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Abstract

Smart Environments are currently considered a keyof to connect the physical world
with the information world. A Smart Environmentnche defined as the combination of a
physical environment, an infrastructure for datanageement (called Smart Space), a collection
of embedded systems gathering heterogeneous daetatfre environment and a connectivity
solution to convey these data to the Smart Space.

With this vision, any application which takes adteayes from the environment could be
devised, without the need to directly access teiitge all information are stored in the Smart
Space in a interoperable format.

Moreover, according to this vision, for each enptypulating the physical environment,
i.e. users, objects, devices, environmetite following questions can be aris&Vhad?”, i.e.
which are the entities that should be identifiétVher®” i.e. where are such entities located in
physical space? andWhat” i.e. which attributes and properties of the tegishould be stored
in the Smart Space imachine understandablermat, in the sense that itseaninghas to be
explicitly defined and all the data should beked togetherin order to be automatically
retrieved by interoperable applications.

Starting from this the location detection is a rsseey step in the creation of Smart
Environments. If the addressed entity isiserand the environment generic environmenia
meaningful way to assign the position, is througReglestrian Tracking Systenm this work
two solution for these type of system are propamsd compared. One of the two solution has
been studied and developed in all its aspects glaine doctoral period.

The work also investigates the problem to createraanage the Smart Environment. The
proposed solution is to create, by means of natimaractions, links between objects and

between objects and their environment, throughusieeof specific devicege. Smart Objects
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Chapter 1

INTRODUCTION

“The traditional computer is a glass box. All youncdo is press buttons and see the effects.
Ubiquitous computing and augmented reality systeraak this glass box linking the real world witleth
electronics worlds.” These are words of Alan Dix, deriving from hisskdHuman-Computer Interaction
(Dix, 2004). In this book, Dix shows how computeashbroken out of its plastic and glass bounds
providing us with networked societies where persapaputing devices from mobile phones to smart
cards fill our pockets and electronic devices aumtbus at home and work. As the distinctions betwee
the physical and the digital, and between work &idure start to break down, Human-Computer
interaction is also changing radically.

As Dix suggests, the way on which we are movingnfian “Information Society” to a “Knowledge
Society” involves research regarding various sectdo summarize this migration a word has been
introduced: Ubiquitous Computing. This term wasrbwith the visionary work of Mark Weiser in mind
(Weiser, 1991) (Weiser, 1996):

“The most profound technologies are those that gisap They weave themselves into the fabric
of everyday life until they are indistinguishabler it.".

Consider a scenario like this: it's night and yoa awake. So you get up and go in the kitchen.
Then you open the freezer and catch the chocatateream box. “No” says the fridge, “it's the two
o’clock in the morning and you have the cholestégokl high”. This scenario has shadedvbhority
Report the Steven Spielberg movie based upon the gwtatist Philip K. Dick’s short story by that
name. In fact, in the film, when the hero, John émain flees from the authorities, he passes throlgh
crowded shopping malls. The advertising signs reizeghim by name, tempting him with offers of
clothes and special sale prices just for Hitimority Reportwas a fiction but the technology depicted in
that movie was designed considering the Ubiqui©amputing idea. For example advertising sign are

already close to becoming a reality. Billboardsnialtiple cities recognize owners of Mini Cooper

19
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automobile by the RFID tags they carry. This isyam example and a lot of work must be done twveaurri
at theMinority Reportscenario.

This jump in science fiction introduces the concepttechnology Any time, anywhere, any
device”. This concept means the transition from a devicdéered world to a new type of interconnected
society, where information is spread around thérenment and a large set of different technologied

devices are used at the same time with seamlasstioa of information from one to another.

1.1 Scenario

As mentioned, the Ubiquitous Computing is abou¢aesh regarding various sectors. In fact, the
above mentionedny time, anywhere, any devitechnology can be seen as the interaction between

physical environment, people, sensors, devices (Fig).

Ubiquitous
Computing

Fig. 1. 1 Ubiquitous computing interactions

The physical environment surrounds people whicé iivit. People wear or carry mobile devices.
Physical environment is composed by objects whashlze equipped of sensors. Sensors can be installed
in the physical environment.

One of the visions of the Ubiquitous Computing fieni the environment point of view. The
research field in which the principles and the rodtlogy necessary to the creation of intelligent
environment are studied, is callachbientcomputing Starting from physical environment, taebient

computingallows to create environments in which heterogesatmvices interact with each other, with
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people and with the physical environment itselfpwing the identification of contextual relevant
services and adapting them to the situation anthéouser profile and preferences. These type of
environments are called Smart Environments (SH). (Ei2).

Fig. 1. 2 Smart Environments

A Smart Environment is a world wherall‘kinds of smart devices are continuously working
make users’ lives more comfortabl@ook, 2005). Smart Environments aim to satisfyakperience of
individuals from every environment, by replacing thazardous work, physical labor, and repetitive
tasks with automated agents. Another definitiorSofart Environments derives from Mark Weisex: "
physical world that is richly and invisibly interwen with sensors, actuators, displays, and
computational elements, embedded seamlessly irexbBeyday objects of our lives, and connected
through a continuous netwdrk

In Smart Environment the context of the occupasideitected. In this way contextual information
can be used to support and enhance the abilityxéocuee application specific actions by providing
information and services tailored to user’'s immegdigeeds (Ryan, 2005). The smart devices which work
together are interconnected with each other. Thes#t devices has to provide contextual information
For this reason they have to be equipped by semgoich provide low level data. If the contextual
information is the users’ one, the smart devicesnaobile devices carried from the user. Devicesdha
able to connect people and environment within tima$ Environment are called Smart Objects (SO).

A Smart Environment can be defined as the comMmnatif a physical environment, an

infrastructure for data management (called Smaac&[8S), a collection of embedded systems gathering
21
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heterogeneous data from the environment and a ctwitye solution to convey these data to the Smart
Space (Fig. 1. 3).

Sensor
Sensor Y

’5 Smart Space

Sensor

Physical Environment

Smart Environment

Fig. 1. 3 Smart Environment Components

To realize Smart Environments numerous amount ofchrieal challenges
must be overcome. The technical challenges may bemmarized as how to
create a consistent architecture for a Smart Enmient characterized by
three equally important trends: Multi-Part, Multefdce, and Multi-Vendor interoperabilityMMM
interoperability), dynamic device configurations and extreme sdithab

Interoperability is defined from IEEE (IEEE, 19983 the ability of two or more systems or
components to exchange information and to use rif@mation that has been exchanged. A more
accurate definition is: Interoperability is the abpity of a product or system to interact and fior
with other products or systems, without any acoessiplementation restrictions.

The interoperability is the requirement to providdghe users seamless connectivity and seamless
services supplying (Salmon, 2008):

= platform interoperability: same services run orfiedént platformse.g.devices, Smart Phones;
» data interoperability: services work on a commopreéeentation of data, and are independent
from their data sources;
» network interoperability: the connection takes plaxthe best available network.
Focusing on interoperability, the aim of a SmartviEBnment is to providecross-domain

interoperability and cross-industry interoperability The cross-domain interoperabilitys about the
22
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interconnection and communication between differesghnological platforms, possibly developed
within different application domains. Theross-industry interoperabilitydeals with technical
interoperability issues, such as commercial straseglicenses, and regulations. This type of
interoperability can be called Multi-Part, Multi-liee, and Multi-Vendor interoperability MMM
interoperability).
The Smart Environment problem could be decompdasegveral problems, each of them open

research issues:

» the context-aware computing problem

» the mobile computing problem

= the problem of creating and interfacing contexwjiing sensors

» the problem of creating usable and friendly integfabetween devices and people.

1.1.1 Context Aware Computing

People have always used the context of the situatigiet things done. We use our understanding
of current circumstances to structure activitiespavigate the world around us, to organize infaiona
and to adapt to external conditions. Context avesgmas become a integral part of computing. Contex
awareness computing aims to adapt the servicestoutrent situation. To provide the fittest seryite
system has to observe the inhabitant and the emamat to collect information. The context iall*
information which can be used to characterize atityerany information that can be used to charaizter
the situation of an entity. An entity is a perspigce ,or object that is considered relevant to the
interaction between a user and an application, udahg the user and application themselv@sey,
2001). This broad definition allows to define ireey scenario the most suitable specialized dedimiaf
context, which is needed for every practical imptatation of Context awareness.

Several different definition are proposed in litara. A survey of the most relevant current
approaches to modeling context for Ubiquitous CatingLis proposed in (Strang, 2004). A review of the
context-aware systems from 2000 to 2007 is propiséidong, 2009).

(Schilit, 1994) refers to context as location, iit##s of nearby people and objects and changes to
those objects. Also (Brown, 1997a) defines congaxtocation, identities of the people around ther,us
the time of day, season, temperature, etc.

(Coutaz, 2005) points out that context is not meaetollection of elements (a state) but it is & pa
of the entire Human-Computer Interaction (HCI d&smd further on) process or interaction within an
ever-changing environment, made by a set of egtitieset of roles (of entities) and relations (leetv
entities) and a set of situation.

The requirements for an infrastructure that suigpGrdntext Aware application are (Dey, 1999):

23
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*» To allow applications to access context informafimm distributed machines in the same way
they access user input information from the locathme;

= To support execution on different platforms andubke of different programming languages;

» To support for the interpretation of context infation;

» To support for the aggregation of context informati

= To support independence and persistence of contdgets;

» To support the storing of context history.

1.1.2 Mobile Computing

Today’s trends see the introduction of a new figofreisers: thenvomadicuser. In the context of
Smart Environments, the trend in this case intredudgh-capabilities devices spread in the enviemtm
and mobile devices, wearable devices and in geh@lcomputational capacity computers which move
together with the user. As a consequence, thedgvieed increased capabilities. Internet-capaidets
cell phones, wireless-enabled PDAs, tiny mobileick=ywhich utilize last generation CPUs, high glera
memories, several communication capabilities, lgnbintroduced. In this case the cooperation betwee
the user and the Smart Environment is explicithet the user has to interact with the mobile devc
perform a task.

If the mobile device is worn from the user, ifstdéreated for a specific task, or if the cooperatio
from the user and the Smart Environment is implitie mobile computing flows into the field of
wearable computing. The aims of wearable compusng connect the user to an adaptive personal
intelligent environment. Research on tiny embeddevdces, small sensors, high capacity in situation
adapting, affect this implicit cooperation betwersers and Smart Environment.

If we define Smart Objects as devices that are @bé®nnect people and the Smart Environment,
it is easy to see that all the issues considerdaeicreation of mobile devices and wearable devheee

to be taken into consideration also in the casenwért Objects.

1.1.3 Context providing Sensors

Sensors are the link between digital and physiaaldy In fact, the automatic context acquisition
is a prerequisite in order to capture real wortdations. This phase is characterized by the usbge
multitude of sensors. Sensors are used to captereharacteristics of the physical world. As saen i
(Goertz, 2004): A sensor is a device that perceives a physical gntgpand transmits the result to a
measurement. A sensor maps the value of some emdrdal attribute to a quantitative measurenient.

Then sensors provide tirgelligenceto the physical environment.
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The conceptual flow from physical data to extragtoontextual data is exposed in Fig. 1. 4:
physical data are spread in the world; Smart Enwrent contains sensors; data are captured from the
sensors; the combination and fusion of multiplesseutput can be used; the transformation ofdata
into relevant contextual data requires the knowded§ the situation in which these data has to be
utilized. The problem of sensor fusion is partickjamportant in the extraction of contextual data:
sensor might not produce sufficient information doieincertainty and unreliability of the sensoelits
Two types of sensor fusion are present: the cotiygetind the complementary. The competitive sensor
fusion is based on sensors which detect equivadbysical data, trying to diminish the errors in the
measurements of every sensor. The complementaspisérsion utilize different typologies of sensors

to extract high level data.

Physical Data

Sensor Sensor Sensor

Smart Environment ./

Sensor Fusion j> Data Capturing
4 T

Situation Context Data

Fig. 1. 4 From Physical to Context Data

1.1.4 Human-Machine Interfaces

“But lo! men have become the tools of their to¢ldioreau, 1854).

Although this sentence derives from an old and mateted book, it summarizes very well the
problem of the interaction between human and machhs mentioned by Donald Norman in his work
The Design of future thingdNorman, 2007), the relevant problem of interactomiween human and
machine occurs because we are two different spadiesh work, think and act in different manner and
utilizing different mechanisms. Devices are “sttimdd the management is always a major problem of

the user because human have greater adaptatiohildéggsa Then, the entire research and commercial
25
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community is trying to solve the problem called HamvComputer Interaction (HCI). When considering
Smart Environments, the problem of interaction asapport of the communication from the Smart
Environment and the user is a crucial point. Thalgof interaction are: supporting adaptativerfates

of devices on user’s preferences, supporting seifiguration of devices to collection of interactio
devices, providing a loop for interaction with thavironment and feedback loops for information
gathering from the environment. Interaction in tomtext of Smart Environments can be either active
(explicit) interaction or passive (implicit) intatton by means of ambient sensors and contextual da
tracking. In every cases the successful of thedot®n between human and machine trying to avuéd t
lack of common ground.The lack of common ground precludes many conversidike interactions”

(Norman, 2007), freezing the communication chaforeh people to devices.

1.2 Research Framework

This research work fits within the above mentior@ghart Environment problem. In this
Paragraph the context of this research is shownthedcorrelation between the different parts are
explained.

Smart Environments are currently considered a &etof to connect the physical world with the
information world. As seen, a Smart Environment ¢@ndefined as the combination of a physical
environment, an infrastructure for data managenfeated Smart Space), a collection of embedded
systems gathering heterogeneous data from theoamwént and a connectivity solution to convey these
data to the Smart Space. With this vision, anyiagpbn which takes advantages from the environment
could be devised, without the need to directly asdg since all information are stored in the Smar
Space in a interoperable format. Moreover, accgrdm this vision, for each entity populating the
physical environment, i.@isers, objects, devices, environment phe, following questions can arise:
= “Whd?”, i.e. which are the entities that should be identifi&hch single element of a physical space

should bedentified It is accepted from the research community thatRFID technology will play a
primary role with respect to thislt“is foreseeable that any object will have a umiquay of
identification in the coming future, what is comdyoknown in the networking field of computer
sciences as Unique Address, i.e. already today &l tags operate with a 128 bits address field
that allows more than a trillion unique addressesdvery square centimetres on the earth, creating
an addressable continuum of computers, sensorsatrs, mobile phones; i.e. any thing or object
around us’ (EPOSS, 2008). This is the concepts of the meiof Things. Research community
open questions are mainly related to security, oty standardization and power consumption.
“Another central issue of the Internet of Thingd el related to trust, privacy and security, notyon
for what concerns the technological aspects, budoafor the education of the people at

large...Obviously, all such devices will need to latvtheir own energy. Overcoming the power
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problem will allow the things not only to communedor indefinitely long, but also to relay
information from other objects(EPOSS, 2008). Research are also investigatingoonto identify,
search for and locate RFID tags spread acrossntieoament by combining for example vision
techniques and augmented reality (Kunkel, 2009¥atn, one of the main limit of this technology
concerns the limited range of detection, mainlydassive RFID tags. Moving to high frequency and
powered tags, i.e. 2.45 GHz active tags, will opew research challenges to find the best trade-off
on power consumption, distance range and accuracy.

= “Whaf” i.e. which attributes and properties of the entitiesusth be stored in the Smart Space in
machine-understandable format, in the sense thatétining has to be explicitly defined and all the
data should be linked togethier order to be automatically retrieved by inter@ige applications.
Functional to reach this goal is the use of ontelegThey represent logical instruments defining
class hierarchies and properties, the domain and the range.

= “Wher@” i.e. where are such entities located in physical sp&beents within the physical space
should also béocated.A lot of research have been carried out in pastsyaeming to find solutions
for tracking the position of people, vehicles afjeots. In outdoor open sky environments, the GPS
represents for sure the well know and adoptedisoltid track people and vehicles. In unconstrained
environmentsj.e. indoor-outdoor, the lack (or the weakness) of &S signal imposes to adopt
other solutions, mainly based on the integratiomifferent technologies, like for example Inertial
Systems, Wi-Fi, Bluetooth, Zigbee, WiMax and RFID.general, location granularity is closely
related to the adopted space representation atiek tapplicationge.g.an object is in a building, an
object is in a room of the building, an objecbrsa table inside a building’s room, an objedes-
located with respect to a coordinate referenceesysRepresenting spatial data raises the same
problem of giving a commomeaningto such data.

The above questions implies a necessity: the SErafitonment has to be location-aware, in the
sense that it must be able to know the positiomalbile entities sers, objectanddevice} at any time.
This contextual data is the one taken into conatd®r in this research work considering human as
entity. Then the research has been focusedeatestrian Positioningystems which provide the position
of a user which wears them. One of the requiremehthesePedestrian Positioningystem is their
integration in a Smart Space.

The existence of the Smart Environment is an hysthwhich has to be made in order to
perform every Smart Environment application. Fas tleason the creation of the Smart Environment
starting from an heterogeneous physical environngetite first step to take into consideration imgv
application. This creation has to be performed ha tasiest, fastest and most natural manner. A
innovative way to create Smart Environment starfiogn physical environment has been studied and

considered in this research.

27

Smart Sensors For Interoperable Smart Environment



The object utilized to perform this task is criticehe design and development of a Smart Object
aimed to supply this duty, has been taken into idenstion during the PhD period. This Smart Object
permits the user to create a Smart Environmentirggafrom any physical environment in a easy way.
Moreover, this Smart Object helps in the challegdask of managing the Smart Environment.

Fig. 1. 5 shows the overview of the research. Taméwork in which all the research is contained
is the EU 7th Framework Programme SOF8mart Object for Intelligent Applicatiopngroject, within
the ARTEMIS Joint Technology Initiative. It has ¢k on the challenge of answering the following
guestion: how can all these heterogeneous perstavides, sensors and Smart Objects interact with
each other in order to provide meaningful and Ussfwvices when and where they are needed? SOFIA
aims at fnaking information in the physical world availalfier smart services, connecting physical
world with information worldl Functional to this challenge is interoperabiliag different levels:
communicationserviceand information Interoperability should also reflect tihulti-vendor (i.e. the
user shall be free in choosing the manufactuMudlti-device(i.e. many kinds of devices shall interact
with each other), anblulti-part (i.e. a device may be composed of parts that are caesides individual
partners for interaction with another device), natof the above envisioned scenario. New architestu

and platforms will result from these research.

SOFIA
Contextual Data
Location Data
E Positioning Data ]
™
3 1

Smart

sace  SMart Environment
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| Smart Object U

~

Physical Environment

Fig. 1. 5 Research Framework
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1.3 Thesis Outline

The thesis is organized as follows.

In Chapter 2, an overview of the problem concernihg Smart Environment creation and
management is shown. In this chapter an introdoafdSmart Environments definitions and background
is provided, and some examples of the utilizatibSmart Environment in the smart housing dominium
are shown. The basis of a new vision of the conoé@mart Environment carried on in the project
SOFIA, with its components and definitions, is shoand two applicative example of the use of the
Smart Environment are exposed, one of this is tpkito account the location problem.

Chapter 3 and Chapter 4 aim to provide an ovengewinteraction concepts that support user
interaction techniques and user interaction metepimodifferent Smart Environment situations and fo
different users regarding individual preferencea emaracteristics. In particular Chapter 3 intrauthe
concepts of Human-Computer interaction. Interacparadigms are shown and the definition of Smart
Object, an overview of the possible applicationimch it could be employed and the state of theofirt
the utilization of Smart Object as Interaction deviare shown. Chapter 4 presents the design of a
particular type of Smart Object which duty is teation and managed Smart Environment starting from
physical environment.

Part 1l is about the problem of making the SmarwiEEmment location aware, taking into
consideration the users positioning systems. Inp@éb an overview on Pedestrian Positioning System
is presented, giving a justification to the workveleped in the PhD period regarding the Navigation
Systems, and making an excursus of the other worésent in this research area. In Chapter 6 the
project of the entire hardware and software platfis presented, which permit the estimation oficstat
direction through a one axis gyroscope and a twes aaccelerometer. The presence of a magnetic
compass integrated in the system is investigatedCHapter 7 the second approach to estimating the
orientation of a pedestrian user is presented. &poach has been studied and developed in all its
aspects, according to the Pedestrian Tracking 8y&equirement. The approach is based on a three-
axes accelerometer and a two-axes magnetic sevisareby the user orientation in expressed as dfrhe
she is wearing a compass. In Chapter 8 the analfsidiuman walking is exposed. To detect the steps
the data derived from the Accelerometers have tdaken into account. Different algorithms, also
depending on where sensors are worn, are perforinethis Chapter two different approaches for
sensors wearing on belt are presented: the firstubitizes only the frontal acceleration and theosel
one utilizes the frontal and the vertical accelerst. In Chapter 9 the two approaches to estintate t

users orientation and the two steps detection idthges are compared and results on these are exposed
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Chapter 2

SMART ENVIRONMENTS

A Smart Environment is a world where all kinds ofast devices are continuously working to make
users’ lives more comfortable (Cook, 2005). Theterhof the occupants is detected. In this way
contextual information can be used to support amtthece the ability to execute application specific
actions by providing information and services tath to user's immediate needs (Ryan, 2005). The
smart devices which work together are interconmeetith each other. These smart devices has to
provide contextual information. For this reasorythave to be equipped with sensors which provide lo
level data. If the contextual information is therss one, the smart devices are mobile devicesechby
the user.

The Smart Environment has to be location-aware, ehaih must be able to know the position of
mobile entities (people or devices) at any timeeskh contextual data are the ones taken into
consideration in this PhD work, developing a PethestPositioning system which provides the position
of a user that wears it.

This Chapter shows an overview of the above meeatiqgroblems, starting from an introduction
of Smart Environments definitions and backgrounéamagraph 1. Some examples of the utilization of
Smart Environment in the smart housing dominiorl s shown. Paragraph 2 shows a new vision of
Smart Environment carried on in the project SOFWth its components and definitions. Two
applicative example of the use of the Smart Envitent are also shown, one of this has taken into
account the location problem. The solution of tiheaton of a Smart Environment problem is also
considered. One of the requirements of this Padaskositioning system is its integration in Smart

Spaces. In this paragraph also this integratiohb&ilshown.
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2.1 Smart Environments Background

The Smart Environments are based on platforms cc&llentext Management Systems. These
Context Management Systems contain relevant cardexinformation. The hearth of Context
Management Systems is the Context Storage. An myervf existing Context Management Systems is
shown in Paragraph 2.1.2.

The aim of a Smart Environment is to provicl®@ss-domain interoperabilitand ¢oss-industry
interoperability Thecross-domain interoperabilittakes care of the interconnection and communicatio
between different technological platforms, possitdyweloped within different application domainseTh
cross-industry interoperabilittakes care of technical interoperability issueschsias commercial
strategies, licenses, and regulations. This tygatefoperability can be called Multi-Part, MultieDice,
and Multi-Vendor interoperabilityMMM interoperability).

To enable theMMM interoperability the information must be written in a machine eddd
method. In this way it is allowed the exchange rdbimation without loss of meaning and among
different applications running on different devidasany physical space. There are several manner to
structure the data to represent and share conténtaamation:

= Key-value pairs: they are the simplest data stredim model data. They are easy to manage, but
lack capabilities to enable efficient context mtal algorithms;

= Markup scheme: it is a hierarchical data structaesisting of Markup tags with attribute and
content. The most common Markup language is thersible Markup Language (XML) (Bray,
2006);

= Graphical model: the most famous graphical mod#iedUnified Modelling Language (UML);

= Object-oriented model: this approach is easy todugeto its encapsulation and its reusability;

= Logic-based model: a logic defines the conditionsubich a concluding expression or fact may
be derived from a set of other expressions or faasdescribe these conditions, a set of rules
are applied. Utilizing the logics it is possiblegerform reasoning;

= Ontology-based model: the terontology derives from philosophy. An ontology defines a
common vocabulary for researchers who needs tee shéormation in a domain. It includes
machine-interpretable definitions of basic concépthe domain and the relations among them.
The representation of the knowledge is performdiing a model constituted aflassesand
attributes(or properties). The classes are the general maddlse entities of the represented
system. They describe concepts in the domain. Thgepties are the connections between the
entities defined through the classes. Another d#&fin of ontology is reported in (Gruber,

1993): a formalization of a conceptualization.
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If the information are exchanged utilizing a commatabulary, the applications based on this
information become interoperable. In Paragraph122. developed example of on interoperable
application utilizing an ontology data model is wino

As seen, a Smart Environment is an ecosystem tefaicting objectse.g. sensors, devices,
appliances and embedded systems in general, thatlha capability to self-organize, to provide &g
and manipulate and publish complex data. In thiserbgeneous dominion, the user interaction
techniques and user interaction metaphor are phatlg important. The creation of objects which
support the interaction between human and Smarirément, according to the Human-Computer
Interaction metaphors, is particularly importanthe¥e objects are called Smart Objects. The
development of a specific Smart Object which acd®@hes the Natural Interaction Model is exposed in
Chapter 4.

Some Smart Environment architectures are presetiid@nresearch world, and several utilize
ontologies to model the context. One of the mostoias architecture is SETH (Marsa-Maestre, 2008).
The SETH architecture proposes an agent-basedvaseft architecture for urban computing
environments. One of the challenges of this archite is to cope with the high number and diversity
available services. In SETH, a Smart Environmertosiposed by a set of devices, a set of available
services and a given context.

A middleware based on Service-Oriented Architecforecontext-awareness in a home network
with ubiquitous computing is presented in (Kim, ZRAt suggests a context model supporting semantic
level interoperability of context.

The CoBra system (Chen, 2004) is an architectiaeptovides runtime support for context-aware
systems in ubiquitous computing environments. Gétdr CoBrA is a server agent called context broker
Its role is to maintain a consistent model of canhtbat can be shared by all computing entitieghin
space and to enforce the user-defined policieprivacy protection.

(Dey, 1999) discusses the requirements for deadiith context in a Smart Environment and
presents a software infrastructure solution desigared implemented to help application designerklbui

intelligent services and applications more easily.

2.1.1 Context Managements Systems for Smart

Environments

The Smart Environment are based on platform caledmtext Management Systems. These
Context Management Systems contain relevant cardextformation. The hearth of these is the Context
Storage. Producer, Consumer and Aggregator arty itich accede to the Context Storage. A Producer

acts as a context producer. Producers register d@lailability and capabilities by sending apprafi
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information to theContext Storage. Their purpose is to collect ramtext data from sensors and other
dynamic/static sources, including configurationedil for device capabilities and user-preferences.
Producers transform their input into context eletmemhich are then put into the Context Store. A
Consumer uses context data. A Consumer can reopeification of events from the Context Storage
and it can perform some actions based on the e@enteceiving a notification, the Consumer may get
the element from the store and use it as requie@dAggregator combines the behaviour of both a
Producer and a Consumer. Aggregators monitor evemts the Context Storage, rather than a sensor
device, and apply a transformation before returingew element to the context store. Aggregatans ca
combine several low-level sensor elements to p@dut element at a higher level of abstraction. For
example, temperature, door, window and light semsfarmation might be used to determine room
occupancy. Other Aggregators may perform simplesfaamation service®.g.converting latitude and
longitude coordinates from a GPS sensor to cootelinan an appropriate local or national grid. An
extensive description of infrastructure for contesdvisioning is exposed in (Baldauf, 2007).

The first example of support solution for contexarmagement is the Context Toolkit (Dey, 2000).
The system is based on a centralized discoveryeseavtiere distributed sensor units interpreters and
aggregator are registered in order to be foundibgtcapplications.

The infrastructure presented in (Rey, 2004) isedaContextor and has a set of abstraction levels
for context data and a computational model. Theskivabstraction level is the sensing layer, in tvhic
raw data values are assigned to observables. Tiee let/els are: the transformation level (asscmmatif
symbols to observables), the situation level (idgmference and reasoning to identify associatjcend
the exploitation level (adapt information from th&astructure to the applications).

In (Gu, 2005) the SOCAM project is proposed. Thiddteware hepls a developer in the creation
of context-aware services for mobile devices. Ats® Hydrogen project (Hofer, 2003) has as its targe
the mobile devices. This architecture is basedhveet layers: the adaptor, the management and the
application layer. This approach try to decentealie context acquisition on different devices.oAls
(Riva, 2006) proposes a middleware to provide cdrtgormation on smart phone and mobile device. It
provides multiple context provisioning strategies distributed provisioning in ad hoc networks.

An example of Context Management SystenMisbiComp (Ryan, 2005)MobiComphas been
used to store and access context data. Its camestds the ContextService acting as a store foteot
information and enabling coordination between thimgonents of context-aware applications (Fig. 2. 1)
The storage components behind the ContextServiegfage can be configured to support different
scales of context-aware applications: simple s&lode applications, multiple applications on a kng
device and applications spanning on multiple devite the last case, one or more networked servers
make the context elements from heterogeneous sacmessible in a uniform way. Context elements

take the form of a subject-predicate-object tripitating an entity identifier to a named conteatue.
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Three components exist for interacting willobiComp trackers, listeners and aggregators. The

definition of this is the same of Producer, Consuame Aggregator see above.

Aggregator

NOTIFY PUT

NOTIFY

ContextService Listener

Fig. 2. 1 MobiComp infrastructure

Another example of Context Management System is@Ad> (Salmon, 2009) developed from the
Telecom Lab (TLab) of Torino. The CAP is a softwgiatform for the management of context
information. The CAP has realized a comprehensne d@istributed context-aware system capable of
aggregating and processing a variety of contexirintion. The CAP has been designed according to
the producer/consumer paradigm where some enpitagiice context, i.e. Context Providers (CP), while
other entities consume context, i.e. Context ComsanfCC). These entities communicate with each

other through a central entity named Context Br@kd), which also provides some additional funcsion

within the system Fig. 2. 2.
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Fig. 2. 2 CAP Architecture (Salmon, 2009)

The Context Management System utilized during tbsearch work is the SIB (Semantic
Information Broker) (Toninelli, 2009). SIBs can ledlorate with each other to create the Smart Space.
Each SIB is defined as an entity (at the informmatievel) for storing, sharing, and governing the
information of one Smart Space. Access to the SBjaaite is reserved to information processing eastiti
called Knowledge Processors (KPs), which are theddirer, Consumer e Aggregator. Information

sharing in the SIB is achieved by interaction of &®Rl the SIB via Smart Space Application Protocol
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(SSAP) (Lappetelainen, 2008). SSAP defines a sirspleof messages that enable a KP to: join, query,

update, subscribe to and leave the Smart Space.

2.1.2 Smart Environments Applications

In the last years, several Smart Environments egjptins has been developed in different
domains. These applications utilize different CahdManagement systems and different data scheme.

Particularly active is the smart housing researehl.f The Smart Home concept is presented in
(Ricquebourg, 2006). In this paper a smart homelmandescribed as a house which is equipped with
smart objects. Smart Objects make possible theaiction between the residential gateway and the
inhabitants.

The Georgia Tech Aware Home (GeorgiaTechInstitLl®8) is one of the most complete of these
projects. The Aware Home Research is devoted tonthéidisciplinary exploration of emerging
technologies and services in the home. For thisoredhe initiative follow different research areas:
services for aging people, for example utilizingport for family communicationOjgital Family
Portrait), providing a medication managemehktefnory Mirror) and using computer vision to estimate
senior’s risk for falling in natural situation&¢t Up and Gpy several tools for family are proposed, for
exampleAudioNoteswhich is a message center for the family, appboatto aid caregivers for children
with developmental disabilitiesBaby Stepsan application for helping parents track theiilcth
developmental progress &ervasive Dietary Advisor (PDA¥hich monitor the health of individuals
with type 2 diabetes after they leave the hospitdle Aware Home try to satisfy the need of
householders with respect to the energy consummtiorarious appliances. For this purpose a Smart
Energy monitor that reuses existing infrastructarthe home has been developed.

The Adaptive House developed by the University ofotado (UniversityColorado, 2010) is a
prototype system in an actual residence. The haheratory is equipped with an array of over 75
sensors which provide information about the envitental conditions. Temperature, ambient light
levels, sound, motion, door and window openingsnamaitored. Actuators to control the furnace, space
heaters, water heater, lighting units, and ceifangs are present. Control systems in the residaree
based on neural network reinforcement learning @ediction techniques. Some examples of what the
system can or do are: predicting when the occupaititgeturn home and determining when to start
heating the house so that a comfortable temperatueached by the time the occupants arrive; iimigr
where the occupant is and what activities the castjs engaged in.

Another nice example of Smart Environment reseafetused on smart housing is the
Massachusetts Institute of Technology House n (MamssettsinstituteTechnology, 2010). In this
project new technologies, materials, and strateffieslesign are explored in order to make possible

dynamic and evolving places that respond to theptexities of life. Major House_n initiatives aflde
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PlaceLaband theOpen Source Building Alliancé he PlaceLab (Intille, 2006) initiative is a “living
laboratory” residential home. The interior of tRéacelLabis formed by 15 prefabricated cabinetry
interior components that can be rapidly reconfigurBach of the interior components contains: a
network of 30 sensors, an array of environmentalsaes, including CO, CO2, temperature, and
humidity, sensors to detect the on-off, open-cloaed object movement events, radio frequency devic
to identity and detect the position approximate pgfople within thePlaceLalh microphones, a
sophisticated video capture system processes imAdgganced features are provided, such as: context-
specific feedback from people captured with stathd@ocketPC devices, using sensors to trigger and
acquire information, activity recognition in order trigger an action or intervention utilizing iaed
sensors or biometric and accelerometer devices typthe user, dynamic control of the lighting syste
environmental control.

The project EasyLiving (Brumitt, 2000), is a prdjesf Microsoft Research. In this project
researchers developed prototype architectures ecithologies for builbing intelligent environments.
The system works utilizing three models: the warlddel, which inputs are the sensors data, the User
Interface service model, which inputs are the Ustarface devices and the application model whgch i
connected with the above twos. The features pravidg the system are the tracking of users’
movements and the room control to perform light @eating management.

The MavHome project developed at the Universityfekas, (Das, 2002) is a home environment
which detects home environmental states througlsasenand acts upon the environment through
controller. The major goal of the MavHome projexta create a home that acts as a rational ageat. T
agent seeks to maximize inhabitant comfort and mize operation cost. To achieve these goals, the
agent must be able to predict the mobility pattenmd device usages of the inhabitants.

The Ubiquitous Home (Yamazaki, 2007) is a real-lttsst bed for context aware service
experiments. The Ubiquitous Home has a living rodinjng-kitchen, study, bedroom, washroom and
bathroom, these rooms comprising an apartmentUkiiguitous Home is equipped with various types of
sensors to monitor living human activities. Eachmohas cameras and microphones in the ceiling to
gather video and audio information. Floor pressse@sors installed throughout the flooring track
residents or detect furniture positions. Infra-sshsors installed are used to detect human movement
Two RFID systems are installed in the UbiquitousrtdoFour accelerometers or vibration sensors are
attached to the bedroom floor in four corners. Tovjgle a service to users, the user context is
considered. In the Ubiquitous Home, personal ifieation can be obtained from the active-type RFID
tag worn by the resident or the face recognitioheyvisible-type robot camera.

One of Smart Home application are the Welfare TedHouse (Tamura, 1995). The concepts of
this experimental house is to promote the indepeeeléor the elderly and disabled people and improve

their quality life.
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2.2 New Vision of Smart Environments

The project SOFIA (Sofia, 2009) aims to develogr@ss-domairinteroperability platform and
application development support for applicationgrmded for different Smart Environments: personal
spaces, indoor environments and smart cities. Thgsigal environment from which the Smart
Environments is created is heterogeneous and unknbar this reason the process of creation of the
Smart Environment starting from the physical onarismportant problem to be solved in the domain of
Smart Environment applications. Moreover, the sgbeat management of the Smart Environments in
another key problem. An innovative method to creatd manage a Smart Environment is exposed in
Paragraph 2.2.3. Before this in the following smttis introduced the SOFIA vision of Smart
Environment.

