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Abstract. Localization of visitors in public buildings is a key technol-
ogy to create accessible environments using location-based services. 
The usability of these services and the satisfaction of their clients 
depend on the accurate calculation of the position of visitors. This is 
most often realized using wireless sensor networks. The localization 
accuracy depends on a number of factors, one of which is the de-
ployment of the sensor nodes. This is a complex task, which is most 
often realized by experts. In this article, we offer a complete solution 
for creating systems for indoor localization, which includes: (1) Algo-
rithm for fast partitioning of the building components into non-over-
lapping rectangles; (2) Algorithm for sensor nodes deployment based 
on the geometry of the rectangles obtained; and (3) Algorithm for 
optimizing the sensor nodes placement taking into account the con-
nectivity between the building components (rooms and corridors), as 
well as the static objects, which are obstacles for radio signals. Nu-
merous experiments have been implemented in stimulating and real 
environments, which prove the applicability of the proposed solution.

1. Introduction
Many technologies can be used to create Indoor Posi-

tioning Systems (IPS) [1]. Most positioning systems use a 
sensor network to calculate an estimate of the target (visitor) 
position. Sensor networks can use different types of sensor 
nodes, for example: infrared, visible light (Li-Fi), ultrasound, 
audible sound, and radio frequency (RF) [2,3]. At this stage, 
the most commonly used RF technologies for indoor localiza-
tion are Wi-Fi, Ultra-Wideband (UWB), Radio Frequency Identi-
fication (RFID) and Bluetooth Low Energy (BLE) [1]. One of the 
most promising technologies for locating visitors in buildings 
is BLE [4,5]. This technology guarantees low to medium lo-
calization accuracy at low system cost and medium to high 
security, depending on the version of Bluetooth standard.

The deployment is placing sensors that covering building 
environment and ensuring the desired localization accuracy in 
each building component (rooms and corridors) [6]. Optimal 
deployment of beacons in a building depends on many fac-
tors, for example: geometric dimensions of the building com-
ponents (rooms and corridors); type of material of the doors 
and walls; number of visitors in different parts of the building, 

as well as the positioning algorithm used. It is impossible to 
model in real time all these factors, especially when locating 
visitors in large public buildings. However, there are important 
rules for the placement of sensor nodes that should be fol-
lowed, regardless of the positioning algorithm used:

• It is desirable that the position of the visitor be inside 
the shape that the reference nodes (beacons) select-
ed for calculating the position form. Localization is 
most accurate when the visitor is in the geometric 
center of this shape. In order to minimize the num-
ber of beacons, this shape is most often a triangle. 
In this case, the highest accuracy is obtained if the 
triangle is equilateral.

• The use of only two beacons to determine the po-
sition of the visitor leads to an ambiguous decision. 
In this case, there are two points that are equally 
likely to be the visitor's position. In this case, it is 
necessary to use additional geometric and semantic 
information about the building in order to reject as 
impossible one of the two positions. This solution 
is most often used when high-precision localization 
(less than 1 m) is not required.

• It is desirable to place beacons near the doors of the 
rooms to ensure high accuracy of localization at the 
points that connect two spaces. The beacon deploy-
ment strategy should also take into account whether 
the visitors are people with disabilities. In order to 
ensure reliable navigation, it is necessary to locate 
visitors with impairments much more accurately than 
for visitors without disabilities. For example, people 
with visual impairments prefer moving near the walls 
of corridors and rooms. In this case, it is better to 
use the rectangular shape for beacons deployment. 
In this shape, the visitor's position is more likely to 
be in the triangle formed by the beacons with the 
strongest signal. Conversely, people without disabili-
ties prefer to walk in the middle of the corridors. In 
this case, better results are obtained if the beacons 
are arranged in a triangular shape.

