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ABSTRACT

MAPPING UNDERGROUND INFRASTRUCTURE USING

PHOTOGRAMMETRIC METHODS
Mark K. Tulloch
Masters of Applied Science, 2006
Department of Civil Engineering
Ryerson University

Underground infrastructure mapping in mariy urban areas lacks the necessary
accuracy and detail required to conduct underground construction. This is a
result of inadequate surveying methodologies and poor historical as-built
records. One solution to this problem is the development of a mobile terrestrial
photogrémmetric mapping syé;tem to map exposed utilities on construction sites.
This thesis outlines the design of the Underground Infrastructure Mapping
System (UIMS). The system is comprised of three pieces of hardware including a

tablet PC, a Global Positioning System (GPS) receiver, and a digital camera.

Results indicate that the UIMS has an absolute spatial accuracy of 28 cm (within
the City of Toronto) and a relative accuracy of 13 cm (95% confidence level). The
data collection time per exposed utility -feature is épproximately ten minutes on
site, aﬁd an additional five minutes of post-processing. The cost of the system’s

hardware is under $5000.
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CHAPTER 1

INTRODUCTION

“Excavating equipment puncturing buried utility lines causes an average of one
death per day (globally).”

Leonard Bernold



11  Topic and Scope

The topic of this thesis is the development of a mapping system to enable the
acquisition, assembly, manipulation and management of geospatial data,
defining the location of underground utility services. This information
will improve utility and transportation infrastructure management activities and
 assist municipalities with the management of subsurface space in the road
“allowance, particularly in an urban environment. This thesis illustrates the need
for better underground asset management, and the desire of municipalities to

acquire the necessary tools to perform asset management.

This thesis is divided into six chapters. The introductory chapter contains three
sections; it describes the scope of this thesis, outlines the problems with
'municipal subsurface infrastructure, and provides three motivations for
improving subsurface infrastructure mapping. = Chapter Two provides
background information on underground infrastructure, including key
subsurface initiatives that have improved infrastructure management and
worker and public safety. Chapter Two also provides a primer on asset
management, and concludes By elaborating on six popular subsurface mapping

techniques.

Chapter Three commences by listing the key objectives of this thesis that define
the mandate of this project, and concludes by describing the innovative process

2



for collecting and reducing photégrammetric measurements to ascertain the
location of subsurface utility features. Chapter Four describes the ‘nuts and
bolts’ of the photogrammetric procesé, by expanding on the collinearity
equations. These equations are used in multiple applications, including camera
calibration, photogrammetric reconstruction, and accuracy assessments. After
expounding on the collinearity equations, Chapter Four continues by describing
the process and results of the camera calibration and reconstruction program.
This thesis acknowledges that spatial information is only one component that
describes underground utilities. Collecting attribute information is equally
important, and Chapter Four concludes by describing the necessary attribute

information for each utility feature within the water and stormwater networks.

Chapters Five and Six show the results of this project. Chapter Five describes
two accuracy assessments that quantify the relative accuracy of the mapping
system, and the accuracy of the control used in the photogrammetric process.
Chaptér Six evalﬁates whether this project met its mandate, and concludes by
addressing future developments that would further improve subsurface

infrastructure mapping.



1.2 Problem Identification

There are two problems concerning underground utilities that are gaining more
and more attention. The first is that the construction risk of underground
utilities is increasing due to fhe uncertainty of the location of the buried utilities.
The ideology of ‘out of sight, out of mind” cannot apply to underground utilities
any longer. This problem is leading to project delays, extra work orders, change
orders, construction claims, contingency bidding, loss of service, property
démage, and worst of all, injury and death (Anspach, 1996). On April 23, 2003,
‘seven people were killed in an explosion in Etobicoke, Ontario (a suburb of
Toronto) due to a roadwork crew accidentally puncturing a gas main. The
Ministry of Labour and the Technical Standards and Safety Association have laid
charges against a number of contractors and sub-contractors for the erroneous
delineation of the gas inain on the utility map. Just five days after the Etobicoke
explosion, a worker was killed and three more injured in a gas main diversion
project in Windsor, Ontario (Construction Safety Association of Ontario, 2003).
North Carolina State University reports that excavating equipment that
punctures buried utility lines causes an average of one death fer day (Bernold,
1994). Accurate mapping has the potential to improve many activities associated
with the management of underground utilities and other assets in the right—of;
way, including improved safety and cost a§oidance during utility and road

reconstruction.



The second problem concerning underground utilities is the inadvertent
expenditure of public money on infrastructure upgrades due to the lack, or
unreliability, of information about underground utilities. The municipality of
Halton répérted that it has spent an average of $10 million per year on replacing
imderground sewer and water pipes in the past eight years (Bejon, 2004). Upon
inspection of the old pipe, all 'sections were found in excellent condition, and
could have iasted another 20 years. The replacement of these water and sewer
pipes was based on erroneous data from engineering drawings prépared in the

late 1800s.

