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Abstract: Seamless location awareness is considered a cornerstone in the successful deployment of
the Internet of Things (IoT). Support for IoT devices in indoor positioning platforms and, vice versa,
availability of indoor positioning functions in IoT platforms, are however still in their early stages,
posing a significant challenge in the study and research of the interaction of indoor positioning and
IoT. This paper proposes a new indoor positioning platform, called ThingsLocate, that fills this gap
by building upon the popular and flexible ThingSpeak cloud service for IoT, leveraging its data input
and data processing capabilities and, most importantly, its native support for cloud execution of
Matlab code. ThingsLocate provides a flexible, user-friendly WiFi fingerprinting indoor positioning
service for IoT devices, based on Received Signal Strength Indicator (RSSI) information. The key
components of ThingsLocate are introduced and described: RSSI channels used by IoT devices to
provide WiFi RSSI data, an Analysis app estimating the position of the device, and a Location channel
to publish such estimate. A proof-of-concept implementation of ThingsLocate is then introduced,
and used to show the possibilities offered by the platform in the context of graduate studies and
academic research on indoor positioning for IoT. Results of an experiment enabled by ThingsLocate
with limited setup and no coding effort are presented, focusing on the impact of using different
devices and different positioning algorithms on positioning accuracy.

Keywords: IoT; indoor positioning; WiFi fingerprinting

1. Introduction

Internet of Things (IoT) is rapidly becoming one of the largest markets for wireless
telecommunications: although exact figures depend on the definition of IoT, analysts estimated
a total value market of about 600 billion dollars back in 2015, expected to reach 700-800 billion dollars
by 2023 [1,2], with over 40 billion devices connected worldwide [3]. Position information is considered
a cornerstone in IoT deployment, as part of the general concept of context awareness that is expected
to characterize IoT devices and networks [4]. Health care [5], transportation and fleet management [6],
and smart factories [7], are all IoT application areas where the availability of position information can
significantly improve security and efficiency. As a result, the problem of determining the position
of IoT devices has received significant attention, in particular in indoor environments where Global
Navigation Satellite Systems (GNSS) are not available. Several approaches have been proposed, relying
on a single wireless technology, such as WiFi [8-10], Bluetooth [11,12], or RFID [13]. A review of how
suitable different wireless technologies are as the underlying technology for indoor positioning in IoT
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is provided in [14]. The combination of multiple technologies is also an appealing approach, since the
IoT is expected to emerge as the combination of networks of devices equipped with a wide range of
wireless interfaces: furthermore, modern smartphones are equipped with multiple wireless interfaces
as well as additional sensors [15]. Many IoT devices will however support a single technology in order
to limit complexity, cost, and energy consumption: as a consequence, this work will focus on indoor
positioning based on a single technology, and in particular on WiFi. Please note that the platform
introduced in this work can support technologies different from WiFi, as will be discussed later in
the paper. WiFi was however selected since it is currently the key technology for IoT deployment
for mainly two reasons: (a) it is by far the most common wireless interface currently deployed in the
market, with about 7 billion active WiFi devices and more than 10 billion expected by 2019 [16], and
(b) it offers a straightforward solution for access to the Internet, given the presence in almost every
household or industrial setting of a WiFi infrastructure, whereas other technologies require a dedicated
gateway to provide Internet access. Several approaches based on WiFi have been recently proposed to
provide indoor positioning in the context of IoT. A remarkable centimeter accuracy was achieved in [10]
using WiFi hardware by collecting Channel Impulse Responses (CIRs). CIRs from several different
WiFi channels were collected in known locations using a frequency hopping approach, and combined
to define fingerprints. These fingerprints were then compared with fingerprints collected by a target
device to estimate its location. In [9] the same authors achieved similar accuracy by replacing frequency
diversity with space diversity, obtained by using multiple antennas. Both approaches, although aimed
at IoT applications, require advanced hardware features and signal processing capabilities, and are
thus not suitable for most WiFi IoT devices. An approach arguably better suited for IoT WiFi devices
is Received Signal Strength Indicator (RSSI) fingerprinting [17,18], as also pointed out in [14]. RSSI
fingerprinting typically operates in two phases, offline and online. During the offline phase RSSI
measurements from WiFi Access Points (APs) are collected in a set of predefined positions, referred to
as Reference Points (RPs), and stored in a database in a positioning server. In the online phase, target
devices collect RSSI measurements and transfer them to the server, which estimates their positions
based on the similarity between the offline vs. online RSSI data. In the broad context of wireless
networks, a vast literature exists on algorithms and metrics to be used in the online phase, ranging
from low-complexity k-Nearest Neighbor (kNN) algorithms operating on Euclidean distance to more
complex, hierarchical algorithms adopting probabilistic metrics [19]. In the specific context of IoT, in [8]
an improved version of the kNN fingerprinting algorithm was proposed, but no specific provision was
given on the hardware and processing requirements for its deployment in IoT systems.

The stated goal of the above-mentioned works was to achieve a high positioning accuracy,
following along the line of the huge research efforts dedicated to accurate indoor positioning in
the past 15 years. Accuracy is however only one of the aspects that should drive the design of an
indoor positioning platform for IoT, since the following IoT-specific characteristics should be taken
into account:

o  Ease of use and ease of deployment—IoT is expected to pervade and integrate seamlessly in both
consumer and industrial applications. This goal can however only be achieved if IoT devices and
systems are easy to deploy and setup, not requiring extensive calibration phases and/or complex
setup procedures;

e Hardware limitations—IoT devices range from very simple devices, with a single wireless
interface and minimal computing/processing power, to powerful processing stations equipped
with multiple Radio Access Technologies (RATs) and accessory sensors;

e  Cloud computing—IoT is inherently relying on Internet connectivity and on the availability of
processing power in the cloud, allowing simple IoT devices to operate by just collecting and
transferring data, without local processing.

Existing indoor positioning platforms fail however to take into account the specificity of IoT
devices and applications, due to the fact that IoT platforms and indoor positioning platforms evolved
so far all but independently. The lack of integration between indoor positioning and IoT is indeed
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a major hurdle to the successful design and deployment of location-aware IoT applications, despite
recent efforts to address it [20], as will be further discussed in Section 2. Experimental activity on
indoor positioning for IoT devices currently requires in fact to learn (a) how to develop on the selected
IoT platform, requiring expertise on both its hardware and software, (b) how to develop on the
selected indoor positioning platform, most often using a different programming language from the IoT
platform, and (c) how to put them together. This complex and time-consuming workflow creates a
significant obstacle to research and development for location-aware IoT applications. Such a workflow
is particularly challenging in academic environments, in which graduate students are expected to learn
how to master a topic in a limited amount of time during their courses or thesis work.

This work proposes an open-source platform for indoor positioning in IoT, named ThingsLocate
that addresses the above limitations and bridges the gap between IoT and indoor positioning,
providing a user-friendly tool for the study, research, and deployment of indoor positioning in IoT and
location-aware IoT applications. Platform characteristics are described in detail, and instructions for
setup and deployment are provided. A proof-of-concept deployment is also introduced, in order to
show the capabilities of ThingsLocate.