Deploying sensors in buildings is a complex task that 
in a real environment does not have an optimal solution. The 
optimization of the placement of sensor nodes based on the 
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analysis of the signal propagation from each node taking into 
account the multi-path effect and fading does not lead to a 
significant increase in the accuracy of localization because: 
(1) Modeling of radio signal propagation is inaccurate because 
simplified models are used [7], such as the free space loss 
model and the log-distance path loss model. These models 
do not take into account the presence of obstacles for radio 
waves in the rooms. Models like the Motley-Keenan model [8] 
take into account the presence of obstacles, but are not accu-
rate enough and (2) All algorithms for optimizing the deploy-
ment of beacons based on radio signal propagation analysis 
are accurate only for a specific static environment. In a real 
dynamic environment where there is an accidental movement 
of visitors, they do not give an optimal solution.

The accuracy of localization of visitors in public build-
ings strongly depends on the deployment of sensor nodes 
[6,9,10]. The accuracy depends on both the density of the 
sensors (number of nodes per m2) and the shape that the 
sensors form. The localization accuracy increases as the dis-
tance between the beacons decreases. In large public build-
ings, the cost of the deployment increases as the distance 
between the beacons decreases. For this reason, a compro-
mise should be made between the deployment cost and the 
localization accuracy. Experiments show that in addition to the 
beacons’ density, the localization accuracy also depends on 
the shape the beacons form. In [11], the authors prove that 
the best placement of beacons is when every three of them 
form an equilateral triangle. This shape is called Crystal-shape 
iBeacon Placement (CiP), and it gives better results compared 
to the Z-curve placement strategy described in [12]. In a real 
building environment, these shapes cannot be guaranteed due 
to the specific dimensions of the rooms and corridors as 
well as the need for different localization accuracy in different 
rooms and corridors. There are still critical challenges, includ-
ing optimizing the placement of sensor nodes for accurate 
localization, as well as optimizing the location of beacons in 
an existing wireless network that are essentially NP-complete. 
Numerous scientific studies have been done in this field and 
many methods have been proposed to optimize the placement 
of sensor nodes [4,13]. Force-based techniques, grid-based 
techniques, and computational geometry based techniques 
belongs to classical deployment methods [13]. Force-based 
techniques are based on field measurement. They measure 
the target environment to obtain parameters which are used 
to find the optimal sensors placement. These methods are 
time-consuming and not suitable for dynamic environments 
such as public buildings. Grid-based sensor deployment tech-
niques are very commonly used. Usually, sensor nodes are 
places in the grid vertices such as a triangular grid, a rectan-
gular grid, and etc. In practice, it is difficult to apply the same 
grid pattern to all parts of the building due to their specific ge-
ometric dimensions. The third type of sensor deployment tech-
niques is based on the computational geometry strategy [14]. 
In this strategy, the placement of the sensors is based on the 
analysis of geometric objects such as polygons, segments 
and points. This requires obtaining the contours of the main 
components of the building (rooms and corridors), as well as 

the objects in them. This implies the existence of a Building 
Information Model (BIM). A typical example of using com-
putational geometry is when solving the Art Gallery Problem 
[15]. The aim is to find out the minimum number of cameras 
that cover the entire area of the gallery and thus ensure the 
security of all exhibits. This idea cannot be used directly when 
placing beacons, as data from three or more beacons is used 
to determine the location of visitors. Finding a global optimal 
placement of sensors in large public buildings is a task that 
requires high computing power. For this reason, most sensor 
placement methods provide a locally optimal solution. Some 
meta-heuristic algorithms [16] give global optimal solution. 
The main disadvantages of such algorithms (genetic algo-
rithms, artificial bee colony, particle swarm optimizers, harmo-
ny search, etc.) are the following: high power consumption; 
high processing time; and increased network cost.

Our main goal is to provide a solution for automatic 
placement of sensor nodes when creating IPS. The proposed 
solution is based on the implementation of the expert rules 
described in this section. The aim is to provide IPS designers 
with a possible deployment of the sensor nodes. This solution 
can be easily corrected by adding or deleting nodes if the de-
signer deems it necessary. The rest of the article is organized 
as follows. Section 2 presents the algorithms analyzed in this 
article. In Section 3, the experimental results are presented. 
The paper is concluded in Section 4.

