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Optimal Placement of Internet of Things
Infrastructure in a Smart Building
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Abstract Recently, there is a growing trend to improve the quality of life, while AQ11

reducing energy consumption and emissions of CO2. Here, the use of sensors, con-2

trollers, and indoor positioning brings us closer to achieving this goal. The aim of3

this note is outline an attempt at use of modern infrastructure for optimization of4

energy management in a building. An architecture of a solution that uses data from5

sensors to control the state of the object is presented. Performed experiments focus6

on optimal placement of networking infrastructure inside the building.7
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1 Introduction9

Internet of things (IoT) is one of the fastest growing “branches” of ICT. While10

the concept originated in 1999 [2], recently its share of the market grew almost11

10 times [35]. Currently, IoT deployments consist of over 25 billion of connected12

devices. It is also predicted that, by 2025, this number will surpass 75 billion [19].13

IoT-based solutions are to improve quality of life, work efficiency and have pos-14

itive environmental impact; for example, in building management [29]. Here, note15

that almost 90% of people spend most of their life inside of buildings [32]. Hence, the16

reduction of energy consumption by buildings (and thus of CO2 emission) can make a17

difference. While the global demand for electricity is rapidly growing, buildings con-18

sume its significant share [10]. Moreover, in many countries (including Poland [16]),19

electricity is still obtained from non-renewable sources, with large, adverse, and20

environmental impact. Hence, the need for IoT solutions to manage electricity con-21

sumption, without decreasing the user comfort. Two of the most energy-consuming22

systems in a building are HVAC1 and lighting. Automation of operation of these23

systems, using data from sensors, external systems, historical data, and appropriate24

controllers, should improve energy efficiency.25

The aim of this note is to outline our initial explorations into intelligent building26

management system (IBMS) that aggregates, and processes, data from sources, such27

as: sensors, external services, user location and schedules, and other data influencing28

energy consumption. However, due to space limitation, we focus on simplifying29

installation of the infrastructure, by automatically creating a map of internal locations,30

and using it to plan deployment of components.31

1.1 Internet of Things in Smart Buildings32

The history of IBMSs dates back to the 1970s. The first prototypes were very sim-33

ple with limited functionality. However, the development of devices and technology,34

resulted in a rapid progress [36]. The IoT-related theory and practice greatly influ-35

enced the IBMSs, delivering the “tools” needed for further development. Nowadays,36

an IBMS can collect data from sensors, such as: temperature, air humidity, motion,37

and light intensity [25]. Moreover, the use of beacons2 accurately determines user38

location [11]. Furthermore, access to weather forecast may allow “preparation for39

incoming changes,” impacting future energy consumption [27].40

There exist multiple commercial solutions optimizing energy consumption in41

smart buildings. However, little is known how they work. For obvious reasons, their42

specifications are a closely guarded intellectual property, and the available mate-43

rials provide only a “residual commercial/marketing information.” Popular, robust44

commercial IBMS are delivered by: (i) Schneider: EcoStruxure™ Building and Elec-45

1HVAC—heating, ventilation, air conditioning.
2Beacon—device that sends localization-oriented radio signals; accuracy ∼1.5 m.
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tric StruxureWare™ [33], (ii) Siemens: Synco™ [34], and (iii) Honeywell [18] or46

Cylon [8].47

In academic work, currently, the most frequent architecture of IBMS is fog-48

based [4, 6], consisting of three layers: (1) cloud, (2) fog devices, and (3) edge49

devices. Such architecture can be extended by adding elements like, for instance,50

data analytics modules, used to improve quality of building management [15].51

Note that poorly maintained, degraded, or inadequately controlled IBMS can52

increase energy consumption from ∼15 to ∼30% (see, [20]). Hence, automating53

error/anomaly detection and system diagnostics are very important. Here, IBMS54

anomaly detection can be facilitated by an external diagnostics system (see, [23]).55