The paper is organized as follows. Section 2 analyzes previous work related to WiFi-based
indoor positioning in the context of IoT. Section 3 discusses existing development environments for
IoT applications, and focuses in particular on ThingSpeak, adopted as the basis for the design of
ThingsLocate. Next, Section 4 introduces the ThingsLocate platform, describes its features as well
as the procedures to setup, deploy, and use the platform. Section 5 presents the proof-of-concept
implementation of ThingsLocate, and shows how it was used to analyze the impact of different
devices and different algorithms on the positioning accuracy achievable by IoT devices. Section 6
discusses extension possibilities and limitations determined by the ThingSpeak environment, and
finally Section 7 draws conclusions.

2. Indoor Positioning Platforms

Several indoor positioning platforms have been proposed in recent years that have the potential
to take into account IoT requirements and could be thus adopted within the IoT context. They
include both large scale, enterprise range platforms supported by big Information Technology (IT)
players and vendors [21,22], and smaller ones proposed by startups and/or emerging from academic
research [23-25]. Among enterprise grade platforms, MazeMap [21] focuses on indoor maps, but
offers a wide range of services, including indoor positioning, although details on how the positioning
platform is designed are not available on the company website. Software Development Kits (SDKs)
for Android and iOS are available on the MazeMap website. MeridianApps [22], owned by Aruba,
provides a software platform for indoor navigation and positioning, integrating with Aruba Beacons
and Tags [26]. In this case, as well, SDKs for mobile devices based on iOS and Android are available.
Cisco integrates location-based services into its Connected Mobile Experiences (CMX) platform [27],
now part of Cisco DNA Spaces, using both Bluetooth Low Energy and WiFi hardware, with 1-to-3 m
accuracy for connected WiFi devices.

All the above platforms are characterized by a closed-source approach, with positioning
algorithms running on company software, and not modifiable by users. This approach is also adopted
by a few startups, such as Golndoor [28] and InfSoft [24], both proposing a server-based positioning
service based on closed-source software, and providing SDKs for iOS and Android.

Platforms designed and released by startups and academia are however often characterized by
an open-source approach: a notable example is AnyPlace [23] that makes source code available on
GitHub under the MIT open-source license. AnyPlace currently provides the code for the positioning
server and apps for Android and Windows Phone devices. Indoor positioning in AnyPlace uses a
combination of WiFi and inertial sensors on mobile devices, and relies on the cooperation between
server and apps running on the devices.
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The FIND platform [25] also makes source code available under a GNU General Public License.
The platform is extremely flexible, as it provides both active and passive positioning, and can thus
in theory locate any WiFi active device. In the case of active positioning, support is provided for
Android devices as well as for several hardware platforms typically adopted in IoT, such as Raspberry
Pi, Electric Imp, and Particle Photon. Sample code for each platform is provided on the FIND website.
The FIND platform emerges as the most appealing solution for academic learning and research
activities on indoor positioning in IoT, thanks to the combination of open-source software, support for
several IoT hardware platforms, and availability of both active and passive positioning. The extension
or improvement of positioning algorithms requires however significant work on both the positioning
server code and possibly on the software interfaces for the supported platforms, often written in
different programming languages, making for a steep learning curve.

As a summary, it can be concluded that existing indoor positioning platforms, when analyzed
from the point of view of study and research on IoT applications, present one or more of the
following limitations:

e  proprietary software - most of enterprise grade indoor positioning platforms are characterized
by proprietary software for both clients and server, preventing end users/customers from

customizing and improving positioning algorithms and metrics [21,22];
e limited device support - although all platforms support smartphones, albeit in some cases only

Android ones, only a few support other devices. A notable exception is the FIND platform [25],
which supports several devices by dedicated interfaces and provides passive positioning of all
active WiFi devices within the coverage area;

o lack of integration with IoT platforms - each indoor positioning platform provides its own apps,
user interfaces and Application Programming Interfaces (APIs), making the integration in a IoT
system rather challenging. Even in flexible platforms, such as FIND, the extension or improvement
of positioning algorithms requires significant work on both the positioning server code and on
the software interfaces for the supported platforms, often written in different programming
languages.

3. Internet of Things Platforms and ThingSpeak

The growing interest in IoT has led to the release of hundreds of different platforms [29].
Proprietary platforms are typically characterized by more mature development environments and
deployment options, which typically streamline and simplify the deployment of large scale IoT apps.
These benefits come however most often at the price of significant license/subscription fees. Notable
exceptions exist: both Amazon Web Services (AWS) [30] and Google Cloud IoT [31] provide a basic free
access tier. From the point of view of learning and research in academia, however, platforms providing
access to the source code under an open-source license should be preferred, since they provide the
flexibility required for the development and testing of new indoor positioning algorithms. For this
reason, the review below will focus specifically on open-source platforms.

o  FIWARE [32] is an effort funded by the European Union to develop an open solution to IoT. The
platform is centered around the FIWARE Context Broker, which provides an implementation of
the Next Generation Sensors Initiative v2 (NGSIv2) REpresentational State Transfer (REST) API
to support queries from sensors, issuing commands to actuators, and more in general to enable
the management of IoT context information between hardware devices and applications. Several
additional components are available under the form of “Generic Enablers”, providing additional
functions, e.g., connectivity with hardware. Protocols implemented with dedicated enablers
include the Machine-To-Machine (M2M) specific Message Queuing Telemetry Transport (MQTT)
protocol, Open Platform Communications-Unified Architecture (OPC-UA), LightWeightM2M
(LWM2M), while integration is supported through JavaScript Object Notation (JSON) and
UltraLight2.0 data formats. In terms of data processing and data visualization, the platform
currently provides a few enablers for video stream editing.
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e  The Kaa platform [33] provides a standalone server installation for local execution, and supports
remote execution for a fee on the AWS platform. Kaa supports currently about 15 hardware
platforms by means of endpoint SDKs written in C, C++, Objective-C, or Java, depending on the
hardware. The platform also provides an advanced User Interface (UI) for the management of
clients and applications, and supports popular client/server communication protocols, including
Hyper Text Transfer Protocol (HTTP), Extensible Messaging and Presence Protocol (XMPP) and
MQTT. Furthermore, Kaa supports the transfer of data collected at the central server to a wide
range of back-ends and databases, including Oracle, Apache, and MongoDB, where processing
of data can be later carried out. Kaa does not offer however data processing capabilities on the
platform itself, beyond the transformation of raw data into time series. The platform also provides
a set of widgets that can be used to visualize data and to send commands to connected devices.

e Lelylan [34] is a platform composed by a set of micro-services that provide key functionalities,
including connectivity between clients and server. Lelylan is particularly suited to connect a user
with remote-controlled devices (e.g., light switches or actuators) using HTTP and MQTT protocols,
and supports a wide range of hardware platforms (about 20) by means of so-called physical APIs.
The platform does not provide however built-in data processing capabilities. Lelylan is in fact
based on an event bus that registers user requests sent from a Web app over HTTP and makes
them available to a Physical Proxy. The Physical Proxy forwards then the requests to the interested
hardware devices for the execution of the actions correlated with the request itself. The platform
also provides real time feedback and notifications to inform the user and/or other entities of the
outcome of the actions.