2. Methods
The automatic placement of the beacons in the build-

ing goes through three stages: (1) Partitioning the contours 
of the rooms and corridors into non-overlapping rectangles; 
(2) Automatic placement of beacons depending on the width 
and height of each rectangle; the type of vertices of rectangle 
(concave or convex), as well as a minimum and maximum 
threshold distances between the beacons and (3) Optimizing 
the placement of beacons by taking into account the connec-
tivity between the components of the building, as well as the 
position of the obstacles for radio signals.

2.1. Partitioning the Polygon  
into Non-overlapping Rectangles

Rooms and corridors are modeled as simple rectilin-
ear polygons without holes. Each polygon is described as a 
sequence of points counterclockwise. The starting point is 
the one that has the smallest values of the x and y coor-
dinates. Let's assume that the polygon is described by an 
array of N points, P:[p1,p2,…,pN p1 ]. Polygon partitioning into 
simple shapes (most often rectangles) is a basic problem in 
computational geometry [14]. Finding a minimum number of 
non-overlapping rectangles is an NP-hard problem. Reduc-
ing the complexity of algorithms for polygon partitioning into 
non-overlapping rectangles is most often based on restrictions 
on the shape of the polygon [17,18]. The proposed algorithm 
assumes that rooms and corridors can be described by sim-
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ple, rectilinear polygons. Rectilinear polygons are a simple 
connected single-cyclic graph, such that each of its edge is 
perpendicular or in-line with its neighbor edge(s). In the ma-
jority of algorithms for polygon partitioning into rectangles, the 
maximum possible number of rectangles is initially obtained. 
Then the number of rectangles is minimized by merging some 
of them. The proposed algorithm uses several hash maps and 
sets to speed up partitioning process. All operations (get, add, 
contains) with hash maps have complexity O(1). A hash value 
is obtained for each vertex (point), segment and rectangle. 
This allows the comparison of two points, segments and rec-
tangles to have complexity O(1). The hash value HP for each 
point is saved in a hash set and calculated by the following 
formula:

(1) HP = BIG_INT_P*x+y,

where x and y are the coordinates of the point, and BIG_INT_P 
is a big integer value. The hash value HS for a segment AB— is 
calculated in a similar way:

(2) HS = BIG_INT_S*xA + xB,

where xA and xB are the x coordinates of points A and B 
that form the segment. The coordinates of the segment points 
are saved in a hash map. In this way, segments with the same 
x coordinates can be grouped very fast. Each two consecutive 
segments with the same hash eventually form a rectangle. The 
coordinates of the vertices of each rectangle are also saved 
in a hash map. The aim is to group all rectangles with the 
same maximum y coordinate. For this purpose, the value of y 
coordinate is set for the hash value:

(3) HR = ymax.

Figure 1. Algorithm 1 (polygonPartitioning) – simple rectilinear 
polygon partitioning into the non-overlapping rectangles

The algorithm for partitioning the polygon into non-over-
lapping rectangles is described in figure 1. First, we find all 
sorted, non-repeating y coordinates of the polygon points, 
YPOS (line 1). The main loop (line 2-19) iterates for each y 
coordinate in YPOS. Next, the intersections of the polygon with 
a line l:y are calculated (line 3). All segments that these points 
form are obtained (line 4). Segments that are not a part of 
polygon are removed (line 5). For each valid segment, hash 
value is calculated and segment’s points are saved to hash 
map S (lines 6-9).

For each key in S (lines 10-18), we check whether there 
are two segments for a given key value and whether they form 
a valid rectangle r. An rectangle is valid if r⊂P. This rectangle 
is then saved into the hash map R (line 14). Finally, invalid 
segments in the hash map S are removed (line 16) and all 
unprocessed, but valid segments are memorized (line 17). The 
rules for one segment to be invalid are as follows: (1) the seg-
ment is a rectangle side; and (2) the side of a rectangle is part 
of the segment. We show how Algorithm 1 works by using it 
to partitioning a π-shaped corridor, which is shown in figure 2.  
The corridor is described as a polygon, P:{A,B,F,G,C,D,J,I,A}. 
This polygon has three unique values of the y coordinates of 
its vertices. Therefore, to obtain all rectangles it is necessary 
to iterate three times through the main loop of the algorithm 
(L1, L2 and L3). Valid segments for L1 level are AB

—
 and CD

—
. 