The overall goal of this project is to provide location information of underground
infrastructure fo allow for increased public safety, and for better undergrpund
asset management. The solution of this problem requifes field data collection of
utility information using photogrammetry. A Geographical Information System
(GIS) is also required to store and organize the utility information, so that

accurate subsurface asset management can be achieved by municipal engineers.



1.3  Motivation

- The state of municipal infrastructure is a popular topic around the globe in the
21st century. Many of the developed countries are facing critical infrastructure
problems in the upcoming twenty years, and most of those countries want to
take a pro-active approach to ensure that the necessities of life are‘ provided to
their citizens at a minimum financial burden. The problem of deteriorating
municipal infrastructure seems to be common to many countries, and is likely
linked to the development activities that followed the Second World War.
Countries such as Australia, New Zealand, the United Kingdom, the United
States, and Canada all went through an enormous construction boom after the
Second World War. This develdpment spurred on new housing initiatives,
which required more public infrastructure to be constructed. Sixty years later, in
2006, this infrastructure is steadily deteriorating and will shortly come to the end

of its lifecycle, which typically is between 60-100 years.

Countries such as Canada will need to invest billions of dollars} in maintenance,
rehabilitation, and new construction just to keep the level of service at its current
state. In Canada, much of the infrastructure is controlled at the municipal level,
which means that individual municipalities will be responsible for maintaining
much of the public infrastructure in their jurisdictions. This implies that the
large cost of maintaining pui::lic infrastructure will be passed to the tax base of

the municipality.  This requires municipalities to balance a fine line;
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municipalities have a responsibility to maintain the public infrastructure in their
jurisdiction, but they also do not want to financially overburden fheir citizens
(this is often' a finer line if these decisions are made by an elected official).
Currently, many municipalities are ignoring long-term infrastructure .planning,
and are focusing on short term (band-aid)v solutions. This has lead many to
believe that municipalities will not focus on long-term planning unless they are
persuaded to by their constituencies, or are forcedlto do so through provincial or

federal legislation.

This section focuses on three topics that could act as motivators for many
municipalities to change their infrastructure management philosophy from
short-term solutions to long-term planning and investment. Section 1.3.1
illustrates the current state of Canadian infrastructure, and the crossroads that
will be faced in the near future. Section 1.3.2 shows that pubic and worker safety
is compromised when municipalities do not have a clear understanding of where
their underground infrastructure is located, and Section 1.3.3 discusses the
mandatory municipal infrastructure inventory that Ontario’s Bill 175 may

impose.

1.3.1 The State of Canadian Infrastructure

Determining the state of the Canadian municipal infrastructure is a daunting

task and subject to different interpretations of quality indicators (AOLS, 2004).



There are two .popular indicators commonly used when referring to municipal
infrastructure: financial value and condition index. Even within these two
quality indicators, there are discrepancies among reporting agencies on how to
measure the value of infrastructure. For example, the financial value of an
infrastructure asset could be measured in deferred maintenance, or it could be
measured by replacement cost (Vanier anid Rahman, 2004b). Condition indices
for a utility feature could be represented on a scale of 1-5, 1-10, or 1-100. It is for ‘
this reason that there is inconsistency throughout reports on the state of
Canadian infrastructure. Never the less, there have been a few reports that have
been accepted across the municipal sector as accurate representations of the state
of Canadian infrastructure:
e A survey conducted by McGill University states that Canada’s
government infrastructure debt is $125 billion (Mirza and Heider, 2003).
e Statistics Canada states that total expenditures by municipalities exceed
$80 billion a year (Vanier and Danylo, 1998) (a large expenditure
compared to other countries).
e The Canadian Society for Civil Eﬁgineering estimates that $57 billion is
'.needed to bring the current infrastructure ‘up to an acceptable level of
service (CSCE, 2003).
e National Research Council of Canada (NRC) estimates that Canada has a

civil infrastructure portfolio valued at $5.5 trillion (1999 dollars), and



municipal infrastructure comprises 20% of this total (Vanier and
Rahman, 2004b).
All four of these sources essentially convey the same message: the level of service
of municipal infrastructure has been declining over recent years due to aging
infrastructure. There is a present need to invest more money into Canada’s
infrastructure to upgrade the infrastructure system and obtain a satisfactory level
of service. This investment would only apply to the existing municipal

infrastructure.

Another concern for municipalities is the preparation required for long-term
infrastructure planning, especially for the next 20-50 years. This is an essential
task that many municipalities are ignoring. Leo Gohier, a long time municipal
engineer and decision maker for the City of Hamilton, demonstrates the need for

long-term planning by graphically depicting the lifecycle of a utility feature

Rehabilitation Major
Maintenance

Replacement

100 year
Service Life

Installation &
Minor
Maintenance

Figure 1.1 Utility Lifecycle (Gohier,2004)