e  OpenMTC [35] is a reference implementation of the oneM2M standard for M2M communications,
and provides APIs to connect hardware through HTTP, HTTPS, MQTT, and feed collected data
to a middleware aggregator in charge of sending such data to external applications. Although
interesting, the OpenMTC does not provide any built-in processing and visualization capabilities,
relying on external apps to carry out these tasks.

e  SiteWhere [36] is a platform available in both Community (free) and Enterprise (paid) editions,
and similarly to Lelylan is organized in micro-services that provide connectivity with devices,
integration with external services, and command delivery to devices. SiteWhere supports MQTT,
Advanced Message Queuing Protocol (AMQP) and Streaming Text Oriented Messaging Protocol
(STOMP) protocols for communications with devices, using JSON or Protocol Buffers data formats.
No specific provisions are given regarding data processing and visualization, mainly relying on
the integration with external databases for offline data processing in Azure, Apache Solr, and
other services.

e  The ThingBox [37] is a Raspberry Pi-based IoT platform that takes advantage of the Node-Red
visual editor [38] by IBM to develop IoT applications. Device support and processing capabilities
are based on “nodes” made available in the Node-Red editor, each node corresponding to a specific
feature (e.g., support for a specific hardware or software platform). The Ul for management is
however less developed than those provided by Kaa and Lelylan. Furthermore, The ThingBox is
defined to be a “local” IoT implementation, with no cloud support. Although multiple Raspberry
Pis can operate simultaneously, they will not interact.

e  ThingSpeak [39] is an open-source IoT platform composed by a central server that provides data
collection, processing and analysis, and libraries/APIs to support IoT devices. The open-source
central server can be installed locally or run in the cloud, with both free and paid pricing schemes.
ThingSpeak stands out for its extremely easy interface for data processing and presentation,
thanks to the support of the Matlab language in the cloud deployment, including graphic output
and several Matlab toolboxes. Access to such toolboxes is granted based on a paid MathWorks
license in addition to basic, free Matlab support provided by ThingSpeak. The platform provides
web APIs using both the HTTP and MQTT communication protocols, allowing the support of a
wide range of devices, including smartphones as well as all major IoT hardware platforms, such
as Arduino, Raspberry Pi, Electric Imp, Particle Photon, and ESP8266. Integration with external
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services is possible by exporting data in JSON, Comma Separated Values (CSV) and eXtensible
Markup Language (XML) formats, or by adopting the ThingHTTP protocol.

Table 1 provides a comparison of the open-source platforms discussed above according to the
following criteria: support for communication protocols, data processing, data visualization, and
integration with external services. Table 1 highlights that while most platforms provide satisfactory
support for IoT communications protocols and integration with external services, ThingSpeak stands
out for its unique features in terms of data processing and visualization.

Table 1. Qualitative comparison of open-source platforms analyzed in Section 3.

Platform Communication = Data Processing  Data Visualization Integration with
Protocols External Services

FIWARE Excellent Sufficient Sufficient Excellent

Kaa Excellent Limited Good Excellent

Lelylan Good Limited Limited Good

OpenMTC Good Limited Limited Good

SiteWhere Good Limited Limited Excellent

The ThingBox  Sufficient Sufficient Sufficient Good

ThingSpeak Good Excellent Excellent Good

The possibility of easily defining analysis and visualization apps within the platform provides
in fact a significant advantage compared to all other open-source platforms. In addition, the built-in
support for execution of Matlab scripts and functions within such apps in the cloud is extremely
appealing, given the widespread use of Matlab in the academic environment, both in research and in
undergraduate and graduate courses. The support for Matlab guarantees in fact an almost seamless
transfer of data processing and analysis algorithms from simulation environments to experimental
testbeds, thanks to the time and efforts spared for porting such algorithms from Matlab to other
languages. Please note that Matlab support is also available in other platforms: Matlab can in fact
run in a virtual machine in AWS through its S3 cloud service as well as in Microsoft Azure [40] and a
few other platforms. This solution requires however a Matlab license with cloud support and in most
cases a paid license for the selected cloud platform (this is the case for AWS, where a paid account is
needed to access the S3 service). ThingSpeak, on the other hand, provides the possibility of executing
Matlab code out of the box, with no additional license required. This feature made ThingSpeak the
best candidate for the design of the ThingsLocate IoT indoor positioning platform for learning and
research in academia. More details on ThingSpeak are thus provided in the following.

ThingSpeak relies on two key concepts for data exchange and storage: channels and messages.

e A channelis a data structure identified by a unique id, and by keys for writing to and reading from
it, and is the basic structure for data storage in ThingSpeak, under the form of timestamped data
entries. As an example, a channel could be used to store temperature readings by a sensor in time.
Each entry in the channel would then include a reading with the corresponding timestamp. A
channel can contain up to 8 fields of data, and an entry in a channel is defined as the combination
of the 8 fields of data and of a timestamp.

e A message is the base information transfer unit, and is defined as the information transferred
when an entry is written to a ThingSpeak channel by a device using the ThingSpeak write API.

ThingSpeak provides an extremely friendly interface for processing data written in channels
by devices, under the form of ThingSpeak apps. Apps can be executed once, periodically, or as a
reaction to a new message being written on a channel, and allow processing of the data, visualize
them by generating graphs, or publish them on new channels or on the Internet by posting them on
web pages and social networks. As already mentioned, data analysis, in particular, is made easy in
ThingSpeak thanks to the possibility of creating Matlab analysis apps, consisting of Matlab scripts
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that are stored on the platform and are executed on data uploaded on one or more ThingSpeak channels.

4. The ThingsLocate Platform

ThingsLocate provides an open-source solution for indoor positioning of WiFi IoT devices based
on RSSI fingerprinting; information on the availability of the ThingsLocate platform is provided in
Appendix A. Based on the analysis carried out in Section 3, ThingsLocate was developed on top
of the ThingSpeak (TS) platform [39]. ThingsLocate takes advantage of ThingSpeak support for
remote execution of Matlab code, allowing for easy addition and testing of new algorithms, most
often originally developed in Matlab, without the overhead of porting them to other languages. This
dramatically eases the learning curve for the use and extension of the platform, making it suitable
for both research and graduate course teaching in an academic environment. From a deployment
point of view, ThingsLocate is straightforward to adopt on the many existing devices supported by
ThingSpeak, and it keeps most of the complexity in the cloud, leading to two key advantages: a) it is
suitable for a very wide range of IoT devices with very limited processing capability, and b) it does not
require any local processing infrastructure to be installed and maintained.

ThingsLocate uses RSSI data measured by a target IoT device and loaded to the platform using
ThingSpeak APIs to determine the position of the device itself. The position information is then made
available for visualization and processing to the device itself or to any interested entity. Figure 1 shows
how the introduction of the ThingSpeak platform modifies the system architecture and the workflow
for an indoor positioning request.