SOFIA proposes a platform for sharing interoperalviformation in Smart Environment
applications. The platform is called tl@pen Innovation Platform{OIP) and its goal is to make
informationin the physical world available for smart servieeembedded and ubiquitous systems. This
implies a shift away from the classical focus oteliaperability in the physical/service level toward
interoperability at the information level. The infieation level can be seen as a set of information
Producersand Consumersshared information and its semantic data modieé OIP architecture is
simplicity driven and it is made up of three distientities (Fig. 2. 3):

= Smart Space (SS) is a named search extent of iafmm

= Semantic Information Broker (SIB) is an entity {fa information level) for storing, sharing, and
governing the information of one SS;

= Knowledge Processors (KP) is an entity interactmith the SIB and contributing and/or
consuming content according to ontology relevaritistdefined functionality.

The SIB acts as the shared information store fer @P. It utilizes the Resource Description
Framework (RDF), a triple based Semantic Web stahdlar expressing complex data as directed
labelled graphs in combination with an ontology.s&en, the ontology contains all the definitionshef
entities used within the SS and their propertieswhare also used to relate the entities with aratheer.
The SIB provides an interface whose fundamentalpomants arepin, leave insert remove queryand
subscribe The protocol used to communicate with the SlBeigitled the Smart Space Application
Protocol, an application layer protocol based onlXMor a KP to interact with the SIB, it must fifetn
the SS then it can insert or query for informatas needed. The interoperability between KPs is
provided when each KP is imbued with the knowleffgen the relevant portion of the application’s
domain ontology.

To sum up, a simple, new definition of Smart Enwireent can be write: a Smart Environment is

an unknown physical environment associated witmargSpace.
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Fig. 2. 3 OIP logical architecture

2.2.1 An Application Design

Considering the introduced definition of Smart Eamiment, if the applications are based on a
common, known vocabulary, they become interoperabte example of interoperable application has
been proposed in (Salmon, 2010). The followingisads a part of this paper. In this case the apgiie
dominion is the medical one. This paper shows pragtical way the steps needed to design a Smart
Environment application based on Smart Space. iShastwo-step process: the entities involved in the
application and the relationships between them tmeishodelled in an ontology, then the applicatiarsim
be partitioned into distinct KPs. When approacttimgdesign of an ontology, the designer must tate i
account the information hierarchy in their applimat The information interoperability is directly

impacted by how expressive the ontology is.

The information which must be univocally represdnta the proposed application are data
derived from environmental sensorg,. temperature, location sensoirg, RFID, physiological sensors,
i.e. users’ hearth rate, skin temperature, and enviemraomposition (Fig. 2. 4). If environmental and
health data are made interoperable, then they reagbistracted to generate new knowledge, and thus

effectively reused in innovative applications te tienefit of multiple institutions and users.

The scenario devised is depicted in Fig. 2. 4. flngsical space is partitioned into “rooms” (roonmd a
room2). Temperature and relative humidity are sgrise Intel® iMote2 sensor nodes placed in each
room. In the current implementation this data @&smitted to the shared information space through a
room PC. Users wear a Zephyr Bioharness and a (#mosuwe. The Bioharness senses skin temperature,
heart rate and respiration frequency, and trandimigsto the smartphone which, in turn, feeds tered
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information store over a Wi-Fi connection. Eachmo& equipped with an RFID reader to perform
location. An RFID tag is attached to each user'arophone. When a person enters a room, his tagsneed
to be read by the reader that is located by thenrentrance. This action is recognized and fed ¢o th
shared information space through the room-PC. dilser primitive but effective RFID based location
system can be swapped out with more viable solsitiorfuture deployments. Fig. 2. 4 also shows how
data gathered from the users and from the envirobhmmey be used. The temperature and relative
humidity data are abstracted into the thermohygtomimdex,i.e. a bioclimatic index that is measure of
the perceived discomfort level due to the combigiéect of humidity and temperature conditions. lteal
monitoring and Alarm management are still rath@limentary. The first tracks all of a user’'s projsext

i.e. her health parameters together with the thbygimmetric index of the place where she is located
The alarm generator is meant to detect alarm dondiunder specified policies and to publish therthe
benefit of dedicated alarm handlers. Currentlyaiaem detection is threshold based and alarm hamnidli

just a visualization.

The utilized ontology is shown in Fig. 2. 5. Ourimantities,i.e. classes, ar®erson Environment
Alarm, Device andData. The Person and Environment entities are selfaggibry. Alarms are entities
characterized by an AlarmType.g. HeartRateAlarm, and in this case are related tor&mments or to
Persons. Devices are objects that can produceodatamn KPs and are described by their charactesisti
e.g.resolution, communication channels, MAC addredSesa read by a sensor is represented by a literal
value,i.e. the reading, a timestamp, the type of measurereantheart rate, temperature, humidity, the
unit of measure and its privacy level. By modellthg data class in this way, we ensured that any KP
consuming sensor data would be able to take adyaatfanew sensor types without having to rethirg th
KP.

The KPs were identified and modelled as shown gn Fi 6:

= the Environmental Sensing KP publishes environntes¢msor data to the system. When
humidity and temperature data are inserted int@&iBethey are associated with the room that is
being monitored,;

» the Physiological Sensing KP runs on a windows haabnartphone. After configuration, data is
captured from a Zephyr BioHarness. Every secoradthiate, skin temperature and respiration
rate are associated with a user and the inform&iorserted into the OIP;

= the Thom Index KP calculates the thermohygrométdex for every environment in the system.
This index is a derivation of the humidity and tergiure in the room and adjusts it to a new
temperature that is more akin to that of what asqer‘feels”. The KP subscribes to any
temperature data, performs a check on the unit &asuwre, and inserts the new
thermohygrometric data. The information is assedawith a given environment based on the

location of the sensors;
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Fig. 2. 4 Smart Environment Medical Scenario

the Location KP interfaces with the RFID readersisat when a person enters a room, he or she
is associated with the new location. This KP algdates the location of any devices the person
may have in their possession;

the Alarm Generator and Announcer KP performs echefar all entities that have an associated
safety threshold and subscribes to the relevaat &fghen the data falls outside of the threshold,
an alarm is raised and placed in the SIB. This amyother KP wanting to perform some action

is capable of doing so;
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Fig. 2. 5 Medical Application Ontology classes tree
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* the Health Care Monitoring KP allows the healthecservice to monitor a patient in real time.
The KP allows the viewer to select from all the plecavailable and then creates a subscription
to all of their relevant data. It uses all of thegadon the SIB, so not just physiological data is
available, but also the person’s environmental rinftion as well. The KP visualizes
instantaneous heart rate, skin temperature andratsp rate in addition to the user’s location

and its Thom Index.

2.2.2 Human Location Application

As seen the common factor of Smart Environment iegiibns is the presence of highly
heterogeneous hardware and software componentsathateamlessly and spontaneously interoperate, in
order to provide a variety of services to usersiréigss of the specific characteristics of the remvhent
and of the client devices. This requires that thdirenment and the user must provide their contxtu
data, derived from sensors. For example in thei@mn reported in the previous Paragraph the
environment provide its temperature and humiditsiviteg these data from environmental sensors and
user provide his or her hearth rate and skin’s tatpre deriving these data from physiological sens
Another important data are the location of the see Chapter 5 for a definition). In other woridie
Smart Environment has to be location-aware, insérese that it must be able to know the position of
mobile entities (people or devices) at any timeonder to provide specific sets of services and
information with different modalities of presentatiand interaction. This contextual data is the one
taken into consideration in this PhD work, devehtgpa Pedestrian Positioning system which provides
the position (see Chapter 5 for a definition) afiser which wears it. One of the requirements o thi
Pedestrian Positioning system is its integratioSnmart Space.

The location in Smart Environment is a key problenthe several application dominions. In
(Huang, 2009) is presented an ubiquitous indoorgaéion service which provide an adaptive smart way
to find support and enhance users with a new espeei A Smart Environment is created with a
positioning module and a wireless module. In tlisecthe Smart Environments do not follow the above
mentioned definition and the Context Aware Manag&nsgstem is application oriented. Moreover, the
contextual data are not modelled with ontology sude

(Coronato, 2009) presents semantic models, mechardad a service to locate mobile entities in
the case of a Smart Hospital. It proposes a Seméantiation Service which can be integrated in any
kind of environment as long as it is equipped wiiffierent positioning systems. The service explties
integration of several positioning systems utiligiSemantic Web technologies. It is also presented a
model to represent the localization informationisTimodel is based on the concepts of physical and

semantic locations.
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Fig. 2. 6 KP-SIB interaction

The location in a Smart Environment can be usedliféerent application. For example: the user
can access different sets of services while hdeisin different areas of the physical environtére
user can access a service with different modalitiepresentation depending on his or her specific
position; from the same service, the user can ifferent information depending on his or her pasiti
The last example can be taken as a target examfie ispecific domain of museum application: visito
can get, on their mobile devices specific multimmethntents, such as audio or video contents, tésgri
the artwork they are approaching or admiring. Gaersing this target example in the following section
the integration of the developed Pedestrian Positgpinto Smart Space will be shown.

Considering the above mentioned practical two st@magraph 2.2.1) to design a Smart
Environment application based on Smart Space,nt@agy has to be modelled. The entities involved i
the application are indicated in Fig. 2. 7, dividectlasses and subclasses. Tiaviceclass represents
all the types of entity which can provide contekti@ta,e.g. Smart Phone, mobile devices and sensors.
In fact subclass of thBeviceis theSensor Platforntlass which represents all the sensors systerhs wit
contextual data. The claBsta represents all the contextual information datahi data arrive from a
sensors system, the subclas®ata, Sensor Dataepresents this. The claBsvironmentrepresent the
composition of the environment. The subclBsdélding Itemsrepresents all the objects contained in the

environmentUnit of Measuraepresents the unit of measure of the contextatal. @ he specific types of
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contextual data are represented by the diésasurand The clasPersonrepresents the person in the

Smart Environment.

Thing

Device Data Environment Unit of Measure Measurand Person

B

Sensor Platform Sensor Data Building Item

Fig. 2. 7 Location Application Classes tree

The Pedestrian Positioning system can be seeniastance of th&ensor Platfornfcalled MSB5
in Fig. 2. 8). The Sensor Data provided by the Be@d@ Positioning system are: the user’s statthéf
user is walking or not), the heading (the directoddnrmovements) and the positioning (coordinatehim t
inertial reference system). These are instanceésedbensor Dataclass. Each of these Sensor Data can
provide aMeasurand a Unit of Measureand a value which is a literal value. Fig. 2. &b the
instances of the classes with the relative progertiThe yellow arrows represent the instances
relationship. The composition of the environmentekposed in Fig. 2. 9. The example shows an
environment composed of two rooms. Each room ard sipecific environment is subclass of the
Environmentclass. Each room contains two items (statues amctiqgs), which are instances of
Building Item In the example each item is connected [@aga instance which represent the position of
the item in the environment reference system: Pgjni is connected to@ata instance, the measurand
of which is an instance of tideasurandclass.

Person_1 (istance of tirersonclass) wears the Pedestrian Positioning system.
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The Pedestrian Positioning system provides onhatie/e mentioned contextual data. The aims of
the integration of this system in Smart Environmegded on Smart Space is to provide high levelsens
data. According to the Paragraph 2.2.1, the secbep in the development of Smart Environment
application, is the definition of KPs. So, considgrthe example, an hypothetic KP can be developed
extract high level location data or to infer thatstof the person walking in the environment. lg. . 10

the KP discovers that the person is near the PRginti and that the person is walking.

2.2.3 Creation of Smart Environment

As seen in the previous Paragraph, the existendbeofSmart Environment is an hypothesis
which has to be made in order to perform every $iBavironment application. For this reason the
creation of the Smart Environment starting fromhaterogeneous physical environment is the firgt ste
to take into consideration in every applicationisTbreation has to be performed in an easy, fadt an
natural manner. Such a process has been studide tyniversity of Bologna research group working on
the European project SOFIA. The creation of a SiBavironment starting from physical environment is
performed through a process called “Smartificatioftiis process is patented and shown in (Bartolini,
2010). The patent shows also the easy managemehe @dmart Environment after its creation. Great
relevance in this two processes (“SmartificationtléGmart Environment management) has the device
which helps the user in these tasks. In the patentalled “Magic Smartifier”. As it will be seein the
Chapter 3, the device has all the characterisbchd a Smart Object, The development and the
interaction methods between the user and the “M@giartifier” will be shown in Chapter 4.

The process of “Smartification” starts from a gemephysical environment. The physical
environment can be for example a building. Thisding can be composed of different rooms. It is
supposed that every room or, generically speakiegery physical environment part, is univocally
identified,e.g.from a barcode, a Semacode or RFID tag.

Each part of the physical environment,sabspacgecontains several physical objects. To perform
the “Smartification” process, every object has ® umivocally identified,e.g. from a barcode, a
Semacode or RFID tag, and the object has to beiasst to the subspace of the physical environiment
which it is contained. This task can be performgdhe user by means of the “Magic Smartifier” which
integrates the functionalities of reader for botlbspace identifier and object identifier. After sthi
association theligital copy of the object is created in the Smart Spdds.the “Magic Smartifier” that
sends to the Smart Space the information that tijecbis contained in the physical environment
subspace. The “Magic Smatrtifier” has to integrdée aommunication functionalities. For an examgdle o
the user-“Magic Smartifier’-Smart Space interactivodel see Chapter 4.

Thedigital copy of the physical object in the Smart Spacdains the location information of the

object. Other characteristics can be added atiamgy t
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Fig. 2. 10 Integration of Pedestrian Navigation Syem in Smart Space

For example the typology of the object, which cardiscovered by means of a camera and visual
objects recognizer algorithms, or the status ofothject,i.e. if the object is working or not, if it is broken
or not.

The last case can be seen as an example of Smambiiinent management: when a user sees that
an object is broken, he or she points out to thearE8pace its condition. This task can also be
performed by the user by means of the “Magic Stierti The user can point out that the physical
object, which itdigital copy is present in the Smart Space, is brokentifiks the object and then sends
to the Smart Space this information. Potentialg type of object’s fault can be assigned to thevab
information, selecting the fault type, for examplemeans of gesture recognition algorithms.

The “Smartification” process can be seen as thatiom of adigital copy of the physical

environment.
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Part]

INTERACTION IN SMART ENVIRONMENTS
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Chapter 3

RELATED WORKS ON INTERACTION

This Chapter shows an overview on interactimmcepts that support user interaction techniques
and user interaction metaphors in different Smantienment situations and different users regarding
individual preferences and characteristics. Inti®vas are created to support the Smart Environraedt
the user. Interaction in the context of Smart Emwinents can be either active (explicit) interaction
passive (implicit) interaction by means of ambieahsors and contextual data tracking. The goals of
interaction are: supporting adaptative interfackslevices on user’s preferences, supporting of self
configuration of devices to collection of interactidevices, providing a loop for interaction witiet
environment and feedback loops for informatiorhgeng from the environment.

In Paragraph 3.1 the concepts of Human-Computerdation are explained and definitions of
Interaction are reported. In particular, the rulest a designer have to follow to design an objzet
exposed from the Interaction point of view. In Rmegph 3.2 an excursus of the Interaction paradigms
shown. In Paragraph 3.3 the state of the art ofrttezaction techniques and technologies is regoite
particular the works that utilize Inertial Sensarsl RFID technologies are presented. The definitifon
Smart Object, an overview of the possible apploatiin which it could be employed and the staténef

art of the utilization of Smart Objects as Intel@ttdevices is shown in Paragraph 3.4.
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3.1 Natural Interfaces Principles

The Human-Computer Interaction (HCI), called alaotdn-Machine Interaction, is the study of
how people can interact with computers. That i the study of how a program can communicate with
a person. This point of view is important becawgsa duty of the human, which is most intelligeattry
to infer the behave of machine and not vice versa.

The interaction systems are characterized b ditetgpe of interaction with the user. In the
context of Smart Environment, the interaction cardlvided in explicit or implicit interaction. THatter
is when the user intentionally interact in an aetivay with the system or environment. The former is
when the interaction is performed by means of antlsiensors and contextual data.

The story of Human-Computer Interaction has infaeshthe project of machines which are
utilized every day by the people. In fact, nowaddlge computers, or the instruments, utilize maré a
more windows, icons and menus. This kinds of metegppmust derive from the communication between
people. This communication is definadtural The natural communication derives from the everyday
experience: people communicate in a natural waynbgns of gestures, expressions, movements and
they discover the world utilizing the sight and npaating the physical matter. The eventual
disappearance of technology is another key fadtoatural interaction

HCI can be useful for the evaluation of systemsciltian interact with people in a usable, reliable
and easy way. One of the most important reseaichbe field of the design of systems which aralgas
usable by people is Donald Norman. In its famouskWidne design of everyday thinldorman, 2002),
he introduces the principles which designers maigt into consideration to make devices usable. The
usability is defined by the ISO (ISO/TR 16982:20020 9241) as a qualitative attribute that assesses
how easy user interfaces are to use. The word ligailso refers to methods for improving ease-sé-u
during the design process. It is composed of: dality (how easy is it for users to accomplishibas
tasks the first time they encounter the designffigiency (once users have learned the design, how
quickly can they perform tasks?), memorability (whesers return to the design after a period of not
using it, how easily can they re establish proficig?), errors: (how many errors do users make, how
severe are these errors, and how easily can theyeefrom the errors?), satisfaction (how pleasaitt
to use the design?).

In (Norman, 2002) it is proposed a logical struetfor the process of design necessary to take into
consideration the above usability definitions. Bteges of design are seven, and each one corregpond
a stage performed by a human to do a task:

= forming the goal: determine the function of theidev
= forming the intention: tell what action are possibl
= specifying an action: determine mapping for intemtio physical movements

= executing the action: perform the action
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= interpreting the state of the world: tell if systésra desired state
= evaluating the outcome: tell what state the sysseim

From these stages, Norman deducts the principi@ad designi.e. what the designer has to take
into account to make the system usable:

= visibility: by looking at it, the user can tell tls¢ate of the device and the alternative for action

= a good conceptual model: the designer provides aa gmnceptual model for the user with
consistency in the presentation of operations asdlts and a coherent, consistent system image.
The user is able to know how the system works wittig effort

= good mapping: the user can determine the relatipristween actions and results, between the
control and their effects and between the systate sind what is visible

= feedback: the user receives full and continuoudldfaek about the results of actions.

» affordance: to provide effective, perceivable afforces is important in the design because
people have the ability to discover and make ughesfe in novel situations.

The most important requirement for a Human-Machimeraction is how these two entities
communicate. Norman in (Norman, 2007) introduces fiules for this kind of communication which
designer has to take into account. This rules defream the above, but the point of view is the
communication:

= keep things simple: people prefer short messagghencommunication. So devices have to
provide non-ambiguous messages, and preferablymibén ones;

= give people a conceptual model: people want somgttiieir minds can understand. The best
way to convey the conceptual model is through @hwommunication system;

= give reasons: the explanations have to be consigitimthe conceptual model. People want to
see things and not trust on devices;

» make people think they are in control: when pedyee a good conceptual model with good
feedback, it makes them feel as if they are inrcbnéven when they aren't;

= continually reassure: people have to be reassuitedeedback saying what is happening.

In the analysis and development of interaction cksyi this simple but efficient rules have to be
considered to give the impression to the usertthatdevice reacts to his inputs and that the ddsice

under his control.

3.2 Interaction Paradigms

The Interaction Paradigms describe the conceptodeirand principles of the interaction between
people and machine. Valli in his WhitePaper (V&iQ07) addresses the problem of the relationship
between humans and technology-enhanced spacesalSanefacts are described as exemplifications of

the interaction’s theory.
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The following list is an overview of some InteractiParadigms:
Pen-based Interaction: In the pen based interapgoadigm the user utilizes a stylus to interact
with a screen for example of personal digital @aasts (PDA) or tablet PC. The interaction’s
birth coincides with the birth of graphical scresrd the possibility to interact with them. One of
the first interaction works has been developed th&land (Sutherland, 1963) in its PhD thesis
in which a lightpen is utilized to interact withtbade ray tubes. (lannizzotto, 2007) describes a
pen-based user interface for easy and natural intaction with a wall projection display
(VisualPen). (Jetter, 2008) introduces the novedr usterface paradigm ZOIL (Zoomable
Object-Oriented Information Landscape). ZOIL is adrat unifying all types of local and remote
information items with their connected functional#énd with their mutual relations in a single
visual workspace as a replacement of today’s dpskitaphor.
One-handed Interaction: One handed interactiorhés predominant interaction paradigm for
mobile handsets. The typical way of operation isilgh a combination of buttons and a display.
The requirement to work one-handedly excludes #age of a pen, as you need two hands to
hold the device and the pen in general. EnChailiswing the one-handed interaction paradigm,
as operations are designed to allow a touch-saeennput with the bare thumb of the same
hand that holds the device. Users can slide arletsbon up and down, whereby language
statistics control for the size of the individuettér fields.
WIMP Interaction: Windows, Icons, Menus, Pointer If¥®) was first introduced in 1962
(Engelbart, 1962). The name originates from thdizatl entities: Windows, Icons, Menus,
Pointer. Operation is done mainly by utilizing angeal pointing device, typically a mouse, to
access and manipulate information on the screguolnfing, clicking and dragging.
Form-based Interaction: It basically is a directagtdtion of form filling on paper on
computerized systems. It is still very present ibvapplications, where users must fill in form
fields in their browser. An advantage of the pagadis that it is easy to understand for the users.
On the other hand it is often implemented in a Wt makes it difficult for users to make free
choices on what to do first, or difficult to opexam presence of partially unknown information.
Zooming user Interaction: Zooming user interfaceofien a sort of 3D GUI (Grafical User
Interface) environment, in which users can chamhgestale of the viewed area in order to see
more detail or less. (Conante, 2010) is an exaraplooming user Interaction for handheld
projectors that is controlled by direct pointinggees
Haptic Interaction: Haptic interfaces (Michelits@004) are interfaces which depends on the
users’ force, such as force-feedback joysticks wabdotactile mice. There are two types of
haptic interface: those operating on the senseuwtht (rely on vibrotactile stimuli) and those

operating on the kinesthetic sense (the forceestea by means of electric motors coupled to the
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control). The SensAble Phantom (SensAble, 2010jgnsexample of kinaesthetic Haptic
interface. It works like an inverted robot arm,tthauser moves around the robot's endpoint. The
robot simulates forces according to a virtual sated area.

Tangible Interaction: with tangible interfaces @mumteracts with digital information through
physical environment. A central characteristicafdible interfaces is the seamless integration of
representation and control (Fitzmaurice, 1995;i,1st897). Tangible user interfaces are often
used as input channels in other paradigms. For pbearim ambient interaction, Tangible User
Interfaces introduce physical, tangible objectg thagyment the real physical world by coupling
digital information to everyday physical objectdelsystem interprets these objects as part of
the interaction language. Physical follow-me tokéWian de Sluis, 2001b) is an example of
Tangible Interaction. The interaction with the tokes very simple. Users only had to pick up a
token at the initial location and to put down a¢ thestination location. This was enabled by
RFID technology. TANGerINE (Baraldi, 2007) is a gévle tabletop environment where users
manipulate smart objects in order to perform astion the contents of a digital media table.
Wearable Computing Interaction: Wearable compuaesscomputers that are worn on the body.
They are especially useful for applications thajuree computational support while the user's
hands, voice, eyes or attention are actively erdyageh the physical environment. An example
of wearable computer is the Thad Starner's eyezgaéStarner, 2010). Another example of
wearable devices is the Eurotech’s Zypad (Eurot2ghQ), which combines the same features of
a standard computer with a device that providestimvenience and ergonomics of a wrist worn
instrument.

Anthropomorphic Interaction: In the anthropomorpinieraction the system is like an extension
of human body. Anthropomorphic interface can beeliasn vision but also based on speech
recognition. The system has to interact in the mmawirally way, as if the user is interacting
with an other human. Philips Research created dheept of an on-screen animated dog, which
has been developed to facilitate voice control ihome entertainment system (Van de Sluis,
2001a). Further examples of anthropomorphic uderfaces have been developed in the course
of the Projects EMBASSI and SmartKomn (Elting, 200&hlster, 2006). Both projects allowed
also for multimodal interaction in which the usee combine spoken commands like "record
that" with pointing gestures that identifies thgeals for recording.

Virtual Reality Interaction: Virtual reality is &t¢hnology which allows a user to interact with a
computer-simulated environment. Users can intesgitt a virtual environment through the use
of standard input devices such as a keyboard angdenor through multimodal devices such as
wired gloves or mechanical arms (Polhemus, 1969)(Heim, 1994) are identified seven

different concepts of Virtual Reality: simulatiomteraction, artificiality, immersion, tele-
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3.3

presence, full-body immersion, and network commation. An example of Virtual Reality
application is called “Eat me and Drink me” (Baxkge 2008) developed at Eindhoven
University of Technology. The installation tries toanipulate the visitor's relative size in
comparison to the environment.

Ambient Interaction: Ambient interaction communigst information at the user taking
advantage of the periphery of human attention. ddrecept of ambient interaction is based on
the idea that humans monitor well sound or imagedke periphery of their attention. Cues to the
humans can be performed utilizing ambient lightyreh airflow...(Weiser, 1996). Prominent
changes in these ambient cues will be noticed leysuand may trigger them to have a more
explicit interaction. The basic idea of ambienemaction is that the physical environment of a
user is used as a vehicle for digital interactibime user either communicates voluntarily with a
device in order to extract detailed informationnfrd or she may be discovered by the ambient.
One example developed at Philips Research is theepd of HomeRadio (Eggen, 2003). The
HomeRadio concept is based on the idea that hothatias can be coded by the corresponding
utility streams they generate (gas, electricitytayacommunication and information). This
coded information is broadcast and family membarstane in to this stream.

Brain Computer Interface: The brain computer isteef (Dornhege, 2007) is a direct
communication from the human brain to a computéan(Aart, 2008) designed an headset for
neuro-feedback therapy in the home environment.

Enactive Interaction: Enactive (Bennett, 2007) i@ of interaction realized in the form of
sensory-motor responses and acquired by the adoofg”. It is a form of cognition inherently
tied to actions, capable of directly conveying a-sgmbolic form of knowledge. Enactive is one
of the three possible types of knowledge used vifiemacting with the world: symbolic, iconic
and enactive. That is, once it is learnt, it carrdproduced very easily also after years without
too much mental effort. llluminating Clay (PipeQ@®) is an example of an enactive interface.
While users model a clay landscape on the tablehheaging geometry is captured in real time
by a laser scanner. The captured data is fed mtanalysis, the output of which is projected

back on the clay.

Interaction Techniques and Technologies

In this Paragraph, after a list of the most comnstandard and frequently used techniques, it

will be presented the two technologies utilizedhie developments of a Smart Object as support @frSm

Environment, which will be explained in ChapterT4is list is only an high level overview and itbg

no means exhaustive.
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The point of view considered in this overview dfeiraction techniques is the usability and human-

centric one. The characterization will divide tleetinologies which are utilized in the interactiopath

from the user to the device, and from the devidiéouser.

Visual: the visual modality can be utilized in batinections. In particular activity detection has
various applications in interaction, such as counthe number of person and detecting their
motion, body posture recognition, facial expressiad gaze recognition.

In the field of human detection, many methods foonspedestrian detection. In (Dalal,
2005) histograms of gradients provide excellenfquarance. (Yilmaz, 2006) reviews the state-
of-the-art human tracking by video camera metholdssifies them into different categories and
identifies new trends. Two different approaches loamsed to detect user’s position: cameras in
the building or cameras with the user. The implaaigon of a vision-based system for
recognizing pedestrians in different environmentd bcating them with the use of a Kalman
filter is shown in (Bertozzi, 2004b). A recent oview of posture estimation by video camera is
presented in (Jackson, 2008).

Regarding the interaction’s direction from devitesiuman, one of the simplest ways to
put information from the system to the user is hmguistic textual expression. For this, text
displays are widely diffused. Another interactioonmomon to windowing and non-windowing
systems are menus.

Direct manipulation is a new form of interactioniethis involved in the two directions
(Shneiderman, 1983). It involves the continuousesgntation of objects of interest, and rapid,
reversible, incremental actions and feedback. Aznmgle of direct-manipulation is resizing a
window by dragging its corners or edges with a neows erasing a file by dragging it to the
recycle bin. A basic approach is presented in (Tichip 1992).

The development of gesture recognition and hantkitrg techniques has enhanced the
direct manipulation techniques. Multi-touch inteda are spreading in modern mobile phones
(iPhone).

Smell: Scents constitute an important source obrinftion for people during their daily
routines. The importance of the sense of smellbleas largely ignored by the general audience
and also by science. There are few work on intemaawith smell. An example is the game
“Fragra” (Mochizuki, 2004) which combines visualdmrmation together with smells.

Auditory: Auditory-based interaction has sound feszk or alarms, speech recognition and
speech synthesis. In particular the speech regognis an open field of research. Speech
recognition is in particular based on statistiggpr@aach (Rabiner, 1993¢.g. utilizing Markov
Model. Opposite to the speech recognition is theesp synthesis. This is the process of

generating audible speech signals from symbolicessgmtations of speech, such as texts.
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= Haptic: all the interfaces in which hands and fisgare involved, such as keyboards, mice,
cursors, joysticks and pens, are haptics. Concgithi@ text inputs, several methods are present.
Many of them work with numeric keypad and redundesén natural language (MacKenzie,
2001). Other methods have been designed for tdxt by pen, for example in tablet PCs and
electronic whiteboards (Perlin, 1998).

To increase the naturalness of interaction, hamstuge recognition is important. The first
steps in hand gestures recognition have been dotine ilate 70s at MIT with the Put-that-there
project (Bolt, 1980). Typical sensors used in gestacognition are inertial and bend sensors.

Considering the interaction from device to humanttctile sense can be seen as the most
intuitive feedback. The direct stimulus to providiepends on the part of the user’s body to be
stimulated. (Johansson, 1979) shows a study of stinulus in hand’s skin. Technologies
typically used are: electromechanical actuatorgupmatic or hydraulic actuators, piezoelectric
actuators, Shape Memory Alloys (SMA), Dielectri@&bmer Actuators (DEA), Electro Active
Polymers, MEMS actuators for Tactile Displays, \éiting motors, solenoids or voice Coil,
thermoelectric elements.

The technologies involved in interaction are selvand of different nature. In (Ailisto, 2003) three
examples of physical interaction from human andasvare proposed.

In the following paragraph only some referencesofks which concern interaction by means of
RFID and inertial sensors are reported. These wahriologies are utilized in the Smart Object

developed and will be explained in Chapter 4.

3.3.1 Inertial Sensors in Interaction

Inertial sensors (accelerometers and gyroscopesjnation sensing devices based on moving
mass. An explanation of Inertial Sensors will beegiin Chapter 5 and 6. They are commonly used to
enrich handheld device functionality, for instartcechange the display orientation or to recognize
gestures.

In the first case, the inclination angles of thebiteodevices can be easily measured by means of
accelerometers. For example the iPhone can switcHisplay view according with the orientation lod t
device. Thanks to their reduced size, inertial genare often embedded into video games controller
(Wii or Nintendo) or in tangible interfaces (Baral2007).

(Rekimoto, 1996) introduces new interaction techegjfor small screen devices such as palmtop
computers or handheld electric devices, includiageps and cellular phones. The proposed approach
uses the tilt of the device as input. In (Hinckl@@00) a two axis accelerometer, a touch sensolaand
infra-red sensor are used to implement three detmatios, such agilt scrolling & portrait/landscape

modesin which users of mobile devices can tilt the desid¢o scroll the display. In (Eslambolchilar,
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2004) a three axis accelerometer attached to thal p@rt of the mobile device is used to solve the
problem of large document and small display, actisng speed dependent automatic zoom mechanism.

A tilt-controlled photo browsing method for smalbhile devices is presented in (Cho, 2007). The
implementation uses continuous inputs from an acosleter, and a multimodal (visual, audio and
vibro-tactile) display is used as output.

Accelerometers can also be used in gesture redmgnitn (Wan, 2008) the design and
implementation of a HCI using a small hand-worneldss module with a 3-axis accelerometer as the
motion sensor is presented. (Kallio, 2006) propasesaccelerometer-based gesture control based on
Hidden Markov Models.

An hybrid solution on tilting and gesture recogmitiis presented in (Crossan, 2004) in which a
study that examines human performance in a tiltrobtargeting task on a PDA is described. A three-
degree-of-freedom accelerometer attached to the dlathe PDA allows users to navigate to the target

by tilting their wrist in different directions.

3.3.2 RFID in Interaction

Radio-frequency identification (RFID) is an autormoatlentification method, relying on storing
and remotely retrieving data using devices call&dCRtags or transponders. The technology requires
cooperation of an RFID reader and an RFID tag. Téghnology can be used in several applications: in
the logistic process, in health care applicatiansthe customer process, in vehicle applications, i
navigation applicationse.g. as support of museum guide (Salmon, 2008). In @nap the RFID
technology is presented as localization technology.

An important vision of the usage of the RFID tedbgg is the identification of every element in
physical space,e. users, devices, objects and environments. I faitiving the RFID unique identifier
allows to tag “every square centimetre on the eambating an addressable continuum of computers,
sensors, actuators, mobile phorias;any thing or object around us.” (EPOSS, 2008).

Regarding the Human-Computer Interaction, one ef domains in which RFID interaction is
applied is that of museum sightseeing. (Mantyja20i06) presents a mobile museum guide which uses
RFID and a two-axes accelerometer to enable pHyslgact selection. The interaction technique is
called Scan and tiltand uses multiple modalities, combining gestupssical selection, location,
graphical and voice interaction. In particular, giogl selection is obtained by scanning RFID tags
associated with the artworks, and tilt gesturesumed to control and navigate the user interfack an
multimedia information. RFID, Radio Frequency amdrdRed are used in (Valkkynen, 2003) to
implement one of the three approachgsirfting scanningandtouching presented for physical user
interaction. The paper suggests that for any tagdechnology these three paradigms should be

implemented to provide optimal support for naturdéraction with physical objects. In (Bravo, 2008)
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the use of RFID technology to make daily activitiegeractive using tags embedded into day to day
objects is compared with the use of Near Field Campation technology. (Salmon, 2009) presents a
novel approach to assist a group of users to aambsontrol personalized context based services by
means of natural interactions. The group creatimhthe service activation are both based on theofuse
RFID tags. Each user can join a group by placingpeesonal tag on an RFID reader. Once the group
has been created each available sendog, pictures slideshow, media player, recommender, bEan
activated and deactivated through ‘service’ RFIgsteé5ome services can also be controlled by aoting
a Smart Object able to detect simple movementsroll forward, roll backward, tilt left, tilt right

A demonstration of the concept of Smart Objeciziiy RFID in the supply chain is reported in
(Cea, 2006). The use of RFID is necessary becdugsegosses a unique identifier, they can contain

information, they can take care of theirself arglytban communicate with the environment.

3.4 Smart Objects in Interaction

Smart Objects are small computers with sensorgjatms and a communication capability,
embedded in other objects or stand-alone. Smagttsbgnable a wide range of applications in aredls s
as home automation, building automation, factoryiesing, smart cities, structural health manageimen
systems, energy management, and transportatioctidally, talking of Smart Object is like talking a
class of portable devices with not well defineddiimnality, but certainly characterized by:

= connectivity: Bluetooth, ZigBee, GSM, Wi-Fi...
= sensors: switches, buttons, knobs, position sensonperature sensors...
= actuators: LEDs, displays, loudspeaker, vibrofaactiotors...

Until recently, Smart Objects were realized withited communication capabilities, such as RFID
tags, but the new generation of devices has bitresd wireless communication and sensors that
provide real-time data such as temperature, pressiorations, and energy measurement. Smart Gbject
can be battery-operated, and typically have thoeeponents:

= CPU
*  memory
» alow-power wireless communication

Due to the extreme versatility of applications dapdology, Smart Object are very spread in
academic and industrial research.

One of the first group working on Smart Object was Things That Think (TTT) consortium at
MIT Media Lab (MIT, 1995). Things That Think begaiith the goal of embedding computation into
both the environment and everyday objects.