(Figure 1.1) as well as the proportion of Canadian utility features in each of the
lifecycle stages (Figure 1.2). As seen in Figure 1.1, a utility feature will go
through four stages in its lifecycle. The service life of the utility feature
commences once the utility feature is installed, and within the first 25% of its
service life it will undergo minor maintenance. The second stage in the lifecycle
is major maintenance, which occurs somewhere between the ¥4 mark and the %
mark of the lifecycle. The utility feature will then undergo rehabilitation
somewhere between the %2 mark and the % mark of the lifecycle, and when the
feature can no longer provide an acceptable level of service, it will be replaced.
Cost estimates can also be associated with each of the four stages of the lifecycle.
For every dollar spent in minor maintenance, it is estimated that a municipality
will spend four more dollars in major maintenance, $50 in rehabilitation, and
$200 in replacement (Gohier, 2004). Therefore, one can see the importance of
long-term planning to try and achieve a balance between maximizing the level of

service and the service life, while minimizing the cost associated with

maintaining the utility feature.

Based on the financial cost of each lifecycle stage, a Canadian municipal
infrastructure forecast of required financial investment can be generated from
Figure 1.2. In 2005 municipalities spent 26% on minor maintenance, 37% on
major maintenance, 14 % on rehabilitation, and 23% on replacement. This is

equivalent to 5474 investment units (Gohier, 2004), i.e.
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(26 x 1) + (37 x 4) + (14 x 50) + (23 x 200)
If the infrastructure data for 2005 are forecasted 25 years into the future, then the
26% of utility features requiring minor maintenance in 2005 will require major
maintenance in 2030, the 37% of utility features requiring major maintenance in
2005 will require rehabilitation in 2030, and so on. In 2030 and 2055, the
equivalent investment units will total 4777 and 8806, respectively. This implies
that for every dollar spent in maintaining municipal infrastructure in 2005, the

municipality will require 1.6 times that value (in 2005 dollars) in the year 2055.

2005 2030 2055

~
7

Minor
Maintenance

Major
Maintenance

Rehabilitation

Replacement

Figure 1.2. Proportion of Infrastructure within Lifecycle Stages

The current state of Canadian infrastructure may not be at peak performance, but
it is meeting the needs of Canadians. If municipalities and the public do not
soon recognize that, in the next 50 years, the majority of public infrastructure will
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be in the rehabilitation and replacement stages of its lifecycle, the needs of
Canadians may not be met. Also, if municipalities do not soon realize that there
is currently an infrastructure deficit, and if unabated will continue to grow, they
will find themselves unable to be proactive in their municipal investments and
instead will be forced into a reactive solution (i.e. invest in short-term “band-aid”
solutions). The level of service will continue to decline to a point where it will be
below adequate levels, and the public infrastructure will not meet the needs of
the Canadian citizens. These two municipal infrastructure concerns should act
as motivators for municipalities to adopt long-term infrastructure planning

policies.

1.3.2 Public and Worker Safety

Another topic that municipalities should have regard for is public and worker
safety on infrastructure construction projects, specifically sub-surface
construction projects.  Public and worker safety is jeopardized when
municipalities do not have an accurate record of the location and condition of
subsurface infrastructure. Unfortunately, this scenario is well documented with
tragic results. A report from North Carolina State University states that there is
one death per day (globally) due to punctured sub-surface utilities (Bernold,

1994). There have been examples of these tragedies in many countries around

the world.
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On December 22, 1999, all four member of the Findlay family were killed in a gas
explosion in Larkhall, UK. The explosion occurred in a residential area, and was
caused by a leaking gas main located under the Findlay family garden. Transco,
the utility firm responsible for the UK gas network at the time of the explosion,
was finéd £15 million in 2005 for breeching health and safety laws. The court
case centered around the maintenance, repair, and record keeping procedures of
Transco. The prosecution alléged that Transco did not keep proper records of
the gas network, which caused a breakdown in their maintenance and repair
stratégy, and the gas main in the Findlay’s back yard “fell through the cracks”
(BBC News, 2005). Although other utility companies have been fined in the past
in the UK and in other jurisdictions, this case is considered to have set a
precedent for further legal actions against utility companies, with respect to the

financial penalty for their negligent actions.

A gas line explosion occurred in Bergenfield, New Jersey, on December 13, 2005.
Although " the inquiry into the explosion has not officially commenced,
unofficially the explosion was attributed to an excavator puncturing a subsurface
gas main. The explosidn caused smoke to consume an apartment complex
housing thirty families. Three people were killed, and five more were critically
injured. It took 400 firefighters to control the blaze (Underground Focus, 2005).
This is another example of how a lack of reliable subsurface infrastructure

~ records can jeopardize public and worker safety.
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Canada has experianced a couple of tragic subsurface infrastructure accidents
within ;'ecent years. On April 24, 2003 an explosion in Etobicoke (a suburb of
Toronto) claimed the lives of seven people. The explosién was, once again, the
result of a contractor puncturing a gas main (TSSA, 2003). Charges were laid
against three companies through the Technical Standards and Safety Authority
for digging without determining the exact location of the underground gas line
(TSSA, 2003). Only three days after the Etobicoke explosion, a contractor

punctured a gas main in Windsor, Ontario, resulting in one death and the injury |

of three more individuals (Construction Safety Association of Ontario, 2003).