Server:
- Database (mysql)
- Processing (php)

1) Positioning request
(HTTP request)

2) Processing

Client device

3) Position information delivery

\é‘\h {Q;y)m | (JSON object HTTP reply)
= =

a) Traditional architecture and workflow

- Processing (Matlab)

ThingSpeak cloud Server:
- Publishing (Location Channel)/

1) RSSI data upload
(MQTT upload on RSSI Channels)

2) Processing

CJThingSpeak

Client device l
- 3) Publishing (Location Channel)
\ ,))
*ﬁ\ A L
/

\V

b) ThingSpeak architecture and workflow

Figure 1. Comparison between traditional architecture and workflow (a) and cloud architecture and
workflow in ThingsLocate (b).
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To operate, ThingsLocate inherits the following TS elements:

e  RSSI channels—A set of Nrc TS channels used by target devices to upload RSSI data. Nyc is a

system parameter to be selected at platform deployment time, as explained later;
o  Locate App—A TS Matlab Analysis app implementing the positioning algorithm, with execution

triggered by the upload of data on the RSSI channels by a device;
e  Location channel—A TS channel used to publish the estimated location.

A detailed description of the RSSI and Location channels, of the Locate App, as well as of the
procedures to setup and use the ThingsLocate platform and of the client code to be used on ThingSpeak
compatible devices is provided in the following subsections.

4.1. RSSI Channels

Table 2 presents the structure of the Nrc RSSI channels, labeled RSSI1,. .., RSSI Ngc, in the case
Nrc = 3. RSSI11is used to provide general information and settings on the positioning request, while
the remaining channels are used to provide RSSI data. The data uploaded on channel RSSI 1 include
the ID of the 10T device Device ID, the number of detected APs NE.,, the positioning algorithm that
the device requests and the corresponding settings, as detailed in Section 4.3. While the Device 1D
is a mandatory information, the remaining data pieces are optional and may be ignored if the IoT
device does not possess the technical capability required to provide them. The Device ID information
is repeated on each channel, to ensure that RSSI data coming from different target devices are not
mistakenly mixed-up during position estimation.

Table 2. Fields of the RSSI channels, used by the IoT device during the Upload step, for Ngc = 3.

Channel Field1 Field2 Field 3 Field 4 Field 5 Field 6 Field 7 Field 8

RSSI1  Dev. ID NI’?SSI Algorithm  Paraml Param2  Param3  Param4  Paramb
RSSI2 Dev.ID N/A APy ID APy RSSI AP, ID AP, RSSI AP;ID  AP; RSSI
RSSI3  Dev.ID N/A APy ID APy RSSI  APsID AP5 RSSI  APsID AP RSSI

4.2. Location Channel

The Location channel is used to publish the estimated position of devices that upload their
measured RSSI data through the RSSI channels. Each entry in the channel corresponds to a position
estimate. Six out of the eight available fields in the channel are used to provide the following
information: (a) Device ID of the device that uploaded the RSSI data used for the estimation; (b)
position of the device in a 3D system of coordinates (3 fields); (c) estimated floor in a multifloor
building; (d) algorithm used for positioning. The remaining two fields are currently reserved for
future development.

4.3. Locate App

The Locate App includes three components: (a) RSSI data collected during the offline phase,
specific for each deployment, (b) a set of positioning algorithms and (c) a set of similarity metrics.
The app adopts the selected combination of positioning algorithm and similarity metric to process
the offline data and the information written by the target device in the RSSI channels to estimate the
position of the device.

The offline RSSI data are stored in the App under the form of three Matlab variables:

e abidimensional matrix RSSI_MAP of size Ngp X Np, where Ngp is the total number of RPs
defined in the area covered by the positioning system, and N4p is the total number of different
APs detected in the area. Please note that in areas of large dimensions only a subset of the APs
will be detected in each RP, and N4p will be thus the size of the union of all APs detected in at
least a single RP. For a generic AP i not detected at a generic RP j, the entry RSSI_MAP, ; will be
set to a reference value Py lower than the receiver sensitivity threshold;
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e abidimensional matrix RP_MAP of size Nrp x 3, containing in j-th row the 3D coordinates of
the j-th RP;

e avector AP_ID of length N4p, storing the MAC address of each detected AP in the same order
adopted to fill in each row of the RSSI_M AP matrix;

Each positioning request is served by the Locate App by executing the following steps:

1. Thepairs {< AP, ID, AP, RSSI >, x=1, ..., N, } loaded by the target device on the RSSI
channels are mapped on a vector st of length N 4p, using the information contained in the AP_ID
vector as follows: the generic j-th element of st, s; 1, is set either to the RSSI value measured for
AP_1 Dj, if this was uploaded by the target device, or to Pyyr1, otherwise;

2. The position of the target device is estimated from RSSI_MAP and st using either the
combination of positioning algorithm and positioning metric requested by the device in the
RSSI 1 or the default one, if no requests are expressed;

3.  the estimated position is published on the Location channel, following the structure described in
Section 4.2.

A description of the algorithms and the metrics available on the platform is given in the following,
where for brevity the vector corresponding to row i of the RSSI_M AP matrix is indicated with s;.

The set of algorithms currently implemented on the platform includes the k Nearest Neighbor
(KNN) algorithm [41] and three enhanced versions of kNN. A key issue in kNN algorithms is the
selection of k. With respect to this issue, algorithms can be broadly divided into two families: a priori
fixed k algorithms, in which k does not depend on the positioning request [18,42,43], vs. dynamic k
algorithms that determine the best k depending on the specific positioning request [44—46]. The set
of algorithms implemented in ThingsLocate includes two examples for each family: kNN and the
Weighted kNN (WANN) algorithm [47] for fixed k, vs. the Enhanced Weighted K Nearest Neighbor
(EWKNN) [44] and the frequentist inference K Nearest Neighbor (FI-WkNN), proposed in [46], for
dynamic k. The four algorithms are introduced in the following.

e In kNN, the k RPs with RSSI values most similar to the ones recorded by the target device are
selected, according to a similarity metric m; = m (st,s;). The estimated position j = {X,7,Z}
is then obtained as the average of the positions p1 = {x1,y1,21}, ..., px = {Xk Yk 2k} of the

selected RPs:
o 2]:1:1 Xn
X = = k
k
7= Zn:kl Yn — Py = # (1)
o Zlyi=1 Zn
T %k

e  WKNN is an extension of kNN in which the positions of the k selected RPs are weighted according
to a weighting function w(-) evaluated on the similarity metric m,,:

= _ Zﬁ:l w (1115 ) pr 9
PWkNN S w(m) @)
w(+) is typically defined so to emphasize the weight of RPs that show higher similarity to the Test
Point (TP); kNN can be considered to be a special case of WKNN where w(-) = 1 for any argument.
e  EWENN, introduced in [44], as mentioned before, determines k dynamically for each positioning
request, as a result of a two-step pruning procedure of the set of RPs. Two strategies can be
adopted in the selection of the thresholds to be used in the pruning steps: a static strategy in
which the thresholds are predetermined, and a dynamic one, in which they depend on the content
of ST.
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e  FI-WKNN, proposed in [46], relies on frequentist theory of inference combined with a measure of
similarity given by the Pearson’s correlation R statistical index. The algorithm uses the p-value
probabilities associated with a test statistic T defined over R, as defined in frequentist inference, to
determine the relevance of each RP: RPs characterized by a low p-value are deemed more relevant
than those with a high p-value. FI-WkNN can work with either a fixed or a dynamic k selection
strategy. In the former case the k RPs with the smaller p-values are considered in the estimation
of the position of the target device using Equation (2), while in the latter case a RP j is included if
it passes an hypothesis test defined as p; < a, where a is a tunable threshold.