A nice example of personalized Smart Object is @heimby(Chumby, 2006) Chumbytakes

user’s favorite contents on the Internet and dediteem to the user in a friendly way. Another nice
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example of everyday Smart Object is thkediaCup (Beigl, 2001). This is an ordinary coffee cup
augmented with sensors, processing and communicalioe cup is able to sense its movement and
temperature and to share these information to stipmmtext-aware systems. An evolution of the
embedded platform utilized MediaCupis exposed in (Beigl, 2003), called Smart-Its.sTjpliatform has
been used in several work to explore how augmeatéthcts can cooperatively reason about their
situation in the world (Strohbach, 2004) and taKractivity through weighting surfaces (Schmidt,
2003).

Smart objects are used to improve social interacttor example a useful exampleSart Ring
EachSmart Ringstores the user details, transferred there vimitgatbusiness card the size of a credit
card. For example, to pass along user’s detadsrtew business associate, it is necessary to siaaicks
instead of handing over a traditional business.cArbther example ifover's Cups(Chung, 2006).
Cups are linked in couple. When both cups are asd¢lde same time they provide a visual feedback to
the user in order to reinforce social ties betwaewople.

Smart object carried or worn by the user can bal useperform activity recognition in an
unobtrusive manner by analyzing how they are ubed.example, the Intelligent Gadget is a smart
object for personal life logging (Jeong, 2008). Hexmsor Button is a wearable sensor node withoitme f
factor of a button that can be unobtrusively indégd into user garment to perform activity recagnit
(Roggen, 2006). The Sensor Button integrates aglexrceneter, a microphone and a light sensor togethe
with a 16 bits microcontrollers and a wireless $@iver.

Guide lines in implementation and integration of&ihObjects are exposed in (Kranz, 2005) in
which are identified issues related to the hardweaue software prototyping o Smart Object.

In the dominium of Smart Environment, the managdmainthe physical environment is
particularly important. As seen in Chapter 2, thisk can be performed once the Smart Environments i
created. The process of creation of the Smart Bnrient starting from the physical environment is
called in this work “Smartification”. In this prosg, of great importance is the object by which the
environment is “Smatrtified”. In this work this objeis called “Magic Smatrtifier” and has the functio
not only to “Smartify” but also to manage the buiitnart Environment. For its functionality and
characteristics, the “Magic Smartifier” can be s@sna Smart Object. The description of such Smart
Object will be given in Chapter 4. In literaturelypiiew works exist, concerning the development of
Smart Object utilized in the management of the $r&Eavironment. For example in (Guo, 2007) a
system which search and localize physical artefacssnart indoor environment, called Home-Explorer,
is proposed. Home-Explorer handles not only objpotsided with a smart sensor but also all the rothe
objects. Particularly, it uses the physical confeatn smart objects to derive the information ohno
smart objects. A specific module named Sixth-Sesisesed to fulfill this task. (Kawsar, 2007) refsor

the experience with sentient artefacts to ratiaealintelligent environment. Sentient artefacts are
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everyday objects augmented with digital servicelse paper presents design principles of sentient
artefacts. On the other hand, (Satoh, 2008) preselucation aware communication approach for Smart
Environment but not by means of Smart Objects.tilizas a location model by which there are
relationship between physical objects and places.

The difference between the above approach and $meaftifier” in the fact that the above
mentioned method to manage the Smart Environmargdsan ad-hoc structure and ad-hoc devices to
perform the managing task. In our vision the mamggif the environment can be done utilizing all the
sensors which provide the required data in a wefindd format. Moreover, the above methods
hypothesize that the Smart Environment alreadyt.ekiwe “Magic Smartifier” is the creator of the Sina

Environment.
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Chapter 4

DESIGN OF A SMART OBJECT FOR HUMAN
INTERACTION

In this Chapter the design of a particular typ&wofart Object is presented. This Smart Object, dalle
“Magic Smartifier” has been studied by the Univirsbf Bologna research group working on the
European project SOFIA. The duty of this Smart ©bje the creation and the management of Smart
Environment starting from physical environment, ssen in Chapter 2 where the process of
“Smartification” is explained. The Smart Object mii® used by humans, so the Natural Interaction
Principles are taken into account.

Paragraph 4.1 reports the design of the Smart ©kjeccomponents and its architecture. The
Interaction methods necessary in the utilizatiothefSmart Object are also exposed.
In Paragraph 4.2 an approach to the design of pawpply sub-system for Smart Object is

presented.

63

Smart Sensors For Interoperable Smart Environment



4.1 Smart Object for Smart Environments Management

As seen in Chapter 3, the management of physicatagrments is particularly important. The
creation of a Smart Environment starting from thggical environment is one of the method to manage
such an environment in an easy way. A type of @m®dte create the Smart Environment starting fraen th
physical environment has been studied by the Usityenf Bologna research group working on the
European project SOFIA. This process has beendcdmartification”. The object utilized to perform
the “Smartification” is critical to achieved theogess. This object is called “Magic Smartifier” amaks
the function, not only to “Smartify” but also to mege the built Smart Environment.

As seen in Chapter 2, to create the Smart Envirohmi¢ is necessary to create the digital copy
of objects. This digital copy will be stored in tBenart Space. The digital copy of an object is ified
through an univocal identifier, which is storedtfie Smart Space. The second information storeden t
Smart Space when the environment is “Smartified’the location of the object in the Smart
Environment. If for example the physical environmisna building floor, the location of an objectudd
be the room of the floor in which the object is.

The digital copy of the object during the “Smatifiion” process is characterized by the couple:
(Univocal Identifier, Location). Additional charaeistics, such as the typology of the object, tissesand
if necessary an high level location, can be lai@es in the Smart Space.
Therefore, to “Smartify” the environment it is nesary:
= to couple the object with an univocal identifier
= to identify the locationd€.g.room) of the object
* to send the couple (Univocal Identifier, Locatidm¥he Smart Space.
To do the above steps, RFID technology has beesechd he whole “Smartification” procedure
has been shown in Chapter 2.
The managing of the Environment involves severtibas. The first action implemented is the
“Selection™
= avisible object which necessitate an intervenioselected
= the type of intervention is selected by meangestureinteraction
= the type of intervention needed is sent to the SByace.
The do the above steps, accelerometer board whattifies the gesture has been chosen. The
whole “Selection” procedure has been shown in Giraht
Considering the “Smatrtification” and the “Selectigmocedure, the “Magic Smatrtifier” needs this
components:
* RFID Reader
= Accelerometer Board (developed to the Micrel Lab)

= CPU
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= Wireless Connection.e. Wi-Fi communication
= Functionality Selector
=  User Feedback,e. LEDs and vibro-tactile motors.

If this characteristics are compared with the Srixdbject list of properties (Chapter 3), it can be
derived that the “Magic Smatrtifier” is a Smart Qttje

The Verdex Pro Gumstix CPU has been chosen fodéwelopment. This board contains also
wireless functionality.

To perform the “Smartification” and the “Selectioahd every Smart Environment management
tasks, the Smart Object has to communicate with Sheart Space in a defined way. To do this,
considering thedigital Smart Environment structure seen in Chapter 2ryeeaetive object which
communicate with the Smart Space must be linkednowledge Process@KP). This KP formats the
data in a manner understandable by the Smart Spat¢his data are sent to the Smart Space utilizing
the Wireless Communication. In the case of the “‘Ma&martifier”, the Functionality Selector choses
one of the two possible tasks, and two KPs areéamphted within the onboard CPU.

The block diagram of the Smart Object is shown in .

Smart
Space RFID Reader Accelerometer Board
RFID Reader Accelerometer Board
Adapter Adapter

Wireless & LL

Comm
<i “Magic Smartifier” KPs

CpPU

Functionality LEDs Vibro-Tactile
Selector Motor

Fig. 4. 1 “Magic Smartifier” Block Diagram

The RFID and the Accelerometer Board Adapters latftd communication between the RFID
and Accelerometer Board and the KRy.they handle the serial communication and the riaggation

from the devices and the CPU.
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The LEDs and the Vibro-tactile motor can be useda¢oomplish the Feedback for the user,
according to the Natural Interaction principles se€hapter 3.
In our implementation only two procedure are perfed utilizing the “Magic Smartifier”. Other
are possible, increasing the KP functionalities tredpossible selections, as for example:
= semantic connections between an active physicakbbnd the SO: the SO is used like a remote
control to control one or more physical object’suators
» semantic connections between two active physiciglctdr the SO is used for diverting the flow

of data from an object to the other.

4.1.1 Interaction Methods

As seen, the “Magic Smatrtifier” can be used fofeddnt tasks, selected by the Functionality
Selector. LEDs and Vibro-Tactile Motor give feedbao the user about what is happening in the
selected mode. For each use of the SO User Iniemaotethods can be defined. User Interaction
methods are a sequence of actions by which threcosemunicate with the Smart Space, the SO and the
environment. This sequence of actions are tramshatthin the SO as a series of the following micro-
actions:

= communication between the RFID Reader Adapter mekscometer Board Adapter, and the SO
KP
= communication between SO KP and the Smart Space.
The two procedures which can be performed utilizthg “Magic Smartifier” implie some
hypothesis:
= the composition of the environment is known afiésrelationship with its mapping in space (as

seen in Chapter 2)

the Identification of the environment componentsiaown

» the association betweergastureand the correspondiragtionis known (also by the user)
In the following Interaction Procedures, this nistatis used:

» the environment componentsg.the RoomA, has its Identification calldd_A

= the object ObjectB has its Identification call&d B

the desire@ctioncorrespondent to thgestureis calledAction_C
Regarding the “Smartification” if the user wants'&martify” the ObjectB inside the RoomA, the
User Interaction Procedure can be this:
1. the userread® A pointing the “Magic Smartifier” to the room idéidr
2. the “Magic Smartifier” asks to the Smart Space infation aboutD A
3. the Smart Space give information abtidt A
4

. the “Magic Smartifier” gives a Feedback to theruse
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the user read®_B pointing the “Magic Smatrtifier” to the object idéier
the “Magic Smartifier” asks to the Smart Space imfation aboutD_B
the Smart Space give information abtivit B

the “Magic Smatrtifier” gives a Feedback to theruse

© ©® N o O

the “Magic Smatrtifier” sends to the Smart Objee ihformation thatlD_A contains ID_B

10. the “Magic Smatrtifier” gives a Feedback to theruse

The steps 2., 6. and 9. requires communication thiéhSmart Space. After step 10. tligital
copy of ObjectB is present in the Smart Space.t€hmoral diagram of the “Smartification” is shown i
Fig. 4. 2.

Regarding the “Selection” if the user wants to agge to ObjectB theéAction C the User

Interaction Procedure can be this:

1. the user read® B pointing the “Magic Smartifier” to the object idéier
the “Magic Smartifier” asks to the Smart Space imfation aboutD_B
the Smart Space give information abtivit B
the “Magic Smartifier” gives a Feedback to theruse

the user perform a gesture which is associateuetadtion_C

o gk w DN

the “Magic Smartifier” sends to the Smart Spaceittiermation that Action_C isRelativeTo
ID_B)

7. the “Magic Smartifier” gives a Feedback to theruse

The steps 2. and 6. require communication withShmrt Space. After step 7. tbmital copy in
the Smart Space of ObjeciBassociated with an action which valuédion_C.The temporal diagram

of the “Selection” is shown in Fig. 4. 3.

4.2 Design Of Power Supply Sub-System For Smart
Object

One of the Smart Object blocks is the power supplg. These are not indicated in the above
block diagram. This Paragraph intend to preserdmoroach to the design of power supply sub—system
for Smart Object (called in this wolBOPMs Smart Object Power Manager). Their design takes i
consideration that the Smart Objects must be plertaiid wireless. As seen in the previous sectities,
Smart Object components are widely hon homogenessunsors, actuators, CPU, wireless interface. For
this reason during the doctoral work SOPM desigs digided in different power band, depending on
Smart Object computational capacity and commurdoatirhis is also dictated by the need to avoid
wastage of resources and make the whole systenmégurized as possible.

For the moment we have identified two band of depending on the maximum load power:
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= Band 1: maximum load power 400 mW

= Band 2: maximum load power 4,5 W

User

“Magic Smartifier” Smart Space

Points ID_A

gives a feedback

| I

Asks for information about ID_A

gives information about ID_A

Points ID_B

gives a feedback

Asks for information about ID_B

gives information about ID_B

gives a feedback

Sends (ID_A contains ID_B)

Fig. 4. 2 “Smartification” Temporal Diagram

User

“Magic Smartifier” Smart Space

Points ID_B

gives a feedback

Asks for information about ID_B

gives information about ID_B

Performs the gesture

gives a feedback

Sends (Action_C isRelativeTo 1D_B)
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During the doctoral work were found the parametensch discriminate the design of SOPM.
These (not mutually exclusive with each other) are
= battery type: number of cells, maximum capacityximam discharge current;
= power supply unit type: typology (linear o switchjn efficiency, output continuous current,
output voltage;
» battery charger type: charging methodology, bateogection methodology
= relationship between the battery working voltage tre SO voltage.
After an overview of the choices taken into consitien related to the above points, the
Paragraph describes the design and the resultsBaind 1 SOPM. In addition, to complement the

discussion on SOPM, it shows the general scheragroksible implementation of a Band 2 SOPM.

4.2.1 Design Principles of Band 1 SOPM

As mentioned previously the choice of supply subtey for Smart Object Band depends on the
power characteristics of the load, which in turrpeleds on the computational and communication
properties of SO.

Considering the Band 1 (which is identified withnegaximum power load of 400 mW) the

characteristics of a potential load can be sumredrés in Table 4. 1.

CPU type MSP430

Operating system presence No

Extern Communication mechanisms

=  wired = USB
= wireless = Bluetooth
Sensor Type Inertial Sensors

Magnetic Sensors

User Interface Type ON/OFF switch
Two LEDs

Table 4. 1

Considering a load of this type, Fig. 4. 4 indictite power consumption of the load in the most
significant operational conditions:

» Bluetooth Discovery phase, when all the sensorsuaned on
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=  USB communication when the Bluetooth module istuoff and all the sensors are turned on
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Fig. 4. 4 Possible Band 1 Load power consumption

As can be seen in Fig. 4. 4, the maximum powesamption conditions (300mW of peak),
occurs during the Bluetooth discovery phase,the phase of searching for other radio modulethby
BT module.

Another feature that would be important for thedeaf Band 1 SOPM, is the power independence
of parts of the circuit achieved utilizing lineagulators with low Drop-Out. In this way, loads Wwibbe
able to:

= Convert the output voltage of the SOPM from thepattvoltage of the load (small difference
between the two voltages)
= Turn on and off parts of the circuit

In Fig. 4. 5 is illustrated the Band 1 SOPM and ptsssible load. This meets the following
requirements:

= The subsystem should be battery powered

* The subsystem should operate independently feaat B hours

* The battery should be integrated into the subsySi@&RM

* The subsystem should have 3.6 V of output voltag, a ripple of less than 10 mV

= The subsystem should be as efficient as possible

In the development of SOPM module, the choice @& battery type and of the battery
characteristics, influence the entire design pracksportant constraints to consider when seledtieg
battery are:

= capacity
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voltage operative range

maximum discharge current

protection circuits
For the best choice of the battery, the followiaggmeters have to been taken into considerations:
= charging method
= capacity — volume ratio
= number of charging/discharching cycles
= performance.
Among the several battery types considered, Lithilom or Lithium—Polymer (same
charging/discharching characteristics, but lighaad less dangerous) batteries, score higher ithall

features above.

ear
ulator

ear

lulator

ear
ulator

sor 2

g

odule

ear
Chargers ulator

K

USB Wall

Fig. 4. 5 Band 1 SOPM and its possible load

In the Table 4. 2 it is reported the necessaryattiaristics of the battery and the relative sebecti

criteria.
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Battery Characteristics Selection Criteria

1 Series Cell (1S) Size and weight
2 Parallel Cells (2P) Soft-start in—rush  current || of
2500mA

Battery - Pack (protection circuits on fhe Avoid damaging the battery
battery: over—current, over—voltage e under—

voltage)

Temperature sensor on the battery Flammable protect

Table 4. 2

This guide lines are further illustrated in a cagaly in Appendix D.
After reporting the schema of a subsystem SOPM Bhiisl interesting now to dwell on the
design and generalization of a Band 2 SOPM. ThisdB# operation is identified by a maximum power

load of 4.5 W. The characteristics of a possibladd2 load are listed in Table 4. 3.

CPU type Computer on module Gumsf{ix
Verdex Pro XM4-bt

Operating system presence Yes (linux)

Extern Communication mechanisms

=  wired = USB
Ethernet
= wireless = Bluetooth
WiFi
Sensor Type Inertial Sensors
RFID Reade
User Interface Type ON/OFF switch

Functionality switch
Two LEDs

Vibro—Tactile motor

Table 4. 3

Considering this load typology, in Fig. 4. 6 asparted the load power consumption in two

significant operational condition:

72

Smart Sensors For Interoperable Smart Environment



= CPU and Wi-Fi boot
= Normal operation (Wi-Fi activated)
As it can be seen, the maximum power consumptiabasit the 4W.
In respect to these data, it can be hypothesisgeharal schema for a Band 2 SOPM. Fig. 4. 7

reports a conceptual design, according to the génsthodology explained above.

4,5

3,5

0,5

P R R R R R IR I R R R R PR L R R R EE R R R
Lo 0RO ONMOOONRONAND XN QO ONO QOTNDNMEeMOOODNLNORA O DM PN RO N
QANRIMMN AN EARNN ITA a1 ARQITANAFTRRNNLN AN AARNN g TLARNT QSN
OCdNmT T NGO OodN SN aONINTUOR Q0 dAmMMUNONI®MT TN ®

IR AHHAAdd AN NNNNNN N®O®mon mmmomn  §< I
&
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Fig. 4. 6 Typical Band 2 load power consumption
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Chapter 5

PEDESTRIAN POSITIONING
SYSTEMS

In this Chapter is presented an overview on Padedositioning Systems.

There are several research and industrial groupshwtork in the wide panorama of Positioning
Systems for tracking the position of people, vadi@nd objects. For outdoor open sky environmémgs,
GPS represents for sure the well know and adoptddtien to track people and vehicles. In
unconstrained environments. indoor-outdoor, the lack (or the weakness) of RS signal imposes to
adopt other solutions, mainly based on the intémraif different technologies, like for example ttial
Systems, Wi-Fi, Bluetooth, Zighee, WiMax and RFID.

The aim of this Chapter is to give a justificattorthe work developed in the PhD period regarding
the Navigation Systems, and to give an excurstiseobther works present in this research area.

In Paragraph 5.1 an overview of the tracking tet@igies is introduced. In Paragraph 5.2 is
introduced the problem of the user positioningparticular the Dead Reckoning techniques and the
algorithms to detect the length of human stepshéghlighted. The choices of the user positioning
method, made on in this PhD work, are stresseBahagraph 5.3 Multi-Sensor Approach to perform the
Pedestrian Navigation system is introduced andraéMulti-Sensor platform are compared.

A definition on some requirements necessary to givandication of the Pedestrian Navigation

Systems qualities are indicated in this Paragragh 5
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5.1 Pedestrian Tracking Technologies

Starting from old time coastal navigation, peopdel lthe necessity to localize themselves, other
people or vehicles. Nowadays, several technologres methods are utilized to localize people and
vehicles, also in some combinations. The integnagibdifferent technologies is essential to guagant
the reliability of the position information. An iroptant branch of navigation systems is focused on
localizing users traveling on foot. This type o$®ms are called Pedestrian Localization SysteiNS)P
or Tracking Systems, intending with this the preced determining and maintaining positional
information for a person traveling on foot.

First of all, it is important to clarify what kinof information a PNS can provide. A PNS system
has to give the position of a user. The positidorination can be used into Location Based Services
(LBS) utilizing for example Geographic Informati@ystem (GIS) or maps. These have the purpose to
represent the space with the granularity needelderspecific applicationg(g.a user is in a building, a
user is in a floor, a user is in a room). In othanrds, they give to the position datareaningin a
reference system, extrapolatig the location. (Fjlj2008) suggests a definition for the two terms:
positionandlocation Forpositionis intended the place of a physical object invegispatial co-ordinate
system. One of the most common means of expregsasiion, in terms of navigation, is the
combination of latitude, longitude and height abthesea level. Thiecationis a position enriched with
additional information elements, referring to tlationship between the physical object (represente
with its positior) and the surrounding area.

There are several works which provide a classificabf different positioning systems and
technologies. In (Retscher, 2006b), an overviewenily developed ubiquitous position technologied an
their integration in navigation system is propog&ettinari, 2007) suggests a classification ofrtioee
relevant positioning technologies, based on théndison between Dead Reckoning and non-Dead
Reckoning approach. (Geronimo, 2009) presents alrsikategy to survey the different approaches to
detect user presence starting from pedestrianitgdlased on cameras. It divides the problem teatlet
pedestrian into different steps and it analyzesdaskifies them with respect to each processeqgestin
the report proposed by (Chan, 2005) is providedransary of a literature review analysis on various
pedestrian technologies and technical approach.

In Table 5. 1 (Retscher, 2006b) are compared samssilfle position techniques comparing their
accuracy. In Table 5. 1 are also reported the ghbérs:X, y and z are the 3-D coordinates of the
position, vy, v, andv, are the 3-D velocitiesa,, 8 anda, are the 3-D accelerationag, is the tangential
accelerationa,q is the radial acceleration in the ground planis, the direction of movement (heading),
@ and® are the Inclination (Tilt) Angles (Roll and Pitch)
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Positioning Method Observables Accuracy
GNSS X, Y, 2
GPS +6-10 m
DGPS +1-4 m
Velocity from GNSS Vi, Wy +0.05 m'
v, +0.2 m'
Cellular Phone (GSM) X,y
Cell-ID +150 m-35 km
Matrix +50 m-100 m
WLAN X, Y, 2 +1-3m
UWB (TDOA) X, Y, Z +0.1-1m
RFID (active X, Y, Z +6m
tags+point-of interests)
Bluetooth(point-of X, Y, Z +10m
interests)
Inertial Navigation a, a, & <+0.08 m&
Systems D, 0,y <+0.03 °/s
Dead Reckoning X,y +20-50 m per 1 km
Systems z 3 m
X +1°
Heading x +0.5°
Acceleration Ay, Aan, Bad >0.03 m&
Barometer z +1-3m

Table 5. 1 (Retscher, 2006b)

Recently, several positioning technologies havenbeéeveloped in Navigation Systems.
Everyone can be utilized in specific applicationsd eenvironments, depending on the technology
characteristics. In this Paragraph is presentedvarview of this technologies, including also thése
the motion tracking (Welch, 2002). The technologie¢e subdivided in two ways: in respect to the
environment in which are applied and in respethéoneed of additive infrastructures in the envinent
or worn by the user. In the latter, technologies ba divided in those which work only outdoor, thos
which work only indoor and those which work bothtamor and indoor (Table 5. 2). In the former
distinction, they can be divided in those which kvanthout adding infrastructure in the environment

79

Smart Sensors For Interoperable Smart Environment



and on the user, or those which work adding infuastire in the environment and on the user (Table 5
3)

Outdoor Technologies GPS

Outdoor and Indoor Technologies Cellular Networks

Radio Frequency

Mechanical

Optical

Ultrasound

Vision

Magnetic

Inertial and Heading

Table 5. 2

No Infrastructure-neede(

Technologies

GPS

Infrastructure-needed

Technologies

Type of
Infrastructure needed

Cellular Networks

Mobile Phone or

Smart Phone

Radio Frequency

Access Points

WiFi module
Mechanical Mechanical
structure
Optical Light source
Marker
Ultrasound Ultrasound sourcg
Marker
Vision Camera
Magnetic Magnetic
component

Inertial and Heading

Initial position
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5.1.1 GPS Technologies

The most popular navigation system is the Globaitfeming System (Dana, 2000). It provides
services to unlimited users by transmitting a digvieich comprises the satellite identification cptlee
time stamp and the position information. The positf a physical object which wears a GPS receiser,
performed by means of a triangulation based on Tinee-Of-Arrival information. A user needs a
minimum of four satellites in view to estimate hasir-dimensional position: three coordinates oftispha
position, plus time. For this reason, several mold afflict GPS technology particularly in urban
geographic environments where no signals can beivext. The GPS is an example of positioning

technology which works only outdoor and no addifivieastructure are needed.

To decrease the problems occurring in the GPSipoisiy, many techniques have been studied:
the Differential GPS (DGPS) (Monteiro, 2005), isnathod used to increase integrity and accuracy by
using land-based reference station which compuiesetror; the Assisted GPS (A-GPS) (Jarvinen,
2002), is used to overcome the delay problems,leratimg the process of position determination and
reducing it to only a few seconds, with the minimimpact on the network infrastructure; the Satellit
Based Augmentation Systems (SBAS) (U.S.D.T., 208Lpport a satellite differential correction,
whereby the correction signals that improve theussmxy of the GPS receivers are transmitted by
satellite; the Real-time Kinematic (RTK) is basedtbe analysis of the carrier phase of GPS satellit
signals rather than the usual pseudorandom sigimalHigh-Sensitive GPS (HSGPS) can also works
indoor and are capable of tracking signals that2&830 dB weaker than the typical outdoor signal.
However, concerning this last case, in (Lachaped@04) are presented some results on indoor
positioning. The position accuracy is lower thaa tiase of open space. Also in (Hide, 2006), tlasita
demonstrated. In fact, the combination of a DGP&laartial System can provide horizontal positi@nin
accuracy of 2.5 m RMS, instead of an horizontaltfmysng accuracy of 5 m RMS utilizing the HSGPS.

(Abowd, 1997) presents the Cyberguide project, hictv they were building prototypes of a
mobile context-aware tour guide. While indoor posiing relies on infrared beacons, the outdoor
positioning is provided by GPS receiver connectednt handheld device. A PDA guide that uses GPS
signal is Arianna (Foresti, 2006).

In (Kim, 2008) is presented a method for localizamgl reconstructing a urban scene using GPS.

Currently, the GPS is integrated with other positig systems (as it will be seen in the Paragraph
5.1.1.10).
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5.1.2 Cellular Network Technologies

The position determination of cellular phones abite devices is developed using the signal of
the cellular network. The achievable positionieguracy depends manly on the position method and on
the type of cellular network (GSM, W-CDMA, UMTS). ddt of the positioning method based on
cellular network are based on observations of tasebtransmitting stations to provide a 2-D position
(Hein, 2000). This is an example of position methddch work both indoor and outdoor. Only a mobile
phone is needed with the user, the additive infuatitre in the environment is not needed.

The GSM positioning (Drane, 1998; Otsason, 2005)pasticularly employed. Different
techniques can be used to determine user positimugh GSM technology. If compared to other
positioning technologies, like for instance the MViene, GSM is not subjected to interference, wanks
critical power conditions, and provides a netwodvearage greater than those provided by Wi-Fi
networks. The use of Cell-Id is one of the simplety to localize a mobile phone (zZhao, 2002). This
approach provides only a positioning accuracy betwts0 m and 1 km in urban areas, and up of 34 km
in rural areas. To overcome this limitation in dubh to the cellular network are utilized: database
correlation method (Laitinent, 2001), indoor pasiihg (Otsason, 2005) or outdoor positioning (Chen,
2006).

Recent developments have concentrated on the redumft network modification for advanced
positioning. The Matrix method (Duffett-Smith, 2004 based on the Enhanced Observed Time
Difference without any other additional hardwararaprom a Servicing Mobile Location Centre where
the location determination is performed.

Regarding the UMTS network, the network includes skipport of location services (Balbach,
2000). Similar position determination techniquesvit GSM network can be applied. But in addition,

timing measurements at the terminal are added (Beski, 2006).

5.1.3 Radio Frequency Technologies

Positioning methods based on Radio Frequency asedoon temporal information or signal
attenuation. The most important radio localizateystems are Wireless LAN, Bluetooth, Zigbee and
UWB. The Radio Frequency technologies can be atllizoth indoor and outdoor and there is the need
of additive infrastructure installed in the envinoent and with the user.

The Wireless LAN positioning has become populareicent year. The WLAN network consists
of fixed access point and mobile devices equippithl wireless hardware. The position determinat®on i
performed by measuring the signal strength of #udior signals from at least one access point. The
position is obtained with triangulation of measueents of different access points (Xiang, 2004) or

through fingerprinting where the measured signangith values are compared with a database storing
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the signal values (Bahl, 2000; Beal, 2003). As the@oor radio channel suffers from multi-path
propagation, the fingerprint method achieved higigaitioning accuracy than triangulation.

The Ultra Wide Band Systems positioning relies ogoad multi-path resolution (Win, 1998).
UWB can be employed for measuring accurate Timérmival (Lee, 2002) or Time Difference of
Arrival (Kong, 2004) for estimating the distanca. (Pahlavan, 2002) is presented an overview of the
technical aspects for wireless indoor positioniygtams based on UWB.

Radio Frequency Identification (RFID) is employiadthe applications which need contact-less
transmission of product information. Different gasiing method are proposed depending on the tfpe o
RFID which are used: frequency range, visibilitgtdnce, passive or active tags. To employ RFID to
perform vehicle positioning, the most simple apptoaould be to install RFID tags along road andehav
the reader and the antenna in vehicle (Chon, 200w).same thing can be performed in indoor space fo
people. The tags are installed for example in dors or room and the reader and antenna are wéth th
user (for example utilizing an handheld device mtes of reader and antenna). Another possible
application would be to install tags at specificnt®-of-interests and if the user passes near dtiEx
his or her position is updated (Hsi, 2004).

In (Ni, 2005) the proposed LANDMARC applicationbased on active RFID tags. This improves
the accuracy in locating objects utilizing refereriags. These tag are at fixed position and are tse
help the mobile reader positioning by means ofcaived signal strength. The same idea is propased i
(Hightower, 2000), where multiple base stationsvigt® signal strength measurements mapping to an
approximate distance. The Ferret system (Liu, 2086)mplemented to locating nomadic objects
augmented with RFID tags.

The Zigbee technology is an emerging standardobaise¢he IEEE 802.15.4. The main advantage
over other positioning systems is that ZigBee traivers are low powered, small and inexpensive. Not
many positioning works based on ZigBee have begnldped. A position estimation system utilizing a
wireless sensor network based on the ZigBee stdridamplemented in (Sugano, 2006). The system
automatically estimates the distance between semsdes by measuring the RSSI (received signal
strength indicator) at an appropriate number ofsenodes. A novel algorithm based on a Zigbeeosens
network called Ecolocation is presented in (Yedava0D05). This algorithm determines the positidn o
unknown nodes by examining the ordered sequenaeagived signal strength (RSS) measurements
taken at multiple reference nodes.

Also Bluetooth, can be employed for locating wesal mobile devices in applications which need
an in-sight distance of less 10 meter. For thisoaaBluetooth technology is not particularly used f
positioning. Some examples of indoor localizatiofl tve given. (Rodriguez, 2005) who presents an
indoor localization system based on Bluetooth axpeints. Positioning is made by means of the signa

strength received from those access points. Thakenergy will be measured by a mobile deviceiand
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will be transmitted to a central server that caltes its location. This system is similar to theDRR
ones. (Kotanen, 2003) presents a design and arenmnepitation of the Bluetooth local positioning
application based on received power levels, whighaonverted to distance estimates according to a
simple propagation model. An experimental evaluatiof a Bluetooth-based positioning system
implemented in an handheld device is developedFeldfnann, 2003). The range estimation of the
positioning system is based on an approximatiothefrelation between the RSSI and the associated
distance between sender and receiver. The actustiqoo estimation is carried out by using the
triangulation method. (King, 2009 ) demonstratest tiBluetooth nowadays provides adequate
mechanisms for positioning in an office environmdriie paper proposes a Bluetooth-based positioning
system and shows by means of emulation with realdnaata that a positioning accuracy of about 2.5
meters is achievable.

The iPLOT intelligent pervasive position trackingtm is exposed in (Mautz, 2006). The system
is an automatic, low-cost system that exploits entrior near future wireless communication based on
Bluetooth signals to enable tracking of the positid devices in all environments. In this systemioa
enabled devices are located within ad-hoc netwofkstatic and mobile users and equipments. This

nodes have functionality to connect themselvehemetwork automatically.

5.1.4 Mechanical Technologies

Mechanical Trackers are based on rigid or flexdihkeictures which are worn by the user. This
structures have to measure positions of links. Tiksare related each other by means of a skel&toe
angles links are calculated to provide the kinemakodel of the motion. This approach can providg ve
precise and accurate pose estimates for a singjettdut only over a relatively small range of oot
This technology can be utilized both indoor anddoot and there is the need of additive infrastmectu
installed in the environment and with the user.

Due to variations in anthropomorphic measuremdrtdy-based systems must be recalibrated for
each user. In his pioneering work (Sutherland, 1988ilt a mechanical tracker composed of a
telescoping section with a universal joint at eitied.

An innovative mechanical tracker is proposed inr([T&2009). The new device has a modular
structure that exploits three mechanical units earhposed of two rotational joints and allows talec
the usable workspace by substituting the connedtitkg. The sensing principle for the joint angles
measurement is based on an innovative hall-effagteasensor with high resolution, developed and
conceived for low cost applications.

A discussion of general issues which must be censtllin evaluating human movement tracking
systems and a summary of currently available sgngichnologies for tracking human movement are

proposed in (Mulder, 1994).
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An industrial mechanical tracking system is the GY(Pickson, 1999) developed by MetaMotion.
In this system the sensors and the signal soureesrathe mechanical support worn by the user. The

signal is then transmitted by Radio Frequency.

5.1.5 Optical Technologies

The optical tracking is performed through devicdsicl are equipped of sensors of light,
infrared or laser. They are characterized by noeAderence with other electronics devices, evehefy
suffer from interference from ambient light andnfrether IR devices in the environment. There ai@ tw
different typologies of optical systems: those wahidilizes the light of the environments (passive o
reflective), and those which produces luminous aigiattive,e.g. LED, LASER...).In the category of
marking optical systems three principal technolegige present:

= marker detection: cameras are the sensing elemdrith detects colored markers (LED or
colored points) applied on object or user. Thishodtis accurate and less intrusive, but are
sensible to reflections and lighting variations

» LASER-radar: they measures, such as acousticrsgstbe Time-Of-Flight of a LASER beam
punting an object. This method are accurate andl,sind they have less resolution and high
price.

= Infrared: they have the same functioning of thekmadetection. The cameras are equipped by
infrared vision, and the marker are reflective.sTlie small and not necessitate of a calibration.

They are expensive and sensitive to reflection.

All this methods can be utilized both indoor anddmoer and there is the need of additive
infrastructure installed in the environment andlumuser.

A system for locating people in an office envirommnbased on IR technologies is proposed in
(Want, 1992). Each person the system can locatesveeamall IR badge that emits a globally unique
identifier. A central server collects this datanfréixed IR sensors around the building, aggregiatesid
provides an application programming interface feing the data. A badge's position is symbolic,
representing, for example, the room in which thegeais located. A homadic guide on a mobile devices
which sense IR beacon installed near a point efést is developed in (Oppermann, 2000). An apjproac
of integration between optical system and IneBigtem is exposed in (Roetenberg, 2006).

A novel system for tracking pedestrians in a widd apen area, such as a shopping mall and
exhibition hall, using a number of single-row lasgnge scanners (LD-A) is proposed in (Zhao, 2005).
LD-As are set directly on the floor doing horizdnsganning so that horizontal cross sections of the
surroundings, containing moving feet of pedestriansvell as still objects, are obtained in a regidar
coordinate system of real dimension. The data oWingp feet are extracted through background

subtraction.
85

Smart Sensors For Interoperable Smart Environment



From the industrial point of view, the 1S-1200 deyed by the Intersense (Intersense, 2009), is an

hybrid technology. It integrates Inertial Sensard @ptical technology based on marker detection.