These are just four incidents from three different countries that exemplify the fact
that public and worker safety is compromised when municipalities ‘do not have
up-to-date composite utility maps that indicate Whére subsurface infrastructure
is located. For a somewhat exhaustive list of incidents within North America, see
the Accident Bulletin in Undergr;ound Focus (2005).. These incidents should
prompt mﬁm’cipalities to take a pro-aﬁtive approach in creating an information
system that is comprised of all public infrastructure, which would assist in

creating long-term municipal infrastructure planning.
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1.3.3. Ontario Bill 175

The third, and ultimate, driver for municipalities to implemént long-term
infrastructure planning is legislation. One such piece of legislation is Ontario Bill
175. This Bill was created in 2002 and passed its first, second, and third reading
in the same year. It was given ro§7al assent in December 2002, when it was
‘subject to the creation of an expert panel to look further into some of the key
topics within the Bill, such as regulation, funding, and rates. The expert panel
released its recommendations within a document titled ’Wétertight: The Case for

Change in Ontario’s Water and Wastewater Sector’ (2005). This Bill currently

resides at the royal assent stage, and has not been passed as law.

Bill 175 was drafted in an éttempt to minimize the chance that a water tragedy,
such as Walkerton 2000, would occur. The Bill would establish a new Act
entitled the Sustainable Water and Sewage Systems Act, R.S.0. 2002 aimed at
municipalities within the province. This Act would mandate municipalities to
Prepare a report concerning the provision of water and wastewater services.
Within that report, municipalities ‘would include an invehtory of water and
wastewater infrastructure and the full cost of providing those services. The
report would also contain a cost recovery plaﬁ that would stipulate how the

municipality intends to recover the cost of providing the water and wastewater

services.
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Although Bill 175 is directed at municipal asset managers, an integral part of this
Bill is the creation and maintenance of a water and wastewater inventory. In
Section 2 of this thesis, it will be shown that the first step in long-term
infrastructure planning is tﬁe creation of an (georeferenced) infrastructure
inventory recording the location, condition, and estimated replacement value of
each municipal asset.. Bill 175 would mandate municipalities to take the first step

in long-term infrastructure planning by creating an infrastructure inventory.

16



CHAPTER 2

BACKGROUND INFORMATION

“We know in our hearts that we are in the world for keeps; yet we are still tracking 20-
year problems with 5 year plans, staffed by 2-year personnel working with 1-year
appropriations. It’s simply not good enough.” :

Harland Cleveland
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Chapter 2 ' Background Information

21  Subsurface Infrastructure Initiatives

Municipal infrastructure, specifically §ubsurface municipal infrastructure, has
been a contentious topic for municipalities, public uﬁlity companies, and various
other infrastructure stakeholders. Many key stakeholders, including
municipalities, are awakening to the fact that the subsurface infrastructure
networks are steadily deteriorating and will require massive amounts of
rehabilitation and replacement over the next 20-50 years. This has spurred 'many
organizations to research and develop strategic plans to assist them through the
upcoming infrastructure renewal period. Much of this strategic planning is
coming from a national level. There are also provincial organizations involved in
infrastructure management, but as Section 2.1.2 will demonstrate, most
provincial organizations are focusing on the health and safety concerns
surrounding subsurface infrastructure construction. The municipél level of
government is the front line on infrastructure renewal. Municipalities are faced
with a unique set of challenges, such as record keeping procedures, maintenance
strategies, data standards, and so on. Municipalities are focusing their efforts on
creating efficient logistic processes that will allow them to be successful in being
front line champions in the upcoming infrastructure renewal period. Section
2.1.1 will list and elaborate on some of the national infrastructure initiatives,
.Whjle Section 2.1.2 and Section 2.1.3 will illustrate some of the infrastructure

initiatives at the provincial and municipal political levels respectively.
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Chapter 2 A Background Information

21.1 National Subsurface Infrastructure Initiatives

As previously mentioned, many national organizations that interact with
municipai infrastructure are developing strategies to help Canadian
municipalities deal with the upcoming infrastructure renewal period. There are
three key initiatives that have a major role in shaping the future for municipal
subsurface infrastructure: 1) Infrastructure Canada, 2) the National Guide to

Sustainable Municipal Infrastructure, and 3) the Technology Road Map.