After calculating their hash values, they are stored in hash 
map S. Segment BC— is invalid because it does not belong 
to the polygon. For L2 level, the following segments are ob-
tained: EF

—
, FG

—
, GH

—
, EG

—
, FH

—
 and EH

—
. All these segments are 

saved into hash map S. Two valid rectangles are obtained: 
{A,B,E,F} and {C,D,G,H}. At L3 level, there is only one valid 
segment – IJ

—
. When writing this segment into hash map S, a 

new rectangle {E,H,I,J} is obtained. Invalid segments EG
—

 and 
FH
—

 are removed. Segment FG
—

 that is valid, but does not belong 
to a rectangle is saved into the UPS array. As a result, three 
rectangles are obtained, the diagonals of which are shown in 
figure 2 with a red color.

Figure 2. An example for polygon (corridor) partitioning
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2.2. Automatic Beacon Deployment

The proposed algorithm for the deployment of beacons 
is based on the information obtained from the algorithm for 
partitioning polygon into rectangles. Each rectangle can de-
scribe a room, a corridor, or part of a room or corridor. It 
is possible to specify in which room beacons should not be 
deployed, as well as an area (polygon) of a room in which 
beacons should not be placed. The algorithm works with two 
types of beacon deployment rules. The basic rules obtained 
on the basis of an expert assessment cannot be changed. IPS 
designers have the ability to integrate additional if-else type 
rules. The algorithm selects a specific strategy for deploying 
beacons within each rectangle. The strategy depends on mul-
tiple parameters, for example:

• Threshold value for maximum distance between 
beacons, MAXD. The algorithm places and removes 
beacons so that there is no distance between two 
adjacent beacons greater than MAXD.

• Threshold value for minimum distance between 
beacons, MIND. The algorithm places and inserts 
beacons so that there is no distance between two 
adjacent beacons less than the MIND.

• Deployment shape. At this stage, the algorithm allows 
setting two deployment shapes – rectangular and 
triangular. If a triangular deployment shape is set, 
the algorithm forms as many equilateral triangles as 
possible. If this is not possible, isosceles triangles 
are formed.

• Rectangle type. The type of rectangle depends on 
its width and height. At this stage, four types of 
rectangles are being used. For each type of rectangle 
there is a predefined pattern for the placement of 
beacons. This pattern is reproduced in width, height, 
or both the width and height of the rectangle.

• Position of the concave vertices of the polygon 
that describes a room or corridor. These points 
are important for positioning algorithms, since if 
beacons are placed in their position, a Line-Of-Sign 
(LOS) localization scenario is more likely to obtain. 
For this reason, beacons should be placed at these 
points, unless the distance between them is less 
than MIND.

The beacon deployment algorithm is shown in figure 3. 
It starts with finding all the concave vertices of the polygon 
(line 1). The main cycle (lines 2-19) follows through which 
all the obtained rectangles for each y level are iterated (line 
3). For each rectangle of level y (lines 4-14) its type is ob-
tained (line 5). The positions of the beacons within a current 
rectangle are obtained in line 6. A hash value is calculated for 
each beacon position (line 8). It is saved into the hash set BH 
(line 9). A hash set is used to prevent duplication of beacon 
positions. If the position of the beacon is unique (line 10), it is 
stored into the array BP (line 11). Finally, beacons are placed 
on all segments that are not part of a rectangle (rows 15-18). 
After calculating the position of these beacons (line 16), they 
are stored into the array BP (line 17).

Figure 3. Algorithm 2 (abd) – automatic beacon deployment

Figure 4. An example for beacons deployment: triangle shape; 
maximum distance between beacons is set to 6m; concave edges 

(green circles); and beacons (red circles)

Figure 4 shows how beacons are deployed in a poly-
gon, the shape of which is shown in figure 2. The area of the 
polygon is 8.7 m2. The rectangles obtained by Algorithm 1 are 
shown with dotted red lines. A triangular shape for beacons 
placement is selected. The maximum distance between bea-
cons is set to 6 m. For vertical rectangles, the deployment 
of beacons starts from concave vertices marked with green 
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circles. The position of each beacon is shown as a red circle. 
The total number of beacons for the polygon is 13. The de-
ployment density of beacons is 1.5 beacons per m2 (13/8.7 
m2). If the maximum distance between beacons is reduced 
to 5 m the number of beacons increases to 19. In this case, 
deployment density of beacons is 2.18 beacons per m2. In 
the case of a rectangular deployment shape, the number of 
beacons increases to 21 if the maximum distance between 
adjacent beacons is 5 m and to 15 if this distance is 6 m.