5.1.6 Ultrasound Technologies

Find the position of a user (or object) utilizingirtdsound technology means using a transmitter
and a receiver. The distance between the two iguted utilizing the Time-Of-Flight of the Ultrasadin
beam. Six degree of freedom are obtained by mefamoie sound source and computing triangulation
(Rolland, 2001). These systems are low cost, aadl,sand can be utilized for high distance. But he
are sensitive to interference and they have higiméy.

This technology can be utilized both indoor anddoot and there is the need of additive
infrastructure installed in the environment andwite user.

A type of positioning method of pedestrian usemigans of Ultrasound, is presented in (Harter,
2002). The mobile phone user is followed around lib#ding because carries a tag equipped by an
Ultrasound transceiver. Fixed position tags ardtipogd on the ceiling. The user position is cedted
by means of triangulation between the user taglamdearest fixed tags.

The design, implementation, and evaluation of atioa-support system for in-building, mobile,
location-dependent applications, named Crickepraposed in (Priyantha, 2000). It allows applicasio
running on mobile and static nodes to learn théiysgral position by using listeners that hear and
analyze information from beacons spread throughbet building. Cricket implements both the
triangulation and proximity techniques and usesomlination of Radio Frequency and Ultrasound
technologies to provide position information tcaatied host devices.

The IS-900 developed by Intersense (Intersense9)2@0 an hybrid tracking system. It utilizes
Inertial Sensors and Ultrasound sensors. The dnfir due to the Inertial sensor is corrected aith

Kalman filter which utilizes the Ultrasound data.

5.1.7 Vision Technologies

For Vision positioning is intended the localizatioh users (or objects) by means of camera.
There are several tracking method which utilizess \wtsion technologies. (Yilmaz, 2006) reviews the
state-of-the-art tracking methods, classifies thetm different categories and identifies new trendlé
the tracking methods based on vision can be ulillzeth indoor and outdoor and there is the need of
additive infrastructure installed in the environrmand on the user.
Two different approaches can be used to detectsysesition: cameras in the building or cameras
on the user. In the former, the building can beigapd with cameras, which detect the moving objects

The latter consists in mobile user equipped wigmall camera. Visual tags are attached on walldéns
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the building. In this case, the visual tags haxedipositions. If the mobile camera detects twanore
tags, it can find out its own position.

(Gavrila, 2004) presents the results of a largéedezld tests on vision based pedestrian protactio
from a moving vehicle. The system is called PROTBE&Tand combines pedestrian detection, trajectory
estimation, risk assessment and driver warning. ifinglementation of a vision-based system for
recognizing pedestrians in different environmentd bcating them with the use of a Kalman filter is
shown in (Bertozzi, 2004b). An improvement of tkigstem is proposed in (Bertozzi, 2004a) where
pedestrian detection is performed with infrared esas.

Stereo-Vision systems improve the vision systemsyder to achieve higher grades of robustness
(Salmon, 2006).

5.1.8 Magnetic Technologies

The tracking systems based on magnetic sensorsseggira good example ofside-outsystems
(Rolland, 2001), in which the sensors are placeithe¢omobile target and sense only an external sourc
The sensor placed on the object measures magigdtis §enerated by a transmitter source. To measure
position and orientation of a receiver in space, #mitter must be composed of three coils placed
perpendicular to each other, thus defining a spegfarential system from which a magnetic fieldhca
exit in any direction. The direction is given btresultant of three elementary orthogonal diresti®n
the receiver, three sensors measure the compootenie field's flux received as a consequence of
magnetic coupling. Based on these measures, thensyfetermines the position and orientation of the
receiver with respect to the emitter attached ¢oréference. Taking into account the above expglamat
this technology can be utilized both indoor anddoat and there is the need of additive infrastmactu
installed in the environment and on the user.

One of the first work based on the magnetic tragkin(Raab, 1979), in which the technology is
exposed and designed. A novel approach of integrdtetween magnetic tracker and Inertial System is
exposed in (Roetenberg, 2006).

An industrial interesting magnetic system is Flaakbirds (Ascension, 2009), developed by
Ascension. The system permits to follow four segstrthe same time. It is utilized in many appiaat
such as simulation and virtual reality. Differerdrh the Flock of birds system, the Liberty’'s Pollusm

product (Polhemus, 1969) is based on alternativeisti

5.1.9 Inertial and Heading Technologies

Inertial sensor are the components of Inertial Natdon Systems (INS). These are based on

accelerometers and gyroscopes. The accelerometsunes the acceleration of the mass on movement
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and the gyroscopes the angular velocity of rotatr@ss. The low level data are then the accelesation
and the angular velocity (for details see Paragfaph

By means of the angular velocites and acceleratidagossible to calculate the orientation of an
object in the space and eventually its positionaldcity. The systems that calculate this orieataare
called Heading systems where for Heading is intdride direction of movement.

The direction of a moving object (or in generaldtgentation), and its position can be calculated
utilizing the Dead Reckoning (as it will be seenHaragraph 5.2.1), theoretically without the use of
external infrastructure during the walking. In gieal the position is calculated referring to thertial
reference frame, that is the reference systemeofjyinoscope. If the INS has to be integrated ipstesn
which provides information of the position of theen in a specific reference system (such as the
Geographic reference system), the initial posidiad orientation have to be imposed. Several metitlnod
impose initial position and orientation exist. Wamshaid, 2005), a list of these method is proposed
Practically, the alignment can be derived from hapotsource, such as human operator, GPS, RFID tag
(Torres, 2007; Salmon, 2008), heading magneticassner Cameras (Salmon, 2007).

As seen, the Inertial Navigation Systems, are maltt based on gyroscopes. The main sources
of error of the gyroscopes will be exposed in Paply 6.1 (Woodman, 2007). Briefly, the most
important sources of errors for MEMS gyroscopes lareompensated temperature fluctuations or an
error in the initial bias estimation. This errone a&alledAngle Random Walkor Integration Drift)
because cause the equivalent of an angle rotatiofiact, it is produced in the integration of thieove
mentioned error sources, when the angular vel@gitytegrated to compute the angular rotation.

To diminish these error a proposed approach is¢hsors fusingn which the information derived
from different sensors are integrated. The ideanetusing of different sensors is that charactiessof
one type of sensors are used to overcome the tiamtaof other sensors. For example magnetic sensor
are used as a reference to prevent the gyrosctggration drift (Kappi, 2001). A similar approachilw
be analyzed in the Paragraph 6.4. On the other, ithedinformation derived from a gyroscope not
affected to the integrated drift can be utilizedpt@vents errors in the orientation in respectshto
magnetic North, due to magnetic disturbances indithgasystem based on magnetic sensors (Ladetto,
2002a).

The more convenient method to perform the sensinduis utilizing the Kalman Filter where a
dynamic or kinematic model of the sensors is nexggfarkinson, 1996; Brown, 1997b; Farrel, 1999;
Grewal, 2001).

In (Carlson, 1988) an efficient Kalman filtering tned is presented, based on rigorous
information-sharing principles. This method prowdglobally optimal or near-optimal estimation

accuracy, with an high degree of fault tolerandee bcal filter outputs are presumed to be indepetd
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(Torres, 2007) utilizes a Kalman filter to integratata deriving from accelerometer, gyroscope
and magnetometer to realize a wearable miniaturinedtial measurement unit. (Ladetto, 2002a)
developed a system in which the Heading is computiiding a digital compass, and gyroscopes and a
Kalman filter are used to compensate the headirguledion when magnetic field is disturbed to
magnetic interferences.

Adaptative Kalman filters prevents divergence peablpresent in the Kalman filter when precise
knowledge on the system models is not availableo papular types of adaptative Kalman filter are th
Innovation Based Adaptative Estimation (IAE) ane thdaptative Fading Kalman Filter (AFKF). In
(Jwo, 2008) is proposed a synergy of the two method

In (Yang, 2004), is proposed an adaptatively rofilisting approach was developed and shown to
be effective for controlling the bad influencestioé measurement outliners and the disturbancedseof t
dynamical model on the estimated state.

In (Cho, 2006) the Pedestrian Navigation Systedeigloped utilizing an algorithm based on the
Modified Receding Horizon Kalman Finite ResponséeF(MRHKF). The PNS consists on a two-axes
accelerometer and a two-axes magnetic compass awantshoe and Azimuth orientation and steps are
calculated.

Hence, the Kalman filter minimize the variance bé testimated mean square error. But the
problem is that it depends on predefined dynamicdeh To achieve good filtering results, it is reqd
to know the complete a priori knowledge of the dyiaprocess and measurements models. In addition,
the Kalman filter introduces a delay in the outpiuthe filtered signal.

For these reason, different approach are utilirstead of Kalman filter for fusing the sensors
data. (Kappi, 2001) utilizes gyroscopes for the diteg system, and corrects the drift with a digital
magnetic compass compensated by accelerometerse Afta gyro-free personal navigation systems is
discussed in (Collin, 2002). The systems integtladedata of a 3D magnetometer, a 3D accelerometer
and a barometric altimeter. In (Ladetto, 2002b)irgagration of gyroscope and magnetic compass is
proposed. The algorithm checks the presence of eti@gisturbance. If both the sensors, comparieg th
respective orientation indication, do not turnte same time, a magnetic disturbance is detectesl. T
only valid data for the orientation is considerld gyroscope output.

One of this approaches which utilizes the integratof gyroscope and magnetic sensors
information is proposed in Paragraph 6.4.

The theory which concern the estimation of positgiarting from information derived from

Inertial and Heading systems will be discussedaragraph 5.2.1
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5.1.10 Integrated Technologies

The idea behind integration of different technoésgiis the same of the data fusion one:
characteristics of one type of technology are usexwercome the limitations of the others.

As seen in the Paragraph 5.1.1.1, the GPS in @nstt environment needs a hand from other
technologies. On the other hand, the Inertial arddihg systems need to fix the initial orientatsom
position, to correct the error in the positioningidg the walking due to the sensors drift, andalbrate
some system parameters. There are several worlercong the integration of GPS Inertial Navigation
System or Heading Systems. Some examples are pobvid

(Cannon, 2001) try to demonstrate the feasibilifyusing a low-cost motion sensor system
integrated with a DGPS to provide accurate posiiod attitude information. Also, advanced algorishm
are proposed to integrate the sensors and the GPS.

In (Hide, 2003) is investigated the use of the gradion of GPS and low-cost inertial sensors
utilizing all the thee techniques of Adaptative ah filtering. (Hide, 2006) proposes the same
algorithm utilizing the more recent HSGPS instefithe classical GPS. In this paper is also propases
comparison between the explained algorithm andigim dccuracy integrated GPS/INS which is used to
provide a reference trajectory. With respects te titlization of an Adaptative Kalman filter, the
utilization of a online stochastic modeling of thgstem and a new adaptative process noise scaling
algorithm is proposed in (Ding, 2007). A synergynfr two different Adaptative Kalman Filter (the IAE
and the AFKF) is proposed in (Jwo, 2008) concerrting integration of different sensors and the
integration of Inertial sensors and GPS.

A method for correcting Navigation parameters (leg@nd step size) is proposed in (Jirawimut,
2003a). This system integrate the GPS system amgdmmeter based on magnetic sensor and
accelerometers. During the measured time intergblden two successive steps, if the GPS signal is
available, the compass bias error and the stepesiaeare estimated. This integration is performsitig
a Kalman filter with inputs the steps period and Heading, the GPS position and the velocity. The
output of the Kalman filter (when the GPS signahisilable) are the position, velocity, the stegesi
error and the compass bias error.

Also (Wang, 2004) presents the integration of GR& gyroscopes utilizing a Kalman filter. In
this case the application considered is findingpgleple attitude. It is demonstrated that the atton
of the two improves with respect to utilizing thé$& standalone since the attitude parameters can be
estimated using the angular rate measurementsratmgyroscopes during GPS outages.

(Zhang, 2008) describes a tightly-coupled un-differed GPS/INS integration, utilizing un-
differenced GPS instead the differenced GPS. I itnner the costs of the system are low and the

receiver station is no needed, when it is needadinghe differenced GPS.
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Inertial Tracking Systems can be also integratétt WRadio Frequency technologies. (Wang,
2007) proposes a pedestrian tracking framework coase particle filter which integrates the typical
WLAN indoor positioning with low cost accelerometend map information.

The integration of Inertial Sensors and Stereo &€agis investigated in (Jirawimut, 2003b). The
method is based on the knowledge of a the Gaieaehbling to operate with walking users.

The integration of different techniques for fildtposition of pedestrian users are exposed in the
works of Retscher. In (Retscher, 2007) are integrébgether: GPS, digital compass and gyroscopes fo
heading estimation, accelerometers for the detextiim of the distance traveled, a barometric pressu
sensor for altitude determination and position wcheiteation using Wi-Fi fingerprints. All the
technologies are integrated together using a Kalfilter. Tests and results are shown. The main

methods are well compared and described in (Rets2be6a).

5.2 User Positioning Principles

Taking into account the above mentioned positionégadpnologies, various methods to detect the
position of a user or object are presented. (RetfirR007) reports and characterize a list of these
positioning methods:

= Proximity: it detects when the mobile entity isidesthe coverage range of radio, ultrasound or
infrared signals. It can be performed via physamaitact or wirelessly. It is very popular because
it requires few modification of the infrastructuaed quick positioning, but it lacks in precision.

= Angulation: it is a geometric techniqtieat involves the measurement of a signal appragchi
different receivers at known position. Angulatianalso know as angle of arrival (AoA).The
drawback of this method is the interference calgeflected signals in multi-path conditions.

= Lateration: it computes the position of an objegt rheasuring its distance from multiple
reference positions. Lateration techniques incltde general approachestime-of-flight”
measurement (measurement of a signal from a trétesntdo a receiver) andattenuatiori
measurement (measurement of signal strength relatiits original intensity).

= Pattern matching: it uses features of a scenenadxddrom a particular point to compute the
position of the object. Observed features are Idakgin a predefined dataset that maps them to
object positions. Differential scene analysis teathe difference between successive scenes to
estimate position. The advantage of scene andly#imt the position of objects can be inferred
using passive observation and features that daaroéspond to geometric angles or distances.

Disadvantages include the fact that the observedsi¢o have access to the features of the

environment against which it will compare its olveer scenes.

= Dead Reckoning Navigation: it is one of the earlemsd largely used approach in positioning

systems applied first by sailors. It is a relatnavigation technique. Starting from a known
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position, successive displacements are added wpdiBplacements estimates can be in the form
of changes in Cartesian coordinates or in Headndgspeed or distance.
The approach studied and developed in this PhD weotke Dead Reckoning Navigation, which

will be highlighted in the following sections.

5.2.1 Dead Reckoning Positioning

Dead Reckoning positioning techniques has been showield positioning accuracy adequate
for many applications. The technique estimates uber's current position based on a previously
determined position. The starting position hasddbown. The displacements computed are generally
expressed in terms of changes in Cartesian codedirice. x and y coordinatesEfrore. L'origine
riferimento non e stata trovata). The coordinates of théhidisplacement can be computed as in Fig. 5.
2 knowing the displacements for this passatjead the HeadingHeading). For Heading is meant the
direction of movement of the physical object in teference system considered.

y
AXy  AXy  AX3 AXq iAxsi

ds

Jos

d>

dl \ o Ayz

a1 4 Y1
(%0, Yo) X

Fig. 5. 1 Dead Reckoning Positioning Principle

The Dead Reckoning is usually based on Inertiab&esnand Heading sensors (see Paragraph 5.1.9):
accelerometers, gyroscopes and sometimes thegratiten with magnetic sensors which provide the
orientation of the user (or object) in respect®oGeographical North. The utilization of this sers are
relatively inexpensive and can easily be engineereadexisting personnel clothing and procedures.

Dead Reckoning positioning includes two differgppaaches:

» [nertial Navigation

= Step and Stride Detection

The latter processes the motion’s equation of #gmre of mass of the moving body, estimating the
position by means of a double integration of theedarations. This approach suffer of two problem:

there is the necessity to align the orientatiothefaxes of the Inertial Navigation System withpees to
92

Smart Sensors For Interoperable Smart Environment



the reference axis system, and the inherent systearaors present in the system quickly accumuiate
non permissible positioning errors. Such charasties do not allow to compute the position by deubl
integration of the accelerations. The first problés solved by means of rotations matrix. The
accumulation of the error in the double integratiendue to the accelerometer drift caused by the
Thermo-Mechanical White Noise. This error is alsdled Velocity Random Walk because causes a
spurious velocity by integrating the acceleratibhdhg, 2004; Woodman, 2007). This thermal noise and

the other error source of the accelerometer wikkkmosed in Paragraph 6.1.
A

X
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—

dicos (Hepdinp;) /

»
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Fig. 5. 2 Dead Reckoning Coordinate Calculation

Several work use the double integration to comghée position To solve the problem of the
Velocity Random Walk it is utilized drift correctioprocedures. (Xiaoping, 2007) utilize a drift
correction method based on the fact that the natiutfee walking is periodic and includes periodzefo
velocity when the foot is in contact with the grdurDther approaches manipulate the accelerations
without computing drift correction. (Beauregard,0Z) utilizes a shoe-mounted sensors and inertial
mechanization equations to directly calculate tispldcement of the feet between footfall. Initialilyis
used a rotation matrix that bring the sensor coates to the real world coordinates. Then the tiesul
accelerations are double integrated to yield tepldcements. The same approach is proposed ire€lorr
2007) where the gravity, centripetal and tangemimhponents of the acceleration are removed fr@n th
motion acceleration to obtain the linear accelemtitilizing rotation matrix. In this manner aldeet
orientation of the user is computed in the Eartteference fixed frame. In (Leppakoski, 2002) an
acceleration magnitude signal from the three acoeleter axes is first calculated. Then step boueslar
are defined by the positive going to zero crossih@ low-pass filtered version of this signal. The
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acceleration magnitude’s maximum, minimum and vaxavalues of each steps are determined. The
integral of the acceleration magnitude betweenfédlois also calculated. In (Cho, 2002) a double
integration of accelerations is performed applymgthod to compensate the accelerometer errors
utilizing the walking characteristics.

To avoid the necessity of rotation of referenceteays, an external initial alignment can be
computed as seen in the Paragraph 5.1.9. Thialialignment permits to assign to the coordinaties
the starting points, the initial orientation anck tinitial velocity. This can be performed utilizing
infrastructure dependent technologies (such as RidDspot Wi-Fi...) or magnetic sensors which report
the coordinates in the Earth’s coordinates.

To avoid thea priori knowledge of the accelerations, the Step and &tidtection methods is
widely utilized. These are based on the estimatiothe pedestrian steps and of their length obsgrvi
the walking accelerometers patterns. This is edgmiato divide the path in sub-paths which are
equivalent to the users’ steps. The displacemamstshen the steps and if the length of each steps i
computed, the coordinates of the displacementdeasomputed as in Fig. 5. 2. It is therefore imgairt
to determine the step occurrences and the stephlefnige theory of step detection and two approaches

are proposed in Chapter 8.

5.2.2 Step Length Estimation

The stride in a Dead Reckoning system is a timgivgrparameter. The predetermined stride
cannot be used effectively for the distance measemé because the strides of a walker are different
according to the human parameters. The stride dispem several factor such as walking velocity, step
frequency, height of a walker... As the stride is cotstant and can change with speed, the stephlengt
parameter must be determined continuously duriegathlk to increase the precision. Several methods
are proposed to estimate the stride length. (#jlst997) use a triaxial accelerometer to meadege s
length and an algorithm based on an inverted penduhodel to predict the body centre of mass
trajectory during walking. The method determinest frontacts by monitoring for changes in sign &f th
forward acceleration of the lower trunk. (Sagaw@)® uses a triaxial accelerometer and a single axi
gyroscope attached to the toe to measure gait péeasnand distance travelled. The same approach is
utilized in (Cavallo, 2005; Scapellato, 2005) byame of a biaxial accelerometer and a single axis
gyroscope. An improved method of measuring fooleanging parallel offset accelerometers to measure
angular acceleration of foot which is integrateiteao yield foot angle avoiding the inherent bt
in gyroscopes, is proposed in (Fyfe, 1999). Acauiater a wide population without requesting user
calibration, this technique is valid for a compledage of gait velocities. The works of Sagawa &yfe
rely on the assumption that the foot motion is prify in the sagittal plane. However these methods

have a possible advantage over empirical modelsinthey measure steps length directly.
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(Jirawimut, 2003a) modelled the step length erladirst order Gauss-Markov model and the
step length is estimated using a Kalman filter ai@PS.

The step length is modelled as a linear combinatioa constant and step frequency in (Levi,
1996), in (Ladetto, 2000; Shin, 2007) as a lineamlgination of a constant, step frequency and variat
of accelerometer, in (Kappi, 2001) as a linear doation of step frequency, variance of the measured
acceleration magnitude and vertical velocity, iraf@glio, 2001) as a linear combination of a coristan
and a function of acceleration variability, in (L.&801) as a linear combination of the ratio opsize
and the step rate and in (Shin, 2007) as a line@bmation of walking frequency and a variancehaf t
accelerometer signals during a step.

(Stirling, 2003) shows how, once the stance phaskléntified, the initial foot angle can be
determined. The foot angle profile is calculateddbyble integration of the angular acceleratiorfijgro
Once the foot angle is known, it is used to resdha horizontal component of acceleration from the
sagittal plane acceleration signals, which is irdeggl to horizontal velocity. The average horizbnta
velocity is multiplied by the stride duration teeld the stride length.

(Aminian, 1993) proposes a neural network to eggnibe inclination and the walking speed.
Also (Cho, 2006) using a neural network in whicé iputs are the walking information.

Some experimental method to detect the step lemgtiproposed. For example in (Kim, 2004) is
presented an experimental relationship betweenumegscceleration and stride which is used fomenli
estimation of the stride. Another empirical relasbip is utilized in (Antsaklis, 2005; Weinberg,08a)

where the step length is approximated utilizingftrenula:

StepLength K4/ Auax = A Eq.5.1

where A,,. and A, are the maximum minimum value of the vertical d&@gion andK is a

user dependent constant. This formula is utilizedsénsors applied on waist.

In this PhD work the last methods is utilized. $imost of the step length estimation algorithms
depend on user or user parameter, procedures itwatalthe methods are required. In the following
section some step calibration methods are exposed.

Step length estimation errors often occur durirgtst stops, sharp turns and walking on inclines.
Some researchers have attempted to overcome thasgibn by using phase relationship between the
up/down, left/right, forward/backward acceleratiobst it is not clear how a large variety of locdion
patterns could be modelled properly in this waystéddy of the pattern of some movements is proposed
in the Chapter 8.
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5.2.3 Step Calibration Methods

The step size is dependent on several factors. @@ one are the velocity and the step
frequency of the user. Online or offline calibrationethods which takes into consideration the
characteristics of the user have to be implemefdethe most step length algorithms. These methods
often are helped by other technologies. For exampl@Gabaglio, 1999) a real-time step calibration
algorithm is proposed using a Kalman filter with $&PBositioning measurement and three estimated
parameters: frequency, amplitude and mean. Thesenpters are obtained from another Kalman filter
whose input is the measured z-axis acceleratioso Al (Jirawimut, 2003a) the step size is calilorate
utilizing a Kalman filter when the GPS signal isadable. In (Dippold, 2006) a step length calibwati
based on particle filter is implemented. The filtgilizes only the user position with respect te th
building infrastructure. In (Ladetto, 2000) an addipe Kalman filter is used to recalibrate theivundual
parameters of the Fast Fourier Transformatiorzetilito calculate the step length.

An initialization procedure with physiological infsusuch as body height, leg length and weight is
proposed as start of displacements determinatiofiadetto, 2002b). (Pettinari, 2007) proposes two
methods to calibrate thi§ constant of the Eg. 5.1: through the Stereo Caraerchthrough a GPS
receiver. In the latter approach the Dead Reckosystem provide user tracking information fillinget
gaps between the areas covered by the Vision Trgckystem installed in the ceiling. Then the Vision
Tracking System provides the initial position amgtiotation. To calibrate thi€ constant, when the user
is in the field-of-view of the camera, for everyeptdetected by the Dead Reckoning system, the
algorithm estimates the Vision Tracking System $éegth, by considering the Vision Tracking System
position in the same instant in which the Dead Ratlg system detects a new step. In this way, when
two successive steps are detected the system etith@ VTS step length and it is possible utifizen
mathematical proportion estimate of teconstant. The former approach utilizes a GPS veceiWhen
the GPS signal is available and if the walk isigtrga the mean value of the step length estimayethé
GPS is compared with the mean value of the stegiheametected by the Dead Reckoning system.

An approach performed not during the normal fumgtig and without the utilization of supported
infrastructure is proposed in this work for calterdheK constant (Eq. 5.1) of the user who wear the
Dead Reckoning system. If the user walk a strdigbtof predefined lengthTotalTrueDstance) and
he or she is wearing a Dead Reckoning system ichwthieK constant is imposed to 1, the step length
can be calculated by mean of Eg. 5.1 and the medarthe step length can be detected

(AverageStelLength). If it is present an algorithm to detect the stepurrences, the total number of
steps is detectedTptalTrue$eps). The K constant can be calculated by means of a simple

mathematical proportion:

Eq.5.2
TotalTrueDstance

B AgerageStelength*TdalTrueStes
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5.3 Multi-Sensor Approach for Pedestrian Positioning

As seen the Dead Reckoning systems integratesidinarid Heading technologies utilizing
inertial sensors (such as Gyroscopes and Acceléeos)e The integration of inertial sensors with
magnetic sensor is considered as a Dead Reckoystgns in which the initial position and orientation
can be set by means of the magnetic sensor. Therefee Dead Reckoning system can be seen as a

Multi-Sensor system. This definition is utilizedtims work.

Smart Compass Based Positioning and Gyroscope Based Positioning and
Space Activity Activity

ilt Compensated Azi Tilt Compensated Rotation

muth .

Step Detection
Inclination Angles
Horizontal Azimuth

Horizontal Magnetic 3 Axes \

Z — Rotation Angle

Field Components Accelerations 1 Axis Angular
Velocity
/ \
Low Level ~ ‘
Data

Magnetic Sensor Accelerometer Gyroscope

Fig. 5. 3 Multi-sensor approach: from low level sesors to the Semantic Space

In the Multi-Sensor systems the integration of megasors can be utilized to extract from the low
level data,.e. the data extracted from the sensors, high levia déich can be inserted in the Smart
Space. In the Fig. 5. 3 this idea is exposed: enltlwer line the sensors are present. In this tase
sensors are: Bvo-axes magnetic senspsthree-axes accelerometeasid one-axes gyroscopesrom
this sensor the first level data are extractedofs@dine) which are: théorizontal magnetic field
componentdrom the magnetic sensorthe three axes accelerationsom the accelerometerand the
angular velocityfrom the gyroscope The third line shows that from theorizontal magnetic field
componentshe horizontal Azimuth(horizontal rotation angle with respects to theo@aphical North)
can be extracted, from thaccelerationsthe inclination anglescan be extracted, from thengular
velocitythe Z rotation anglecan be extracted. The forth line shows that frobmdccelerations theteps
occurrencescan be detected. The fifth line shows the sensomsbmations: utilizing thenclination
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anglesand thehorizontal Azimuththe Tilt-Compensated Azimuil computed; utilizing thénclination

anglesand theZ rotation angle the Tilt--Compensated Rotatios computed. The Dead Reckoning high

level

data are shows in the highest line: combirtimgsteps occurrenceand the Tilt-Compensated

orientation or derived from the magnetic sensodenived from the gyroscopegsitioningandactivity

information are extracted.
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Fig. 5. 4 Sensors Correlations

As it will be seen better in Chapter 6 and 7, besithe exposed correlations, sensors have hidden

correlations. In Fig. 5. 4 all these are shown:

the accelerations are composed of static and dynammnponents. To compute inclination

angles, only static accelerations has to be udliZEo detect steps only dynamic has to be
utilized:;

gyroscope and accelerometer are affected by theaexture drift;

compass is affected by spurious magnetic distudmnc

compass is necessary to impose to the Dead Reckeystem the initial position and to refer the

system to the Earth’s reference system;

gyroscope angular velocity is utilized to compubte totation angle along the Z axis. This

computation is affected by the integration drift;

the orientations derived from the compass and fitmengyroscope could be fused. In this case

the synchronization important.
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5.3.1 Multi-Sensor Platforms for Pedestrian Navigation

The Multi-Sensor approach in the Dead Reckonindesys is particularly utilized. Several
platforms are developed both for commercial andaesh purposes. Table 5. 4 synthesizes some famous

Pedestrian Navigation systems based on Multi-sesqggmoach and their most important characteristics.

(Bandala, 2007)

3-D gyroscope

Name Sensors Dimensions Characteristics
PINPOINT 3-D magnetic 50 x 50 x 50 mm 6 DOF
(Univ.Lancaster) sensor Resolution:

2 mm in position

0.2° in orientation

Intel MSU
(Lester, 2005)

3-D accelerometer
3-D magnetometer
Temperature
audio

IR-light

Barometric
pressure

Humidity

6.43 x6.43 x6.43

cm

Utilized for Activity

Recognition

NavMote
(Antsaklis, 2005)

3-D accelerometer
3-D magnetometer
GPS

31 x33x13.5mm

Azimuth Accuracy: 0.5
Utilized for pedestrian
tracking:
distance accuracy: +39

heading accuracy: 1 °

MARG Sensors
(Bachmann, 2003 )

3-D accelerometer
3-D magnetometer

3-D gyroscope

10.1x55x2.5cm

Orientation Accuracy:
0.001° at [0.001, 80] °/s

WIHU Module
(Torres, 2007)

3-D accelerometer
3-D magnetometer

3-D gyroscope

25 x 25 x 25 mm

6 DOF
Gyroscope sensitivity:
2%
Accelerometer

sensitivity: 5%

NAVIO system
(Retscher, 2006a)

GPS

3-D accelerometer
3-D magnetometer
barometric

altimeter

Altitude deviation: +1m
Position deviation: +1-3

m
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Name Sensors Dimensions Characteristics
POSLV GPS 908 x 115 x 254 Position error in land:
3-D accelerometer| MM 1.29m
3-D magnetometer
DRM ™ 4000 GPS 51 x51x12.7 mm Accuracy 2% on

(Honeywell, 2002)

3-D gyroscope
3-D accelerometer
3-D magnetometer
barometric

altimeter

distance

Azimuth Accuracy > 1°

InertiaCube
(Intersense, 2009)

3-D Accelerometer
3-D gyroscope

3-D compass

2.62x3.92x1.48

mm

3 DOF
Rotation accuracy: 0.25
Sensibility: 0.03°

MTx
(XSENSE, 2009)

3-D Accelerometer
3-D gyroscope

3-D compass

3.8x5.3x3.1cm

Sensibility: 0.05°

Rotation accuracy: 0.5°

DMC-SX-5000
(Vectronix, 2008)

3-D accelerometer

3-D magnetometer

33x31x13.5mm

Rotation accuracy: 0.2
Elevation Accuracy:
0.1°

AEK-4
(u-blox, 2008)

Odometer

Digital speed
Linear
accelerometers
Radar, optical,
acoustic sensors
Gyroscopes
Magnetic compass
GPS

74 X 54 x 24mm

Sensitivity Acquisition:f

140 dBm

Sensitivity Tracking:-
150 dBm
Operational limits
Velocity:500m/s

Circinus

(Atairaerospace, 2010)

3-D Gyroscopes
3-D Accelerometer
3-D Magnetometer
GPS

7.62x3.81x1.43

mm

Position accuracy: 2 m
Velocity Accuracy< 0.2
m/s

Rotation Accuracy <
2.0°

Resolution < 0.25°

3DM-GX2
(Microstrain, 2009)

3-D Accelerometer
3-D gyroscope

3-D magnetometer

4.1x6.3x3.2¢cm

Orientation Resolution:

<0.1°

Orientation Accuracy: +

100

50

Smart Sensors For Interoperable Smart Environment



0.5°

Name

Sensors

Dimensions

Characteristics

Crista IMU
(CloudCap, 2010)

3-D Accelerometer

3-D gyroscope

5.21 x3.94 x 2.5 cn

Gyroscope range:
+300°/s
scale factor error<3°/s
Accelerometer:range:
+10g

scale factor error<10mg

FalconGX
(O-Nawvi, 2010)

3-D Accelerometer

3-D gyroscope

5.97 x3.18 x 1.52

cm

Angular Rate
Resolution: 0.30°/sec
Acceleration Resolution

4mg

niMU
(Memsense, 2010)

3-D Gyroscope
3-D Accelerometer

3-D Magnetometer

4.65 x 0.546 1.39 x
2.29cm

Acceleration non
linearity: £0.4%
Angular rate non
linearity: £0.1%

3D Motion Sensor
(Nec-Tokin, 2010)

3-D Gyroscope
3-D Accelerometer

3-D Magnetometer

20 x20 x 15 mm

6 DOF
Orientation Resolution:
1°
Maximum orientation

error: £10°

Terrella 6

(MassMicroelectronics, 2010

3-D Gyroscope
3-D Accelerometer
3-D Magnetometer
Temperature

Pressure

97.8x16.5x13.2

mm

Compass
Resolution<0.2°
Compass Accuracy<11
Inclination
Resolution<0.2°

Inclination Accuracy<1°

MAGO02
(Omnilnstruments, 2010)

3-D Gyroscope
3-D Accelerometer

3-D Magnetometer

1.8x1.8x1mm

Accelerometer
Sensitivity: 1 V/g
Gyroscope Sensitivity:
12.5mV/°/s

The goal of a Pedestrian Positioning system isrtwige user position anywhere and anytime.

Table 5. 4

5.4 Pedestrian Positioning System Requirements

To perform this task, several technologies and austhhave been proposed. Each one of these
technologies and methods posses its performancésaciaracteristics. In Table 5. 1 Retscher presid

some prerequisite that the different technologias to provide to be a Pedestrian Navigation system.
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These requirements can not be taken as strict be@uery system depend on the operational conslijtion
from the cost and from the application in whichrgvene has to operate.
For all the above mentioned reasons, applicatiorop@lized requirements have to be analyzed
and implemented for every Pedestrian Navigatioredys
The application which concerns this PhD work hasaagets the navigation in public buildings,
the guides for museums and archaeological sitesragdneral all the multi-vendor, multi-device and
multi-domain applications where user positioningl dracking in spaces is required.d. health and
monitoring applications). In this work will be reped the study, development and realization of
Pedestrian Navigation System for shared and inezedype Smart Spaces.
Therefore, the application has to be supported Bynart Environment. Taking into consideration
the target of the applications, the study of thgurements have been the first step of this wotke T
considered requirements can be divided in: Quaktynctionality and Performance. For a Pedestrian
Navigation System, the Quality requirements can be:
=  Wearability: the system has to be portable and wassear
= Low Power Consumption: since the system has tods&alge, the power supply is a battery.
Power consumption specification are thus necessary
= Testability: the developed system is a researctesysThe testability is the ability to test the
system everywhere
= Ease of Calibration: the developed system has teablerated. Several research in this field are
conducted to make easy the calibration procedures.
The functional requirements are the functionalitieat the system can provide. These can be
expressed as:
= Orientation: as seen, the system has to provideribatation to compute the position
» Relative Position: as seen, the relative positian be extracted from the step length detection
and orientation. The integration with other systepesmits to initialize the position and to
translate the relative reference system into a knbame
= Activity Indication: this kind of system can expsesso various level of activity recognition. For
example if the user walking or not.
=  Wireless Communication: the system has to be plertaliireless communication towards the
Smart Space has to be supported
= Semantic Platform Integration: to extract high legtata, which are not extractable from the
Inertial Platform, the integration into the SmapbSe is necessary.
Regarding the Performance Requirements, thesehareesults of the integration of sensors and
algorithms. The reachable Performance Requiremeihiei target applications can be:

=  Azimuth Max Deviation = £3° when Tilt less than £30
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= Tracking Error minor of 3% on a 100 m walk in & #aea
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Chapter 6

Static Direction Estimation Using a One
Axis Gyroscope and a Two Axes

Accelerometer

In this chapter it is presented the project oféhtdre hardware and software platform which permit
the estimation of static direction through a onés egyroscope and a two axes accelerometer. The
presence of a magnetic compass integrated in gierayis investigated.