However, it can also be obtained by internal analysis of data within the ecosys-56

tem [22]. Appropriate data analytics can “catch” communication problems, as well57

as problems related to individual components [21].58

2 Explored Approach59

Based on analysis of commercial solutions and literature, we have decided to explore60

an extended version of a Fog architecture. Its main components have been outlined61

in Fig. 1.62

Functions of depicted modules are as follows:63

• Cloud is the “central element” of the system. It facilitates data processing/analysis64

and visualization [17]. It can be realized as a “local cloud” (within the IBMS),65

or using an actual (external) cloud infrastructure. For instance, the implemented66

simulator uses the Azure IoT Hub [3].67

• Server module can be realized (a) within the cloud, or (b) as a physical server (as in68

Figure 1). Its combines data processed in the cloud with that from external modules AQ269

to effectively manage HVAC and lighting controllers. The server communicates70

also with the mobile application to obtain location of users inside the building.71

Finally, the server collaborates with the anomaly detection module, which spots72

anomalies in the infrastructure.73

Fig. 1 Overall structure of
the system
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4 R. Adasiewicz et al.

• Base stations pre-process data to increase the throughput of data streams (see, [7])74

and support communication between sensors, with limited capabilities (e.g., low75

power Wi-Fi signal), and the cloud. The correct placement of the base stations76

in the building is crucial for the efficiency of the IBMS. Base stations should77

efficiently relay data streams from sensors to the cloud. Note that placing too78

many base stations is a waste of resources. Problem of optimal arrangement of base79

stations is NP-complete [5] and was solved using a genetic algorithm, described in80

Section 3. Note that the base station can be realized, for example, by a Raspberry-81

Pi SoC [30].82

• Sensors are distributed throughout the building to collect all pertinent informa-83

tion needed to optimize energy consumption [25]. They communicate with base84

stations using open communication protocol(s) [28].85

• Controllers deliver actions needed for actual management of key building elements86

such as: HVAC and lighting, in an attempt to reduce electricity consumption (and87

the total cost of building operation [37]).88

• Mobile application monitors employee position in the building. It is assumed that89

it will be used by all (or, at least, a majority) of regular users. Such application90

can use an NFC reader3 located at the entrance to the building to capture when the91

user enters and leaves it.92

• Localization system determines the exact position of users in the building, by93

interacting with the mobile application. Such system may require installation of94

additional sensors, e.g., beacons [1, 11].95

• Anomaly detection module—facilitates autonomous detection of infrastructure96

errors, e.g., using root cause analysis (RCA [31]).97

• External modules deliver additional information used by the IBMS. They commu-98

nicate with the server. Examples of possible external modules are:99

– Employee information, which facilitates schedules of all employees (including,100

for instance, holidays, business trips, or absence from work).101

– Weather information provides current/future weather information [27].102

– Building information may provide parameters necessary for proper functioning103

of the IBMS. It also may calculate selected information, related to building104

control, using data provided by the server.105

3 Placing Networking Infrastructure Within the Building106

The IBMS requires plan of the building, in which it is installed. Knowing how rooms107

are arranged, where sensors are placed, and where people are located, is used to108

optimize energy consumption. Building plans used by different IBMSs may be in109

different formats [1]. There exist wizards [24] that produce building plans, but they110

may not deliver the needed format. This problem can be solved with help of, for111

3NFC—Near-field communication—a communication standard that allows for short-distance wire-
less data exchange.
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example, Estimote Beacons, which automatically generate plan of a building [13].112

Note that many beacons can capture: motion, temperature, light intensity, or air pres-113

sure, which can be used in the IBMS [14]. They also can facilitate person localization.114

Building layout can also be automatically generated using: (i) a dedicated application115

or (ii) the UWB4 (see, [12]).116

3.1 Determining the Position of the Base Stations117

Let us assume that the map of a building is available. Now, we need to address118

the question how to optimally place the base stationss. Here, the IBMS should use119

as few of them as possible (considering cost and radio pollution). On the other120

hand, minimization of their number should not affect system operation. Note that121

the base stations can communicate with sensors using different protocols. Each122

of them has a predetermined maximum range, which may be further limited by123

used construction materials, building structure, and the elements therein (see, [9]).124

The problem of optimal placement of multiple base stations in a building is NP-125

complete [5]. Hence, there is no polynomial-time algorithm. Therefore, we have126

decided to apply a genetic algorithm, which is one of well-known approaches to127

solving similar problems (see, [26]).128

The system stores the plan of the building as a set of points, with coordinates129

expressed in centimeters. The algorithm represents the building (floor) as a rectan-130

gular grid with accuracy of 1m × 1m. This mesh is transformed into a matrix of size131

