RESULTS WITHOUT MULTIPLE HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

1576
x

453

E.T
(s) 1.69 1.45 2.24 2.25 2.52 2.55 2.55

S.Q
(n DAPs) 248 222 225 218 217 216 215

M.A.M
(MB) 0.70 32.79 93.50 112.59

A.R 1.44 1.28 1.28 1.23 1.24 1.23 1.19

3666
x

1030
*

E.T
(s) 4.7 4.30 5.63 5.74 8.69 8.63 13.97

S.Q
(n DAPs) 606 559 548 541 535 531 528

M.A.M 0.90 40.70 114.50 586.59
A.R 1.41 1.29 1.25 1.23 1.23 1.22 1.22

∗4 meters could not be covered in this instance.

C. Urban Grid Instance

The Urban Grid instance was generated based on the
average of 2000 meters per km2 as indicated by NIST[9].
We consider blocks of 100x100 m2 each containing 20 smart
meters randomly positioned to maintain the same proportion.
Each block is separated from one another by 10 m. Each
block contains a total of 36 poles positioned according to the
grid formation. Figure 8 shows an example of block in the
Urban Grid instance. The Urban Grid instance, as well as the
Suburban Grid instance detailed on the following subsection,
have a particularity regarding the proportion of poles per meter.
Unlike the instances of Floripa and Niterói, the number of
poles on both Urban and Suburban Grid instances is greater
than the number of meters. The degree of choices a solver
must analyze is directly associated to the number of poles
and has a major impact on both execution time and memory
required. Tables V and VI show the planning results without
the multiple hops technique and with a maximum of 4 hops,
respectively.

As occurred in the complete Floripa instance, the optimal
solution could not be found for the Urban Grid due to
insufficient memory even though it contains 21002 less meters
but approximately the same number of poles. The number
of meters and poles in each cell determines the amount of
memory the solver needs to find the solution. This result
suggests the existence of a maximum dimension an instance
can have in order to be optimally solved according to the
available memory.

TABLE IV. NITERÓI INSTANCE RESULTS WITH 4 HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

1576
x

453

E.T
(s) 1.82 1.85 2.47 2.67 3.98 4.20 2.97

S.Q
(DAPs) 108 53 53 51 50 48 47

M.A.M
(MB) 0.70 33.59 96.30 116.00

A.R 2.92 1.45 1.43 1.41 1.35 1.32 1.27
M&Q

(1)
866

(99.5%)
504

(99.5%)
489

(99.5%)
483

(99.5%)
487

(99.5%)
479

(99.4%)
448

(99.4%)
M&Q

(2)
530

(98.5%)
468

(98.3%)
452

(98.3%)
450

(98.3%)
425

(98.4%)
420

(98.4%)
442

(97.9%)
M&Q

(3)
158

(97.1%)
368

(97.5%)
427

(97.5%)
431

(97.5%)
424

(97.7%)
428

(97.7%)
416

(97.5%)
M&Q

(4)
22

(97.5%)
236

(97.1%)
208

(96.3%)
212

(96.3%)
240

(96.7%)
249

(96.8%)
270

(96.8%)

3666
x

1030
*

E.T
(s) 4.88 5.63 6.03 7.46 10.29 10.27 15.31

S.Q
(DAPs) 287 142 161 139 147 135 131

M.A.M
(MB) 1.00 42.00 116.69 592.79

A.R 2.68 1.38 1.52 1.31 1.35 1.25 1.20
M&Q

(1)
2094

(99.6%)
1254

(99.5%)
1331

(99.6%)
1209

(99.5%)
1215

(99.5%)
1156

(99.5%)
1110

(99.5%)
M&Q

(2)
1116

(98.2%)
1060

(98.1%)
1051

(98.2%)
1026

(98.1%)
998

(98.2%)
985

(98.2%)
1014

(98.1%)
M&Q

(3)
399

(97.8%)
878

(97.4%)
822

(97.4%)
898

(97.6%)
929

(97.3%)
968

(93.3%)
951

(97.4%)
M&Q

(4)
55

(97.7%)
472

(96.7%)
462

(96.3%)
533

(96.9%)
524

(96.7%)
557

(96.7%)
591

(96.5%)
∗2 meters could not be covered in this instance.

