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Abstract

The present thesis designs, implements and evaluatehannel for interaction
between office and field users through a collabegamixed reality system. This
channel is aimed to be used for civil engineeringppses and is thus oriented toward
the design and construction phases. Its applicathmuld contribute to the reduction
of the challenges faced by those involved in al @agineering project dealing with
communication, collaboration and mutual understagdiSuch challenges can
become real problems for multidisciplinary teams asthitects, engineers and
constructors when working on the same projecthéndontext of this thesis, outdoor
users are equipped with a real-time kinematic dl@oaitioning system receiver, a
notebook, a head-mounted display, a tilt sensoraaraimpass. A virtual environment
representing components of a civil engineeringgaibis displayed before their eyes.
Outdoor users share this collaborative virtual erunent with indoor ones. They can
talk to and see each other through an avatar. mdsers can take part from any
location where Internet is available. The goal bistthesis is to show that a
networked solution of at least two users (In tlase; indoor and outdoor users) is an
opportunity for outdoor users to perform complesk& whilst experiencing an
immersive augmented reality application. Indoorrsiseteract with outdoor ones
when handling and navigating the virtual environtneguiding their counterpart
through the scene and making clear common pointanderstanding. The thesis

evaluates how users interact within a prototypdesysusing a formative approach.
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Users are introduced to the system and motivatéthtko loudly”, thus verbalising

what they are experiencing during the tests. Akrsisare video-recorded while
performing the exercises and interviewed immedyasdter. The evaluation reveals
that users end up experiencing a system that isirtonersive, which ends up

narrowing their “attentional spotlight” to the widl environment and not, as desired,
experiencing an augmented reality system. The atialu also makes clear that the
design of the virtual environment is eventually smamportant for users than the
system itself, and it is completely the kind of Bggtion that it is being used to and

who the users are.
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Chapter 1

Introduction

Communication, collaboration and mutual understagdare crucial necessary
elements in any complex Civil Engineering (CEn) iemwvments. The current
literature reveals that there already exists a rarmalb scholarly efforts tackling and
providing support on these aspects, but it alschlights the fact that many
opportunities remain for improvements, notably tiglo additional functionalities.
Enhancing the ways in which communications are cbbed and used might help to
bring actors involved in CEn environments to wor&rencollaboratively, increasing
in this way their mutual understanding. This thesisis to design, develop and
evaluate a channel of interaction for both indoams outdoors users within a CEn
environment. The channel is based on a Collaba&afiixed Reality System (CMRS)
and it intends to reduce some of the gaps in conwatian, collaboration and mutual

understanding through an adequate and effectiveemmgntation.

CEn, like most other professional environmentdgsebn a complex network of
knowledge generation and information transfer amdmg parties involved. As
mentioned in (Ugwu O. O. et al., 2001), the realligimge in this collaborative design
environment is to find a common representation e problem-solving domain
shared by the various experts and parties. Indeedjifference in terminologies can

lead communication between parties to a dead erat. iRstance, various



professionals can use differing terms to desctieesame concepts or the same terms
for different concepts. Augenbroe (Augenbroe et2002) addresses the difficulties
of communication and collaboration between beiftgs exemplifies this through the
intensiveness and paper work-flow in the design emastruction businesses. Any
change to the requirements could take weeks tgopeoaed by all the contractors,
engineers and architects involved. Heitz (Hein@®)2 mentions in his papét...fail

to capture the collaborative nature of the designcgess and do not support the
efficient and effective management of the depemeiebetween designs tasks carried
out by different actors” The problem of communication and collaboratioraliso
explored by (Wilkinson, 2001). Her paper descrities resistance of acceptance of

project managers and their work by different actothe CEn environment.

This relationship between different parts or actmesates the motivation for the
work in this thesis which aims to design, implemantl evaluate a tool created for
users to enhance their communication, collaboratasmd mutual understanding as

parties involved in the same CEn project.

1.1  Communication, Collaboration, and Mutual Understandng

Throughout this thesis the reader will occasionafind the key words
communication collaboration and mutual understandingTheir meanings are very
broad and highly difficult to accurately measureédgmms of how they are affected (for
instance, their enhancement or degradation). Tasi¢ is not primarily concerned
with the particular subject of definition. Howevemce it argues that the challenges
faced by Architecture, Engineering and Construct{&iEC) over these keywords
could be reduced with the implementation of a comrobannel of interaction it is

understandable that they do require some degreenaeptualisation.

The concept of the worcbmmunication goes far beyond the fact that it involves
a process of transferring information from “A” (alknows as the sender) to “B”
(also knows as the receiver) through the use ofediim. Schramm (Morris and
Schnepp, 1954) gives a number of definitions itatstg what the term
communicatiorcan represent. Some of the definitions used Hgghfi...the idea of



transfer of information; they distinguish betwedre ttransfer of ideas, knowledge,
thoughts, and messages, and the transfer of moterialathings”. Although some of
the definitions®...rest on the idea of influence or effect, rathean a transfer of

anything”.

A more solid definition of the concept is the ordopted by the (Office of

Superintendent of Public Instruction) where thedwoollaboration is added:

“Communication is defined as a process by whichaggign and convey meaning in an
attempt to create shared understanding.”...“It isodgh communication that
collaboration and cooperation occur.” (Office ofp8tintendent of Public Instruction)

The online dictionary Merriam-Webster  (Merriam-Vgedy, 2008) describes

communication as:

1: an act or instance of transmitting
2 a: information communicatebk: a verbal or written message

3 a a process by which information is exchanged betwadividuals through a common
system of symbols, signs, or behaviour <the functaf pheromones in insect
communicatior; alsa exchange of informationb: personal rapport <a lack of
communicatiorbetween old and young persons>

4 plural a a system (as of telephones) for communicabng system of routes for
moving troops, supplies, and vehictepersonnel engaged in communicating

5 plural but sing or plural inconstra: a technique for expressing ideas effectivelyifas
speech) b: the technology of the transmission of informatigas by print or
telecommunication)

The word collaboration thus comes almost as a natural consequence of
communication. In Merriam-Webster (Merriam-Webst2907) and Encyclopedia

Brittanica (Encyclopedia Brittanica Online, 2009)laboration is defined as:

a recursive process where two or more people wagkther toward an intersection of
common goals — for example, an intellectual endeavoMerrian-Webster, 2007,
Encyclopedia Brittanica Online, 2007) that is dreatn nature ((Eds.) Simpson J. A. and
Weiner E. S. C., 1989) — by sharing knowledge,regy and building consensus.

From Merriam-Webster collaboration can be undest®



1: to work jointly with others or together espegidl an intellectual endeavour

2: to cooperate with or willingly assist an enemy afe's country and especially an
occupying force

3: to cooperate with an agency or instrumentalityhwhich one is not immediately
connected

Godfried (Godfried Augenbroe et al., 2002) citegys(Gray, 1989) when defining

collaboration in his paper:

...finding common ground for multiparty problems whicelates to collaboration as a
process through which parties who see differeneetspof a problem can constructively
explore their differences and search for solutitvas go beyond their own limited vision
of what is possible.

Mutual understanding embraces both communication and collaborationsatweis

(Thesaurus, 2008) summarises mutual understanding a

Noun 1. mutual understanding— sympathy of each person for the other
mutual affection

sympathy — a relation of affinity or harmony betwepeople; whatever affects one
correspondingly affects the other; "the two of theare in close sympathy"

Merriam-Webster (Merriam-Webster, 2008) has thi¥ahg translation:

1: a mental graspcomprehension

2 a the power of comprehendingspecially: the capacity to apprehend general relations
of particularsb: the power to make experience intelligible by &pm concepts and
categories

3 a friendly or harmonious relationship: an agreement of opinion or feeling
. adjustment of differences a mutual agreement not formally entered intoibugome
degree binding on each side

4: explanation, interpretation

5: sympathy 3a

The citations above have shown strong connecti@tsden these three keywords.
Indeed, with good communication it is possible thiave efficient collaboration
between two or more people. Communication is tloeeesbin element that must be

present if collaboration is to occur (Godfried Aogeoe et al., 2002). In turn,



effective collaboration requires mutual understagdiVarious parts/actors in a CEn
environment (as well as in any other similar enwin@nt) must establish a balance

between these three elements in order to achievgdals of the project.

1.2  Potential Application for the Proposed Project

It is natural to assume that an AEC cannot congtammain in the same location for
every arranged meeting during the whole cycle ef@tn project. Independently of
the scale of the project, the research undertakéims thesis proposes to facilitate the
interaction between all actors. As a result, ddfgércompanies associated with the
same project would be able to exchange ideas awdveeissues remotely. Users on
the site would be able to interact with those ia tifice eventhough they could in

many cases be at a considerable distance fromatiaeh

Potential applicability of the suggested researghlict range from a new house
extension to highly complex designs. Nowadays, with improvements of the
construction technology, architect agencies arenoffroposing outstanding designs
all over the world. For instance, David Fisher @ioig Tower Technology
International Limited, 2008) or the Skidmore, Owsngnd Merrill office (Skidmore
Owings & Merrill LLP, 2009) responsible for the dgs of the Freedom Towers,

amongst many others.

Some of the suggested areas of applicability:

Tracking the actual development of the construcdod how it conforms to
the established time schedule.

Customer guided tours around the project.

Identification of critical points/specifications the project.

Maintaining accuracy of details when different c@mies are merging work.

Simulation of the environment surrounding the newstruction.



1.3 Potential Gaps in CEn Phases — When CommunicatiorCollaboration

and Mutual Understanding are not Fully Reached

Turning to the specific context of CEn projectse tbhallenges exemplified by
Kamara (Kamara J. M. et al., 2000a) provide a ckaample of the complexity
involved in attending to the requirements of a rdlievhen ordering a new CEn
project. Kamara’'s paper describes the developmientethodologies to enhance the
understanding of client requirements (Kamara J.eMal., 2000c). To achieve full
comprehension of what the client is requestingitiiermation should facilitate the
concurrent work of the various disciplines involveéa the project, the early
consideration of all life-cycle issues, the intégma of all professionals and the

traceability of the design decisions. In particuthe paper highlights:

In the context of the multidisciplinary teams, thigplies that the presentation of the
requirements has to be neutral enough to allovewdifft professionals to understand them
in the same way (i.e. in the perspectives and ipgerof the client).

Communication across disciplines regarding designsitaints and trade-offs is
mentioned by Fiksel and Haynes (Kamara J. M. eR@D0b, Fiksel and Hayes-Roth,
1993) cited in Kamara.

Ugwu (Ugwu O. O. et al., 2001) makes referencehi need for a specific
“ontology” to overcome the difficulties faced by mbers of different groups that
work together. For him, a tool that can enablerdra@ce collaboration would help to

reduce the problem:

One potential solution to this communication probls the development of an ontology
of collaborative design concepts and terms alonh thieir unambiguous definitions. The
existence of such an ontology in a problem domaiuld/ enhance the ability of the
participating agents (both human and artificial) toter-operate without
misunderstanding, and consequently share or relatse information and knowledge.

The field of research into ontology is very broadl as certainly not limited to the
issues within the topics of communication and operability between beings.
However, this subject is not part of this projestian extended introductory review
about it can be found in (Uschold and Gruningeg6)9



The difficulties faced by those involved in a CEwjpct are also highlighted by
Mokhtar (Mokhtar, 2002). Although construction teamiork on what are calleithe
plans of construction®rrors are still made. The lack of coordination dafsign
information leads to an incompatibility between thlans. Mokhtar concludes his

views on the matter with:

The errors lead to change orders, contractual tispucost overruns, time delays,
compromise to quality, frustration and client disfaction. Common types of errors are:

0 Inconsistency in design information. For examphe fiocation of a specific column
is not identical when comparing the architectural the structural drawings.

o Mismatch between connected components. For exarijgating, Ventilating and
Air Conditioning (HVAC) ducts dimensions, which agiven in the mechanical
drawings, do not match the dimensions of the rélggass-holes in the structural
beams, which are given in the structural drawings.

o Components malfunction. For example, electric sppph room is designed to serve
a classroom activity while architectural drawingslicate that the same room has
been re-designed as a computer lab.

Tiley (Tilley and Barton, 1997) cited by Mokhtarpraplements this view of the
problem with the following:

Unfortunately, such errors have become very commmothe construction industry,
especially with escalating complexity in buildingise increasing specialization in design
teams, and the tightening of financial and tim@uveses available to designers.

The increased demand for collaboration especialigrmconstruction becomes more

and more complex is also covered by Heintz (Hei2@9_2):

When it comes to collaboration, effective plannemgd conduct of the project occurs
informally and not through either formal planningpgedures or contractually specified
relations and products. It would therefore seenerdsd, in a time when the design of
buildings is an increasingly collaborative effotg find planning methods that can
support collaboration.

Although this subject has not been covered exhalgfithe citations above give a
solid foundation for the motivations of this thedisere is a lack of communication,
collaboration and mutual understanding betweenethasors involved in a CEn

project that can be potentially reduced with a proghannel of interaction between
the parts involved. Clearly, potential success ddpend of the size and complexity



of the project. However, such gaps can arise aitakimoments during the CEn life-

cycle and often when at its very beginning — tfenping phase.

1.4  Civil Engineering Life Cycle
The tool created and evaluated by this thesistended to support a few phases of
what is called the CEn life cycle. The life cycleaoCEn project is not restricted to

the construction site. Neil (Neil S. Grigg et &Q01) demonstrates the number of

steps related to a CEn cycle (Figure 1.1) and th&grrelationships.

Fimal desigr
Preliminary
desi’gn w

* Operations

Replace/
decommission
. Repair/
rehabilitate

Figure 1.1 CEn Life-Cycle and Interrelationships Neil S. Grigg et al., 2001)

Maintenance

Considering that the process starts in “planningid aruns clockwise until
“replaced/decommission” there are eight major siapthe CEn cycle. For each of
the phases there are sub-phases that can be ekplBhases can also move
backwards (from “preliminary design” to “repair/adfilitate”). At the centre of
Figure 1.1 is “Society”, representing all those vére involved directly or indirectly
in the CEn project. The following bullet points weextracted from Neil's (Neil S.
Grigg et al., 2001) work and they are a brief reva the phases showed in Figure
1.0



Planning — This is the very early stage of a CEajgut. This phase is
characterised by the discussions and exchangesncepts that take place in
the realm of planning before the formal processirseglt is where the
conceptual design occurs and it is also where #exl$ of the project are
identified and the first set of options is develdp€&he planning phase can be
broken down into:

o0 Reconnaissance — identifying projects that meetgtheds established

in the overall planning and development process.

o Feasibility — financial, technological, environmairand political.

o Defined project plans — plans, specifications aperating agreements.
Design — The preliminary design can lead the ptajeo a different direction
depending on the outcome of the investigationsrdiga its feasibility. This
phase uses a systematic methodology for analyzmigrs for the project,
thus selecting the one that best fits the requirgsn@amara J. M. et al.,
2000c). The selected option should even have puhclvement. The final
design phase extends the analysis done in therpnaliy design, for example
some of the calculations, to a more detailed Ielis sub-phase includes the
“specification of the material, dimensions of thejgcts components, and
details of member connectior{dleil S. Grigg et al., 2001). Finally the design
review sub-phase confirms that the design is optiorahe proposed cost.
Construction — This phase starts with thentractor planning all aspects of
work for finances, resources, permissions, enviremal awareness, safety,
etc’(Askew, 2007). As the name suggests, it is durimg phase that the
project becomes a reality on a construction sitejelet management is
performed by a contracted company, an individuathe same company hired
to develop the project and which therefore man#gegroject on behalf of its
client (Wilkinson, 2001). Construction should redhk finalised goals of the
design phase as comprehensively as possible inguthie budget. Any
change in the construction will lead to a designew. “All construction
changes must be evaluated to ensure that the dediggrity of the project is
not compromisedNeil S. Grigg et al., 2001). This phase also hdbes
processes of quality control and quality assuraleaing to the final
inspection and acceptance activity (Neil S. Griggak, 2001). Another



important aspect of this phase is project managema&ithough this is
necessary to enable a CEn project to achieveni#g §joal, managers can face
very strong opposition as presented in (Wilkins@001). This phase is
finished with the approved completion of the comsfion contract—
commissioning (Askew, 2007).

Operation — The facility is monitored by one or mengineers. It is their duty
to make operational decisions such as quality obritr example. Greene
(Greene, 1984) cited by Neil divides operation ng@maent into the following
disciplines: production management, facilities nggment, maintenance
management, and information management.

Maintenance — As mentioned in (Neil S. Grigg et ab01) “preventive
maintenance heads off problems and is the most commaintenance
operation in organisations. Corrective maintenarttas minor and major
aspects, depending of the extent of the correcieeded. Corrective
maintenance involves repair, replacement, and réhation of facilities”.
Rehabilitation/Replacement — CEn projects shouldnberently designed to
support rehabilitation/replacement during theiediycles. This is a central
element of the design necessary for those instarwtben a major
infrastructure must pass through a rehabilitateplacement process (Neil S.
Grigg et al.,, 2001). Hartshorn (Hartshorn et alQ0%® gives pertinent
examples of successful sustainability in CEn pitsjec
Demolition/Decommissioning — Neil (Neil S. Grigg at, 2001) gives an
example of the importance of demolition/decommissiQ: “consider the
engineering challenges in decommissioning a nuclpawer plant or a
hazardous waste processing facilityDnce more, this is also a key part of the
design process intended to prepare the CEn prigeds very last step in the
life-cycle.

1.5 Thesis Objectives

The objectives of this thesis are to design, imgletmand evaluate a channel of
interaction between office and field users in tbatext of a CEn with the help of a
CMRS.

10



The CMRS might ultimately be adapted for many a gfhases of a CEn life-
cycle. However, the prototype developed in thisihdas its focus directed on the
design and construction phases (including the c¢oatidn and supervision sub-
phases). It can also be used by both people withnteal expertise (engineers,
architects, contractors, etc.) as well as any merobe¢he public potentially being

affected by the CEn project (the wider societyemegral terms).

The selection of only two among eight possible pead a CEn life-cycle (Figure
1.1) is not a unique nor a whimsical decision. BajeShin and Dunston (Shin and
Dunston, 2008) describe in their paper a wide rebemvestigation into how AR
projects best fit within CEn environments. Althoutjey sub-categorise the CEn life-
cycles they identify that: layout, excavation, piosing, inspection, coordination,
supervision, commenting and strategising are tis¢ fdatches for applications based

on AR in CEn projects.

1.6  Proposed Solution

Given the potential gaps in communication, collaltion and mutual understanding
during different phases of the CEn life-cycle (Cieaj®), this thesis aims to reduce
them with the support of a channel of interactietw®en indoors and outdoors actors
through the development of a CMRS. The diagramigurié 1.2 gives a very high-
level view of the CMRS that was developed durirg groject.

On the left side of the diagram we find the “indoangineers”. They are
equipped with a computer on which they can expkiirtual Environment (VE).
Their work is to assist those who are exploring\ikeoutdoors. The VE shows parts
of a CEn project that are relevant at that paricaioment. They can navigate freely
in this VE, walking through it, being perched abawvand even moving the objects
within it.

Indoor engineers can communicate using an audkoolirthrough the movements
of their representation inside the VE — their anat&ey also can see where outdoors

engineers are located within the same VE throughr thorresponding avatars.

11



Engineers when indoors do not need to stay closthéoCEn site. They can be
virtually anywhere around the globe provided thésean internet connection

available.

' data communication |

Indoors Engineers Outdoors Engineers

- computer
- computer - collaborative AR system
- augmented reality hardware
- hight accuracy GPS
- audio link - inertial sensor
- audio link

- collaborative virtual environment

< >
communication, collaboration and mutual understan'ding

Figure 1.2 General View of the Project

Outdoor engineers are depicted on the right sidhediagram (see Figure 1.2). As
mentioned before, it could be any person with argfgssional qualificatiorts The
outdoor engineers must carry all the necessarypetnt with them once they are
mobile in the Real Environment (RE). In a backp#uoly should have a notebook
with a wireless-Local Area Network (LAN) capabilit9n this computer, they would
have the same VE running as do the indoor engin@@rexternal set of devices is
connected to the notebook: a high accuracy GlolsditiBning System (GPS)
receiver, an inertial sensor, and a see-throughdiié@unted Display (HMD). The
outdoor engineer can communicate with other usgoaigh the audio link or through

a limited number of body movements.

Outdoor engineers can explore in the RE the VElayga before their eyes
thanks to the see-through HMD. The images of the && rendered in real time
following the body movements (head and body) ofubers. They can, for example,
walk into a real and virtual house at the same tivhédst simutaneously talking and

sharing points of views with other users of theeys

The system processes and transmits every actiafeitise VE (for both indoors

and outdoors engineers) to other participants spatie same VE. A wave-LAN

! The “engineer” word was chosen for the purposearification and to exemplify the use of the tool.
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router is installed near the area where the outdeagineers are. The data is sent
through whatever channels of transmission are ablail(wireless or not) from the

router to the indoors engineers and vice versa.

1.7  Steps Followed to Achieve the Objectives

Several steps were performed to achieve the fib@ctive of this research: the

investigation, creation and evaluation of CMRS.

The investigation process starts with the iderdtfan of the state-of-the-art tools
created to enhance communication, collaborationranthal understanding in CEn

projects.

The next step is the investigation of the resouasedlable to develop the project
itself. This phase gives preliminary indicationshafw far the development of the

project can reach.

The understanding of technologies such as highracguGPS is also a
requirement for this project as this is a centomhponent in linking the virtual world

to the physical one. This leads to questions sach a

Why is this technology the best fit for the proj&ct
How does this technology work?

Why are there differences between methodologies?
How is the equipment set up? (reference point andr)

What kind of data can be extracted from the GP8ivec?

Naturally, there are similar questions for the fiasensor too.

The second major part of this research involved lementing and then
formatively evaluating the CMRS.

For this second half of the research the steps are:
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Initial implementation of the system (integratidrhardware and software).
Testing of the system in single user mode.

Further implementation of the system, exploring @ren collaborative
environment.

Testing of the system in collaborative mode.

Final integration of the components (hardware afthgre).

Final test of system behaviour.

Evaluation of the project for users with differéypes of expertise.

1.8 Thesis Structure

The structure of the thesis is illustrated in Fegir3.

Review of CEn Issues

1
Review of MR and GPS
{

Design Overview

4

First Phase of Implementation s Test

+

Second Phase of Implementation <>  Test

1 t
Pre-evaluation

Final Evaluation

i
Future Work

Figure 1.3 Thesis Structure

Chapter 2 — Review of CEn Issues

Some of the challenges of CEn environments aredoted in Chapter 2. The
research looks for potential gaps in communicatioallaboration and mutual
understanding when actors from AEC are working tiogreon a project. The idea of

collaboration over AEC is not new but is currergtarting to become good enough
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(in terms of both hardware and software capalsljti® meet the requirements for
such complex integration/merging of disciplines.efiehalready exist in the market
various solutions provided by companies trying teate a culture and a universal
standard of what formats and platforms to use. Hewehis is not a finalised matter.
Indeed, various ongoing research efforts are Iaplkinthe type of information that
AEC professionals really want to have at their dggd at the right time. The way
information is retrieved from previous constructisnenarios, how data can be
filtered for a specific user, and how to converdfope formats are just a few
examples of the current issues deemed of interestrelevance. It is an undeniable
fact that technology has helped create a dynamica@mment in AEC, but it is also a
fact that if access to the necessary informatioesdaot became easily and widely
available then some people will continue to kegsitowners of knowledge”.

Chapter 2 shows the advances in technology for ARG also illustrates that
information might be better explored through uding visual sense. This gap is a key
element in this thesis: The data can be availabtdh® right output for some of the
cases can be explored in a better way. Dependinfpemapplication, an AR system
might constitute the crucial difference for builslemanagers, engineers, architects,

customers and the wider society affected by a r@wstcuction.

Chapter 3 — Review of MR and GPS

Mixed Reality (MR) and all other concepts that hlgshape it are introduced at the
beginning of Chapter 3. This chapter reviews ndy evhat is involved in Milgram
and Kishino’s (Milgram and Kishino, 1994) diagrabut also pays special attention
to collaborative environments. The reason behind th the need to create a

conceptual basis to represent what this projegbdit.

Chapter 3 reviews projects with some relation t@atvs being proposed here. The

survey covers projects with the following aspects:
The way that information is being explored and staby users — the

survey reviews projects where users are working stand-alone mode or

in collaboration with other users.
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The way that information is being displayed to gser users might
visualise information on a computer screen, larggeens with
stereoscopic images, handheld screens or see-thHM®.

Where information is available for users — users eaplore information
in indoor environments such as offices, a theatadternatively outdoors.
The position system used to explore information sersi can explore
information using click of mouse devices or usingmplex indoor
tracking systems. The research also surveys owgdd@rsystems with or
without GPS to track users in the field.

Chapter 3 finishes with a brief review of positiogisystems with special attention to
GPS. Indeed, this positioning system is the onesehdor the application that is
proposed in this thesis. Three main methodologie&®S are explained — single
frequency GPS, Differential GPS (DGPS) and Real eTikinematic GPS (RTK-
GPS).

Chapter 4 — Design Overview

Chapter 4 introduces the requirements of the pregesystem and how the CMRS is
designed. The chapter starts by introducing whatunslerstood as the initial
requirements of a CMRS prototype. Such requiremangs completely open and
might be changed to address different needs inr gtt@ects. The next step is the
formal introduction of who the users are and whbey are located. A diagram helps
to make clear how the proposed system is imagiodaetused in a daily base. The
design overview shows the complexity of how theteays works and what is
necessary to make it run. This overview is veryaldrohelping to elucidate where
each component is located within the CMRS being lemgented. A full
understanding of the design requires a close ldadRhapter 5, as several processes
mentioned in Chapter 4 are fully explained in tbkofving chapter. Diagrams help to
explain the connections between processes andrtlee m which they run when a
keystroke on the keyboard or when a new positiontogrdinate arrives at a

communication port for example.
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The hardware is then reviewed together with thesamgss that are expected from
the various input devices — such as the RTK-GP&ver, magnetic compass and tilt
sensor. An overview of the hardware integratioretbgr with the platform used to
manage the VE completes this chapter — Equip an&$IXE-3.

Chapter 5 — First Phase of Implementation

In a practical sense, during this part of the thesime knowledge about how to
survey parts of RE and convert them into the VEobees a requirement. The survey
of an area involves techniques for setting up kexsiand tripods, collecting points,

post-processing, interpolation and conversion ajrdimates to a common format.

The next step is the design of the scene basedeorobrdinates of the terrain and the
features mapped during the survey. Such procedusedetailed at the beginning of

Chapter 5 and the results are demonstrated alainghe first tests using the VE.

Another key element of Chapter 5 is the descriptbrihe processes involved
when the system is operational. Such document&ionportant to make future users
aware of how the technology works and what is resmgsto make it run. Parameters
for these processes are described and complenmentftrmation started in Chapter
4,

Collaboration becomes possible when two users stiegesame VE over a
network. This is the first step towards the finhjextive — to have an outdoor user

exploring a VE assisted by an indoor user enhantiaghree keywords.

At the end of the chapter we describe the resuttsiesed through the
implementation of the Kalman filter on the magnet@mpass and tilt sensor. The
graphs indicate a reduction of jerking caused ke disturbance of magnetic field
around the sensors. This reduction improves th@abror the user when exploring
the VE using the see-through HMD.

Chapter 6 — Second Phase of Implementation and Fih&Evaluation
The second phase of the implementation is markethdogombination of indoor and
outdoor users sharing the same Collaborative Mirteiavironment (CVE). The

system is tested several times until is becomésbtelenough for a final evaluation.
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Three exercises are also created for the finaluatian. Two of the VEs created
are based on real constructions and the third ®oeebted to demonstrate some extra

potentialities of the system.

Before the final evaluation, a pre-test is perfadnreorder to investigate whether
there are any final adjustments to be done. Thelteeshow that outdoors users
cannot perform complex tasks using the handheltdayl. All interactions over the
VE must be performed by the indoor user. This fieguirement makes the system
easier to explore for outdoors users. These usave their hands free and can

dedicate more attention towards exploring the AReay than to controlling it.

In total, eight people are invited for the finala@ation. This employed the
formative approach to extract the results from tdss. As mentioned in (Vicente,
1999)“formative approaches focus on the way things cdutdby identifying novel
possibilities for productive work”Users are chosen according to their knowledge
about subjects such as: Information Technology, ,0Q#R, new technologies, etc.
Each user has his test recorded by a cameramagthé&wgwith notes taken by the

author (acting as the indoor user), and an intervsealso recorded on video.

The evaluation process shows that the compositidheoVE is a very important
issue. Indeed, users become more responsive tovahds they are seeing” than to
“how they are seeing”. There is a lack of qualitythe AR display that cannot be
avoided. The device is not designed for outdoortagks. The evaluation highlights
that the system being proposed could be accepted wed in the right application.

Two sub-chapters are used to describe the restiltseoevaluation. First, the
outcomes of the exercises and interviews perfortmgdhose invited to test the
system are introduced. The text is subdivided iafocs to render it more clear, it is
also enriched with comments contributed by usersefond sub-chapter gives an
overall conclusion regarding the evaluation. Agaome text excerpts from users’
comments are added in order to adequately frameofhies to be analysed and the

subsequent conclusions.
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Chapter 7 — Conclusion and Future Work
A final conclusion is provided in Chapter 7. Thighilights the key elements of the
thesis as well as the achieved goals. Those aimiscibuld not be achieved are

reviewed as well.

Through the course of the development of the thesigral new ideas started to
be elaborated on as a complement of the currerit.vidure to the time frame, these
ideas are mentioned as future work. These perhapstituite merely a starter point
for even more elaborate ideas that can stimulaterasearch in the near future. The
future work also discusses the potentiality of thel suggested here and the ways

through which it can be adapted.

Appendixes
The appendixes complement the research producéudthesis. They are created to
help clear the reading of the main text as welke@sp more technical information

together within the same section.

Appendix A extends the review of GPS already sthimeChapter 3. The most
used GPS methodologies in AR are explained inef beview. Such methodologies
produce different results as illustrated in a pcattexercise performed during the
implementation of this project. The appendix alsmtains a review of some

augmentation systems and network services nowadaysble for GPS usage.

Appendix B reviews the program created to convertdurveyed coordinates and
features of the RE in a Virtual Reality Modellingiguage (VRML) (W3C, 1995)
format. It shows the parameters and a high levgbrahm based on the C

programming language (Huss, 1997).

Appendix C is an implementation reference for ladl bther Java classes (Schildt,
2001) created to link between the external dewvacesthe controller of incoming data
to the database. There is also an explanation ahnagsam of how the Kalman filter
(Welch and Bishop, 2001) is implemented.
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Appendix D contains the transcripts of all the imiews conducted with the
participants during the evaluation process. ChapteiEvaluation — contains excerpts

of Appendix D.
Compact Disk

This thesis is followed by a compact disk that es a summary of the research. It

is recommended to download the video onto a hawe dor better visualisation.
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Chapter 2

Civil Engineering Challenges

This thesis argues that there is a potential oppdyt for a channel of interaction
among AEC through the use of a CMRS. Such chanme 8 improve the handling
of complex information in a CEn context. With redjao the project proposed in this
thesis the users do not suppose to explore theldfteaThey are expected to share
their views, to ask questions and to talk abouttwheay have understood and about
the CEn plans. From this interaction between usew, conclusions can be reached,

adding value to the information that is being exgtb

The concept of an “augmented architect” is not ndawever, it was only during
the past few years that technology has maturedteritly for the creation of the first
prototypes. Engelbart cited by Brate (Engelbart62)9introduced views about

collaboration in CEn or architecture using VE:

In 60’s Douglas Engelbart imagined the “augmentethitect” situated at a workstation
with a three-foot display screen. The user woulthmoinicate with the machine by
means of a keyboard or similar device. The computarld be a “clerk”, an assistant to
the human problem solver. The clerk would comph&erath and display information,
both textually and graphically. Several people dowork together to model, for
example, the interior of a building. Each architeciuld be presented with the same
information and collaborate in the same environm&he computer would manipulate
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and display information in real time, and peopleuldchave an opportunity to simulate
various solutions to a problem. In this way, thehteology fosters intuition and creativity
as well as logic and reason. This, Engelbart saidhuman augmentation. (Engelbart,
1962)

The possibility of using computers and electrongwvides as tools that support the
manipulation of huge volumes of data in a mattersetonds is nowadays easily
available. Engelbart mentioned the augmented a&awhés a clear example of how
several people should work together in CEn projettss in other words, means
collaboration. Moreover, the human augmentatiorthis combination of human
beings and computers. Computers are able to imgtardcess several megabytes of
data thus allowing human beings to go even furihéheir quest to collaborate with

each other and to resolve any unclear points faster

In the Augmenting Human Intellect manifesto mengidrin (Engelbart, 1962),

the collaborative environment is illustrated asdak:

Three people working together in this augmentedersmbém to be more than three times
as effective in solving a complex problem as is angmented person working alone —
and perhaps ten times as effective as three simmtar working together without this
computer-based augmentation. (Engelbart, 1962)

Important challenges, however, remain and they weranotivation for this work as
mentioned in the previous chapter. It is not alwtyes case that information flows
smoothly to all parts of a CEn project. Haymakeaykiaker et al., 2004) presents

some complementary challenges in a modern CEngtroje

Multidisciplinary — engineers and architects fromffeslent companies must
work together. However companies may have diffepeiatrities and projects

and there can be a clash of interests represedifiegent engineering criteria.

Constructive — a creation is usually built-up ovérat other creators have
already done in the past.

Iterative — during the project modifications cowdcur. Such modifications
must pass through others engineers and architects.

Unique — projects are unique in several aspects.
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Error-prone, time-consuming and difficult “manually constructing and
integrating dependent views from source views caosay problems in AEC

projects today”

The review of the literature was split into two semts. Chapter 2 reviews some of
the technologies created to support CEn. This haedpto reveal eventual “gaps” in
terms of communication, collaboration and mutualarstanding between office and
field CEn actors. Chapter 3 is an extended sur¥ey mumber of technologies with
and without direct connection to CEn. The conclasidrawn from such technologies
can help us to identify features that could becqrotential requirements for the

proposed project.

2.1  Solving CEn Challenges — Design and Construction Rlses

The following subsections explore the current stdtthe-art CEn. These reviews are
focused on the design and construction phases fochvthis thesis is centred) and
where there are significant possibilities for neasearch. The projects that are
introduced below try to address some of the diffies introduced by Kathleen
(Liston et al., 2001). Actors in a CEn project faarajor difficulties in dealing with
information when using conventional 2D plans. Theseded to flip over plans,
schedules, contract documents, etc., to find arswasr quickly and precisely as
possible. If the answer is not available on loggtiactors need to leave the meeting
rooms to seek it. The environment becomes unproguetith actors spending more
time trying to understand and make sense of thvair ioformation than giving proper

answers or sharing their views about a subject.

2.1.1 Building Information Model

Salazar (Salazar et al., 2006) mentions in his pqae the disparities between AEC
are being reduced since tools pursuing and famildacollaboration and coordination
have started to become a reality in CEn. Also kn@srthe Building Information
Model (BIM), these tools help AEC teams to deliV@En projects with*higher

quality in shorter times and at lower costs”
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BIM models are very extensive and cover severasaoé knowledge/information
including: geometry, spatial relationships, geograpinformation, quantities and
properties of building components (Wikipedia, 200&&art of the BIM framework is
a database to store all this information. Once saébrmation is digitalised and
shared by AEC any handover of a project will bangbm a reduced information
loss. This is especially significant when exchaggiata between different software

programmes (White, 2006).

BIM can greatly decrease errors made by design teembers and the construction
team (Contractors and Subcontractors) by allowireguse of conflict detection where the
computer actually informs team members about paftshe building in conflict or
clashing, and through detailed computer visualizatif each part in relation to the total
building. As computers and software become moralgapof handling more building
information, this will become even more pronoundbdn it is in current design and
construction projects. This error reduction is aagrpart of cost savings realized by all
members of a project. Reduction in time requiredctmnplete construction directly
contributes to the cost savings numbers as welkifWdia, 2008a).

ArchiCAD from Graphisoft (Graphisoft R&D Zrt., 20Dp¥% an example of a tool with
BIM proprieties. The company claims that the sofevaan make users perform
better: focus on design; manage change; evaluaigrdelternatives; collaborate;
coordinate. It was created to give mdwontrol over design, while maintaining
accuracy and efficiency in documentatiom® central database stores and shares all
information available for the project reducing ti&ks of replications and working
over the same issue again. Any change is autorfigtidsseminated accross the
database maintaining the integrity of the projebhe software also allows 3D
interactive design sessions with customers: to edivigate and interact within the

session under design.

Another example of BIM comes from the AEC Designo@r (AEC Design
Group, 2008) with ArTrA BIM. Their website claimbat the models created can be
handed by the design team to contractors and striactors, and then to the owner of
the project. The AEC Design Group claims that tleémadvantage of their product is
the freedom for the users to choose their own CaenpAided Design (CAD)

platform, saving money and training time.
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Companies like Autodesk (Autodesk Inc., 2008a)ase aware of the potential
of the BIM concept and are guiding their productghis direction. On their website
there are several examples of how BIM can imprénvegdroductivity of companies,
the management of projects (small and large-scaelicing the time needed to
produce paperwork. Products like Revit allow desrigrto interact with customers in

real time, altering plans and showing the modifarad in a 3D environment.

Bentley (Bentley Systems Incorporated, 2008) putschallenge for BIM as:

Unite the project lifecycle, bringing together dgsiand documentation information and
workflows for the design, construction, and operatof all types of buildings and

facilities around the world, from the conventiomalthe most inspiring projects of our
time.

Their products are aiming to bring the life-cyclé ©@En projects (considering
design/building/operation) together with informatiabout the building and its life-
cycle.“The definition and simulation of the constructiats delivery, and operation

using integrated tools”.

The study of the advantages achieved in a CEn girQje this case Mechanical,
Electrical and Plumbing — MEP) using BIM can berfdun (Khanzode et al., 2008).
In this particular study, the construction of a meatoffice building is evaluated with
an initial contract of $96.9 million USA dollars5@,000 square foot, three level
building, and a car park. All these constructe@ nmonths — from January 2005 to
April 2007. Khanzode highlights the first impressaf CEn projects difficulties:

0 Lack of ability to identify conflicts due to the 2[@presentation of the designs.

o Delays in construction process due to conflict gadtentified in the field.

o Lack of trust in the fabrication offsite due to tiear of system not fitting leading
to a lot of on the site fabrication.

0 Rework to fix the conflict issues not identifiedrohg design and coordination.

0 Increased site supervision required to avoid coisflbetween trade contractors.

0 Increased administrative burden of more requestirftarmation and change
orders due to identification of conflicts in thelfl after budgets are approved.

o0 ‘“Install first” mentality amongst trade contract@s as to avoid having to move
their systems in case conflicts arise leading.

0 Overall reduced productivity for everyone invohviecthe process. (Khanzode et
al., 2008)
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The team leaders decided to go for a BIM and ¥lridesign Construction (VDC) —

specifically 3D/4D and automated clash detectianl toeven though this was their

first experience of these technologies.

At the end of the project the team members creatset of guidelines which form

— in their point of view — the best practices farirdy MEP coordination using
BIM/VDC tools:

(@]

O o0o0oo

Clarifying the role of the general contractor angedality contractors in the
coordination process.

Increased site supervision required to avoid ccisfloetween trade contractors.
Developing the levels of detail in the architectus&ructural, and MEP models.
Setting up the coordination process — with diff¢srb-levels.

Managing the coordination of the installation psggKhanzode et al., 2008)

The paper describes how teams worked in small groopganising themselves,

coordinating their tasks throughout the construrctio

Among the many benefits of using BIM/VDC tools taa¢ reported in the papers,

the following can be highlighted:

The drastic reduction of time spent on requestsrffmrmation or change of
orders due to field conflicts — relieving archigeand engineers.

Field conflicts were sorted out at once with nord®of orders by different
managers.

Information about the building is easier to recover

Savings of $6 millions US dollars and 6 months’dim

There was a drastic reduction on time spent by rg¢ér@®ntractors — from

typically 2 to 3 hours/day to 10-15 hours in 8 nint

The number of accidents on site was also consiterabduced.

The building parts were pre-fabricated offsite.slteduces the risk of injuries
(lower number of machinery) and makes the sitengealhe delivery method
was “just in time” reducing the amount of stockeatemial too.

All trades finished their work ahead of schedule.

“The subs could use lower-skilled labour for theldiwork compared to other

projects where higher-skilled field labour is nes&y for installation as the
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labour force typically needs to interpret 2D drag#) etc”. (Khanzode et al.,
2008)

The 3D design should address not only the stru@ndethe displacement of
the rooms of the building but also the furniturepecially in a medical
centre).

Sub contractors spent around 2 days per week watitacts and engineers
discussing issues being addressed. This is more Wit they predicted

initially.

Figure 2.1 (Khanzode et al., 2008) shows the savingime and money during the
course of the CEn project. The difference betwden dstimates (red line) using
standard methods of design and building and theahfihal achievement (green line)
is significant thanks to the tools (BIM/VDC) usealtelp manage the project and the
collaboration between teams. The image (Figurg i8.provided courtesy of DPR

construction, Inc., CA, USA and extracted from (Khade et al., 2008).
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Figure 2.1 Reduction of Costs and Time in the Proj Evaluated on (Khanzode et al., 2008)

There are several other companies producing BIMlyzts on the market. Some of
the examples are (but not limited to): (Buildimgelgration Software Company Ltd.,
2008, BulidingExplorer.com, 2007, Tekla, 2008, AadC2004, Nemetschek North
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America, 2008). More information about BIM can alse found in (White, 2006,
Maldovan, 2007).

2.1.2 Interactive Visual Simulations (VizSims) — Appliedto Urban Planning

Interactive VizSims were explored in a paper pressbipy Delaney (Delaney, 2000)
with the focus on urban planning. His examplestatbwith Bill Jepson who founded
the Urban Simulation Team (UST) at the Universitgalifornia (UCLA), one of the

pioneers of urban simulation.