2111 Inffastructure Canada

The importance of implementing a strategic plan that assists Canadian
municipaliﬁes has been realized .by many key municipal infrastructure
stakeholders, including the federal government. It is for this reason that
Infrastructure Canada was created in Augusf 2002. Its mandate is to create a
focal point for the Government of Canada for infrastructure issues and programs
(Infrastructure Canada, 2005). Infrastructure Canada is comprised of a number
of different programs including research and technology innovafi'on; financial
partnerships with municipalities for infrastructure projects that contribute to
furthering the quality of life for Canadians; and investments in infrastructure
management solufions. Infrastructure Canada has dedicated $7.5 billion over the
next five years to assist municipalities on infrastructure projects, and annually '
spends arouhd $7 million on reéearch projects centered on Canadian

infrastructure.
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Chapter 2 Background Information

2.1.1.2 National Guide to Sustainable Municipal Infrastructure
The National Guide to Sustainable Municipal Infrastructure is better known as
InfraGuide. This project was funded through Infrastructure Canada and was
managed by the Federation of Canadian Municipalities and the Nationai
Research Council (Vanier and Rahman, 2004a). Their mandate is to create best
practices that support sustainable municipal infrastructure decisions that
enhances the quality of life for Canadians (InfraGuide, 2003d). Currently,
InfraGuide contains best practices for six areas of municipal infrastructure:

e Environmental Protocols |

e Municipal Roads and Sidewalks

e Decision-making and Investment Planning

e Multidiscipline

e Portable Water

e Storm and Wastewater

With respect to subsurface municipal infrastructure, there are three areas of
iﬁterest within InfraGuide: ~ Storm and Wastewater; Decision-making and
Investment Planning; and Multidiscipline. These three areas are furthef utilized
in Section 4.4 of this thesis for creating and implementing data models for

underground utility information.
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Chapter 2 Background Information

'2.1.1.3 The Technology Road Map (TRM)

One of the most comprehensive and thorough infrastructure initiatives to date is
the Technology Road Map (TRM). The TRM was completed in 2003 and
provides easily comprehendible goals, objectives, and recommendations for
infrastructure stakeholders. The TRM was a joint initiative among the Canadian
Council of Professidhal Engineers, the Canadian Public Works Association, the
Canadian Society for Civil ﬁngineering, and the National Research Council of
Canada (Vanier and Rahman, 2004a). The TRM has four goals (TRM, 2003):

e To promote and build support for an ongoing, long-term, holistic
investment in the innovative technologies needed to renew and enhance
Canada's Civil Infrastructure Systems (CIS),

e To adopt the TRM Aas a blueprint for the renewal and enhancement of
Canada’s CIS, |

e To develop a nationally-shared vision among all partners,

¢ To develop a realistic and exhaustive analysis of the state of CIS, as driven
by construction inciustry needs; and to increase research and
development.

To accomplish these goals, the steering commitfee developed a two phase
methodology. The firét phase of‘that methodology involved identifying and
approaching key infrastructure champions from a variety of stakeholder groups
to providé input on how to accomplish the pre-defined goals. These individuals

were from municipalities, research organizations, private engineering
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companies, public utility companies, universities, etc. A complete list of the

expert panel assembled can be found on page six of the TRM.

The second phase of the methodology involved community meetings across
Cénada to solicit input from the public. These community meetings were held in
Waterloo ON, Regina SK, Vancouver BC, Longueuil QC, and Halifax NS (TRM,
2003). From the community meeting discussions, and from the advice of the
expert panel, a list of ten objectives for the upcoming decade was identified. Of
those objectives, three are applicable to this thesis:
* Develop a reliable and accessible inventory of Canada’s infrastructure,
including location, condition and valuation.
* Increase the diversity of, and access to, technologies for the design,
construction, maintenance and rehabilitation of infrastructure.
* Ensure that educational, training, and public outreach programs meet
the needs of the industry.
Section 3.1 of this thesis will demonstrafe that the focus of this thesis project is

congruent with these three objectives of the TRM.

2.1.2 Provincial Subsurface Infrastructure Initiatives
Many provinces within Canada have been pro-active in planning for the
infrastructure renewal period that is envisioned. Three provincial leaders in this

endeavor are Alberta, Quebec, and Ontario. Within the province of Ontario, two
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subsurface initiatives are on-going. The Ontario Regional Common Ground
Alliance (ORCGA) commenced in 2003 and the Association of Ontario Land

Surveyors Underground Utilities Committee (AOLSUUC) began in 2004.

2.1.2.1 The Ontario Regional Common Ground Alliance (ORCGA)
In 1997 the members of Ontario One Call formed the Ontario Damage Prevention
Committee. This organization consisted of representatives from utility éwners
and locating organizations. The purpose of the Ontario Damage Prevention
Committee was to analyze underground utility data and promote the “call before
you dig” initiative. Around the same time, the Technical Safety and Standards
Association developed a Third Party Damage Prevention Task Force to evaluate
damage to the underground pipeline plant. Eventually these two initiatives
amalgamated and became the ORCGA in April 2003 (a subsidiary of the
Common Ground Alliance within the United States). The mandate of the
ORCGA is to develop best practices for the following interest areas pertaining to
subsurface practices (ORCGA, 2004):

¢ Planning and Design

e Ontario One-céll

| Locaﬁng and Marking

e [Excavation

* Mapping

e Compliance
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e Public Education

e Reporting and Evaluation
There were two interest areas that were applicable to this project: Planning and
Design, and Mapping. Both aspects were investigated within the course of this

thesis project.