2.3. Beacon Deployment Optimization

Figure 5. Algorithm 3 (obd) – beacons deployment optimization

In a real building it is necessary to be able to set a 
different density of beacons for the individual components of 
the building (rooms and corridors). The localization accuracy 
depends on both the infrastructure of the building and the 
type of visitors. Some of the visitors may be people with 
disabilities (visual and motor disabilities, for example). In this 
case, higher localization accuracy is required to ensure reli-
able navigation. In public buildings, it is important to ensure 
accurate positioning near the doors when specific services are 
offered. In these case it is necessary to optimize the position 
of the beacons obtained using Algorithm 2. This is realized 
by an algorithm described as Algorithm 3 (see figure 5). This 
algorithm allows setting different beacon density for different 

components of the building (rooms and corridors), as well as 
an option for mandatory placement of beacons near pre-se-
lected doors. The algorithm allows using the Building Informa-
tion Model (BIM) to obtain information about the geometric 
dimensions and position of all components, their connectivity, 
as well as the available semantic information (lines 1-2). The 
location of the beacons for each component of the building is 
obtained (lines 3-7). For each door that is not virtual and its 
flag withBeacon is true, the positions of the beacons are opti-
mized (lines 7-24). For each door, the identifiers of the com-
ponents it connects are obtained (line 9). For each of these 
components (line 11), an object is obtained that describes all 
the beacons that belong to it (line 12). All obstacle objects lo-
cated in the component (row 13) are also retrieved. Based on 
the dimensions of the component, the threshold distance TH is 
calculated (line 14). The algorithm removes any beacon (line 
17) for which the distance between the beacon position and 
the door position is less than TH (line 16). It is then checked 
whether any of the obstacles block the signal from the beacon 
(line 19). If there is a collision, the position of the beacon is 
updated to avoid signal blocking (line 20) and the information 
about this beacon is updated (line 21).

3. Experiments
In this section, several use case scenarios are imple-

mented to analyze the accuracy and applicability of the al-
gorithms described in Section 2. For this purpose, a testbed 
platform was used, which includes: (1) Building Information 
Model described in [19]. This model provides information 
about the geometric dimensions of the rooms and corridors, 
the connectivity between them and the dimensions and loca-
tion of the objects (landmarks, obstacles and hazards); (2) 
Matlab™ software that visualizes the geometric dimensions 
of the building elements and the connectivity between them; 
(3) Matlab™ software that implements the proposed algo-
rithm for partitioning the contours of building components 
into non-overlapping rectangles; (4) Matlab™ software that 
implements the proposed algorithm for sensor deployment; 
(5) Matlab™ software that obtains an estimate of the position 
of visitor based on an analysis of the location of N number 
of sensors; (6) Matlab™ software for searching for feasible 
routes in buildings, as well as visualization of the movement 
of visitors along a given route.

3.1. Use Case Scenario 1

The aim of the first experiment is to analyze the appli-
cability of the algorithm for partitioning of the building com-
ponents into non-overlapping rectangles. The analysis of this 
algorithm is realized using a database of 100 building compo-
nents (80 simulated and 20 real). Each building component is 
described as a simple polygon.

The application allows setting the direction of decom-
position of the polygon (x or y). It is possible to select the 
decomposition direction automatically to obtain a minimum 
number of rectangles. Figure 6 shows the result obtained 
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after partitioning of a corridor (database id=25) in both the 
x and y directions. When the polygon is decomposed in the 
x direction, 7 rectangles are obtained, and when the pol-
ygon is decomposed in the y direction, 10 rectangles are 
obtained. It should be considered that the minimum number 
of rectangles does not always guarantee the deployment of a 
minimum number of beacons. Their number also depends on 
the minimum distance between the beacons and the selected 
deployment shape. The application allows setting the direction 
of decomposition of the polygon (x or y). It is possible to 
select the decomposition direction automatically to obtain a 
minimum number of rectangles.