The UST (UST, 2004) produces solutions for realetwsual simulation in the
field of design, urban planning, emergency resparse education. However, the
focus of the group is on the development of a mofiélos Angeles (LA), an area of
several hundred square miles (Delaney, 2000). Ukims that the system is
extremely efficient when compared to the time ablr spent to construct a model.
The system can be used to visualise any urbanamagnt. The data that feeds the
digital environment is acquired through aerial plgpaphs, GPS data, street maps,
eye-level photos and three dimensional geometry aadtes a realistic 3D visual
simulation of the extremely dense Los Angeles udranronment (Delaney, 2000).

The VizSim eliminates the necessity of blueprirdsarts and other “hard-to-
understand” traditional representational methodwe VE explored allows the users
to fly, drive or walk-through in real time giving laetter impression of what the
architects are doing. On Delaney’s paper (Dela2&)0), Jepson highlighted the
UST work, saying:

We empower the clients to understand what the t@atsi are doing. The architect wants
to control the information flowing to the client. aAfome between the architect and the
client. Once the client walks through (the planbedding), he feels empowered to take
a larger role in the design process...When (theifepeace) differs from the client’s
agenda, problems happen. The model shows the prsble

Even with the focus in modelling LA, the UST teamshcompleted a number of
transportation related studies and recreation stohc environments. Transport
simulations run from new metro stations to LA fregw development. Some studies

are also related with the beautification of Los Aleg International Airport (LAX)
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(UST, 2003). Figures 3.5 shows an image produc#utie results achieved with the
modelling of LA. The enhancement proposed to LAXexemplified by Figures 2.2
and 2.4.

Figure 2.4 LAX Proposed Condition (UST, 1998)
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The LAX project is a combination of efforts fromffdrent teams of architects,
environment graphic designers, landscape, lightemgineers and art consultants.
The first phase of the project was to register dlotual condition of the entire
environment where LAX is placed. Later, the enhammats on the area were
designed and presented to the Los Angeles Worldofi's Board of Commissioners
and at public meetings held throughout the pro@dSs’, 2004).

Delaney (Delaney, 2000) also reports as experimetit the architect Mike
Rosen, in which they created 3D models of housdsoéfice buildings for sales and
planning purposes. When working in a virtual baebtadium, the mayor of
Philadelphia, Ed Rendell, was faced with a scorgboascuring the City Hall. The
solution was to move the scoreboard 40 feet awtayas a simple solution but the
system proved to be useful on situations like tiis. Delaney (Delaney, 2000)

affirmed:

...simulation is quickly becoming an essential tom! planners at the town, city and
regional levels. As computers become more powenitd, can expect planet-wide
simulations to extend our understanding of the whpd development of large areas of
the globe. (Delaney, 2000)

Interactive VizSim is a term that can be appliedniach wider prospects than only
urban planning. The application of VizSim for urba@esign is a facilitator tool that

makes the ideas introduced by engineers and acthiteore accessible. Generally,
the public who is affected by the changes prodie@En schemes have difficulties
in assimilating the information presented on 2Dolag, blueprints, charts, and even
scale models. Significant changes on the VE camldree almost instantaneously,

generating objective and efficient answers.

2.1.3 Geographical Information System (GIS) — ArcGIS 3-DAnalyst

The urban visualisation tools that have been deesloare getting closer to GIS
which is, according to (ESRI, 200%a system of computer software, hardware and
data, and personnel to help manipulate, analyse negent information that is tied
to a spatial location”. The same concept is understood by the U.S. CdBsreau

(Bureau, 2001) to béA system of hardware, software and proceduresgiesl to
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support the capture, management, manipulation, yaisl modelling and display of

spatially-referenced data for solving complex plasgrand management problems”

The following list gives a better idea of whatnsolved in a GIS system:
Spatial location — all the data contained in a @Eabase must be geo-
referenced. A reliable result depends on reliabteey/s of data collection.
Information — a chart of an area containing différeolours representing
distinct layers of information is better comprehemidhan a long table with
lots of columns and numbers. A visual graph ressllbne of the goals
explored by GIS. Fast analyses of databases, elfferombinations of layers
and a precise result in colour charts, maps, on 8 VEs contributes to the
popularity of this system.
System — the whole system can be exemplified asdgdbetween software,
hardware and data. The hardware encompasses naherdomputers that are
part of the management system but also those #Hpmtiie information that
feeds the database.

Personnel — they are the people involved in expiptine potentialities of GIS.

It is not the intention of this thesis to concefisgaGIS. The objective is to describe
GIS as an information source to be explored in VIEg results can be presented to
the users in large or reduced scales dependinghenapplication and general
specification. Urban simulators are huge databa##ds the shape, locations and
textures of buildings. Telephone and electricallegsbwater pipes, street planning,
population density, the number of traffic lightse all examples of data that can be
embedded in the visualisation. Figure 2.5 introduae idea of a GIS visualisation,
exploring 3D potentials. The image was created bgombination of layers of
information as the Digital Terrain Modelling (DTMpoundaries of the forest, water
level, position of the fences, and the positiorenérgy cables. This VE is explored
with the help of a VRML browser.
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Figure 2.5 Visualising Data from a GIS (Capra, 2000

The following two examples are commercial produtgsigned for GIS applications.
The purpose is to demonstrate how this technolesgg ¥R for visualisation.

IMAGINE VirtualGIS by ERDAS is an example (Leica &@&ystems LLC., 2001)
of a package that allows the user to make an aecuzgistration between the DTMs
and images acquired by aerial photography, saalitagery and airborne scanner
data. Users can add annotations, vector GIS layetsymbols, and can create a VE
with significant realism by adding texture to 3Djexdis. By using mouse control, it is
possible to navigate through the VE, exploringeteht points of view — as if the user
had the freedom and eye-sight of a bird — and ¢orcethis movement to create a
movie. ERDAS improved the LoD algorithms in orderminimise the effect when
presenting complex polygons in the DTMs. The sofevean render datasets with
different resolutions that can be merged togetinethe same visualisation. The
screenshot shown in Figure 2.6 is an example aeflteeproduced by the software.
Some advantages offered by ERDAS include:

Terrain Database Export — the software can expgwet dbjects and their
proprieties to VRML, OpenFlight (OSG Community, 200and RAW

(Wikipedia, 2008c).

Performance Setting — the users can control thietgaad performance of the
system to the level that they would like to achieve

Animation Tool — the user can create movies sinmgaaircraft flight paths,

ground vehicle routes, shipping lanes, etc.

VirtualGIS is a complementary package of a fulltegs named IMAGINE. The full
system is composed of: Advantage, Essential, M&i&and Analyst.
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Figure 2.6 Textured 3-D View of Munich (ESRI, 2004p

ArcGIS 3D Analyst (ESRI, 2004b) is part of a conel&IS named ArcGIS. This is a
browser that integrates the ArcScene applicationyiging an interface to view
multiple layers in a 3D view. With ArcGIS 3D theeaus can analyse 3D data from
several viewpoints to create a realistic perspectivaping raster and vector data over
the DTM. The release 9.0 (ESRI, 2003) can manageereely large sets of 3D
geographic data. As an extension to the ArcGIS fgsgroducts, the system allows
users to leverage the GIS analysis tool availablarcView, ArcEditor and Arcinfo

to perform geoprocessing tasks in a 3D environn{E&RI, 2003). Some of the

characteristics of ArcGIS are:

It can work with both vector and raster data.

It can create 3D fly-through animations.

It can apply various effects to layers of dataludmg: transparency, lighting,
shading and priority on layers overlap.

It allows the visualisation of multiple perspecsw&@multaneously.

Figure 2.7 shows a screenshot of the ArcGIS 3D ystal
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Figure 2.7 ArcGIS Screenshot (ESRI, 2004a)

The two tools that have been introduced are a sulfsa complete GIS package
composed of several other tools. Both IMAGINE VaituGIS and ArcGIS 3D
Analyst are in fact browsers and interfaces betwbenqueries made to the dataset
and the 3D visualisation. The major advantage ésfthl integration between the
packages, making it possible to combine 2D and a[x.dThe software (Sapeta,
2003) creates an integrated, real-time visual fiaterfor the analysis, mining, linking
and visualisation of geographic and related dataces. Also, image registration is a
strong component on these tools. It enables thelustmn of 3D DTMs with
photogrammetric works placed upon the model, piagiéxtra realism to the scene.
As cited by Sapeta (Sapeta, 2003), the next geaerat GISs with applications for
urban analyses are limitless and can include: sitiwi of emergency and disaster
scenarios, land development, police operationsarurplanning, environmental

impact, transportation planning, telecommunicati@ts.

2.1.4 Possible Solutions for a Channel of Interaction ifCEn Projects —
Academic Research

The projects presented in this sub-section are gifarésearch aiming to reduce the
problems relating to the communication, collab@matand mutual understanding in
CEn projects through new channels of interactiotwben AEC. Each tends to be
more focused on one aspect rather than others makem not “total solutions” as

claimed by some commercial products.
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Kamara (Kamara J. M. et al., 2000a) describes iffieudties in establishing and
processing client requirements on concurrent CEamara, quoting Winner (Winner
et al., 1998), explains that the concurrent apgraansiders all the elements of the
product life-cycle including quality, cost schedw@ed customer requirements. The
paper is focused on the development of methodadagieenhance the understanding
of client requirements (Kamara J. M. et al., 2000)th this methodology clients’
requirements will be better comprehended by multigiinary teams working
collaboratively. The requirements are processed mmditised at the time they are
also cross-correlated against several other reageinés that normally arise in a CEn
project such as: site requirements, environmentafjuirements, regulatory
requirements, design requirements, and construcignirements. The output of the
system“serves as the basis for adopting a particular puoement/contract strategy,
such as design and build. This approach focuseslanifying the ‘problem’ using

methods other than design, as is usually the aasarirent briefing practice”

Ugwu (Ugwu O. O. et al.,, 2001) describes that thmiltiple-agent systems
paradigm allows distributed organizations and domexperts to be modelled as sets
of collaborating (but not necessarily co-operatiagents that interact in a problem-

solving space to achieve set goal¥he goal mentioned by Ugwu is:

...often the agreement on a product configurationt ikamutually satisfactory or

satisfying to the design team. The design teanudwed: Architect, Structural Engineer,
Steel Fabricator, Building Services Engineer, QixarSurveyor, Health and Safety
Personnel, and other specialist trades that argreshjin a given project. (Ugwu O. O. et
al., 2001)

The paper describes the early stages of a websitédion — or a portal to facilitate a
collaborative design — helping to disseminate kmolge between the multiple-agents.
Data and information processing improves the decisof the agents in a
collaborative design area. An important point ia gaper concerns the understanding
by the participants of the concepts of collaboratemd ontology as well as the
functionality of the system. Even in such an envinent, agents/participants can act
like owners of the knowledge thus not using theeptality of the collaboration
between parts. The challenges in these systems étr@nslating what experts know
as the owners of knowledge, and then to captuamslate, and represent it using
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digital forms. The complexity of creating systenieelthis is part of the research
presented by Ammar-Khodja (Ammar-Khodja et al.,&00n this paper the research
has a focus on making actors from different partskwcollaboratively aiming for
knowledge to be transferable between actors usinguéomated system. The paper
reviews the concepts of a Knowledge Base SystenSjKBlore refined products
systems like the Knowledge Base Engineering comgieérwhat can be produced by
CAD systems, automating design activities and orgad structure of knowledge for

the product.

Tuzmen (Tuzmen, 2002) presents a conceptual mddal distributed process
management environment in the establishment oflabayative design environment.
The tool supports remote access whereby userglanrformation to see only what
is relevant to their work — like the activities yheeed to perform for example. Users
can create a new process definition or reuse astiegione through modifying it
when necessary. The process definitions are cordpade activities and the
relationships between them, and are linked to gathse of CEn life-cycle. A
process-enacting service interprets the executiaheotasks completed identifying

the next one. Users are advised by the systemcbfreaw update.

Similar projects can also be found in (Mokhtar, 208ugenbroe et al., 2002,
Heintz, 2002).

Sarshar (Sarshar et al., 2002) describes severeth#émat projects like the ones
mentioned in this sub-section should address, these

Model driven as opposed to document driven infoimnamanagement of
projects— information is not centralised/unique to everyboéshaped for the
requirements of each case.

Life-cycle thinking and seamless transition of infation and processes
between life-cycle phasescommunication and knowledge should be shared
between phases of CEn life-cycles.

Use of past knowledge (information) in new develamsr reuse of past

knowledge in present and future projects.
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Dramatic changes in procurement philosophies, asslt of the Internet
new business opportunities should arise with theacde of technology.
Improved communications in all life-cycle phasdsptigh visualization—
taking advantage of visualisation to improve comivaition between parts
making it more effective and user friendly.

Increased opportunities for simulation and whagiifalysis— simulation can
improve the understanding that helps to predictiblty, planning and
scheduling.

Increased capabilities for change management amdgss improvement it
is not only the technology that should improve. entioned before the
structure of the organisation must also understaaedaoncepts involved, what

technology has to offer and restructure itselftfos new era.

Another approach to integrate AEC project modelspissented by Haymaker
(Haymaker et al., 2004). This researthvestigates the conceptual simplicity of
formalizing a project model as a directed acyclicagh of views and their
dependencies, allowing engineers to manually manihge cycles” Their work
introduces an approach tformalise methods to construct views for othenseand
control the integration of a directed acyclic graphviews and dependencies as the
project progresses’The Perspective tool logs information likeources, status, and
nature of its dependencieselating to a CEn project. Engineers can composk a
reuse information from past projects creating fiparspectors”. The tool automates
or assists engineers to add more information aimgyshether all parts of the project
are integrated and making sure that all requiresnenthe project were satisfied. The
created prototype allows users to see and intevdbt perspectors and analyse the

geometry of the construction in 3D using VRML.

Shelbourn (Shelbourn et al., 2006) claims thatdilenges do not rely “only”
on “capturing, storing, sharing, and re-usingihformation. The paper describes the
“creation of tools that enable the development ofjamisational practices in the
construction sector to promote knowledge creatipnor to sharing and re-use,

along with the tools to support such a pro€essThey consider knowledge
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management and give reasons for the limitationhencteation and dissemination of

knowledge between actors in CEn projects. Somkeofdasons are:

Knowledge residing in the head of single individuaPeople can move to
different projects or change some of the ideas.
Decisions are often not recorded in documents.
Information is only recorded at the end of the pcbjinstead of during the

events.

To improve these practices the paper addresse€4®anD project (University of
Loughborough et al., 2001). C-Sand is driven by gbsesibility of sustainability of
CEn in favour of the environment. Creating and sigaknowledge is one of the
possibilities for the project to achieve its godls. pursue this objective they report
the creation of a website portal called SMAZ. Thesults after evaluation
demonstrate that although the research would biiluse actors in CEn projects
they need to improve considerably the design ofpttréal user interface. As a result,
they report that groupwork functions are apparebéiter accepted than information

retrieval functions.

Kubicki (Kubicki et al., 2006) investigates the peoative work between
heterogeneous actors in a CEn project. The papdudes a discussion of the
dynamic of a CEn project especially in the constomcphase and the difficulty to
create rules when new actors (contractors, secuetg.), objects (material,
equipments, tools), and documents are in constaange. Eventually, requirements
and coordination become informal and ultimately regfistered:

Coordination activities have to determine elemgntanstruction tasks and their time
sequence. Planning has to take into account res®(inciman and material) and technical
constraint{Kubicki et al., 2006)

Kubicki quotes Brousseau (Brousseau and Rallet5)16a the challenges faced in

the codification of actors’ activities in CEn projs:

The random nature of the activity, the singularuieements of CEn projects and the
participation of actors from different sources mdKécult a precise codification of rules
of interactions. In addition, the effort to reprelsprocedures in a codified way is not
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justified because of the transient nature of refeti As a consequence, coordination
procedures implemented in construction are relgtifew formalized. This does not

mean that written contracts do not exist, or tim& tegulations do not define certain
coordination procedures. This means that any tawtssubject to greater margin of
interpretation in the industry (Brousseau and Rallg95).

The paper (Brousseau and Rallet, 1995) concludegfmyting the achievements in
the designing of an assistance tool for cooperagingineering. A first prototype
called“Image.Chantier” is an assistance tool created to coordinate ttesdin of
meeting documents between actors. The tool canadgpersonalised access to
information”, meaning that actors receive only the relevanbrméation for their
work. The tool is based on a web browser view wabr split windows: Gantt
planning view, 3D mock-up, text, and graph. Thedews are dedicated to different
users such as architects (with focus on 3D visat@tis) and coordinators (with focus

on documentation/organisation).

Kathleen (Liston et al., 2001) also argues thabracshould concern themselves
only with what is really important to share as mfation. Such sharing should
happen only when time requires it and tools shdaddmore specific instead of
broadly designed to accommodate all cases. Réwzarevaluated the difficulties for
actors to share information when using conventigpager-based meetings. It was
estimated that actors spend more time trying to five information than explaining it
to other actors. The situation improves considgradien the meetings are hosted
within a Computer Automatic Virtual Environment (€E). Information becomes
more interactive and easy to find. A large and etharisualisation between AEC
helps to keep them focused on the meeting andralsmves the interaction between
them. The disadvantage is the limitation of esaéptioject information available that
can be disseminated. The final evaluation was oétimgs with product model
support. This technology pursues the compatibdftgdata between different packs of
software used by actors making data more consistedtreliable (updated). The
major disadvantage is:

Pre-defined semantic models are unlikely to supalbrthe information needs by multi-
disciplinary project teams because each projecdxd@e address a unique set of
requirements, which require the generation of ptegpecific information views to

address project-specific decisions. They (the n®)ddb not yet scale to the multi-

39



disciplinary, multi-phase, multi-objective, and tipie level of detail nature of projects.
(Liston et al., 2001)

The paper describes a project called iRoom. Theractive workspace is composed
of interactive touchscreens, notebooks, projectiasgr pointers, etc. The meeting
room accepts a range of options (at the hardwased)léor inputting and outputting
information. The software controls the informatimaking it easier for it to be shared
between meeting participants. Information is autiically updated and replicated
when users select an item in one of the many ssréére results suggest that users
are more focused on relevant information than legkior answers in their own

documentation.

Complex building designs and the challenges ofu8D tools between actors
from different design teams has been studied by(Kw et al., 2008). The paper
describes three case studies where companies Isdte information between them
to implement a CEn project. Usually, companies dbhave the same set of software
solutions often leading to file incompatibilitieadagiving rise to misunderstandings.
Problems start to increase when the complexityhefdtructure in construction can
not be clearly represented using 2D graphs (sommepanies are still using 2D-only
graphs for representation) giving an opening forbiginties in interpretation to
emerge. The lack of a common channel of commuoicabetween the platforms
used by constructors and designers can also leadack of coordination regarding
subsequent changes to the project. Ku has alsdidhitggd the reliability issues when
companies share the same project. Such barriefomaone company to redesign a
model increasing the chances of mistakes and mésatathdings due to transcription

errors.

Scheer (Scheer et al., 2007) describes the resldtained when several
professionals involved in a design team workedatmtatively using a system called
“System for Project Managementleveloped at the Federal University of Parana —
Brazil. The system logs into a database of inforomativailable for exchange with
other actors; in addition, users can extract infdram of particular interest to them
(such as personal projects, activities and tagks. actors from the design team did
not have any previous experience in using suchstoldiey were trained to run the

system and encouraged to use it. Results of thiiai@n report that some of the
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actors either did not fully understand the toottwey were not willing to use it, thus

showing a moderate optimism in the potentialityhaf system.

2.2 Preliminary Conclusions Regarding the Reviewed Pr@cts

Although companies usually claim that their produate the “best in the market”
(82.1.1) for a range of solutions, the papers mtesein 82.1.4 showed a different
reality. Researchers still need to address a nurobehallenges to implement a
system that can help enhance communication, coléibo and mutual
understanding between those involved in a CEn projéhe review also makes clear
the difficulties in introducing/implementing infoation and communication
technology to a company where actors are alreaclystamed to another culture. The
situation can get worse when the solution provideds not attend to the users’ real
desires (Peansupap and Walker, 2005, MathiesoKeaihdl998, Nitithamyong et al.,
2007).

In a survey conducted by Nitihamyong (Nitithamyoey al., 2007) of 82
companies evaluating 14 different project manageénmsrstems — application
management providers concluded that benefits angelil to “strategy, time, and
communication’” Benefits like “cost savings, quality improvement, and risk
management’still need to be improved — although (Khanzodal ¢2008) argued the
opposite, at least with regard to the cost and tsaeings. In a collaborative
environment system there are also risks to be ledbmiregarding the coordination of
distributed products as explained in Qiu (Qiu ef 2007a, Qiu et al., 2007b). To
know more about the limitations of implementing néechnologies in CEn
environments the author recommends Peansupap (egnand Walker, 2005) with

an extended list of papers reviewing the subject.

In general the products and research papers pegsabbve are mostly focused
on management with a specific targeting of indagsrs. Although they can work
collaboratively they are mostly limited to the offiarea. Researchers seem to have
forgone an exciting opportunity to develop new tembgies between online and

mobile CEn actors to the next level. Chapter 3awsi some of the technologies that
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may help to address some of the issues concermigeocand mobile applications

working in CEn environments.
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Chapter 3

Technology Review — MR and GPS

As mentioned by James Vandezande (Autodesk IncQ820 “Design and
visualisation is an important aspect of a projest @eople are driven by the visual
experience of the architecture™This statement is particularly true for a projeased
on the visualisation of VE in complex areas likenCEEange (Lange and Bishop,
2005) quotes Bruce (Bruce et al.,, 1996) when dsnogsthe importance of
visualisation. They estimate th&@0 percent of our impression of our surroundings
comes from sight”Back to the three keywords of this thesis thekwmesented by
Lange indicates three bullet points very closebatssl to the focus of this project.
Lange and Bishop summarise the idea of visualisasfollows:

o0 We want visualization to give us the opportunityst®e, experience and understand
environment changes before they occur.

0 Through the ability to share their experience ammtemtial for exploration,
visualizations will help communities (of whateverey to build consensus and to
make decisions about their future.

0 The relationship of people to their environmerd isey contributor to environmental
decisions and visualization can help us learn bt that relationship. (Lange and
Bishop, 2005)

From a MR perspective, CEn and Architecture aregersed by the wide field of

applications that can be created (Woodward et28lQ7a). Tools based on MR
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concepts are a natural medium for AEC professiaioaéxpress ideas, manipulate 3D
objects in real-time, explore VEs from differentgles and stages (Bouchlaghem et
al., 2004). The next natural step is the convergdetween those research findings
presented in Chapter 2 and AR systems (Woodwaall,2007a).

This chapter makes clear the potential use of M& gpecially CMRS in CEn
projects. The following sub-chapters introducevaew of MR and related work with
direct or indirect applications in CEn. In this i@~ we aim to introduce some
emerging technologies that might fill the “gap” eddy indentified on Chapter 2.

Broadly speaking these technologies are referred tdR.

This chapter also introduces an overview of thecepts related to positioning
systems — an important component of AR systenis.rlot intended to include an in-
depth description of the techniques required toeggte positioning information but
an overview of some of the techniques used to eafey outdoors users in VE. The
text introduces three usual GPS methodologies warehcommonly applied in AR
systems: stand-alone GPS positioning, DGPS and BPK- Since this chapter is an
overview of the applications of positioning systemsme previous knowledge about
the subject is required. More in-depth researchr @S can be found in Appendix
A.

3.1 Mixed Reality

MR is commonly understood as tteeamless integration between the real world and
a virtual world” (Novak, 1999). As shown on Figure 3.1, MR is a geneoncept
involving both AR and AV running from RE to VE.

3.2 Virtual Reality

The term VR was first coined in the 1980’s by Jatanner (Brate, 2002). As
mentioned in Koleva (Koleva, 2001), the term MR vpaisposed by Milgram and
Kishino (Milgram and Kishino, 1994) in 1994. Theypticed that the term VR is

44



being used not only for full synthetic environmehta also for all kinds of computer

generated scenarios that combine the real andal/istorlds.

Milgram and Kishino proposed the Virtuality Contura to demonstrate where

each of the concepts lay (Figure 3.1).

Mixed Reality

I I
Real P Virtual
Environment Augmented Augmented Environment
Reality Virtuality

Figure 3.1 The “Virtuality Continuum” (Milgram and Kishino, 1994)

The RE, on the left side of the diagram, is defibgdMilgram and Kishino based on

the difference between real and virtual object®etiag to three different aspects:

Real objects are any objects that have an actyattole existence. Virtual
objects are objects that exist in essence or effettnot formally or actually.
Real objects can be viewed directly. Virtual olgetiust be simulated.

In order to be seen, virtual objects must be sytled and then projected or
displayed by an electronic device. Just becausmage “looks real” does not

mean that the object being represented is real.

Milgram and Kishino developed these aspects oin plager, defining real objects by
means of a sort of counterproof. Even though tHeyified that VEs and REs are
much more comprehensive than visual perceptionettsea tendency to work with

examples focused on vision.

The VE, on the right side of the Virtuality Contuma diagram (Figure 3.1), or
VR, are both concepts that can be found in thealitee as:an experience in which
a person is surrounded by a three-dimensional cderpggenerated representation,
and is able to move around in the virtual world asek it from different angles, to
reach into it, grab it, and reshape i{fNovak, 1999). Brooks (Brooks, 1999) suggests
that: “a VR experience is any in which the user is effety immersed in a
responsive virtual world. This implies user dynaoatrol of viewpoint? It must be

clear that a VR experience is not only related i®on and viewpoint. There are
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environments where stimulation of the haptic, apdltactory and palate senses also

exist. All the five senses can work together orasately.

Aside from these concepts, there are three key svardhetter understand the VR

theme: immersion, interactivity and involvement.

Immersion — The idea of immersion comes from thesagon of staying
inside the environment, which means being part.ofhis key word depends
basically on the quality and accuracy of stimulatod the five human senses.
It could be achieved by a high graphical resoluborthe scene with textures,
shapes and simulations to make it very similar toatwis known in the
physical world, for example. Very accurate devicesld be added to it,
enabling the user to forget that they are connecteda computer. Such
devices must be fast enough to update the chahgesenough in order not
to be perceived, and ergonomic enough to allowdfveeof movement.
Interactivity: In his report, Pinho (Pinho, 199%eenplifies a VE where the
user can visualise, handle and explore in real-tathéhe features of the VE
without a rigid control of these actions. The us@plies his natural and
intuitive movements to control the VE. The intenaty is not only related to
the object but it is also completed with other ssafrthe system and virtual
agents. They share the same senses of space,qaesehtime.

Involvement: In the same report, Pinho (Pinho, }@#&cribes the motivation
of the user inside the virtual world. The user bame an active situation when
there are interactions or engagements between aikers or existing
elements. A passive situation is always possiblenwere is not mutual or

reciprocal action (between users or existing elés)an the VE.

3.3  Augmented Reality

If the intention is to overlay a perception of thetual physical and real world with
images, sounds, smells, haptic sensations and targ@ted by a computer system, the
terminology used is named AR. Azuma (Azuma, 19%)eghe following definition
AR:
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AR is a variation of VE, or VR as it is more commportalled. VE technologies
completely immerse a user inside a synthetic enuilent. While immersed, the user
cannot see the real world around him. In contrAR,allows the user to see the real
world, with virtual objects superimposed upon omgosite with the real world.
Therefore, AR supplements reality, rather than detefy replacing it. (Azuma, 1995)

In AR systems, the perceptions can be increasdeéaeased. Besides adding objects
to the RE, AR also has the potential to remove th&numa, 1995).
It is possible to differentiate between VE and ARallows:

VE is a situation where the user is in a place outhexternal contact. That is,
if the VE has the focus in audio, for example, tiser will not listen to
anything directly from the external world. The sdugenerated is digital. A
cockpit of an aircraft simulator is an example oE.VThe user has the
sensation of being contained in the VE.

The integration of current information and compuenerated (digital) data
in a designated area is the concept for AR. Thimlioation supplies the
user’s necessity of information that can not be@eed at the moment. The
added digital data can represent information frbm past, present or future.
The inverse could be achieved by taking out infdromafrom the RE. An AR
system can, for example, capture sounds from theaREreproduce it in a
directional 3-D VE with a partial inclusion or eslon of the audio.

3.4  Augmented Virtuality

Milgram and Kishino (Milgram and Kishino, 1994) emplified the concept of AV
on the right side of the Virtuality Continuum diagr (Figure 3.1). The concept
proposes integration of information retrieved frtme RE on the VE. Schnédelbach
et al. (Schnadelbach, 2001) presents an examplanofAV application in the

Augurscope project (see 83.6).
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35 Collaborative Virtual Environments

As mentioned before, one of the main goals of tisis is related to the aspects of
collaboration between the users of the system. écessful co-operation between
actors in a CEn environment is achieved easily wivehl regulated and managed
than when developed for a self-contained entityci#éed on (Churchill and Snowdon,
1998): “in ‘real world’ domains, collaborative work invols considerable complex
information exchange. Individuals need to negotisttared understandings of task

goals, of task decomposition and sub-task allocatmd task/sub-task progress”

Therefore, collaboration does not mean that thee éomplete agreement of the
parts involved on the progress of a task. Peopieneae different points of view over
a resolution of a task for instance, disagreeingame topics, but because they are
also looking for the same welfare, the dialog dr&ldo-operation must have place for
the mutual understanding. No one holds the trutra l€E and neither is there
imposition of a perspective on a person. Thereusual respect and a well-balanced
division of tasks. Thus, it is important that coll@ators know what is currently being
done and what has been done in the context oaikegoals (Churchill et al., 2001).

Collaboration can be observed in several ways msougiety: personal contacts,
gestures, body expressions, work groups, lettaslgphone calls are just few
examples which could help to achieve a common ddake recently, computers
have been used for the creation of CVE, digitalatgs” created over a net of
computers where collaboration and interaction eréaks between users. Each space
has a connotation that constitutes a “place”. Wtegithe users the opportunity to
understand the activities performed on the enviemnas well as on the real world.
The places are created to support multiple grogyeldping multiple activities. As
in the real world, people (or the users on a CVaiext) understand that even without
straight relations the spaces and places are depema their actions, behaviour,
social skills, manifestations, etc.

According to Churchill (Churchill and Snowdon, 1998hurchill et al., 2001)
CVEs are explained as:

48



CVE's represent the computer as a malleable spaspacén whichto build and utilize
shared places for work and leisure. CVE providerein or digital landscape that can be
‘inhabited’ or ‘populated’ by individuals and daencouraging a sense of shared space or
place. Users, in the form of embodiments or avatams free to navigatthrough the
space, encountering each other, artefacts andoflfgats and are free to communicate
with each using verbal and non-verbal communicatiomough visual and auditory
channels. (Churchill and Snowdon, 1998, Churchidlle 2001)

The users that explore a CVE are not restricted tiesktop PC. CAVE, wearable
computers and PDA, are some examples where CVibeahared and explored by

the users.

Greenhalgh (Greenhalgh, 1999a) mentions some comaoha@mnacteristics on
CVEs:

Computers spread over the planet are connected @wetwork sharing the
same CVE. The system can be distributed over aanktw

Collaboration can be done in different ways likestires, audio, video, etc.
The idea of space or world is conveyed to the ugdrs users soon understand
the boundaries of the VE and the context of thegla

Users are represented, in a way, as a form insgl®E in order to make them
visible. It could be a textual representation assidone on Multiple User
Dimensions/Dungeons (MUD) or as an embodiment éayaa humanoid
representation on 3D environments. Often the usess choose a
representation that is appropriate to the VE.

VE is a free space for users to freely go and erplive environment.
Certainly, the VE has a virtual boundary delimititig space. Depending on
how detailed the VE is, the users will need to eesfpasic conventions of the
physical world, such as walking over a lake, gostigaight through a wall;

thus, marking the internal boundaries of the system

The text above reviews Mixed Reality and all cotsdgpat shape this technology.
The next natural step is the creation of CVEs whisess could exchange information
inside of a VE. The following paragraphs explorensoof the common features that

can be found on CVEs.
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Natural and Spatial Communication

The idea of natural and spatial communication isnected to the knowledge of
where users are positioned in relation to othetstarobjects. In the real world, for
example, a simple look around can give to persaugim information to identify the
approximate number of people in the place, whdigsgeally close to whom and who
is not, where are located in relation to the plaa®] surrounding obstacles. This
“glance” over the area that surrounds him is coieeeto the knowledge of space and

time.

The CVE should support natural spatial communicati@gased on the knowledge
of space and timé€,...gestures, posture and speed of movement consgiaunsl
unconsciously convey information such as availgbflor conversation, interest and

intended actions{Greenhalgh, 1999a) .

The paragraphs above reveal two important poinbsieGVES. The users of the
VEs must have at least an embodiment. This gersetéenotion of space and time.
Comparing two extremes, both 3D and textual CVEoWwithe same principle. On 3D
environments, the perception of scale or obstaslése most notable way to know if
another user can be reached or not. On textual GhMiabited by objects, the user
knows if what is being said is reaching the otheysa “proximity sensor”. On a
richer scenario, space and time are revealed thrtheginformation of the object and

places that surround a specific user.

The second important point is the support of bodywaments. A CVE can only
offer this possibility if, and only if, the embodént of one user can be observed by
the others. In the real world, a good percentageunfcommunication is done via
gestures, movements, expressions, level of voweuc of skin, transpiration, etc.
Currently, much of this “communication” can not pevided by CVEs. However,
simple movements are already integrated on thesydh MASSIVE-3 (Greenhalgh,
2000b) the embodiment of the user has its head dbwime user is not actively
interacting with his avatar for a few minutes. Fdher users sharing the CVE, it
indicates that the person represented by the awvatatbe is not in front of the

computer.
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Sharing Context

As cited in (Churchill et al., 2001) ‘@shared context can mean many things; it can
mean shared knowledge of each other’'s current itiesy shared knowledge of
other’s past activities, shared artefacts and skagavironment”.

Collaboration is based on sharing. When a gestudomne or an object is shared
“not only do they become the subject of commurocakietween users, but also the
medium of communication(Churchill et al., 2001).

Peripheral Awareness

When a person is driving a car, the environment swasrounds the car provides
enough information for the driver to know whethersi time to brake or push the
accelerator pedal. What the driver has is a natamdl spatial communication that
must be shared with all potential hazards thatosuna him. If the traffic light turns
red and the cars in front stop suddenly, the perglhawareness lets the driver know
if it is feasible to avoid the car taking the othane. In a fraction of time, several
calculations must take place, such as: velocityhef car, distance from the car in

front, condition of the other lane, break distantéhe vehicles behind, etc.

Hughes et al., cited on (Churchill et al., 200bjserved that co-located workers
maintain and make use of an ongoing awarenessecétlivities of others with their

environment, even when not explicitly co-operating”

For further information Benford (Benford et al.,9%9) discuss some of results

achieved with CVEs supporting people’s natural alogkills.

Negotiation and Communication
Churchill (Churchill et al., 2001) explains that:

Conversations are crucial for negotiation and compation about collaborative
activities. Collaborative work requires the negidia not only of task-related content,
but also of task structure in terms of roles antiviies and task/sub-task allocations.
(Churchill et al., 2001)

The exchange of information through limited numbg&body gestures (vision) and
voice (hearing) has been developed with promisasglts in CVE. Such approaches

51



always enhance the comprehension of what is belraged. Wearable tracking
devices like (Xsens, 2008, Ubisense, 2008) are pkemmof how gestures can be
added to VE.

Freedom of Movement
Another premise of VE is freedom of movement. Thera can often explore the VE,

maintaining the autonomy of their acts.

Eventually, multiple view points can be exploreaistead of being restrained by
the embodiment’s line of sight, other shots cantdken from “virtual eyes”. They
could be placed on specific points, either follogvimr not the embodiment

movements.

Extra powers (flying, diving, etc.) can also beeagivto the embodiment with the

objective of turning the VE flexible, enhancing ferspective of collaboration.

Large Number of Participants

The size and complexity of the VE added to the nemdb participants suggests how
powerful the computational system is in the backgh Usually CVEs are complex,
with thousands of polygons to render and textuvesdd. Video and voice channels
are also included on the system’s performance.itég on Greenhalgh (Greenhalgh,
1999a) the final advantage of CVEs from the perspectivealiaboration is that
there is a clear potential to support extremelygkarnumber of simultaneous
participants”.

As a reproduction of the real world, a CVE systeastonly pay attention to the
strict necessities of each user. If an embodimemplaced on a room with some
furniture spread around and is talking with a ceupf other users, there is no
requirement for the system to render the wholedingl for the three users. The
system spends resources on what is relevant for wser — this process is also called
Level of Detail (LoD) (Singhal and Zyda, 1999). Aged on (Greenhalgh, 1999a),
“...it allows them to be aware of and to interact lwa relatively large, continuous

and consistent subset of the total environment”
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3.6  Related Projects

As presented in the previous sub-chapters, MR p&m and wide area of study. The
concept can be applied to many areas that needtégpret information, which is

sometimes not easily understandable by chartgedablmbers, text, etc.

A selection of projects was chosen to exemplify MR, and in especially VR,
can help CEn actors perform their works. Althoughme of the examples introduced
at this first moment do not have a direct relatioth CEn application it is imaginable
that they can be adapted to this area. This sefedibased and presented using the

following criteria:

From VE to AR — the overview covers a spectrumeskarch from VE to AR.
This approach was used to demonstrate the limit&/Bfand when AR
becomes a necessity.

Visualisation Modes — from computer screens todargncave screens for 3D
visualisations. The examples cover the idea of flosvVE can be visually
explored. This includes the use of HMD devicesABr proposes.
Collaboration — some of examples are for usersoexyg the VE on a
computer screen without direct interaction withestlisers. There is no real
sense of presence inside of the VE. The informateombe shared but not the
VE. The examples progress up to where users cam shirmation in a
collaborative way. Users can share the same pHysifand virtual space at
same time that they collaborate over the infornmatiwat is being presented.
Positioning System — previous research shows difterapproaches to
calculate the position of a user, especially whendmors. This survey
exemplifies how researchers suggested the resolufopositioning. The
examples are focused on GPS solutions once thssstissworking with this
methodology for outdoor positioning.

From numerous projects surveyed, the following gutg were chosen for review as

representative of the state-of-the-art.
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VizSims (Delaney, 1999) — Applied to Oil Exploratie Petrobras.
TerraVision Il (Reddy, 1999).

VizSims — Gamming on Urban Planning (SC3000.COM8)9

Shiodome CyberDome (Masanori and Sawada, 2004).

Cyber Walker 2001 — Wisteria World 2001(Tamura, 290ramura, 2001b).
Towards Outdoor Wearable Navigator (Tamura, 20@koh et al., 2001) —
Air Hockey (Tamura, 2001a) — AquaGauntlet (Tam@Q1la).

Studierstube Augmented Reality Project (Interactitedia Systems Group
Institute for Software Technology and Interactiyst®ms Vienna University
of Technology, 2004).

Columbia University AR Projects (Columbia Univeys€omputer Graphics
and User Interfaces Laboratory, 2004b).

Tinmith (Piekarski, 1999, Piekarski, 2001b, Piekgr2001d, Piekarski,
2001c, Piekarski, 2001a, Piekarski, 2002).

The Augurscope (Koleva et al., 2001).

Augmented Reality for Subsurface Data VisualisafiRaberts, 2002, Roberts
et al., 2001, Evans, 2001).

ARMobile, ARONSite, ARWebCam, ARPhone (Woodwaralet2007a)

VizSims — Applied to Oil Exploration — Petrobras

Delaney (Delaney, 1999) describes in his papeclantdogy that helps find oil faster
by using a 3D interactive visualisation. The devamdlects data from the ground
based on acoustic imaging and has its patent dade#t to 1923 — US patent
no.1451080. Initially, these devices used stripreers to record the acoustic signal
that bounced off from underground rocks. Soon, ibmber of acoustic receivers
increased in order to give a better idea for Petnol Geologists of what they can
expect to find on a possible oil-bearing grounde Tig issues were the volume of
data captured by the acoustic receivers and theere@used by the reflection of the
signal by the subterranean structures. The dataallyspresented as layers of
information in 2D charts, was improved in 3D chaxith the quality limited by the
skill of the geologist, the quality of the data dhd time available.
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In the late 1990s, computers were powerful enowghandle huge amounts of
data in real time. 3D charts were substituted byirBhersive environments where
data could be analysed and explored from diffeegles, and teams collaborated
with each other. Delaney (Delaney, 1999) cited ibhoft Director of the Virtual
Environment Technology Laboratory at the UniversifyHouston — described the

rationale:

No one person owns all the knowledge. You have diveix people who work together
to manage a reservoir. They have different vocatmdand knowledge. If you put them
together in the same data, they communicate béfetaney, 1999)

The researchers of the Brazilian Oil CompaPRgtrobras have worked with the
previously described system in order to help gastegand engineers to explore oil
on deep ocearfsWith the data from the layers of the ocean gro@idlimages are
projected on concave screens. Stereoscope glagsds the sensation of 3D objects
“flying” in front of the research team, thus allowi the discussion of ways to
perform a new perforation. The system runs on agx@Qmith 5 Central Processor
Units (CPU) IP27 250 Mega Hertz (MHz), 8 gigabytésRandom Access Memory
(RAM) and a graphic board InfinityReality2E. Eventiwthe high cost of the
equipment and the area where the visualisatioer®pned (estimated at that time in
U$2,000,000.00 USA dollars), the cost of positignem oil platform in the ocean
along several days is even higher. With this systesy know exactly where the oil
platform should be positioned according to the atioudata received. Figure 3.2
shows a selected number of layers of informatidtected from the deep ocean to be
analysed byPetrobrasteam. Different colours represent distinct soyiels found by

the survey.

Figure 3.2 Potential Oil Field — Petrobras

2 This was observed during my visit to this compang000.
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The system explores an idea created around 191 Rbginald Fessended received
a patent for hisSMethod and Apparatus for Locating Ore Bodiewhich also used
acoustic energy to makeup underground formatiorsafizy, 1999). Nowadays,
users are placed in a collaborative environmentdhreates a synergy of knowledge,
dramatically cutting time and budged needed toyaeah block of seismic data, in

some cases from months to hours.