The selected positioning algorithm can be used in combination with any of the similarity metrics
available in the Locate App. The similarity metric in a fingerprinting positioning system is used to
determine the set of k fingerprints that are most similar to the fingerprint contained in the st vector
provided by the target device. This is typically achieved by determining the similarity between st
and s; (the i-th row of RSSI_MAP) fori =1, ..., Ngp, sorting the Nrp rows according to decreasing
similarity, and selecting the first k. The similarity metric plays thus a key role in determining the
performance of a fingerprinting positioning system. ThingsLocate currently provides two options for
the similarity metric:

e the inverse Minkowski distance, with order p, defined as follows:

Nyp %
m(st,s Z |s1,r — s1,il” p=>1 3)

Equation (3) actually defines a family of metrics as a function of the order p > 1. The most
common choices in the literature are p = 1, corresponding to the inverse of the Manhattan
distance, and p = 2, corresponding to the inverse of the Euclidean distance.

e the squared value of the Pearson correlation coefficient R(sr, s;), defined as:

YA (s — 87) (51, — 1)
\/Zl 1 (si,T —5T1) \/Zl (s1,i — 5;)?

m(st,s;) = R%(sT,s;), typically known as the coefficient of determination, is automatically used
when the FI-WkNN [46] is selected since in this algorithm the similarity between fingerprints is
determined on the basis of a statistical test on a test statistic based on R?(sr, s;). The metric can
however be used in combination with any of the other algorithms, as also proposed in [46].

4)

ST,

Additional similarity metrics can be easily introduced by adding the corresponding code in the
Locate App. An overview of possible similarity metrics suitable for addition to the platform can be
found in [19].

The specific settings to be used for the selected combination of algorithm and metric are provided
in the RSS11 channel. Table 3 shows the parameter to be provided in each field of the channel. Please
note that the expected data in some fields (and whether such fields are used or not) depend on the
content of previous fields. Allowed values for each parameter listed in Table 3 are provided in Table 4.

As a final note, the WkNN-based algorithms in ThingsLocate use the selected similarity metric
also as the weighting function, adopting thus w(x) = x V x, following the most common approach in
the literature; the combination of different similarity metrics vs. weighting functions was in fact only
recently investigated [19].
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Table 3. Content of fields 4 to 8 of the RSSI1 channel for the algorithms and metrics available in

ThingsLocate.
Algorithm  Paraml Param2 Param3 Param4 Param5
kNN k Metric p order/N/A N/A N/A
WEKNN k Metric p order/N/A N/A N/A
EWKNN Metric porder/N/A  Threshold strategy ~ Threshold 1/N/A  Threshold 2/N/A
FI-WKNN  k strategy k/wa N/A N/A N/A
Table 4. Allowed values for parameters listed in Table 3.
Parameter Details Allowed values
k Number of neighbors used in estimation Any positive integer number
Metric Similarity metric {’Minkowski', ‘Pearson’}
p order p order used in the Minkowski distance Any positive integer number
Threshold Strategy for threshold definition in the {’StaticThreshold’, ‘DynamicThreshold’}
strategy EWEKNN algorithm
Threshold 1 Value of first threshold in the EWKNN Any positive real number
algorithm when ‘StaticThreshold’ strategy
is adopted
Threshold 2 Value of second threshold in the EWKNN  Any positive real number
algorithm when ‘StaticThreshold’ strategy
is adopted
k strategy Strategy for selection of k in the FIFWKNN  {’StaticK’, ‘DynamicK’}
algorithm

Hypothesis test threshold used in the
FI-WKNN algorithm when ‘DynamicK’
strategy is adopted

Any positive real number

4.4. ThingsLocate Setup Procedure

Assuming that the WiFi hardware is already installed in the area of interest, the procedure to

setup and deploy the ThingsLocate platform foresees three steps: (1) Environment scan, (2) Server-side
configuration, and (3) Device-side configuration. A summary of the procedure is presented in Figure 2,
while a detailed description is provided in the following.

1.

Environment scan, corresponding to the offline phase of WiFi fingerprinting introduced in Section 1,
focuses on the acquisition of the data required to create the RSSI_MAP, RP_MAP and AP_ID
data structures. This step starts with the definition of the set of Reference Points and the recording
of the corresponding coordinates in the RP_M AP matrix, as well as of the corresponding Ngrp
value. Next, RSSI data are collected at each RP. Once all measurements have been carried out, the
union of AP IDs detected in each of the RPs is used to create the AP_ID vector, and determine
thus the dimensions of the RSSI_M AP matrix. Finally, RSSI data are recorded in the RSSI_MAP
following for the rows the same order adopted for RP_MAP, and within each row the same
order adopted for the AP_ID vector. The time required for this step is directly related to the
number Ngp of RPs to be analyzed that, in turn, depends on the size of the area to be served
by the positioning system and on the selected spatial density of RPs. In the case of large areas
and/or high densities of RPs, the Environment scan step can require hours or days of work, and is
by far the most time-consuming step in the setup procedure. This issue is inherent to the WiFi
fingerprinting approach and not to its implementation in ThingsLocate. A possible solution will
be discussed in Section 6.

Server-side configuration focuses on the preparation of the cloud elements of the ThingsLocate
platform. It includes the creation of the RSSI and Locate channels and the configuration of the
Locate App, based on the information collected during the Environment scan step and on the
channel IDs of the RSSI and Locate channels just created. The number Nic of RSSI channels to be
created is also determined in this step, based on the data collected in the Environment scan step.



Technologies 2019, 7, 50 12 of 23

Since each channel can contain the data for three APs, the number of RSSI channels to be created

is approximately equal to one third of the maximum number of APs detected in a single RP.
3. Device-side configuration deals with the configuration of client code in each device. It consists of

writing the IDs of the RSSI and Location channels and the value of Nyc, needed by the device to
determine how many RSSI values can be reported when submitting a positioning request.