Figure 6.  Corridor partitioning into non-overlapping rectangles 
(red dotted lines): a) x-direction decomposition (7 rectangles); b) 

y-direction decomposition (10 rectangles)

Figure 6 shows the result obtained after partitioning of a 
corridor (database id=25) in both the x and y directions. When 
the polygon is decomposed in the x direction, 7 rectangles 
are obtained, and when the polygon is decomposed in the y 
direction, 10 rectangles are obtained. It should be considered 
that the minimum number of rectangles does not always guar-
antee the deployment of a minimum number of beacons. Their 
number also depends on the minimum distance between the 
beacons and the selected deployment shape.

3.2. Use Case Scenario 2

The aim of the second experiment is to validate the 
applicability of the automatic beacon placement algorithm de-
scribed in Section 2.2. Matlab™ software has been developed 
which allows implementation of the algorithm. It is possi-
ble to set the following input parameters: (1) Minimum and 
maximum distances between beacons. The algorithm deploys 
beacons so the distance between each two adjacent beacons 
is between minimum and maximum values; and (2) Beacon 
deployment shape. At this stage, it is possible to set a tri-
angular or rectangular deployment shape. When selecting a 
triangular deployment shape, the algorithm places the beacons 
at the vertices of equilateral or isosceles triangles. When se-
lecting a rectangular deployment shape, the algorithm places 
the beacons at the vertices of as many rectangles as possible.

Figure 7. Automatic beacon deployment: a) rectangleshaped room, 
triangular deployment; b) rectangle-shaped room, rectangular 
deployment; and c) corridor with a complex shape, triangular 

deployment

Figure 7 shows the result obtained from the algorithm 
for automatic placement of beacons in a room with a rectan-
gular shape (20 x 10 m) and a corridor with a complex shape. 
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The minimum distance between the beacons is set to 5 m. 
For the room, when selecting a triangular shape (figure 7a), 
the number of beacons is 14, and for a rectangular shape 
(figure 7b) – 15. For the corridor, when placing the beacons in 
a triangular shape, the algorithm suggests using 26 beacons 
(figure 7c). In this case, a mandatory placement of beacons 
is set at all concave points (green circles).

Figure 8. Use case scenario 2 – test environment (3D model)

3.3. Use Case Scenario 3

This scenario analyzes the applicability of the beacon de-
ployment optimization algorithm described in Section 2.3. For 
this purpose, we analyze accuracy of deployment process in 
a real building environment, shown in figure 8. Beacons are 
placed within one floor, which consists of five rooms, a corridor 
and an entrance hall. The total area of accessible building com-
ponents is approximately 100 m2. The rules that are set for the 
beacon deployment algorithm are as follows: (1) Do not place 
beacons in one of the rooms (toilet); (2) The minimum distance 
between the beacons should be 4m and the maximum distance 
– 6 m; and (3) The preferred deployment shape is triangular.

Figure 9 shows the deployment of sensors in three sce-
narios. In the first scenario, automatic sensor placement is 
used (Algorithm 2, Section 2.2). A rule is set for the use of 
four beacons in small rooms. In this case (figure 9a) the 
number of sensors is 31 and the deployment density is 0.34 
beacons per m2. In the second scenario, the number of sen-
sors is automatically optimized using Algorithm 3, Section 2.3. 
There is a rule for placing a beacon next to each door. In this 
case (figure 9b) the number of sensors is reduced to 21 and 
the deployment density is 0.23 beacons per m2. In the last 
scenario, the placement of the sensors is realized by an expert 
in the field of indoor localization. The aim of the expert is to 
minimize the number of beacons used, assuming that there 
may be people with visual impairments among the visitors of 
the building. The resulting beacon deployment is shown in fig-
ure 9c. The expert noted the presence of an obstacle to radio 
signals in the corridor (wardrobe). He has placed additional 
beacons on each side of this obstacle. Moreover, the aim was 
to minimize the number of beacons close to each other, but 

located in different rooms. In this case the number of sensors 
is 24 (deployment density is 0.27 beacons per m2).