TerraVision Il

Reddy et al. (Reddy, 1999) describe the browserraVsion that uses the
potentialities found in VRML. Their research creht¢he Tile Set Manager
Application Program Interface (tsmApi) where theginted out four fundamental
design criteria to develop the browser to explovetaal terrain:

Scalability — the browser must support large andlsdata sets.
Composability — the browser must support multiplees of geo-referenced
data such as images, cultural features, etc.

Efficiency — the easy navigation to explore the Wik a standard VRML
browser must be maintained or a customisationgaired to further increase
the navigation efficiency.

Data Interchange — the development of generic dgisesentations for geo-
referenced data in VRML.

TerraVision Il (Reddy, 1999) was created as a gmiub retrieve and merge massive
volumes of remotely located data, including aesiadl satellite imagery, topography,
weather data, buildings and other cultural featugesh data can be terabytes in size
and could be recovered from multiple servers actiosdnternet. The interface to the
data used by TerraVision is GeoWeb, a distribuesttchable database of metadata
also created by the Stanford Research Institutd) (@Bup. TerraVision Il constantly
gueries the indices for any relevant data in theec view. The system starts the

most suitable interface depending on the kind afuhegta returned from GeoWeb.

In order to handle massive data sets TerraVisiaods not download the whole

high resolution data once, but instead employsed tnultiresolution data hierarchy.
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The data is divided in rectangular tiles over agearmf resolutions creating the
sensation of LoD. This implementation avoids thansmission of dozens of
megabytes over the network, leaving the whole sydi@ster even when working
with highly accurate data. The browser interpretd predicts the user's movement
over the data and manages to download only theegubkst four tiles in a higher
resolution. The process is repeated if the usetsstanexplore more information from
a specific area. Unlike VRML, this approach avowmgerspending huge network

communication or system processing.

The system allows the user to explore a data setigh multiple windows from
different points of view or different combinatior gets. Three-dimensional models
can overlay the terrain data adding extra inforaratn the visualisation. Features
including buildings and roads, and even simulati@iswind vectors and air

turbulence can be added.

Other features of TerraVision Il include (Leclert a&., 2002): open source,
massive scalable dataset, multiple datasets, garettipport, OpenGIS Consortium
Web Mapping Server support, flight path, viewpdimtokmarks, heads-up display,

documentation and cross-platform.

Figure 3.3 shows an example of a TerraVision Il liappon. The image
represents, with a resolution of one metre, Un8&ates Geological Survey (USGS)
imagery and elevation for the Menlo Park area. iéefdimensional VRML model of
the SRI Campus was superimposed by a texture-m@pceed from aerial imagery
(SRI International, 2002).
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Figure 3.3 VRML Model of the SRI Campus (SRI Intermational, 2000a)

Figure 3.4 shows an example of an application ece#ttrough different sources of
information. The view shows an area of Southerrif@ala with a high resolution
image inserted around the Camp Pendleton area aN®RML model of wind

conditions for that region.

Figure 3.4 VRML Wind Vector Overlay (SRI Internatio nal, 2000b)

As described on (Leclerc et al., 200&)e high performance system enables the user
to browse massive, rich, distributed terrain; viembedded multimedia data; and

collaborate with other users in the virtual 3D spac
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VizSims — Gamming to Urban Planning

Another example of how far an urban simulator careasy to understand is the game
created by Will Wright titled SimCity. Wright stad the project in 1985
(SC3000.COM, 1998) and released the first compgaene simulation to accurately
model a city in 1989. On a CNN online interview Wilright explained:

...In the first two years | worked on "SimCity," Idguite a bit of research and read 20
books at least on urban planning theory. In additio that, we did a fair amount of
research into simulation techniques. And for that neersion of "SimCity" (2000), |
spent quite a bit of time talking and meeting witlirious people who had expertise,
including city planners, police administrators, leibworks people, teachers, etc.
(SC3000.COM, 1998)

Nowadays, SimCity is a VizSim urban simulator pldys millions of people around
the world. The players can delimit the virtual ceas where industry, shops, rescue
teams, etc. will be placed. Roads, power plantsemsupply are also allocated and
placed by the players. The high graphic resoludod the dynamic way that the
virtual city evolves contributes to a sense ofitgaFigure 3.5 shows a virtual city

named Olympia created by CityScape.

Figure 3.5 SimCity — View from Olympia (CityScape2004)

Shiodome CyberDome
Apart from 3D digital environments being explorech a@womputer screens,
stereoscopic visualisation presents another pdisgifor users to be immersed and

surrounded by 3D objects.
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Matsushita Electronics Hemispheric Dome — Shiod@yberDome — is one of
the largest immersive projection based VR systamthe world. The users receive a
pair of polarised glasses at the beginning of ttesgntation. The dome is a hemi-
spherical screen of 8.5m in diameter, displayintheousers a Field of View (FoV) of
180 degrees on the horizontal and 150 degree akr@n the background, there are
18 liquid crystal projectors, one master Personai@uter (PC) and 18 rendering
PCs computing the 3D environment.

The high quality stereoscopy projection makes aepermatch between the
screens projected by each projectdihe software-based distortion-correction
technology does not require an expensive speaial lend the projector placement,
expressed in parameters, enables projection onearscdlome of any size (Masanori
and Sawada, 2004).

In a visit to Shiodome, the author could experietita the illusion of being
immersed in the VE is convincifigin one of the possible applications, the users ca
explore part of a city going between buildingsests and submerging into a river.
The sensation is that of a real 3D scale envirohmemdered in real-time and
commanded by a logical and simple user interfabe. ilterface consists of a ball on
a stand where just half of the sphere can be sg®a.control allows the forward,
backward, left and right movements, without any \ypodovements from the user,
who faces ahead exploring the environment by moyusg the sphere. Around the
hemisphere there is a disc that controls the maglt left turns. Finally, a stick shifts
the view up and down. Everything is easy to undexstand control, so that users are

confident enough to have a close experience antatopulate it.

Figure 3.6 shows a layout of how the CyberDome do@nd where the
participants are placed. The users are free tmexphe 3D VE and to contribute new
ideas based on what they see. If the visualisatiorlated to a new urban plan, for
example, the engineers, architects and the otloepgrinvolved can maximise effort

to find a better solution for ongoing problems.

% Based on my visit to this complex on December 2003
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Figure 3.6 Shiodome CyberDome Structure (Matsushit&lectronic Works Ltd, 2003)

Figure 3.7 shows three different users’ interfacedntrol the movements inside the
VE. Each interface is strictly related to the ap@to where the 3D VE is being
applied. The frame on the left illustrates the hatkrface explained previously. On
the middle and on the right, respectively, a virtualk and a scooter ride are

explored as interfaces.

Figure 3.7 Shiodome CyberDome User’s Interface (Matishita Electronic Works Ltd., 2003)

Shiodome CyberDome is a huge state-of-the-artfatercreated to explore 3D VEs.
As mentioned on Virtools (Virtools, 2004), the cagplication of this CyberDome is
the "VR Environmental Project Support TgoWhich is used for reviewing and
consensus-building in CEn and urban developmentaje@s by construction
companies, engineers, planners, designers, residamtl users. The range of
applicability is unlimited, as are the ways to explthe user’s controls over the VE.

Cybercity Walker 2001 and Wisteria World 2001
The Cybercity Walker 2001 by Tamura and Kotake (Uiean 2001a) uses AV
technology to generate a large-scale virtual Citye basic idea was to equip a car

with several sensors, including seven video camenags roof. The cameras were
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distributed around a circle on the roof of the twaprogressively record images at the
same time that the car is driven around the cihe ®ther sensors indicate the car’s

position and the angles that the images are beiptyued.

The visualisation is done on a widescreen projadii@t can change the point of
view when the user simulates walking on the stoeelriving a fast car. The velocity
of the projection depends on the amount of fore ihbeing applied to the controls.
Virtual buildings can be added to the scene foy pianning purposes and virtual

tours.

Another example introduced by Tamura is the Wiatéiorld 2001 (Tamura,
2001a), which incorporates MR functions into apedsence system. Instead of using
pre-captured images, the users control a remowovidamera pointed at a 1/87 scale
model. The scale model is precise enough to resembtity. The simulation of
walking and bird’'s eye viewing can be seen on aesogeen projection. As the
previous project, virtual buildings can be addeth®scene.

Both projects work with widescreen projection amath e easily associated with
CEn applications. Some enhancements, such as telogement of a dedicated
hardware to render the images and a robust refistracheme can also described in
the paper (Tamura, 200la). As illustrated on sect®6.5, the advantage of

projections on widescreen is noticed by the nunolb@eople in the audience.

Towards Outdoor Wearable Navigator - Air Hockey - AguaGauntlet
The projects discussed so far have introduced WEsugh computer screens or
widescreens with or without stereoscopy. The foitmnsections will explore projects
related to AR. Even though some of them are n&elinto CEn applications, they are
helpful to exemplify the basis of the research psgal of in this thesis.

“Towards Outdoor Wearable Navigator” (Tamura, 2Q(atoh et al., 2001) is a
mobile system where the user is equipped with a HMD optical fibre gyro, and a
portable PC. Instead of the users being tracked B®PS receiver for example, they
announced a system that uses vision-assisted reggiat to adjust the drift of the

optical fibre gyro and presently performs with omiethe best spatial registration
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accuracy in the world. However, the users can wiglyalise the environment on pre-

surveyed places. There is no flexibility to walk@and exploring the VE.

Applications including the insertion of new featsirever specific points in the
city were demonstrated in Tamura and Satoh (Tan20@la, Satoh et al., 2001).

Tamura and Yamamoto (Tamura, 2000, Yamamoto, 1988pduced the
experience of a case study of collaborative AR.yTdeveloped the AR Air Hockey,
a game where the players hit a virtual puck withletaon a table. Thanks to a see-
through HMD, the players can recognise the oppdmanbvements (on the real
world) at the same time that they see the virtualkp A sensor and a camera are
mounted on the HMD to register the user's movemeAfser recognising the
player's movements, the system produces the belmawfdhe virtual puck and shares

the information on a VE.

Tamura (Tamura, 2001b, Tamura, 2000) also commamta multi-player MR
entertainment entitled AquaGauntlet. Their objextivas to create a system able to
support more than three players, multiple virtulajeots, occlusion between virtual
and real, special sound effects, gestures’ recognitc. The players’ movements are
logged through magnetic trackers positioned orHl® and on gloves. The HMD is
not a see-through type but a block view. The reslirenment is recorded by a
camera placed on the HMD and then blended on théaf&re it is displayed on the
glasses. The gloves track the arms’ movements,hadnie recognised by the system,
resulting in different actions to attack the vitto@onsters.

These three projects exemplify the multipurpose afs@R. The project entitled
“Towards Outdoor Wearable Navigator” only works a@elimited areas of the city.
The users always need to stop over a pre-survegsel foint. Then the users need to
tell the system which base point they are steppovgr. By choosing this
methodology, there is no need of a GPS receivesiti®® points on the research

presented by Tamura and Satoh (Tamura, 2001a, 8a#&bh 2001), are as follows:

The wearable equipment is considerably light.
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There is never the problem of GPS signal beingkgdor multipath
distortion.

There is no need for radio links to use DGPS or FIlS.

However, there are also the following disadvantages

The users must stop at one of the base pointgler to identify their location.

The system does not allow the exploration of calfabive environments.

Air Hockey and AquaGauntlet are two examples of sy®8tems which allow the
exploration of CVE. Users are immersed on the gsysiee to the large amount of
interactivity and involvement between players ahd bbjects to be hit. Another
positive aspect is the development of interactiothie VE through recognition of a
user's arm movements. In AquaGauntlet (Tamura, RGo0example, the users have
three gestures commands: ready, fire and defenaeler to attack virtual jellyfishes,

sharks and rockets.

Studierstube Augmented Reality Project

The Studierstube (Columbia University Computer @Grep and User Interfaces
Laboratory, 2004b) is a system that interfaces msnand VE in a CMRS context. It
was named after the study room where Goethe's farnbaracter, Faust, tried to
acquire knowledge and enlightenment. This systesrblean widely explored over the
years, having been involved in around forty prgeetccording to its website. The

most relevant ones are described below.

The Mobile Collaborative Augmented Reality is ateys created to combine 3D
computer generated stereographic images, interactiath virtual objects,
collaboration and data sharing between the us&asdisary or not). The application
integrates a see-through HMD, a web camera, amtatien sensor to be placed on
the user’s helmet, a notebook, a pen and a tabiét mvarkers (Reitmayr and
Schmalstieg, 2001). Based on ARToolkit (Human Faiee Technology Laboratory
at the University of Washington, 2004), this sysi@ocesses the images captured by
a camera looking for specific targets. The systeerlays the recognised image by a
virtual object every time that it recognises a éirg
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The user’'s movements are also recognised by themsyttrough the cameras and
acted over the virtual objects. In one scenari@ phlayers with different points of
view sit at a virtual chess table and manipulateugl pieces. The Studierstube is the

platform used by the players to share the VE.

Reitmayr and Schmalstieg describe a CMRS for outdoavigation and
information browsing (Reitmayr and Schmalstieg, 290 The equipment used to
perform the AR system outdoors does not differ miwoh the one presented on the
previous project. Additional integrated hardwarensists of a GPS receiver and a
wave-LAN network adapter to enable communicatiotihai second rover user. As an
example of the application, they developed a tougisde: the system helps the
tourist by indicating the best route to visit irgsting locations spread in an area of

the City of Vienna, and provides access to usefiormation related to the area.

Information about the city is presented to the sisedifferent ways on the HMD,
working as an enhancement or complementary infoomatver a building, images or
even text. The users interact with the interfaceuph a 2D touchpad placed on the
user’s belt or carried as a handheld. All the dewviconnected to the notebook are

managed by the Studierstube, as the collaborativeament.

T
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Figure 3.8 Additional Information Overlaying a Historic Building
(Reitmayr and Schmalstieg, 2004b)

Figure 3.8 depicts an AR view of a tourist attractoverlaid with extra information.
The yellow shapes indicate that more information ba acquired about the site

through the user’s interface.
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Figure 3.9 illustrates a box containing text anéges supplied through the AR

visualisation when the yellow shapes shown on @8 are explored.

On their website (Interactive Media Systems Grougtilute for Software
Technology and Interactive Systems Vienna Universeit Technology, 2004) it is
possible to explore other projects. There are e¥esnipvolving: AR aided surgery,
AR locator for publications in a library, VR slig#how, occlusion in collaborative

augmented environments, etc.

int_181T172M1_

Figure 3.9 Additional Information Explored by the Users (Reitmayr and Schmalstieg, 2004c)

In the collaborative AR for outdoors, introduced Beitmayr and Schmalstieg
(Reitmayr and Schmalstieg, 2004a), the authors iorenhe low accuracy on GPS
positioning. The problem could be reduced, but campletely solved, once the
DGPS feature is enabled on the receiver (see niangt ¢his subject in 83.7).

Columbia University AR Projects

Columbia University (Columbia University Computeraphics and User Interfaces
Laboratory, 2004b) has introduced an AR project ediBpaceframe (Webster et al.,
1996). The project is a test bed of a spaceframstnaction aided by an AR system
that indicates which piece of a collection shoutdnanipulated in order to assemble
a diamond shape. The pieces look very similar, gimg confusion about which

should be handled by the users. The hardware ueaedists of a see-through

stereoscopic colour HMD with integral headphoned amnientation tracker. The

position tracking is provided by an Origin Instrume DynaSight (Origin
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Instruments, 2002) optical radar that tracks smalD targets on the HMD
(Columbia University Computer Graphics and Useeflisices Laboratory, 2004a).
The system uses verbal or textual instructionsuiolega user to a pile containing
required parts. It sends confirmation through abae reader on whether the user has
the correct piece, as well as indicating how teadde the component. At the same
time that the audio and text instructions are cgadeto the user, a virtual object is

positioned where the frame should be placed.

Feiner (Feiner, 1997) also described the Touringhéee, created to combine 3D
graphics of AR with the freedom of mobile computifitpe hardware design is based
on a DGPS receiver, a see-through HMD, an oriantatracker, a notebook, a
handheld PC and a radio modem. This project wa®ldped under the Mobile
Augmented Reality System (MARS) concepts (HOllet€99).

The application scenario in Feiner’s paper (Feih®87) introduces a user who is
wearing the equipment and is standing in the midéieolumbia University. Around
the user, buildings are labelled with virtual tedisplayed on the see-through HMD.
The interface between the user and the systemmgpased of a menu displaying a set
of options. With the help of a touchpad, mountedtlon back of the handheld, the
user can select the options that give informatielated to the buildings around,
departments and the user’s location. Finally, thesen option is sent as a Uniform
Resource Locator (URL) to a web-browser runningtenhandheld. The system can

communicate via wireless with the web-servers tiecbany data that is not cached.

If the user stops for a short time in front of alding for example, the label
displayed on the middle of the screen changes fjay to yellow and then to green,
opening a second menu bar, which offers more lalisut the place. When the
building is selected an indicator remains pointatgthe position, then it changes
colour, from green to red, if the user’s head tumare than 90 degrees from the

target.

The system runs on two different platforms: the E&BIE distributed VE
infrastructure, based on Modula-3 (Dagenais, 20@9xhe outdoor backpack system

and its indoor simulation version, and Java/JavdSIh Microsystems, 2008) for the
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indoor desktop and immersive user interface, ad a®lfor the main database
interface (Hollerer, 1999).

Improvements made in related projects, including plsitioning of labels and
information on the VE, are described on Bell (B&D01). The distribution of
information and annotations inside the VE needbéddlisplaced in a way to avoid
self-occlusion. Excess information can also caum&usion (Javvin Technologies
Inc., 2009) in the VE, making it almost impossibtenavigate through the real and
virtual data. The paper describes the study oftipmsng of the information, size,

transparency, priority, etc.

Hollerer (Hollerer, 2001b, Héllerer, 2001a) intreéd in his paper the early
stages of an experimental mobile AR system thatl@yspechnologies to position
the users in indoor and outdoor areas. These témjiee include a ceiling-mounted
ultrasonic tracker (used on covered areas) andkx®FS system for open areas. For
areas out of range of both systems, he describedesults of the development of a
dead-reckoning approach that combines a pedomaterodentation tracker with
environment knowledge expressed in spatial maps aodessibility graphs.
According to the example cited in his paper (H&te2001b), the results achieved
with the combination of pedometer and inertial otaion tracker were strongly
disturbed by the magnetic field inside of the bimdd In the second example, an
inertial orientation tracker was used and the tssuére more convincing, apart from
the linear degradation of the orientation inforroatdue to drift. Finally, good results
were achieved when using the combination of pedemetertial orientation tracker
and environment knowledge. The system is based oram of the area where the
users is walking. It checks whether there is thssjimlity of a collision or if the

directions given by the sensors are just noiseszhbyg orientation drift.

Spaceframe (Webster et al., 1996), is an exampndhR system designed for
potential industrial applications. Any kind of sation where the users need to
integrate their skills with instructions providegt B machine can be shaped on the
base of this project. Examples of its applicatiog: @automobile industry, aerospace

industry, CEn, etc. The system is being modifiedstppport more than one user
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working on the same frame in real-time, as statedtlee website (Columbia

University Computer Graphics and User Interfacdsolcatory, 2004b).

The Touring Machine (Feiner, 1997) introduced anadlication with a suitable
user interface. The evolutions described on Bed#ll(B2001) and Hoéller (Hollerer,
2001b) complements the issues of an AR system wthereGPS signals are not

available.

Tinmith

The Tinmith system (Piekarski, 1999, Piekarski, Bf)0Piekarski, 2001d, Piekarski,
2001c, Piekarski, 2001a, Piekarski, 2002) fromUinéversity of South Australia is a
complete architecture project developed for AR pegs. As a wearable system, the
equipment attached to the notebook does not difiech from what has been

previously introduced in the other AR systems.

The main differential is in an interface approaemed Tinmith-Hand. Custom-
made pinch gloves are used to control a finger-redppenu through sensors placed
on the tip of the fingers. The menu system handight complex pre-programmed
tasks displayed in the bottom of the see-throughDHMIso on the extremity of the
thumb in the gloves there are two targets (two kstplares with a symbol painted in
black and white) that are recognised by the systeough to ARToolkit's (Human
Interface Technology Laboratory at the University Washington, 2004) image
recognition. The images captured by a web camenantaed on the user’s head are
analysed by the system. Each time that ARToolkibgaises the target it calculates
the position according to the tilt sensor, alsacgthon the user's head. Figure 3.10

shows the wearable system.
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e |
Figure 3.10 Tinmith Wearable System (Piekarski and’homas, 2002)

With the glove’s targets locked, the user can engptbe enhancements achieved by
Tinmith-Metro (for outdoors environment) and TinmWR (for indoors
environment). Tinmith-Metro (Piekarski, 2002) allwsers to capture the outdoor
design of a building and its structures using bey@mms reach manipulation
techniques. Through Constructive Solid Geometry GCShe users can shape
complex objects using their hands. The results banachieved from unions,
intersections, or differences between primitive @i)ects (as pyramids or spheres,
for example). The user has a choice to positiahsabect the object using 2D or 3D
techniques (Piekarski, 2002). If the object to bsigned is more complex than can be
made with the primitive forms, the users have thgoo to use théinfinite planes
technique” (Piekarski, 2002, Piekarski, 2001d). Two exampales given in order to

clarify how the user can design the objects:

Given the location of the thumbs (Piekarski, 200k system overlays
registered 3D axes. At the same time, a 2D flasauis overlaid on the top.
After the user has positioned the cursor with laisds it is possible to activate
the select mode using one of the pre-programmed @ifered in the menu.
The users create a virtual mask that superimpbsesetl object selecting one
point for each corner that shapes its boundary. flaee created can be
extruded in order to be modelled, with the sameedision of the original, or

assembled with other planes created during theegsoc
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A 2D cross-named eye cursor is displayed in thdreeof the see-through
HMD. The user needs to match the cross with thearsrof the object and

select the point. The final result is an objectwiitegular shape.

The process to acquire the planes is repeated thetilvhole building is modelled.
Once set, the planes can be grouped in just orextohind processed to be combined
with another one. When the model is completed MBes fed with the new virtual

object.

The Tinmith-VR system is used for indoor environtseand has the same

modelling techniques offered by the Tinmith-Metystem.

As cited on Piekarski and Thomas (Piekarski, 20@29, graphical quality of
objects created is largely limited by the accuratthe tracking hardware employed.
DGPS has been used for positioning, with a claimecuracy that ranges from 50

centimetres to 5 metres.

Augurscope

The Augurscope (Koleva et al., 2001) has been dpeel at the Mixed Reality
Laboratory (MRL) as part of the Equator (Equat@0%) project. It is a portable MR
interface for outdoor use, supporting both AR and A

The Augurscope is a wheeled stand designed to eguipment involved in the
positioning and display of the VE. On the basehef wheeled stand there is a CPU,
which is powered by batteries, which are coverea Ispell. Arising from the centre
of the base, an arm supports a screen which furets a window to the VE. This
small platform is movable. A compass and a tiltseenare used to give the
orientation of the Augurscope. A DGPS receiver dales its position. The sensors
are integrated on the screen of a CPU that hasva-iw&N card transmitting the
information to the computer placed on the base.ddtia are computed, rendered and

then re-transmitted to the display.

The system has an attractive and user-friendlyrfate which facilitates the

manipulation and exploration of the VE. The usens manoeuvre the wheeled stand
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with the advantage of not having to carry any eogipt in a backpack. Figure 3.11

shows the Augurscope.
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Figure 3.11 Augurscope (Benford et al., 2003b)

Currently the project has its test-bed at Nottimghaastle, where users can see and
explore how the outdoor environment of the casts w the past. For each direction
that Augurscope points the user can see the wallsses, and towers that were once

placed there.

Two potential applications for the Augurscope ameitural heritage and
environmental planning. In terms of planning, itilwbbe used to explore scenes from
the future as a consultation over designs for neidings, transport systems and

other public facilities.

The Augurscope is marked by its design. It is asyda-handle device, which
almost invites the users to play witf. iThe intuitive handle allows even children to
manipulate it. If the user does not like to use wheeled stand the display can be
detached from the stand arm’s support. Becausmitsnunication is done via wave-
LAN with the base, the display always stays withiange of the wave-LAN

transmission.

4 Based on a demonstration on October 2003
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The display tilt has been exaggerated so that\eryesensed degree of tilt two
degrees are rendered (Benford et al., 2003a). ibddily between 20 to 45 the
camera pulls upwards. At 45 (the limit of sensibd®vement), the camera tilts to
90, raising several metres into the air givingieds eye view to the users. This
procedure not only masks the limits of the tilt senas well as helps the users to

locate areas that were not yet explored.

The lack of accuracy of the DGPS was substitutedrbinterpolation between the
previous point and the actual positioning. Thusthweach three or four metre
movement the system computes the new positioniagiristance, if the user moves
only one or two steps and stops, the system ddesongpute this change of position.
Whereas if the user pushes the trolley two morpssend again stop, the system
identifies this movement, not as a drift of the [B58ystem, but as a real change of

user’s position.

Augmented Reality for Subsurface Data Visualisation

The Institute of Engineering Survey and Space Gepld&SSG) (IESSG, 2008) and
the School of Chemical Environmental and Mining iBegring (SChEME) have
developed in cooperation a prototype of an AR sysaeming to show the location of
underground pipes for engineers and workers inebivea excavation. As cited in
Roberts (Roberts, 2002), the risk to a worker akisty a live power cable is very
high when there are no plans describing what laygeuthe ground. This situation
has already claimed eighty six lives and causecerti@an three thousand injures over
the last ten years — based on a study conductetiebyAutomobile Association of
Great Britain in 1997. Even if 2D-charts exist, ytrean be misinterpreted, and the
cost per day at digging a hole in the street i&.hig

The developed system integrates RTK-GPS and anidhé&tavigation System
(INS), enabling centimetre-level positioning acaytaApart from the receiver, which
weighs 1.2Kg, the other equipment involved is ekt and compact, which makes
the whole set suitable to be carried in two smatiks. Figure 3.12 shows the RTK-
GPS receiver placed in the user's backpack. Anothack then contains a
minicomputer connected to a pair of digital gogglasradio antenna, a digital

compass and a tilt sensor.
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Figure 3.12 AR Sub-Surface System (Roberts et a004)

Slightly different from the see-through HMD, thegidal goggles have a camera on
the front, where the RE is recorded. The imagesived from the camera are placed
as textures over a digital rectangle, wide andefayugh to be set as background on
the VE. Between the background and the user’'s WeWE is positioned also as a
digital image, respecting the angles of the compé#issensor and RTK-GPS
positioning. Figure 3.13 shows the VE projectedrdlie RE.

Roberts mentions two other applications for thgjgmt, which have been tested
in a talc mine in Luzenac, France. The first ide#oi supply information through the
goggles that is not easily visible for workers ne tmine, such as faults, aquifers, old
workings, obscured rock surfaces, etc.

The second idea is the visualisation of a grid with geology of the terrain

superimposed on the mine face and the visual lmeati different minerals found but
not extracted from the ground.
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Figure 3.13 VE Projected over the Real Environmen{Roberts et al., 2004)

It is clear that the system, with its focus on subface work, could be used in the
same way to explore any sort of AR environment. &u#hor had the opportunity to
test the equipment. The system passed the impreskizeing sufficiently precise for

the proposed objective.

ARMobile, ARONSite, ARWebCam, ARPhone

The Technical Research Centre of Finland (VTT) wdrlover several researches
exploring VR and AR in CEn applications. In the pagpWoodward et al., 2007a)

they document the use of applications like ARMgbAOnSite and ARPhone in the

planning and construction phases of VTT's new hefeides named Digitalo.

Using basically off the shelf hardware devicessistem allowed users to explore
a VE outdoors. For the positioning perspective theport the use of image pattern
recognition through ARToolkit (Human Interface Taology Laboratory at the
University of Washington, 2004) placing big printeshrkers in the streets to be
recognised by the system. This solution is combite@nother system that also
indentifies other features in the RE to help twiitte the system — when markers are
not detected.

ARMobile (Figure 3.14) is a system created over miature PC enabling
rendering of 3D models, adding new features ott lgghusting in real time. The paper
describes the enhanced version of ARMobile calleROASite (VTT, 2008,
Woodward, 2007) that does not require markers ttopa outdoors AR but a GPS.
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With this system, users are able to place feat{iresa building) in a specific place
using Google Earth (Google, 2006) and exploreiitigithe AR system.

Figure 3.14 ARMobile (Woodward et al., 2007b)

ARWebCam (Figure 3.15) is an experiment based wel camera placed over the
roof of one of the buildings that surrounds thestarction of Digitalo. The system

had some knowing land marks and superimposed Virmeges of the new building

during the construction phase. Users could comfgaeactual development of the
construction with what is really done or how thaga will look after the conclusion

of the works. The video streamed from VTT's websteeady contained the VE

blended, making no requirement of an extra softwathe users side.

Figure 3.15 ARWebCam (Woodward et al., 2007c)

ARPhone is a prototype of a system aiming to defiveR models in pocket devices
like mobile phones. They are expecting to delivedy view of objects in real time
once such devices become more powerful and comratwebn people. Users will

76



need only to point the phone camera to the placravthe building is being planned

to see how the environment will look in the future.

3.7  Reviewing the Positioning System

As already demonstrated in some of the projectgewad in 83.6 the positioning
system has a high degree of importance with regaréferencing the outdoor user
inside the VE. The more accuracy is provided by gbsitioning system the more

reliable the positioning of the VE will be when plisyed on the AR display.

The review of some of the positioning systems helpsto choose the best
approach to be used during the implementation ©f phoject. High accuracy in
positioning is one of the elements that shouldriegrated alongside several other
requirements that are introduced in 84.1. The V¥ahg paragraphs gives a brief

review of some of the positioning systems thatleamsed in AR systems.

3.7.1 Mobile Phone

The main advantage of using a mobile phone fortiposng is the availability of the
service and the size of the handheld device. Mdftilenes are connected to one or
more antennas wherever the service is availabdenor outside buildings. The
coordinates are calculated through the triangulatb 3 or more antennas and the
accuracy is based on the number of antennas tagihtbne has in its range (Gomez
M. et al., 2002). The signal can be affected by th&tortion along its travel

transmission depreciating the accuracy of the doates.

3.7.2 Wi-Fi Triangulation

Wi-Fi triangulation can use either the tags distidal in a delimited area, or the
reference of pre-surveyed wireless points on theet. In both cases, the places
where tags or the wireless points are, must bespineeyed. The use of the tags gives
more accuracy to the system, but it is limitedte area where they were placed.
They are normally used as positioning systems énbidaildings. Nowadays, wireless

points are common in places with high density dices due to the price and
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practicality of the system. The same happens inltieareas where houses have
more than one computer. However, that does notrosten middle and working

class areas are surveyed. The result is a posigasystem with very poor accuracy
because of the lack of wireless points. The systerds at least 3 tags or wireless

points to calculate a coordinate.

3.7.3 Self-reporting

Self-reported positioning (Benford et al., 2004)bmsed on the users saying where
they are. They explicitly add a new input in thehi® device each time that they
move. This kind of positioning has as its majoradigantage the lack of freedom for
users once they have to interact constantly withstystem knowing exactly where

they are.

3.7.4 Global Positioning System

Among the positioning systems available, GPS isdhe chosen for this project.
Between many factors, this project looked for atesysthat could attend the

following pre-requirements:

Accuracy — a positioning system that can provideordmates with
approximately 5cm in real time.

Infrastructure — the coordinates should be avasldbl user needs with no
more than two sets of equipment — if possible #ference equipment would
be substituted by augmented systems. Each setecam far as 20Km distant
from each other without affect the transmissiontlué corrections of the
calculated coordinates. The system should not reguy extra methodology
as: triangulation, cameras for partner recognits@averal cell signals, etc.
Avalilability — the system should work 24h days, aysl week in any weather
condition. The signal for the system should worlewer occasion that there is
clear view of sky, even in remote areas.

Dimensions and Equipment Weight — the equipmentlshbe portable and
light.
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The GPS was primarily designed to provide worldwititantaneous positioning to
US military and allies. It was developed by the tddiStates Department of Defence
(USA-DoD), and it reached Full Operational Cap&pilFOC) on 27 April 1995.
GPS is operational 24 hours a day and as a passtieod it allows a very large
number of users. At the moment there are twentg-oiperational satellites in orbit
(United States Naval Observatory, 2005). Thereddferent techniques to handle the
GPS signals for civilian use. Each technique hasnbaevised to fulfil distinct
necessities of the user with different equipmemffigoirations and at varied costs.

Stand-Alone GPS Positioning
GPS receivers can be single-frequency (trackingy dril) or double-frequency
receivers (tracking both L1 and L2 frequenciesddpends on the hardware, on the

embedded algorithm and on the type of antennaatiean the set.

The receiver in stand-alone mode uses the sigraits GPS satellites to compute
position without any sort of correction coming frather receivers or geostationary
satellites. As any other receiver, it needs att ldeesGPS signal from four satellites to

compute its three-dimensional position.

The limitations of single-frequency GPS when useth VAR systems are well
known and perhaps one of the main frustrationsABr researchers is when the
positioning system cannot achieve the desirableracy. It is often observed that
researchers who need centimetre precision iniraalwould wrongly choose to use a
modest set up of equipment. As introduced on saptelm A.1, the number of
variables that would cause errors on GPS is langech makes single frequency

receivers unable to produce results with good awyuon positioning in real time.

Differential GPS — DGPS

DGPS is by far the most frequently used positionsystem in AR system

development. There are handheld GPS receiverseomérket able to compute and
transmit DGPS corrections. Some of them are chieape lighter when compared to
the receivers that will be introduced in 83.11. éwchng to Roberts (Roberts, 1997)
“DGPS was developed to increase the accuraciesuthinothe elimination of the

clock, atmospheric and orbital errors”
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With DGPS positioning we will normally refer to edeers called base stations
and rovers. The base station is placed on a preged coordinate known as a base
point. As the name indicates this receiver is $fitic on the base point, calculating
and transmitting the GPS corrections for the ravéte rover is the receiver that
changes its position from time to time. A rover ipguent could be a receiver that is

being used to guide a person, a car, an airplane &R system for example.

DGPS is the most used methodology, perhaps beoaosteof the medium priced
sensors available in the market already come with fieature. There are also an
extensive number of libraries on the Internet tta help researches to create a
network of base stations and transmit correctiorthé rovers. With the complement
of additional software, it is possible to explofes thardware of the receiver and
extract information that is not often availablealinary users. However, this takes
time for configuration and eventually the final uqthe coordinates) is not as good
as when using RTK-GPS.

Real Time Kinematics GPS - RTK-GPS

RTK-GPS receivers process both L1 and L2 frequenemking exclusively over the
carrier phase. As cited in Bingley (Bingley, 2003jigh precision relative
positioning requires the use of the carrier phasée first step to obtain the carrier
phase is to remove the timing codes from the sighalwith the pseudo-range, the
phase is also contaminated by errors related tokckynchronisation, ephemeris,
ionosphere, etc. For more details in the technigiee®loped to model or minimise
these errors the reader is referred to (Kapla@6,18quino, 1992).

A solution for applications where high accuracy andvement are essential
involves the use of a carrier phase base methodikms On The Fly (OTF) Integer
Ambiguity Resolution as cited on (Roberts, 199'hisTmethod runs in real time and

as explained by (Roberts, 1997):

the positioning can be established whilst in tleddfiand any poor reading and data can
be rectified and taken again. The raw data mayeberded, in addition to the positions,
and the positions computed by post processing udififgrent variables and options as
well as forward and backward processing. (Rob&&37)
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This method requires more expensive equipmentrifpared with the GPS methods
suggested previously. The main advantage is thenoeine level of accuracy in real
time. To set up the RTK GPS, the coordinates c#farence point are necessary to
transmit the corrections for the rover receiveriéinity of up to 20Km is the limit of
the range in which the corrections from the st&mRS receiver can be effectively
used. The limit is based in the differences thaldoccur in the troposphere over the
reference and the rover stations. Such differermmdd make the corrections
transmitted not appropriate, resulting in a pogphation for the integer ambiguity.

Differently from the DGPS positioning system, RTIléquires at least five
satellites and transmits, from base stations tengwnot only timing-code corrections
but also the corrections for possible solutionstii@r integer ambiguity. This solution
can be based on stochastic estimation processaurgin the Hatch filter (Yunchun
Yang et al., 2002) and there is a wide number afhods and variation aiming to
improve accuracy and reduce the time to computéntieger ambiguity. In any case,
the solutions go through a mesh of ambiguous coatibins rejecting all those with
higher residuals and selecting the smallest. Ifentban one solution suits the final

answer the algorithm computes the next epoch’s data

Details of RTK integer ambiguity resolution are beg the scope of this thesis.

Further reading is suggested in (Yunchun Yang.e2@D2, Roberts, 1997).

This thesis adopted the RTK methodology for positig. It is a fact that this is
the best positioning method for real time. Everutifothis could be the main reason
for using it, this thesis also evaluates the achged and disadvantages of using this

method. Some of the advantages that can be medtwitieout further research are:

The high accuracy can be achieved using only alemfpeceivers.

Usually the receiver falls back to DGPS when tlgmai's lock is lost. In this
case, the positioning error increases but the sykeeps running.

There is the possibility to use augmented posmigrsystems.

Top of the range equipment are not cosmeticallyeddht from receivers

enabled to compute DGPS only. The size, weightshiaghes are the same.
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The disadvantages when compared with other sysiesns

The price of this technology is currently far higtigan any other.

RTK-GPS system requires the GPS signal of fivellgate at least. If the

receivers are being used on narrow streets orgiome with poor satellite

constellation (low or high latitude) the results ynaot satisfy the user’s

necessities.

Items of top-of-the-range equipment are heavy -uahid?Kg and big — the

size of a shoe box. The antenna is not embeddé#teteeceiver, forcing the

user to carry a pole for the antenna or a backpditkan adapted pole. There
are a few cables that need to be connected andattery consumption is

higher than in small devices, which make them nmegstronger and heavier
batteries. The final pack becomes more expensivause of the high-

technology embedded in the peripheral equipmenterras, for example, are
highly sensitive for dual frequencies. The user inlngsaware that in order to
carry this equipment, he needs to have a bag #Hratarry the antenna, the
receiver and batteries without damaging the equiptme

Table 3.1 complements this chapter showing theesysthat were introduced on this

thesis and the average accuracy in each of those.

Table 3.1 Different Positioning Systems
Positioning System|  Accuracy Comment

Mobile phone 30mto 500m| Good precision is onlyi@edd when 16 cells are being
tracked at once (Gomez M. et al.,, 2002). Only few
mobile phones can do it and Global System for Mopil

Communication (GSM) modems.

Wi-Fi Around 20m This system is based on a preesyrand in areas well

populated with Wi-Fi spots.

Self-positioning precise The system is based orspreeyed points taking th

D

freedom of the user to explore the digital envirenm

Single  frequency 5 to 20 metres) Minimum of 4 satellites and cleay &k better GPS
receivers (CIA signal reception.

code)

Single  frequency < 5m vertical| The receiver requires a special chipset that esable

receivers using and < 3m| acquire augmentation signal as EGNOS or WAAS.
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augmented systern

nhorizontal

double frequencies)

(CI/A code) 95% of time

DGPS (C/A code) 2 to 5 metres Same as above buirirg|two receivers.

RTK-GPS Centimetre Expensive technique. The system requires at least 5
(carrier phase -+ level satellites available to calculate it's coordinate.

More about GPS methodologies can be found on Appéhd
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Chapter 4

Requirements, Users, Design, Hardware

and Software Overview

The market is experiencing a technological revolutand this process can make
companies fall easily behind in their adoption afjhhtech solutions. Currently,
communication in CEn projects is sometimes possiyy through traditional
methods which means that 2D sketches remain verghnm use (Woksepp and
Olofsson, 2006). As a result, new technologies l@ng introduced slowly and
gradually in CEn companies (not only because ofitvestment required but also
because of the uncertainty about the right tectgyotbe company should invest in).
Consequently, VR is becoming the first natural stepe explored. As mentioned in
(Bouchlaghem et al., 2004):

VR models are one way to improve information harglli communication and
understanding in construction projects. VR offersnatural medium for the users
providing a three-dimensional view that can be malaited in real-time and used
collaboratively to explore design options and satiohs of the construction process.
(Bouchlaghem et al., 2004)

However, in a near future it is not difficult to agine AR systems displaying BIM

information for outdoor users (Woodward et al., 2Z80Woodward, 2007).
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In Chapter 2, it has been shown, (among other sppi@at the apparent focus of
research projects and commercial products haslbeged to 3D visualisation where
actors can easily indentify problems and find ausoh (Khanzode et al., 2008,
Brousseau and Rallet, 1995). This is particulare twhen investigating complex
buildings where 2D representations become inadeqgikat et al., 2008). It is also
possible to state that the solutions presentediddtethe demand of general project

management and coordination but are mostly lintibetthe office environment.

Chapter 3 introduced MR and all the other concéps surround it. It has also
revisited a number of research findings with a eyrsovering the spectrum from VE
to AR systems, including both indoor and outdo@uwlisations, as well as different
kinds of positioning systems. The survey in questias helped shape the solution
proposed by this thesis by helping to create a murabrequirements that this project

should be addressing.

The following paragraphs will expand on how thigdis aims to achieve the
enhancement of communication, collaboration and ualutunderstanding using
CMRS.

The structure of the Chapter is framed as follows:

Requirements — we introduce the requirements aobtotype of a CMRS
based on the projects and products presented ipt€ise2 and 3.

User groups — a sub-chapter introduces those whddwlae interacting
with the system and where they are located.

Design overview — creates bridges that integrateesof the technologies
reviewed with the requirements being proposed. désign clarifies, in
broad terms, how the system is implemented.

Hardware — based on the specified design and egemts, the chosen
hardware is introduced. This sub-chapter also vevithe messages that
are to be extracted from the hardware.