Fig. 8. An example of block in the Urban Grid instance.

D. Suburban Grid Instances

The Suburban Grid instance was generated analogously to
the Urban Grid but with an average of 800 meters per km2

as indicated for suburban scenarios. Just as in the Urban Grid
instance we consider blocks of 100x100 m2, but each block
now contains 8 meters randomly placed. The pole distribution
remains the same. However, to simulate a suburban scenario
each block now contains 16 poles instead of 36. Tables VII
and VIII show the planning results without the multiple hops
technique and with a maximum of 4 hops, respectively.

With multiple hops the optimal solution exceeded the limit
of 9 hours of processing time and returned the best solution
found at that point, which is not necessarily optimal. Such
long execution time is associated to the average number of
meters each pole is capable of covering. This association can
be inferred because with only one hop, where the number of
meters a pole can cover is much smaller, the optimal solution
was found in relatively short time and did not exceed the time
limit, even with the same number of meters and poles.



TABLE V. URBAN GRID INSTANCE RESULTS WITHOUT MULTIPLE
HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

8000
x

12200

E.T
(s) 15.32 26.35 119.69 127.51 319.54 329.54 *

S.Q
(DAPs) 3291 3136 3033 3007 3001 2990 *

M.A.M
(MB) 1.10 371.89 3100.00 *

A.R 1.22 1.18 1.13 1.13 1.13 1.12 *
∗The method could not obtain a solution due to insufficient memory.

TABLE VI. URBAN GRID INSTANCE RESULTS WITH 4 HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

8000
x

12200

E.T
(s) 16.63 127.13 119.15 129.42 326.47 349.65 *

S.Q
(DAPs) 1854 1270 1286 1199 1213 1180 *

M.A.M
(MB) 1.10 372.20 3101.39 *

A.R 1.63 1.16 1.16 1.10 1.09 1.07 *
M&Q

(1)
4647

(99.4%)
3496

(99.3%)
3497

(99.3%)
3327

(99.3%)
3320

(99.2%)
3266

(99.2%) *

M&Q
(2)

2287
(98.4%)

2483
(98.3%)

2471
(98.3%)

2509
(98.2%)

2487
(98.2%)

2496
(98.2%) *

M&Q
(3)

821
(97.5%)

1407
(97.3%)

1436
(97.4%)

1515
(97.3%)

1522
(97.3%)

1550
(97.3%) *

M&Q
(4)

245
(97.0%)

614
(96.5%)

596
(96.3%)

649
(96.3%)

671
(96.4%)

688
(96.4%) *

∗The method could not obtain a solution due to insufficient memory.

E. Increasing Coverage with Multiple Hop Technique

As illustrated in the previous subsection it is possible that
some meters are not reachable for being too far away from
any electrical pole. The use of multiple hops can reduce the
number of uncovered meters. To evaluate this behavior we
compare the number of unreachable meters while varying the
maximum number of hops allowed. The subset of reliable links
was lowered to a 10 m range between devices so that the
number of unreachable smart meters became more evident. The
number of allowed hops was varied from 1 (without multiple
hops) to 6 hops. Table IX shows the obtained results. The
results were calculated for both Floripa and Niterói instances.
Since the range is fixed to 10 m, the type of scenario can be
ignored.

The use of multiple hops increases the coverage of a
network when the maximum number of hops increases from
1 to 4. Beyond four hops, no additional meter was covered
in the evaluated instances. The drop of unreachable meters is
more abrupt in the Floripa instances due to its meters being
distributed around the poles. On the Niterói instances, however,
this drop is softer and approximately a third of the meters
remain unreachable. Since the distance between poles on the
Niterói instances varied from 30 to 50 m, the fixed range of 10
m had a major impact on the number of unreachable meters.