N × M , where N is the total length, and M is the total width. The matrix holds:132

0 for “empty field,” 1 for field with the base station. While, in initial experiments,133

we have used rectangular floor plans, proposed approach can be adjusted to deal134

with more complex geometry. The algorithm parameters are: P1—coverage error—135

representing cells not covered by any base station, P2—base station overlapping,136

representing cells where the coverage from multiple stations overlaps, and P3—the137

total cost (of installed stations). The fitness function is a simple weighted sum:138

f =
3∑

i=1

αi · Pi ,139

140

where αi is the weight of the i th parameter.141

The key optimization parameter is the coverage error (P1), since the sensors may142

need to be located “anywhere.” Hence, the corresponding weight is the largest. We143

have assumed that the least important parameter is the total cost of the base stations.144

After running a number of experiments, we report results for: α1 = 30, α2 = 1, and145

α3 = 0.3, which gave us reasonable price/coverage ratio. However, obviously, differ-

4UWB—a radio communication technique based on the fast sending of short-term pulses.
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ent choice of weights is possible. The optimization parameters have been calculated146

as follows:147

P1 = nor

ntotal
, P2 = overlaps

nbs
, P3 = nbs ∗ c,148

149

where nor is the number of cells out of range of base stations, ntotal is the number of150

cells, overlaps is the number of cells with coverage overlap, nbs is the total number151

of base stations, and c is the cost of a single base station. Note that the strength of152

signal of a base station is represented in the two coverage-related parameters.153

In our work, we have used standard genetic algorithm, with cross-over (probability154

0.9) and mutation (probability 0.1) and elitist selection. Mutation turned no-station155

locations into ones with stations and vice-versa. The “building matrix” was turned156

into the “vector-gene.”157

The proposed approach was tested for multiple, relatively simple, and floor plans.158

Here, we report results obtained for two of them (depicted in Fig. 2) with base stations159

with different ranges (final placement of base stations is also presented. We have160

tried two initial population of base stations: (a) random population (Set 1) and (b) no161

stations (Set 2). In the latter case, the initial populations was “all zero” and stations162

have been introduced via mutation. Presented results are averages of multiple runs.163

Note that similar results were obtained for all experiments (regardless of floor layout,164

base station strength, or initial population).165

Results for Floor 1 are presented in Fig. 3. The best fitness function result has been166

reached after approximately 6000 epochs. Moreover, results for the optimization pro-167

cess starting from randomly placed base stations were slightly better. Interestingly,168

(a) Floor 1: size 9m × 11m,
Base station range 4m

(b) Floor 2: size 30m × 20m,
Base station range 6m

Fig. 2 Localization of Base stations
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Optimal Placement of Internet of Things Infrastructure … 7

(a) Fitness function for Set 1 (b) Fitness function for Set 2

Fig. 3 Comparison fitness functions for Floor 1

(a) Results for Set 1 (b) Results for Set 2

Fig. 4 Results for Floor 2

in majority of our experiments, no overlap between base station coverage has been169

reported.170

In the case of Floor 2 (results depicted in Fig. 4), the population consisting of171

randomly distributed base stations achieved a better result for only one parameter,172

the coverage error:173
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Fitness function − 7.73 < 7.8174

Coverage error − 0.12 < 0.16175

Device overlapping − 2.33 > 1.0176

Number of base stations − 6 = 6177
178

The last step in infrastructure setup is to place the sensors, as needed to track179

selected parameters and/or fit into the building. Proposed approach to the determi-180

nation of the position of base stations allows to avoid places where the sensors will181

not be able to communicate, due to lack of coverage. Upon slight modification it can182

also allow estimating/taking into account how many sensors can be associated with183

each individual base station.184

4 Concluding Remarks185

We have developed an IBMS simulator that allows control of: (i) user positioning186

system, (ii) employee schedule, (iii) users entering and leaving the building, (iv)187

system time, (v) outdoor temperature/weather, and (vi) internal temperature and188

humidity. In this way, we have realized the complete architecture, as presented in189

Fig. 1. The anomaly detection module was realized as a simple function to test its190

integration with the other parts of the system.191
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