2.1.2.2 Association of Ontario Land Survéyors Underground Utility Committee
The AOLSUUC was started in September 2004, as a result of two concerns raised
by the membership. The first concern was that subsurface utilities were
encroaching on the boundaries of right-of-ways and onto private property. This
presents a public and worker safety hazard since surveyors are required to place
iron bars at the intersection of property lines. If an underground utility has
encroached over the right-of-way boundary, the scenario exists that surveyors
could be driving a steel bar into a utility, causing, for example, a gas explosion, a
water or sewer line break, or disrupting telecommunication lines. A proposed
solution for this problem is an amendment to Ontario Regulation 525/91, which
dictates the compliant survey monumentation for boundary surveys. Another
solution would be a boundary stakeout before the subsﬁrface utility is

constructed. Both of these solutions are currently being explored and developed.

The second concern that the AOLS membership has with respect to subsurface

infrastructure is the information collection processes that municipalities are

24



Chapter 2 Background Information

using to gather spatial information on underground‘ utility features. The AOLS
is comprised of geospatial information ekperts. Land surveyors are proficient at
using a variety of tools to accurately measure the location of underground
infrastructure. Such tools include total stations, Global Positioning Systems
(GPS), and photogrammetric systems. Geomatic professionals are also proficient
at managing geospatial information by means of Geographic Information
Systems (GIS). Accufate use of these technologies requires much skill, and the
membership of the AOLS is concerned that utility stakeholders are using these
tools without the required background knowledge. The AOLSUUC is currently
looking to partner with other municipal organizations and aid municipalities in
gathering and managing accurate spatial information related to subsurface

infrastructure.

2.1.3 Municipal Subsurface Infrastructure Initiatives

As previously mentioned, municipalities are on the front line of subsurface
infrastructure construction and renewal. Municipalities have a different point of
view as compared to those of the natiér;al and provincial subsurface initiatives.
Although municipalities are concerned about the state of Canadian infrastructure
and worker and public safety on subsurface constriction sites, municipal
subsurface initiatives tend to focus on developing efficient anc'! logical‘processes
to aid in infrastructure management. Such processes include effective record
| keeping, maintenance procedures, and data standards. There are two municipal
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initiatives that relate to this thesis: the Municipal Infrastructure Investment
Planning (MIIP) and the Regional Public Works Commissioners of Ontario

Utility Data Standards Task Force (RPWCO)

2.1.3.1 Municipal Infrastructure Investment Planning

MIIP was started in June 2003 by the National Research Council of Canada
(NRC). It is comprised of a handful of individuals lead by Dr. Dana Vanier.
NRC has partnered with a number of medium and large municipalities across
- Canada to identify, evaluate and develop tools, procedures, and practices that
will help infrastructure managers make strategic and cost-effective planning and

management decisions (MIIP, 2005b). Their scope of work includes four topics:

e survey the stéte of asset management in Canada and identify existing
tools and techniques used to plan, prioritize and schedule maintenance
and construction,

e compare, evaluate, and carry out field trials pf those tools and techniques
using criteria established by experts,

e research decision support software (DSS),

e build, test and validate a prototype DSS with consortium partners.

MIIP expects to have a number of deliverables including manuals to help
municipalities make informed decisions about their (subsurface) infrastructure,
and decision-support tools to further assist municipal decision makers.
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21.3.2 Regional Public Works Commissioners of Ontario Utility Data

Standards Task Force (RPWCO)

The most recent subsurface infrastructure initiative commenced in June 2005
when the RPWCO developed a utility standards task force. The RPWCO is
comprised of 17 medium and large municipalities across Ontario representing all |
geographic regions of the province. The mission of this task force is to create
utility data standards that improve the efficiency and safety of road and utility
construction (Kowalenko, 2005). The taskforce expects this initiative to be

completed through the following three objectives:

e To mandate municipalities to ascertain reliable as-built drawings for

 their underground plant,
e To implement electronic plan submissions to a utility database,

‘e To establish data standards for planned construction activities.
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2.2  AnIntroduction to Asset Management

Much of the discussion so far has emphasized the need for municipalities to
employ long (and short) term planning for their subsurface infrastructure. A
more common term that describes infrastructure planning is asset management.
Asset management, as described by InfraGuide (2003c), is a comprehensive
business strategy employing people, information, and technblogy to effectively
and efficiently allocate available funds amongst valid and competing asset needs.
InfraGuide also presents a simplified definition of asset management as
spending the right amount of money, on the right things, at the right time
(InfraGuide, 2003a). In the authors’ own words, subsurface asset management is
maximizing the service life, while minimizing the operating cost, of an

underground asset.