Software — the platforms used to control the hardwand manage the
CMRS.
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4.1  Requirements for the Proposed Channel of Interactio in CEn

The projects and commercial products reviewed iapfdr 2 and 3 have confirmed
that even though the technology in general hasrheamore accessible and despite
the fact that some partial solutions to enhance neonication, collaboration and
mutual understanding already exist, rarely do tbeglore the possibility of CVEs

between office and field actors.

Based on these reviews and the challenges faceddearchers we understand
that a research project that aims to use CMRS @Ea context should provide

solutions addressing the following requirements:

Communication — this thesis aims to investigatéhbarbal and non verbal
communications. Users should be able to talk asynicady. They should be
encouraged to ask and to answer and especialatdrtheir own conclusions
about what they are exploring in the VE. The redeas focused first on
whether actors can comprehend the information.

Collaboration — the second keyword for this thes@uld only be realised
once communication is already in place. Collaboratvould be said to take
place when users can help each other inside o¥Ehe~or instance, it could
happen when the outdoors user cannot find a spetefget. A discussion
about what is being presented or not can alsodamplify this keyword. As
mentioned in Chapter 1 collaboration is charaaterisy two or more people
working towards the same objective.

Mutual Understanding — this can only be achieved¢dmmunication and
collaboration had already been reached. The impcetaf the third keyword
is highlighted, for instance, when outdoor actaes @nable to understand 3D
sections of a building. Through communication are texchange of
information (collaboration) users can talk to eatier and explain what each
phase of the visualisation represents to them, tmeking mutual
understanding possible.

Exploring the VE — users should be able to explbeeVE on their computers
in standalone mode. There is no specific path tcsthbetly followed or a
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limited area available to explore. There is no needender viewpoints to
create a movie that would be presented later. Eviey must be rendered in
real time even considering the high CPU cost aradityuof the images being
produced. The same is true of users exploring tBeoutdoors. The system
must support one or more users (indoor and outdwout)allow them to share
the same context in real time.

Moving objects in VE — virtual objects can be movad any time. All
modifications are automatically reported to all essharing the VE at the
time.

Animation — very few research projects/papers noeetd the possibility of
animation and simulation. This is also an impori@spect considering it can
brings the CVE closest to the RE. Animation alsdpdieusers to better
understand information such as wind corridors ow he particular object
would move once it becomes operational.

Accuracy — it is necessary, not only to know exawathere outdoor users and
virtual objects are, but also to ensure that thereas much stability as
possible; in particular, the avoidance of jerkindg®ugh selecting the right
positioning methodology as well as the implemeatatdf filters to reduce
false movements. This should be available in reaé twith no limitations
such as: predetermined surveyed points, huge @mscoges between the real
positioning and the calculated one, etc.

User-friendly — although the system is a prototishould be as user-friendly
as possible. Very few instructions (or none at alipuld be necessary to
operate it. Users should be able to rely on theitumal instincts when
exploring the VE. This is particularly true whenings the system outdoors.
For complex tasks outdoors users should have thpediegemote assistance

from indoor users.

The requirements presented above correspond tuosoproposed for a prototype

of a CMRS used in a CEn environment. It is natyradlssumed that such

requirements are open to changes and that theskepeadent on the kind of research

findings that are being implemented.
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4.2  User Groups Concept

Figure 4.1 presents an illustration of the cormitbat it is explored in this thesis. On
the left side of the illustration there are a ceupf actors exploring the CVE and
talking about what they can see. They share thig @\th a user who is outdoors.
The actor outdoors (Figure 4.1 right side) explates CMRS though the images

projected before his eyes.

The exchange of information is achieved using an gyRtem by interaction
between actors through the use of a voice chamtktlee movements of the avatars
(human representation) in the CVE. Such interagtimnight help stimulate: the
comprehension of obscure points, the perceptiarenaf ones and the creation of new
conclusions, helping actors to make decisions albat to do next in the area that is
being remodelled.

There are two main groups that benefit from thelteof this thesis: office users
and field users. Initially, these groups were n@ated to distinguish people with
different levels of knowledge in CEn. However itimagined that eventually the

combination of who is working in the system as exto the office and who is in the

field reflects different roles of expertise.

N

audio Iink‘CVE‘F’C audio link, inertial sensor, RTK-GPS, PC,
CMRS AR hardware

communication, collaboration and mutual understanding

Figure 4.1 Proposed CMRS
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Office User

The office user (Figure 4.1 — left side) is theoathat explores the CVE displayed on
a computer screen with the help of a standard mouséher VR interface. This actor
could be either an AEC or a customer wanting tovknoore about the new
construction. The objects designed to populate@NE are the representation in the
natural scale of everything that could be placethe\RE. The actor has the freedom
to explore the CVE without restrictions. The avataght potentially be directed to
go through the objects, take panoramic views area @y.

The first example of configuration can be exemetifivhen only office users are
working on CVE. They can explore the CVE at the sdime with the freedom to go
in all directions or move objects to reshape thelaed VE. These actors are

connected via Internet with the facility of a voeannel.

A second configuration is the CVE being exploredobyh office and field users.
Again the voice channel is available and usersimi@nact at the same time that they
are exploring the CVE.

Field User

The actor that explores the RE where a new corigirucs being built is called the
field user (Figure 4.1 — right side). As with th#fiae user, the field user is also
represented by an avatar inside of the CVE. THd fiser explores the CMRS using
the movements of his body instead of a mouse frazomaputer. The person in the
field has with him a notebook and a positioningteysreceiver in backpack. These
coordinates are associated to the embodiment’'s mewnts. A crash helmet, adapted
to fit the inclinometer and the electronic compdsgs the movement of the user’s
head updating the angles of where the avatar sHoaldat. An AR display is also
adapted in the crash helmet to alleviate the weaglet the user’'s nose. The images
generated are then transmitted to the AR displaygito the field user the view of

both the RE and VE projected before his eyes.

The AR display also provides an output for an eangh A microphone is

attached to the notebook and they are used to eoitenunication with other users.

89



A wireless communication channel is used to crélagetransmission between
computers. The office user does not necessarilg teée in the wireless range. For
instance, users could collaborate over the Interaphected to a host that is in range

of the wireless router.

4.3  Design Overview

The diagram on Figure 4.2 is a more detailed vidwhe design of the project

showing what actors (field and office users) hag hardware and software, when
the project is fully operational. The diagram aldwws how the connections are
between different parts of the system created. $ofowvare platforms are presented

in this graphic:

MASSIVE-3 — working as the manager and renderethef CVE (formally
introduced on 84.4.2).

Equip — working as integrator between external ceviand the CVE, controls
the data base Coordinates, and control the quenesthe replies of clients

(formally introduced on 84.4.2). These are desdribemore detail below.
As general information, each computer involved ransnstance of MASSIVE-3 and

Equip. They also have a copy of a file containimg éntire CVE and the design of the

objects that populates it.
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Figure 4.2 Design Overview of the Project — Fieldrad Office Users

The diagram above does not represent the desigh heteveen office users only.

Such diagram is presented in 85.2.

The following paragraphs go through the designhef piroject although some of
the elements of the diagram (trader, APl/comm pamd Integrator) receive
complementary information in chapter 5 due to tremplexity and the level of

details.

Firstly we present the left side of Figure 4.2 i@#fuser) and then the components

of the right side (field user).

4.3.1 Office User Design

As mentioned before each computer used by offickfi@id users to interact with the
CVE contains the files that populate the VE as wslthe files that shape the avatar.
Both the files are interpreted and rendered by MIWES3.

MASSIVE-3 — Office User Design

Actors can use the mouse to navigate through oCWie. All the rendering processes
of the CVE are performed by MASSIVE-3. It contaias manager that keeps
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continuously listening for new events inside of @¢E World data base (Figure 4.2
— right side). Office users can click and hold tight button of the mouse and move
it forwards, backwards, and strengths. All theseenments are logged and replicated
to clients sharing the same CVE. If the avatala@ng an object the actor can click
and hold the middle button. A ray comes from tlomffthead of the avatar towards the
object selected. The object can be repositionedniother place and angle. Such

movements and clicks are handled by MASSIVE-3.

The repository of the CVE is managed and hostedrby one of the computers
involved (Figure 4.2 — CVE World).

MASSIVE-3 is formally introduced on §4.4.2.

Equip — Office User Design
Equip contributes in different ways:

The handling of connections between computers.
The connection with the data base (Figure 4.2 erdinates).

The handling of incoming data from external desice

The use of this platform is not compulsory the adfuser side. It could be discarded
with actors interacting with the CVE in a simple wdike exploring the CVE or
moving objects. However it is requested if officeets would like that an external

device has its input logged by the Coordinates bas.

In the diagram, it is presented the input from gbkerd. To make the keys
pressed available in the Coordinate data baser@#@ — right side) some Java code
was created (see 85.3 — keystroke) to keep liggenam the keyboard. The following
steps document what happens when an office usssgs@ key in the keyboard:

1. The key pressed is read and sent through Equipiégian Program Interface
(API) (see 85.3.1 equip_net_trader, trader).
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2. The key stroked is then logged in the data basgu(€i4.2 — Coordinates —
see 85.3.1 equip_data_server).

3. This new log triggers an event in Integrator (Fegdr2 — left side — see 85.3.1
Integrator).

4. Integrator processes this new information (traiglathe key stroked for the
real meaning of it).

5. Integrator updates the management of MASSIVE-3 (sg8&.3.1
equip_mas3_mgmtserver).

6. MASSIVE-3 management logs the data in CVEWorld (Feg4.2 — CVE
World).

7. MASSIVE-3 clients keep listening for any changeha data base (Figure 4.2
— CVE World). When there is a change the CVE imtheodified — in this

example CMRS window and CVE window.

All these steps cover a view of the process inwbheemake the system running. The
complete set of programs running as well as themctionality can be found in
§5.3.1.

Equip is formally introduced on 84.4.2.

Audio Channel — Office User Design

The audio channel (see 85.3.1 — audio_server adi gest) works completely

independently of Equip and MASSIVE-3. The commutiazais directed between

computers through the data communication. It iy or@cessary to create a server in
both computers and to set the acceptance betwedts fmaexchange the audio

packages.

4.3.2 Field User Design

The field user side (Figure 4.2 — right side) isnswhat more complexes than the
office user side. On this side there are two da@baunning as well as two external
devices being systematically checked for new inplitee configuration of the data
bases was selected in this way because historittedlproject always performed with

the faster computer in the field user side. A n@wick is placed straight to the field
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user whenever a part is exchanged (new hard drsk$tance) or a new notebook is

purchased.

MASSIVE-3 — Field User Design

The CVE manager running in the field user sidexactdy the same version of the one
running in the office user's computer. Field useoslld also manipulate the CMRS
using a handheld keyboard (see 85.3) (it runs ensime way described for office
users) and mouse. However this option proved b @ifficult for users to get used
to (see 86.2.1). All the manipulation of the CVEpirformed then by users in the
office (see 86.2.2). The CVE World data base ismatically updated when a new
image is rendered in CMRS. Field users can seehtheges before their eyes through
a see-thought HMD.

The difference relies over an external applicatioat feeds MASSIVE-3 with
new information to be rendered. This applicatiotrigggered by new data arriving in
Coordinates data base logging the data in CVE woftde 85.3.1 -

equip_mas3_mgmtserver).

Equip — Field User Design
As in the office users’ keyboard interactions, dielsers’ coordinates (GPS,
inclinometer and compass) are stored in a data tr@s¢éed and managed by Equip

(Figure 4.2 — Coordinates).

Although there are two devices connected in theifEdPl the process is
basically the same as described when an office pemses a key on the keyboard.
The RTK-GPS updates its position every second g dbe receiver. A Java class
keeps reading from the communication port every deta. WWhen a new position
arrives it is processed and then published in #Hialthse — Coordinates (Figure 4.2 —
right side). The data is then transferred to theEQMorld. The same process is
performed with the inclinometer and the magnetimpass used to indicate the

direction that field user is looking — all theseps are introduced on 85.3.1.

Animated objects are also controlled in the rigistlesof the diagram. A file

containing the coordinates of where the animatgdoblshould follow is interpreted
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by equip_mas3_entitygenerator (see §5.3.1). The cewdinates are published in
the data base Coordinates triggering equip_mas3 sexy@r. The process then is the
same as described when a key is stroked or a né&sva@&Ydinate is received.

Audio Channel — Field User Design

The process is exactly the same as described Wwehoffice user. A server is
established and the connection between computeréaters can then talk to each
other with good sound quality.

4.4 Hardware and Software

The following paragraphs describe the hardware, glagforms and interpolator
software used for the implementation of this the&$apter 5). This text goes

through these in more detail covering:

The GPS receiver and the messages that were extraom it.
The compass and inclinometer and also the messaafesame from it.

The see-through HMD and achieving parity betwedatws displayed with
what is seen.

The notebook used to integrate the devices.

The handheld keyboard.

The wave-LAN set up.

The interpolator software used to create the maalébs the survey.
Equip.

MASSIVE-3.

4.4.1 Hardware

In most AR projects the price of the receivers rbaya relevant factor when GPS
methodology is to be used. It is possible to buy dofew hundred dollars good
handheld GPS receivers that can compute the poditimugh the C/A code, as
mentioned in 83.9. The accuracy is around a few tdfrmeters making this device a

useful tool when combined with a map for examplewever, such receivers are not
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good enough for the design proposed here. As destbefore, the drifts can cause

not only discomfort to the users but also a misetignt between the real and VE.

GPS Receiver

The Leica SR530 is a twenty four channel receiliat tracks both the L1 and the L2
carrier phases with high accuracy and with an crddRTK capability (Leica
Geosystems LLC., 1999). The receiver can offer TKRnode, two centimetres of
accuracy in normal conditions of use, which is appate for the application that is
being developed. The hardware is modular but reddgrieavy when in conjunction
with the other equipment in the backpack. A mintlpavith the receiver, plug-in
battery, radio modem, radio antenna and GPS anteeights around 3.7Kg. The
radio for the RTK data transmission can be easihjnected with the receiver and the
reception is good even for long distances. Leipants that the maximum RTK range
is usually 10Km. The receiver has 16Mb of spaceiflash card. A QWERTY
keyboard, a numerical keypad, function keys, amdvwarkeys are available to the
system’s interface. There is a screen coupled thighkeyboard to activate the sub-
menus, each one with different procedures and \aear, avoiding possible
confusions or even mistakes from the user. Afterrdteiver is setup, it is possible to
take out the screen-keyboard and leave the receveeking without the risk of
accidentally pressing a key. The connection betwkeneceiver and the notebook is
done using standard communication interface RS-282€C a 9600 baud rate. It is
possible to configure the messages in National méariElectronics Association
(NMEA) or American Standard Code for Informatiorteichange (ASCIl) format.
For the present project the second option was chddere details describing how
the messages are collected can be found on §5@&:1he reference receiver, a set of
two small Camcoder batteries is enough for appraiéty one hour and a half. The
short life time of the batteries is due to the féeit the reference receiver is sending
RTK messages to the rover receiver via radio, winngkes it necessary to connect
another external battery for long periods of udwee fover receiver can work well for

a few hours using only two small batteries.

The AT502 is a dual frequency antenna used bothenreference receiver and
the rover receiver. With high-accuracy, it is smbdjht, precision centred and has a

build-in ground plane. The antenna orientationasrequired.
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Using the system flexibilities, it was possibledonvert the output coordinates
from the World Geodetic System 1984 (WGS84) to @8umh with the help of a
small program stored in the receiver’'s memory. dbgut format chosen is the Leica
Local Positioning and Quality (LLQ). The descriptiof this format is shown in

Table 4.1 as was presented in (Leica Geosystems, 111999):

Table 4.1 LLQ — Leica Local Position and Quality

$GPLLQ, | Header, include Talker ID, message semh fReceiver
Hhmmess.ss} Universal Time Coordinated (UTC) time of position
ddmmyy, | UTC date
XXXX.XXXX, | Grid Easting, metres
M, Metre (fixed text “M”)
XXXX.XXXX, | Grid Northing, metres
M, Metre (fixed text “M”)
X, GPS Quality, “0” = not valid, “1” = GPS Navigati
Fix, “2” = DGPS Fix, “3” = RTK Fix
X, Number of satellites used in computation
XX.XX, Position Quality, metres
XXXX.XXXX, | Height, metres
M Metre (fixed text “M”)
*hh Checksum
<CR> Carriage Return
<LF> Line Feed

Figure 4.3 shows the Leica SR530 connected withstineen-keyboard. In the same
figure: GPS antenna (white plate), radio antenmackbstick), flash memory (in the

bottom of the receiver) and radio transmitter/reeewith a red label on centre of
the figure) are shown.
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Figure 4.3 GPS Receiver, Antennas, Flash Card, aritladio

The receivers were lent and supported by IESSGhimithe know-how necessary to

supervise the use of this equipment for this ptojec

Magnetic Compass and Inclinometer

The TCM2-50, by Precision Navigation, is a venhtigircuit board equipped with an
embedded RS-232C interface on its 10 pin conng¢Btdt Corporation, 2004, Heike,
2002). It was used to capture the movements oluie®’s head through the values
calculated by the compass and inclinometer. Talleshows the pins and describes

its functions:

Table 4.2 Pin Function of TCM2-50

Pin Function
V Supply (BV +/-)
V Supply (6 — 18V unregulated)

Power Ground

RxD (RS232) Input
TxD (RS232) Output
Mouse Output

Data Ground

Analog Output 2

O 00| N| O g | W N|

Analog Output

=
o

Data Ground

The RX-input is tolerant to signals from -15V to5%¥l The minimum signal
difference is +5V. The TX—output only produces ¥ 16 +5V signal (Heike, 2002).
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The electronic compass and tilt sensor utilizesixadf 3-axis magnetometer in
conjunction with a 2-axis inclinometer (tilt sensdks the system moves and tilts, the
TCM2's strapped-down magnetometer continues to utatie accurate field
measurements. The inclinometer provides accuraté pind roll information to the
TCM2's microprocessor, which then mathematicallyrrects the tilt (PNI

Corporation, 2004). As output the device gives:

Compass heading (360 degrees).

Roll output (x50 degrees).

Pitch output (£50 degrees).
Temperature output (-25° C to 100° C).

The following limitations have to be considered wheperating the TCM2-50

module in any application (PNI Corporation, 2004):

Acceleration: earth gravity and artificial acceteya can become a problem
on situations like banking turns and take offsaaplane.

Settling Time: after a sudden change in headingsitting time for the

inclinometer (limiting factor) is approximately 398.

Vibration: the natural frequency of the standarddflin the inclinometer is

approximately 20Hz. Inaccurate readings occurbfation in and around this

frequency is present.

Continuous output of the circuit board draw as lsv7mA of power consumption
from the battery. A 12V battery was used and itkt@pproximately a month to

discharge.

The user is able to configure the TCM2-50 with dwdtware offered by the
manufacturer based on Disk Operational System (D@&)e. After the circuit board
is configured, it can be switched off as the patenseare stored in an internal

memory.
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The description of how the messages from TCM2-80baing processed can be

found on 85.3.1The message provided by the circuit board is showrable 4.3.

Table 4.3 TCM2-50 Message

$C | compass

pitch
Roll

X — component of magnetic field

y — component of magnetic field

z — component of magnetic field

temperature

m| = N| <| X| »O| T

error code

*

checksum

Figure 4.4 shows the TCM2-50 circuit board.

Figure 4.4 TCM2-50 Circuit Board

The magnetic compass is the vector result of teodenoids displaced as X, Y, and Z
axes. The circuit is sensitive enough to compute raagnetic distortion when the

circuit board is rotated generating a new posifamthis vector. The three solenoids
are isolated from the other parts of the circuiidoand located on the upper left side
of Figure 4.4. The tilt sensor is the small domecpt on the upper middle section of
Figure 4.4. There is a liquid that makes threestess become half immersed in this
dome. Each time that the circuit board is turnée, liquid follows the movement

allowing the difference of power in each resistobé calculated.

100



See-Through Head Mounted Display
A see-through HMD (more specifically a SONY PCGless HMD) — PLM-S700
(SONY, 1998), was employed to augment the usesioni

The following bullet points indicate some charaistess of this HMD:

The size of the projection is comparable to watghan30-inch screen from
approximately 4 feet away.

Minimum screen resolution for PC video card: Videmphics Array (VGA)
with 640x 400 (dotx line); 31.5 horizontal frequency kilo hertz (kHad 70
vertical frequency hertz (Hz).

Maximum screen resolution for PC video card: Swdeo Graphics Array
(SVGA) with 800x 600 (dotx line); 53.7 horizontal frequency (kHz) and 85
vertical frequency (Hz).

A pair of stereo earphones is provided with the.uni

It is possible to power the see-through displayhvaih electrical socket. For
outdoors the use of a battery pack model NP-F75teexed. The charging
time is approximately 8 hours and the battery fonsip to 2 hours.

The unit weights around 120g and is made of magnesiloy.

Figure 4.5 shows the PLM-S700.

Figure 4.5 PLM-S700

With the features described above it is possibleatoulate the Vertical Field of View
(VFoV) of the see-through HMD. This value providee angle to be followed by the

virtual camera inside the VE giving the illusioratithe VE has a compatible scale.
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Figure 4.6 shows the parameters of the VFoV.

Height
45.72cm

Diagonal « SrTe-alTT

76.2cm W ~

VFoV Distance 122cm
21.22°

Figure 4.6 VFoV Calculation

The VE is projected into a screen represented éygtben (light grey when black and
white printed) rectangle, as shown in Figure 4l6e Tser’'s eye is placed behind the
lens on the centre of the green rectangle. Thesv&plored respecting this window
and the whole system must follow this guidelineonder to produce a compatible
scale sensation. The VE is represented as the btatingle shown on Figure 4.6. It
has been assumed that the user’s eyes would benlfa2érom the projector (4 feet —
the blue arrow) and the screen has a diagonal .@ti#6(30 inches — doted line), with
an aspect ratio of 4:3. These values allow the ctatipn of the VFoV as shown
below (Equation 4.1):

arctama =g =075 a=3687

Sin3687° = Height Height=45.72cm
76.2
arctanb’ = 2286 b =1061°

z

b =VFoV =2xb =2122°

Equation 4.1

This angle is placed on the description of the icométion file that will be used by

the VE management (MASSIVE-3) to create and mairttaé virtual camera.
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Notebook

A notebook, Toshiba Satellite Pro — 6100 (TOSHIRA02), was used in the project
to host the two platforms worked (see below) andhencreation of Java classes and
methods to make the communication between thislamexternal set of equipment.

This computer was also used to be the server ofCWME between office and field

user as mentioned before.

Some of the features are listed bellow:

1.6 GHz Mobile Intel Pentium 4 processor with 258 bf RAM.

16 or 32 MB of RAM is provided for video display @ 3-D accelerator
graphic board.

The battery pack made of lithium-ion can supplyragpnately 1:30h usage

time.

Keyboard

One of the requirements of a new project whilehia test phases is the constant
changes in the parameters and source code. Forréj&cts it is crucial to have
access to the computer without taking out all tgaigment from the backpack or
having to go back to the laboratory. The evaluatbrthe system is only possible
when it is being tested outdoors, where there &8 Gignals. Any corrections need

to be madeén situ, hence the importance of an easily accessibledargb

During the early phase of this project a desktogbkard had been used for a
while in order to access the computer. This wagpnattical because of its large size,
heavy weight and the difficulties to “carry and &ypat the same time. Another
problem appeared when the Personal System (PS}2used with the keyboard,

leaving no spare port for the mouse.

The solution was found on the handheld keyboardsadwiddler2 by Handykey
Corporation (Handykey Corporation, 2006). The dev&connected in the PS/2 port
and can manage both keyboard and mouse at thetsaend&Vith only 16 buttons it is

possible to get a standard 101 desktop keyboard.
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Figure 4.7 shows the twiddler2.

elppim;

AN L5
Figure 4.7 twiddler2

Wave-LAN

The communication between the field and office sisedone via wave-LAN. In the
early stages of this thesis usually both computeesnot far away from each other,
making it unnecessary to have a gateway to cortheat. The configuration chosen

was peer-to-peer wireless workgroup.

The model of the wave-LAN card used was an Orirdibeer PC Card. Orinoco
guide (Lucent Technologies - Bell Labs InnovatioB800) describes all features of

the device.

For the final evaluation of this thesis (see Chapdea wave-LAN router was
adopted. The advantage is the power of the routdrdan let field user go further
without the concern that the link could be break few metres. A D-
Link router was chose for any particular reasore features of this equipment can be
found in (D-Link Systems Inc., 2006).

Integrating the Crash Helmet to the System

Some adaptations were necessary to prevent delikeethe TCM2-50 from being
damaged by static shock or accidental drop. Thisuiti board does not have a
protection to avoid damages or short circuit causestatic electricity. A plastic box,
originally designed for business cards, was usgudtect the circuit board. There are
4 plastic pins to fix it inside the box and sevesalall holes in the cover to avoid
over-heating. Only plastic material was used tov@né distortions caused by metal

pieces common in boxes (like screws, for example).
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Another precaution was taken with the cable usecbtmect TCM2-50 with the
notebook and battery. This cable should be flexdnle at the same time robust. Leica
supplies a kind of cable with 5 wires inside ar@ii long. This cable is the only one
in the market that has a connector that fits vhthlteica 12V battery. Two of the five
pins were used for the power supply. The remaipimg were used to connect the
circuit board with the RS232-C connector, splittthg cable in two. Even though the
battery is not too light to carry, the result wasisfactory. The advantage to use this
configuration was that the power consumption of tireuit board was very low,

allowing the battery to last for days without imtgation.

A few more adaptations were necessary to fit softbeoequipment giving more

comfort and freedom for the field user.

It was noticed that the see-through HMD becomeyg uacomfortable on the top
of the nose after some time due to its weight.h&t $ame time the TCM2-50 should
be placed over the user’s head to track its mové&sn&he solution was to cut the top
of a crash helmet to fit the TCM2's and in helmegtéak two holders have been made
to loop a couple of stripes of Velcro, where the-geough glass could be fixed. The
Velcro keeps the PCGlasstron out of contact wite tiser's nose, making the

experience of visualising the VE more comfortable.

Figure 4.8 shows the helmet with some of the deveoamnected to it.

Figure 4.8 Helmet, PCGlasstron, Leica Battery, Se&€hrough HMD and Cable
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4.4.2 Software

During the process of implementation of this prbjeome extra knowledge was
required to create the VE and the displacemer@faatures that configure the area
that is being represented. This fidelity of whatbising displayed in the VE is
particularly important when dealing with CEn prdgec A misplaced pipe
representation in the VE for example could expdse €En project to risks like:
financial, time consuming, rebuilding, and the messtious: threat of life (Roberts et
al., 2004).

The creation of the VE in the scope of this thesisted with a survey of the area

where the examples run for the first time. The synwas important in order to:

Get use to the GPS equipment:

o What parts of the equipment should be selectednFrany potential
parts including: batteries, cables, antennas, saddevices models,
tripods, nuts for landmarks, etc.

o The setting up of the equipment in the field: hovealibrate tripods.

o The setting up of the equipment configuration. @egice should be set
to output the right information.

0 Logistics: charging batteries, transport, packimgpking system, safety
issues, etc.

The area where the equipment is being placed. Taerdssues like: theft
hazard, people that would like to touch the equipimteaffic hazard, field dispute
(green area can be booked by other users to pagsor gardeners can arrive to
mow the grass).

How the information can be extracted from the GRSBeiver and then

processed.
The first example created between office users geé.1) was based in a well

known area inside of The University of Nottinghanaill Campus. It was important
for users to identify the area that they are expépr
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The use of a DTM technique to collect the pointpfieo extract extra features
from the terrain, giving more realism to the VEatesl. The quality of the results is
dependant on how the control points that reprebenterrain’s features were chosen
and which technique was used to collect them (C&0@0). They can be established
on a regular or irregular form. If the control pisinvere surveyed using regular
method, several details of the terrain could besedssuch as canyons and steps. This
technique is usually applied on flat areas. Ingualar terrains it is recommended that
control points are collected in an irregular forn.this configuration the control
points have a stronger meaning for what can bedaanthat particular area. The
coordinate collected are then interpolated in orttercreate a mesh (regular or

irregular) that will represent the area surveyed.

Interpolator Software

The software Surfer (Golden Software, 2004) wadd useinterpolate these GPS
coordinates. This accessible software leaves tlee fuse to manipulate the data
without deep knowledge about methods of interpotatior example. From a set of
control points placed in a table, the data is patated following the method chosen
by the user. The output is another table with aasgumash containing intermediate
points. A wireframe view can be produced as anoopto see if the result matches
with what was expected. Because there was noestt in a specific method but in
fact in the file format for a further conversiohet method chosen is not be

commented in this thesis.

A small program was created in order to convertDh@&l generated by Surfer to

a file that can be explored on the VE.

EQUIP

To manage all the devices connected to the comfueerGPS receiver, electronic
compass, etc.) and to share the information inta sjgace, the MRL has developed a
platform known as EQUIP. This system can provide distribution of data in real
time for different types of applications runningdifferent machines. It is compatible
with C++ and Java, in which it is possible to shamed select information from other

programs using a simple interface of communicatibne distribution of data is
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organised into “data spaces” which are named usibfRL-like scheme. As cited on
(Greenhalgh, 2001f):

There can be any number of data space and eaclsgiatas can contain an arbitrary
number of data items. Any number of processes oanexct to a data space and add to
and access the data item in it. Data items areeddsstween processes using EQUIP’s
own serialisation protocol together with dynamiadedoading in both C++ and Java.

(Greenhalgh, 2001f)

Once the data is published on the data space amerer clients are notified that there
is something new to be collected. This new dathes distributed for clients that are

sharing the common resource.

Figure 4.9 provides a general view of the systemotigh EQUIP’s API the data
can be shared on a data space illustrated by #e rgctangle. The green and red
blocks represent data coming from different sourtissng basically the same API to
publish classes in C++ or JAVA the VE is updatethwihese new data. The reverse
direction can also be achieved when data comes tinenVE and is read by external
devices.

Shared Virtual Real world device
World (e.g. wearable device]

Local data
el T~
%~—__ Datamade —7

public ¢
EQUIP API EQUIP APl
mm A = ¥
[ T— Shared data

Figure 4.9 EQUIP Platform (Greenhalgh, 2001f)

Generally, when there is the need to include amatbeice in the system, a new Java
or C++ class or method that will enable the commaton with EQUIP needs to be

implemented, supporting different formats and patér characteristics.

In the context of this thesis EQUIP has the functd reading the information

from external devices connected to the computeblighing it in a data bank, as
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mentioned. The clients read from the data space wpuhte the VE with the
oncoming information. The outdoor user's movemerdge translated into
embodiment actions into the VE. Every time thedfieter starts to walk, for example,
the new coordinates from the RTK-GPS receiver upda¢ data space handled by
EQUIP and consequently the position of the embodime the VE. The same
process is done for the user's head movementsunmary, EQUIP is the link

between external devices and the VE.

MASSIVE-3

The creation of the data repository does not mbanthe VE is ready. The VE is
created by another system, namely MASSIVE-3, whias also developed at the
MRL. The VE is composed by objects and avatarsalremanaged by MASSIVE-3.

As cited on (Greenhalgh, 2000d):

MASSIVE-3 is a multi-user CVE system. It allows itiplle users to view and become
embodied in a 3D audio-graphical virtual world. $upports real-time audio
communication between users, and dynamic modifinati virtual worlds. (Greenhalgh,
2000d)

MASSIVE-3 allows the user to construct a CVE eadtlyst, it is necessary to design
all the objects that compose it. It can be donaegusi VRML 1.0 browser designer.
The positioning of each element inside the CVE iaden by a descriptive file

informing the coordinates of the objects, scal¢éation, etc. This file is exemplified

in 85.1.1.

Because these two platforms (EQUIP and MASSIVE-8jendeveloped on such
a complex level, the reader is encouraged to readdllowing papers in order to
understand not only the contained in them, butpibesibilities that these platforms
present: (Greenhalgh, 2001f, Greenhalgh, 2000ckrti@gh, 1999b).
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4.5  Final Analysis over the Design

The project’s design introduced above is creatednfwove the gaps faced by AEC
regarding to communication, collaboration, and rabtinderstanding during the CEn

project with special attention to design and cartdion phases.

The platforms used to manage and manipulate the GAASSIVE-3) as well as
the one use to bridge external devices to the ctanpliandle one of the data bases
and deal with clients requests (Equip) are the bpsbns available due to the know-
how and support inside of MRL. These technologiesavwbeing in used for a number
of years in different projects and proved thatgwed options for the implementation
of the CMRS proposed.

Again, as mentioned in the beginning to the chaples thesis shares the views
presented by (Woodward et al., 2007a, Woodwardy 28hin and Dunston, 2008)
that technology is increasing its capacity of pesoggy complex data at same time
that its reduce its size. AR systems and in sp&MRS are becoming a common
tool for CEn actors during the implementation ofrQiojects.

The CMRS proposed on this thesis explores the ipedity of a wearable
computing to enhance the contact between CEn aclbes field users can receive
real time assistance from office users saving temé money, clearing doubts,
enhancing once again the 3 key worlds of this thedtC actors can collaborate also
using only the CVE between office users. The way ¢hdiscussion about a project is
set is depending of the requirements of the meetargd what kind of assistance
actors need at the time.
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Chapter 5

System Implementation

The practical implementation of the system wasquaréd in three steps (Figure 5.1).

The first cycle covered the following elements:

Familiarisation with the equipment that was beingedi RTK-GPS,
inclinometer and magnetic compass, see-through HVEYe LAN cards, etc.
Familiarisation with the platform used to manage @WE — MASSIVE-3.

Design of a VE representing the area surroundiegE#5SG building on the

University of Nottingham Main Campus.

The first phase was completed with the implemeoadif office users able to share a

CVE, based on a RE.

The second phase extended the implementation tcotkdoors, creating the
CMRS proposed in this thesis. The following steseantaken in order to achieve this

objective:
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Familiarisation with the platform used to bridgetesral devices with the
CVE - Equip.

Implementation of Java classes to link externala=vwith the Equip API.
Tests of performance and reliability.

Creation of new CVEs.

Logistical and orchestration management of howedal avith a considerable
number of expensive devices (particularly RTK-GB&ivers).

Final pre-test.

First Phase of Practical Work

J !

CVE Based on DTM Survey

I \ Test
ol

Setting up of Equipment
\
Second Phase of Practical Work

J i

Setting up of Equipment

I .
b

Pre-Test Before Evaluation

Final Evaluation

Figure 5.1 Steps for the System Implementation

The final stage was the evaluation process andeisepted in Chapter 6. Following
multiple small evaluations as part of the interaetiesigns, the final system was then

evaluated with a team of users.

51 First Phase — Office User and CVE

The following paragraphs describe the first phdste project implementation.

5.1.1 Survey and Data Conversion

The first practical work of this research was theation of a DTM in the

surroundings area of IESSG building at The Univgrsi Nottingham Main Campus.
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The data acquisition stage started with the setwplmase point where the RTK-GPS
receiver would work. This base station was setuthethird pole at the top of the
IESSG tower. The coordinates based on WGS84 fobdmese point are:

Latitude North: 52°.56’.267.49612.
Longitude West: 01°.11.327.32484.
Height: 98.388m.

The same coordinates translated to OS National #&ed

East: 454363.647m.
North: 338474.259m.
Height: 40.679m.

The area that surrounds the IESSG building is incfeatures. Some of the mapped
features were: the slope where the building is,stiags of the footpath used by the
general public, lamp posts, fixed bins, roads adoine institute and the car park, and
the building itself.

SKI-Pro software, by Leica (Leica Geosystems LLZDO3), was used to extract
and convert the data from the RTK-GPS receivehénhanipulation stage. This mass
of coordinates was then interpolated using thewso#t Surfer (Golden Software,
2004) to generate a mesh with regular spaces bettheecoordinates. Control points
from previous surveys carried out in (Evans, 20@&re included. Such control

points were representing the road kerb that sudetime IESSG building.

Due to the incompatibly between the file format ttispecifies the VE in
MASSIVE-3 and the Surfer’s output, a program ina@duage was created to do the
conversion to an intermediary solution. In thisecige output was in the VRML file
format. This software (Appendix B) was designedezeive the following inputs:

Surfer’'s output. This file contains the landscappresentation in a regular
grid.
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A file describing the terrain’s features like: tseand building. The objects’

descriptions contain the coordinates logged irattgpuisition stage.

The software then generates three outputs:

A file that contains the landscape and the featasethey are in the physical
world — VRML file.

A file with only the landscape. It proved usefulr foomputers with low
processing capacity. This file was used to veffifihe landscape created was
reflecting the RE.

A file containing the .cve file description. Moréaut the .cve file format is

described in the paragraphs to follow.

The software is started with the following commédind at the DOS:

MIX006 <grid>.grd <feature>.txt <outfile>.wrl

Where:

grid — file where the Surfer’s output is saved
feature — file with the features and related camaths

outfile — name of the output file

The file with the surveyed features requires paldic attention if the users of the
system want to include a road when creating the ™e feature “road” is not an
object but a set of coordinates that bounds its&Hsundaries require a descriptive
file that is read by the program changing the cotwithe terrain (from green to grey)
where the boundaries of the road are. This solutielps to reduce the number of
polygons to be processed by the browser used inisialisation. The structures of
these files are described in Appendix B.1. Figute ghows the terrain (green area)

and the roads (grey area) when visualised on a VRRMlser.
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The flat lower area at the base of the landscdpmyis in Figure 5.2, is generated
by the interpolation process. Once the survey ctte the control points in an
irregular form, the interpolator software, when qassing the date, creates a regular

grid where the flat areas show no data.

Figure 5.2 Landscape Surveyed Around IESSG Building

A partially finished VE containing a number of feas that were surveyed in the
surroundings of the IESSG is shown on Figure 5éatilres including trees and

IESSG building were logged.

Figure 5.3 View of a Completed VE on VRML Browser

Both the IESSG building and the trees were moddiledhe VE using the AC3D

(AC3D, 2004) tool. In order to give a more reatisippearance, digital pictures were
taken around the building, which created a recaiphéstexture (Figure 5.4 later in
this section— where the VE is already in MASSIVEf&ironment). The texture does
not have the intention to be a photogrammetric wiouk an enhancement in the

visualisation for those who know the area and E®SG building.
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The elevation of the real terrain is accuratelyrodpced in the VE. Differences
like the ground level between the road that rungont of the building and the car
park in the back of it can be identified, conveyinfprmation with real features for
the user and reassuring that the data acquisitiohtlae manipulation stages were

successfully completed.

The .cve File Format
As mentioned previously, the .cve file used in thissis must run within MASSIVE-

3. It includes:

The structural description of the CVE specifiedhircve file.
The objects that fill the CVE specified in a .didg f

Both files must be stored on each computer involeedhe CVE exploration. The
structural description consists of a textual fikattspecifies the objects that fill the
CVE. The description of each object contains: tath where the .dgl file is stored,
position, scale, rotation, etc. Greenhalgh (Grekgih2000b) offers a full description
of how to generate these files and the commands#mabe passed to MASSIVE-3.

For clarification, Table 5.1 shows a very simplam®yple of a .cve file.

Table 5.1 An Example of .cve File

/*An example of .cve file*/

{

{{
{ GEOMETRY_FILE: "cube.dgl"}

{ GEOMETRY_SCALE: 1.00}
{ POSITION: {0 0 0} }

1

1

Where:
[**/ comment
{{ begin
GEOMETRY_FILE: .dgl file with the object’s descnph that compose the
VE
GEOMETY_SCALE: scale associate with the object
POSITION: object location in the VE
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} end

DGL’s Description

With a VRML file for each one of the objects crehte feed the VE, it is possible to
use a program available in the MASSIVE-3 librarynmake the final conversion
between VRML to Dave’s Graphic Library (DGL) filerinat.

Dave (Snowdon and Greenhalgh, 1996) gives theviotip description for the
DGL (.dgl extension) library:

DGL was designed to support network applicationfak two components a renderer /
platform independent part which provides graphicsnpives and basic geometric
operations and one or more renderer dependant pdmitsh perform rendering for
specific platform / renderer combinations. The \¥ed supports user input using the
mouse and keyboard in addition to notifying clieatother events such as resizing and
window close events. (Snowdon and Greenhalgh, 1996)

DGL files can be created through the MASSIVE-3dityr using a single command
line in DOS. The conversion can be done from VRM& $pecification to .dgl. More

information can be found in (Greenhalgh, 1997).

The utility process used to do the conversion igairsed in the context of this

thesis using the command line:

dgl_convert <infile>.wrl <outfile>.dgl

Figures 6.3 and 6.4 show the area around the IESfIGhe building through screen
shots of MASSIVE-3.

With the files converted to DGL format and the Ci¥é&scription finished, the VE
can now be explored using the MASISVE-3 environmé&htree elements must run:
trader, cveworld and bodyexampleclient. All thesecpss are well described in
(Greenhalgh, 2000d). The following paragraphs gineverview of what each one of
these processes mean and how they were ran withircdntext of this thesis. The
first experiments done using MASSIVE-3 were perfediusing a single user. Later
the CVE was explored for more than one user asanee time.
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5.2 First Phase of Practical Work

The sub-chapter 4.2 already introduced how the agessgo through the data bases,
how they are recovered and how the CVE and CMRSIoviis are refreshed. The

complexity of the system required that a more tklariew should be presented. The
following paragraphs introduce the complete seproicesses involved to make the
system run. It fully complements the introductiaveg during the system design. The
way that the programs below are organised repregbatorder that they should be

started up.

Figure 5.4 describes the programs necessary ttheu@VE only between office
users. This configuration is just a subset of thledesign presented on 84.2. At this
level Equip is not necessary. Users using thisgiebiave limited power over the
CVE. They can explore, move objects, and talk thezher.