Step 1 - Environment scan

- Define RPs and set Npp

- Collect RSSI data at each RP

- Determine Nap, Nrc based on data

Step 2 - Server-side configuration

- Create Np¢ RSSI channels

- Create the Location channel

- Write the RSSI_M AP and RP_MAP
data in the Locate App code

- Write RSSI and Location channel IDs in

the Locate App code

Step 3 - Device-side configuration

- Set NRrc in the client code

- Write RSSI and Location channel IDs in the
client code

Figure 2. Setup and deployment procedure for the ThingsLocate platform.
4.5. Positioning Procedure
The procedure used to determine the position of an IoT target device is divided into two steps:

1. Upload—the target device collects RSSI data as pairs {ID, RSSI}, and uploads them on the RSSI
channels, jointly with control information as previously described;

2. Locate—the information upload at Step 1 triggers the execution of the Locate Analysis app that
reads data from the RSSI channels, estimates the position of the IoT device using the selected
algorithm, and writes the estimate on the Location TS channel.

Additionally, the write operation at the end of Step 2 may trigger the execution of publishing
actions available on TS, such as email delivery or tweeting on Twitter.

4.6. Client Code

The client code made available in the current release of the ThingsLocate platform covers Linux,
MacOS, and Android devices, as well as Raspberry Pi devices. The extension to other devices supported
by ThingSpeak is planned for the next future. The client code for all supported devices shares a common
set of features, briefly described in the following.

A client device is required to perform two main tasks:

1. collection of RSSI data during the offline phase (Environment scan step);
2. collection of RSSI data and submission of positioning requests during the online phase.

The same code is used to perform the two tasks. The only difference is that during the collection
of data for the Environment scan, RSSI data are stored locally on the device (since RSSI channels are
typically not yet available), while during the online phase they are uploaded on the RSSI channels. To
this aim, the code provides the following features:
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configurable number of measurements to be averaged, to increase reliability of the RSSI data;
configurable filename for offline storing (for the offline phase);
automatic ordering of collected data in decreasing order of RSSI value, so that if more than 3 * Ngc
values are collected the less important ones are discarded;

e  configurable positioning algorithm, positioning metric and corresponding settings to be uploaded
on the RSSI 1 channel (for the online phase).

An example of the configuration screen for the Android app is presented in Figure 3.

894 1004

ThingsLocate Client :
Number of measurements

Test Point name (for local storage on file)
Positioning algorithm

k strategy

Similarity metric

Threshold selecton strategy (for EWKNN)

p order for inverse Minkowski similarity metric
alpha (for FI-WKNN)

Threshold 1 (for EWKNN)

Figure 3. Configuration screen for ThingsLocate Android app.
5. Proof of Concept: Indoor Positioning of Android and Raspberry Pi Devices

In this Section a proof-of-concept implementation of the ThingsLocate platform is proposed,
in order to illustrate how the setup procedure define in the previous Section works in a real-world
environment, and to highlight the capabilities offered by the platform for learning and research on
indoor positioning for IoT. Section 5.1 illustrates settings and results of the setup procedure, while
Sections 5.2 and 5.3 provide an example of the experimental campaigns that can be carried out
using ThingsLocate. Two issues were investigated using the TL platform: (a) the impact of different
devices on positioning accuracy, presented in Section 5.2, and (b) the impact of positioning algorithms,
presented in Section 5.3.

Please note that the goal of this Section is not to provide an exhaustive analysis of the two issues,
but rather to prove that a similar analysis, typically of great interest in academic research and graduate
studies, is feasible and easy to perform using ThingsLocate with limited setup efforts.
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5.1. Setup

The ThingsLocate platform was deployed at the second floor of the Department of Information
Engineering, Electronics, and Telecommunications (DIET) of Sapienza University of Rome, Rome,
Italy, covering a total area of approximately 42 x 12 m?. The deployment took advantage of the
testbed previously deployed in this location, described in detail in [48]. Nrp = 72 RPs were identified,
with an average distance between two RPs of approximately 3 m. In each RP g = 50 samples were
averaged to counteract the impact of the channel variability on the fingerprinting database. Each
sample consists of the RSSI values received from all detected APs. Data were collected using an Apple
Macbook Pro 15 Early 2011 (Apple Inc., Cupertino, CA, USA), equipped with a Broadcom BCM94322
2.4 Ghz/5 GHz WiFHi card (Broadcom Inc., San Jose, CA, USA). The offline fingerprint database includes
data collected for 6 APs at both 2.4 GHz and 5 GHz and 7 at 2.4 GHz, for a total of 19 WiFi signals. As
a result, of the deployment procedure described in Section 4.4, the following settings were adopted:
Nrp =72, Nop = 19, Ngc = 13 corresponding to a maximum of 3 x (Ngxc — 1) = N%{‘X = 36 RSSI
measurements per request. Figure 4 shows a map of the area and the positions of both APs and RPs.

X
S U 7l
] o 0T JU T
° °
e b r}
' ° Ly
— e I | e B e |
° o o el o o

Lo [

Figure 4. Positions of the RPs (filled red circles) and APs located at lower floor (green diamonds) and
at same floor (blue squares) of the RPs in the ThingsLocate testbed.

A set of Nyp = 10 Test Points (TPs) was identified, and RSSI data were collected at each TP with
three different devices: (1) a Raspberry Pi B+ (Raspberry Pi Foundation, Cambridge, England) using a
USB WiFi adapter based on a RealTek RTL8188CUS chipset (Realtek Semiconductor Corp., Hsinchu,
Taiwan) operating at 2.4 Ghz, (2) a OnePlus One smartphone (OnePlus Technology Co., Shenzhen,
China) with Android 6, equipped with a Qualcomm WCN3680 2.4 Ghz/5 GHz WiFi chip (Qualcomm
Incorporated, San Diego, CA, USA), and (3) the same Macbook Pro used to collect data during the
Environment scan step. Measurements were collected using the Python scripts and the Android app
made available as part of the ThingsLocate software package for each of the three devices. As already
mentioned in Section 4.6, the ThingsLocate client code for all platforms is designed so that in case
more than NYX APs are detected, the NY1X with highest RSSI are uploaded, in order to minimize
the impact of dropping the exceeding measurements.

5.2. Impact of Devices on Positioning Accuracy

The analysis on the impact of devices on positioning accuracy was carried out with TL settings
presented in Table 5.
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Table 5. Settings adopted in fields 4 to 8 of the RSSI 1 channel for the analysis of the impact of different
devices on positioning accuracy.