Figure 9.  Beacon deployment: a) before optimization (31 beacons); 
b) after optimization (21 beacons); and c) expert deployment (24 

beacons)
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Figure 10. Navigation along a route: feasible route (blue lines)  
and estimated route using beacons-based localization (red lines)

In order to analyse the applicability of each of the sensor 
deployment scenarios we estimate the localization precision 
when visitors cross the selected route, for example from room 

3 to room 1. The localization precision is obtained as an over-
all deviation from the route (the shortest distance between the 
calculated position and the route). It is set to search for routes 
for visual impaired people. For this reason, a feasible route is 
being calculated, which passes at a distance of 0.8 m along 
the walls of the rooms and the corridor, as people with visual 
impairments prefer to move in buildings in this way. There are 
two possible routes from room 3 to room 1. Their lengths are 
25.3 m and 26.4 m. The route that does not pass along the 
obstacle (wardrobe) has been chosen (see figure 10). A blue 
solid lines show a selected feasible route and red solid lines 
show an estimated route calculated using BLE beacons-based 
positioning and deployment scenario 3.

For each sensor deployment scenario, 25 route cross-
ings are simulated. To do this, the feasible route is described 
using 50 test points. The position of each test point is esti-
mated using two localization algorithms – Non-Linear Least 
Squares (NLLS) [20] and Trilateration [21]. These algorithms 
use the three closest beacons to calculate estimated position 
for each test point. When calculating the position of a route 
point, random noise with maximum amplitude of ±3 dBm is 
added to the RSSI values of the beacons. An overall summary 
of the results obtained (an average for localization error and 
standard deviation) for each deployment scenario and locali-
zation technique can be seen in the table.

Table 1. Summary of results – min, mean and max values of error (deviation from the route) and standard deviation

Deployment
scenario

Localization
technique

Error, m Standard deviation, 
mmin mean max

1
NLLS 0.08 0.60 1.24 0.29

Trilateration 0.07 0.55 1.37 0.30

2
NLLS 0.10 0.59 1.34 0.29

Trilateration 0.07 0.64 1.79 0.41

3
NLLS 0.10 0.55 1.27 0.27

Trilateration 0.08 0.60 1.61 0.36

The smallest value of standard deviation is 0.27 m. It 
is obtained in scenario 3 (expert deployment) and the NLLS 
localization algorithm. When using the NLLS localization algo-
rithm, the optimized version of automatic sensor deployment 
(scenario 2, 21 beacons) has the same standard deviation 
value (0.29 m) as the non-optimized version (Scenario 1, 31 
beacons). An expected minimum value (1.24 m) for the maxi-
mum error value occurs in scenario 1 where the most sensors 
are used (31). The results obtained show that when using 
the optimized variant of the sensor deployment algorithm, the 
average error value and standard deviation are similar to those 
obtained using the expert positioning of the sensors. We can 
conclude that the proposed algorithms for beacon deployment 
can be successfully used in order to implement indoor posi-
tioning systems.

4. Conclusion
Algorithms and software for automatic placement of 

beacons in buildings has been developed, which can be used 
by designers of indoor navigation systems. This software im-
plements three new algorithms: (1) An algorithm for parti-
tioning of building components into non-overlapping rectan-
gles; (2) Algorithm for beacon placement, which is based on 
pre-defined expert rules; and (3) Algorithm for optimizing the 
deployment of beacons by analyzing the shape, dimensions 
and connectivity of building components. Several use-case 
scenarios for using the proposed algorithms have been imple-
mented by testing them with simulated and real building envi-
ronments. The conducted experiments show that the proposed 
algorithms can be successfully used for navigation in a real 
building environment. The main disadvantage of the algorithm 
for partitioning of building components is that it works only 
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with rectilinear polygons without holes. Future improvement 
of this algorithm is envisaged so that it can work with simple 
polygons of any shape. 
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