" MASSIVE-3 MASSIVE-3

CVE Window _— — — trader +— CVE Window
- cveworld
bodyexampleclient Cc
o}
m bodyexampleclient
Du
an =
tj . >
& e CVE World
t
i
o}
n
Audio Channel
Audio Channel
Audio T — >
Audio
Office User Office User

Figure 5.4 System Requirement between Office Use@nly

To start a CVE between two or more office usersfafiewing processes need to be

started:

trader
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cveworld — this process is initialised in only omachine that handles the
requests of other clients.

bodyexampleclient

audio_server

audio_test

The processes are described below.

trader
For any CVE started using MASSIVE-3 resources,tthder process is required to
bootstrap it (Greenhalgh, 2000d). As cited on (Rakb2001):

...all environments created on MASSIVE-3 are databadaich contain part or all of a
virtual world as a hierarchical scene graph. The twmain types of MASSIVE-3
applications are clients and servers. Serversegatgent and an environment and then
publish the existence of the environment with adraservice. Clients create an agent,
locate a server by querying the trader servicethad ask the server for a replica of its
environment. Having received the replica the cligart query and update its local replica
which will generate events which are first senttie server and from there to other
clients. (Purbrick, 2001)

This means that the trader creates a “space” ferdhtabase leaving a port of
communication ready to transmit and receive mességé&om the server. At first,
trader processes start in all machines althougi ¢henot communicate with each
other, since it has not been established which cbenps setup as server (the one
holding the VE World data base) and which are tient When the VE is finally
loaded and created — a “place” the VE receivesnaenand a unique system identifier
(Greenhalgh et al., 2000). The trader translateg@mment names to Identifications
(IDs) and IDs to network addresses (Greenhalgh,£2@00).

The trader process is initialised in the contexthi$ thesis using the command

line:

trader
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cveworld

The VE is started when the cveworld process ivaigd. This process reads the .cve
file in order to place the objects that will compdle VE. This process also reads the
.dgl files that describe each one of the objedtreaced in the .cve file. For each VE
described in the .cve file an ID (as a name fong{a) is required. The trader is then
notified that a new VE was created and all requalst®mmunication are directed by
the ID. A complete description of this command banfound in (Greenhalgh, 1997,
Greenhalgh, 2000d). The cveworld command is onpliegp once — for the server.

Clients do not start this process.

Cveworld process is initialised in the context listthesis using the command

line:

cveworld <IP_address>/<ID> <CVE_world>.cve
Where:

ID is any significant name that will easily identihe CVE created.

bodyexampleclient

The bodyexampleclient is a process started focl@hts aiming to have access, with
their own embodiment, to a specific CVE through sloeket offered by the trader
service. Note that the machine that is hostingQW& World is also a client of itself.

The embodiment follows the description given inl@fiamed massive3.config that is
fully described in (Greenhalgh, 2000a). The procststs by calling a specific

address and ID.

The bodyexampleclient process is initialised in¢batext of this thesis using the

command line:

bodyexampleclient <IP_address>/<ID>

Where:
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ID is the same name included in the cveworld condnan

From the client’s perspective, this request figegto the local trader that redirects it
to the server’s machine. In the server, the tradentifies the request by the ID.
Finally the server returns a copy of the VE reqgegdndicating the displacement,
scale, rotation, etc, for each one of the objdetch client has its own copy of the
objects that fill the VE. This process is fully debed in (Greenhalgh, 2000d,
Greenhalgh, 2000a).

After the process has started a window pops uph& d¢omputer's screen

displaying a CVE ready to be explored.

The VE based on the processes of acquisition amtipoiation can now be
explored as shown on Figure 5.5 and 5.6. These NMISS screenshot also shows
the textures created with the pictures that wekertaaround the IESSG building in
the Main Campus of The University of Nottingham.

il MASSIVE-3/HIVEK (University of Nottingham, 1993)

Figure 5.5 View of the Using MASSIVE-3

In these two images (Figure 5.5 and 5.6) the VBeifnig explored by a single user

who controls the movements using a mouse.

121



[ MASSIVE-3/HIVEK (University of Nottingham, 1999)

Figure 5.6 Front View of the IESSG Building

The next step was the setup of a CVE where moredha computer could share the
same place. Figure 5.7 presents both office usensng the same environment. The
screen shot is a view from one avatar to anothbe fied avatar in Figure 5.7
represents the second user.

Figure 5.7 Red Embodiment Representing a Second @fé User

The first stage of this thesis finalised with twadas (office users) sharing the same

CVE. Although the audio link was already availaibias not explored at this stage.

53 Second Phase of the Practical Work

Figure 5.8 shows the design of the system requideen field and office users are
active. This diagram is the same presented in Eigw2 however it is now introduced
the complete number of processes required to nieksystem run.
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Figure 5.8 System Requirement between Office and &ld Users

From the field users perspective it was necesdayirhplementation of new Java
classes, necessary to connect GPS receives, imgteo and magnetic compass to
the data base Coordinates (Figure 5.8 — right sil®@m the office user side a class
was implemented to continuously read from the kaythoThe following sub-chapter
explores the MASSIVE-3, Equip and Java classestauleto integrate external
devices to the system. The high level algorithm &mel class’ constructor are
described on Appendix C. Some of these classeshased on/or adapted from
previous works developed also in the MRL, like Atgpope (Koleva et al., 2001),

and were eventually modified to fulfil the requirents of this project.

RTK - GPS Connection

Two Java classes were created to handle the infanmiom the RTK-GPS receiver.

The first one reads and writes the messages framreheiver and it is named
GPSReceiver.java. The second class, GPSPublisrer.jaquests the update of
Coordinates data base through Equip processes.

GPSReceiver.java (Appendix C.1.1) reads the datg@wsCOM1 from the RTK-
GPS receiver. Before the communication is estadtiskthe transferring velocity and
parity bits are setup to start to receive the GRSsages. The GPS receiver first
converts the coordinates from WGS84 to OS gridninngéernal program. The string
received is formatted using LLQ message format §&k8.1) and decoded to extract

east, north and height coordinates.
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The normalisation between the base point and tbedomates received is the next
step. The user’s position is converted to the Gatesystem used in MASSIVE-3.

Figure 5.9 shows the axes orientation of Cartesyatem used by the platform.

Y T height

-z norh
X west

X east

Z south
Figure 5.9 MASSIVE-3 Cartesian System

Figure 5.9 shows the North (physical world) repnésé by a negative Z in the VE.
When the RTK-GPS receiver is moved to north, thatp@ signal of the coordinate

should be changed to negative, otherwise the emimodiwill be moved to South.

The GPSPublisher.java constructs an instance ofReP&ver.java and acts as
the interface between the data coming from the @&®S8iver and the Coordinates
data space using the services provided by Equipe. GRSPublisher.java requests
from the library the creation of a data space whlkeecoordinates coming from the
GPSReceiver.java are to be published. This dateespahen ready to be accessed by
Integrator that interfaces with the CVE World dbtse. MASSIVE-3 is then finally
triggered updating the visualisation (Appendix €)1.

To summarise, the processes involved when a new da®sSis read from the

receiver are:

GPSReceiver

GPSPublisher

equip_net_trader

equip_data_server — logging and reading from Coatds data base

Integrator
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equip_mas3_mgmtserver — logging and reading fronit @Vorld data base.

This process also renders the CMRS window.

All clients sharing the CVE World data base areisety about the new data. The

process bodyexampleclient receives and updatei¢ineon office user side.

Magnetic Compass and Inclinometer Connection

Like the RTK-GPS receiver, the magnetic compassiaeicthometer circuit board has
two main Java classes to control communication @datd logging: TCM2.java and
TCM2Publisher.java. The device was configured todseformation only for the

compass direction, pitch and roll.

TCM2.Java (Appendix C.2.1) starts the communicakietween the circuit board
and the computer, setting up the baud rate angdity. Once communication has
been established, the algorithm searches for tresage starting with $C (Table 4.2)
and finishing with a break line. The tokens arentbplit and an option for a Kalman
filter is available to reduce the jerk. The resate demonstrated on 85.3.1 and the
Kalman filter dataflow illustrating how it is impleented is shown on Appendix
C.2.3.

TCM2Publisher.java (Appendix C.2.2) receives theadmd requests to update it
in Coordinates data space. Integrator is triggemed requests the input of the new
data in the CVE World data base. MASSIVE-3 is thdrised about the new data. It
renders and updates the visualisation of the CMRfslaw. The contents of the tilt
sensor and the magnetic compass messages arebddsiri 84.3.1. The process
involved in handling the data coming from TCM2 #re same presented for the data
coming from the GPS receiver. The difference retiely in the classes TCM2 and
TCM2Publisher.

Consideration also had to be taken for the TCM21%@& default communication
port used was COM1. However, this port was alreadyise by the RKT-GPS
receiver. A communication port conversion betweedBUand the serial port was
integrated into the system. Such port emulationesgke circuit board operational

on a different address of communication port.
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The system at this stage is enabled to captureeghd movements of the user and
his positioning over the ground. The system is tt@mfigured to work as a field user
in standalone mode where the first experiments megrgeal and virtual were

undertaken.

Keyboard Connection

The keystroke capturing on the office user side tm@s same principles already
introduced when new data is coming from RTK-GPSnalinometer and magnetic
compass. Every time that a key is stroked, the datkngged in the data base
controlled by Equip. From there to the update & @VE World and the CMRS
window the process is the same as explained befbwe classes created to read and
publish the data are: ReadyKeyStroke (Appendix XJ.and KeyStroke (Appendix
C.5.2).

Integrator

The Java class that bridges the Coordinates data wi#h the CVE was named

Integrator. This class was inherited from the Asgope project (Koleva et al., 2001,
Benford et al., 2003a) and several modificationsewaade. This class was designed

to attend to the following tasks:

It creates a set of variables that fits in MASSISBtructure.

It creates a link between the data space Coordirzateé MASSIVE-3.

It creates a control for the data coming from keylo tilt sensor and
electronic compass. The algorithm is aware wheeava dhata is logged into the
data space, requesting the update of the virtuakcainside the CVE.

It configures the embodiment in the VE overwrititige configuration file
available in MASSIVE-3. The VFoV (see 84.3.1) is a0 in this class.

All digital objects requiring dynamic update arsatreated and controlled by
this class. The objects are created and placdeiCVE World.

Integrator is in a very broad view the middlewaeteen the Coordinates data base

and the CVE World data base. This integration dagpens because:
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Every new data from external devices triggers Irety.
The data leaves the Coordinate data base through:
0 equip_data_server
0 equip_net_trader
0 Integrator
Integrator processes the data if required — keybfmrexample.
Integrator updates CVE World data base.
equip_mas3_mgmserver receives the new data ancereeride image in
CMRS window.

The high level algorithm covering this class isegivn Appendix C.2.3.

5.3.1 Integrating Software, Hardware, Field and Office Ugrs

The first step to start the system is to setup r@less communication between the
computers. The procedure of how to setup a wave-li#\Not explained here. But
both computer (office and the field user) shouldabke to identify each other through
Packed Internet Gopher (PING) (Javvin Technolodies, 2009) command for
example, proving that they can establish the exgphah packages.

The following paragraphs present the necessary @ndrines to run in order the
field user. It is not the intention to describedepth each of the components. Instead,
the text aims to be useful as a base referencéhow to start it” in future projects.
Commands like: trader and the cveworld that wereadly introduced in 85.2 and are

not reviewed in this section again.

Field User Setup

The order in which to start the system for thedfieser is as presented below:

trader

cveworld
equip_net_trader
equip_data_server

equip_mas3_mgmtserver
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equip_mas3_entitygenerator
TCM2Publisher
GPSPublisher

Integrator

audio_server

audio_test

equip_net_trader
In the field user’'s context, after the trader andveorld have been started, the
equip_net_trader opens a communication port wheredquests from the clients are

managed and controlled.

The equip_net_trader process is initialised indbetext of this thesis using the

command line:

bamboo ./equip_net_trader
Bamboo is the platform used to give EQUIP flextlyiio operate with both C++ and
Java program languages. Further details about Bancha be found in (Bamboo
Open Source Community (BOSC), 1999).
equip_data_server
The data space is opened by equip_data server eéis With the requests from
clients to the data spaces running in the servdr.th® requests arrive through
equip_net_trader. The wospacewas adopted here to name theta_space_name
where the VE was created.

Thisdata_space_nameavas nameapp.

The equip_data_server process is initialised inctir@ext of this thesis using the

command line:

bamboo ./equip_data_server -equip://<IP_address>/<da_space _name>
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equip_mas3_mgmtserver

As indicated in (Greenhalgh, 2001f) the “managensamver creates and renders a
3D graphical view of a MASSIVE-3 virtual world”. Thwindow is linked with the
data_space_namereated for the VE and identified by the wephce

The equip_mas3_mgmtserver process is initialisethéncontext of this thesis

using the command line:

bamboo ./equip_mas3_mgmtserver -<config_file>

-equip://<IP_address>/<data_space_name>

Where:

config_file — this configuration file is used by M¥SIVE-3 to setup the
embodiment and the virtual camera inside the VHs Tite is generally saved
in c:\Massive\rev-4c\etc (assuming that Massivengtalled in C:\ directory

and the version is rev-4c).

equip_mas3_entitygenerator

All non static objects are controlled by this coment. They are linked with a textual
file that addresses the same data space usedefdBhintegrator interacts with this
process receiving the new coordinates of the oleet thread. Every time that the
thread updates the coordinates of an object Ini@grgpdates the CVE World. All

clients receive this update and the CVE and CMR®lawvs are refreshed.

equip_mas3_entitygeneratprocess is initialised in the context of this tkesi

using the command line:

bamboo ./equip_mas3_entitygenerator -<file_name.txt

The file with the address and the name of the saeremplified below:

Name: entgenl

DefaultDataspace: equip://<IP_address>/<data_spaceame>
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The worldentgenlidentifies the area where the coordinates (thatesian object
move inside the VE, for example) of the object lagged in the data space used for
the VE.

The worldspacewas substituted byata_space _name

TCM2Publisher
TCM2Publisher instantiates TCM2 class to estalfishcommunication with the tilt
sensor and magnetic compass. It also creates atifigleinside of the Coordinates

data base to log the data in the right place.

The coordinates are read by TCM2 and processedayman Filter (see below).

After this process the data is then sent to bedddbrough the following processes:

equip_net_trader

equip_data_server

For this class, the javax communication librari8sir{ Microsystems, 2004) must be
present in the Java lib directory.

TCM2Publisherprocess is initialised in the context of this tkesising the

command line:

java TCM2Publisher equip://<IP_address>/

<data_space_name> <COM port>

The worldapp was substituted bgata space name

GPSPublisher

The GPS data logging is similar to the TCM2Publisheit for the fact that it is

designed for the GPS receiver. It instantiates GI8BRer class to establish the
connection and process the data coming form the @P&ver. As in the previous

class it also requires the javax communicatioraliies.
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The GPSPublisher process is initialised in the exinof this thesis using the

command line:

java GPSPublisher equip://<IP_address>/<data_spaceame> <COM port>

The worldapp was substituted bgata_space _name

Integrator

The Java class Integrator makes the link betweendiitates data base with the data
space allocated for the VE — CVE World. The cldse aontrols the dynamic objects
updating the VE when necessary. It configures anehtes a link with the
management server that is used to render and téh¢r@actions inside of the VE —

equip_mas3_mgmtserver.

The IntegratorJava class is initialised in the context of thigsis using the

command line:

java Integrator equip:// <IP_address>/<data_space_ame> equip://

<IP_address>/<data_space_name> <config_file> <IP_dikss>/<ID>

Where:

data_space _name - the first data_space _name rnefetke data space
allocated to the VE. The second one is the spaoeaséd for the data coming
from the GPS receiver and the TCM2-50.

config_file — this configuration file is used by M¥SIVE-3 to setup the
embodiment and the virtual camera inside the VEs Tite is generally saved
in c:\Massive\rev-4c\etc (assuming that Massive iwatalled in C:\ directory

and the version is rev-4c).
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audio_server
The audio channel is setup after the audio serpen® a space where the computers
involved in the communication are able to conné&his program should be run in all

computers that want to use the audio channel.

The audio_serveprocess is initialised in the context of this tkessing the

command line:

audio_server

audio_test
This program establishes the link between the twclimes through the audio server
making the transmission of the audio stream. Thensand must be run on all

machines involved on the communication.

The audio_testprocess is initialised in the context of this tlkesising the

command line:

audio_test -h <IP_address machine_1> accept < IP_gdwss machine_2>
and

audio_test -h <IP_address machine_1> send <IP_add®machine_2>

Office User Setup — following Figure 5.8
Commands like: trader and the bodyexamplecliergyipusly introduced in 85.2,
will not be described again. The same applies topeaet_trader, audio_server and

audio_test — see 8§5.2.

The order in which the office user should startdigtem is as presented below:

trader
bodyexampleclient
equip_net_trader

KeyStroke
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audio_server

audio_test

KeyStroke

This Java program class reads from the keyboard lagsl the key pressed in
Coordinates database. The process involved iratttisn is similar to the one used to
describe the logging of new GPS coordinates irb#ggnning of this sub-chapter.

The KeyStroke is initialised in the context of thHigsis using the command line:

java KeyStroke equip://<IP_address>/ <data_space nae>

The wordapp was substituted bgata_space _name

Kalman Filter
The class that implements the Kalman filter iseghlinternally by those classes that
communicate with the GPS Receiver and with the sdhsor and the magnetic

compass.

The implementation of a Kalman filter was necessdigr some tests showed that
the magnetic compass suffered a constant jerk. Buostlement happened even when
the TCM2-50 was completely stable. For users, ¢hle provoked the uncomfortable
sensation that the VE was always “shaking”. Everthweonstant calibration
(recommended by the manufacturer), the trackessodion was aggravated by the
soft magnetic field created by the backpack frafs the usual magnetic distortions

present in the RE.

Based on (Hide, 2003) this filter is well suitedrntavigation applications, which
contains states that are time-variant, even intreed. It is a recursive algorithm,
which filters measurements using knowledge of tlystesn dynamics and the
statistical properties of the system measuremawtrsrFurther details of how the
filter was implemented are showed in Appendix C.2.3
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The same filter but with different weights was alapplied to the GPS
coordinates even though the receivers already cmitea Kalman Filter algorithm

implemented at hardware level.

As reported in (Capra et al.,, 2003b) the resultiesed showed a reduction on
the jerking, resulting in a smoother view of the Y@ the field users when moving
their heads. Figures 5.10 to 5.12 show 60 samgldseodata related with magnetic
compass, pitch and roll. The blue line shows thedata from the tilt sensor and the
pink line the same data after being processed th@hKalman filter. In all cases, it is
noticeable that the lines of the graphs are smdofhiee sharp edges on the blue line
were replaced by a bend curve. The result foritgid @iser is an image stabilised with
a small delay, from the stop of the head’s movenenil the update of the latest

frames.
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Calibration

Following Azuma (Azuma, 1995) is possible to list the main sources of statroes
such as: distortions in the HMD, mechanical migahgnts in the HMD or incorrect
viewing parameters and errors in the tracker. Thference is a good source of
information if the reader would like to know morecait processes of calibration for

AR systems.

Even though calibration is not part of this theatsthe early stages of the project
some tests were performed to identify how muchreroolld be observed visually. To
implement the experiment, four stacks with appratety half a metre high and few
meters apart were surveyed and set as targets.iE&dh target was superimposed by
a digital object (a cylinder for each stack). Thsults showed that visually the digital
cylinders were never projected further than a feamtimetres. This experiment
perhaps was not deeply technical and as accurateshesuld have been, especially
for an AR system. However, it showed that the mtopa, as it was, would be good
enough for the desired aim of this thesis.
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Chapter 6

Evaluation and Results

Once the configurations and settings establishdtieriaboratory have been already
explored and taken into consideration, the nexgestaas to evaluate and analyse the
results achieved within this project. Perhaps tlustndifficult part in the evaluation
process of an AR system based outdoors is thetlattit should be performed
outside the laboratory. The logistics and the cstifation of all the parts involved are
extensive, requiring attention to small detailsm#ssing cable or a battery that was

not charged properly can put at risk the entireajpen.

By this stage, the integration of the system hashbmmpleted thus giving field
and office users the opportunity to share the s@W&. The embodiments were
intended to help users experience feelings of pesand collaboration and, thanks
to an audio channel, to work in a similar fashiorattelephone line. Field users could

always have someone placed remotely to guide apdinem inside the CVE.

This chapter introduces three examples createdpaost a formative evaluation
of the uses of this project within the RE. Thetfinso examples are based on real
situations. The third example is a fictional coustion created to show other

potentialities of the tool during the evaluatiogess.
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The examples are:

A tram station — based on a real tram station ittifNgham, United Kingdom.
A house — based on a real construction in Sdo Femde Paula, Brazil.

A sketch of a construction — showing some extréufes of CMRS to users.

The evaluation process was performed with a smmallgrepresenting potential final
users for the project. Those users were chosenubeacaf their expertise in their
respetive fields of work. They were civil engineaesearchers in computer science,
a researcher in fluid dynamics, researchers in lgturacy GPS, researchers in
photogrammetry, researchers in VR, and a persoh wigeneral background in

computer science and state-of-the-art technology.

The evaluation process employed two main techniqaesxtract information

from users when exploring the CMRS:

Think Aloud (Someren et al.,, 1994, Mountain and rakapis, 2007,
Wikipedia, 2008d) — in this technique users areuested to say loudly
whatever it is they are experiencing during thelleat#gon. A camera man is
employed to stay with the users at all times, reicgy everything that they are
doing and saying. The office user (during the t#8§ was performed by the
author of the thesis) also added questions, imtiataavith the field user
(through the voice channel), taking notes of some key points. Users in
the field continuously kept interacting, mentionipgsitive and negative
aspects about the system.

Cognitive Walkthrough (Angewandte und Sozialorierig Informatik -
Universitat Hamburg, , Zhang, 2005, Wikipedia, 200&bowd, 1995) —
users are instructed on what to do, on how to,dmitwvhat to see and on how
to communicate with the office user, etc. During thresentation of the
exercises, users are reminded where they couldtfiadvE in the RE and
what they would able to see there. Although theread formal script for the
exercises performed, they run in a very similahi@s to each other. All the
processes are recorded to be analysed after thpletoon of the trials. The
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results then show, through interactive design, whitire project must be
improved; this is especially the case where usewdcnot reach the end of
the tasks or where it was not obvious how a pddicgolution could be

achieved.

Historically, MRL uses a formative approach (Abeleal., 2005) to evaluate an
emerging technology. Typically for a laboratory wdetechnology has been
developed as research and not as a final produetusual evaluation process is
focused on the identification of particular elensetitat require improvement during

the development process.

The formative approach is summarised in (Vicen®®9) as

Formative approaches focus on identifying requimse- both technological and
organizational — that need to be satisfied if aickeis going to support work effectively.
Although these requirements do not uniquely spegifyew design, they are still highly
informative and thus very valuable because theyhmmsed to rule out many design
alternatives. (Vicente, 1999)

The evaluation process adopted by this thesis alidatus on how long it took for a
user to complete a task or how many tasks were lteth Rather, the criteria used
were focused on questions like: “Can the user cetaph task?”, “Can the user
interact with the system at all?”, “Is the hardwarerking as desired?”, “Is the VE
fulfilling users’ expectations?” These are broae@sfions that were put forward when
users were interacting with the system during tia¢ and to which they had provided

answers during the interview.

The final results of the evaluation are descrilvethvio sections:

Outcome of the exercises (86.2.3) — this sub-chaptdivided by topic
and contains the comments of users during the mesrand interviews.

Final points regarding the evaluation (86.2.4) -virgy an overall
conclusion in regard to the topics introduced in28% Again the text is

enriched with excerpts from the exercises andritexviews.
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The transcripts of the interviews can be found ppéndix D.

6.1 Three Exercises for the Evaluation

The way choose to demonstrate a CMRS project fan @lirposes was to make it
happen with examples that had been or could besmmghted in the RE.

The first example is the tram system that was cootd throughout the city of
Nottingham — UK, with the supervision of the Nogfiram Express Transit (NET) and

implemented by Carillion.

The public tram services started in November 20880ving the need of two million car
journeys a year and helping to make the city clealess congested and even more
attractive. It is estimated that around 11 millmassengers will be transported every year
representing up to 30,000 people in a single déwe flrst line, named Line 1, has 23
tram stations — including 5 Park & Ride stationd @rextends for 14Km. The users have
a faster and safer alternative for going throughdity, in comparison to another type of
transport. (NET, 2001)

In this example, a scene involving one of the gtetiand also an object representing
the tram was implemented. The reasons to implethenexercise were:

It is a place where most of the interviewed usexg er visited before. Users
already arrived with some previous knowledge of wvas being showed
before their eyes when exploring the CMRS.

In a potential real scenario AEC actors could taklgantage of CMRS to
work to explore the necessities faced when in deaigd construction phases
(see Chapter 2).

The use of CMRS to enhance communication, collalmoraand mutual
understanding in the place where the constructias set.

Field and office users working remotely without tiecessity of staying in the

office.

139



To enrich the scene it was implemented a tram #pgroaches the virtual tram
station, stops for a little while, and moves awggia. The benefits to add a dynamic

object in the scene were intended to be:

The scene is closer to reality — the virtual tranalso following the scale of a
real tram, potentially making users feeling moke lin a tram station.

The potential use of the tool — the dynamic objébe tram) could be

substituted by any other object in a different eant For instance it could
indicate wind corridors in a city or the way thater would flows in a case of

torrential rain.

The second example is based on a real construptmact of a holiday house with
four internal rooms and one long veranda. Althotlgg example looks simple in a

first instance, this exercise is created to denmatest

Exploring previous knowledge about a specific scenesers already arrived
with a previous knowledge of what is a house. EN@ugh houses can have
their rooms arranged differently, they usually haeene common areas such:
kitchens, bedrooms, bathrooms, living rooms, etc.

Checking details of the project — it explores tlosgbility of using CMRS as
a tool to keep building projects on schedule, chreckletails such as layers
collision, etc. This is an important topic that walseady demonstrated in
82.1.2 and a real necessity for ACE actors dutmegdesign and construction
phases of a CEn project.

Control of what was being analysed — this exampksses the collaboration
between office and field users. Office users cath aod take out layers of
what was being demonstrated at same time that comcation and mutual
understanding happen.

Collaboration between AEC — as mentioned in (Khdezet al., 2008) actors
(in special engineers and architects) were sumgbrizethe number of hours
spent with constructors inside of the meeting rgost to clear obscured
points. Once again the exercise aims to demonsh@ie practical it is for

those doing inspections on site to interact witbgbe in the office.
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The final example is another object representimguse. At this time it is not based

in any real situation. This example aims to achieve

Drilling information — instead of only showing tisdape of a house and its
phases of construction users are able to drill ddwrdifferent level of
information such as:

o Displacement of windows, doors, and stairs — aatordd check for
instance if the windows are facing the desiredatiio.

o Water, electricity, gas, etc. — the scene is comgoby pipes
representing some of the supplies of the housersUsmild check if
the supplies are well distributed in the houseifstance. This idea
could be extended if the VE contains house’s fursit It could help
users to make sure that no supply (electrical otesyavould get
hidden behind a piece of furniture for instanceetrdscould also check

if the furniture will not block a view from a spéiciangle in RE.

For general information, exercises 1 and 2 arecaseeal blue print specifications.
The measures are as correct as possible. Theettardple was created for illustration

proposes only, fowling none blueprints neither Céddtware.

Tram Station — Exercise 1 — Animation Feature

The second phase of this thesis started with tlsggdeof the furniture of a tram
station. Based on the bi-dimensional plan (Figulg the objects were designed with
the three-dimensional editor AC3D (AC3D, 2004), faene used to draw the IESSG
building example. In the plan, one can see the dgioas of the platform and the
furniture of this tram stop. The following items reedesigned: sign, bin, lamp post,

tram shelter, and platform — Figures 6.2 to 6.6.
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Figure 6.1 Blueprint of Phoenix Tram Station (Carilion, 2000)

Figure 6.2 Sign and Bin Figure 6.3 Sign and Lamp Post
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Figure 6.4 Lamp Post Figure 6.5 Tram Shelter

Figure 6.6 Platform

The scale and colour of each piece of furniture ewelosely related to the
specification given by Carillion, apart from theafibrm that is not blue as shown in
Figure 6.6. The displacement of the objects in ke follows the blue print. The

design and creation of the .cve file is facilitateg the know-how of what had
previously been done to IESSG VE. Figure 6.7 shioovg the model looked when all

features were placed together.

Figure 6.7 Tram Station
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Figures 6.8 and 6.9 show users (field and offieers)ssharing the same CVE. Figure

6.8 shows the bird’'s eye view of office user.

Figure 6.8 Tram Station — Top View Figure 6.9 Tram Station — CVE

Figure 6.10 shows a model of a tram approachingtditgon. The tram is a simplified
version of a model found on (Gilbert et al., 200Rhe model is simplified due to
limitations of the number of facets imposed by pnegram dgl_convert (see 85.1.1).
The final model of the VE is a reasonable copy@klthe RE is. The animation is a
key feature of this example stressing the potetytiaf the visual augmentation for
applications that could require the simulation hssin animated form together with
the VE.

Figure 6.10 Virtual Train Approaching the Station

Figure 6.11 shows how the platform looks in the RE.
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Figure 6.11 Platform in the Physical World (Nottindham Tram Consortium, 2004)

The picture of the actual site where the platfororks as a final certification that
what had been evaluated by the users during theis&e reasonably corresponds to
RE.

Housel — Exercise 2 — Phases of an Engineering Rrdj
The second example is also based on a real cotistru¢his model was created to
show AEC and customer the construction on diffeghdses during the design and

construction phases.

The blue print chart — Figures 6.12 — shows therivetl plant of the house.

Figure 6.12 Internal Division (Lucena, 1986)

Figure 6.13 shows the right side of the house ¥ahg the blue chart print.
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Figure 6.13 Right Side Scheme (Lucena, 1986)

This example shows how the house should look asd highlights the expected
commitment of those involved in an engineering @cbjFigure 6.14 is a snap shot of
the project with four stages of the constructionplemented. Each stage is
represented by a different colour. During the psscef visualisation users could see
the stages being placed on the top of each othgusbrthe required layers. The

advantage is to illustrate every single phase aadl/ae it in a clear way.

Figure 6.14 Colours Representing Different Staged the Engineering Project
(Design and Construction Phases)

Figure 6.15 shows the house built with differenfbaoed layers. Each layer can have
a specific meaning (that can be stipulate by AE@)nd) the design and construction

phases.
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Figure 6.15 The Complete Construction (Design and @struction Phases)

Figure 6.16 shows how the house looked at the étttegroject — final construction
phase on the RE.

Figure 6.16 The House as it Looks in the Physical @vld

House?2 — Exercise 3 — Drilling Information
The final example introduced in this thesis is aid®where the users could drill
through information such as: the structure, theepifgas, electricity, etc.) and the

distribution of windows.

Figure 6.17 shows the house from outside to givielea of the shape of it. Figure
6.18 shows where the windows of the house are disamehe positioning of the
stairs. CMRS would show the owners of the propériyhey would have the best

views when examining the displacement of the wirglow

The final layer of information in this example wHee pipes that surround the
structure of the house as well as the undergrokigiire 6.19 shows different pipes
with different colours. Each pipe could represeiifectent meanings and follow

specifications.
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Figure 6.17 The Structure of the House Figure 6.18 Windows and Stairs

Figure 6.19 Different Colours of the Pipes Indicatig Different Uses

6.2 Evaluation

The evaluation process was performed several tiduesg the existence of the
project. In the very early stages, most of the @at@n was just to confirm that the
system was working reliably when all of the hardsvand software was running at
the same time. Eventually users were invited tockhegain the evolution of the
project. Throughout the entire process the projext three formal demonstrations
and several informal ones. During the first twosgr@ations the evaluation was more
concerned with uncovering key points on which tbel tshould be improved. No
interviews were done and the users just expredsed tomments to the author

during conversation.

In order to give more flexibility to setup and demstrate the project in both
campuses two GPS references base points were sdtvVElge first was taken inside

of The University of Nottingham Main Campus clogethe Sports Centre. The
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second was in The University of Nottingham JubiBzenpus, on the island in front
of The Atrium building.

The coordinates (in WGS84) of the base point useskdo the Sports Centre are:

Latitude North: 52° 56’ 26.32994".
Longitude West: 01° 12’ 22.07388".
High: 88.7259m.

The coordinates (in WGS84) of the base point usette island are:

Latitude North: 52° 57’ 10.74172".
Longitude West: 01° 11’ 15.04220".
High: 78.271m.

These sites had advantages and disadvantages kanvdie signal captured in the
Sports Centre did not suffer as much multi-pathhasexperiment that took place in
the Jubilee Campus.

A multi-path effect can be noticed when the GP®aligeflects off of buildings,
the terrain or any other object between the stdedind the receiver. The reflected
signal arrives with some delay at the receiver icguan inaccurate coordinate (see
83.9). This can be confirmed by the constant autenchanges of the GPS receiver
from RTK-GPS to DGPS. Both receivers (referencetistaand rover) were
eventually too close to a number of three-storédimgs and trees in Jubilee Campus.
Another problem is the water surrounding the islakidleast once in early stages, a

user was reminded that she was walking too closieetdorder of the island.

However in the Sport Centre the challenge is tqokbe demonstration running
for long periods of time only using batteries gsoaver supply. There is no electrical
point and everything has to be running at the martteat users arrive. In the island
on Jubilee Campus this is not a real problem. Theepis not far from an electrical

socket, making the process free of the stress dagebatteries running flat. Any
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required modification in the configurations or cdtat required debugging could be

easily done as longer as necessary once the commpuéeconnected to a power line.

For the final evaluation the green area behind aWghby Hall inside The
University of Nottingham Main Campus was chosentlfigr performance and testing.

This place has the following advantages:

As the other areas, this place is flat. The evadnas unlikely to run the risk
of users going up and down small hills or stairfie Tarea is also not
surrounded by water as in Jubilee Campus.

There are no buildings or trees too close to wheceivers would be used,
reducing the chance of multi-path.

Electrical sockets are less then 50 metres (closagh for an extension).
Willoughby Hall also offered the possibility to stothe equipment safely in

one of the rooms, reducing drastically the timesktting up the equipment.

The coordinates (in WGS84) of the base point usatfilloughby Hall are:

Latitude North: 52° 56' 05.87635".
Longitude West: 1° 12' 20.57715".
High: 77.7971m.

6.2.1 Pre-Test before the Final Evaluation — Final Adjusinents

Just before the process of evaluation startededgst was performed to ensure that
everything was running as expected. As with angioginoject, there are always some
last minute minor adjustments to be done. Thisl fpra-test is valuable because it
should be performed not by the author of the ptojmet by an outsider. The

advantage of the input of a “fresh mind” that does know how to use the system is

to show to the evaluator some missing points of tl@system is going to be used.
This final adjustment is probably one of the masportant points through the

perspective of final evaluation. If the developerdahe evaluator are the same

person, for sure, he had to undergo a kind of agdiptation to the system. This
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adaptation could be the skills developed to typthenhandheld keyboard or the best

speed to walk with the equipment, for example.

Another point is the way that the user would wéder équipment. Not all users
know how to wear it and what looks trivial for teveloper could not be obvious for
users. The process of equipping the user shoulashbdelicate as possible. Not just
because of the number of cables and fragile equipitiat are involved, but also
because the user is receiving an extra layer aftéod” over his body. The more the
user feel confident the more he will have a goadetiand his concerns will be

focused in the evaluation and not on whether haoising good or doing well.

Positive Points of the Pre-Test
Previous tests showed a number of details thadomalke some difference in a real
performance. The required adjustments were implésdeio optimise the experience

of the field user.

A line (a white long tape was used) in the grassking where the VE should be
projected helped the user to identify which dir@cthe should go in the RE. This
eliminated the need to tell the user constantlyrevtteey should walk. By following
the line, the user would automatically go to thghtidirection and would not be too
far from there. In previous experiences, when ugersiot have the facility of the
white mark they would spend more time wonderinguacbrather than focusing their
attention in the CMRS.

A wave-LAN router was used to create the link betwihe computers rather than
using only simple peer-to-peer configuration wittmputers linked purely by their
network cards. The advantages are: the signalaager and the router is placed half
way through the computers, enabling users to moxtadr away from each other.

This system is more stable when compared with tlevigus versions. The
jerking was drastically reduced by the Kalman filigee 85.3.1) implementation and
the installation of a faster hard disk in the nowh The GPS signal is not affected

by multi-path as much as it is in the Jubilee Casaplhis is attested by the
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significant reduction of the VE drift (visual pept®n only). The receivers usually

locked the signal faster in the chosen green ard&ept it for most of the time.

Designing more than one exercise can enrich thegrsignificantly. In previous
performances the users were introduced only totaalitram station. During the final
evaluation users had a better overview of the sso®ered by the project with the

three exercises created.

Learning Points from the Pre-Test

The wave-LAN router should be placed as close asible to the area where the VE
is being projected as well as far from the groulhdvas noticed that the system

stopped working — froze — when the connection betwesers was dropped — around

50 metres from the router.

At this stage field users could interact with the through a handheld keyboard.
This device is not suitable for a user without jpvag training. The device is helpful
if users know how to work with it but it becomednigndly for a user that is not used
to handle it and is already caring all the equipmerthe backpack and wearing the
HMD. Instruction “on the fly” is impossible and ntosertainly the person will not
understand how it should work, getting frustratemtyvquickly. As the user said

during the pre-test:

“It is phenomenally difficult, unless you know wlyau are doing”.

6.2.2 The Final Evaluation

The final evaluation of this project is directedthg following steps:

Embedded Test — all users were invited to testsyfsem. All actions were
recorded for later analyses.

Post Test with Interview — an interview just aftiee embedded test to extract
more information from users. Users were questionetl only about the

system but about themselves when using the sys#ost of the questions
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were repeatedly made to users but some of them tadoeed to particular

points noticed during the trial.

A small but representative number of people wew@ed to interact with CMRS in
the final evaluation. In total, eight people gotatved during the evaluation. These
people were chosen based their backgrounds and pinevious experience in

evaluate projects.

Four civil engineers — with background in spacedgsy, fluid simulation,
photogrammetry, AR systems and high accuracy GPS.

One architect — with experience in AR systems alddésign, also closely
linked with Computer Science projects.

Two Computer Scientists — with knowledge in simolat AR systems, VE,
GPS positioning, CE and etc.

One person with background in new technologiesyeusng male, qualified to

evaluate AR systems and computer games.

The users were invited to come for the evaluatiodifferent times and days. This
procedure prevented their opinion being influenbgdny discussion between them.
The exercises for each individual, three in tai@bk around fifteen minutes each to

be completed and the interviews after the trialacbthirty minutes.

The exercises are not guided by an exact path wieddeusers should go or by a
time frame to complete one or more tasks. Howedweretis a pattern in the exercises

covering the following points:

Tram Station — exercise 1
VE Identification — field users should be able talarstand and recognise the
tram station associating it to their previous baokgd. They should also be
able to identify the displacement of the furnitorehe colour of it.
Scale — users are invited to stay on the virtuamtrshelter and have the

perception of scale.
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Small Details — users are also motivated to findoagect representing a
Close-Circuit Television (CCTV) in the top of atual lamp post. This task is
particular interesting because it required useokit@ up trying to find a

small virtual object.

Animation — users are also invited to stay over glsform to wait for the

tram to approach and depart.

Broad View — field users are requested to walk aivagn the virtual tram

station to see the entire VE with the tram approachnd departing.

House 1 — exercise 2
VE Identification — field users should be able dgentify the house and the
rooms that shaped it based on previous knowledgeholise.
Layer by Layer — field users are exposed to diffeseegments of the house
construction. With only few layers with distinctivemlours users are invited to

explore the rooms, find the doors and windows day is the veranda.

House 2 — exercise 3
Change of the VE - field users are exposed to gplmimmchanged of layer of
information although all of them have the sameresfee (a house). Users are
again asked to go and explore the VE.
Identification of Particular Points of Interest seus are requested to look and
walk towards the stairs. When they are close tossthe VE is switched
again. Users are requested to look up to find @ holthe ceiling where the
stairs climbs to.
Be surrounded by the VE — this VE is designed latban the other two
examples. Users should have the feeling to be gnded by the VE where

they need to walk around 25 meters to get away trarhouse.

The evaluation was created to cover the topics shmwfigure 6.20.
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Figure 6.20 Topics Covered by the Evaluation

Technical — regarding the technical aspects ofwso# and hardware used
during the exercises.

o0 Software: the system presented in this thesis wa®t@atype focused
on the validation of CMRS in CEn projects (desigml &onstruction
phases). Even though the CMRS is not a final prpdbe evaluation
covered how reliable the system was during theotses.

o Technical — Hardware: GPS receiver and quality atippot, HMD,
wave LAN, and inclinometer and magnetic compassewalso
evaluated. The output of these devices highly &dtethe field users’
experience.

Tasks — what users did during the exercises?

o0 Instructions: how instructions are passed to fieddrs. The role of the
office user as a collaborator in the VE.

o Reaching specific goals: how the tasks are perfdribg users
(although the evaluation run over a formative apphy, if they could
perform what is requested, the difficulties thagytiiaced, etc.

Interacting with the System.

o Behaviour: How users behaved when exploring the GMR

o Immersion: Was it an AR or a VE experience?

VE Quality of the Scene — could users identify wait objects/spaces and
associate them with real ones? What users expes¢dowhen exploring a
VE?
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o Texture and colours: could users indentify whemytivere inside of
the virtual house (bathroom, living room, etc.)?

o0 Dynamic Objects: Did the inclusion of dynamic olgedring any
improvement to the scene?

o Reference Points: Are users correctly and easilgntated when
walking in the RE with the see-through HMD on?

0 Avatar: The visual aspect of the avatar and howhmtigepresents
during the experiment.

Office User’s Control — the aspects of the remaisto| of the VE by the

office user.

The broader impact on communication, collaboratind mutual understanding is not
discussed in this subchapter but rather savedhénéxt subchapter (see §86.2.4)

6.2.3 Outcome from the Exercises

The following paragraphs are structured accordintpé evaluation topics introduced
in Figure 6.20. They summarise the main pointhieftideo material recorded by the
cameraman and the author — as office user — dthimgxercises and interviews. The
topics are commented along the excerpts. This kapter does not give an overall
conclusion about the exercises. This can be foanke next sub-chapter 6.2.4.