Algorithm Param1 Param?2 Param3 Param4 Paramb
kNN 3 ‘Minkowski’ 2 N/A N/A
WENN 3 ‘Minkowski’ 2 N/A N/A
EWKNN  “Minkowski’ 2 ‘DynamicThreshold”  N/A N/A
FI-WKNN ‘StaticK’ 3 N/A N/A N/A

Figure 5 presents the average positioning error observed for the Nrp TPs using the three devices
introduced in Section 4.4, while Figure 6 shows the positioning error along the X vs. Y axes. In general,
a lower positioning accuracy along the Y axis was observed for all devices, with errors on Y axis up to
2.2 times the errors observed on the X axis. This result can be explained by the suboptimal placement
of APs, mostly transmitting from the central hall, with a very low spatial diversity along the vertical
Y axis, as visible in Figure 4. Results in Figure 5 also show that the positioning accuracy observed
for both Raspberry Pi and Android devices was lower than for the Macbook Pro. Furthermore, the
Raspberry Pi was characterized by the worst accuracy for all the considered algorithms. Two factors
contributing to the performance gap between the Macbook Pro and the other devices can be identified.
The first factor is the mismatch between the device used for offline data collection and online
measurements. The Macbook Pro can be considered in this scenario as a best-case benchmark, since for
this device there is no impact from device mismatch between RPs and TPs. The positioning accuracy
for the other considered devices may be affected by the fact that different devices typically report
different RSSI values at the same location, due to multiple reasons. A first reason is the different
sensitivity of the WiFi chipsets, especially when the devices are placed at the border of the coverage
area of an AP. A second reason is the way RSSI is evaluated by the firmware/device driver: RSSl is
in fact a somewhat arbitrary representation of signal intensity, and different WiFi chipset makers can
apply different algorithms to obtain a numerical representation of such intensity. Such algorithms
often include nonlinear transformations, such as clipping to a minimum or maximum value, that may
affect the similarity between the offline fingerprints and the online data. Finally, in the specific case of
the WiFi chipset used for the Raspberry Pj, a third reason is the lack of support for 5 GHz networks;
however, experiments repeated excluding 5 GHz signals for all devices led to extremely similar results,
indicating that the lack of 5 GHz support did not play a significant role.

The second factor to be taken into account, in particular to explain the markedly worse
performance of Raspberry Pi with respect to the Android device, is related to the statistical properties
of the collected RSSI values. Figure 7 presents the estimated Probability Density Function (PDF) of the
RSSI values for the three devices across all the TPs, and shows how the Raspberry Pi is characterized
by RSSI values spanning over a narrower range than the Android and Macbook Pro devices. The
PDF for the Raspberry Pi also shows a strong peak around -75 dBm that is absent in the RSSI PDF of
the other devices. The different shape and domain of the RSSI PDF for the Raspberry Pi leads to a
significantly lower variance compared to Android and Macbook Pro, despite a similar mean value, as
shown in Table 6. Please note that the variance shown here is measured across TPs: a lower variance
means thus that the device tends to report similar RSSI values across all TP positions, and in turn
that data collected at different TPs will "look" similar when a similarity metric is applied to compare
them against the fingerprints in the offline database. Interestingly, a comparison between Figure 5 and
Table 6 suggests indeed that positioning accuracy in WiFi fingerprinting is inversely related to RSSI
variance across TPs. Further studies are however required to confirm this finding, in particular by
separating the impact of device mismatch vs. RSSI distribution.
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Figure 5. Average error observed for Raspberry Pi, Android, and Macbook Pro devices using the kNN,
WEkNN, EWKNN and FI-WkNN algorithms.
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Figure 6. Average error along the X vs. Y axes observed for Raspberry Pi, Android, and Macbook Pro
devices using the kNN, WkNN, EWKNN and FI-WkNN algorithms.

Raspberry Pi Android Macbook Pro

0.08 0.09 T T

0.09
0.07
0.06
0.05

w

0 0.04

o
0.03
0.02

0.01

0 0 0
-100 -80 -60 -40 -100 -80 -60 -40 -100 -80 -60 -40
RSS! (dBm) RSS! (dBm) RSS! (dBm)

Figure 7. Probability density function of RSSI estimated from measurements collected in TPs for
Raspberry Pi, Android, and Macbook Pro devices.
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Table 6. Average value and variance of RSSI samples for the three devices used in the ThingsLocate testbed.

Device RSSI Average Value (dBm) RSSI Variance (dBm?)
Raspberry Pi —71.69 90.09

Android —78.32 141.09
Macbook Pro —69.94 204.13

5.3. Impact of Algorithms on Positioning Accuracy

The results in Figures 5 and 6 show that the different algorithms implemented in the TL platform
may lead to significantly different results in terms of accuracy. The EWkNN algorithm, in particular,
proved to be more sensitive to the suboptimal AP placement on the Y axis, leading to extremely
high errors for all devices. On the opposite, the FI-WkNN consistently led to the best performance
for all devices, significantly mitigating the negative impact of suboptimal placement of APs along
the Y axis. One might wonder whether the performance of the algorithms is related to the specific
settings adopted in the experiment presented in Section 5.2, and how algorithms would behave as a
function of their parameters. The TL platform provides an ideal framework to compare the different
algorithms under the same conditions. An example is presented here, showing an analysis of accuracy
as a function of k for the Macbook Pro device. Results of this analysis, carried out with TL settings
shown in Table 7, are presented in Figure 8, showing the average positioning error for the 4 algorithms
available in the TL platform.

Table 7. Settings adopted in fields 4 to 8 of the RSSI 1 channel for the analysis of the impact of different
algorithms on positioning accuracy.

Algorithm Paraml Param2 Param3 Param4 Param5
kNN 1-10 “Minkowski” 2 N/A N/A
WENN 1-10 “Minkowski” 2 N/A N/A

EWKNN “Minkowski” 2 “DynamicThreshold” /“StaticThreshold” N/A/100 N/A/20
FI-WKNN “StaticK” 1-10 N/A N/A N/A
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Figure 8. Average error for the kNN, WkNN, EWkKNN and FI-WkNN using Macbook Pro TPs in the TL platform.

The EWKNN was tested using both dynamic thresholds and optimal static thresholds determined
through heuristic search. Results show that although WkNN and FI-WkNN achieve similar best
accuracy when the optimal value of k is adopted, FI-WkNN is more robust to suboptimal selection of k,
in agreement with [46]; this is an important quality in a WkNN-based algorithm, given the impossibility
of determining the optimal value of k in advance [19]. Results also confirm that the EWkNN leads to a
poor overall performance, even with optimal thresholds, due to the sensitivity to errors on the Y axis,
as shown for all devices in Figure 6.
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6. Current Limitations and Future Developments

The adoption of the ThingSpeak cloud service as the basis for the development of the TL platform

allows inheritance of the advantages provided by ThingSpeak in terms of device compatibility and
native support for Matlab code, but also requires to deal with the specific limitations of this cloud
service. In particular, the following limitations can be identified:

limited update frequency and total messages—in its free pricing tier, ThingSpeak limits the
frequency of updates on a channel to 1/15 s, and the total number of messages for an account
to 3 million/year. The former limitation can in particular become a serious concern when many
devices report their RSSI readings simultaneously, leading to an aggregate update frequency
above the threshold. This issue can however be addressed in at least two ways: (1) subscribe to a
different pricing tier that allows removal of this limitation by paying a monthly fee; (2) duplicate
the set of RSSI channels by replicating their structure and distribute the devices over the different
sets, in order to guarantee that the aggregate update frequency for each set is below the threshold.
limited number of fields per channel—the channel structure in ThingSpeak foresees 8 fields,
typically insufficient to upload all data required for a positioning request. The solution adopted
in the TL platform, consisting of splitting the data over N RSSI channels, overcomes the issue,
at the price however of a loss of efficiency in the use of the channels, since the repetition of the
Device ID on each channel limits the number of AP readings that can be reported on each channel
to 3. Although programming approaches have been proposed to force more than 8 fields in
association with each channel, there is currently no straightforward solution to this issue.