Asset management is an old concept and haé been around since municipalities
have existed. But, most often, asset management has been an intuitive process
by municipal decision makers. Recently, there has been considerable effort to
streamline the asset management process, since it is a large and difficult task
with many unforeseeable constraints that sometimes hinder décision makers’
judgments. Two such efforts have made a significant impact on how
municipalities manage their subsurface infrastructure. Section 2.2.1 will provide
a description of the asset management methodology developed by InfraGuide;
Section 2.2.2 will summarize the asset management procedures that have risen
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out of the MIIP initiative; and Section 2.2.3 will compare the two methodologies

and provide a few summary comments.
2.2.1 InfraGuides Asset Management Methodology

The InfraGuide was created by a large expert panelithat represented most of the
municipal infrastructure stakeholders. One of the six municipal categories that
InfraGuide provides best pra;ﬁces for is called Multidiscipline, which addresses
utility data, asset management, and recoveringlwater and sewer costs. Within
that category there is a white paper entiﬂed “An Integrated Approach to
Assessment and Evaluation of Municipal Roads, Sewers, and Water Networks”
(InfraGuide, 2003a). It is within this white paper that InfraGuide poses a
methodology that municipalities can use to perform asset management on their
road, sewer, and water networks. The InfraGuide encourages managerial
integration between the three networks, since they are dependent on each other
with respect to maintenance. In other words, you cannot maintain the sewer or
the water network without working (and, therefore, performing some
maintenance) on the road network. It is for this reason that the three networks
should be managed together, thereby increasing the managerial efficiency. It is
also important to recognize that InfraGuide solely focuses on linear and point
features within the road, namely sewer and water networks. There is no
consideration given to features such as water treatment plants, transportation
yards, etc.
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Figure 2.1. InfraGuide Asset Management
Methodology (Newton and Vanier, 2004)

Background Information

The InfraGuide asset

management methodology can

be divided into five

components as shown in
Figure 2.1. The first task is to

create an inventory of the

subsurface infrastructure,
recording the location,
physical, and temporal

attributes of each asset. The
inventory task coincides with

the principal objective of this

thesis. InfraGuide has also
published a white paper
entitled Best Practices for

Utility-Based Data (2003b) that

identifies the physical attributes that should be collected. InfraGuide also

provides other best practices about generating a subsurface inventory

infrastructure (InfraGuide, 2003a):

Use a documented data model,
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e Use standard data collection methods, data units, and location

referencing,
e Use relational databases for easy querying,

e Cross-reference information tables with each other and with other

databases.

The second task suggested in the InfraGuide asset management methodology is
an investigation of the inventory. This investigation identifies the critical
components of the sewer and water networks. An asset can be identified as a
critical component through a number of considerations, including size, age, and
inspection history. For example, trunk sewers are more critical than collector or
local sewers, since they handle a much larger volume of waste. Therefore, the
size (diameter) of the trunk sewer is greater than the collector or local sewers,
and the diameter acts as an indicator of the critical nature of the sewer line. It is
important to identify the critical components of the networks, since critical and
non critical assets are managed differently. The managerial objective of non-
critical assets to minimize the lifecycle costs, while the managerial objective of

critical assets is to minimize the failures of the asset (InfraGuide, 2003a).

The third task involves condition assessments. This task can be divided into two
parts. The first assesses the condition of the individual assets, while the second
uses the individual assessments to generate an overall assessment of a larger area

(i.e., a road segment). The individual condition assessments are done using a
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rating system. There are different rating systems for different assets, but
generally the system will range from 1-5, 1-10, or 1-100, where high numbers
cdrrespond to good asset conditions. There are multiple indicators that can be
used to identify the condition rating for an asset. For the sewer network, the
condition rating depends on the number of structural defects; service defects;
sewer backups; and groundwater infiltration rate (InfraGuide 20035). For the
water network, the condition rating is dependent on the frequency of ®Breaks;
hydraulic capacity; leakage rates; and impaired water quality (InfraGuide,.
2003a). It is important to inspect the sewer and water network assets on a
regular basis, as all subsurface infrastructure will continue to degrade and the
condition rating will drop over time. InfraGuide (2003a) recommends that an
inspection program be created whereby each asset is inspected with a frequency

that is shorter than half of its expected life.

The second component of the condition assessment is using the individual asset
assessments to generate an overall condition assessment for a larger area. A
common practice is to generate an overall assessment for a road segment. The
overall assessment often uses a weighting scheme that is applied to the
inciividual assessments, based on the criticality of the assets. The overall
condition assessments can be ranked, which can form the basis of a subsurface

infrastructure renewal plan.
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The fourth task in the InfraGuide asset management methodology is related to
performance evaluations. This uses the overall condition assessments to
generate a subsurface infrastructure renewal plan. The poor condition
assessments that are near or below the critical level can be identified for renewal
and the necessary funding can be allocated. The remaining condition
assessments can be used to project the required infrastructure renewal work for
the next 50 years. When developing a renewal plan, several scenarios can be
considered to evaluate trade-offs between level of service, annual investment,
and the renewal time frame (InfraGuide 2003a). Renewal plans assist
municipalities in anticipating the needed funding for the infrastructure
construction projects that are on the horizon, and budget accordingly to meet

demands.