For the sake of anonymity field users are iderdifis: Engineerl (E1), Engineer2
(E2), Engineer3 (E3), Engineer4 (E4), ArchitectllYAComputer Scientistl (C1),
Computer Scientist2 (C2) and Ordinary user (O1).

The exercises are identified as: tram station (@serl), house 1 (exercise 2) and

house 2 (exercise 3).

Technical — Software Reliability

As mentioned in 85.3.1 the computer carried byfieder was running eleven parallel
processes with two data bases at same time. Thensyended to be constantly
reliable until some external factor affects its dabur. Mostly this is an issue

regarding wave-LAN. The router was not strong etotay send the signal further
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then forty to fifty metres. If eventually the fielsser is out of the range, the audio

channel stopped working as well as the other psogesking the system crash.

The lost of connection makes field user complewisorientated without the

power to restart the system by himself.

E1l: | do not know where | am going. | am pickingthp dialog screen at the
moment that it is picking up some of the envirorim&he brightness is also
wrong and | can see only the physical world andthetVE. If you can get rid of
these dialog screens it would be helpful. You capnabably do it from there.

In a second occasion during a different exerciséaéd the same problem again.

E1l: Oops, it has failed and | have an error screemw.

This is the only moment that a field user went tiglo a problem like this. The
solution is to place the wave-LAN router closerth@ area where field users are
performing the test. The best solution would belaxe a powerful antenna to cover
all the area plus some hidden points where a stdndave-LAN router could not
reach. Ultimately there is a need to improve thHmusbness of the software in the fault

of the system disconnection.

Technical — Hardware RTK-GPS

The RTK-GPS receiver used is not as small as theefeased for car navigation for
instance. It requires heavy duty battery, cabladiortransmitters and a pole with a
specific antenna. The antenna by default shoulabose the user’'s head (around two
meters from the ground) to reduce multipath. Thie o part of the backpack frame

carried by field user.
Ergonomic — Overall the system is not ergonomic. It is hegugcsally because the
weight and size of RTK-GPS receiver. The numbecalfies also makes the system

complex to setup and to carry.

Along the exercises it was noticed that a numbeusars got the GPS antenna
stuck in the branches of a tree.
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E1l: | got caught in the tree with the GPS receiecause | could not see the
tree!

E2: | think that | am catching a tree with the ame.

E3: You have asked how immersed | was and thatheasimmersed | was in a
tree.

Al: | need to make sure that | will not run intatlree.

For the evaluation point of view there is a mixcohclusions regarding to hardware
design and user immersion in the VE. The heighthef antenna can make the
difference from an ergonomic perspective. Fieldrsiddke E2 and Al are no more
than 175cm height. It is possible to imagine tlegtytdid not think to allow some

extra room to pass below the obstacle. HoweverrellEEB have something close to
200cm height. In any circumstance they would notayeards the tree direction. This
can drive to the HMD setup hypothesis (see beltivine device is too dark the user
will not see through the lenses. But the tree wasnore then 10 meters away from
the users during the briefing of the project. Teaw the tree and they knew that it is
the only tree around. Perhaps users can get toceisad in the VE forgetting

completely about the RE and the hazards that #nsffer (see below).

Accuracy — The default output rate of RTK-GPS receiverng sample per second.
This is the fastest speed that the receiver cark wdren calculating RTK-GPS
coordinate in real time in the receiver. When usegse in the field, they needed to
bear in mind that they should walk slower than ustiae rendering of the CMRS is
affected if users speed up walking, making the dioates further apart from each
other. The excerpts bellow show users having theat®n of the VE jumping from

point to point.

E1l: The environment is jumping a lot at the monaritif | steady on, it gets
better.

E2: The image is jumping a little bit.

Al: Itis difficult to track, it is very jumpy.
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Al: The frame rate makes it sometimes difficuttrientate yourself. | guess you
learn to live with that. It is sometimes difficitt use because sometimes you
cannot necessarily fix your view to a digital olbjdtjust jumps over that point.

C2: It is jerking a little bit as | move but | dthhave the impression that it has a
consistent position in front of me.

The only way to go around this problem was walksigwer than usual. It is
suggested something between 0.5 to 1 meter pendekElmwever there is no rule for
this and users should find the speed where theyidvimel comfortable with the
visualisation. MASSIVE-3 already renders extra fesnbetween two coordinates but

this also find a limit by the speed of the persothie RE.

The Kalman Filter implemented does not bring toacimtor the coordinates. In
fact, GPS receivers already contain a Kalman Filbereduce high discrepancies

between coordinates.

Setting Up — every new exercise requires users coming back ptace where the
system should be setup again with the new VE. plaise is very close to a building
where the GPS signal is mostly blocked. After teis of the VE and the restarting
of all process, GPS receiver must to stay exposexetr sky to fix the GPS signal.
Finally the process could start again. However tadly the receiver does not fix

GPS signal long enough, loosing precision aftdratgeriod of time.

E1l: The main problem is the perspective. | do eet that | am walking towards
or through it.

By default CMRS is set to be at the (0, 0, 0) posiwvhen the GPS receiver is not
updating the data space with new coordinates. betame very disturbing for the
user because the person could walk in the RE ku\th is fixed to one position.

Meanwhile inclinometer and magnetic compass ar&kwwgrmeaning that the image
is following the movement of user head. The sotutielies in leave the RTK-GPS
receiver fixing GPS signal for longer or in haviag appropriate interface when the

user is disconnected.

159



Technical — Hardware Inclinometer and Magnetic Comass

The inclinometer and the magnetic compass attadbethe crash helmet are
responsive to the iron in the frame of the backpdtks caused a jerking due to this
soft magnetic field. The jerking was consideral@giuced by the implementation of a

Kalman Filter. The reduction of jerking can be seeRigures 5.10 to 5.12.

Some of the reactions from field users are presdoéow:

Al: When | stand still it is ok but when | movguihps a lot. | think that it is the
frame rate rather than anything else. It is a vieny frame rate.

C1: Because my head...oh god, this is really creepgcause my head keeps
moving... | feel like I'm in the tram. Because mydhkeeps moving this jumping
drives me really really mad.

C1: If | stand still it is fine. If | turn my heagally slowly it is also fine. | need to
restrict my behaviour and movements to suit thewftat is not natural for me.

C2: There is a bit of delay when moving the head.

The market already offers some other devices tteatat so affected by magnetic
fields — (Xsens, 2008) for instance. The reductadnerk through Kalman Filter

brought another problem: the small delay in the emaent when users turn their
heads too fast. Figure 5.10 to 5.12 already shdwendelay when the graph lines are
not very close together. This delay can be perokeptby users causing some

discomfort.

Technical - HMD

The HMD used was not designed for AR systems. & a@ersonal wearable screen
used to watch movies for example. The size andwbight of the device are
reasonably good as well as the quality of imageweéter this device was designed
to work in controlled environments like inside ofcem for example. The light of the
room can be controlled making the environment stafilhe Sun light and the
shadows of clouds makes the setup or contrast agttiess very difficult when

using this equipment outdoors. If too dark, usensld not see the RE, affecting then
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the AR experience. Users cannot see the VE if tiv@@ment is too bright. There is

no auto adjustment for the device for variable cions.

Another problem in the design is the light comingni around the frame of the
goggles. The external light is usually much brightean the one filtered by the

lenses. This light became inevitable uncomfortéteisers.

El: | can see the tram and the VE but | cannottheephysical world so well
behind it.

E2: | can see something! It looks like street lgjht

E2: The lenses are a bit dark but | know wheredlmmeraman igpointing with
his hand)and | can see grass. | have to say that, the wadre | see the tram, |
do not see-through. | can see the bottom part aheks| think that there is quite
a lot of light coming from the side of the HMD.

E2: | trust the cameraman because | do not knowevham going.

E2: When | am looking to the direction of the embmaht, there is a lot of light
coming from the Sun and | cannot see properly.

Al: It is the usual thing; | cannot see anythingptigh the glasses. | have to look
under the glasses to not fall over. It is just YHein the glasses. It is too dark, the
HMD set up.

Al: 1 am looking right into the Sun so | cannot aegthing at all.
O1: I can see the physical environment below btuiméront.

The HMD appears to be a critical device for the Mhexperiment. This is in part not
a surprise once the device is not designed forghipose. However this is the only
device available and the design architecture cdefie this project requests a see-
through HMD.

Some of the users put their hand in front of theiade blocking the view of the
RE to be able to see the VE. There are even usarsvalked completely “blind” in
the RE for long time just relying in what they a&eeing in the VE. It is important to

mention that none real object was mapped in theoRi®pulate the VE.
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The problem of the adjustment of see-through iscstical that during the
evaluation E2 is requested to look up to see soetailsl in the VE like CCTVs
(exercise 1) or a hole in the first floor of theuse (exercise 2). Eventually his vision
is blocked by the light from the Sun that came frilra opposite direction making
him temporarily blind. The opposite happened whendoks at the same direction
where the Sun is pointing to. The HMD became tad ttasee the RE.

When doing the evaluation, one of the concernisirtderstand what sort of
immersion the user could experience. Users weredagkhey could see VE and RE
seamless. Eventually, the recorded videos shows usgéally immersed in the VE
without noticing the RE (see more about this tapithe following paragraphs).

Technical — Wave-LAN

The router used for the wave-LAN connection wadgihesl for domestic use only
with a very limited range. As already described¢his problem when a user moves
over the router’s range causing the crash of tlstesy. For a real application, the

solution relies over wireless Internet access powaerful antenna.

Tasks — Instructions

One way to make sure that the field user is gomthe direction suggested by the
office user in the RE is to ask him to look for thkfice user's embodiment and to

walk towards it. The aim is not only to show thegence of a second user in a
collaborative way but also to pass instructiongnftbe right position in the VE.

The excerpts and the comments below exemplify thg that the instructions

were eventually passed to and received by fieldsuse

E1l: | can see your embodiment and when you move.

Each user has a different approach when receiviognanand or orientation. There
are people to whom just a request like: “-please tight and look for the CCTV in
the lamp post” is enough as a command. They knoat ¥ehlook for and even if they
could not find the target immediately they woulédmgte over the VE on their right
side that could look like a lamp post and then alr'CCFor E2 this command for
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example had to be slightly different. When he iguested to turn right he replied

with the question:

E2: how many degrees?

After that, every time that E2 is requested to tiefbor right, the number of degrees
has also to be included in the command.

During the exercises, E2 could not find the CCTVsl aropped the idea of
looking for them. Not letting the user down is ooethe points to ensure users
engaged in the system. In case they cannot firattecplar point, the task is moved to
an easier that is prepared to keep the user metivat this case, the user is requested
to look for a bin very close to the lamp post. Tiser replied that he could not find it.
However, because the office user is following th&ediment of the field user, he

knew that from that position it is possible to fitine bin.

E2: | was looking too high. I have the bin rightfiont of me.

At this point E2 is better understanding the tedbgy and he learns that the
movements with his head should be slower and smeodtten the usual. By doing
this, E2 manages to find the lamp post and the GCTV

E2: Yeah, | can see two yellow CCTVs!

The role of the office user changes from a per$an is collaborating in the CVE
towards someone that is guiding and training takl fuser. The idea of collaboration
and pointing to objects and places when users laaeing a CVE is studied by
Hindmarsh (Hindmarsh et al., 2000). The paper etaki how such interaction
occurs, the restrictions implied by the limitatiookthe system and how users go

around such difficulties.

Interacting with the System — Behaviour / Interacton
The evaluation shows that users have different\netes when exploring the CVE.
Users that are used to CVEs and CMRS experimemtgusa walk, exploring and

interacting with the system in a very natural anolsk way. There is a feeling of no
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surprise and they almost can predict what theydaeeto see and how the system is
supposed to work. On the other hand, this is aurexof surprise and exhilaration for
non experienced users since they started to weaedhipment. Everything is a big
novelty making them react completely differentlythose with some background.

Some of the excerpts show how field users behavezhvexploring the CMRS.
Some of the users for instance did not like tha idkgoing through the objects that

composed the VE:

There was a moment during the exercises that fistd was guided through the
VE where key points were demonstrated as well aglipital tram (exercise 1) that
runs as an animation. E2 walks around the greem &olowing the guidance

indications from the office user until the digitedm is in front of him.

E2: Do | cross the tram?

In the physical world it is not natural to walk digh objects. It is noticed, in a
number of occasions, that users can became affaigl@ing through the elements

inside of the VE. They tend to avoid them by wadkaround or asking for a way in.

E2 is then invited to explore the other side of titaen station, walking over the
digital platform stopping under the tram shelteo. Move from one side to another

the user should have walked through some of theatimpjects.

E2: Can | go through the post? Can | walk arourdlitvill try to walk around it.

E2 walks sideways very slowly avoiding virtual atige He eventually manages to

find his way around without being run over by thtual tram.
The same behaviour is noticed during the first @serwith E3. He is surprised to

be run over by the virtual tram more than once. Video also shows that when he is
exploring the VE, he tries to avoid the objectsA@atking around them.
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C1 has difficulties in understanding that it is gibte to walk through digital

objects.

C1: And the fact that | can walk through all thedgects is very disturbing.

As with other users, C2 “jumps” when he is run obgrthe digital tram. When
comparing the RE with the VE, C2 states that thesR&uld be marked, indicating
the “dangerous areas” like the tram rail. Such lbamies could increase the sense of

realism in the scene.

Even though field users could not move the arnthaf avatars, the video shows
that gestures represent an important way of comeating. Users tried to explain
situations or point to places when interacting with office user. For the prototype
presented the only way to point is moving to thecpland to stop facing the object.
The office user should follow the field user avatard stop in the same position
looking to the same place. This is not a real opespecially for complex VE or

places where the RE is in constant changes likeGiEn site.

Some examples of the body gestures during the isgsrare as follows:

In the beginning of the second example E3 waves thar office user’s
embodiment in the VE sayin: Hello!” . The video shows that E3 is really talking
and waving to the office user in the VE and nottfer camera.

Al points the necessity of gestures as way toantewith other users sharing the
CMRS. Throughout the time that Al is exploring finst exercise (tram station) he is
asked about the effect caused by the office usanlsodiment in the scene. There are
advantages and disadvantages and the avatar coemtenthe audio channel
communication and collaboration in the VE. The editvent without the audio
would not make too much sense. It would becomeeratfifficult without audio
commands like: Please look to where the embodiment is lookirigAttsame time
the audio without the embodiment could also male dkercise very difficult. A
request to go to a particular place to check aipeletail in the VE could become a

hard task, especially if the VE is designed withadiual landmarks. The users could
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be completely disorientated and frustrated if tbeyld not find the places where they
are being requested to go to. In the third exerémseexample, details like showing a
hole in the ceiling are better performed when tHe® user asks the field user to

move towards and look to the same direction as him.

Al: | like the idea that | can talk with somebodyg,an embodiment, and follow it
and look to roughly same direction that it is lawiat. You can think in the
embodiment in the level of expressiveness thagdts And currently it does not
have that much of it. At the moment, the office naa say “come to where my
embodiment is”. And probably you can just about skok to where my
embodiment looks”. But that's where it ends. Se, ghnciple makes sense but |
guess that you cannot do really much with it. Yaonot really point things with
it. You need the audio. If there is something onleftyfor example you cannot
point and | cannot point either because there isim@rface to capture the
movement of my arms.

C1 also uses his hands to indicate things insieé&/th even knowing that his gestures
could not be seen. The video shows C1 talking Wghoffice user at the same time

that he gesticulates to confirm that he is goimvgaials the right direction.

Interacting with the System — Immersion

The immersion of the user in the CVE appears tbigker might be expected. Most

of the users could not see or have the feelingfavid RE merged. This immersion

is partially over taken after the first exerciseses starts to understand how the
system works and become more independent of tleeuser. The paragraphs below

show some examples of this point:

During the first exercises the video shows thati€€2ompletely immersed, not
taking time to see the VE from some distance. Hesdmot ask if he can take any
decision, instead, he just follows the office ug&2.stopped walking when he is sure

that the other embodiment is big enough to bloskview.

E2: | think that | am close to you. You are quiig foow.

During the first exercise, E4 is so impressed lgydffice user's embodiment that he
forgets to explore the VE during the initial waHor a considerable period of time he
is fixed with the idea that he should follow thebmdiment in order to see what it is
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doing. The office user has to make sure that E4rstands that he can explore the
VE by his own. Inside the VE, the field user isatbt independent from where the
other embodiment is or what he is looking at. Athvi2, E4 understood that if he
stays too close to the field user's embodiment lie net be able to see the VE
properly. He decides then to open more space tthee€E better. He is requested to
look at the lamp post on his right, once he wasr dkie platform. Only then he
notices the lamp post and walked backwards to hawetter view and from where he
could also see the CCTVs.

Some of the users lost the sense of direction wsierounded by a virtual object.
This happened when they are going through an objeathen the VE is swapped to
another one during the exercise 3. Most of therhijumediately stopped as they are

inside of a virtual object and could not go throutgh

Al comments during one of the exercises the lagene of direction:

Al:1do not have a physical sense that this waglthection that | came from. My
physical orientation is completely gone because tibo immersive.

Throughout the tour E3 easily identifies all the k®ints of the VE like the stairs or
the gap in the roof of the first floor showing somperts of the second floor of the
house (exercise 3). The user is immersed and anhys#te system until he lifts up
the HMD and says:

E3: Oops, | did not realize that | was over hereybu had asked “where are
you?”, | would not know. | could see the white lthere in the ground, that was
quite useful.

VE — Quality of the Scene-Texture and Colour

One of the points raised by users is the lack xtutes in the VE. Exercise one is
well accepted because in RE, the tram platfornil igaanted in solid colours and the
VE is created using the same tones. However usgtgest more realistic textures like

brick walls for example in exercises two and three.

Another unexpected problem is regarding to onéeffield users (E3) be colour

blind. The embodiment in the VE is red with whitena and E3 had some difficulties
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to find it. The problem increases when the offiseruembodiment passes in front of

an object where the combination of colours madisappear to E3’s sight.

O1 for instance has some trouble in understandmgnavigating the CMRS with

flat colours.

O1: Itis lot harder to find my way in this one thim the tram station. The colour
scheme has some part in it because most of thetsteuhas the same colour.
They can look like the same objects. Also the fiskel’'s embodiment does not

stand out as it did in the tram station.

Even with the lack of texture the system providesidy realistic view of virtual
objects in the RE. During the third exercise, tffece user's embodiment stopped in
front of the stairs indicating where C2 should siop. The user liked the idea that he
could look through the gap in the ceiling to themwl floor of the virtual house.
From his position he could see a window in the sddtoor in the VE, which for him

it is fairly realistic.

VE — Quality of the Scene-Dynamic Objects
Users were also questioned about the dynamic objettte scene, in this case the

digital tram.

Al: | do not think that the tram adds anything lre tscene more than the same
tram static in that positioning. If you have a stdaram there | will understand
that there is a tram that passes there. It is abyueonfusing. Now | am so close
and if it moves past | could not say what it isahnot recognize anything | can
just see polygons. If | have an overview then | sem it. | imagine that, for an
example where you could see the flow of air, it mike more sense. With the
tram | am not so sure. Because of the field of vidvave the impression that | am
standing too close to the train where in the phgisigorld | would never be so
close.

Perhaps the digital tram made the scene too contplé&e seen. The tram is higher
that the tram shelter blocking the user’s view teraply, until it moves away again.
There are two other points that could make useis d@isturbed. The first could be the
fact that the tram does not stay away from thetaligitation for a while, in order to

open the view. It kept coming and going constanthy giving proper time for the
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tram station stays for a little while without thewng digital object (5 minutes away
for example). The second problem could be the wwt the tram moves. The
coordinates should be closer to each other to @uaitite smoothness of movement.
During the exercises O1 put in a question a goed ttlat could be possibly become a

future implementation of the system.

O1: If I go through the tram will | move with it?

The user could virtually travel in digital objeaach time he approaches one. If he

moves again his view would come back to where hepraviously in the CVE.

VE — Quality of the Scene- Reference Points

Al: It is really difficult to see what is what nolwunderstand that you gave me
different phases and I'm just about to understdrat they are at the top of each
other but basically they just look like a lot oflyggons.

The field user is lost due to the lack of a cleati¢ation of the rooms that he is
visiting in the VE. The physical world contributisthe loss of navigation, once it is
flat with no reference points to aim at, such astdpe marking the boundaries in the
ground (shaping rooms for instance) or a landmaikdicate where the front and the
back of the house are. Users also suggest thaVEheould have something like
furniture to indicate the rooms of the house atghme time that it would help with

the navigation.

As other users, Al thought that the VE should lgnatl with the white line in
the ground.

Al: In my idea if | want to explore the VE | showldlk over this line. If | do it
now there is nothing to see. It is just a commeddbes not stop me from using it.

The white tape placed in the ground is just rougi#jimiting the position of the
virtual tram station and up to where users coulplae the VE. This information is
passed to the users during the instructions poitiné exercises. However, most of the
users argued that the VE (in this case the platfofrthe exercise 1) is not being

projected exactly over the tape.
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C2 felt that he is being unfairly disconnected vitik physical world around him,
claiming that there are no landmarks that couldesas reference points, neither in
the VE nor in the physical world. Like other usdms, questions the relation of the
white line in the ground and the VE, believing ttte¢ white mark is the limit of the

house (exercises 2 and 3).

VE — Quality of the Scene- Avatar
The field user is then asked about what he thirfkhe field user's embodiment in

the VE and whether it makes sense to him.

C2: The embodiment as | see is not human enougméorto feel like I am

actually “seeing” someone standing in front of rhidwave a bit of difficulty with

it. It does seem to move around and that does makdeel more like there is
actually something there as such, rather then theiag nothing there. As | said
it is not particularly human enough for me to thithiat there is anything other
than an object in the environment.

C2 as well as other users mention there is a ldckngathy in the avatar. As a
general conclusion both field and office user'stakashould look more like a human
being as well as be able to move their arms inroraenake gestures. More about

empathy can be found in the following subchapter.

Office User’s Control

The office user has not only the important dutgaade and collaborate with the field
user when in exploring CMRS. The manipulation of tbbjects is considered a
complex task and could not be performed by fieldrusithout a previous training.
The office user help becomes even more importane arone of the invited users
could manipulate CMRS using the handheld keyboardinmlerstand the logic of

commands.

Field users could see along some of the exercimeslémonstration of how the
VE could be rearranged while users are interadgtithpe CMRS. The virtual objects
could be dragged and dropped by the office usenlsagliment (one of the features of
MASSIVE-3). The field user could then take a beptesition in the physical world in

order to see some of the changes that are being matthe office user.
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The stages of the construction are also demondtrategh CMRS being
manipulated remotely by the office user. Each of thhases is demonstrated
progressively, adding each new layer on the tofhefother. After the repetition of
this procedure for a few more times, the phaseslaogn in an alternate order. All

these procedures are enriched by the possibiligpofmunication between users.

6.2.4 Final Points over the Evaluation

The evaluation process helped identify a numbegroafts that had not been predicted
during the many phases of the project. This wasntioenent when all that was
developed in the first few years was finally pugether. The outdoor evaluation was

fairly different from those that were tested incatrolled place.

One important decision taken during the evaluat¥as to invite only one person
each day. All the difficulties and unexpected esrarere thus solved in time and it
was possible to learn from them. Users also didgstinfluenced by other users

during the exercises.

The evaluation process was not limited to obsernhog users interacted and
explored the system during the exercises. An idarwas performed just after the
third exercise in order to complement the userstdfacks. Most of users answered
the same questions. Only few questions were tailameorder to cover particular
points experienced by the users during the exexrcise

The questions and answers are fully translated ppeAdix D. The same

nomenclature for the field users is used to inéi@aho is answering when there is an
excerpt. Figure 6.21 shows the areas covered getfeal points over the evaluation.

Figure 6.21 Grouping Points of Interest for the Complementary Outcome
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The following paragraphs are overall conclusionsrahe final analyse of how users
acted during the exercises and the outcome fromirttexviews. There are still

excerpts from the interviews (Appendix D) in order help make the text clear
framing the topic in analysis with the conclusion.

Using the System — Self adaptation

Users had to adapt themselves to the system. Téateipf the coordinates was not
fast enough to make the calculated movement insidee VE smooth enough. All
the users were reminded to walk slower than theludwt not all followed the
instructions. GPS coordinates were being updateld sacond and the tilt sensor had
its output processed by the Kalman Filter to redeck helped to make the refresh
rate of the view slower than usual. The system stalsle when users stood still and
smooth when users made slow movements. Only twis wested the system before.
Users that followed the instructions commented tihaly had enjoyed the view,
especially those that had previously tested thé&esysn the early stages remarking
that when standing still, the image was perfect.

Using the System — Immersion
During the exercises it appeared that users wepergncing a relatively high level
of immersion in the system instead of having aneXiBerience.

There are key factors that could have contribubetthis happening:

Regarding the VE perspective, users felt more fansked with the tram
station than any other example. The colours andhlapes were very close to
the ones in the physical world. All users that eastd the system had seen
how the actual tram station looked and so alreaaly previous knowledge
about the scenario, which made them more comf@taiih what was seen. It
was noticed that users with previous knowledge lohtvthey were due to see
would have a better experience when exploring tke Wsers put their focus

in the VE not giving chance for merging real andual.
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There was clearly a process of selective attentiloan users explored the VE.
As mentioned in (Edgar, 2002) “physiologists oftegard attention as acting
like a filter”. Edgar quotes (Posner, 2002):

This “attentional spotlight” that illuminates ondysmall part of the visual field (i.e.
only a small proportion of everything that is regred by the eyes) and any items
that lie within that spotlight receive priority f@rocessing. Any information lying
outside the “beam” of the attentional spotlighteiges far less processing. (Posner,
2002)

In this case the RE is “out of the attentional Bgbt’ making users more
focused on what was being projected before tha&is eythe VE.

There was a disconnection between VE and RE. Laridm@ike tapes
drawing the shape of a house for instance) mighg bsers to fix with the
idea of an AR system aiming to project a virtuglkeabrepresenting a house or
a tram station in that particular place.

The see-through HMD cannot adjust contrast anchbress itself. If a cloud
covers the Sun light the image becomes too dattkelfcloud goes away, the
projection of the VE becomes faded. Another problems the lack of
stereoscopy. The images projected in the HMD atelmee dimensional.
Some of the users talked about the lack of textwrech could bring more
realism to the scene. Users were looking at objecttshe VE, but not
connecting them to real objects (i.e. a house ditdaok as a real house).

One user said that the dynamic object (the trard)ehaegative impact during
the experiment. Perhaps the object could be bextelored in the scene. The
tram could run smoother, not so often and with ssmend effects helping to
pass a better sense of realism. It was noticed tti@tvirtual tram often

obscured users’ views of the VE.

Virtual Environment - Overview

Texture and colours were one of the points thatechimore comments from users.

Flat colours were not what users were expectingeaally when exploring a VE

representing a house. Just one of the users whe in&rviewed said that plain

colours did not affect him. High resolution textureght not be a requirement but

something intermediary that could pass the idea lafick wall in the VE and not flat
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brick colour only. The outcome from users just aonéd what they expected from

an AR system: the VE should be presented as ckpessible of reality.

Originally the colours of the houses created fer ¢lxercise were chosen to give
as much contrast as possible (to show differensghaf a construction) making it

easy for users to see it.

The tram station in the RE was painted in plaimoocd and users could easily
identify the tram shelters, lamp post, bins, efavo of the users shared their view

about the tram station:

E3: It was clear that it was a tram station andetlly helps the tram going in
and out. It seems that inside the tram it was wvéeyailed. That was quite
realistic. The outside of the tram was also gootlkéd the lights as well and
when | could see the CCTV cameras up in the polel..the bins. Yeah,
everything was fine.

O1: The tram station was really good because itthassame curves and same
objects that the real one. So | could say straghéy what it was.

Users were then questioned about how they imagthatl different phases of a
project could be presented once texture was anegent. The suggestion was to use
the same texture but with slightly different coleuHowever, the issue of lack of

realism still remains when not using a “realistieXture. As E3 stated:

E3: You're gone decide what you try to represenbni-this point of view you try
to represent the realitgpointing to the blueprintand you see the final thing. So
texture helps there. If not, then it becomes cltisea graph. It is a three-
dimensional graph in which case putting colourhighlight in, putting different
colours for different phases makes sense.

Another point raised by users was the fact thatlsw@specially in the second
exercises) were represented by thin facets. Udaimmed that a wall representation
should have at least the same thickness as a Bxigkndow should also look like

one and not like a blue rectangle. Users coulcassbciate the virtual object with the

real one. During one of the trials E2 asked:

E2: Should | go towards the blue rectangle? If llbgak | can see the yellow roof.
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Some other users commented about the lack of Viftmaiture in the houses. The

furniture for them could help to better understarmbuple of points:

To indicate an approximate size of the room. Thevipus knowledge of the
user about the dimension of a double bed for exampbuld give an
indication of the size of the room.

To make it clear that the visited place was a gakhedroom because there

was a virtual bed in that place.

To use or not of furniture would depend of what YHe was proposed to represent
and in each phase of the CE cycle. During the depigase virtual sofas, beds,
kitchen, etc. could be added to enrich the scetie aétails helping architects to give
a final touch in the project. However, if the systas being used along the
construction phase it would not make sense to adih sepresentations. More
valuable information would be required like teclahicinformation over the

construction specifications.

It was noticeable, both from previous experiences also in the video of the
current evaluation that most of the users triedvoid the digital objects. Some users
got frightened, for instance when something sudderdssed in front of them, like
the tram for example. The answers show that thaseavmix of feelings about going
through the digital objects. It is not natural fmrmans to walk through walls but this
is one of the features of the technology. The dbjexs not there physically and the
field user can go through it because it was a shbdr it was the best way to avoid a
hazard in the physical world (especially when cdesng a construction site). The
design of a realistic VE should not create barriens extend the experience and
create possibilities for users to go beyond thatural limitations. The field user for
example could fly over the scene — although thetuiee was not explored. Such
extension of capabilities (to fly for instance) idbbecome very useful if an architect

would like to show the design of a house with thedgns and the swimming pool.

Landmarks could be better explored during the esesc A single line was not

enough to only indicate where the VE would be pgd. The shape of a tram

175



station, house or any other VE would make usergebebnnect what they were
exploring together with the RE. This would also destrate the level of accuracy

when using the RTK-GPS receiver.

Regarding the objects that could have dynamic bebawn the scene, E1 made

the following comment that summarises the majasftthe user’s views:

El: | really like the ability to have the movingim going through. Not only on
the conceptual point of view of being able to dat for example for wind flowing
or things that are usefully scientific, but actyallthink it helps give reality to the
environment.

Hardware — Overview

For an outdoor AR system, RTK-GPS receivers arallysthe most expensive part
of the hardware involved. It is especially true witleere is the necessity of more then
one equipment. The price becomes one of the kemtgpdor researchers when
choosing which GPS solution they want to add todésign of the project. Apart of
the costs, RTK-GPS receivers also have issuesdiagato size and weight. The
receiver does still big and heavy when comparablether GPS solutions. The GPS
receiver used in this project is not the kind ofiipqent that is broadly accessible.
But as mentioned by Al, costs are decreasing sirc@umber of companies in the
market offering high-quality products is increasidgnother limitation is the output
frequency of the receiver (1 MHz). However thigamporary obstacle that will be

surpassed with the natural enhancement of techynahog near future.

The area chosen for the demonstration was wide, apiém buildings at enough
distance of did not block the GPS signal or créatemuch multi-path error. All the
coordinates from the GPS receiver and tilt sena@nst through a Kalman filter that
reduced the jerk considerably. These precautiorsiltesl in a more stable
visualisation when compared to the very first gidlowever, if field users walked at
their normal speed, the refresh of the frames wdsfast enough giving them the
sensation of a “jumping” VE. The head movementsukhbe done slower then usual.

As a prototype, it was not primary concern how agjoic the introduced set of

equipment was. It was a fact that all parts togeth@de the backpack carried by the
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user not light. Batteries and GPS receivers, a$ agethe frame of the backpack,
made users tired after some time. However the weigs not the only part that
should be reviewed. Throughout the evaluationeastl one user had difficulties to
wear the crash helmet. For him the helmet keptd@®n with the strap that keeps it
stable to the head adjusted as tight as possibileth&r point was the number of
cables to connect GPS antenna to receiver; recevexternal battery; receiver to
computer; etc. During the exercises the cable cgatdeventual twists making very
difficult to handle.

There were several fragments of comments aboutithb in the text. One of the
qguestions for the users wadVas it the correct way to display the VE? What &bou
handheld screens like PDAs and tablet PC3%me of the users said that it was the
right choice for engineering purposes but the wrong for other applications. At
least two of them said that they would prefer teend as a visor in a helmet like the

ones used by jet fight pilots. A1 gave an intergsinswer:

Al: 1 do not know if it will work better or not. \&his it for? If it is for a client of
an architect, | think that a hand held will workttex. Because then both will
work on it. But if it is a troubleshooting appligat with someone back in the
base and another person in the field this is muetteb. But to design something
for a client | will use something else. | think tluae issue with the HMD is the
FoV. You just cannot see enough.

Al statement can be complemented by another issgedr by (R.T.Azuma et al.,
2001) regarding to the social acceptance and tleesumitation of interaction.
These two points could become a real dilemma wisking people to wear the
equipment to explore the VE. The social acceptafiiegnma becomes real to this
project in the very early stages when people &itatant to wear it. The equipment is
very different from a normal outfit, making themueant to wear/carry something
like that in public. The equipment, due to its weigand the cables, also limit
movement. A user with movement disability or notosy enough to carry the
backpack would find difficulties to test the exmeeint. The advantage to use a
handheld screen, as mentioned by Al, is the pdititabnd the way that it can be
shared with other users.
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Office and Field User — Channel of Interaction betwen Users

The evaluation makes it clear that for the AR gysf@oposed in this thesis two
people were necessary to adequately conduct thike. vibe introduction of complex
tasks made the field user even more dependenteopéison in the office. On the
other hand, office users located anywhere aroured World would have had
difficulties to obtain a clear interpretation oethquestions if there had been no field
user to conduct investigations on their behalfa iway, the collaboration pushed the
control of the VE onto the office user, but stiéftl field users with the same
autonomy and power. Field users also had someatartid responsibility over what
they were both sharing. The tasks performed bypirson in the field could be
exemplified/enhanced to:

Show particular areas where the construction ctadd temporary delays.
Point out good and bad aspects in the construdumimg the investigation.
Scale and measure objects.

Conduct measurements of the physical world.

Identify features, update information, surveyintg, e

Communication — The exercises showed how important the offiex was to guide
the person around the field in RE. The audio chiwas essential to complement the
experience of collaboration. When field users cowdt find a particular point in the

VE during the exercises, the conversation proveaetuent and useful.

The audio channel enhanced the collaboration andentaeasier for users to
understand each other with the help of the embadimérom the office user’s
perspective to give directions was easy becaus@astpossible to know what digital
object was on the left or right side of the fiekku The indications of where the field
user should go were all based on his positionedl&d the VE and whether he was
turning in the correct direction. E4 contributedtiwithe following phrase that

summarises the feeling of the audio and the cotkthom:

E4: The audio is critical because you are the desig! did not know until |
arrived there what | was going to see. You gavetimeinstructions before we
started explaining the procedures to explore thenacios. But only when | went
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to the field | realised in reality what you wantéd achieve. | think that
communication is critical for people to understand.

Collaboration — The system itself proved that, without a secparson sharing the

VE, field users would easily get lost and unmotaato keep exploring it. Users were
fairly busy trying to understand what was beingspreed before their eyes. They
could perform the controls of very simple taskshsas typing using one of two

buttons on a personalised keypad (with only two skeerhaps and not with

something like the handheld keyboard that was dhiced). However, more complex
tasks would become considerably difficult for fielsers to perform alone.

There are strong reasons for the argument that ke need for collaboration,
especially after the videos showing some of thig fissers walking towards a tree in
the RE. Field users in this evaluation were jusikimg. There was no equipment in
their hands that could distract their attention. Uders who hit the tree were looking

towards it. As mentioned before, field users’ “atienal spotlight” was in the VE

rather than in both the VE and the RE. To give numetrol to the field user would

also mean to risk subjecting the user's attentioneven more pressure. The
“attentional spotlight” would change its focus mdhan ever, switching between:
VE, RE, tasks, etc. One of these spotlights caniregnore attention (resources from
the person to focus on what he/she is doing), fiteenuser, increasingly interrupting
the AR experience. The collaborative process higd users to be free and keep

their focus on what they should do.

Mutual Understanding — The commands given by the office user throughicaud
channel were based on the field user's movemergsreéd in the VE. For example:
“Now you should turn to your left until you see igtwal tram shelter.” Commands

such as this were widely used to show key pointhiwithe VE. Such interaction

could only be possible because the VE was beingedhay both users. The audio
channel alone would not have been sufficient togmait all the instructions to the
field user. The instructions can only be compldiggh combination of audio and the
office user's embodiment within the VE. Even wittmast no body-language, the

embodiment facilitated the indication to field usef where to go and what to see.
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For some users the embodiment could have been taddek more similar to a
human being in order to create empathy, espediaitythe future tools such as this
are introduced to the general public. Preece (IBreE299) discusses the empathy in
symmetric and asymmetric ways of online communacatit is possible to create a

parallel between Preece’s study and what couldraeddMRS in the future:

Research in psychotherapy supports the assumptioat tempathy is

communicated better face-to-face. Facial expressi@ye gaze, tone of voice,
body language and touch all have a significant rimlecommunicating empathy
(Eisenberg et al., 1999, Etchegoyen, 1991, LanzeTtaand Englis B.G., 1989).
Nonverbal communication can be so subtle yet pavérat the communicators
may not even be aware of the messages that theyeyxowia their body

language(lckes, 1997).

The experiments showed how common understandingeleet users was enhanced
when they could “see each other” in the VE everhvaih embodiment shaped by
geometric primitives. Field users tend to mimic #rebodiment’s movement of the
office user by either walking in the same directmnby looking at the same place.
Even with the embodiment’s restricted movements @ody expressions, the

possibility to move through the space as well agerits head was highly important
in enriching the demonstration of some locationgwithe VE. The drag and drop
feature available on MASSIVE-3 has also helpeddiafpto virtual object even in the

far distance. This feature showed a ray coming ftbenmiddle of the office user’s

embodiment’s forehead towards the aimed objectrdusported that this was a very
good example of demonstrating which direction thleguld look towards.

Choosing the Right Approach to Visualise Design an@onstruction

Engineers and architects were questioned whetleeAR system presented was the
best approach to visualize a construction durirggdésign and construction phases.
Mostly they expressed a preference for blueprimisesthey were trained to visualize

the third dimension from the printed data. For tio@-technical audience, 2D charts
are more difficult to understand. In any case, rtie@n issue was the low level of

detail of the VE. All participants agreed that arenmatural representation would

make lots of difference in the way that the infotimawould be interpreted.
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Engineers mentioned that the tool was useful whmatied in the right building
project. In small projects such as a house extansiw example, it would not make
as much difference as if applied to a new residendirea. Apart from the
aforementioned limitations of the system, they doske the potentiality of this
project, especially for underground pipes, healthd asafety training and
Computational Fluid Dynamics (CFD) (CFD Online, 499

E3 raised the possibility that collaboration coblarranged between more than

one field user. This idea would be particularlyenesting because as he affirmed:

“site inspectors could be back in a month to seepitogress, for example
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Chapter 7

Conclusions and Future Work

The design of the presented research work goes tbat®99 when the author saw,
for the first time, the project of Silva (Silva, 98) where two military tanks reported
their coordinates to a database at the same tiaieathcomputer displayed their
positioning over a 2D map. The tanks at that timeremot more than two little
squares on the computer screen with the systemingodut DGPS corrections. This
project inspired the idea of allowing people tothecked in real time, using high
accuracy GPS, while sharing a real collaborative @Wironment and feeding
information from/into it. The guiding suppositiorelind this project is hence the
enhancement of collaboration, communication andhaxge of information between
users who are placed not only outdoors but wherewelinternet connection is

available.

The results of the work reached during the elabmratimplementation and

evaluation of this thesis can be of help in tunnfédure research.

As a first point in the conclusion, it is possibdeaffirm that the research achieved
its objective as introduced in Chapter 1:
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The objective of this thesis is to design, impletreamd evaluate a channel of interaction
between office and field users in the context oh@&h the help of a CMRS.

The following paragraphs describe the achievemesdshed in this thesis with a
brief summary of each of the chapters as well ak#y contributions to knowledge.
During the research period some papers were peolisgs well as a television
interview, contributing in the dissemination of ttezhnology. Finally, a number of
future works are introduced aiming to contributenew ideas or to inspire a direct

evolution from the design of the current research.

7.1  Summary and Reflections

In general the research helped to confirm two mpgants:

CMRS can be used as a channel of interaction for &ffors. The evaluation
has clearly shown that users embark into the VEhwgs to see more and to
explore more. It is a powerful tool for the distriton of knowledge and to
achieve a rich level of information exchange betwesers. It can be used by
more than two users (indoors and outdoors) andntenhance communication,
collaboration and mutual understanding. There wereguantitative results with
regard to how much of an enhancement the propdsathel has brought to these
three keywords. However, the experiments have shbanoutdoor users could
only fully understand the VE thanks to high intéi@c with the office user. Users
have also agreed during the interviews that ituseful tool with strong potential
use in CEn environments.

The presence of a second person is strongly recoaedewhen the VE is
being explored by the outdoor user. In order talifate the work and the
availability of this second person an asymmetrimotely located user (office
user) is suggested to share the CVE. This secondlusion complements the

first bullet point. Indeed, this research also ¢odes that:

If people want to engage in immersive head-mouatggmented reality for civil
engineering purposes, users can benefit from a oré&twolution of at least two
people, as applied in this project. In the virtw@lvironment, the audio and the
embodiment of those users in the office will wa@lkaaesource when interacting
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with the person in the field. While one person ti@simmersion and the freedom
to explore the virtual environment overloaded otite physical world, complex
tasks can be performed by a second networked pénsthe office. This control

coming from indoors might ensure that outdoor useessafe as well as looking
at the right things while collaborating.