Even taking into account the above limitations, the TL platform can be easily extended beyond its

current capabilities, providing a starting point for the introduction of new features in the framework
of a course assignment or a research project on indoor positioning for IoT. A partial list of possible
developments includes:

definition of new fingerprinting positioning algorithms and similarity metrics—new algorithms
and metrics can be added in a straightforward manner, by adding them to the Locate app code
without requiring any change to the client software. Any variation of WkNN, in particular, can be
added with almost no coding effort.

optimization of offline phase RSSI data collection—it was pointed out in Section 4.4 that the RSSI
data collection carried out during the offline phase in the Environment scan step accounts for
most of the time required for the setup procedure, and that this issue is inherent to the way WiFi
fingerprinting works. Recently, however, a promising technique to solve this issue was proposed
by the authors of the present work [48]. The technique, named virtual fingerprinting, allows
reduction of the number of RPs to be processed (and the corresponding time) by at least one order
of magnitude by generating synthetically the remaining ones using a deterministic channel model
[49]. The integration of the technique would not require any change to the ThingsLocate platform,
and would dramatically speed up the deployment of the platform.

extension to WiFi positioning algorithms beyond fingerprinting—algorithms that rely on RSSI
levels (e.g., trilateration algorithms based on power, as in [50]) can be added again by modifying
accordingly the Locate app, without changing the structure of RSSI channels or the client code.
The addition of algorithms that rely instead on different information, such as Time-Of-Arrival
(TOA), Time-Difference-Of-Arrival (TDOA) or Direction-Of-Arrival (DOA), will typically require
changes to both client code and Locate App. Note however that TOA, TDOA, and DOA require
specific hardware support in client devices, making them typically less suitable for off-the-shelf
IoT devices [14].

adoption of other wireless technologies—the ThingSpeak platform can be easily adapted for the
use of a wireless technology different from WiFi. The Locate App and the TS channels need
no modifications, and the client code can be easily tweaked to collect RSSI data for the selected
technology instead of WiFi. The use of another technology in place of WiFi is appealing mainly for
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energy consumption reasons. WiFi is in fact a relatively energy-hungry technology, and frequent
scans could quickly drain energy reserves in IoT devices not equipped with high capacity batteries.
This issue could be addressed by adopting low-consumption RATs proposed for IoT devices,
such as Bluetooth Low Energy, LoRa, and SigFox, at the price however of additional efforts to set
up the wireless environment so that enough wireless signals are available for RSSI positioning.
A rich wireless environment is in fact a key requirement for accurate RSSI-based positioning, and
no other technology can currently match the spatial signal density of WiFi, typically guaranteeing
tens or even hundreds of signals in an urban location.

7. Conclusions

This paper introduced ThingsLocate, a novel platform for WiFi-based indoor positioning of
Internet of Things devices built upon the ThingSpeak IoT cloud platform. ThingsLocate fills the gap
between IoT and indoor positioning and provides an easy-to-use and flexible tool for study and
research of indoor positioning for IoT and location-aware [oT applications, by (a) avoiding the need
for a local positioning server and of dedicated libraries for collecting and loading WiFi fingerprinting
data, (b) allowing for easy development of new positioning algorithms thanks to the support of remote
Matlab code execution offered by ThingSpeak, and (c) making available client-side scripts and apps
for multiple devices. The smooth learning curve guaranteed by Matlab support and the user-friendly
ThingSpeak user interface make ThingsLocate also very suitable for adoption in graduate courses on
IoT-related topics.

The possibilities offered by ThingsLocate were shown in a proof-of-concept implementation, used
to investigate the impact of device diversity and of different positioning algorithms on positioning
accuracy. Preliminary results suggest that positioning accuracy is influenced by the variance of
collected RSSI measurements provided by different devices, and that the impact of device diversity
can be mitigated by the FI-WKNN algorithm, characterized by a metric different from the Euclidean
distance typically adopted in WkNN-like algorithms. Future research work will focus on the extension
of ThingSpeak so to support more hardware platforms and more advanced positioning algorithms,
and on the integration of the virtual fingerprinting technique to streamline the setup procedure.

As a final note, although ThingsLocate was introduced in this work for research and learning
purposes, it can also be adopted as a real-world solution for indoor positioning of IoT devices. The
possibility of operating without any local processing infrastructure is in fact appealing for small shops
and enterprises that do not have the skills and resources to host and maintain a local processing server:
a ThingsLocate deployment could provide an indoor positioning service in a matter of hours without
any hardware installation. Two aspects should however be taken into account when considering a
real-world deployment of ThingsLocate. First, a reliable estimate of the number of devices to be located
and of the corresponding generated traffic should be available, to determine the correct price tier to be
acquired, as discussed in Section 6. Second, the location update period in a RSSI-based fingerprinting
is inherently limited by the time required to perform one or more WiFi environment scans, typically
in the order of minutes. Consequently, in its current form ThingsLocate is suitable for application
scenarios involving portable or low-mobility devices, but not for scenarios requiring fast updates due
to high mobility or abrupt position change detection (e.g., in anti-theft surveillance systems). A set of
guidelines to evaluate whether ThingsLocate is a suitable solution for a given application scenario will
be added to the platform documentation as part of future development activities.
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Abbreviations

The following abbreviations are used in this manuscript:

AMQP Advanced Message Queuing Protocol
AP Access Point

API Application Programming Interface
AWS Amazon Web Services

CIR Channel Impulse Response

CMX Connected Mobile Experiences

Csv Comma Separated Value

DOA Direction-Of-Arrival

GNSS Global Navigation Satellite Systems
HTTP Hyper Text Transfer Protocol

HTTPS Hyper Text Transfer Protocol - Secure
IoT Internet of Things

IT Information Technology

JSON JavaScript Object Notation

kNN k-Nearest Neighbor

LWM2M  LightWeightM2M

M2M Machine To Machine

MQTT Message Queuing Telemetry Transport
NGSI Next Generation Sensors Initiative
OPC-UA  Open Platform Communications-Unified Architecture
PDF Probability Density Function

RAT Radio Access Technology

REST REpresentational State Transfer

R&D Research and Development

RP Reference Point

RSSI Received Signal Strength Indicator
SDK Software Development Kit

STOMP  Streaming Text Oriented Messaging Protocol
TDOA Time-Difference-Of-Arrival

TL ThingsLocate

TOA Time-Of-Arrival

TP Test Point

TS ThingSpeak

Ul User Interface

XML eXtensible Markup Language

XMPP Extensible Messaging and Presence Protocol
WKNN Weighted k-Nearest Neighbor
Appendix A
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The ThingsLocate platform is freely available under a GNU AGPLv3 open-source license as a
GitHub repository at the following address: https://github.com/lucadn/ThingsLocate. The repository
includes the Locate App code, client scripts supporting MacOS, Linux/Raspberry Pi, and Android

devices, and detailed instructions on how to setup and deploy the platform.


https://github.com/lucadn/ThingsLocate
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