In particular, in Paragraph 6.1 accelerometersgymdscopes theory is introduced, in Paragraph 6.2
is highlighted the hardware and software acquisitithain, the calibration algorithms (and the
consequent calibration procedures) are expand@&adiliagraph 6.3 and the data fusion algorithms from
which derive the orientation information is expledhin Paragraph 6.4.
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6.1 Gyroscopes And Accelerometers Theory

In this Paragraph is presented an overview of e $ensors utilized to estimate the static
direction: Accelerometer and Gyroscope.

There are various typology of accelerometers, betlasic operating principle is essentially the
same: the detection of the inertia of a spring nm(@ats known as seismic mass) when subjected to
acceleration. In the presence of an accelerati@nntass moves from its static position proportigral
the acceleration detected. The sensor circuitryexs the mass movement (mechanical quantity)anto
electrical signal (L6ttersa, 1998), (Ferraris, 199%0hnson, 2006 ).

When static, the accelerometers are sensitive tinthe gravitational acceleration. During the
movement, they are sensitive to the gravitatiosakkeration and to the dynamic accelerations indluce
by the movements (centripetal and tangential). &foee the output represents the vector sum of dimam
and gravitational accelerations.

The most common types of accelerometers are baspokpo-resistivity piezo-electricityand on
capacitivetechnology (Johnson, 2006 ):

» piezo-resistivaccelerometers (Silicon, 1983): thiezo-resistivelements are directly connected
to the mobile mass and they change their resisthrevwhen subjected to the length variation
due to the mass movement. The resistor variatieasy to detect, and for this reasonphezo-
resistivivetechnique is widely utilized. The major disadvaet®gf using this accelerometers, are
that output signal level is normally low (a typicalue is 100 mV for 10V power voltage), the
temperature coefficient is high and there is thesence of thermal noise due to the resistor.

» piezo-electricityaccelerometers: the sensing element is madepiézp- electricmaterial that,
generates an electric signal proportional to tiheatory forces. Normally, for the accelerometers
are used natural oscillating materials, such agjtiaetz, or artificial oscillating material. In the
piezo- electricaccelerometers the mass is suspended opi¢e- electricpart. In the presence
of acceleration, the mass comprisesplezo- electrigpart which generates a signal proportional
to the compression. The major characteristicsisftiipe of accelerometers are:
= they have a relatively low sensitivity;
= they can detect very high accelerations withoutalzing (also 1000 g);
= they can not detect continuous acceleration artit skeecause after a few seconds from the

application of the acceleration, the signal fades i
= they have a good sensitivity;
= they have little dimensions.

= capacityaccelerometers (Analog, 1965), (Freescale, 2@¥0), 1991): they are built in silicon

and are based on the intrinsic property of capadit@ capacity is directly proportional to the

distance between the plates forming the capaditothe sensor are present two differential
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capacity formed by the moving mass. Any movinghaf mass corresponds to a variation of the
individual capacity. The difference in capacity da@ converted to a voltage output signal,
through synchronous demodulation techniques.

Appendix C presents a comparative analysis of sameoelerometers.

The accelerometers are affected to various errann@g, 1999; Woodman, 2007), modelled

through the following components:
» Constant Bias: the bias of an accelerometer iotiset of its output signal from the true value,

in m/<. A constant bias erra, when double integrated, causes an error in posithich grows

guadratically with time. The accumulated error @sition is:

t2
s(t) = 53 s(t)
wheret is the time of integration.

It is possible to estimate the bias by measuring thng term average of the
accelerometer’s output when it is not undergoiny aacceleration. Unfortunately this is
complicated by gravity, since a component of gsasitting on the accelerometer will appear as
a bias. It is therefore necessary to know the peecrientation of the device with respect to the
gravitational field in order to measure the biasplactice this can be achieved by calibration
routines in which the device is mounted on a tuetawhose orientation can be controlled
extremely accurately.

= Thermo-Mechanical White Noise / Velocity Random Wahe output samples obtained from a

MEMS accelerometer are perturbed by a white na@sggence. Integrating white noise produces

a random walk whose standard deviation grows ptupaily tov't . Hence white noise on the
output of an accelerometer creates a velocity nandalk. To see what effect accelerometer
white noise has on the calculated position it cardbne a similar analysis in which it is double
integrated samples obtained from an acceleromBtés.analysis shows that accelerometer white
noise creates a second order random walk in posiith zero mean and a standard deviation
which grows proportionally tof.

= Flicker Noise / Bias Stability: MEMS accelerometarge subject to flicker noise, which causes
the bias to wander over time. Such fluctuations wemeally modelled as a bias random walk.
Using this model, flicker noise creates a secoui@orandom walk in velocity whose uncertainty
grows proportionally to *%, and a third order random walk in position whichows
proportionally to 12

= Temperature Effects: as with gyroscopes, temperathanges cause fluctuations in the bias of
the output signal. The relationship between biastamperature depends on the specific device,

however it is often highly non-linear. Any residdabs introduced causes an error in position
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which grows quadratically with time. If the IMU ciains a temperature sensor then it is possible
to apply corrections to the output signals in orttercompensate for temperature dependent
effects.
= Calibration Errors: calibration errors (errorsdoale factors, alignments and output linearity)
appear as bias errors which are only visible wtiike device is undergoing acceleration. Note
that these ‘temporary’ bias errors may be obseexgzh when the device is stationary due to
gravitational acceleration.
For a more broaden explanation of Accelerometes, gulease see (Thong, 2004).
Accelerometers is used to calculate the inclimasingles (calletilt) (Leavitt, 2004). In fact,
in static condition, a rotation can be decomposgéaitivo rotations with the horizontal plane:
= One rotation around the axis X (inclination of tieds Y), represented to the angle calkRdll
(D)
= One rotation around the axis Y (inclination of @in@s X), represented to the angle callitth
(©)
The Pitch and Roll angles are call€itt angles and they can be obtained, in static camgitito

the static accelerations in a plane parallel tcBaeh'’s surface, with the following formulas:

A

Pitch=arcsin—= Eq. 6.1
g

A

Roll = arcsin—=

whereg is the gravitational acceleratiofy, andA, arethe static components of one accelerometer

in the horizontal plane. The tilt angles calculasipdo not suffer from integration drift.
The gyroscope is a sensor which permits to debbecahgular velocity and the rotation angles of

a moving body. The physical basic principles am ¢bnservation of the angular momentum and the
Newton’s law. The basic mechanism is a wheel nogagiround its board. When the wheel is spinnirsg, it
axis tends to remain parallel to itself and to cggpany attempt to change its orientation. A gyrpseco
shows a series of phenomena, including the Preresasid the Nutation. The Precession is a change in
the orientation of the rotation axis of a rotatbgy, the Nutation is a slight irregular motiontie axis
of rotation of a largely axially symmetric object.

The fundamental equation of the gyroscope is:

_dL _d(la) _
r=—=——>==la Eq. 6.2
dt dt
where:

7 is the torque,

L is the angular momentum,
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| is the inertia vector,
w is the angular velocity,
a is the angular acceleration.

From the equations derives that if is applied ajuerr perpendicular to the rotation axis

(perpendicular td.), it develops a force perpendicular to betand L. The derived motion is the

precession. The angular velocity of the precessiotion Q) is:

r=Q,xL Eq. 6.3

The most common types of gyroscopes are RLG, FQIQVHEMS (Sdderkvist, 1994):
Ring Laser GyroscopéRLG) (RingLaser, 1985): this type of gyroscopewveéry expensive but
very accurate in the detection of the angularaigiolt is constituted to a laser beam enclosed in
a closed triangular two-way path, with mirrors atte corner and an interferometer. The beam
makes a tour of the path with constant frequencgnmine gyroscope is in a static condition. If
the gyroscope is rotating, the frequency with whioh beam makes a tour varies in depending
on the angular velocity
Fiber-Optic Gyroscope¢FOG) (Pavlath, 1994): The FOG is a good accumapscope, but
less expensive than the RLG. The FOG gyroscopalsdsconstituted of an internal laser beam
and a interferometer, but the path is a fiber @pwoil. The frequency of the laser beam depends

on the gyroscopes variation®. the angular velocity.

MEMS gyroscopes: the MEMS gyroscopes are congtitof& mobile mass suspended by means
of an elastic systems which allows the mass to mbkiss mass are moving inside the gyroscope
and their position changing causes a voltage chahgeh depends on the angular velocity of the
system which it moves with. The position of theatistg masses can be detected by means of
piezo-resistiveelements ocapacitiveelements.

Appendix C presents a comparative analysis of sgymescopes.

The gyroscopes are affected by various errors (KiB§8; Woodman, 2007), modelled through the

following components:

Constant Bias: the bias of a gyroscope is theagesoutput from the gyroscope when it is not
undergoing any rotation.¢. the offset of the output from the true value);/im. A constant bias
error of ¢, when integrated, causes an angular error whiokwvgdinearly with time 4t). The
constant bias error of a gyroscope can be estimayethking a long term average of the
gyroscope’s output while it is not undergoing aatation. Once the bias is known it is trivial to
compensate for it by simply subtracting the biasrfthe output.

Thermo-Mechanical White Noise / Angle Random Wiéltle output of a MEMS gyroscope will
be perturbed by some thermo-mechanical noise whictuates at a rate much greater than the

sampling rate of the sensor. As a result the sasvgidained from the sensor are perturbed by a
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white noise sequence, which is simply a sequen@em-mean uncorrelated random variables.
In this case each random variable is identicalyyriuted and has a finite variance. To see what
effect this noise has on the integrated signakit be done a simple analysis in which it is

assumed that the rectangular rule is used to perfioe integration. The results are that the noise
introduces a zero-mean random walk error into thegrated signal, whose standard deviation
grows proportionally to the square root of time.

» Flicker Noise / Bias Stability: the bias of a MEM@roscope wanders over time due to flicker
noise in the electronics and in other componergseqtible to random flickering. Flicker noise
is noise with a 1/f spectrum, the effects of whare usually observed at low frequencies in
electronic components. At high frequencies flickeise tends to be overshadowed by white
noise. Bias fluctuations which arise due to flickeise are usually modelled as a random walk.
A bias stability measurement describes how the biss device may change over a specified
period of time, typically around 100 seconds, ixefl conditions (usually including constant
temperature). Under the random walk model bias thasstandard deviation which grows
proportionally to the square root of time.

= Temperature Effects: temperature fluctuations duehtainges in the environment and sensor self
heating induce movement in the bias. Note that sumiements are not included in bias stability
measurements which are taken under fixed conditidny residual bias introduced due to a
change in temperature will cause an error in ogiggort which grows linearly with time. The
relationship between bias and temperature is dfighly nonlinear for MEMs sensors. Most
inertial measurement units contain internal temjpeeasensors which make it possible to correct
for temperature induced bias effects.

= Calibration Errors: the term calibration errorsersf collectively to errors in the scale factors,
alignments, and linearity of the gyroscopes. Suobre tend to produce bias errors that are only
observed whilst the device is turning. Such erteasl to the accumulation of additional drift in
the integrated signal, the magnitude of which igpprtional to the rate and duration of the
motions. It is usually possible to measure andembrralibration errors.

As seen, gyroscopes are able to detect angulacitielaround the axes of the sensor, with high

precision. From this data can be derived the mtadingles around the gyroscopes axes integratirigeon

time interval the angular velocity:

t
RotationArgIe:J'w(r)dr Eqg. 6. 4
0

If the X and Y axes lie in the plane parallel te tBarth’s surface, and the Z axis is upward

(coincident to a gyroscope axis) (Fig. 6. 1) irstlnay can be calculated tivaw angle. Due to the
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presence of integration, calculating the anglesotdtion can be done only for a short period ofetim

Moreover, a relatively small error due to the terapgre effects will introduce large integrationaes:

z

Roll

Fig. 6. 1 Rotation Angles

Considering the Z axis of the gyroscope, the deteahgular velocity is correlated to the Pitch and
Roll angles, because they are the measure of tlesgype inclination respect to the Z axis. As seen
Errore. L'origine riferimento non é stata trovata. when the gyroscope plane is tilted with respect to
the horizontal plane, the detected angular velasitys influenced to the horizontal components. The
result is that the detected angular velocity igedént to the real angular velocityaround the Z axis. To
take into consideration this tilt influence is nes&ry a compensation procedure of the angular iteloc
detected (gyroscoplt compensation) which calculates the vertical anguddocity utilizing the Pitch

and Roll angles:

—_ a‘d
w=—"19 Eq.6.5
cosdcos®
Z Z
A A
I S I S
w. w-._
wd wd
Pitch Roll
Ty TX

Fig. 6. 2 Gyroscope Pitch and Roll dependency
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In the following sections we presents an inertialigation system for estimating the static

orientation based on one-axis gyroscope and a k@s-accelerometer.

6.2 Hardware System Architecture

In this Paragraph are presented the architectssaks and their solutions for the creation of a
system to estimate the static direction of a uBeis approach is the first one of the two propdsedthis
work, and it is based on a one-axis gyroscope ama-aaxes accelerometer. A two-axes compass is also
introduced in the sensor as support to the relaéiference system utilized to the gyroscope.

The entiresystem consists of two parts: the Multi-Sensortdnid the power management board.
The latter has been already explained in the Chdptie this Paragraph will be presented the ptapéc
the entire hardware platform which permits to ezehe sensor board.
Fig. 6. 3displays the sensors acquisition block diagrani¢chvban be seen as three macro-blocks:
» thesensordlock
» theanalog data handlindplock
= thedigital data handlingolock.
The block diagram represent the steps necessararisform the low level data into high level

data, as shown in Table 6. 1.

Sensor Raw Sensor Data High Level Senspr
Data
Gyroscope - Voltage Analog Outgut Z- axis rotation anglg
(AngularVelocity (Yaw)
Compass - Pseudo- PWM pulse Angle from the
North(Heading)
Accelerometer - X axis PWM pulse X- axis rotation angl¢
- 'Y axis PWM pulse (Rolland)
Y- axis rotation angl¢
(Pitch)

Table 6. 1
In the following sections, the sensor acquisititwcks will be presented.
The first block consists of thre&gensorsvhich provide the analog raw data:
" a one-axis gyroscope a one-axis Gyroscope ADXRSB&AANnalog, 2004): this provide an
analog output proportional to the angular veloatyd a analog output proportional to the
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temperature. Fig. 6. 4 Voltage Output as a functibrangular velocity shows the theoretical
gyroscope voltage (V) output as a function of @& gyroscope angular velocity. The gyroscope
linear range varies from 0,25V to 4,75V, corresporido a angular velocity range of £180°/s.

Sensors Analog Data Handling
RateOut
Gyro
ADXRS150ABG || Tempout Analog
Chain
Compass ICompass
CMPS03
TEMP RATE
Accelerometer Ax_Out
ADXL213 ot N I
TEMP_Sample RATE_Sample

ucC

Digital Data Handling Calibration Calibration
parameters Steps

Digital Data Value

Fig. 6. 3 Sensors Acquisition Block Diagram

RATE RATEQOUT
AXIS
LONGITUDINAL |
AXIS l - ATEV
X
2.5V
S 7 -
4 RATEIN
am—" ABCDEFG e 025V
LATERAL AXIS

GHD [T Sad A LR e | B

Fig. 6. 4 Voltage Output as a function of angular elocity
a two-axes accelerometer ADXL202 (Analog, 1999k tirovide two PWM output which duty
cycle is proportional to the acceleration of twithogonal axes. The maximum range of the
acceleration detected is £2g. In Fig. 6. 5 is showenPWM output and the axes orientation of

the accelerometer.
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Fig. 6. 5 Axes orientation and PWM output
= a compass CMPSO03 (Robot, 2007): this provide a P@ide output which pulse width is
modulated with the positive width of the pulse esmting the angle. The pulse width varies
from 1 ms (0°) to 36.99 ms (359.9°). The angle gaturelated to the Magnetic North. In Fig. 6.

6 is shown the compass output referred to diffeoeientations.

w=1mS w=10mS wW=19ms w=z8ms
-« B Ed - > -{ >
I \ 65mS ‘ \ 65m3 65mS 65mS
-« | 2 |22 | = »
Ciclo1 0° Nord Cicla2 90° Est Cicla3 180° Sud Ciclad 270° Ovest

Fig. 6. 6 Compass PWM output

The second block is th&nalog Data Handling Chaimvhich elaborates the sensor output and
convert the analog raw sensdata to digital raw sensor data. Therefore this snesed like the
gyroscope’s analog acquisition chain.

The acquisition of the gyroscope handles of subtrg¢he offset (output voltage when the rate is

null), and calculate the scale factor. In this n&arthe angular velocity detected can be calculased

at) = GyroOut- Offset Eq. 6.6
ScaleFactr

Concerning the electrical scaling need to interfgc¢he sensor to an Analog-to-Digital Converter,
the output of thénalog Data Handling Chaimust ensure:
= linear angular velocity: +180°/s
= Offset: 1,65V
= Scale factor: 8.25 mV/°/s
= [inear output range: [0.165, 3.135]
After the Analog Data Handling Chairthe gyroscope offset is as that Emrore. L'origine

riferimento non é stata trovata.
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28.8my

561 sweeps: average low high sigma
pkpk (1) 19.9my 15.6 28.8 b5
maan (1) 1.65328 Y 1.64932 1.65691 B.08131
sdewv(]) 3.33mY 2.92 3.75 B.15
rmz(]) 1.65328 ¥ 1.64932 1.B569] 0.00131
ampl(1) # 19.5my 10.6 28.8 |

| 1 DC 1.6536 ¥

Fig. 6. 7 Gyroscope Offset

Fig. 6.8 shows the output voltage in a 180° rotatiban angular velocity of £120°/s. The resulting
scale factor is 8.24 mV/°/s.

Tha Analog Data Handling Chairof the gyroscope takes into consideration also digmal
filtering to reduce the noise influence on the daguelocity measure. The cut off frequency habeo
calculated depending on the application. If thgpoubf the gyroscope is a sine function:

a(t) = w,,, Sin(274t) Eq. 6.7
where @), ,.is the maximum angular velocity detected to theoggope, the angular acceleration

can be expressed as:

a(t) = %—T = 27f o, cos@rit) Eq. 6.8

The maximum angular acceleration is then:

Aoy = 270, Eqg. 6.9

The frequency of the gyroscope output signal is t@portional to the maximum acceleration:

f = Bvax Eq. 6. 10
2m, .,
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The angular acceleration pattern can be utilizeditoensioning the filter. Fig. 6. 9 shows the
slope of the angular velocity if it is performedgat rotation around the centre of mass of themens
In this case the maximum acceleration is:

o =——=—1—-=1075 °/§°
At 845
The acceleration is proportion to a sine functiothirequency of:
f= 1075 =19 Hz
2m9C.9
A
Nk \
/3 \\\
BT .
x i
1 DC 1.652 W
& 9EDm e e il ‘111" E% J;" e
1 i
L /
R /
g /
1\ i
_E :

Fig. 6. 8 Clockwise and counter clockwise 180° rdian at angular velocity of £120°/s
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29-0ct-04
13:27:31

At 34.5 ms

Fig. 6. 9 Angular velocity of fast rotation

If the experiment is repeated for other applicat{or example like a mouse) the maximum
frequency of the gyroscope output is around 10Rdz.this reason the cut off frequency of the filigr
is imposed at 15Hz.

The third block is th@®igital Data Handling Acquisition Blocktored inside the microcontroller.
This includes all the formulas that permit to camivaw sensor dat&o high level, interesting and usable
data (igh level sensor dafaTo do this calibration parameters are used. lage extracted from the
Calibration Blockby means of the calibration procedure as showhenParagraph 6.2. Now tiata
Handling Acquisition Blockf each sensor is investigated.

The acquisition of the gyroscope and temperatugrass from the ADC are made at the same
sampling frequency to simplify the implementatidDbviously this implementation is not efficient
because the temperature varies slowly in compatisdhe angular velocity. To reduce the loss oadat
while the microprocessor processes the gyroscogdettan temperature value, they are used two data
buffers loading alternatively with the temperataral the gyroscope samples.

Thehigh level sensor datextracted from th®igital Data Handlingare computed as in Eq.7.5.

The sensed acceleration is proportional to the Poulput duty cycle (Weinberg, 2009a). If T2 is
the PWM output and T1 (Fig. 6. 10) is the high imé of the signal the duty cycle is:

DutyCycleX= %
T Eq. 6. 11

Tly
DutyCycleY=—2=
Y-y T2
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In this way it is possible computing the duty cyofethe two signals by detecting the falling and

the raising fronts of the outputs signals:

Tlx=Tb-Ta
Tly=Td-Tc Eqg. 6. 12
T2=Tc-Ta
The acceleration for each axis (expressag) is computed using the following formula:
AE —Offset
Acceleraton=J12 Eqg. 6. 13
ScaleFactr

where theOffset corresponds to the duty cycle to Og (horizontanp) and theScaleFactor
correspond to the variance of the duty cycle wihpects to the variance of the acceleration. Both
derives from theCalibration Block The proposed solution allows to have a new paiaaifeleration
value available every 16 ms and to compensateittbe foise caused by the temperature on the PWM
signal. Moreover, the division of the two temporaterval of the accelerometer signal allow to
compensate the drift due to the temperature. Ity the output component due to the temperature is

elided in the division.

Fig. 6. 10 Accelerometer PWM output signal

Thehigh level sensor datextracted from th®igital Data Handlingare computed as in Eq.6.1.

The compass output signal is a PWM signal. Its spuave positive part has the temporal width
proportional to the angle from the Magnetic Norig( 6. 6). The pulse width varies from 1mS (that
coincide with 0°) to 36.99mS (that coincide with93%’). In other words 100uS/° with a +1mS offset.
The decoding of the compass output is evaluataddssuring the width of the high pulse.
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6.3 Sensor Calibration Procedures

As seen in the previous Paragraph, the converdioraw sensor datdo high level, interesting
and usable datdigh level sensor dajaneeds the presence of calibration parametechndnie extracted
from the calibration procedures of the two sensbwsthis Paragraph will be shown the procedure
corresponding to th€alibration Block

The calibration procedure of the two-axis accetexter is necessary to extract the Offset and
the Scale Factor of the sensor (Weinberg, 2009a)cdlculate this values is sufficient to detect the
output voltage of the two-axis only in two poin@ @nd 90°), which correspond to the acceleratfoh o
g and 1g. In Fig. 6. 11 are shown the two stepgbeprocedure:

= first step: 0 g on the Y axe®\y Q correspondent t&¢y Q and 1 g on the X axe®X_9Q
correspondent tg'x_90Q

= second step: 0 g on the X axés(Q correspondent t¥x_0Q and 1 g on the Y axe®\y 9Q
correspondent to'y 90

X Y

1st Step 2nd Step

Fig. 6. 11 Accelerometer Calibration Steps

In this way it is possible to detect the charastariline through which calculate the normalized

current acceleratiore(g.Ax) starting to the current output voltage valaay(VoltageX:

Ax_90- Ax_0
Ax = (VoltageX— Ax_0 = = Eg. 6. 14
(Voltag ~O¥x 90-vx 0 q

which is the line two-point form.

The calibration procedure of the one-axis gyroscspnfluenced to the error source which this
sensors are affected, as explained in Paragrap@&a@dman, 2007), (King, 1998). To take into acdoun
this errors, calibration procedure are performduer€ are several methods to calibrate the gyroscope
depending on the source of error to take into aacdn (Aggarwal, 2008), a six position calibration
method is applied to estimate the deterministiorsrof a gyroscope, characterizing all the noidab®

sensors; (Chung, 2001) a procedure which consittersnon-linearity in the scale factor and the
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gyroscopes susceptibility to changes in ambientpérature is performed; in (Scapellato, 2005) is
proposed an in-use calibration procedure for gypes.

As seen, the gyroscope output sigrfalyfoOut) is the composition of:

= aconstant voltage, present also when the senstatisnary Qffse)
» avoltage signal adds to tldfset which varies proportionally to the angular vetgci

In this manner, the output voltaggyroOutcan be seen as:

GyroOut= Offset+Va Eq. 6. 15

whereVa =ScaleFactor*a (t).

As seen, the output signal depends on the temperahd voltage supply variation. In particular,
since theOffsetvalue is equivalent to th@yroOutwhen the sensor is stationary, the dependency on
temperature and voltage supply variation, can ghligihted on th&©ffsetvalue:

Offset=Offset(Vcc, T)

The dependency on the voltage supply is manageddhrthe filtering of voltage supply lines.

Concerning the dependency of #setto the Temperature, Fig. 6. 12 shows @fésetvariation
as function of the temperature. The output signelgases with increased temperature, but aftes8he
the characteristic is less steep. This fact suggesapproximate the functiddffse{Temperaturg with
two straight line with different slopes, as showd=ig. 6. 13. With this approximation the error fbe
two slopes (in the two different temperature rangapains very small (Fig. 6. 14).

To take into account this dependency, during thenab operation mode, th@ffsethas to be
compensated in temperature. To do this for eachubutalue, the equivaler®ffsetvalue, (which is
utilized to calculate th&yroOutas in Eq. 6.15) is calculated as:

Offse(T) :{ Offse(T0) + CtI(T —TO) TO<ST<T1 Eq. 6. 16
Offse({T0) + Ctl(T1-TO) + Ct2(T - T1) T1I<T<T2
where the following parameters are calculated thindhe calibration procedure:
»  Offset(TO)s theOffsetat the first temperature value of the calibrapoocedure T0);
» TO, TlandT2 are, respectively, the first temperature value, hlue of the temperature when
the slope of the straight line changes, and thedagperature value of the calibration procedure
= CtlandCt2 are the slopes of the two straight line.

The Offset calibration procedure extracts the above valuegtaiaing the sensor still and
stationary and varying the temperature.

Regarding thescaleFactorcalibration, the procedure consist of: rotating $kasor clockwise and
counter clockwise of an angle of 360°. The sensor be still. For each rotation it is detected the

gyroscope output voltage in fixed temporal interfeglch 120 ms). For each voltage value Fig. 6. 15:
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= it is estimated the angular velocity utilizing tBg. 6.15, in which th&caleFactoris equivalent
to the nominal valueScaleFactorNom)

= itis computed the partial rotation angle utilizithg Eq. 6.4

1.592 T T T T T T T

1.591

1591

1.589

1.588 .

GyroCut)

1.587 .

1.586 .

1-585 1 1 1 1 1 1 1
35 40 45 50 55 &0 B5 70 75
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Fig. 6. 12 Gyroscope Output Signal vs. Temperature
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Fig. 6. 13 Gyroscope Output Signal vs. Temperaturkinear Approximation

It is then calculated the total estimated rotatogle Yawto) and comparing to the real rotation

angle (360°). Th&caleFactotis calculated utilizing a proportion:

Yawtot* ScaleFactoNom
36C

ScaleFacto =

121

Smart Sensors For Interoperable Smart Environment



001 R
] e S i T o P PR Y

001} .

Fig. 6. 14 Approximation error for the two line

Theoretically theScaleFactordoes not depend on the sense of rotation, buetier sources
introduce a misalignment. For this reason, BaaleFactor (one which is utilized when the gyroscope
rotate clockwise and one which is utilized when glgeoscopes rotate counter clockwise), are computed
and utilized to calculate(t).

This calibration procedure is convenient when gieai table to rotate the gyroscope are not
utilized. On the other hand, it has some drawback:

= the angular rotation is not imposed

» the rotation angle calculation is affected by thtegration error

» theOffsetvalue utilized to calculate(t) derived from its temperature calibration

= the synchronization between the temporal interundl the rotation is not guarantee. TYawtot
angle can be affected by error.

= |t is proposed anotheBcaleFactorcalibration, performed when precision table tcatetthe
gyroscope are present. The gyroscope is rotatetbakwise and counter clockwise manner of
an angle of 360°. The sensor can be still. The ganmeedure as above is performed, but it is not
calculated the rotation angle. For each tempor@nml it is computed the partial angular
velocity as in Eq. 6.15 and compared to the reglikam velocity.

The entire calibration procedure is schematizef€ign6. 16.

6.4 Data Fusion Algorithms

The mainly components of the software which man#igentire orientation system are:
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= a block which manage the communication with thaihgglevice through a defined protocol
= a block which acquires thraw sensor dataas seen in the Paragraph 6.2

» a block which computes, synchronize and toigi level sensor data

V1 V2 V3 V4 V5
GyroPut
Yawl
Yaw2 Yaw3 Yaw4
wil w2 w3 w4
120 ms 120 ms 120 ms 120 ms

Fig. 6. 15 Gyroscope ScaleFactor Calibration

In this Paragraph it is expanded the latter bld¢le blocks structure is reported in Fig. 6. 17s It

important to notice the fact that all the sensadadiwve to be synchronized with each other.

Z Z'\ Z
O AL

1st Step 2nd Step 3th Step

Fig. 6. 16 Gyroscopes Calibration Steps

Usually, fusing sensors data require to use complicated and cennmeal heavy algorithms,e.
Kalman filters (Yang, 2004; Roetenberg, 2005; Re#sc2007), Particle filters (Fox, 2001). Appling
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such filters require to model the system and terdaine the coefficients of the modeg. covariance of
measures and errors. Furthermore, this filteredhice a delay in the elaboration fofseddata.

In the case of the examined Multi-Sensor systema#f developed ad-hoc fusion algorithms aimed
to:

= estimate the inclination angles, as seen in Pgoadgd

= estimate the rotation angle around the Z axis (dagle), as seen in the Paragraph 6.1, taking

also into account thit compensation as in Eq. 6.5.
» fusingthe Yaw data with the information retrieved frohe tcompass module (Azimuth angle,
i.e. orientation angle with respects to the North)détect the absolute orientation of the system,
called Heading
In Fig. 6. 18 is shown the scheme of theing algorithm. It is highlighted how the sensors data
andthe high level datare correlated:

= the inclination angles derived from the acceler@mist utilized to compensate the gyroscope and

compasdilt error
= the Azimuth signal provided by the compass is zddi as initial orientation to determine the
absolute direction (Jamshaid, 2005)

= the Heading is determined as a combination of gyos and compass, because the compass is
affected by errors due to magnetic disturbance taedYaw determination is affected to the
integration error (Ladetto, 2002a; Jamshaid, 20@&;, 2008; Borenstein, 2009)

Considering the former of the above points, in galh¢he problem of tilt estimation can be likened
to the problem of how to extracts, the static agdathic components from the sensed acceleration
(Antsaklis, 2005). In fact, if the sensor is stihe accelerometer axes sense the static compandnt
Pitch and Roll angles can be calculated. If thesgerotates, the accelerometer axes are affectdteto
acceleration due to the movement. In Fig. 6. 18higwn the Roll angle variation as function of the
angular velocity if the accelerometer is constrdinEne slope is a parabola. In fact the acceleremet

measures a fictitious component, which depends$-ign 6. 20):

= the centripetal acceleration in the case of thai¥ a
» the tangential acceleration in the case of theiX ax
As consequence, the Roll and Pitch angles whersénsor rotates, have a static components
which depends on the inclination, and a dynamicpmmments which depends on the angular velocity in
this way:

DynamicRol r &/ Eq. 6. 17

DynamicPitchl r %
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Fig. 6. 17 Software block diagram
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Fig. 6. 18 Conceptual schema of the heading system
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This dynamic components influence also the Azimamid the Rate, through the compass and
gyroscopetilt compensation. To take into account this problertgvwa pass filter was introduced only
when the sensor is moving. However, this introdwcdelay on the Heading detection.

The problem of the integration between the gyrpscand the compass to calculate the Heading,
is solved by checking the presence of magneticidiance.

The proposed method sees the Heading value asitligoa of the Yaw angle and a incremental

value ¢a):
Heading=Yaw+4a Eq. 6. 18

During the initialization procedure, the Yaw is squal to zero anda is set to the Azimuth value
(alignment procedune During the normal operation mode the Yaw is glated as in Eq. 6.4 and only if
there are particular conditions on inclination amgular velocity, again the Yaw angle is set t@ zerd
Aa is set to the Azimuth value. For this reasonagestachine is performed (Fig. 6. 21):

= State 0: the compass and gyroscope indicationsshable. The Heading value is computed as
explained above;

= State 1: the gyroscope indication is reliable. Heading value is computed as explained above;

= State 2: the compass indication is reliable. Thes Yalue is imposed equivalent to the Azimuth
angle;

= State 3: neither the gyroscope nor the compassatidns are reliable. The Heading value is

equivalent to the Yaw angle, but waits for a chaoigghe state to reconstruct the real value.
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Fig. 6. 19 Roll dependency on Angular Velocity
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Fig. 6. 20 Effect of angular velocity on tilt

The transition condition are represented to vatfeangular acceleration or inclination angles for
which the gyroscopes or compass output are natbiteli
= Tilt>10°, the compass output is not reliable
=  ©>150°/s, the gyroscope output is not reliable
= Tilt>45° andw>150°/s, neither the compass nor the gyroscopeubatp reliable.
It is important to notice that thalignment proceduresuch as at the initialization, is performed
every time the State returns on 0.
This algorithm is not optimal in fact:
* it does not take into account the integration erdare to the slow rotation of the gyroscope
= it does not take into account the possibility thaben the State returns to 0, soft iron
interferences can perturb the Azimuth angle. dlilgnment procedurés in this case wrong
* it does not take into account the temporal intégnadrift on the calculation of the Yaw. In this
case, static, temporal analysis of the gyroscojfetdve to be performed in order to estimate a
temporal interval, after thalignment procedurein which the gyroscope output can be

considered reliable. After that atignment procedurbas to be re/performed.
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Fig. 6. 21 Compass-Gyroscope State Machine
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Chapter 7

STATIC DIRECTION ESTIMATION USING A
TWO AXES MAGNETIC SENSOR AND A THREE
AXES ACCELEROMETER

In this Chapter is presented the second approaelstimating the orientation of a pedestrian user.
This approach has been studied and developed its akpects, according to the Pedestrian Tracking
System Requirement. The approach is based on e-délxes accelerometer and a two-axes magnetic
sensor, whereby the user orientation in expressétshe wearing a compass.

To begin, in Paragraph 7.1, rudiments of the thawrghe Earth's magnetic field and the use of
magnetic sensors as compass to detect the usetatibe are shown. In Paragraph 7.2 are detailed
choices regarding the hardware implementation & #ystem, according to the Infrastructure
Independent Pedestrian Tracking System Requirenfaragraph 7.3 and Paragraph 7.4 explains the

innovative compass calibration procedure and thedimpensation algorithm developed in the doctoral
work.
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7.1 Earth’s Magnetic Field Theory and Magnetic

Sensors

Magnetic fields (Campbell, 2003) are producedhzyrmotion of electrical charges. The origin of
the Earth’s Magnetic Field is not completely untimwd, but it is thought to be associated with eleat
currents produced by the coupling of convectioe@§ and rotation in the spinning liquid metallidar
core of iron and nickel of the Earth. This mechamis called thelynamo effect

The effects of th&MF is approximately a magnetic dipole with the magn&wuth pole near the
Earth's geographic North Pole (True North) andrfegnetic North pole near the Earth's geographic
South Pole. The two magnetic poles are joined fammmaginary line (calledeomagnetic axjsat an

angle of 11,3° from the planet’s axis rotation (Figl).

Magnetic
north pole
| .
X » Geographic
N orth Pole
fr\/N'A
r !‘r
o -
{ Gl
\\\ ‘_Qc:rf
~ ~ g
x\goj.f -
e
- / LQUL;I;O?_‘___
.«! v =
p™. b
¥ -,
v b
K.A. Lemke

Fig. 7. 1 Model of the Earth's magnetic field

A compass needle dipped in tB®IF follow the lines of force. Therefore it indicateseoof the
magnetic pole with an error that depends on thetipnson the Earth’s surface. This error is called
magnetic declinatioifMaus, 2009): it's the angle between the local medig field (the direction indicate
from the compass needle) and the True north apasyion on the Earth. The magnetic field for tleary
2010 given by the 10th generation of the IntermaticGeomagnetic Reference Field is displayed in Fig
7. 2 (Maus, 2009). It's required a declination angbmpensation for long routes or near the poles.
Otherwise, if the compass is used to detect pedestlirection of movement, the declination angle
compensation is pointless.