To achieve such a conclusion, the work presented k&arts by introducing (in

Chapter 1) some of the reasons for a channel efdotion using CMRS being
adopted in a CEn context — the gaps observed imonication, collaboration and
mutual understanding. These three keywords addhespotential gaps that can be
found in CEn environments. A CEn project is complerd requires several
multidisciplinary teams; this can therefore credificulties over its ontology. It is

essential that teams should work collaborativelgtking at the cutting edge, helping

to reduce time to reach milestones, and reducistsco

Once the project has investigated the use of a CMRSCEN environment such
knowledge is introduced including the various plasé its life-cycle. Of these
phases, only two are chosen as the target of éssarch — design and construction.
Although the design of the current project has bemrducted over some years it can
also be confirmed by extensive research work ptedeoy Shin and Dunston (Shin
and Dunston, 2008).

Once the initial gaps in CEn are presented Chaptatroduces the proposed
solution with the aid of a simplified diagram (deigure 1.2). Office and Field users
are introduced for the first time together alonghwsome basic concepts of the
technology that surrounds and links them. Chaptdmishes by laying out the
thesis’s structure as well as identifying the stigfiswed to achieve its objectives.

Chapter 2 introduces the challenges faced by AE@gla CEn project. The idea
of an augmented architect is not new. Brate (Eragelldi962) had coined the idea
almost fifty years ago. However, only recently hhe technology become good
enough for such experiments. The text goes ovectialenges faced by commercial
companies eager to create standards in formatsaaare solutions to be used by
other CEn companies. The solutions provided haxeady proven to be worth the

high investment — especially for small CEn compsirigeducing both time and costs
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during projects. Researchers have themselves beee focused on what can be
retrieved from databases, at which level of fitgriand at what time, etc. In effect,
they are looking for ways for AEC to collaborateri@asingly more, exchanging

information and pursuing understanding when working

Chapter 2 makes clear that there are gaps in CEroaments with regard to the
interaction between actors and these gaps coukdbe reduced with the help of a
CMRS. It also helps to indentify the appropriatagel for this project not as an

overall solution but as part of a solution of hoatalis visualised in a CEn context.

Chapter 3 reviews the concepts behind the Virtp&iontinuum first introduced
by Milgram and Kishino (Milgram and Kishino, 1994jowever, the core of this sub-
chapter is the long review of CE, since this isfaus of the research. This review is
created especially for those not so familiar witle topics covered by this area of

Computer Science.

An extensive survey of the research is the nexttopvered by Chapter 3. The
survey covers projects with both direct and indir@pplications in the CEn
visualisation of information. The projects are s&de according to: how information
is being explored by users; the way that infornmatis being displayed; where
information is available to be explored; and thsifioning systems used to explore
the information when outdoors. It is possible teeate a link between the
requirements of CEn and what is being proposedim thesis even though some
projects have no apparent, direct connection torésearch. The survey once again
makes clear that there is scope for the proposszhreh. Most of the work done so
far uses the limited resources of AR systems (figr iost part, no CVE) with a
limited recourse to positioning systems — which pesve inadequate when compared
with the freedom required (and often expected) $Brsiwhen exploring outdoors.

Chapter 3 finishes with a highly didactic sub-cleaptovering GPS. This sub-
chapter aims to give an “extra boost” of knowleflyethose not so familiar with this
positioning system and keeps it in line with theoamt of information given on MR
systems. The aims of this sub-chapter have beedetoonstrate the different

methodologies applied in GPS and the different ltesachieved when using such
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methodologies. The results prove that RTK-GPS —ren®PS methodologies — is

the best solution for outdoors positioning.

Once the theories and projects surveyed are redie@kapter 4 introduces the
design for the solution being proposed. A diagriustrates how the system should
work (see Figure 4.1) with Field and Office usenarsig the same CMRS. During
the description of the design overview a more ceteptiagram introduces all the
elements involved when the project is fully opemadil. Although such a description
is presented at a fairly high level, it does noaktts make clear that a single
keystroke has a complex and long way to travel foo® computer to another passing
through a device manager, the database and the YRager. Chapter 4 is
complemented by Chapter 5 due to the complexith@system involved.

Both the hardware and software platforms used tkentlae system run are also
revisited in Chapter 4. In particular, Readersiateduced to the type of messages
generated by the GPS receiver, tilt sensor and ategrompass.

Before the initial implementation of the CMRS thesearch turns its focus onto
the surveying and creation of a VE — this is cotedign Chapter 5. The area around
the IESSG building on the main campus of the Umsitgrof Nottingham is mapped

together with the features of the area.

The project finally enters its next phase when@ME starts to be implemented
allowing office users to share the same VE andxfdoge the area just surveyed in
the RE. A diagram (see Figure 5.4) shows how cardigon in place when two or
more office users are sharing the CVE. This diagratmoduces the processes
involved in making the system run as a complemdnthe information already
presented in Chapter 4. The processes are thenlsesa a more in-depth manner,
which provides an important source of quickly-asdgle information for future

researchers aiming to implement the system withesexira functionalities.

Chapter 5 also demonstrates the results reached thbe<alman filter is applied
on the data that is incoming from both the inclimben and the magnetic compass

(see Figures 5.10 to 5.12). The discomforts ofuilsealisation, which were due to
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jerkiness, were at the time one of the main compl&iom users during some of the
demonstrations. The implementation of the filters heonsiderably reduced the

discomfort for users when wearing the see-throuytbH

The final stages of the implementation and evabmatare demonstrated in
Chapter 6. For the evaluation, three examples aeated aiming to show the
potentialities of the tool being developed, as wasllto investigate how users operate
in terms of the three keywords. Users are invitaseld on their background and skills
in different subjects. They are researchers, tdoligis, engineers, etc. The
evaluation is conducted using a formative appragiclre users are also motivated to
think aloud in the presence of a hired cameramalh. u8ers received prior
explanations of how to explore and collaborate wheimg the CMRS — cognitive
walkthrough. The exercises are not rigidly perfadnbeit users are mostly invited to
perform the same tasks. Throughout the exercisessare questioned about what
they are experiencing. Answers are recorded for-aoalysis. At the end of the third
exercise users are invited to an interview. Mosthef questions are the same for all

users and some are tailored based on their indiVigkperience during the exercises.

One of the major aspects learnt during the evalnat the real necessity for a
remote person to perform complex tasks while ther us exploring the CMRS
outdoors. This is especially true for field usetsovhave never received any training
in how to explore the VE or how to operate a haitdlkeyboard. Nevertheless, it is
essential to reaffirm that the project is a prgpetyand it is not only concerned with
the hardware interface but also with the softwame.olo change from one VE to
another or to move objects, users should know pieeiic screens into which they
need to input the right commands — this is espgdmportant as there can be more
than 10 processes/screens running in parallelth&i$e screens can be displayed at
the same time whilst they are walking outdoorsnigyio understand the information
that is being presented before their eyes. Moredher complexity of handling the
system can grow exponentially and users can uléilpaget frustrated with the
experience. During the evaluation, users were nqgioged to such levels of
complexity. The result is that no one referred ies tbeing an issue during the

interviews. Field users could see that the CVE b&iag changed and objects could
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be moved but these were far from the complexitediday the office user who has the

facility/flexibility to deal with it from his compter keyboard.

The process of evaluation shows that users aretlgnmore focused on what
they are seeing than on how they are seeing it.dDitlee major points of discussion
is the quality of the VE, in particular: the lacktexture, colours, shapes, dimensions,
etc. The see-through HMD is perhaps the seconarfabit has generated more
negative feedback. Indeed, there was no possilidityauto-adjustment of the device
in terms of brightness and contrast for examplecaBse the system is performed
outdoors the luminosity is subject to constant geandue to clouds and the sun’s

position in the sky.

Another lesson learnt was to conduct the performaridhe evaluation with the
right users and with an appropriate case. The sesrcreated for the evaluation are
more focused on the construction than the desigisgghWhen their answers were
compared, it was discovered that users liked tst &xercise (tram station — more
focused on design) much more than the other twis i§tbecause the tram station VE
is close to what it is in the RE. Users could gasitentify the objects and colours.
The same did not occur with the other two examplas. second example showed the
different phases of the project of a house conBtmie that was not too far from the
example shown by Woodward (Woodward et al., 20@3e¢ Figure 3.21). Perhaps
the right approach to evaluate the project is ke t@areal case study of a construction
and then show the result to those professionafsoressble for CEn project — AEC.
Another point is to make sure that the right infation is displayed for the right user.
High definition textures and virtual furniture am®t relevant to all users. More
technical specifications like pipe dimensions, asgbf the structures, etc can be

targeted at those involved more in planning andtantion.

7.2  Thesis Contribution

The development of this project aims to contribiateéhose developing AR systems
for CEn applications and have little backgroundwisalge either in CMRS or GPS.
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The thesis shows the various steps relating to désign, implementation and

evaluation of such a system. The main contribut@arsbe summarised as follows:

A CMRS can be a potential solution as a channeitefaction between AEC
to overcome problems in communication, collaboratiand mutual
understanding in CEn environments.

The evaluation showed that the interaction betws#goe and field users was
rich and dynamic although there was not a spegii@ntitative experiment in
that regard.

Users are more focused on what they are seeingaihdrow they are seeing
it. The VE should attend to users’ expectationser&€hare different points of
interest within the visualisation for different ggms of users. The devising of
examples should be based on real projects. Itriscpkarly desirable for the
CEn project to be under construction. AEC profesali® would be able to see
and comment on the positive and negative poinssiolfi a solution.

The ergonomic system is far from ideal. High accyr&PS receivers are
heavy. The heavy-duty batteries are also not cotmmadight. Computers are
getting lighter and powerful but there are stilblplems when it comes to the
HMD. There is no equipment genuinely-designed wifiEn outdoors
applications in mind. Everything is thus being @&y using a degree of
adaptation which is naturally susceptible to dodesi All other sensors
should be free of magnetic distortions. The numtfecables is also high
making the system very fragile. Indeed, a systeth &i“handle with care”
label on it would not fit very well on a construanti site.

Users should be allowed to better express theiy badvements. Avatars
should be closer to the human appearance. Thisdwaultribute to the degree
of empathy experienced by the users.

The RE surrounding the VE projection should be redrith lines or poles.
This would help users to have a better sense etiiton and realism.

Complex tasks must be done by a second user (indser). Field users
should be as free as possible to explore the VEaandling interaction with
the system. If the interaction cannot be avoidedl itlierface should be as

simple as possible. Complex tasks can create donfuslisorientation,
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frustration, etc for the field user. It also regsiran extra layer of knowledge

of how the system works and not all users are peep@® acquire that.

7.3 Dissemination

Through the years this project has produced tHeviirhg scholarship, poster, articles

and television interview:

The idea of the project is first presented to thgikeering and Physical Science
Research Council. The project receives a grantruhgenumber GR/R42696/01.

The poster “Combined use of Virtual Scale Modelsl &pace Geodesy” is
presented in Brazil (Capra et al., 2003a) durirg\thSymposium of Virtual Reality.
The authors are: Capra, M.; Aquino, M. H. O; Dodsdn Benford, S.

The paper “Civil Engineering Application for Virtu&ollaborative Environment”
is presented in Japan (Capra et al., 2003b) duhaeginternational Conference on
Artificial Reality and Telexistence. The authorg:aCapra, M.; Aquino, M. H. O;
Dodson, A.; Benford, S.; Koleva-Hopkin, B.

The paper “Mixed Reality on Civil Engineering” iggsented in the United
Kingdom (Capra et al., 2004a) during the Ubicompe Tauthors are: Capra, M.;
Aquino, M. H. O; Dodson, A.; Benford, S.

The paper “A visualisation Tool for Civil Engineeg Using Virtual Reality” is
presented in the United Kingdom (Capra et al., B)Oduring the T FIG
International Symposium. The authors are: CapraAduino, M. H. O; Dodson, A.;
Benford, S.

The project is also interviewed during the progfarspatches — “Who’s Digging
our Roads?” (Channel 4, 2006)
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7.4 Future Work

The following paragraphs propose some topics ftumr&uwork for CMRS in CEn

environments.

7.4.1 Future in Hardware

Hardware still represents an issue for outdoorssf&ems. Although there is little
that can be done since most of the equipment atiginfrom commercial products a

list of desirable hardware is presented below:

See-through HMD: this should be light as a paiglagses. No wires attached
and very light batteries. High resolution and sieoepic images. Auto
adjustable for contrast and brightness. WeathesfpRetina tracking.
Positioning system: it should be as light as sifgéguency receivers are
nowadays (the size of a match box) with the samelattery consumption.
The output should be ten times faster or more gahdtequency is 1MHz.
Imbibed antenna and weather proof. High accurd@ffd of the time with
secondary and tertiary solutions to supplementait®uracy — such as cell
signal, wireless network signal, etc. It should regable both indoors and
outdoors. No cables at all.

Body movements tracking: through a kind of fabusifg some kind of nano
technology) the movements of the users’ bodies ccdug tracked with
maximum resolution. This information would be uddfufeedback into the
avatars thus creating more empathy.

Data communication: although some cities are ayreadvered by fast
wireless network transmission this is still an ess&ast internet should be

available anywhere at any time.

7.4.2 Future in Software

Software is more realistically expected to be altér over the coming years. More
oriented platforms should extract the maximum frahe hardware without

compromising processing and memory. However this @aly be achieved if the
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right hardware is already in place and fully avaléa One of the common issues over
software is the limits imposed by hardware manuif@rs on full access to the

resources of their devices.

7.4.3 Future Applications

During the development of this research a numbereof applications were created.
These new ideas could become an extension of threntuproject or be part of

completely new research.

Input Interface for Field Users

The work of the Field users could be better explosen in the field. They could
collect information in the area where the constaucts taking place/will take place,
feeding the DB in real time. Examples of valuald¢adthat could be collected in real

time:

Information about the terrain — especially afteraatial showers with surface
runoffs. Irregularities in the terrain like excaweats or erosion.

Construction material — what construction materale available, quantity
and position of where they are stored in the conttn site.

Technical specifications of construction materialsrelevant information

about what is being installed and the consequenitiésinformation about the

diameter of pipes, capacity of pressure, diffet@ntls of wires, gas valves,
steel specifications, etc.

Identification and resolution of conflicts — anyndlict not detected during the
design can be discussed in real time with other A&&tn members.

Survey using video/photography recorded by GPSdinates — the images
can be added to audio documents reporting anyssiuréng the inspection of

the site.

Potential Hazard and Lack of Navigation
The evaluation shows that Field users can dedfeateore attention to the VE than
to the RE — “attentional spotlight”. This is a s&1$ issue and can increase the

likelihood for Field users unnecessarily exposingniselves to hazards such as:
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uneven terrain, excavations, moving vehicles angeatd, loose construction

materials, etc. All hazards can be monitored thinoagnstant surveys of the area.
Every time that a Field user is in potential dangeralarm could sound off and some
extra information would be displayed in the CVEiMers and operators would also
be able to receive information indicating the pneseof a person in the area of

manoeuvre in case of moving vehicles and cranes.

The navigation through the construction area cawo dde performed by the
system. Indications of how to go from one poinatmther avoiding different hazards

can help Field users keep safe.

Annotation Tool on CVE

A possible extension of the CVE is a 3D annotatmol. Office users would be able
to create 3D marks in different colours that wolkdvisualised by office users. Such
markings can be helpful in indicating places anthisoof disagreement/agreement.
The annotation tool could also place icons andahgr graphical form to indicate a
point in the CVE. The 3D annotation tool can alsolinked to audios, videos and

picture annotations.

Non Immersive Hardware Interface

A study comparing the acceptance of non immersareware interfaces (PDAs, cell
phones, see-through screens, etc.) against imreersiterfaces (HMD). The

evaluation should be aware of the discrepancycahrtelogy between Liquid Cristal

Displays (LCD) and HMD creating a balanced way omparing both approaches
when exploring the same CMRS. The evaluation shaidd compare the level of
freedom required by different users when workinghwthe equipment. Questions
such as: “Do users need both hands to be fred &tm&s?”, “Which equipment is

more appropriate for performing complex tasks?” smene of the examples to be

explored.

7.4.4 Further Evaluation

The thesis uses the formative approach to perftwnevaluation. This approach is

based on the scale of the project and the cultukRi and becomes appropriate for
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an initial outcome regarding the kind of technologwposed. However, a more
guantitative and comparative work is required ia thture. Exercises can be better
designed following a more realistic example sucla asal construction taking place.
Users can also chosen and grouped according to sbbjects of knowledge and
expertise. Professionals in AEC that are curremttyking on a project would be
invited to compare their working methods with th&RS. This evaluation should be
done on different construction sites with approxghasimilar scales. The time frame
of the evaluation should fully cover both the desagpd the construction phases.

7.4.5 Concluding Remarks

The work of the presented thesis consolidates ésegd, development and evaluation
of a channel of interaction using CMRS in a CEnterh— design and construction
phases. The work starts with the identification paftential gaps in terms of
communication, collaboration and mutual understagdn groups shaped by AEC.
The extensive survey done in both Engineering awodh@liter Science projects
reaffirms that there is scope for research sudhe®ne being proposed. There are a
considerable number of works addressing this theuteery few using subjects such
as high accuracy GPS and CVE. The advantage off i&IK-GPS is the assurance
that any surveyed feature of the terrain has ncertftan a few centimetres margin of
error. Users have their real positions distributedellow users in real-time when
walking inside the field with the equipment. Theoenn positioning is minimum for
the trials that users have been invited to perform.

The tool that has been developed has proven theanitbe of great help in
enhancing collaboration, communication and mutumleustanding as demonstrated
during the evaluation. Users have demonstratedhdélafter a short period of time
despite having received a very little amount obinfation on how the system works
or what to do inside the CVE. This can only be pmeswith the asynchronous
collaboration of a second person inside of the Viirough the avatar and the voice
channel users are able to find objects, recogoisatibns, and express their point of
view. The second person inside of the CVE worksoalmas a facilitator between

field users and information. It is easy for thddiaser to monitor an avatar. It is also
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easy for the office user to explain something dmeés exploring the same content in
the CVE.

The evaluation shows the necessity for a bettererstanding of what users
expect to see in a VE. This topic is strongly lidke the nature of potential users:
architects, engineers, or constructors. Indeedgethave different ways of seeing and
apprehending the same information. The way thatabisiformation is passed on to
them should therefore be different too — rangimpfitextures, virtual furniture, etc.

to more technical and time-schedule information.

This project aims to provide future researcher$ aisolid view of where to start
in CMRS; although it by no means exhausts the t&olgy nor is it an absolute
statement. Hopefully this work can contribute fertko the conceptual understanding

of the requirements of CMRS in CEn projects.
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Appendix A

Global Positioning System

As mentioned on 83.7.4 the DoD of USA created tHeSGsystem for military
purposes. However, a second service was also dreateivilian users. Following its
original purpose, the military system is known he Precise Positioning System
(PPS) and the civilian system is called the Stah&asitioning System (SPS).

Non-military receivers are enabled to sense GP8akithrough L1 and L2
frequencies. L1 frequency contains three diffetgpes of data: Coarse/Acquisition
(C/A code) and Precise (P) code, the ephemeristl@dalmanac. L2 frequency
contains the same data but not the C/A code.

The P code is encrypted (Y code — anti-spoof) winetkes it partially useless for
civilian users. The encrypted P code is known &9.P(he C/A code is composed by
a sequence of 1023 “0s” and “1s” also called chilfie P code (without the Y code)
is 23547x16¢ chips long. Both C/A and P(Y) codes are PRN ang thre deliberately
added to the signal. Then the signal becomes meliable against noise and
spoofing. The C/A code is repeated every millisecand it is different for each
satellite. Due to its length, the P(Y) code cantfa@smitted for 266.4 days without
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repetition (Weimer, 1998)nstead of making the transmission continuouslg,dbde

is broken in 37 segments (one for each expectatlisgtand reset every seven days
to prevent non-military users to understand antreak the code. PRN is not truly
random. The codes are known due to their retrarssomiver a period of time. Both

C and P timing-codes are not a secret but the @noldys over the Y code, which is
unknown. Nowadays, the algorithms in the receitked are able to sense both L1
and L2 try to extract the Y code from the P codekimg it as useful as possible for

timing and positioning.

Each satellite sends its status on the ephemetas laloes not contain only the

satellite’s “health” but the current date, orbitgrmeters and timing.

The almanac of each satellite contains in a simegliform, an approximation of
its orbit over a period of time and it is loggedtire receivers. This information is
fundamental when a GPS receiver is switched ontldeieneed to know for example
which satellites are crossing the sky at that mdaméme observation centres on Earth
often update the satellites’ almanac in order t@rowe the computation of its

position by the receivers.

The military use of the GPS signal enables theivecg to understand the binary
code (Y code — anti-spoof) contained in the P(Mjecdl he length of the P code helps
the receivers to be more precise due to the algnstembedded in hardware that can

identify the location of the received segments glthe entire code.

The frequencies L1 and L2 are always the samediffezences are in the

approaches used to work with them.

A.1 Stand-alone GPS

Stand-alone positioning is based on the C/A-codkamthe navigation message. The
C/A-code is extracted from the signal received alighed — cross correlation process
— with a copy of the same code produced by theiveceThe difference in the

alignment is the time taken by the signal to trdvein the satellite to the receiver.
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This calculated amount of time can be convertadnge if multiplied by the velocity
of the signal propagation, however it is contangdaby several error sources as
mentioned in (Bingley, 2003), such as atmospheelay$ biases and clock offsets.
This is why such ranges are known as pseudo-raniges.atomic clock on the
satellite is much more accurate than the quartzkobmmbedded on the GPS receiver,
so with the C/A-code aligned, the algorithm mustsider the satellite’s time frame
and the receiver’s time frame. Figure A.1 (Kapld®96) shows an overview of what

must be considered on the range measurement ti@lisgonships:

Figure A.1 Range Measurement Timing Relationshipsaplan, 1996)

Where:

Dt = geometric range time equivalent

T, = System time at which the signal left the satellite

T, = system time at which the signal would have reathediser receiver
without dt (theoretical)

. = System time at which the signal reached the useiver with o,

a = offset of the satellite clock for system time (adlemd is positive;
retardation (delay) is negative) — this informatigntransmitted in
the ephemeris

t, = offset of the receiver clock from system time

T.+a = satellite clock reading at time which the sign#ll lee satellite

Tu' +t, = user receiver clock reading at time when the sigeathed the user

receiver
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The pseudo-range is then calculated as shown iBdhations A.1 to A.3.

Dt=T,- T,
Equation A.1
pseudorange=T, +t, - (T, +d)
Equation A.2
pseudorange=Dt +d, +t, - &
Equation A.3

The receiver clock offset determination does ndtesthe problem of error inherent
on the signal. The description of, is given by equation A.4 (Kaplan, 1996). The

Equation 3.1 shows the other error sources invobrethe total time offset:

dD = datm + dnoise&res + dmp + dhw
Equation A.4
Where:
(2, 0. = delays due to the atmosphere
d ... = receiver'snoise and resolution offset
2 = multipath offset
a = receiver's hardware offset

hw

The biases caused by the atmosphere effects oiGE® signal can be partially
mitigated by mathematical models, like the Klobuch@del, embedded into the
hardware of the receiver. The Klobuchar models’apaaters are filled by the
information received in the ephemeris, achieving tap50% of success in the

reduction of error.

Even with this number of errors sources over tigaadi companies that produce
GPS receivers claim accuracy between five to twéiagymetres on single frequency
receivers when in clear view of sky. The errorusresmaller when the receiver can

use the signal from augmentation systems as disdus<gA.4.
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The pseudo-range errors can be reduced but notletatypsolved, even when
using double-frequencies receivers. In this caseadbeiver uses the carrier phase to
calculate errors caused by ionosphere delays. Bapter A.3 gives a review of the

carrier phase approach.

For further details on how to reduce the error tmiaimum in single frequency
receivers the reader is recommended the followtegakure: (Kaplan, 1996, Bingley,
2001, Aquino, 1992, Aquino, 1988, Aquino, 1999).

A.2 Differential GPS - DGPS

Most of the DGPS receivers work with both timingdes and carrier phase
positioning. The carrier phase frequencies comegdfo wavelengths of the order of
19cm for L1 (1575.42MHz) and 24cm for L2 (1227.60%)HPendleton, 2002).

However, only timing code corrections are broadesh rover receivers.

The pseudo-ranges are contaminated due to thengeesd# several variables,
including: clock offset, atmospheric delays, mutip offset and receiver’'s hardware
offset. The solution proposed by DGPS is to use pkeudo-range corrections
calculated in a reference station for each visgatellite. The results are compared
with the true range and the biases are broadcas@echdio-link or other sorts of
dissemination to other receivers. The rover equignaso calculates their own
pseudo-ranges for each visible satellite, which #ren corrected using the
adjustments received from the reference statiors fifpe of positioning can achieve
the accuracy in the range of two to five metresedelng on the distance of the

receivers.

Pseudo-range corrections can only be applied ifeference station is receiving
signal also from all satellites that reach the roaguipment. There is the possibility
of the transmitted corrections not being approprfat the rover equipment if it is too
far from the reference station, as the method assuhe errors are the same at both

reference and rover. In this case, ephemeris antsgtheric errors cannot be
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completely solved by this technique. As mentiome¢Aiquino, 1999);an increasing
separation makes the ephemeris errors to propaddterently into the user and the
reference station positions’ln addition, tropospheric and ionospheric delegs be
different for receivers placed a significant distarapart. This problem is known as
“spatial decorrelation” and poses the most sigaiftclimitation to the technique. A
final concern is related to the time that the ociioms are applied. A truly real-time
correction is not possible due to computationatpssing delay and the transmission
of the corrections. This is generally known asétaty” (Aquino, 1999).

(Aquino, 1999, Kaplan, 1996, Bingley, 2003) are oramended for further
reading about DGPS.

A.3 Real Time Kinematic GPS — RTK-GPS

The pseudo-range methods of GPS positioning havansaiges and disadvantages.
Single-frequency (stand-alone) receivers work onlyith timing codes.
Hypothetically, if the C/A code was available o th?, dual frequencies (in stand-
alone mode) receivers could improve the computadbyprtomparing the time taken
for the code to travel from the satellite to theeiger in different frequencies (L1 and
L2). The atmospheric delays could then be calcdlatéh more accuracy using only

one receiver.

DGPS accent for this error by receiving correctidram reference stations.
However, none of these methods can achieve a ocetnéirtevel of precision in real
time. High accuracy in real-time can only can bhaiewed through the RTK-GPS

method.

Once RTK-GPS is already introduced on 83.11 théwohg paragraphs are
limited to a short introduction of the concept afreer phase positioning.

Carrier Phase Positioning
GPS receivers can only calculate the fractional pathe carrier phase leaving the

integer number of cycles between the receiversrard and the GPS satellite
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unknown. This integer number of cycles is calledté¢ger ambiguity”. Figure A.2
(Aquino, 1992) illustrates the carrier phase aral ititeger ambiguity on the signal
received by the GPS equipment.

The measured carrier phase (Figure A.2) is thdifradimited by the green and
red lines on time zero (t0). On the next two epoc¢hsand t2, the satellites’ have
moved, altering the fraction value. As demonstrated Figure A.2, the integer
ambiguity does not change as long as the lock istaiaed on the satellite
(represented by the number of cycles between tlered lines). As the integer
ambiguity is not known the receiver then triesgaéss” the number of integer cycles
between the receiver and the satellite (Robert971Bingley, 2003) when the
satellite was first locked. As cited on Robertsi{Bids, 1997) the range between the

satellite and GPS antenna is a result of the fawi carrier phase plus the integer

ambiguity”.
Integer
Integer Ambiguity
Ambiguity

Fractional Carrier Phase
is calculated by the receiver

Figure A.2 Carrier Phase and Integer Ambiguity (Aguno, 1992)

This technique is better suited for static relapesitioning otherwise the movements
produced by the rover could affect the number afegsed” cycles. This method
normally calculates the coordinates of one statiqmost-processing, using the carrier

phase data from adjacent stations.
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The approaches raised for integer ambiguity regoiutan be found on (Kaplan,
1996, Aquino, 1988, Bingley, 2003).

As long as the GPS signal is recorded continuoulg, accuracy of the
coordinates remains high. But it is difficult to mt@in a clear line of sight between
the receiver and the satellites when in movememgeqd, bridges, narrow streets with
high buildings and changes of height are some elesmgf what can contribute to

block or reflect the GPS signal causing “cycleslip

The cycle slips can be identified, for exampleptiyzh the technique called phase
smoothing. This technique uses the carrier phasesntooth the pseudo-ranges
identifying when the GPS signal was blocked. Plsaseothing prevents the receiver
to compute segments of the signal that sufferedesdisruption helping to keep the
number of integer ambiguity. Eventually the teclugignvalidates itself due to the
time that the signal was blocked. The receiver theds to restart the computation of
the integer ambiguity again. The reader is refet@dRoberts, 1997) for further

reading about cycle slips recovery techniques.

A.4  Augmentation Systems and Network Services

Perhaps one of the main issues for those aimimge a better accuracy when using
a GPS receiver is the cost of the equipment. Asvshan the previous subchapters
there are different methods with an extensivedisdifferent approaches to get better
resolution in the positioning. The better the aacyr the more expensive is the
receiver. The problem of cost becomes more seifcudase station is required for
the solution. If the designers aim to cover a lages with the corrections, more than

one base station will be necessary to create aomnietw

If the set up of a network of base stations isviable, another solution can be
provided through services offered by governmentspdvate companies. The
following paragraphs exemplify some of the servittest help users, equipped with
single or double frequency receivers, without a/gig base station, to obtain better

precision on their positioning. The services ofteteave significant impact on the
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adjustment of pseudo-ranges especially for nawgat(airplanes, boats, cars,
personal, etc.), and safety issues. A private Issaon is only then necessary for
remote areas where these systems cannot covére Imetar future, it is expected that
the dual frequencies receivers have their pricepmtd and their size reduced,

providing general users with sub-metre positioranguracy.

Augmentation Systems

The Federal Aviation Administration (FAA) is a defmaent of the government of the
USA with a mission to provide safety and efficiermy American skies. The FAA
has created the WAAS, declared operational in28@3. As mentioned in (Trimble
Navigation, 2002)'the system augments GPS with additional signa#t thcrease
the reliability, integrity, precision and availaiy of GPS signals required for the
aviation industry” The system works with twenty-five Wide Area Refere Stations
(WRS) spread over the USA with the mission to nezall possible GPS signals
from the GPS constellation. According to (Federalafion Administration, 2005a),
the information collected is then sent to a WAASska Station (WMS). The WMS
has the responsibility to create the messageh&hatGPS receivers to remove errors,
increasing the system’s precision. The messagetaremitted using geostationary
communication satellites. Perhaps one of the nedsthie features in the system is a
notification for the users whenever there is anmpreon the GPS system that could
cause serious miscalculation on the user’s posittaa claimed by (Federal Aviation
Administration, 2005b) thatmessages broadcasted by WAAS improve GPS signal
accuracy from one hundred meters to approximateles meters”’Even though this
system was designed for airplane landing (Catedory precision approach) non-
aviation users can also be benefited. To make US§AAS corrections, it is just

necessary to have a receiver with a particularsetip

The European Space Agency (ESA) also offers, fleeharge, the SISNET
(European Space Agency, 200%), platform to provide worldwide access to the
EGNOS System signal through the Interndthe system works through the WAAS’
principle. The main difference is that the correes transmitted to the users also
contain information about the Global Orbiting Naatign Satellite System
(GLONASS). The system comprises thirty base refaen four master control

centres and six up-link statiodsccording to (European Space Agency, 2005):
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EGNOS signal is broadcast by two Inmarsat-3 stdsllione over the eastern part of the
Atlantic, the other over the Indian Ocean, and H8A Artemis satellite which is in
Geostationary Earth orbit above Africa. (Europepac® Agency, 2005)

European GPS users are supposed to achieve aigmeoisfive metres in their
positioning without any extra costs of using thesvece. All they would need is an
EGNOS GPS chipset enabled receiver on the GPSsezcélowever, EGNOS’ users
can also receive corrections that are being tratemnivia Internet. Toran-Marti
(Toran-Marti et al., 2003) describes a handheldsétaal Digital Assistant (PDA)
integrated with a low-cost GPS receiver (withoutNE®S chipset enabled) and a
General Packet Radio Service (GPRS) wireless linkhé Internet. The result is a
Graphical Unit Interface (GUI) with pseudo-rangeshemeris and ionospheric errors
being corrected based on the SISNet informatioreyTtlaim that the correction
applied on the signals received has its accuraando one to two metres horizontal

and two to three metres vertical.

Japan also has its augmented system called Muttttfanal Satellite-based
Augmentation System (MSAS), which is based on tmaes principles described in
WAAS system. MSAS is augmented with geostationamelbtes called Multi-
Functional Transport Satellite (MTSAT).

Network Services

In Japan, approximately two million GPS navigateaqipped cars are sold annually
(Petrovski, 2003), and currently, there are 3.8iomIGPS-equipped cellular phones
being used. The chipsets implemented for cars amlgilenphones are basically the
same which are in handheld GPS receivers or evatiesmPetrovski (Petrovski et

al., 2000) cites two approaches used to provide ®@md RTK-GPS corrections in

Japan: radio broadcast or the Internet.

Asahi TV broadcasts DGPS and RTK-GPS correctiomgices encoded into a
TV audio sub-channel signal. The main disadvant&gewith the covering distances
between 40km to 100km. The RTK-GPS system usuatlyksv with base points
positioned not more than 20km far from the rovemipopent. With Internet based
services, the disadvantage is the latency to tran#me corrections. Petrovski
(Petrovski et al., 2000) proposes a solution usimgyal reference stations taking
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advantage of the low latencies and high capacitgut-channel signals where the
users can select the nearest base point availableceive the corrections choosing
which piece of information is necessary for pataciypurposes. This service is also
supported by the augmented system MSAS.

By 2008, plans have been made to launch the QuastliZ Satellite System
(QZSS) with a constellation of three satellites,evénat least one of them will be
covering near zenith over Japan at the times. Tardage is a better coverage for
GPS augmentation in urban canyons providing higburcy for rapid moving
vehicles. This system will also provide a wide mangf services based on
communication. Petrovski (Petrovski, 2003) givewide overview of the Japanese

project.

SWEPOS is the Swedish network that provides DGRERIFK corrections to
real time users and carrier phase raw data formasessing. The network consists
of 25 permanent base stations covering the whalatcp. SWEPOS network offers

the following services for the users (Jonsson.e28D3):

Post processing data via World Wide Web/File TransfProtocol

(WWWI/FTP) in Receiver Independent Exchange ForR&YlEX)-format.

An Automatic Computation Service on the SWEPOS Wéie data collected
on dual frequencies in RINEX format is sent to fleevice. After five to ten
minutes the user receives via e-mail the corredstd.

The private company Cartesia broadcasts the DGRP®otions via Radio
Data System (RDS) channel on the Frequency Modulg&M) network. The
accuracy achieved is between one to two metres.

The Wide Area DGPS (WADGPS) is also explored by ghgate company
Fugro. It uses geostationary satellites for théribigtions of the corrections.

The accuracy between one to two and a half metrashievable.

There are several studies of RTK-GPS network cbares described in (Jonsson et
al., 2003). The corrections are broadcast via ansbM carrier. Apart from the
advantages of this kind of system, such as ‘easys#d and no need of base station,

the most significant achievement is the millimeticeuracy in real time even with

206



strong indications of a disturbed ionosphere. Malseut SWEPOS can be found in
(SWEPOS Control Centre, 2005).

Ordnance Survey (OS) and Leica Geosystems offbee@inartNet to the British
market. Currently using 96 reference stations, #yistem is designed to provide
accuracy from centimetre level (RTK-GPS) to subrmd€DGPS); or raw data for
post-processing (Leica Geosystems LLC., 2006). mée models of Leica GPS
receivers are able to communicate to the servasinternet GPRS and Global
System for Mobile Communication (GSM). The commatimn can be done 24
hours per day, 7 days a week, with the promisehaglly dense network and highly
redundant. The controller of the network, Spider{ileica Geosystems LLC., 2005),
decides which base station should send the casrebased on the coordinates of the
rover receiver. Usually there is a master statiath few more auxiliaries working as
backup in case of disconnection. IESSG is involuedhis project “undertaking
independent monitoring and integrity checking, &tidate the user experience”. The
institute is using its own technology to compare tésults offered by SmartNet. This
process also includes several receivers placetbgitally, working as users to check

the quality.

Some of the advantages for users of SmartNet aeecqLGeosystems LLC.,
2006):

High speed initialisation for RTK solution.

Redundancy due to the number of reference stations.

Quality assurance once an independent body is matsatoring the service
provided.

The cost of RTK-GPS solution is cut almost in halfice a base station is no

longer necessary.

A.5 Testing Single Frequency GPS, DGPS and RTK-GPS

Even though the RTK-GPS methodology was adoptesfaaslard for this project due
to its high accuracy in real time, some tests wsdormed to show how much
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accuracy other GPS approaches can provide. Thatioehere is just to show
visually the differences between the approaches Wst was performed with
receivers that were pushed in a trolley followingiecular path with 40 metres of
diameter. The centre of the circle was surveye@lbynethods and the path shaped

with the help of a tape measure. The tests perfo@ne:

A single frequency GPS receiver (see 83.7.4 — Stdowe GPS).

A dual frequency GPS receiver working in DGPS mddee 83.7.4 —
Differential GPS).

A dual frequency GPS receiver working in RTK-GPSden¢see 83.7.4 — Real
Time Kinematic GPS).

The single frequency receiver had its data accuedlfor two minutes for each

point. Because of this, the graph shown on FiguBhas more coordinates displayed
then other graphs. This configuration was chosaradme of the popularity of such

receivers especially because the low price. Thehgishows the instability of the

system to accurately retrieve the circular shapteftrekking. A spread of about 10
metres is observed at each of the surveyed poMitslata was processed using the
software Gringo (IESSG, 2002) which was used tateréhe images. This solution is
clearly not the best if in a given project the extp&on is for the positioning data to

be consistent and accurate.

Figure A.3 Single Frequency Receiver
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Figure A.4 shows the example of a single coordihagged for approximately two

minutes using a single frequency receiver. It iponant to say that the receiver in
this case is not moving. The several samples sfuthique coordinate are the result of
errors involving this methodology (see 8A.1). Tigafe below clarifies the reason an

AR system, as proposed in this thesis, would notkwas desired if using this

methodology.
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Figure A.4 Single Frequency Receiver — A Single Cadinate

The results of the performance of the DGPS in & flequency receiver are shown in
Figure A.5. The circular shape has now been retdesven though it is not exactly
centred. The error is spread to all coordinates @mstant drift only in the Latitude.

Figure A.5 Dual Frequency Receiver Performing DGPS
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A final decision about which receiver would be thest can only be achieved if GPS
receivers from different brands could be teste@ttogy at the same time and day. The
data could then be post-processed and analysede\¢owhere is always a chance
that the solution found would not be definitive,certhere are different conditions
that the receiver could be exposed to. Narrow urbamyons, different weather
conditions, magnetic solar storms or even the ahasgenna of the receiver are just
some of the examples that would affect the resitilisre is no perfect equipment, but
one that suits better the needs and budget ofrtheqp.

The RTK-GPS solution is by far the best amongstesited methods. The graph
shows (Figure A.6) a circumference drawn with tbgged coordinates from the
RTK-GPS receiver. All coordinates were collected gmocessed in real time. No
post-processing was required, only Ski-Pro (Lei@&ystems LLC., 2003) to plot
the graph.

Figure A.6 Dual Frequency Receiver Performing RTK-GS

These tests were particularly important, since thesyoved that different
methodologies can provide totally distinct resuResearchers often try to implement
projects requiring good accuracy using the wrongr@gch in relation to positioning.
Eventually they misjudge the limitations of the hwtologies and when the results
are not as expected, an alternative solution, perted in (Benford et al., 2004,

Tamura, 2001a), is required.
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Appendix B

Parameter & Implementation Reference

As introduced in 85.1, Appendix B demonstrates dtractures of the files that are

used in the creation of the VE. Such file is passedecond parameter in the call:
MIX006 <grid>.grd <feature>.txt <outfile>.wrl
This file contains the objects (features) foundhe terrain that feed the VE, as well
as the coordinates surveyed for each one of themmerMa road is present, the
algorithm paints the altimetric mesh with a differeolour to indicate where it is.
In 8B.1 there is a description of how to createfiles that shape the VE.

The algorithm created to process the files andiertbe VE is explained on 8B.1.

The generated output consists of:

A VRML file with only the landscape of the areattaas surveyed.

A second VRML file with the CVE as it will be expkxd in MASSIVE-3.
A .cve file that contains the CVE description toused by MASSIVE-3.
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The code is created using the C language and tt&igBtructured as:

A description of the global variables.
The documentation for each function created.

A high level algorithm.

B.1 Features File

The second parameter when MIX006 is called is dfeat-.txt. This text file has the
positions and objects (features) surveyed on tha #rat VE was based. Each object
that is indicated there corresponds to a VRML dihel the coordinates follows the OS
grid. The facility is to use the positions savedtba receiver without the need of
conversions for Cartesian coordinates. The softwlaes it based on the minimums
and maximums of coordinates read on the square mesited by the Surfer

software.

Structure of <feature>.txt

In this example the following features were surekyethe data acquisition step:

Roads.
Trees.

Buildings.

Apart from the road, each feature had a VRML filghwits own design. If a road is
included in the VE, it must to be done as the fiirs¢ of the file. The road is the
unique feature that does not require any coordibatew its name. The algorithm
follows the file indicated and adds the road toWte(B.2.1). Table B.1 exemplifies
the structure of the file that contains the feature

Table B.1 Features’ File Structure

road.txt
tree.wrl
454279 338391 31.9924
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454279 338391 31.9924
building.wrl

454299 338399 31.9924
454239 338351 31.9924

For all other features, their coordinates must pecisied by a couple of control
points. There are some cases, such as lamp padtgems, in which both control
points are the same. Buildings and any other sh@gderequires a positioning in the
VE have their coordinates specified by two congolnts, which could be placed
depending on the user criteria. Each line contidiagosition of the features specified
as three numbers representing: East, North, and. Miith these values it is possible

to calculate the necessary rotation to place thecon the correct position.