VII. CONCLUSION

This work presented a reduction from the planning problem
in Smart Grids to a well known optimization problem and
proposed a heuristic with a post-optimization method to solve
it. The pre-processing technique allows the DAP positioning
problem to be modelled as a simple SCP by pre-establishing a
subset of reliable links that are considered during its solving.
Even though the Set Covering Problem is NP-Complete, the
coverage information under which it was created, i.e the
geographical positions of meters and poles and the maximum
range of a DAP, facilitates the exact method execution. Our
heuristic takes advantage of this characteristic, delimiting cells
which are independently planned. Results have shown that

TABLE VII. SUBURBAN GRID INSTANCE RESULTS WITHOUT
MULTIPLE HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

3200
x

4920

E.T
(s) 9.24 8.84 18.89 19.08 51.82 51.99 66.08

S.Q
(DAPs) 1546 1377 1329 1309 1303 1292 1282

M.A.M
(MB) 0.30 61.79 504.79 2430.19

A.R 1.33 1.19 1.14 1.12 1.11 1.11 1.10

TABLE VIII. SUBURBAN GRID INSTANCE RESULTS WITH 4 HOPS.

Inst. GP 100 GP 500 GP 1000 Optimal

3200
x

4920

E.T
(s) 9.13 9.93 18.80 18.73 58.99 59.01 32460.26*

S.Q
(DAPs) 1185 764 787 746 733 724 710

M.A.M
(MB) 0.30 61.79 505.10 2476.10

A.R 1.74 1.13 1.16 1.11 1.09 1.08 1.06
M&Q

(1)
2607

(99.6%)
2032

(99.4%)
2059

(99.3%)
1999

(99.3%)
1959

(99.3%)
1950

(99.3%)
1926

(99.3%)
M&Q

(2)
513

(98.1%)
823

(98.0%)
810

(97.9%)
840

(97.9%)
862

(97.8%)
867

(97.8%)
881

(97.8%)
M&Q

(3)
71

(96.9%)
268

(96.3%)
260

(96.3%)
284

(96.3%)
295

(96.2%)
299

(96.2%)
297

(96.3%)
M&Q

(4)
9

(94.1%)
77

(94.5%)
71

(94.7%)
77

(94.8%)
84

(95.0%)
84

(94.9%)
96

(95.4%)

∗ The solver reached the time limit of 9 hours and returned the solution of its internal heuristic.

TABLE IX. RELATION BETWEEN UNREACHABLE METERS AND THE
NUMBER OF HOPS.

Maximum number of hops
Instance 1 2 3 4 5 6
Floripa(4967x354) 882 42 40 40 40 40
Floripa(9997x750) 1809 93 82 81 81 81
Floripa(14991x1872) 2548 216 210 210 210 210
Floripa(29002x12140) 3201 502 486 486 486 486
Niterói(1576x453) 522 464 457 456 456 456
Niterói(3666x1030) 1299 1166 1147 1146 1146 1146

solving each cell independently reduces the execution time and
memory requirements of the problem as a whole. However,
the size of these cells directly impact the result in such way
that the bigger the cell dimension, the greater the solution
quality, processing time and memory required. It is important
to highlight that the pre-processing must be consistent with the
scenario in which the DAPs will be deployed. Our estimations
are based on the successful delivery rate and Extended Hata
SRD propagation loss model. Notice, however, that the pre-
processing stage can employ other communication model.

For future works, new results will be gathered considering
a redundancy based planning. An SCP formulation has already
been developed to take a smart meter redundancy into account.
The impact of a DAP failure on a redundancy based planning is
reduced since meters are now covered by more than one DAP.
Another SCP extension has also been developed to consider
the maximum number of smart meters each DAP can serve.
This extension is much more complex than the original SCP
and is still under evaluation. We also propose to validate our
method’s planning results under network simulations and real
deployments.
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