The total magnetic field strength and its Cartesiamponents can be measured by instruments
called magnetometer Anomalous values of these components are measdaresme areas where

magnetized rock or metallic materials are presBmese generate weak magnetic fields which add up to
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Earth’s magnetic components. There are two diftekerds of interferenceHard iron interference and
Soft ironinterferenceHard iron is caused by iron or steel which retains a higlcgr@age of magnetism
acquired. It acts like a magn&oft ironoccurs when magnetometer is near to a ferromagabjgct.

http://geomag.org, 2008

Fig. 7. 2 Magnetic Declination
The Earth’'s magnetic field can locally be defingdabvector ( Fig. 7. 3) in which thé¢and theY
components are parallel to the Earth’s surfacetla@d component is directed toward the Earth’s centre.

In Fig. 7. 3 are given some definitions:
He: Earth’s Magnetic Vector;
Heh: North Magnetic Vector, orthogonal projection beHe vector on the parallel plan
to the surface;
Hex: X component of the Earth’s Magnetic Vector;
Hey: Y component of the Earth’s Magnetic Vector;
Hez Z component of the Earth’s Magnetic Vector;
Azimuth wy: angle between the North Magnetic Vector and theam®nt direction (in

clockwise mode), the computation is:

. H
Azimuth= arctanﬂ Eq.7.1

Hex

Dip Angle é: angle between the Earth’s Magnetic Vector andhibrézontal plane, it is O
to the equator and it ism2 near the poles;

Declination Angle: angle between Magnetic North and True North.
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Magnetic

North

Fig. 7. 3 Earth's Magnetic Vector

There are several types of Magnetic Sensors: Ftaxfidagneto-Resistive, Magneto-Inductive.

A non-exhaustive list of this kind of sensors amdexplanation about their behaviour is exposed in
(Lenz, 1990; Caruso, 2007d) :

Fluxgate Magnetic sensors (Steward, 2002): these magnetisose consists of an high
magnetic permeability coil in which flows a pericdli high intensity current. This brings the
ferromagnetic core to work in the region of norelnity. If the current flows in the two
directions and the non-linear behaviour is presentsfferent way in this two cases, means that
there is an external field superimposed. Anothdrias an induced current equals to zero when
the external fields are equal to zero, but diffeterzero when there are external fields. It is thi
induced current which is measured, and its valymdds on the external fields. The fluxgate
magnetic sensors have sensibility around 1mGaues, dre sensitive to shocks and they have a
slow response to changes.

Magneto-Resistivélagnetic sensors (Caruso, 2007a): these sensocoaposed to thin stripes
of Permalloy materials (alloy of iron, nickel, mamgse and molybdenum with high magnetic

permeability). This material varies its electricsisbance depending on the magnetic field
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applied. The magneto-resistive magnetic sensorg lsansibility around 0,1mGauss and a
response to changes around fos1

Appendix C presents a comparative analysis of soagnetic sensors.

Magnetic Sensors are utilized for different purgog8aruso, 2007b) but their main use is like
Direction Sensors,e.the computation of the Azimuth Angle, utilizing efgérence system with X, Y and
Z axes in relation to the magnetic axis. The movendirection (orHeading will be along the X
component. An introduction to the employment of tha&gneto-resistive sensor likkeading Sensors
shown in (Caruso, 2007a; Caruso, 2007c) .

A two axes Magneto-Resistive (MR) (Philips, 2008ahsor was utilized in this PhD work. With
this sensor it is possible to compute the Azimutigla like in Eq. 7.1 . It is noteworthy that the
trigonometric tangent is valid from 0° to 180° athét division by O are not allowed. As a result the

following equations can practically be utilized:

90.0°(Hex=0,Hey< 0)
270.0°(Hex=0,Hey>0)

1800- arctan@ (Hex<0)
Hex
Azimuth= Eq. 7.2
—arctanE—?(Hex> 0,Hey<0) q
X

3600° - arctang—(:y (Hex> 0,Hey> 0)
X

In all the cases it is necessary to determinevileehiorizontal component of the Earth’s magnetic
field Hex and Hey and add or subtract the declimatingle. Thus the vertical component of the Earth’
Magnetic Field is not utilized in the computation.

However, the discussion above remains valid onlgmwthe Magnetic sensor is perfectly parallel
to the surface of the Earth at the point wherestesor isj.e. perfectly horizontal. In fact, as shown in
Fig. 7. 4 (where the sensor is tilted around thexds), the magnetic sensor reveals an Y componitht w
respect to its inclination (Hey’) that is differefrom the horizontal one (Hey). In general the two
horizontal components are affected by the verttmahponent of the field. As a result, the Azimuth
computation is different from the horizontal ca¥he compass is said to be affected kyteerror or
non-horizontal error (Luczak, 2006).

Therefore, the use of magnetic sensors in dynapptications, such as the tracking of users on
foot (which is one of the aims of the doctoral wddne), brings the need for compensation to elitaina
the tilt error on Azimuth angle.

In this work an algorithm was chosen to compentegélt error presented in (Cho, 2005). This is

based on the compensation of each compass compé&ierthis reason it needs an estimation oftilhe
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third magnetic component (the missing third magnsénsor axis). The following formulas show how

the compensated Azimuth is calculated (Eq. 7.i8ziag the third magnetic component (Eq. 7. 4).

Fig. 7. 4 Azimuth computation affected by tilt erra

. _ — Heycos®d + Hez'sin®
AzimuthC= arctan - , , Eq.7.3
HeXcosO + Hey'sinOsin® + Hez'sin@cosd

_ sind + Hex'sin® — Hey cos® cos®
cos©cosd

Hez Eq.7.4

The algorithm will be explained in detail in Paragin 7.4, but now it is important to note that the
compensation needs the following parameters:
= §: Dip Angle
» @ and®: inclination angle (Fig. 7. 4)
In fact, a general inclination in the horizontaedipé can be seen as consisting of two rotations:

= One rotation around the X-axis (inclination of teaxis), represented by the angle calkall

(?)
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= One rotation around the Y-axis (inclination of tkexis), represented by the angle calRitth
(©)

To calculate these angles it is well known in atere (as explained in Paragraph 6.1) that a 2-axes
accelerometer can be utilized (Caruso, 2007a; Gar2@07c) with axes coincident with those of the
magnetic sensor.

As you note the last parameter that remains to atenig the Dip Anglé, which is found during
calibration process.

In the following sections we shall see in detaivithis issue has been solved and we shall see all

the topics that allow the creation of a trackingteyn based on a heading computation.

7.2 Hardware System Architecture

This subsectiordiscusses the architectural issues and their sakitfor the creatiorof a
infrastructure independent tracking system basedaotwo-axes compass sensor and a three-axes
accelerometers.

The compass based tracking system developed ®PHD thesis consists of two parts: khelti-
Sensor-Unit (calledSBY and the Power Supplgnd Communication Board (calldS&Con). The
latter has already been explained in the Chaptar the discussion about the Smart Object Power
Managers $OPMs). The first is in the heart of the tracking systeecause it contains the two sensors
and ithas been developed to meet the following criteria:

= Robustness to Electromagnetic Interference
= Low Power Consumption

= Wearability

= Usability:

= User Feedback

From the integration point of view, one of the miogportant requirement in these systems is the
Low Power Consumption. THeange 1SOPM module presented in the Paragraph (SOPMjlizedt,

since the sensor unit posses the required loadmpathce characteristics.

Fig. 7.5 is the block diagram of power interface betweangbénsor unit and the SOPM module.
It can be seen how the sensor module is equippbds@parate power supply in each of its sub-parts,
with an independent power on/off signal. In thesyveach power supply is filtered.
Another precautions derives from the necessityitomize magnetic fields disturbances, but bearing
in mind the Wearability requirement. In fact, théngary objective of this sensor unit is to alloneth
knowledge of the user's orientation utilizing oalypack of sensors attached on the user. For thi®one

from the developer point of view, the first decisis the position of the sensors pack. In this ¢hse
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choice has fallen on waist sensor’s pack. A needtherefore been to design a way to easily transpor
the sensors unit. Fig. 7. 6 shows how this protiesibeen solved. The figure on the left, shows thew
elements of the system have been positioned: tieos&oard is horizontal and supported by the thex,
sensors with sensors facing upwards; the SOPM raqairdpendicular to the sensor unit to help support
the first; the battery is attached to the covethef box. The figure on the middle shows how thérent
system appears when the enclosure is closed. Gheefion the right indicate how the system can be

worn by the user through a multi-pocket pouch.

Power Management Unit

ear
ulator

ear

ulator etometer

ear
ulator

erometer

ear
ulator

ear
ulator

Chargers

eedback

uUsB Wall

Fig. 7. 5 Sensor Unit Power Management
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Fig. 7. 6 Pedestrian Tracking Unit form factor

The problem of the form factor is designed not aadgording to the Wearability requirement but
also from the standpoint of minimizing magnetiddsedisturbances. In particular, tests for thetneta
position of battery and magnetic component, havenbeade. To detect the position where the battery
disturbs less the magnetic sensor, it was necessaxperiment on a range of 360°. This is bectluse
Earth’s magnetic vector can be influenced in ddfgrway for different orientation. The experiments
concern on positioning the battery in differentiios relative to the magnetic sensor and rotathng

magnetic sensor from 0° to 360°.Fig. 7. 7 indickieeach considered position:

360

I |ExpectedViaie— ActualValig Eq.7.5

0
where théExpectedViae is equivalent to the value detected when the hyaisenot present. The

lowest values of the integral occurs when the baite perpendicular to the magnetic sensor and the
opposite side to it (position 2 in Figure).

The influence of deterministic interference fields a Magnetic Sensor can be assessed by
inspection of a test diagram as shown in Fig. N, 2009). The test diagram is a Lissajous figures
(Ferréol R., 2004), yielded by a 360° rotationh® Magnetic Sensor and recording the Y output sgna
versus the X output signal. Without any magnetierfierence, the diagram appears as a circle, hagng
centre at (0,0) and a radius equal to the magnitledef the Earth field. All interference effectgaar as
a deviation from this shape. Basically, two kind$nterference can occur, called “hard iron efféetsd

“soft iron effects”.
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Fig. 7. 7 Integral of the deviation between the exgeted value and the actual value in a rotation of6é® °

“Hard iron effects” are caused by magnetized dbjesghich are at a fixed position with respect to
the magnetic sensor. These generate a magneticvibich is vectorially added to the earth fielthus,
in the test diagram this effect appears as a shitte circle’s centre to (dHy), where H and H, are
the components of the interference field (Fig.)7:“Soft iron effects” occur due to distortion diet earth
field by ferrous materials. This effect is depertdem the orientation angle. Therefore, it appears a
deformation of the circle in the test diagram (Fig9).

In Fig. 7. 10 is reported the Lissajous figurelod hard iron effect introduced by the presence of
the battery (in the selected position) on the mtagreensor. As you seen the slope is the sameeas th
theoretical case, although the individual measaresvrong.

The first part of the system is Multi-Sensor-Uniit. Fig. 7. 11 the modular design of the sensor
unit is exposed.

This comprises the following block:

1) User Feedback: according to tRatural Interfacecriteria (as in Chapter 3) two LEDs has been
used controlled by the Micro-Controller utilized wgive feedback (functional, spatial or

temporal) to the user.
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Fig. 7. 9 Effect of hard iron and soft iron effecton the test diagram
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Fig. 7. 11 Multi — Sensor — Unit Block Diagram
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2) Linear Regulator: Taking into account the qualitjecia of low power consumption, low cost,
and usability, for each sensor and part of the areunnit, a power block has been added that
convert the 3.6V sensor unit input voltage in th&V3voltage. It also allows the independent
shutdown of individual parts and the reductionlet#omagnetic interference. The function was
achieved utilizing one low drop — out linear regoafal PS73633 (TI, 2008) for:
= The Three-Axes Accelerometer and its Sighal Caorditg Chain
» The Two-Axes Magnetometer and its Signal ConditigriChain
= User Feedback LEDs
= The Micro-Controller and its circuits

The use of this block leads to obtain a supplyag#twith a peak-to-peak of 100mV ().

-5 Agilent Technologies

Pk-Pk(1): 100mY Avg(l): 3.1899V Max(1): 3.213V
A Source 40 Select: Measure Clear Settings Thresholds
1 Max Max Meas: - ~

Fig. 7. 12 LDO output voltage

3) Micro-Controller: MSP430f149 (TI, 2004). “The Texdnstruments MSP430 family of ultra
low-power microcontrollers consist of several degideaturing different sets of peripherals
targeted for various applications. The architectw@mbined with five low power modes is
optimized to achieve extended battery life in pgadaneasurement applications” (T1, 2009).

Its main characteristics are (in Fig. 7. 13 is shaole block diagram):

= Low Supply — Voltage Range, 1.8V . .. 3.6V

= 16 — Bit RISC Architecture

= 12— Bit A/D Converter With Internal Reference, $d@rand-Hold and Autoscan Feature
= G60KB + 256B Flash Memory

= 2KB RAM Memory

= 125ns Instruction Cycle Time

= Two 16-Bit Timer_B With ten Capture/Compare Registe

= Serial Onboard Programming
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= Fixed Point Arithmetic

= Ultra-low Power Consumption (Active Mode: 280at 1MHz, 2.2V)
= Package: QFN —44

The direction of detectable acceleration are shiowsig. 7. 14 _b.

In the realization of the sensor unit (if the aeceineter is utilized as an inclinometer) the
most important parameters are the answers analsgvarsus the orientation of the sensor ().
Note that the output range varies from 1.17V whlea axis points to the Earth’s surface
(equivalent to an acceleration of -1g), and 2,1émthe axis points to the sky (equivalent to an
acceleration of 1g). The average value (1.65V)hismthe sensor is horizontal to the surfaee,

the acceleration is 0g.
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Fig. 7. 14 LIS302SG Package (a), Axes Direction (b)
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Fig. 7. 15 Output response vs. Orientation

4) Accelerometer Conditioning Chain: each Acceleromaxes need an analogic chain to adapting,
filtering and converting the output signal in a r&f suitable for acquisition by the
microcontroller Analog-Digital Converter. This adas signals that vary from 0 to 3.3V.

The Accelerometer Conditioning Chain consists of:
= Unit gain buffer amplifier
= A low pass filter of second order Sallen-Key typ#hwcut-off frequency of 24Hz. This
frequency is trade off between the peak-peak ofotltput oscillations (which leads to an
attenuation of 13dB at 50Hz) and the delay thratigtfilter
= A negative adder that subtract the output offset amplify the signal (Fig. 7. 16). The
output — input relation of this block is:

Voo ReRs *RoRs *ReRy Ry
ReRs Rs

Eq. 7.6

The choice of the operational amplifiers utilizedlects the quality criteria about low power
consumption and low cost application. The OPA23BIQ) 2007) has been selected that is a rail-to-

rail CMOS operational optimized for low-voltagengle-supply application and ideal for driving
sampling ADCs.

For more implementation details please refer toekgix A.
Utilizing these Conditioning chain the output sibfa each axes is between 0.6V and 2.7V. The

average value is 1.64V. Fig. 7. 17 shows the stattput voltage. You can see that the peak-to-feak
190mV, that is comparable to the supply voltagekpesak.
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Fig. 7. 17 One Axes Accelerometer Output Chain

5) 2-Axes Magnetometer: KMZ52 (Philips, 2000b) “The EBR is an extremely sensitive
magnetic field sensor, employing the MR effectlonifilm permalloy. The sensor contains two
MR Wheatstone bridges physically offset from onether by 90° and integrated compensation
and set/reset coils. The integrated compensatida atbow magnetic field measurement with
current feedback loops to generate outputs thahdependent of drift in sensitivity.”

The main characteristics of the Magnetometer are:
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= VCC bridge supply voltage: [3,2; 8] V
= Differential Output
= Total power dissipation: 130mwW
= Maximum operating temperature: - 40 — 125°C
= Package: SO16

The axes orientation of the sensor is shown in Fidgl8, where indicates the angtg (
between the external magnetic field)( and the axes. If the angte between the external
magnetic field H and the long axis of the package,iH is along the most sensitive direction of
die 2 {.e. along the X axis) and perpendicular to the mossis®ge direction of die 1 (Y axis).
Otherwise, the magnetic field yields a differentaltput along X proportional toos¢), and a

differential output along Y proportional sin(x).

16 9

Die 2 Die 1

Fig. 7. 18 Magnetometer Axes Direction

This type of sensors are bi-stable: when they abgested to a reversible magnetic field
parallel to the magnetization, the direction iteeinal magnetization (and thus its characteristic,
and the sensor output voltage changes polaritygvsrsed offlipped If the flipping is done
repetitively, the desired output voltage will changplarity. However the offset voltage does not
change polarity. This allows to compensate theménesffset by means of an high pass filter.

Therefore, the voltage output is a differentialagusignal (VdiffOut in Fig. 7. 22).

Theflipping is generated by applying alternately positive aadative current pulses to a
set/reset coil of the sensor. To avoid loss inigeitg, the current pulses should be short (only a

few ms).
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A 50 Hz clock signal (generated by the Micro-colm) is required for controlling the
flipping source. Fig. 7. 19 shows how a current @5A was created on the set/reset coil (which
has an equivalent resistance @f)4itilizing a 6.6V peak — peak voltage on C48.
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Fig. 7. 19 Flipping Generation Circuit

6) Magnetometer Conditioning Chain: each Magnetonmetes need an analogic chain to adapting,
filtering and converting the output signal in dtable signal suitable for acquisition by the
microcontroller Analog-Digital Converter. This adas signals that vary from 0 to 3.3V.

The Magnetometer Conditioning Chain (Stork, 20Qf)sists of:

= Adder and Integrator: this block (Fig. 7. 20) combe differential output to single ended,
amplifies the signal and removes the offset, irggg the signal and adding Vcc/2. In this
way the magnetometer output voltages are positumare signals with frequency equal to
the flipping one, and peak — peak amplitude propoal to the external magnetic field
(VAdd in Fig. 7. 22).

» Rectifier: This block (Fig. 7. 21) compares the agusignal obtained from the previous
block and a square signal with frequency equalh® ftipping one, but with Vdd/2 of

amplitude, and in with phase opposite respectlipeifig one (VNflip in Fig. 7. 22). This is
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utilized to obtain a continuous voltage with averaglue of Vdd/2 and maximum value
proportional to the external magnetic field (VretFig. 7. 22), performing an alternating +1
and -1 amplification, depending on the state ofdw®61, which is controlled by the flipping
generator.

A low pass filter of second order Sallen-Key typghwcut-off frequency of 24Hz. This
frequency is trade off between the peak — peak@foutput oscillations (which leads to an
attenuation of 13dB at 50Hz) and the delay thraigtfilter.

<

ARRA
Lkl

ARRA
Lkl

Fig. 7. 20 Magnetometer Adder and Integrator

AN

I e

AW

Fig. 7. 21 Magnetometer Rectifier
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Fig. 7. 22 Magnetometer Signals Trend

For more implementation details please refer toekgix A.
Fig. 7. 23 shows the static output voltage. You sam that the peak-peak is 220mV, that
is comparable to the supply voltage peak-peak.

Another point taken into consideration in the imnmpdatation of the Magnetometer
Conditioning Chain is the independence of the drtopology with respect of the sensor
mounted. Indeed, in this PhD work, it has beendtiat the output characteristics of the 2-Axes
Magnetometer KMZ52 varied depending on the senBbis is always linear but changes the
slope of the characteristic Vout(H). For this reasb has been chosen to maintain a fixed
topology of the circuit and vary only the value afsingle resistanceR@3 to maintain the
dynamic of the output signal of the Magnetometenditioning Chain intact.

As seen the influence of deterministic interferefielels on a Magnetic Sensor can be assessed by
inspection of a Lissajous figures (Ferréol R., 2004e figure Fig. 7. 24 shows the Lissajous figiinat
relates the outputs of the X and Y Magnetometendlimning Chain yielded by a 360°, without
magnetic interference. It can be seen how theioekttip is a circle having its centre in (0,0).

In Appendix A can be seen in detail the schematid¢ke entire board.
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Fig. 7. 24 Lissajous figure of Hy/Hx output

The Multi — Sensor — Unit was realized in this Ru@rk in a board with this characteristics (Fig.
7.25):
= Dimensions: 104.8 x 38 mm
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= Number of layer: 4
*= Type of components: through — hole and SMD
= Substrate type: FR4
= Substrate thickness: 1.6mm
= Copper thickness: 35um
In Appendix B it can be seen the layout of the Hoar
According to the quality criteria of low power gumption, test were done. Table 7. 1 lists the

different power consumption (in mA) in different des of operation (the Micro-Controller is always

on).
User Feedback ON 7,3 mA
Flipping Circuit 7,7 mA
2 — Axes Accelerometer + Conditioning Chain 54 mA
3 — Axes Magnetometer + Conditioning Chain 39.5 mA
All Sensors + Conditioning Circuits + Flipping Qitits 98 mA
All Sensors + Conditioning Circuits + Flipping Qitits + 1 Usen 99 mA
Feedback LED
All 101.7 mA
Table 7.1
3 Axes X
Accelerometer Accelerometer 2 Axes

Conditioning . 7 i
) - IR, 2 Magnetic
Chain 1 % @%_b‘ Sensor
| . 5 .:l; e i 8 M; EPT
ps ik iy

FAN O rh iy
User il ',,"""F' S
Eeedback: & vr;lunlllu||m\lllmw\ImllmlluilluuwuIHII\cr__...':‘
Function e Nt -0
LED 30, v |
| | Magnetometer
- ||| Conditioning
MSP430 Chain
Fixed Point
Microcontroller

Serial Communication
Power Supply/Management
Communication Channel Choice

Fig. 7. 25 Multi — Sensor — Board Layout
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7.3 Sensor Calibration Procedures

Traditional methods for calibrating an electroniompass are usually cumbersome and
challenging for the operator who performs them (Bibeh, 2002). This methods is based on perturbation
of the Eq. 7. 2 (which compute the Azimuth angteking into account the measurement error model.

This model can be expressed as:

He= C,CsCsi(He'+JHe) Eq. 7.7
where:
= Herepresent the actual magnetic field vector
= He' represent the measured magnetic field vector
* JHerepresent the hard iron biases
= the matrixC takes into account the soft iron effects
= the matrixCstakes into account the scale factor error
= the matrixC,, takes into account the misalignment errors
Thus the Azimuthmust have the following expression which is a tetad Fourier series where
the coefficients are function of the hard and soft errors:

o(y)=A+Bsin(y)+Ccos(y)+Dsin(2y)+ Ecoq2y) Eq.7.8

The coefficients are usually calculated during lébcation procedures called “swinging”, in which
the compass need to rotate near known orientatibeach orientation the Azimuth error is computed,
and Fourier coefficients found. This method hasesslvdisadvantages: the Azimuth value must be
known during the procedure, and this is affectetidngl and soft iron errors; this calibration isidanly
in an area in which the strength of the magnegildfis constant; this method is valid only if tlystem is
utilized to compute the Azimuth and only if the matpmeter has two axes.

An alternative to the method of “swinging” is prate in (Gebre-Egziabher, 2001), in which the
procedure does not require external referencestaadperformed also if the system is not utilized
compute Azimuth. This method is based on a noralirestimation technique based on the fact that the
Lissajous figure of two perpendicular axis not effiéel by errors, is a circle. Utilizing a two steps
estimator based on Kalman Filter in which states #e sensor errors, magnetometer errors are
estimated. This errors are utilized to calibrate thagnetometer. This method is particularly robust
because only a small part of the Lissajous figsinr@quired for the estimation.

A real time, three axes calibration method is depedl in (Crassidis, 2005), utilizing an extended
Kalman filter. The procedure does not require ekreferences antirequires the determination of the

magnetometer bias, scale factor and non- orthotjpralrrections.
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When a reference Azimuth is unavailable the sintphtesthod of calibration is to rotate the
compass on a horizontal surface and to find theimmax and minimum values of the X and Y magnetic
axes. These values can be utilized to compute dgnatometer scale factor and bias (Caruso, 2007a).

A compass calibration algorithm which applies neastwork non-linear mapping between the
compass Azimuth and the true Azimuth based onabghatthe incorrect heading estimates due to the
magnetometebiases, scale factors and declination angles havenBnearrelationship with the true
heading is shown in (Wang, 2006). When an extdraatlingreference is available, neural networks are
trained to modethis nonlinear relationship. After that, the traineeuralnetworks can be utilized to
convert the compass heading into tmrect heading. This algorithm can be used whegnetic
disturbances and tilt compensation errors exist.

A comparison of different type of compass calilmatiechniques is shown in (Stirling, 2003).

As it can be seen from the above summary the casngaibration methods can be divided into
two types: those that requires the reference hgaaid those that do not require. Furthermore, ihte
methods take into account the problemtitiferror in the case of Azimuth computation calculating
Azimuth through a two-axes magnetic sensor (asag wtilized in thisPhD worR. In the last case (as
mentioned in Paragraph 7.1) it is necessary tmas#i the Dip Angle.

Taking into account the above issues, (Cho, 200&83gmts a compass calibration method for a
compass based on a two-axes magnetic sensor aifdtecseen as a three steps procedure (summarized
in Fig. 7. 26:

= First step: horizontal rotation of 360°. This al®to find the maximum and minimum values of
both axesHKeXyax HeXnin, HEYmax HEYmin)- Through these we can calculate the bias anddake

factor value of each axes:

) + 4 ) + 4
2 2
SE, = 2 ; SF, = 2 Eq. 7. 10
HeXnax - HeXnin Heymax - Heymin
These allow to calculate the new value of X andk&sameasure:
Hex= (Hex- Bias,)SFx Eq.7.11

Hey= (Hey- Bias,)SFy
= Second step: horizontal Azimuth orientation. Therapor must direct to a fixed babn-a-priori
known Azimuth and the system must calculate this.

= Third Step: random inclination at the same Azimofhthe above step. The operator must

maintain the Azimuth and must tilt the compass mradom tilt angle (including Pitch and Roll).
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The system must calculate the tilt error and noabie to calculate a Estimate of Dip Angi&. )

using this formula:

Hexsin@sin® - cosd tana) — Heycos®
sin@cosdPtara —sind

Y Y
\ Y
. X i A
——~y /ﬁ uth Az\nuth
——~

X
1st Step 2nd Step 3th Step

o, = arctan Eq. 7. 12

Fig. 7. 26 Typical Compass Calibration Approach

It can be seen that the procedure does not redhieglsenchmark heading. However, this method
presents some drawbacks. First of all the Azimgtimation in the Second step is done by a systdm no
yet fully calibrated. This is not strictly a probigf the compass is perfectly horizontal but iselglem if
the third step requires the Azimuth indication taimtain the position. The second drawback derives
from the first: the transition between the Second the Third steps is critical. In fatit the compass
maintaining constant the Azimuth without its indioa is very difficult. Third, the Dip Angle founib
only an estimate and not the true value.

The satisfaction of thQuality Criteria for Positioning system led to the need to create a new
compass calibration approach possessing thesdiesiali

= User assisted calibration
= Self — calibration

= No instruments required
= Easiness

= Speed

= Broad validity

This approach is based on the fact that when a etagmter axes is parallel to the Earth’'s
Magnetic Vector, this axes detects the absoluteirmam value. The tilt angle (in this case the Pitch)
corresponding to this maximum value, represent®ipeAngle. The new algorithm can be seen as a two
steps procedure (summarizedHig. 7. 27:

First step: horizontal rotation of 360°. Coinciddith the First step of the above procedure
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= Second step: North “swinging”. The operator mustirfg approximately on North and then,

tilting in Pitch the system, must do a vertical &adizontal swing.

— X

1st Step 2nd Step

Fig. 7. 27 New Calibration Approach

It can be seen that the procedure does requirenehimark heading but it not require an high
level of precision. It can also be seen that tisadiiantages in the above procedure have been stieed
critical transition has been eliminated and theinigcNorth orientation need not to remain fixed.
Moreover, the Dip Angle value is the real Dip Anghtethe Earth’s surface point (coincident with the
Pitch), and not the results of a complicated foemul

Another advantage of the procedure is the fact thatisuring in the first step the maximum and
minimum values of the magnetic axes, these vallready takes into account the presence of fixed

ferromagnetic materialsg. the system is automatically compensated for tiné inan errors.

7.4 Tilt Compensation Algorithm

As mentioned in the Paragraph 7.1, the use of aatves magnetic sensor as a compass, is valid
only when the compass is positioned in a planellpata the Earth's surface at that poing, perfectly
horizontal. If the compass is tilted, the magnessnsor's components are affected by the vertical
component of the field. As a result, the Azimutmpaitation result is different from the horizontake.

It is said that the compass is affected hiltarror or non-horizontal error. Therefore, the use oiva-t
axes magnetic sensor in tracking applications rsited¢s the use of compensation to eliminate the til
error on Azimuth angle.

In this doctoral work a trigonometric method preed in (Cho, 2005) has been chosen. The
method projected the three detected componentlieofriagnetic field (which are those of the rotated
plane of the compass) in the haorizontal plane f@ra the Earth’s surface. To do this, since tbeser
has only two components, the method calculatething component, that would be the value that would
occur if the sensor had three axes. The calculatidinis component is expressed in Eq. 7.4 where:

= 0, is the Dip Angle derived from the calibration imed
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» Hex=(Hex-Bias )SF,, is the normalized X compass measure

Hey= (Hey-Bias,)SF, , is the normalized Y compass measure Eq.7.13
= O= arcsin&( is the Pitch angle ¢ = arcsin& is
g g
the Roll angle Eq.7.14

In Eq. 7.13 and Eq. 7.14 (normalized compass megaskhieX and Hey are the measure of the
magnetic sensor axis. The bias vaIuBs'a(g and Biag,), are calculated utilizing thBleXma, HeXnin,

Heymax andHeymi, values derived from the calibration procedurenalSq. 7.9. The scale factor values are
different from those seen in the calibration prased(Eqg. 7. 10), taking into account the Dip Angle
value. In fact, without the correction factonsod, when the compass is tilted, the normalized compas
measure takes a value greater than 1. Using thigpiiarl correction factor, the maximum measurement
is when the axis is parallel to the Earth’'s Magnatector. It is only in this case that the normediz

compass measure must take the value 1.

2C0s0 _ 2C0S0

SF = ; SF, =
HeXnax - He)‘nin Heymax - Heymin

Eq.7.15

In (Cho, 2005) you can see how this formula wagsddr
The Fig. 7. 28 shows the entire process to determfia tilt compensated Azimuth which ends with the
application of the tilt compensated Azimuth formig. 7.2). As you can seen from the figure, all

parameters are prepared by the previous steps:

» HexX and Hey derived from the magnetic sensor measure and thencalibration procedure

» HeZ derived from the calculation process using the Bimle derived from the calibration
procedure

* © and® are the Pitch and Roll angles derived from thekeation using the Eq. 7. 14.

The latter point is particularly critical. In faan error on the tilt angle causes error in estimgathe
Azimuth. The Fig. 7. 29 shows the non-compensatachith, the Azimuth compensated by pitching the
compass. This is oriented on North-East. Fig. 7re0esents the deviation of the compensated and no
—compensated Azimuth from 45° (corresponding to .N&3 you can seen, the non-compensated
Azimuth diverges also for small inclination. Moreoy for inclination greater that 45°, also the
compensated Azimuth diverges. In this work thisdkai problem are called exception (in this specific
caseaccelerometer exceptipof the compensation method. The handling of éxiseption is illustrated

in the next Paragraph.
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| FROM MAGNETIC SENSOR | | FROM ESTIMATION | | FROM CALIBRATION |

Hex’l l Hey’ Hez’ l Dip Anglel

Tilt Compensated Azimuth C)
pitch

- Heycosd + Hezsin® .
HeXcosO + Hey'sin@sin® + Hezsin©cosd o

roll

AzimuthC=arctan

’xm—”nzoxml—rnnn> ;ox'n‘

Fig. 7. 28 Tilt Compensated Azimuth Process

Another exception (calle@/0 exceptiopto consider, is the condition in which the congas
oriented so that both axes are perpendicular tcEtdmgh’s magnetic vector. In this condition
both the axes measure the minimum value. Sincétauth is a function of the ratio of the
two components, this is conceptually equivalerttdaging a 0/0 form. Fig. 7. 31 shows the non-
compensated Azimuth as a function of the Pitchanglthe case of North orientation (Azimuth
0°) and Dip Angle 60°. As you can seen, when thehPangle is about 30 °, the Azimuth

undergoes abrupt changes, inconsistent with thebposition of the compass. The handling of

this exception is also illustrated in the next Beaxah.

7.4.1 Algorithm Exceptions Handling

In this Paragraph improvements to the above predettmpensation method are shown. This

improvements concern tlaecelerometer excepti@nd thed/0 exceptionntroduced above.

The basic algorithm for the compensation of thenAth angle takes into account the Pitch and

the Roll angles, resulting from the Ax and Ay aecation by the formulas Eq. 7. 14. Due to the non-
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perfect linearity of the accelerometer (Fig. 7.s3®ws the Ax output voltage as a function of thelPi
angle, as you can see the linearity is lost after30°), the measurement error increases with asorg
inclination angle, starting from 45° of tilt. Sohas been thought to use the third component (Aif)e
accelerometer to compute one of the tilt angleteats of the other two. If, for example the Ax aisis
tilted at an angle greater than 45°, the Az aximfpan angle with the horizontal plane, that islEna
than 45°. So, it has been thought to use Az axstead of the Ax to compute the Pitch angle. To
preserve the continuity of values measured, thbange of the axes must provide hysteresis neagby th
critical value (45°) using a state machine (see Fi@3). The computation of the Pitch and Rolllasds
done using two of the three axis less tilted tHanhorizontal. For each state the computation twhPi

and Roll angles is done in this way:

©
N
®OOO
“ownd

LY |
|

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
pitch (%)

Compensated Azimuth Non - Compensated Azimuth

Fig. 7. 29 Non — Compensated, Compensated Azimutitting in pitch the compass oriented to NE

el A%
I N
ié ‘P,/”‘r h[J{\ ///u//
: 50, Uv/gg 60 65 70 75 80

pitch (%)

Non - Compensated azimuth deviation from Reference Orientation

Compensated azimuth deviation from Reference Orientation

Fig. 7. 30 Non — Compensated, Compensated Azimutledation from reference tilting in pitch the compas
oriented to NE
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= State 0:0= arcsin&( : @ =arcsin—=
g
. Az .
=  State 1:0 =90+ arcsin———; ® =arcsin—

= State 220=-90- arcsini : @ =arcsin—=

Fig. 7. 31 Non — compensated Azimuth showing the@éxception

Ay

Ay
gcosd g
Ay
gcosd g

= State 3:0 = arcsin&( =90+ arcsini

gcosd

= State 4.0 = arcsin&( b =-90- arcsini

The starting state is the State 0, since it is as@@ that at the switch on, the compass is inyearl
horizontal position. If not, after the first acqtisn (65 ms), the State would be immediately clesthg

Fig. 7. 34 shows the slope of the Pitch angle leefbe state machine and after the state machine
as a function of the real Pitch angle, also indhcathe corresponding state of the state machiie. 7+
35 is a zoom of the previous from -90° to -50° @€ As you can seen the computed pitch utilizimg

g gcosd

state machine is more linear than those without.
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Fig. 7. 32 Accelerometer Non — linearity

Regarding the improvements on the compensated Akjnftig. 7. 36 shows the compensated
Azimuth tilting the compass in Pitch. It can bersée the transition region between 40 ° and 50 °, a
slight deviation from the exact value. The hyststes1 fact, delays the exchange and causes the

acceleration Ax is used after the critical valuke™®rror is still around 2.5°.