The road file (first line of Table B.1) containslprihe East and North values,
ignoring height. Usually, a road surveys in thisjpct takes both sides of the road
instead of only the middle. When interpolation msx (see 85.1) takes place the

coordinates surveyed becomes the vertices of tlygqus that will shape the road.

A final modification is required in the VRML fileshat shape the features.
Usually the design of a new object on a three dsimral editor is done using the
coordinates (0, 0, 0) for X, Y, and Z. Even thougghs a difficult task to design the
object exactly on the position that it should bacgd on the VE. Firstly, the same
corners chosen to be the control points of theufeatare identified on the object.
These coordinates are then explicitly at the third of VRML file. The solution is
then given by the calculation of the distance betwtéhe minimum coordinates of the
square mesh and the place where the object mydabed. An object’s translation is
applied and finally a rotation. Table B.2 exemphfia header of a VRML file. The
first line is standard for VRML 1.0. The followirimpe consists of a blank line and the

control points on Cartesian terms.

Table B.2 shows an illustrative example of conpraints.

Table B.2 VRML Header’s Modified

#VRML V1.0 ascii
#
#20101,38.560.8
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B.2 Source Code Reference

The source code was written in C language. It [geeted that the reader has some
knowledge in structured programming and C syntalke Tollowing paragraphs

describe:

The global variables used
The functions programmed

A high level algorithm

Global Variables
The global variables on the code are related wighinhput and output files that are
handled. All of them are pointers to a file. TaBl8 introduce these variables:

Table B.3 Global Variable

entrada | Itis a pointer to a file that contains $uefer output altimetric file.

entrada2 It is a pointer to each one of the files that corgan object that will
feed the VE.

saida It is a pointer to a file that contains tHeRML file with all objects
inserted.

saida2 It is a pointer to a file that contains WML file with only the terrain
surveyed.

mundo | Itis a pointer to a file that contains théECdescription.

Road It is a pointer to a textual file that consaiihe coordinates of the road
that was surveyed.

Functions Description
The Tables B.4 to B.12 describe the functions eckay the following steps:

Name.
Description.
Prototype.

Parameters passed when the function is started.

Returns given by the function when the procesmisted.
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Table B.4 Function main

Name: main

Description: This function is called when the pramgrstarts. From the
main function all other functions are called.

Prototype: void main (int argc, char *argv][])

Parameter Passe

dint argc — number of arguments passed when thegrog

starts.
char *argv[] — the arguments passed when the progtarts.

Return:

There is no return.

Table B.5 Function open_arquivo

Name: open_arquivo

Description: This function opens the files passe@arameters when the
program is started. The pointers for a file: erdraghtrada2,
saida and saida2 are started on this function.

Prototype: void open_arquivo(int argc, char *aryjv(]

Parameter Passe

dint argc — number of arguments passed when thegrog

starts.
char *argv[] — the arguments passed when the progtarts.

Return:

There is no return.

Table B.6 Function take_information

Name:

take_information

Description:

This function reads the square mdsicfieated by Surfer
software extracting the minimum and maximum valoiethe
area. It also creates the header of VRML files ¢eted as
output of the system. The function reads from thiater
named entrada and write on saida and saida2.

Prototype:

void take_information()

Parameter Passe

dThere is no parameter passed on this function.

Return:

There is no return.

Table B.7 Function vrml_generator

Name:

vrml_generator

Description:

This function reads the altimetricaliom the file pointed
by entrada and places the coordinates using the VRM
syntax on saida and saida2. For each feature readtocada2
an action is taken. If a road that is being ad¢fes function
input_road is called. Otherwise, it is if a featuhe
algorithm calls input_feature function.

Prototype:

void vrml_generator(int In, int cl, floain_h, long int x_mn,
long inty mn, long int x_mx, long inty _mx, float mn)

Parameter Passe

dint In — number of lines contained on the squarshme

int cl — number of columns contained on the squagsh.
float min_h — minimum value for high.

215



long int Xx_mn — minimum value for East.
long int y_mn — minimum value for North.
long int x_mx — maximum value for East.
long int y_mx — maximum value for North.
float h_mn — maximum value for high.

Return:

There is no return.

Table B.8 Function input_feature

Name: input_feature

Description: It extracts the features from the filented by entrada2 and
places the objects on the output file respectiegianslation
and rotation.

Prototype: void input_feature(long int x_min, loimgy_min, float

h_min)

Parameter Passe

ditong int x_min — minimum value for East.
long int y_min — minimum value for North.
float h_min — minimum value for high.

Return:

There is no return.

Table B.9 Function build_cve

Name: build_cve

Description: This function creates the CVE fileb® used further on
MASSIVE-3.

Prototype: void build_cve(float tra_x, float tra fipat tra_z, double rot,

int flag, ch ar feature[13])

Parameter Passe

dfloat tra_x — Cartesian coordinate X of the object.
float tra_y — Cartesian coordinate Y of the object.
float tra_z — Cartesian coordinate Z of the object.
double rot — Rotation angle in radians.
int flag — Flag used to indicate what action thgpoathm need
to follow.
char feature[13] — Feature’s name.

Return:

There is no return.

Table B.10 Function tabela_poligono

Name: tabela_poligono
Description: It fills a table with the coordinatefsthe road surveyed.
Prototype: long int tabela_poligono(float mat[258][

Parameter Passe

d:float mat[256][2] — matrix with the road coordieat

Return:

It returns the number of polygon verticesated by the
surveyed road.

Table B.11 Function foguPnpoly

Name: fbguPnpoly

Description: This function verifies if a coordinasein, out or in the
polygon border.

Prototype: long fbguPnpoly (long Npoly, float *PpHoat *Pto)
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Parameter Passed:long Npoly — number of polygon vertices.
float *Poly — array of polygon vertices.
float *Pto — coordinate that will be checked.

Return: -1 if the coordinate is out of polygon bdanes.
0 if the coordinate is out the boundaries of potygo
1 if the coordinate is inside of polygon boundaries

OBS: This function was consented by Luiz Eduardo Sedbralla.

Table B.12 Function input_road

Name: input_road

Description: This function sets the colour for eadde of the square
mesh. If the node is part of the road the cologrésy
otherwise green.

Prototype: void input_road(long int Xx_min, long yntmin, long int
X_max, long int y _max)

Parameter Passegdtong int x_min — minimum value for East.
long int y_min — minimum value for North.
long int Xx_mix — maximum value for East.
long int y mix — maximum value for North.

Return: There is no return.

Algorithm

The high level algorithm presented below offerstfayse who would like to use the
code, an easy understanding of how it works. THieviing steps documents only
what was judged as important for the understandinthe algorithm. Table B.13
shows the high level algorithm. The highlighted Msndentify the functions and file

pointers.

Table B.13 High Level Algorithm

void main (int argc, char *argv[])

{
open_arquivo(argc,argv);
take_information();
fclosegentrada);
fclosekaida);
fcloseentrada?);

}

void open_arquivo(int argc, char *argv[])
{
if number of parametres wrong exit;
openentrada;
openentradaz,
opensaidg
opensaida2
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openmundo;

}

void take_information()
{
it reads minimums and maximums from the square mesh
It adds the headers shidaandsaida2
vrml_generator(lin, col, h_min, (long int)x_min, (long int)y_min,(long int)
X_max, (long int) y_max, h_min);

}

void vrml_generator(int In, int cl, float min_h,dg int x_mn, long int y_mn, long
int x_mx, long int y_mx, float h_mn)

{

It completes the headerssdidaandsaida2
The coordinates from the .grd file is transferredwrl file format;

if (file name road.txt is found in entrada?2)
input_road(x_mn,y_mn,x_mx,y_mx);

input_feature(x_mn, y_mn, h_mn);

}

void input_road(long int Xx_min, long int y_min, lgmt x_max, long int y_max)

{

tabela_poligono(matriz);

for (each row and line)
fbguPnpoly(vertices, Poly, Pto);

The altimetric model is painted with the right aalp
}

void input_feature(long int x_min, long int y_miilgat h_min)

{
build_cve(0, 0, 0, 0, 10, "land");

while(lt is not end of file éntrada?2))
{
The control points of the object are read;
The translation and rotation are calculated anttewrion the output file;
build_cve(ponto[0].x, ponto[0].y, ponto[0].z, alphaflag, nome);
}
}

long int tabela_poligono(float mat[256][2])
{

It reads from the road.txt file and logs the copadiés in a table;
The return is the number of the vertices read;

}
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long fbguPnpoly (long Npoly, float *Poly, float *&)
{

}

void build_cve(float tra_x, float tra_y, float tra_double rot, int flag, char
feature[13])
{

}

It checks if the coordinate is inside, outsiderothie polygon boundary;

An header describing the name of the object, mositg and rotation is created;
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Appendix C

Implementation Reference

Appendix C brings relevant details about the sowode implemented for this
project. Some knowledge of Object Oriented (OOudtire in Java language is
expected from the reader. Each sub-item on thiseAgdix refers to a class that
explores the most important methods in order tdifai® the comprehension of those
that could use this work as a base for future resea

The classes developed for this research complethentacilities provided by
EQUIP’s to work with external devices connectedhte computer. As soon as the
data is received and filtered, there are EQUIP pugho publish the new information

on the data space, as it will be demonstrated below
The sub-items in this appendix as follows:

Overview — summarises what the class does.
High Level Algorithm — as a complement to the ovemw

Class Constructor — how the class is inherited.
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In the high level algorithm the Begin and End imadéc where the class starts and
finishes. However, one or more classes can beardidhe main class. Even though
Java is an OO language, the algorithm was writbelbet the most linear possible for
the sake of clarity.

C.1 RTK-GPS Class

As mentioned in 85.2 the communication with the RGRS receiver and the
publication of the data on the data space are dharetwo classes named:
GPSReceiver.java and GPSPublisher.java.

C.1.1 GPSReveiver.java

In the class GPSReceiver.java, the receiver trassali data using as bytes via
COML1 port. The data is analysed and if it starthwhe characters “GPLLQ” it is
split into tokens where only the significant partretained, as east, north, and height.
The data is then normalised for the Cartesian c¢oates followed by MASSIVE-3
and finally published on a data space. There ifit®n to process the data using a
Kalman Filter. The processing of the data to a Kadrfilter class is done before the
data is published. Table C.1 shows the high leigdrahm. In the source code the

variables are set as:

X = east.
y = high.
Z = north.

Table C.1 GPSReceiver.java Algorithm

Begin
initCommPort()
initiation of communication port
setup of communication port
initiation of variables that do the in/out intezéawith the receiver
Begin
run()
While (there is a byte coming)
read byte
convert to a character type and add it on a string
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End

End

If (the character received is equal to a brake)lin
decodédString with character received)
clean String
EndIf
EndWhile

decod€String with data received from RTK-GPS receiver)

initiation of variable that receives the Stringakens

For (each token)

add it on a array of tokens

EndFor

associate to a variable token number 3 and sulrigadt from the OS
value of the base point

associate to a variable token number 5 and sulrigadt from the OS
value of the base point

associate to a variable token number 10 and suinigait from the OS
value of the base point

Kalman(x, 2.0, (-)z, 1)

updateCoordinategz, x, 2.0)

Class Constructor

The GPSReceiver class constructor is:

GPSReceiver(GPSPublisher, String)

Where:

GPSPublisher— is an instance of the class GPSPublisher

String — is communication port identifier

C.lz2

For each new set of data received and processed the RTK-GPS receiver, this
class makes it available on the data space. Thisspace is created at the beginning
of this class and identified for further utilisatioTable C.2 shows the high level

GPSPublisher.java

algorithm.

Table C.2 GPSPublisher.java Algorithm

Begin

checks if the URL received is valid
checks if the data service can be activated
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starts the data space with an identification

creates an instance of ted®SReceiverJava class

updateCoordinatesadd a new 3D position on the data space
End

Class Constructor
The GPSPublisher class constructor is:

GPSReceiver(String, String)

Where:

String — is the IP address followed by the data spaadifdztion

String — is communication port identifier

C.2 Tilt-Sensor and Magnetic Compass Class

As introduced in 85.2 the communication with tHegensor and magnetic compass
circuit board and the publication of the data oe ttata space were shared in two

classes named: TCM2.java and TCM2Publisher.java.

C.2.1 TCM2.java

This class is similar to the previous class showe@.1.1. The connection is opened
in the early stages of the algorithm. If succes$gfopened, the class starts to listen to
the port collecting the data until it finds a lineeak. The beginning of the line is then

analysed. If the line started with the charact&S™it is known that the message is
not broken. The message is then split into tokensanly the values of pitch, row
and yaw are retained. An option for a Kalman filelavailable that can be used or
not. The data is then sent to TCMPublisher classetstored on the data space. Table
C.3 shows the high level algorithm. The values emeverted to two digits of

precision in order to reduce the small drift.
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Table C.3 TCM2.java Algorithm

Begin
initCommPort ()
initiation of communication port
setup of communication port
initiation of variables that do the in/out interéawith the receiver

Begin
run()
While (there is a byte coming)
read byte
convert to a character type and add it on a string
If (the character received is equal to a brake line
decoddString with character received)
clean String
EndIf
EndWhile
End

decoddString with data received from tilt sensor and met@c compass)
initiation of variable that receives the Stringakens
pass the values of the correct tokens into theecomariable
Kalman(x, 2.0, (-)z, 0)
updateCoordinategxtcm, ytcm, ztcm)
End

Class Constructor

The TCM2 class constructor is:

TCM2(TCM2Publisher, String)

Where:

TCM2Publisher — is an instance of the class TCM2Publisher

String — is communication port identification

C.2.2 TCMZ2Publisher.java

This class has the same function introduced in2CIL.creates another reference in
the data space with an identity and logs the dataived from TCM2.java. Table C.4

shows the high level algorithm.
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Table C.4 TCM2Publisher.java Algorithm

Begin
checks if the URL received is valid
checks if the data service can be activated
starts the data space with an identification
creates an instance of th€M2 Java class
updateCoordinatesadd a new 3D position on the data space
End

Class Constructor

The TCM2Publihser class constructor is:

TCM2Publisher(String, String)

Where:

String — is the IP address followed by the data spaadtifd=tion

String — is communication port identification

C.3 Reading from the Database

The following class is designed to check any neta tlaat was published in the data
space such as: GPS coordinates, tilt sensor angassrdata or any key command
pressed by the office user. Each new data is geritpr an action performed by the

Integrator class.

C.3.1 Integrator.java

The Integrator class is used by the field user wdlewlevices are connected to the
computer carried on the backpack. GPS, tilt seasdrmagnetic compass data, when
available, are read from the data space and padeeteariables into MASSIVE-3.
The update corrects the users’ visualisation of W& in relation to the real
environment. Because the office user can conteMB the database can de updated
each time that a command key is pressed in hisdagb This means that field and
office user receive a new object or even a new a®fiending on the exercise being

performed when each new income data from this qdati area of the database is
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read. Table C.5 shows the high level algorithm. rentioned previously the
Integrator class inherited its structure from AwsgapeControl class created for the

Augurscope project (Koleva et al., 2001, Benfordlet2003a).

Table C.5 Integrator.java Algorithm

Begin
constructor initialisation
GUID factory
dataspaces
activate management server
key stroke input session
compass input session
gps input session
management server initialisation
dynamic objects initialisation

a thread controls the multiple process runningarafel as dynamic objects
and positions update

update dynamic objects
update positions

Begin
management server control class
End

Begin
Key stroke event handler class
End

Begin
GPS event handler class
End

Begin
GPS event handler class
End

End

Class Constructor

The Integrator class constructor is:

private Integrator(String, String, String, String)
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Where:

String — is the IP address followed by the VE identificat
String — is the IP address followed by the data spaadifdztion
String — configuration file used by MASSIVE-3

String — is the same name used to start the cveworld @rmdm

C.4 Kalman Filter

The filter is implemented to reduce the jerk of: $5Poordinates, tilt sensor and

compass.

C.4.1 Matriz.java
This class implements a Kalman filter to be usedtlm data received from the

magnetic compass, the tilt sensor and the RTK-@&e8iver. The implementation of

the filter is necessary in order to reduce jerthmdata received.

Two matrixes supply the models for the error ansex@rocessed by the Kalman
filter. The values of such matrixes are set upceoadance with the equipment in use.
Instead of an algorithm, a diagram is chosen tmdhtce the concept due to the

simplified way it demonstrates the process. Figiuteshows the diagram.

There is a set of important variables that contalio the final result. These variables

are:

X — matrix with the predicted coordinates

g — matrix of noise - covariance

p — matrix with estimated error

r — matrix with the noise from TCM2

k — Kalman gain number weight

z — matrix with the data from TCM2 — innovation ta@c

phi — matrix identity
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The filter is well suited to navigation applicatgrwhich contain states that are time-
variant, even in real-time. This is a recursiveoaltpm, which filters measurements
using knowledge of the system measurement errode(HR003). Even being
recursive, the algorithm is based on the last eggrand current measurements. There
iS no necessity to log all data to process agahe flesult is a computationally
efficient algorithm that allows real-time procegsipreventing the swing of the HMD
image and smoothing the movements registered byiltreensor and the RTK-GPS
receiver. It is not within the scope of this thesis describe the Kalman filter
equations. The reader is invited to read (Welch Bistiop, 2001, Hide, 2003) for a
better description of the equations. The followitagaflow (Figure C.1) describes in a

few steps the Kalman filter that is implemented.

The first step of the filter is the calculationtbe estimated error (p). This matrix
is the result of the sum of (p) and the matrix aise - covariance (q) that is
propagated to the next epoch (Figure C.1 — stelp ik)convenient to mention that (q)

Is static and contains an approximate model ofitpeal that is being filtered.

Figure C.1Kalman Filter Dataflow

The second step (Figure C.1 — step 2), (k) (Kalgein number weight) receives the
matrix with the estimated error (p) multiplied thetinverse of the result of (p) added
to the matrix with the noise from TCM2 (r). In th&ep, (k) is receiving the

adjustments based in the last sample of data tildievapplied in the next epoch.
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On the third step the algorithm combines the diatin fthe sensor (z) (innovation
vector) with (x) (the predicted coordinates) throway subtraction (Figure C.1 — step
3). The result is then multiplied by (k) (with tlagljustments based on the previous
samples) and added to (x).

Finally (Figure C.1 — step 4), (p) receives the r€éaman values (k) after a
subtraction with a (phi) matrix identity.

Class Constructor

The Matriz class constructor is:

Matriz()

C.5 Office User Key Stroke Command

The Office user can control the VE from his keylbaEach time that a new
command is typed a new object can be added to Eh@Mthe entire scene can be

changed. This flexibility gives freedom for the [Eieiser.

C.5.1 ReadKeyStroke.java

This class is used by the Office user to type amyroand in the keyboard that will

be logged in the database by the KeyStroke cldss.commands are at the moment
the letters from “a” to “f". Each letter when re&ag the Integrator (see 8C.3.1) is
interpreted as a command. At the moment the VE lmrthanged completely or

objects can be put in or out of the visualisatibable C.6 shows the high level

algorithm.

Table C.6 ReadKeyStroke.java Algorithm

Begin
run()
While (true)
Thread (it sleeps each 1000 milliseconds)
read byte
If (character typed)
update database with new character
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EndIf
EndWhile
End

Class Constructor

The ReadKeyStroke class constructor is:

ReadKeyStroke (KeyStroke)

Where:

KeyStroke — is an instance of the class KeyStroke

C.5.2 KeyStroke.java

This class has the same function introduced on2Cltlcreates another reference in
the data space with an identity and logs the dataived from ReadKeyStroke.java.

Table C.7 shows the high level algorithm.

Table C.7 KeyStroke.java Algorithm

Begin
checks if the URL received is valid
checks if the data service can be activated
starts the data space with an identification
creates an instance of the ReadKeyStroke Java class
updateCoordinatesthe key stroke is translated to a number to bgddgn
the database

End

Class Constructor

The KeyStroke class constructor is:

KeyStroke(String)

Where:

String — is the IP address followed by the data spaadtifd=tion
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Appendix D

User Interviews — Questions and Answers

The questions and answers made throughout theviewerduring the evaluation
process (Chapter 7) are shown here. All the comsnesut be found in 86.2.3. The
codes used to identify the users were maintainedirteerl (E1), Engineer2 (E2),
Engineer3 (E3), Engineer4 (E4), Architectl (Al), ngmter Scientistl (C1),
Computer Scientist2 (C2) and ordinary user (O1).

The area covered by the questions are as follows:

Merging real and digital environments.
Hardware.

Digital environment.

Usability.

Different/complementary approaches.
Office and Field Users.
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D.1  Merging Real and Digital Environment

The question involves the main topic of this the8iR. The users were questioned if
they needed to adapt themselves to the VE ane if¢hle and distances walked were

the same that they were used to see in the physadd.

Self adaptation
Did you have to adapt the way that you move in otdenave a better perception of
the VE?

E2: Actually the turning of my head is much bettehink that the difficulty is when

you come closer to an obstacle and the programdéscil guess, whether you are
half way through it, through it or just in front @ This is the most, | would say,
annoying. But moving my head or walking towards whevas quite far was not a

problem. Quite far is something around two metres.

E3: Yes, but | was ok with that. It was a bit jugglbut you explained to me that it
was the GPS. | was not expecting it to be so “si@kiThen | learned that | have to
move my body much slower to look around.

O1: Yes, | had to. I noticed that | moved my heéat &ess.

Immersion

Did you feel immersed in the VE or did you havefAd experience?

E1l: I did it in the tram station. | did not so muichthe buildings. | think that is to do
with the texture and the reality.

E2: In the beginning when the see-through of theDHIVas not set as clear, maybe
because we have a sunny day today, | did not es#tiat | went so far. For the tram
station | was immersed completely in the VE. Wiwenagljusted the see-through then
| was a bit more conscious of where | was. For ygsght | have two layers so if |
want to see the grass | change my eyes focus aaftds a second for me to see-
through. If | focus on my goggles alone then | eamersed in the VE.

E3: Yes, you saw me walking through the f{j@éree in the physical world) was
quite happy to concentrate on that. Because obtlghtness and contrast | could not
see much of the background. | could mostly se¥hand | was quite comfortable.
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Al: | think so. You cannot get any sense of digtdmecause you cannot see the
physical world. | was often amazed when | lookemliad to see where | was in the
physical world. The augmented process did not weaky. For me there was not a
relation between the physical and the digital earments. | was immersed. It was
not mixed reality but only the VE there to be setnd | think that part of the
problem is that there are not physical featuresdiate to it.

C1: After a while | was totally looking into the VEwvas trying to find things in there,
trying to find what was going on. | think that thlysical world went to the back of
my mind. But then when you said: “-Turn around tp physical location” the two
worlds just swapped their positions. | was agaiteab see-through the goggles. But
while in the VE | forgot sometimes that | could #e#eugh the HMD.

C2: The tram driven through me took away the semsatf immersion because it was
difficult to work out how to avoid the tram. Howeve think that there is some
relation about this and how dark the glasses aeydu make the glasses darker you
feel more involved in the digital environment aspafcthe mixed reality stuff and
obviously less involved in the physical world.

O1: Partially. From the local view yes but at thense time you know that it will not
be there. Why? The floor. When you walk you cdrttieggrass.

Scale
What can you say about the scale? Was it coheremtot? Did you have any

difficulty to know how high a wall or a tram shelteas?

A2: | can imagine but it is difficult to know witltoa proper scale. Is the Office
User's embodiment to scald®?has about two metres high.is possible because |

could still see it after the first phase. | haveidea how tall the house is in reality but
| would say three and a half metres tall or somagHike this. The first phase | would
have said was...l could still see the top of the ehmbent’'s head, one metre sixty or
something like that, then one third plus one third.

A3: One of the difficulties is to get scale. It Wbhe nice if you put some image that
we could recognize. Like you, it was useful to haue wondering around that gave
me something to compare with scale. From the petsgepoint of view it will be
nice if there is something | could make some comepar

E4: If the pipes were not in the right scale (btit¢ idea of different colours was
good. You just need to make sure that each cobuepresenting the right thing in
the proper diameter.

C1: The scale was not very precise. Some morema#bon is necessary to know how
far you are from the house or how high is a walhéW | was walking towards the

house | did not have the feeling that | was getiwhgse to the house. | just kept
walking until | eventually got there. When | walkedund the house the scale looked
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ok. Another point is how high you put the “eyeshaf Field User's Embodiment”. |
could misunderstand a view because | think thabhject is too high or too low
based in the perception of my own body.

D.2  Usability

Did you feel annoyed to walk through digital obgstt

El: No.

E2: No, but each time | asked you if | could gatlgh them. It also means that you
need to re-collect what you have in front of ydul. ¢annot find the Office User’s
embodiment | need to imagine where was it at thetime or any other digital object
that could help me in the navigation. | keep gdimgugh until | find it again. But it
means in a complex environment if you need to nethar application where people
may be moving or things may be moving, it is aabioying, but other than this,
there is no problem.

E3: It was a little perplexing to sort it out. | wayjuite happy to walk through a wall
but for a long time you could just see blue forregke (when going through the
windows in the third exercisel) was not sure there if | was getting any closeany
further away.

C1: Extremely! It throws the user off, becauseuber is not expecting to go through
it. | think that for me it reduces the experienicstarted to disbelieve in a lot of other
things within that environment and that representédt it should be. Scale, how big
things are, movements or if | go through this wabllybe it is not even positioned
there.

O1: |1 did it first, but once you got used to itokcomes fairly easilywhy did you
feel annoyed®Partially because the frame rate that was harduge how is your
movement. Because when you move in the physicdtl wou have your view
changing straight away. The system has a delay yoat have to anticipate the
movement to make it stop in the right position.

D.3 Hardware

What could you say about the hardware used? Did&GR& receiver and the tilt

sensor work adequately?
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E1l: I think that when you stand still or walk rgaBlowly is much better. It is better
than in the previous prototypes. The positioning anentation are quite good. The
orientation changes quite quickly, as you turn runfollows you quite quickly. I
think the problem is more in the position of theSG®hen you move. For GPS
equipment is coming down in price. | think in oJiethe problem is the weight and
the number of cables.

E2: The only jumping action was when you becomsedo something. Let's say that
| want to touch these pipes then | want to be ctosthem. Maybe | want to touch
them physically and in the VE. | noticed when | wasiing close to the Office User
in the tram station the issue of the positioningt tméade me go through the wall due
to some drifting and also the frame rate.

E3: I think so. It helped me when you told “do fek around so fast”. When | felt
more in control of that | did look around much matewly and waited for the thing
to catch up. That was much better and gave me & toetter smoother view.

Al: | know that the GPS was being updated eachnskbat it still is very jumpy. It
does not matter when you are outside of the digitalse for example, but when you
are inside the house where it is pretty narroneitdmes a problem.

C2: It seems to not have too much drifting at @8He whole scene does not seem to
drift from the physical world. It was jerking atlé bit but for me it was not a real
problem. As soon as | stopped moving everythingneddo settle down.

D.4 Digital Environment

Texture and Colours
What can you say about the VE? Where the colowrd o&k? How could the design
be more appealing, attracting more users to itulghexture make more sense than

only colour?

El: Yes. So it is to make clear that you are logkat bricks, wood, glass or
something else. It helps you to visualise whatrgol@oking at. | think that it is quite
difficult to visualise what it is, with only sol@blours. And it is not only shadows but
it does not have any point of realism to relateltgou look at a wall and you have
bricks you know that it is a wall. If you look thuigh glass you know that you have a
window. The perspective of what are you lookinghaty far away it is, is quite
difficult again when you have not got the textdet when you have not got texture it
is really difficult to visualise the size of whaiuyare looking at. In a blue print, there
are the dimensions or something indicating what tekam is. When you look at the
elevation on a blue print you have a brick texttivere. It is not always coloured but
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there is some attempt to show what is a brick, wdatwindow and what is a roof. It
just helps your conceptualisation of what you a@king at.

E2: It does not bother me if the wall in one of peses was blue. But for somebody
maybe less able to think in space maybe they \aitit\io see something that could
help in the visualisation, like bricks or cementttees. But it is not a big deal if you
can imagine that it is a new geometry. If you imagthat it is a house and you
cannot imagine the geometry, maybe you want tonsee.

E3: The colours sometimes confuse, | had to turrhead to get a view of what was
going on and what the colours represented. Bec#use is no stereo you need to
move your head to actually see it. For the extemwall | suggest a brick texture

making it more photorealistic and perhaps the in&walls as well.

E4: You could use different or higher resolutiorptesent a house. So now, because
you assembled everything together the viewer hasigh idea about how the house
will be and how it will be integrated with the emnment. That is a good idea
particularly for the environmentalists and plannelts assisting software is good.

Al: It is not the problem with the concept but Wi for example could be more
realistic. | would like to see more textures thatilcl help you to distinguish between
the walls from the floor. Of course that there alifferent colours but it is more
difficult to see. Is that right that parts of thels have different colours¥es. Of
course you do not get there in a real building. &lsuthe walls have the same colour
from bottom to top. Sometimes you do not know efethis a real window or
something elsdt is because each colour represents a differeaseln the project.
Ok, but for orientation it does not help. The windan the third example could also
be improved if a more realistic representation is fhere. | did not have any sense of
wall thickness, what was odd. Are there any? Orwladls are just polygonsThey
are all polygonsThis is also weird because if you go around theneoit is just flat.

It becomes more difficult to know if you come tigtosomething or not. It is difficult
to say if you are in one side or in the other si¢he polygon. And you should not be
able to go through wallsHow do you imagine it working¥ou could make the
animation stop for example. | do not know if sonmgtHike it will work. Probably
not. But it makes it weird because we all know that we can go through them, but
because of the rendering you cannot really see \slig you are. You never know
when you are in it, or walking through it or justf inside of it.

C1: Most of our video processing uses colourss hatural to relate things to colours
like when you think in a brick you think red. luyithiink a tyre you think black. There
are lots of ways that you can make it help to Vigugtimulate the user adding a bit
more of details like in the wall, the floor and tbeiling. This sort of texture helps to
emphasise things like: that is a wall and that wall further away from you because
it is slightly darker for example. Lightening isaher thing. If | have a blue wall a
few centimetres from my face the colour is diffefesm if | had the same wall a few
metres away. At the moment the system does nobrsupps kind of lightening
process. The user automatically loses the sendepih perception.
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C2: The fine details should be right to become @& good tool. The objects do not
really look like in the physical world. Like texéufor example. A window is not just a
square or a rectangle shape with glass that alltwwe to see through it with some
particular properties. For me to see a blue bloglkaibit confusing.

O1: Yes you can tell which is which part of thejgct Did you get confused with the
colours?l did with the pipegthird examplepecause the floor and the walls are very
similar colours. Perhaps because the colours as¢ #haded. When the surface
merges with each other, each time that he movesaulecthere is no difference in
contrast between the two polygons, that represgiffeyent walls.

D.5 Office User and Field User

Collaboration

How did the collaboration between Field and Offldser work? Did you feel the
necessity to have two people to guide you (Officeils embodiment) and control
the VE on your behalf? Even with very limited gestiand movements the Office

User’'s embodiment could point or turn its head. Wiwayou think about it?

E1l: What it did help me to do, is if you said to tméook to a certain direction it is
easy to say: “-Look where my embodiment is”. ltegivme direction to look at. | think
that having not necessarily being you but havingesthing as a pointer and then you
say: “-Look where this pointer is” then it givesyysomething to relate to. | think this
is useful and also the collaborative discussiongsful as well. Not only because of
the complexity of controlling the environment assar, but also once the user is in
there they may want to ask questions about whateidooking at which in a
collaborative environment someone can talk to hnd discuss about it and ask for
changes. Even if it was a man user in the fieltheis got a question, how does he
ask? Because the Office User knows where | ameirVih and what | am looking at
and then you can answer questions about what loaking at.

E2: Well, the Office User pointed out things wile #mbodiment’s head to me. So |
used that. There were instances that the embodididrd movement up and down
with its head to show me something | was able wo@&ate this as a human

interaction. Walking towards me also worked welirtdicate direction. When | was

on my own | was also able to explore things likehe second example. The only
doubt that | had was when | was exploring the badhn because in my country that
place does not have big windows. Does it makefardiice to have the embodiment?
Yes it does if the Office User is pointing thingdike when you are moving thinks

about | can see the string coming from your hea@rwit moves its head | could

associate. But if there is no embodiment there thiedexplanation is verbally clear

enough. | think that | managed to find my way abiin
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E3: For me it was useful to have you to follow aguide. | felt less secure when |
could not see you. When you passed close to antotdjere | could not see you | did
not know where | was going. When | could see ywad happy to follow you around
and look to what you were looking. When | did loseself | found myself wanting to
see you. In relation to gestures, it was really @j@hen | looked to the stairs in the
third exercise. When you stood in the stairs amukdéal up that helped me to look in
the right direction because you have somethingiBpéc look out there.

E4: In the beginning | did not understand your ‘eah the game”. And then you told
me follow me and | did looking at the same plabes the Office User's embodiment
was looking at. You were there to guide the otlsarsito see for example the future
of the city. The embodiment is really necessavyas never lost | just followed you
and your instructions. | think that you could implent a kind of laser ray coming
from the embodiment’s eyes to point at things en\i. It should be easier than to
make the embodiment gesticulate to the right mosiar digital object. It could not
make a big difference if the VE was controlled by gr by me. The result will be the
same but the viewer is who will make the decisfoih is good or not. To have
someone working in front of the computer to relithes hassle of the Field User, to
press buttons is really good. If you have askedfreould like to control the VE by
my own | would say no. | would certainly refuseor the exercise we were
continually exchanging information and you gave thne guidance of what | should
do and what action | should take. That was good.

Al: | think that it was useful. You could say sdnmgf like: “-come over here”. That
was useful. Or “look where I'm looking”, that alsmorked. And to be able to talk
with each other is useful as well. | think that fheld Users could have a kind of
keyboard with only two keys and flip through therke go up and go down.

C1: Definitely! | would be lost on that VE wheraés. The most that | could do was
to walk blindly just going through different roomBhe overall structure that the
Office User explained while | walked, | could noderstand if alone. After all | was
able to explain where things were event thoughethvegis no feature like living room
sofas or tables to indicate that | was in the lgvimom. But because the Office User
could explain the layout of the house | was ableraate a mental map of how the
house was spatially distributed. It worked almostaatour guide. The embodiment
made me feel like having a tour guide. And to seengove away from me and move
towards me is quite reassuring because besidegghest in that environment |
would not know where | started from. When you staaa particular point and you
said to me: “-Look at where | am looking” and | caee where you are facing and |
know where to go. It also helps me to explore tBerVa more secure perspective.

C2: There is a lot of cognitive effort to workinguy way in the environment. Because
you are missing other senses, information, or bseayou are just getting visual
information, you have to think harder how to navearound. And because it is
jerking, you need to think slightly more and meswhow things are before you start
to move and go back to this. For your brain is vilogkquite hard to navigate around
the scene without having someone else showing ngauné and changing the VE for
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you. The control in the Office User’'s hands takes task away from your brain
allowing you to focus more on the building.

O1: It helped me to see what you tried to show mhe.just had the sound | would
find it really hard to find the things. Whereveet®ffice User was in the VE, | could
spot him and go towards his directioiWhat about the head movements? Did it make
any difference when | gesticulated with my heading up or down?es, it helped
me to know where | should look.

D.6 Different/Complementary Approaches

Merging blue prints, scale models and AR

When you look at the blue print could you associatat you saw, with the VE that
you walked through? What about the picture of tbese in the second exercise?

Could you make any association?

E2: | could imagine the house made of bricks as smowed in the picture but |
thought that the pillars were made of wood.

E3: Ah, yeah, yeah, yeah! Most of the time | stoeer here(pointing to where he
stood in the blue print)l definitely saw that in there. | can recognisebecause
mainly | stood herdpointing to the place in the blue prinf)his is the elevation of
the housel did not really see the external, | was standingre when we lost contact.
I think if | stood there in the balcor{in the physical worldyather than this distant
view here(the picture)it would be closer to what | sagn the VE) This pillars
where not therépointing to the picture). They were thersaw these two in one side
but not on the other side.

Al: Yes and no. | mean most half of it. | underdttmat there was a veranda. |
understood that part. | have no concept of thiserhember that you told me what is
what, but | think that these walls were not thePartially | think...looking at the
elevation in the blue print | can bring all the wi¢ogether but | cannot remember to
see this view at all in the VE. And | also did hate an idea of how the shape of the
roof is.

Can you imagine the house in the physical worldeétjoning A1)?l can imagine

very bright colours because this is what stickanip mind. | know that there was
some windows but | could not say where is whetanlrelate this picture to the plan
but it is because | used to read plans. | can eethe veranda that | saw in the VE. |
cannot relate this window...oh | remember now thsaw this window when | was
inside the house. Although that on, in the VE, doakmpletely different, much wider.
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If you asked me how the window looks like on tite Ewould draw a window that
goes around the corner very thin and lordaybe you are confusing with the
kitchen’s window because that one is like this.réhie also a door not far from the
window at the corner of the housgh...but that is weird because | am pretty sure
that | turned roundDo you remember when we talked about a very smigtlow
here (pointing in the blue print to a small windbetween the living room and the
veranda).But | thought that it was inside the house betwten kitchen and the
bedroom. | did not realise that it was in the odéswall of the house.

So you cannot imagine the house based in the V&s{ouning A1)?

I would not go that far. | could imagine part ofas | also found partly confusing as

well. It is not necessary the principle of it. Biftcourse the model that you have is
extremely simple and the colours which ever dicgctfou look you have the same
colours. You could not say from the colours thatak looking this way or that way.

You have to take all the other features. And tkaprobably where the confusion

comes in. | also did not have any physical orieatatObviously when you are in the
physical world you can easily say that that tre¢hisre and that other tree is there

without even looking at. And if | turn around llisknow where the trees are. But in

the VE | could not tell you if when | turned ldftyould see something that | want to
see. | will have to turn around to find it againdd not think that necessary you have
a mental map or it is very abstract. | could nadtjgay that the kitchen was in my left.

C1: It definitely did, | could visualise the houakhough | may have a different

colour in my head. But it was very similar. Soatiyshow me a picture of the house |
can tell you that it looks something that | couldualise. On paper, on two

dimensional, it is hard to tell heights or the thidimension. This is basically what
you can get from VE. You can have a better persgeand distances and how things
overall look. With the blue print it is very diftilt.

O1: Yes, but it is difficult to say the size of bahroom. You can tell for example
that in a direction there is a bedroom but withéwtiture you cannot tell how big it
will be.

Best approach to explain a new development
What do you prefer to see if someone comes to flouse with a new project that
will be implemented in few days time: a blue priatscale mode, an artistic drawing

or the tool in this project?

E1l: For someone that is an engineer and used th fodolue prints and is not used to
look at VE, it is a bit difficult comparison to givl think that the VE, the rendering, is
quite simplistic, so realising what it is you'reoking at is more difficult. As soon as
you put the roof on, because of the shape of th&itas obviously that it is a roof.
But because all the other squares and blocks alid soloured it is more difficult to
understand. So | think the important developmetithei to get the rendering more
appropriate to what are you looking at and thewill make it easy to understand.
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C1: | think because an artist can paint in tree éiraions like in a picture it will give
more information than a blue print. In the VE yoancexperience, you can walk
through, you can feel the surroundings. You areensed. For me the VE as shown
is more helpful than the other options.

O1: | will prefer the blue print. Between the scaledel and the tool presented | will
prefer the second option because it is possiblendwe around. It is more useful.
What about the level of realism of the modgl®did not make that much difference.
You do not need fantastic graphic to know the skapeu still can find your way
around.

Real potentiality of the tool

In a real situation do you think that a system tikis would be worth?

E2: If there is a need for it or a use for it isitgueasily to visualise. For a house | do
not think that you need it but for a big projechink that could be useful.

E3: | think that the level of detail in the tramasbn was quite impressive. The
buildings with the colours you got to have to gedlpple understand what it is. When
people want to see how high the construction cgadyou need to relate it with

some sort of scale and for me this is what wasingsa the buildings.

E4: The quality of the VE in the first exercise ahé LoD like the CCTV were
amazing. There is potential use for security issues

Al: | think that it is going to be useful. | hawsues with the HMD. This area is flat
there is nothing to fall from, but it is just a dgerous thing to have. Because you
cannot really see where you are going to. It canuseful for the construction
application as you suggested.

Do you have something else to add to your comments?

E2: We were quite unlucky to have too much ligimiog from the Sun and shades
from the clouds intercalated. You asked me to &idkings in the roof, because it is
in the VE, | do not have the benefit of the shadie physical roof, | was looking
direct to the Sun or to the sky. It is impossiblsée even when the see-through is in
its darkest.

| found it very easy to use. | am not good in Vvisugg things, but | found it
particularly easy to use.

Usefulness yes, the pipes and things that yount@dAll the underground networks,
all sorts of pipes, cables, telephone, gas. | wabrka this when | was in the army
looking at underground systems and very often ti map that you got is somebody
taking the measurement with the reference to a watb a curb. Of course that if

somebody moved the curb or the wall you lost tfereace. Very often what you do
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Is to take one metre and a half between the cutbthe access. You marked it. And
this is not very accurate. You may be ending digggiome area that it is not suitable.
Maybe with GPS system and the see-through you aasi@lise things better. For
building houses | would say that it is suitable fogger projects. Maybe also for
people who is buying on plants that could be us&hmther for a promoter or a buyer
to see how it will look like. Maybe with a bettendering you could make it more
appealing.

| cold see this idea working indoors in the futdog heath and safety where you
could even couple with other things. You could meadigital training environment

for the fire brigade without having to burn somathi You could put them in a
situation, or to police forces too. We could bremme physical modelling or CFD to
the research.

E3: I will be interested to find how you work wahgroup of people as Field Users.
Let's say that if you want to sell the idea of dasnf a tram station or a building to a

group rather than an individual. | can imagine thiaey will want to interact and they

could individually go to explore the VE. | am noitg sure how could they make it as
a group in the VE. | could imagine site inspectossing and saying that they will be
back in a moth to see the progress for example.séhee could happen if you are an
architect and want to sell something to a panel aatito an individual.
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