®>50

Fig. 7. 33 Changing accelerometer axes State machin
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The other exception has been called in this th@&sexceptionwhich occurs when the
compass is oriented so that both axes are perpdadio the Earth’s magnetic vector. In this
condition both the axes measure the minimum v&8uee the Azimuth is a function of the ratio
of the two components, this is conceptually eq@malto having a 0/0 form. In general, the
critical condition occur when the Pitch and Rolgkss are equal to these values:

for the Pitch: arcsin\/sinZLIJcos2 90-0) +sin* W Eq.7.16

for the Roll: arcsin\/co§ Ycos (90-9) +sin” ¥

where y is the Azimuth. These correspond to the valuesnolination in which both axes are
perpendicular to the Earth’'s magnetic vector.

To calculate this value would need to know the cengated azimuth at any time. This in turn
depends on the values of Pitch and Roll anglas.tlien understood how much difficult it is implemhe
the control. Furthermore, the complexity of the \ab@xpressions and the scope of the compass in
tracking systems (that do not require managemelargé inclination), led to consider in this workly
some particular cases: when the compass has arpr@giged along a cardinal axis and this axis is
inclined to have the angle of inclination such tisgperpendicular to the Earth’s magnetic vectoithis
way the exception conditions are:

= X axis along the North direction and Pitch = 98 —
= X axis along the East direction and Roll = - 98 +
= X axis along the West direction and Pitch= 90 —

= X axis along the South direction and Roll = - 98 +

The algorithm developed to handle these exceptimtngnizes when one of the two axes is
oriented along a cardinal axis and then, only i @f the two tilt angles assumes a value neardo th
critical value, do not consider the calculated sompensated and compensated Azimuth, and imposes
the correct fixed value. Fig. 7. 37 shows the hagdbf the exception, tilting the North orientechyoass
with a Dip Angle of 60°. In this case the criti¢itch is 30°.
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Chapter 8

STEP DETECTION ESTIMATION

In this Chapter is presented the analysis of a Inuvalking to detect the steps. This information can
be utilized in the tracking of pedestrian usersesn in Chapter 5. To detect the steps, the datzede
from the Accelerometers have to be taken into atcdbifferent algorithms, also depending on where
sensors are worn, are performed. In this Chapeerpaesented two different approaches for sensors
wearing on belt: the first utilizes also the frdraaceleration and the second utilizes the froatal the
vertical accelerations.

This two algorithm are compared and in Chapterr@parison results are exposed.

The Chapter is organized as follow: in ParagraphtiBe steps estimation theory is introduced and
some algorithms of steps detection are proposerhgRaph 8.2 explains the first algorithm, which
utilizes also the frontal acceleration to deteepst Paragraph 8.3 exposes the second algorithioh wh

utilizes the frontal and the vertical accelerations

163

Smart Sensors For Interoperable Smart Environment



8.1 Steps Detection Theory and Algorithms

Each human has his own way of walking. Human phggioal (height, weight, leg and arms
length, physical constraints) and psychologicatuiess affected the movement. From a physics pdint o
view, these are reflected on the motion dynamicr&hare several research groups which study the
dynamic of the human walking (Boulic, 1990; Kim,020.

By definition, walking is a form of locomotion in hich the body's center of gravity moves
alternately on the right side and the on left sidteall times at least one foot is in contact wiitle floor
and during a brief phase both feet are in contétt tlis floor. When a person is walking, the moegin
can be divided into two phasesswingphase and stancephase. In thewingphase the foot is detached
from the ground and it is located behind the gyasénter of human body; in tistancephase the foot is
on the ground on the heel. Each of these cycldiedc@ait Cycle) identify a step.
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Fig. 8. 1 Gait Cycle

During a walking the Gait cycle of a foat.§.the right) is composed to (Kim, 2004):
= the right foot start thewingphase behind the left foot
= since the right foot is behind the left the bodyaised (Fig. 8. 2_a)
» the body falls (Fig. 8. 2_b)
= when the heel touchs the ground, startstiamcephase
= each feet touch the ground
= the left foot start itswingphase and the body is raised. It starts the foligvgiep.
In Fig. 8. 2 are reported the horizontal and valtacceleration vector. As seen in (Kim, 2004) the
simulated signal pattern of the frontal and veftazeleration of a walking cycle are reported iig. B.
3.
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These patterns are described to the following égpum(Jang, 2007):
Alt),, = (f, —g)siné(t) + f, cosd(t) c8. 1

A(t), =(f, —g)coso(t) - f, sing(t)
where:

= ((t) is the angle formed between the foot and the gtoun

= f, andfy are the vertical and horizontal acceleration wi$pect to the frontal movement
= gis the gravitational acceleration

It is reasonable to utilize the Accelerations ttedss steps.

Several methods are proposed to detect steps, diagesdso on where Accelerometers are worn,
and how many acceleration are considered.

One of such method is to detect the peaks of & riicceleration (Jirawimut, 2003a). This method
depends on thresholds and is sensible to the tiypal@ing and to the ground surface. For this reaso
the frontal and horizontal accelerations can bkzet. (Levi, 1996; Ladetto, 2002a) propose a metho
based on the upper and lower threshold on bothcaend horizontal accelerations for a belt worn

accelerometer. (Kim, 2004; Beauregard, 2006) prepasthe same for an ankle worn accelerometer.
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Another method is to detect the zero crossing nuet(feg. 8. 4), which detect when the
acceleration pattern has value zero. This methagéssient to the user’s walking velocity. In (Shin
2007; Xiaoping, 2007) this approach is proposedizing the vertical acceleration for a belt worn
accelerometer.

The last method to detect steps is the flat zotecten (Fig. 8. 5). In (Cho, 2002; Cho, 2003) this

method is proposed, for an accelerometer worn tin be
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Fig. 8. 5 Flat Zone Detection

The two proposed approach are based on the peaktidet method, the latter utilizing only the
frontal acceleration, and the former utilizing fhental and the vertical.

Regarding the peak detection method, the studyhefpattern of the acceleration is important to
detect the threshold applied to the method. Takitg account the accelerometer raw data, the \artic
and frontal acceleration highlighted only the phaden the heel is on the ground. Téwing phase
accelerations is not certainly detected. Therefirés necessary to elaborate the accelerometexr dat
detected. In Fig. 8. 6 is reported the patternhef filtered frontal and vertical acceleration dgria
normal walking (Pettinari, 2007). The accelerométeworn on the belt of the user. Each acceleration
has the same pattern: positive peak followed bwtieg peak. The two acceleration sequence is:

» a positive frontal acceleration peak
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a positive vertical acceleration peak

a negative frontal acceleration peak
* anegative vertical acceleration peak.
The acceleration pattern depends on several factors
= user’s physical characteristic
= walking velocity
=  type of walking
» type of path
= where the sensor is worn.
For this reason algorithm which depends on sequehgaeak are often utilized in the steps

detection, instead of algorithm which depends americal characteristics.
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Fig. 8. 6 Walking Frontal and vertical Accelerationpattern

To eliminate the accelerometer offset due to thdination, and to accentuate the peak, the
derivative accelerations can be used, insteadeofiltiered acceleration (Fig. 8. 7). In Fig. 8. 8eaver
number of steps are shown to highlight the peakiesecg. In the figure the steps are highlighted with

yellow line.
In the following Paragraphs two algorithms to desteps are shown.
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Particularly important in the step sequence iscth@ce of the filtering frequency. Analyzing the
accelerometer patterns for a normal walking, usifiglt wears sensors, the frequency range is betvee
and 3 Hz. The power spectral density of the thoeelarations is shows in Fig. 8. 9. The power spect
density of the frontal and vertical acceleratioas kignificant values for frequencies lower thaHz.

In particular the frontal and vertical accelerasidmas two frequency peak at 0.5 Hz and 1 Hz. The
vertical acceleration presents the 0.5 Hz onesrdlan the frontal one. The lateral accelerati@sents
non null power spectral density up to 3 Hz. In #®teps detection, only the vertical and frontal
accelerations are considered. For this reasonuheftfrequency of a filter can be fixed at 2.5.Hhis

frequency permits to delete the spurious accetarattomponents, without introducing a large delay.
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Utilizing three accelerations instead of only one two, permits to recognize different

movements, such as lateral movements, rotatiodpgmstairs and upstairs:

lateral movements: In Fig. 8. 10 are shown therdhtend vertical acceleration for this
movement. The lateral acceleration has more maakedegular pattern. A lateral step pattern is
composed of four peak: the first and the thirdregative, the second and the fourth are positive.
The lateral steps detection can be performed giznly the lateral acceleration.

Rotation: In Fig. 8. 11 are shown the lateral aedival accelerations for a sequence of two 90°
counter-clockwise and clockwise rotations. As ih d@ see, the lateral acceleration gives the
better indication. This component present thre&géar the first 90° counter-clockwise rotation:
two positive and one negative. The component ptedenr peaks for the first 90° clockwise
rotation: two positive and two negative. The othego rotations presents always four peaks.
Theoretically the 90° rotation has to present threaks. The first one is due to the changing of
the direction of rotation. The number of peaksniffuenced to the number of steps and to the
angular velocity. This is because, some peaks eamissed due to a sudden rotation. The
rotation detection can be performed utilizing othig lateral acceleration.

Downstairs and upstairs: In Fig. 8. 12 are showmn lgtteral and vertical accelerations for the
upstairs (Figure above) and downstairs (Figurevigefor a 15 stairs in sequence. As it can be
see from the figure, the most purposeful accelmmais the vertical. Besides, the pattern is
different for the two movements: the downstairs emaent has a bigger vertical component. For

this reason, the recognition of the two movemeatsth be different.
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In the downstairs movement, the vertical accelenathas summed the gravitational
acceleration. The acceleration variation are fds tteason more marked. In the upstairs
movement the gravitational acceleration is subd@cthe acceleration variation are less marked.

For these reason the detection of upstairs movenigdifficult.
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Fig. 8. 10 Lateral Movements: Vertical and lateralAccelerations
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Fig. 8. 11 Rotation: Vertical and lateral Acceleraipns
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Fig. 8. 12 Downstairs and upstairs: Vertical and leeral Accelerations

Therefore, it is necessary to utilize also the tabacceleration in the recognition (Fig. 8.
13). This component presents a sequence of positigenegative peaks. The problem is that this
peaks are not much marked.

The downstairs and upstairs movements necessitadiesophisticated algorithm which

takes into account the vertical and frontal acedien.

8.2 Steps Detection using the Frontal Acceleration

The first steps detection algorithm consideredasseldl on the frontal acceleration only.
As seen in the Paragraph 8.1, the acquisition &equ and the filtering are relevant constraints
for the step detection algorithms. Taking into astahis constraints, the steps detection algoritfas
to be able to detect the two succeed frontal acomleter peak (Fig. 8. 14):
= positive acceleration peak (Fig. 8. 14 green arrow)
= negative acceleration peak (Fig. 8. 14 red arrow)
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A simple method to detect steps starting from tbeekeration pattern, is a Finite State Machine
(Pettinari, 2007) based on the derivative of tlomtal acceleration (Fig. 8. 15). The state tramsgiare

performed observing some thresholds on the devevattcelerations.
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Fig. 8. 14 Frontal Acceleration Peak

The state machine states are:
= NoWalk it is the idle state. The state machine is wgifor a peak event and the user is still.
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= Positive the derivative acceleration goes above the pesitiresholdgTh1) which represents
the fact that the derivative acceleration is pesitirhis event could be the beginning of a step.

= Negative the derivative acceleration goes under the pasithreshold dThl) but it is
negative. The state machine goes in this stabeifransition event start tiRositivestate.

= Peak the derivative acceleration goes under the fiexjative thresholdalTh?. This event
could determine a step.

= StayPeakif there is another negative derivative acceleratfter the one which causes the
Peaktransition. The step is not yet determined.

= Wait if there is a new positive acceleration peak diage machine waits for a new step. In this

state a new step is counted.
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Fig. 8. 15 Frontal Acceleration State Machine StepBetection

The transition events are not only the derivatiseeteration, but also temporized events:

= aThlis the positive threshold. If the derivative aecation is above this value, it could be the
beginning of a step.

= aTh2is the first negative threshold. If the derivataeeeleration is under this value, it could be
the detection a step.

= aTh3 is the second negative threshold. It is necessangn the negative derivative
acceleration do not go und&fh2 The value is checked if the positive peak is awl

= WaitCountMaxis the maximum value of the number of samp&anipl¢ after that the user is

considered to have stopped.
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= SNegMAXis the maximum value of the number of negativegas GampleNepafter which
a negative peak is considered also if the derigatieceleration do not go und&fh2 It is
used in théNait and Negativestate when a positive peak of derivative acceterdtas been
already detected.

The state machine functioning is shows in Fig. ®. The figure represents the derivative frontal
acceleration in the figure above, and the statdhéarfigure below. As it can be see the state nm&ghi
after the first step detection, remains betweerPikand theStayPealstate. The state machine return
in the NoWalkstate when the user ends the walking. In the déigibove, the reckoning of a new step is

indicated with a red point. This event occurs ia 8tayPealstate or when the state goes out Peak
VO L
StayPeak
Wait
Peak

Negative
Positive
NoWwallk 4

state.

Fig. 8. 16 Steps Detection State Machine
Utilizing the state machine which detects the sssteps, it is also possible to recognize a simple
user activity: if the user is walking or not. Ifetlstate of the state machine remainsStayPeakWait or
Peakvalues, the user is ®lking. When the state iBloWalk Positive or Negative the user isNot
Walking As it can be see in Fig. 8. 17, where the dexigaacceleration and the walking activity is
reported, the walking indication is updated withaaceptable delay.
Regarding the algorithm performance, a series attmal tests are performed with different
users and different types of walk:
= 10-15 steps straight walking: 85-90% of step deiadbr normal and slow walking
= 10 step 1 step and stop walking: this walkingharacterized by one step and the user stops.
The steps reckoning is around 100% for differeriking
= mixed walking: walking which includes straight Iestop, rotation. The steps reckoning is
around the 75%.
In Chapter 9 more results will be shown.
It is important to notice that the state maching@ehels on two thresholds which have to be
calibrated for each user. Alternatively, statidtiemalysis on a large sample can be performed to

determine these thresholds.
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Fig. 8. 17 Walking activity

8.3 Steps Detection using the Frontal and Vertical

Accelerations

The second steps detection algorithm consideredased on the frontal and the vertical
acceleration. The combination of the two accelematis necessary to make the steps detection
independent to the angle between the foot and tbend. In fact this depends on the type of ground
surface and on the type of walking.

As seen in the Paragraph 8.1, the acquisition &necy and the filtering are relevant constraints for
the step detection algorithms. Taking into accotirg two accelerations, the algorithm proposed
introduce a cut-off frequency of 16 Hz. This allotgshighlight the pattern of the walking accelevati
deleting the peaks due to the up and down motidheofccelerometer.

Also in this case, the steps detection algorithm sate machine which keeps track of the peaks.
The state machine proposed detects a sequenceoopdagitive peaks and two negative peaks and
recognizes the sequence as a step. Informationhafhwpeak is the first (vertical or horizontal) is
irrelevant.

Also in this case thresholds values on the dexigadccelerations are necessary to detects peaks:

= Thi: low level threshold (Fig. 8. 18)
= Thh high level threshold (Fig. 8. 19).

The former threshold is introduced because somstiduging a step detections, not all the four
peaks occurs. In Fig. 8. 19 is shown the last stéswalking. The red and blue points show theste
peaks. The next oscillations represents the stotig situation, the last steps presents a negaéxtical
peak less thamhl. In this case, the peak detection do not occukitgpthe problem by reducing thenl
threshold, could lead to detects spurious peakstefbre, a second thresholthf) is introduced. When
the derivative acceleration is above this threslkmlthe case of missing peak, the two peaks aratedu
So, this mechanism confirms an high peak in absehtige previous only if the high peak occurs after
temporal period.

As in the previous case, the state machine depemd&o user dependent thresholds, which have

to be calibrated.
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Fig. 8. 19 Frontal and Vertical Acceleration High ével threshold

The state machine is reported in Fig. 8. 20. T shachine states are:
» |IDLE: the state machine is waiting for an event thatdoepresents the start of a step
» +X: the derivative frontal acceleration goes ab®té In this state the state machine is waiting
for other peaks. If the state machine remains endtiate more than a set time interval, the state
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returns iNIDLE. If each vertical and frontal accelerations go undéh a new steps is counted
and the state return ¢DLE.

bait =

epWait

<-thl

v <-th

&& Df <-thh

epWait > && Dv <-thh
epWait

f <-thh

epWait >

MidStepWait ~ MidStepWait
&&Df >thh

StepWait >
MidStepWait &8
&& Df <-thh

MaxStepWait

MidStgpWait MidStyp
&& Df >thh && Df >¥
&& Dv >thh && Dv >thh

Fig. 8. 20 Frontal and Vertical Acceleration StatéMachine Steps Detection

+Z: the derivative vertical acceleration goes abokk In this state the state machine is waiting
for other peaks. If the state machine remains tndtiate more than a set time interval, the state
returns inIDLE. If each vertical and frontal accelerations go undéh a new steps is counted
and the state return ¢BDLE.

+X+Z: the derivative vertical acceleration goes aboMd, after the derivative frontal
acceleration. In this state the state machine isngdor the negative peaks. If the state machine
remains on this state more than a set time intetlralstate returns IDLE. If both vertical and
frontal accelerations go undéri, a new steps is counted and the state retut®IoB. If one of

the two accelerations go undefhh a new steps is counted and the state retutDIoB.

+X+Z-X: the derivative frontal acceleration goes undéil,-after the positive peaks. In this
state the state machine is waiting for the vertcaeleration peak. If the state machine remains
on this state more than a set time interval, tageseturns idDLE. If vertical acceleration goes
under-Thl, a new steps is counted and the state retutbB. If also one or both accelerations
go aboverThl, a new step could be start.

+X+Z-Z: the derivative vertical acceleration goes unddi, after the positive peaks. In this

state the state machine is waiting for the froatadeleration peak. If the state machine remains
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on this state more than a set time interval, taeesteturns inDLE. If frontal acceleration go
under-Thl, a new steps is counted and the state retutbi. If also one or both accelerations
go aboverhl, a new step could be start.

Regarding the algorithm performance, a series attal tests are performed with different

users and different types of walk. In Chapter 9amassults will be shown.
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Chapter 9

RESULTS

In this Chapter results are shown, taking into meration the comparison between the exposed
techniques concerning the direction estimation, dtep detection, the step length estimation and the
positioning of the user. In the Chapter the resaiésdivided in the following manner:

= in the first Paragraph of each section the resaitscerning the mature and well tested
approaches are reported,;

» in the second Paragraph of each section the resuiterning the new approaches developed in
this thesis are exposed. This is a recent developthat must be further tested,;

» in the third Paragraph of each section the comparizetween the above approaches is shown
and annotated.

Paragraph 9.1 shows the results on the estimafitimeauser’s direction; Paragraph 9.2shows the
results on the detection of steps occurrences,idenisg also female user; Paragraph 9.3 shows the
results on the estimation of the step length; Rapy9.4 shows the results on the user positioinirige

two different approaches.
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9.1 Direction Estimation Comparison

As seen in Chapter 5, the direction of the usesed to calculate her positidre. the coordinates.
This problem has been particularly stressed inttigsis with the realization of a system that dakeu
the direction by means of a magnetic sensor. Bxdase the following specifications are mandatory:

= during straight walking the direction must be stabl

= the integration drift must not affect the measueeMeen two contiguous alignments by means
of other systems.

To meet these specifications the direction estnati

= has not to be affected by the tilt error introdudeyg the walking. For this reason tilt
compensation algorithms are used to calculateitbetobn;

= has to be referred to the Geographic referencesrsysEor this reason when the direction is
computed utilizing the gyroscope, methods to perftie initial alignment are utilized. In the
considered case the direction angle derived froe diiroscope is aligned by means of a
compass;

» has to be little affected by soft iron interferesic€or this reason when the direction is computed
utilizing the magnetic sensor, methods to perfoh@a tontrol of magnetic interferences are
utilized, for example utilizing the combination tveen the directions computed from the
magnetic sensor and the gyroscope. In the considesse this problem is not taken into
consideration;

= robust calibration techniques must be implementéd has been stressed in this thesis.

Common to the above mentioned points is the ndgefssicalibrate the sensors in an easy and
robust way, and the necessity of estimate how &etiy (in term of space or time) the alignment twas

be performed by means of other systems.

9.1.1 Straight Walk

To highlight the above mentioned issues the folfmaests are performed: the user is oriented in a

fixed direction and walks straight for 60 meters.

9.1.1.1 Using A One Axis Gyroscope And A Two Axes

Accelerometer

In this case the Yaw value for a 60 straight meigngported, without initial alignmenitg. the

value is not referred to the Geographical North.
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Mean Value Variance Standard Deviation
301,699 12,83516274 3,56826195838
108,4379412 15,89263152 3,986556348
272,6015493 12,46232185 3,53020139
85,67058824 14,76128622 3,842041933

Table 9. 1

9.1.1.2 Using A Two Axes Magnetic Sensor And A Three

Axes Accelerometer

In this case the Azimuth value for a 60 straightergis reported, computed by means of the

magnetic compass. The value of the orientatioafesred to the Geographical North.

Mean Value Variance Standard Deviation
158,1393443 21,39295009 4,625251354
4,23 29,82010256 5,460778568
155,13125 53,58629167 7,320265819
354,1272727 21,6889204¢% 4,657136508

355,6 14,5735 3,817525376
357,4622642 23,50470247 4,848164856

151,2121212

60,5554734¢

7,781739747

167,2290323 54,27322689 7,367036507

355,8428571 17,6066386¢ 4,196026532

158,78 39,2402727_3 6,264205674
Table 9. 2

9.1.1.3 Comparison

As it can be seen comparing Table 9. 1 and Tab the variance and standard deviation are
lower in the former case due to the higher shamntetability of the gyroscope with respect to the
compass. This was a well known phenomenon nevedhel is necessary to accurately study the
compass behavior to integrate its long term stghiti the direction estimation system, to compemsat

gyroscope’s integral drift.
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9.2 Steps Detection Comparison

As seen in Chapter 5, the detection of step occoe® can be utilized to calculate the
displacements of the user instead of the classwethod of double integrate the accelerations.
Motivation regard this choice are exposed in Chapte

The detection of steps is performed trying to detiee acceleration peaks during the walk. This
detection relies on user-dependent threshold.

The step detection method taken into consideraigssnsitive to the “anomalous” steps, such as

slow walking and the first and last step. Also ik®ies will be highlighted in the following tests.

9.2.1 Fixed Number of Steps

In these tests, the errors in the detection okthps for little path are highlighted. In thesd ths

user walk in a straight line for a fixed numbestdps: 1, 2, 5, 10 steps.

9.2.1.1 Using A One Axis Gyroscope And A Two Axes

Accelerometer

In Fig. 9. 1 the comparison between the distributib the detected steps in the 1, 2, 5 and 10 test
is shown. As it can be seen from the statisticstrithutions, the distributions get better whenhenber
of steps increases. In Fig. 9. 2 the percentagesewith respects to the number of steps measueed a
reported. As it can be seen the percentage ermeases with the increase of the number of steps.
Actually, a little number of steps is mainly affedtby the problem on detection of the first antl $éeps.

The mean value of detected steps is closer toghlevalue when increasing the number of steps,

as can be seen in Table 9. 3.

] Percentage ] o
Steps Mean Value Difference ) Variance Standard Deviation
Difference (%)

1 1,2 0,2 20 0,177777778 0,421637021

2 2,1 0,1 5 0,1 0,316227766

5 5 0 0 0 0

10 10 0 0 0 0

Table 9. 3
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Fig. 9. 2 1-Gyroscope, 2-Accelerometer Percentageas

9.2.1.2 Using A Two Axes Magnetic Sensor And A Three

Axes Accelerometer

These experiments are used also to test the Ipettesh worn on the belt in which to put the two

Pedestrian Navigation systems. In Fig. 9. 3, Figt,Fig. 9. 5 and Fig. 9. 6 the comparison betwben

distribution of the detected steps in the 1, 2n& &0 test is shown. As it can be seen from thiesstal

distributions, the black pouch presents the belitgribution in all the test except for the Fivepst one.

The mean value of detected steps is closer taelevalue when using the black pouch, as can beisee
Table 9. 4, Table 9. 5, Table 9. 6 and Table &or.this reason, also in this test and in the otbported

183

Smart Sensors For Interoperable Smart Environment



tests, the black pouch has been used, althoughneariand standard deviation are greater than those
measured with the green pouch.

In Fig. 9. 7 are reported the percentage errors megpect to the number of steps measured. As it
can be seen the percentage error decreases withdtease of the number of steps. In fact, a little

number of steps is mainly affected by the problendetection of the first and last steps.

Differe Percentage . o
1 Step Mean Value . Variance Standard Deviation
nce Difference (%)
Green 1,2 0,2 20 0,4 0,632455532
Black 1 0 0 0 0
Table 9. 4
) Percentage ) o
2 Steps Mean Value Difference _ Variance Standard Deviation
Difference (%)

Green | 1,4 -0,6 -30 0,266667 0,516397779
Black | 1,9 -0,1 -5 0,988889 0,994428926
Table 9.5

Differe Percentage _ o
5 Steps Mean Value _ Variance Standard Deviation
nce Difference (%)
Green 4,7 -0,3 -6 0,455556 0,674948558
Black 5,6 0,6 12 0,711111 0,843274043
Table 9. 6
) Percentage ) o
10 Steps Mean Value Difference . Variance Standard Deviation
Difference (%)
Green 10,3 0,3 3 0,455556 0,674948558
Black 10 0 0 0,444444 0,666666667
Table 9. 7
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Fig. 9. 7 2-Magnetic Sensor, 3-Accelerometer Perdage errors

9.2.1.3 Comparison

In Table 9. 8 the step detection error of the ttep sletection algorithms in the case of fixed steps
is summarized. The algorithm which uses 1-Gyrosc@dAccelerometer is indicated with 1, the 2-
Magnetic Sensor, 3-Accelerometer is indicated \&itfThe two algorithms are explained in Chapter 8.
The first utilizes only the frontal accelerationdathe second used the vertical and the frontal
acceleration. The first one is utilized in sevenaiseum application navigation.
In the Table are compared the results utilizingltlaek pouch for the tests.
As seen from the Table, the second algorithm pesv/ioketter mean and variance in the case of one step
With the increase of the number of steps, the &itgorithm provides better means and variancethdn

case of ten steps, both the algorithm provide attemean, but the second has a variance that is non
null.
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Percentage
Steps Mean Value Difference | Difference Variance Standard Deviation
(%)
1 1 1,2 0,2 20 0,177777778 0,421637021
2 1 0 0 0 0
) 1 2,1 0,1 5 0,1 0,316227766
2 1,9 -0,1 -5 0,988889 0,994428926
c 1 5 0 0 0 0
2 5,6 0,6 12 0,711111 0,843274043
10 1 10 0 0 0 0
2 10 0 0 0,444444 0,666666667
Table 9. 8

9.2.2 Fixed Straight Path

In these tests, the errors in the detection ofthps for medium path length is highlighted. Irsthe

test the user walk in a straight line for 60 meters

9.2.2.1 Using A One Axis Gyroscope And A Two Axes

Accelerometer

In Table 9. 9 the results of ten 60 meters straigilks are reported. Due to the increased number
of steps, the mean error percentage fall down4®(Q;Table 9. 10). As seen in the Table, the nurober
steps detected is always higher than the true vahis can be explained through thresholds setting
much sensitive to the spurious accelerations fisr ghecific user, that brings false positives eisigc

during the first and the last steps.

Start| Stop Detected Steps True Steq SDifferen-:iJ((el)Detected- Error percentage (%)
30 108 78 78 0 0
108 185 77 77 0 0
185 264 79 78 1 1,265822785
266 344 78 78 0 0
705 782 77 77 0 0
784 863 79 78 1 1,265822785
865 945 80 79 1 1,25
947 | 1023 76 76 0 0
Table 9.9
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Mean error percentage (%) Mean errgr Error Variandérror Standard Deviatior
0,480769231 0,375 0,267857 0,51754917

Table 9. 10

9.2.2.2 Using A Two Axes Magnetic Sensor And A Three

Axes Accelerometer

The results of ten 60 meters straight walks arerted. Due to the increased number of steps, the
mean error percentage fall down to the 2,6% (T&bl&2). As seen in the Table the number of steps
detected is always higher than the true value. ®hisan be explained through thresholds setting too
much sensitive to the spurious accelerations fr $pecific user, that brings false positive esgBci

during the first and the last steps.

Start Stop Detected Stepg True Ste 3? ifferen-lt-:reu((eI)Detected- Error percentage (%)
266 339 73 72 1 1,369863014
339 410 71 71 0 0
410 482 72 72 0 0
482 558 76 71 5 6,578947368
558 631 73 71 2 2,739726027
631 703 72 70 2 2777777778
703 776 73 71 2 2,739726027
776 850 74 71 3 4,054054054
850 921 71 71 0 0
921 995 74 70 4 5,405405405

Table 9. 11
Mean error percentage (%) Mean errgr Error Varian¢e Error Standard Deviation
2,606310014 1,9 2,988888889 1,728840331
Table 9. 12

9.2.2.3 Comparison

In Table 9. 13 are summarized the step detectimr ef the two step detection algorithms. The

two algorithms are explained in Chapter 8.
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Mean error percentage (%4) Mean error Error Variance Error Standard Deviation

1 0,480769231 0,375 0,267857 0,51754917

2 2,606310014 1,9 2,98888888pP 1,728840331
Table 9. 13

9.2.3 Fixed Non-Straight Path

During non-straight walk, the accelerations areecfd by the centrifugal and tangential
acceleration. This can influence the steps detectio these test, the user follows a fixed nonighta

path.

9.2.3.1 Using A One Axis Gyroscope And A Two Axes

Accelerometer

In Table 9. 14 the results of ten 50 meters noagitt walks are reported. As seen, the number of
steps detected is sometimes higher and sometimes tbhan the true value.

Due to the non-straight path the mean error peagentise to 0,6 % with respects to the straight
path (Table 9. 15).

Start Stop Detected True | Difference (Detected- Error percentage
Steps Steps True) (%)
529 594 65 66 -1 -1,538461538
594 658 64 6% -1 -1,5625
659 724 65 6% 0 0
738 803 65 6% 0 0
803 867 64 64 0 0
867 932 65 65 0 0
934 998 64 65 -1 -1,5625
998 1063 65 65 0 0
1063 1129 66 65 1 1,515151515
1129 1193 64 64 0 0
Table 9. 14
Mean Error Percentage (%) Mean Erro Error VarianceStandard Deviation
-0,309119011 -0,2 0,4 0,632455532
Table 9. 15
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9.2.3.2 Using A Two Axes Magnetic Sensor And A Three

Axes Accelerometer

In Table 9. 16 the results of ten 50 meters naomiggtt are reported. As seen in the Table, the
number of steps detected is always higher thatrtieevalue. This is can be explained through thoteish
setting too much sensitive to the spurious acceters for this specific user, that brings falseifros
especially during the first and the last steps.

Due to the non-straight path the mean error peagentise to 4,9% with respects to the straight
path (Table 9. 15).

Start Stop Detected True Steps | Difference (Detected-TnIAe)ErrOr percentage
Steps (%)
73 141 68 66 2 2,941176471
141 207 66 65 1 1,515151515
211 280 69 65 4 5,797101449
280 343 63 63 0 0
343 413 70 65 5 7,142857143
413 483 70 65 5 7,142857143
483 553 70 65 5 7,142857143
554 620 66 65 1 1,515151515
621 692 71 64 7 9,85915493
696 765 69 65 4 5,797101449
Table 9. 16
Mean Error Percentage Mean Erroi Error Variance  nd&tel Deviation
4,985337243 3,4 5,155555556 2,270584849
Table 9. 17

9.2.3.3 Comparison

In Table 9. 18 are summarized the step detectimr ef the two step detection algorithms in the

case of non-straight walk.

Mean error percentage (%) Mean errgr Error Varian¢e Error Standard Deviation
0,618238022 -0,2 0,4 0,632455532
4,985337243 3,4 5,155555556 2,270584849

Table 9. 18
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9.2.4 Female User

It is known in literature that the detection ofpstdor female user is an open issue. In particular,
from previous works, it is known that the first afghm detects fewer steps with respect to the fEal
better evaluate the behavior of the second algarifwhich uses the vertical and the horizontal
accelerations), in the following results are shaem straight walk of 10 steps each, when the wsser i
woman.

In Table 9. 19 the results of the ten tests arerteg. As it can be seen, the detected value is not
always less than the true one, but it is often diigfthis demonstrate that the second algorithmnloas
also misdetections.

In Table 9. 20 is reported the mean error percentdis is higher (4,7%) with respect to the
mean error percentage in the case of male usehvii% (Paragraph 9.2.1.2).

In Fig. 9. 8 the second steps detection algoriththé case of female and male user are compared.
As seen, the distribution for the female user hgreater variance.

The problem of the detection of female user is p@ncissue which has to be investigated in the

future even though these first results, so simdahe male ones, are encouraging.

Detected _
Start Stop st True Steps Difference (Detected-Trug) Error peagai%)
eps
15 25 10 10 0 0
25 35 10 10 0 0
35 46 11 10 1 9,090909091
46 57 11 10 1 9,090909091
57 68 11 10 1 9,090909091
68 80 12 10 2 16,66666667
80 91 11 10 1 9,090909091
91 101 10 10 0 0
101 111 10 10 0 0
111 120 9 10 -1 11,11111111
Table 9. 19
Mean Error Percentage (%) Mean Error Error Variance Standard Deviation
Female 4,761904762 0,5 0,7222222p2 0,84983658¢
Male 4 0,4 0,266667 0,516398§
Table 9. 20
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Fig. 9. 8 Female vs. Male Steps Detection Distribioh

9.3 Steps Length

As seen in Chapter 5, to calculate the displacesnehtthe user utilizing the step detection,
methods to calculate the step length are used.

The step length calculation is performed in these ¢ases utilizing an empirical formula which
depend on a multiplicative parameter (see Chaptextbch varies from O to 1. This parameter (K)
depends on the user. To show the good quality efntlethod, results of a 60 meters straight line are
shown, utilizing a fixed value for the K paramet§r0,95). Since the step length of a user is nadj
in this tests is calculated the error on the detkdistance computed as the sum of the step leihgis.
test is used also as an indication of positionmthe case of straight walk.

Utilizing the step length and the total fixed dista an iterative method to calculate the K
parameter for a specific user should be createxintedium step length is calculated and the K value
which should be used in order to have a distantmiledion of 60 meter is computed. In this case any
error that should occur has been manually removed.

In this case the two Pedestrian Navigation systentampared: the first method compute the step

length using the frontal acceleration, the secorathod compute the step length using the vertical
acceleration

9.3.1.1 Using the Frontal Acceleration

In Table 9. 21 the K values of each tests are tedoin Table 9. 22 their mean value, variance
and standard deviation are shown. Using this itatiy found K, distance values are recalculated i
Table 9. 23. Using this mean K value, the mean thstance of the walk is computed (Table 9. 24). O

course, this value is very close to the true valMbat is more interesting, the variance and thedstal
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deviation give a precious information about theoemot dependent on the user and tha can not be

eliminated thought the compensation process.

K
0,982
0,979
0,989
0,972

Table 9. 21

Mean Value | Variance Standard Deviatipn
0,9805 0,00005 0,007047458

Table 9. 22

Calculated distance with mean K
60,52574895
59,48538684
60,09329684
59,95189842

Table 9. 23

Mean Value Variance Standard Deviation
60,01408276 0,183821141 0,428743678

Table 9. 24

9.3.1.2 Using the Vertical Acceleration

In Table 9. 25 the K values of each tests are tedoin Table 9. 26 their mean value, variance
and standard deviation are shown. Using this itatiy found K, distance values are recalculated i
Table 9. 27. Using this mean K value, the mean thttance of the walk is computed (Table 9. 28). O
course, this value is very close to the true valMbat is more interesting, the variance and thedstal
deviation give a precious information about th@enot dependent on the user and can not be eliedna
thought the compensation process. Since this dgpends on the architecture characteristics itbean

eliminated only through the design improvementstitus a focus topic for further research.

0,945
0,939
0,967
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0,942
0,971
0,93
0,935
0,965
0,927
0,975

Table 9. 25

Mean Value Variance Standard Deviation

0,9496 0,000326933 0,018081298

Table 9. 26

Calculated distance with mean K
60,2996
60,72142232
58,97715705
60,52050695
58,68627958
61,32116968
60,95132547
59,05812295
61,56106863

58,49036211
Table 9. 27
Mean Value Variance Standard Deviation
60,05870147 1,319147992 1,148541681
Table 9. 28

9.3.1.3 Comparison

In Table 9. 29 are compared the two statisticatueisons of the boards. In the last column it is
reported the standard deviation percentage. Walkind00 meters, the first method is expected to be
affected by an average error of 0,7 meters; thersemethod is expected to be affected by an average

error of 1,9 meters.

Mean Value Variance Standard Deviatign Standandddien %
1 60,05870147 1,319147992 1,148541681 0,714405
2 60,01408274 0,183821141 0,428743678 1,912365157
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Table 9. 29

9.4 Positioning

The direction, the step detection and the stepteaige used to compute the position of a user. The
results regarding the merging of these data ataiplged in this Paragraph for a closed loop walkis
walk has a total length of 50 meters and the s@yioint coincides with the finish point. In Fig. ®is
reported the shape of the walk with the measurthefsingle straight paths. The red dot represent th
starting and the finish point. The arrow indicdte sense in which the path is walked. In the fathaw
paragraphs are reported the results about ten veatkend the path, in the case of the two different

approaches.

15m

2m

11m

10 m
8m

4m

Fig. 9. 9 Composed and closed walk

9.4.1 Using A One Axis Gyroscope And A Two Axes

Accelerometer

In Table 9. 30 the difference between the compateudinates of the starting and finish points are
reported. The total gap between the two pointdss shown. As it can be seen, this has a maximum
value of 1,5 meters and a minimum value of 0,4emset

Fig. 9. 10 and in Fig. 9. 11 show respectivelylibst and the worst calculated path.
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X Y Gap
-0,125 -0,387 0,406686612
-1,091 -0,519 1,208156447
-1,099 -0,126 1,106199349
-1,217 -0,432 1,291399628
-0,665 -0,805 1,044150372
-1,513 -0,118 1,517594478
-0,723 -0,016 0,723177018
-0,824 -0,968 1,271219887
-1,125 -0,506 1,233556241
-0,451 -0,602 0,752200106
Table 9. 30
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9.4.2 Using A Two Axes Magnetic Sensor And A Three

Axes Accelerometer

In Table 9. 31 the difference between the compuateatdinate of the starting and finish points are
reported. The total gap between the two pointdss shown. As it can be seen, this has a maximum
value of 10 meters and a minimum value of 4,8 msete

Fig. 9. 12 shows the best calculated path.

X Y Gap
5,300 -3,000 6,090
6,900 -4,400 8,184
6,500 -5,700 8,645
6,300 -4,900 7,981
7,300 -6,800 9,976
6,400 -6,200 8,911
7,800 -7,300 10,683
-1,500 -4,600 4,838
2,500 -5,500 6,042
Table 9. 31
35
30
20
T T T T T 10
-85 -80 75 -70 -65 60 55

Fig. 9. 12 2-Compass, 3 Accelerometer, Best Positing Path
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9.4.3 Comparison

In Table 9. 32 the comparison between the bestsdasdhe two Pedestrian Navigation systems
are reported. As it can be seen, the first proweter performance due to the fact that the fgsai
mature product, well tested and reliable.

On the other hand the second approach is a reegataphment that must be further tested. This set
of trials can be considered as a first set in #ugistment process, in that some weak points ajread
emerge,i.e. high sensitivity to magnetic fields can give bitth severe mismatches between true and
detected positions when the device is used in thsemce of external magnetic fields; the sensitiwt

physiological characteristics of the user, so Khand thresholds settings must be tailored to nreafeu

each user.
X Y Gap
1 -0,125 -0,387 0,406686612
2 -1,500 -4,600 4,838
Table 9. 32
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Chapter 10

Conclusions

The research discussed in this thesis was mailystd on the Smart Environment panorama.
This panorama regards several research area, suthiguitous Computing, Pervasive Computing,
Ambient Intelligence, and derives much of its imgapon from Weiser's vision (Weiser, 1991). This
vision is characterized by the ubiquitous presewsicaetworked computing devices, on the person, in
vehicles, in buildings, in consumer products andsoln this vision these devices should disappear,
seamlessly integrated in everyday objects.

Deriving from this vision, in this work Smart Eneitment has been defined taking into
consideration the connection between the physicaldrand the information world. Several issues and
several research areas are involved in the comtete Smart Environments. The exposed research
focuses on the following topics:

= the definition of a new vision of Smart Environment

= the creation of a procedure to create a Smart &mwient in an easy and automatic way starting
from a physical environment

» the study and realization of interaction methodpravide natural interfaces between human and
devices

» the study and realization of methods to provide uker's pedestrian localization contextual
information.

The first point has been developed within the EW Ftamework Programme SOFI/&Srhart
Object for Intelligent Applicationsproject. SOFIA aims at making information in thRysical world
available for smart services. Functional to thisali@mge is interoperability at different levels:
communication, service and information. SOFIA is ftamework in which all this research is contained

The second and the third points are strictly categl. To perform any Smart Environment

application, with the help of the infrastructuresveloped within the SOFIA project, the hypothedis o
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the existence of the Smart Environment must be m@ilen, the creation of the Smart Environment
starting from an heterogeneous physical environngetiite first step to be taken to create an appdica
whatsoever. In this research an innovative, easst, &nd natural way to create Smart Environment
starting from physical environment has been studiEus process has developed into a patent. In
general, in Smart Environment, devices that are stbtonnect people and environment within the $mar
Environment are called Smart Objects. Then, how dbgect interact with the user is critical. In
particular, the object which permit to create tiea® Environment has to be easy and user-friefidig.
design and development of a Smart Object aimedipplg this duty, has been taken into consideration
during the PhD period.

The latter point derives from the necessity toaottthe contextual data from the environment and
from the environment occupants. In fact, as sesredch entity populating the physical environmeet,
users, objects, devices, sub-parts of the envirahntbe Smart Environment try to answer to the
guestions: Wha?”, i.e. which are the entities that should be identified¥haf” i.e. which attributes and
properties of the entities should be stored inSheart Space in a machine-understandable formétein
sense that its meaning has to be explicitly defenedlall the data should be linked togeihesrder to be
automatically retrieved by interoperable applicas®, ‘Wheré&” i.e. where such entities are located in
physical space?

In this research work in particular the last questias been considered. This question imply that
the Smart Environment has to be location-awarthersense that it must be able to know the posafo
mobile entities sers, objectsaand device} at any time. The research has been focused oplegeo
location, taking into consideratidPedestrian Positioningystems which provide the position of a user
which wears them. The comparison between Redestrian Positioningystems has been exposed. One
of these systems has been completely developedgdtire doctoral period. This calculates the user’s
orientation utilizing a tilt compensated magnetmpass based on a two-axes magnetic sensor and a
three-axes accelerometer. This is a recent deva&opthat must be further tested.

The two systems try to meet tRedestrian navigation system requiremeskéch are introduced
in the work and exposed in Chapter 5:

= Wearability

= Low Power Consumption
= Testability

= Ease of Calibration

= QOrientation

= Relative Position

= Activity Indication

= Wireless Communication
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= Semantic Platform Integration
= Azimuth Max Deviation = £3° when Tilt less than £30
= Tracking Error minor of 3% on a 100 m walk in & #aea

In the developed compass based approach partieffiait has been made to meet the Easy
calibration requirement, creating a user-friendlyple and robust compass calibrating algorithm.

Regarding the Performance Requirements these arestults of the integration of sensors and
algorithms.

Regarding the Azimuth Max Deviation when the systisntilted, in Chapter 7 it has been
demonstrated that the error is around 2.5°, wheriltis below 40° of inclination.

Regarding the displacement in straight path, inpB#eO it has been demonstrated that if the user
walks for 100 meters the Pedestrian Positioningesysis expected to be affected by an standard
deviation error of 1,9 meters. This informationpiarticularly important when the system is used as
support of navigation systems. In fact, to guaranhat the position of the user do not exceed edfix
error, re-alignment with other system has to béopered.

The Pedestrian Positioning system based on congasen in this thesis is a recent development
that must be further studied. The reported tests & considered as a first step in this adjustment
process, in that some weak point already ememgeigh sensitivity to magnetic fields can give bitth
severe mismatches between the true and detectétposvhen the device is used in the presence of
external magnetic fields; the sensitivity to phyegical characteristics of the user, so that K and

thresholds settings must be custom-made for eaah us

9.1 Future Developments

In order to improve the performance in Pedestriamiddation systems using inertial and magnetic
sensors, it is essential to provide reliable positig data. Then, all the steps which are involvethis
process has to be considered and improved in peaftce. These steps are: the estimation of the
orientation of the user, the detection of step oences and the estimation of the step length.e&s,s
they are all correlated with each other.

The following topics must be investigated:

» the steps detection algorithm must take into camaiibn the problem of first and last steps.
Moreover, the detection of “anomalous” steps, sashslow walk or lateral steps must be
considered;

= the step detection algorithm and the step lengtpordhm depends on threshold and
multiplicative factor which depend on the user. @igrand universal calibration methods for this

parameters has to be studied and implemented
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to diminish the errors due to integration drift the gyroscopes and the errors due to spurious
magnetic field in the magnetic sensors the integrabetween the two sensors has to be
investigated, also adding other sensors. Actuadigundant methods to perform the orientation
calculation can be used. For example utilizing ititegration of a three-axes compass and a
three-axes gyroscope: by means of the compassiphéryle can be continuously computed:;
when the computed Dip Angle is different from thg Angle deriving from the calibration
process, it can be supposed that the compaspiresence of spurious electromagnetic field. In
this case the calculation of the position using ¢bmpass is not considered valid, and can be
computed using the gyroscope;

to test the functioning in the “real” walking cotidns, up and down stairs tests, and upward and

downward test has to be performed.
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Accelerometer and Accelerometer Conditioning Chain
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Compass
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Compass Conditioning Chain
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Appendix B

Top Copper
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Bottom Copper
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Layer 2 Copper

Layer 3 Copper
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Appendix C

Sensors Comparative Tables

The following tables presents a comparative ansigssome sensors. The costs is the unitary costs f
1000 pieces. These do not pretend to be a compeeemneference guides, because the related
technology is in rapid and continuous mutation (Bar, 1992).

Gyroscopes
Producer| Model Nr. Ranges | Sensitivity Output | Voltage | Absorbed Costs
axes [°/s] Type Current | [$]
[MA]
SS CRS0501 | 1 50 40mV/°/s An 5 35 X
(Sensing,
1913)
SS CRS0575| 1 75 27mV/°ls An 5 35 X
AD ADXRS401| 1 75 15mV/°/s 2Hz 5 6 22.0
(Analog,
1965)
AD ADIS16080| 1 80 0.098°/s/LSBSPI 5 7 34.95
AD ADIS16251| 1 20-80 0.004°/s/LSBSPI 5 18 44.95
AD ADXRS150| 1 150 1.5mV/°/s 2Hz 5 6 30.00
SS CRS0502 | 1 200 10 mV/°/s An 5 35 X
AD ADXRS300| 1 300 5 mV/°/s 2Hz 5 6 30.00
AD ADIS16100| 1 300 0.244°/s/LSBSPI 5 7 34.95
AD ADIS16120| 1 300 0.2°/s/LSB An 5 100 629.0p
AD ADIS16250| 1 80-320| 0.018°/s/LSBSPI 5 18 41.98
AD ADIS16255| 1 80-320| 0.018°/s/LSBSPI 5 18 55.90
AD ADIS16350| 3 80-320| 0.018°/s/LSBSPI 5 18 X
Accelerometers
Producer Model Nr. | Ranges| Sensitivity | Output| Voltage| Absorbed Costs
axes| [g] Type Current | [$]
[MA]
AD ADXL213 2 1.2 30%l/g PWM| 5 0.7 9.70
AD ADXL103 1 1.7 1000 mV/g An 5 0.7 7.75
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AD ADIS16003 2 1.7 1.2mg/LSB SPI 3-525 14 17.75
AD ADXL204 2 1.7 620 mV/g | An 3.3 0.5 12.00
FS MMA7260QT | 3 15 800 mV/g | An 3.3 0.5 5,67
(Freescale,
2010)
FS MMAG6280Q | 2 15 800 mV/g| An 3.3 0.5 5.59
FS MMA1260D | 1(2)| 1.5 1200 mV/g An 5 2.2 5.68
FS MMA2260D | 1 15 1200mV/g An 2.2 5.68
VTI SCABXX 1 1.7 1200mV/g| An 5 2 X
(VTI, 1991)
VTI SCA3000 D 3 2 1333 cts/lg SPI-{2.35- |0.48- X
1°C 3.6 0.65
VTI SCA3100 3 2 900 cts/g SPI 3.3 3 X
VTI SCA21xx 2 2 900 cts/g SPI 3.3 3 X
CL MS8002 1 2 1000mV/g| An 5 15 X
(Colibrys,
2001)
CL MS7002 1 2 500mV/g | An 3 0.7 X
CL SiFlex 1500S| 1 3 1200mV/g An 6-15 10 X
CL SiFlex 3000L | 3 3 1200mV/g An 6-15 30 X
MS 302x 005 1 5 15mV/g An 5 X X
(Measurement
1983)
MS 305x 005 1 5 3.6mV/g An 5 15 X
MS 302x 200 1 200 0.3mV/g An X X
MS 3038 200 1 200 0.22mV/g An 5 X X
ST LIS3LO6AL 3 2-6 660-220 | An 3.3 0.95 9.67
(ST, 2009) mV/g
ST LIS3LV02DQ| 3 2-6 1024-340 | SPI- 3.3 0.6-0.65 | 9.93
LSB/g 12C
ST LIS2LO2AS4 | 2 2-6 660-220 | An 3.3 0.85 6.05
mV/g
ST LIS2L02AQ3 2-6 660-220 | An 3.3 0.85 6.05
mV/g
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Magnetic Sensors

Producer | Model Nr. | Rangeg Sensitivity | Res Voltage | Absorbed
axes | [gs] [mV/V/gs] [nos] Current
[MA]
NXP KMZ10A1 |1 0.625 | 1.76 X 5 0.7
(NXP,
2006)
HM HM55B 2 1.8 1.6 30 3 9
(Hitachi,
1901)
HW HMC6052 2 2 0.5 X 3 5
(Honeywell,
2002)
HW HMC1001 1 2 3.2 27 5 10
HW HMC1002 2 2 3.2 27 5 10
NXP KMZ50 1 2.5 1.28 X 5 0.7
NXP KMZ51 1 2.5 1.28 X 5 0.7
HW HMC1021S | 1 6 1 85 5 5
HW HMC1021Z7 | 1 6 1 85 5 5
HW HMC1021D | 1 6 1 85 5 5
HW HMC1022 2 6 1 85 5 5
HW HMC1041z | 1 6 1 160 5 1
HW HMC1042L | 2 6 1 160 3 1
HW HMC1043 3 6 1 120 3 10
HW HMC10517 | 1 6 1 120 3 10
HW HMC10517L| 1 6 1 120 3 10
HW HMC1052 2 6 1 120 3 10
HW HMC1052L | 2 6 1 120 3 10
HW HMC1053 3 6 1 120 3 10
HW HMC1055 3 6 1 120 2.5 1
NXP KMZ10A 1 6.25 1.28 X 5 0.7
NXP KMZ10B 1 25 0.32 X 5 0.7
NXP KMZ11B1 1 25 0.32 X 5 0.7
NXP KMZ10C 1 93.75 | 0.12 X 5 0.7
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Appendix D

Design of a possible Band 1 SOPM — Implementationdail
The features exposed in Chapter 4 have made theectwfall on the battery of Varta Easy Pack
2000 (Ariani, 2006) (Fig. D. 1). The principal cheteristics of the battery are reported in Tablé D.

ji PCM
]
,///

—C Ex+
—C D

Poly Switch |

EX

R e

NTC
PLFS035628| PLF5035628 ’ —

—C Ex-

T

Fig. D. 1 Varta Easy Pack 2000

Nominal Voltage 3,7V
Voltage Range [4.2V -
2.75]1V
Nominal Capacity 2200mAN
Maximum Discharge current 2A
Over — Current protection 3, 2A
(automatic disconnection)
Under — Voltage protection 2,365V
(automatic disconnection)
Over — Voltage protection 4,32V
(automatic disconnection)
Internal temperature check yes

Table D. 1

Before proceeding to the description of the battdrgrger, it is important focus on the charging
cycle of the battery. This is illustrated in Fi@. 2 and is represented by a constant current staoh
voltage cycle: in the first phase, until the batteoltage is lower than 4, 2V, the battery must be
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recharged with a constant current value of 550neached the threshold voltage, the current must be

kept constant. After 7 hours, or reached a cugensumption of less than 44mA, the charge is feush

Regulation | Pre-Conditioning Current Regulation Voltage Regulation
Voltage Phase Phase .and Charge Termination Phase
-
) 550mA el 4,2v
Regulation =7
Current P
‘I
l"’
Lo \
.
‘-' Charge
i Voltage
Minimum I | Charge
Charge - Complete
Voltage ’,f’
L4
275V | . /
"' Charge
Pre-Conditioning Curregnt
and Taper Detect
- I >
|«t(F’R53HGl *7 YCHG) P
7 hours t(TAPER]

Fig. D. 2 Charging cycle
After having chosen the style of battery, the desipace for the voltage regulator starts
becoming bounded. In the case of a Lithium polylettery, with the characteristics described above,
there are still a myriad of different options. Tdare different possibilities, but is given onlg tthoice
made based on the specification.

The choice fell on the switching regulators: thiesgulates voltage by switching a power transistor
between saturation and cut off with a variable diytgle to achieve the correct average voltage d¢utpu
This kind of design is efficient, allows a widenge of input voltages and differing system topadsgi
However, these advantages come at a cost of coryplnd price. Switching regulators exist in many
different forms, however, in the case of this desie are interested in DC/DC style converters ef th
buck/boost topology.

A boost converter is a design with a DC output Whi greater than it's DC input while a buck
converter is a design with a DC output which iséowhan it's DC input. When looking at the design
specifications, the battery’s useful range passesugh the required M. This implies that a
combination buck/boost design would allow to uélihe battery to it's fullest extente.

Vot > 3.6 the regulator is in buck mode

Vou<=3.6 the regulator is in boost mode

After recognizing that the SOPM design would bearfefim a combined buck/boost topology, the
choice of which switching regulator to use mustrbade. In the case of this particular design, we
decided to narrow our choices to the LTC 3530 (&m&007). The efficiency (Fig. D. 3) is quite high

for the battery voltage range and the output ctimerds.
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When designing a power supply of this sort, a nunobeomponents must be selected in addition
to the primary controller IC. Fig. D. 4 shows tleaf design of the LTC 3530. The various choice$ wi
be explained below:

R2 and R3 determine the output voltage:

Vou=1.215* (1+&)
R3

The values for R2 and R3 were chosen based orablailesistor values. First the voltage
was selected by choosing a ratio of R2 to R3 tedp&l to 2 so:
Vou= 1.215 * (1+2)= 3.645Y;

Then actual off the shelf resistor values were ehds be 1IMOhm and 500kOhm.

Efficiency
100 T TTTTI T T TTTT THRES T
- | Burst bode Vig = 3.6V [l =420
= — L JHHIE — £ L he |
et Pl st
. l, ..'// Ving = 3.6Y
: ¥ /
g =0 { ,
T i
i - Fi
5 9 7
an 4
| Yy =20y P
2 '_-" ¥
10
01 1 10 100 1000

LOAD CUREEMT (mA)

Fig. D. 3 Switching regulator efficiency
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Fig. D. 4 Switching regulator design
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= L1 is the inductor and is chosen by combining twéching frequency, the maximum allowable
ripple current, the minimum input voltage, the nmaxm input voltage, the output voltage, and
the maximum output load current with the formulas:
Leoost™ (Vinmin) * (V out = Vin min))/(F* AlL*V o) 2.9 UH
Leuck > (Mout ™ (Vin max—=Voud)/(F* AlL*V in max)
which state that the inductor must be greater h@pH for Lg,estand and 2.8 H fordycx
to achieve a\l, of about 214 mA. This implies that the inductor miave a value larger than
2.9uH, so it was chosen the closest value avaitatde3uH.
= C3is the output capacitor and is chosen by tHevfihg formulas:
Caoost™> (lout max* (V out = Vin min) * 100)/(%RippleBoost*V, * f)
Cauck = ((Vin max—Vou) *100) /(8*L*F *V i1 mar%0RippleBuck)
which states that the capacitor value larger tha@nug for Gyand 21.6 uF for ggostin
order to achieve a boost ripple of 10% and a bigpke of 0.2%.
= C1 and R1 define the Soft - Start rate, for the grewon. To determine these values, the
following approximation is used:
t = RC = 100nF*100kOhm = 0.01s
so in 10 ms the capacitor should have a voltage@8*4.2 = 2.77V where 0.66 implies
that in 1 time constant the capacitor is at 2/&'sftotal voltage. So 2.77V/10ms = 0.277 V/ImS
ramp up rate. So, 1V should be reached in aboun3$.6
= R4 is used to set the oscillator frequency which garameter which must be known in order to
determine what size of an inductor we will neee@ralhis is determined with the equation given
in the data sheet:
funz = 33170/R = = 33170/33.2 = 1 MHz
where R should be expressed in kOhms
= R5 and C4 are used to determine when the devieeseand exits “burst mode”. Burst mode is
used to minimize the quiscent current of the SMPIglat loads and improve the overall
efficiency. We chose to set the burst mode cutienits at the following:
Enter Burst Mode: | = 8.8/t (in konm= 8.8/300 = 29.3 mA
Exit Burst Mode: | = 11.2/Ryst (in konm)= 11.2/300 = 37.3 mA
= C4is chosen using the following equation:
C, >= Cout*Vout/60,000
With the above design, Fig. D. 6 shows a numbesimofilations varying the input voltage from
4.2V to 2.8V.

The simulated efficiency with this design is:
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Voltage Input Efficiency
(%)
2.8 94.7
3.8 95.3
4.2 95.6

Fig. D. 5

Fig. D. 6 Efficiency Simulation results

Fig. D. 7 shows that our output ripple is aboub 3tmV at its peak (this snapshot was taken at the

most unstable point in the voltage output).

¥[n003)

Fig. D. 7 Simulated Ripple results

The actual realization of the switching regulaterainalyzed below. To begin in Fig. D. 8 is
reported the ripple of the regulator output voltageis is around the 280mV peak — peak. Fig. D. 9

shows the soft — start functionality. The powettiore is around 10Qsec using a load of 180mA.
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The last component of the modules is the batteaygghr. As seen, in general the battery charger is
selected based on the charging/discharging cy@eacteristics and on other two design choice:
= the need to powering the load during the battegyging;
= the charging interface availability.
Regarding the Smart Objects design, allow the fisheoentire system during the charging of the
battery, could be an added feature. In additiomctarging only through a USB port may be limited f

users accustomed to the use of computers.

0 AUTO

TRIGGER SETUP

| SMART
| J
|

——holdoFF—

‘_ Time =l

Fig. D. 9 Soft—start functionality
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The latter is was solved by choosing a solution émables the charging or through a USB port or
through a wall transformer.

The former is was solved choosing the Power Pa#t®riology, which allow to manage various
power sources and various loads while allowingtallthe battery during normal functioning of thado
A simple and versatile solution to the requiremesidscribed above is the circuit LTC4055 (Linear,

2008), which a typical application is shown in Hy.9.

WALL >P
ADAPTER J
_ - - ouT |
VBUs 4 J.tl L |—
T2 | Y LOAD
=
L4, | meuTcrareer CURRENT LIMIT OUTPUT CHARGER | 4 I - =
L -« I— CONTROL CONTROL CONTROL —II-I A IDEAL
< — . - -
. ENABLE ENABLE ENABLE

._[5

AN
YV

Fig. D. 10 LTC4055 block diagram
The LTC4055 is basically designed for chargingtlsidim battery through USB power, and it has
been provided to an external supply voltage of Bg. D. 11 shows the final design of the LTC4055.
The various choices will be explained below:
= Current limitation: the maximum current have to Ibss than 500mA (in the case of USB
supply). This value is imposed by the Rogresistor:
49000 49000

I CLPROG 0’5

=98 KQ

Reciproc =

The actual choice isdRrrog= 100 KQ
= Charging Current: This value is imposed by thgdgresistor:

49000 _ 49000

= = 88 KQ
loe 0,55

Reroc=

= Charging period: the battery charging period i®idrh. This is imposed byrfer:

_tver ¥ 10° _ 7*10°

Sl = =265 nF
3* Roroc 3*880(

CTimer
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= Regarding the temperature protection, the abovepooents imposes the temperature operating
range of:
Thot = 323 °K =50 °C
Teon =273 °K=0°C

equivalent to the smart — battery range.
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[&]
= Q
10k = H=z2 & &
e e e B e
RNTE | >
A L
P |
03}
o -
8ok 1 cur Jour @
s 1 o
=l b Nz & E L =
7} > BAT S =
= 12 s :giz 5
SHDMN > Loy =
= o BN o ~ il Y i = =
= 13 | wise B wiey | = =2 1 w0
SUSP WA — -
8 a2 z ¥ e e
ol B 1 HPwR APACH L g =]
: 3 -
| PrRT=rey
o) CusB g cHRG couT
[ = e o [+] @ -
_10u =& 3 2 _10u
(= o (& () ::
P
I [ .r g3
8
o
=] = =T
S=== = 258
ST .o
o O] == e
=%
o ==}
o
a4

GND

Fig. D. 11 Battery charger design
Concerning the results, Fig. D. 12 shows voltage @nrent of an entire battery charging cycle
utilizing a wall transformer. Fig. D. 13 shows tslepe of the voltage and the current during a
battery charging partial cycle utilizing a wall nsformer: despite having already reached the
threshold voltage (4, 2V), the charge continued tim expiration of the timer (3 hours in this

case).

Fig. D. 14 shows the battery current variation uagythe current drawn by the load. The
variation occur because the absorption by the U&8rbust not exceed the value set (in this
case 1000mA).

Concerning the entire system, Fig. D. 15 showstfieiency shows the performance as a
function of load current for four input voltageM; 4,2V, 3,7 V e 2,5 V. The former represents
the voltage input when the system is charging theby utilizing a wall transformer. In the
typical operation condition (load current from 8@an100mA and input voltage of 3,7V) the

efficiency varies from 80% to 84%.
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Fig. D. 12 Battery charging cycle utilizing a waltransformer
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Fig. D. 13 Partial Battery charging cycle
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Appendix E

Fixed - Point Arithmetic and Trigonometric Evaluation

The microprocessor studied for this doctoral wark i12 bit fixed-point. The problems with this
(and also with less precision microprocessor) ésltiss of precision caused by the absence of décima
and the fact that the software is supposed to stumpiderent data characterized by different sensor
ranges. This can be achieved for each sensor:
= By spreading the sensor range on the whole ADCergagarching the maximum and
minimum value and calculation offset and scalediact
= Using known multiplier scale value for each sensor
In this way all the range of sensors start at aeebthere is not loss of precision.
Performing floating point operation is the nexypsf€&ordon, 2010).
The multiplication for a floating point value musg integer input and output value. The solution

are two integer operations: a multiplication folleavby a division. In fact if the operation is:

C=A*0.3456 Eq.E. 1
we can see the number 0.3456 like 3456/10000 (=Miizre M=3456 and D= 10000). Now the
operation can be seen as two integer operations:

_ A*3456
1000(

Integer division will produce an integer results, B the results have a fractional part, the dars

Eq.E. 2

will truncate the result. It is often necessaryt the division round to the nearest integer. Adding

before the division, help in this task. Now theccddtion is the following:

< - (A*3456)+5000
1000(

This trick can be applied whenever an integer divisieed to be performed. In fact the calculation

Eq.E. 3

of the division between A and B can be calculate as

C:i: Eq.E. 4
B B

The numerical computation of complex functions datsigonometric) is necessary to the
tracking application. In the next pages will bewhdow they were implemented and how they work.

= Square Root: the square root function is compuiethbans of a Look-Up-Table which is, in this
case, a 1002 buffer of element. Each element isdliesalent of the real square root multiplied dor

multiplier scale value which depend on the appration of these number. Fig. E. 1 shows the trend
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of the output of the numerical function, on an in@ange from 0 to 978, with a step of 2. As shown
in Fig. E. 2 the trend of the real square roottf@same input range) is equivalent. In this cbse i
not advantageous indicate in a graph the differdmedeeen the real and the computed square root

due the multiplier scale value.
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Fig. E. 1 Numerical Square- Root Plotting
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Fig. E. 2 Real Square- Root Plotting

Fourth Root: the fourth root function is computgdrbeans of a Look-Up-Table which is, as in the

case of square root, a 1002 buffer of element. Edmiment is the equivalent of the real fourth root

multiplied for a multiplier scale value which depleon the approximation of these number. Fig. E. 3

shows the trend of the output of the numerical fiamg on an input range from 0 to 978, with a step

of 2. As shown in Fig. E. 4 the trend of the realrth root (on the same input range) is equivalent.
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this case it in not advantageous indicate in algthp difference between the real and the computed

fourth root due the multiplier scale value.
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Fig. E. 3 Numerical Fourth- Root Plotting
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Fig. E. 4 Real Fourth- Root Plotting

Sine: also the sine function is computed by medre loook-Up-Table which is, a 1002 buffer of
element. Each element is the equivalent of thegieal multiplied for a 1000 multiplier scale value.
Fig. E. 5 shows the trend of the output of the migaéfunction, on an input range from 0° to 359°,
with a step of 1°. In this case it is importanttompare the error from the computed and the real si
function. As it shown in Fig. E. 6 the maximum ern®0.0022 corresponding to an interval of angle

values centred on 0°, 180° and 360°. The minimurores 0.0001 corresponding to an interval of
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angle values centred on 90°and 270°. The valuethéocomputed sine function with angles of 0°,
90°, 180°, 270° and 360° are exact.
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Fig. E. 5 Numerical Sine Plotting
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Fig. E. 6 Error between the real and the computedise function

Cosine: also the cosine function is computed bynaed a Look-Up-Table which is a 902 buffer of
element. Each element is the equivalent of the eeaine multiplied for a 1000 multiplier scale
value. Fig. E. 7 shows the trend of the outputhefriumerical function, on an input range from 0° to
359°, with a step of 1°. In this case it is impottéo compare the error from the computed and the

real sine function. As it shown in Fig. E. 8 thexinaum error is 0.00217 corresponding to an
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interval of angle values centred on 90° and 27@& minimum error is 0.00069 corresponding to an
interval of angle values centred on 0° and 180% Values for the computed sine function with
angles of 0°, 90°, 180°, 270° and 360° are exact.
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Fig. E. 8 Error between the real and the computedasine function

Arctangent: the Arctangent function has been implet@d using an iterative method including a set
of shift-add based on a selected criterion. Thishow is called CORDIC (Volder, 1959) and it is
used to calculate trigopnometric, hyperbolic andaldgmic functions. An overview of this method,

and its implementation as numerical is shown indpaka, 1998).
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Briefly, the method is based on the rotation@cters (Fig. E. 9) in space,

represented by the formulas:

X2 = X1cosP) - Ylsen6)

Eq.E. 5
Y2 =Y1cos@) + X1ser(H)
A
|
1
1
1
1 |
1
1
1
1
|
1
1
1
|
______________ U U
! 1
i !
1
i i
i !
1
i !
| |
! 1
i 1,
X1 X2 X
Fig. E. 9 Vector Rotation in Space
It is obtained by dividing the Eq. E.5 by c@)s(
X2=cos@)[ X1-Yltan@
ox Q) e 6

Y2=cos@)[Y1+ X1tan(@)]

If the rotations are restricted so that TBa(+2", the multiplication by the tangent is reduced
to a set of shift operations. For arbitrary angthe,computation is made dividing the rotation angl
in a series of successively smaller angles. Fon éacationi, the decision is in which direction to

rotate. The iterative rotation can be expressed as:
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X =KX =Yd, 2]

. Eq.E. 7
Y. = KI[Y, +Xd27]
where:

1

/1+ 2—2i

K, = cos(arcta™) =

d==%1

The angle of a composite rotation is defined bydinections of elementary rotations, which
could be represented by a decision table. In tee ofthis work, the decision table correspond to a

Look-Up-Table containing 14 values of

1
arctanzTi Eq.E. 8

multiplied for a multiplicative factor of 100: {480 2657, 1404, 713, 358, 179, 90, 45, 22, 11, 6, 3,

1}. To know the value of the final rotation at thguations in Eq. E.7 must need the following:

Z., =Z —d arctanp™) Eq. E. 9
The CORDIC rotation is generally done in two ways:
1) the Volder rotation which rotates the input vedigra specified angle to diminish the magnitude

of the residual angle. The rotation decision ahatration is based on the sign of the residual

angle. For each iteration the equations to be pedd are:
Xisa = X; —¥d 2"
Y, =Y +Xd2" Eq. E. 10
Z.,,=Z —d arctanp™)
where:
d, =sign(z)) *1

2) the vectoring mode, in which the vector is rotatgdan angle to align with the x-axis. For each

iteration the equations to be performed are:

Xy = X; —¥d 2"
Y, =Y +Xd2" Eq.E. 11
Z.,,=Z —d arctan™)

where:

d, =sign(z) *1
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Using the CORDIC in vectoring mode, the Arctangaenthe ratio of two parameters (as used in this

work), can be computed directly, giving the twograeters as inputs and as initial conditi¥g=0.

Fig. E. 10 shows the trend of the output of the etical function, on an input range from -10 to 10.
The comparison between the real arctangent funetimhthe computed one is shown in Fig. E. 11:
the maximum error is 0.0194 corresponding to -041{& corresponding values for angles of 0°, 90°,
180° and 270° are exact.

100,0000
80,0000
60,0000
40,0000 -
20,0000 -
€= 0,0000 T T
O O O O O O O O O o o O O O O O O O o
-20,000035’?%?3@S’,gggéggggggggg
-40,0000 |
-60,0000 -
-80,0000
-100,0000
-10<x<10
Fig. E. 10 Numerical arctangent Plotting
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Fig. E. 11 Error between the real and the computedrctangent function
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Arcsine: The Arcsine function can be computed usnegCORDIC by starting with a unit vector
on the positivex axis and then rotating it so the yf€omponent is equal to the input argument.
The decision function is the result of a comparibetween the input value and theomponent

of the rotated vector at each interaction.clis the input argument, for each iteration the

equations to be performed are:

Xia =X —Yd 2

Y, =Y +Xd2" Eq. E. 12
Z.,,=Z —darctan™)

where:
d =+1 if Y,<c
d =-11if Y>c

Fig. E. 12 shows the trend of the output of the aical function, on an input range from -
1 to 1. The comparison between the real arctanfgestion and the computed one is shown in
Fig. E. 13: the maximum error is near 0.05. Theaxponding values for angles of 0°, 90°, 180°
and 270° are exact.
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Fig. E. 12 Numerical arcsine Plotting
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Product of Trigonometric Functions: in this worketizimuth Compensation, requires the
computation of two product of trigonometric funct® Sin(P)Sin@), Sin@@)Cos@). These
functions are computed using the rotational CORBIgbrithm for the Sine and Cosine function
and then product is computed. In Fig. E. 14 and Eidgl6 are shown the trend of the output of
the Sin(P)Sin(90) and Cos§)Sin(90) numerical function, on an input range ®ffrom 0 to 90
and maintaining constant an angle. The comparistmeen the real functions and the computed

are shown in Fig. E. 15 and Fig. E. 17: the maxinauror is near 0.017.
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Fig. E. 13 Error between the real and the computedrcsine function
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Fig. E. 14 Sin)Sin(90) Function Plotting
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Fig. E. 15 Error between the real and the compute&in(®)Sin(90) function
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