"The final task is to use the generated renewal plan and improve the subsurface
infrastructure within the nece'ssarybtimeframes. An economic analysis should be
conducted for each infrastructure renewal project. The purpose of the economic
analysis is to identify all of the renewal alternatives, compare them with respect
to their ‘present worth, and recognize the most cost effective alternative. For
example, if the renewal plan indicates that a sewer line is in need of repair, an
economic a;*lalysis should be used to determine if it is moi'e cost effective to

replace the sewer line, or. to repair structural defects. The economic analysis
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should also account for socio-economic impacts, such as construction delay

times, business activity, and disruption to residences (InfraGuide, 2003a).

2.2.2 Municipal Infrastructure Investment Planning (MIIP) Asset

Management

The MIIP project’s objective is to help infrastructure managers make strategic
and cost-effective planning and management decisions (MIIP, 2005b). Orfe way
that objective is being fulfilled is helping municipalities manage their subsurface
infrastructure by posing six»questior'ls. These six questions undérlie much of the
published work frgrr{ the MIIP project. A graphical representation of these six

questions can be seen in Figure 2.2.

Condition Assessment (CA)
= What is its condition?
= What is the remaining service life?

Basic Inventory I Fully Integrated
= What do you own? n Asset Management
= Whatis it worth? I
L

\J

| No AMS |

" Mature AMS

----,..>"'—

Maintenance Management System (MMS) l
= Whatis the deferred maintenance?

v

Strategic Asset Management
= What will you fix/replace first?

Figure 2.2. MIIP Asset Management Methodology (Newton and Vanier, 2004)
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The first question that municipal decision makers should answer is, “What do I
own?” To answer this question an inventory of subsurface infrastructure is
needed. The inventory should contain asset classification, enumeration, and

description (Vanier and Rahman, 2004a).

The second question that decision makers should answer is, “What is it worth?”
This question refers to the inventory of assets that were generated as a result of
the first question. There are multiple methods for determining the worth of an
asset. A popular representation of asset worth is the historical value. This value
is deterrrﬁned from a “look-up” table of municipal assets. A variant of the
historical value is the appreciated historical value, where historical values are
brought to a current worth using construction multipliers. The appreciated
historical value incorporates inflation and deflation.  Another popular
representation of the worth of an asset is the current replacement, which is the
cost of replacing the asset (at present day costs). For a further .description of

validating assets, see Vanier and Rahman (2004a).

The third question posed to municipal decision makers should be, “What is the
deferred maintenance?” Deferred maintenance is the cost of maintenance that
has been postponed for future action that would bring the asset to its original
potential. An implication is that subsurface infrastructure is continuously

deteriorating. Therefore, the deferred maintenance should continually increase
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until the asset undergoes renewal, and is brought back to its original state (or as

close as possible to its original state).

The fourth question asks, “What is the condition?” Again, this question is with
respect to the condition of the individual assets. There are two ways this
question can be answered. The first is a subjective method, where the onus is on
the subsurface inspector to judge the condition of the asset. There are numerous
methods and scales for subjectively determining the condition of an asset.
Typically these scales range from 1-5, 1-10, or 1-100. The second method for
identifying the condition of an asset is through engineering calculations, such as
the hydraulic flow of a pipe. The condition assessment generated from either the
subjective method or engineering calculations should be weighted with respect
to the significance of that asset within the network. This ensures that a water

main for a street has a higher priority than a lateral service connection.

The next question asks, “What is the remaining service life?” This is a difficult
question to answer for subsurface infrastructure because most of the ti'me the
asset in question is not accessible. For surface features, non-destructive testing
could be used to approximate the remaining servicé life, but this is rarely the case
for subsurface infrastructure. The alternative is to model the deterioration of the
asset. This often requires long-term historical data. Vanier and Rahman (2004a)

suggest four modeling methods to identify the remaining service life:
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e The factor method,
e Deterministic curves,
¢ Analytical models,

e Probabilistic models.

It is necessary to acquire background information on determining the remaining
service life of an asset, but the deterioration modeling process is out of the scope

of this thesis.

| The final question that municipal decision makers should answer is, “What do I
fix first?” There are a number of criteria that can be used to answer this question.
The first criterion is to rely on the expert knowledge within the municipality, or
to acquire the expert knowledge from outside consultants. The second criterion
that could be used is the age of the asset, but this is often a poor choice. The age
of an asset does not prévide any indication of the level of importance that the
asset holds within the network. To overcome this problem, the condition of an
asset could be used to decide what should be fixed first. This presénts another
problem since differént assets are assessed using different scales. This can often
lead to skewed results. Perhaps the best solution for determining what should
be fixed: first is using all of the criteria. A weighted factor method could be

employed that takes into account the age, the condition, and expert knowledge.
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For an in-depth analysis of the weighted factor method see Vanier and Rahman

(2004a).
2.2.3 Asset Management Summary

Presented in this introduction to asset management were the methodologies of
two different authoritative asset management organizations: InfraGuide and
MIIP. When the graphical representations of the two methodologies* are
compared, as seen in Figure 2.5, one can see that they are strikingly similar. This
provides a high level of confidence that the published work from InfraGuide and
MIIP is correct, and that it can be successfully implemented by municipalities to

improve asset management practices.

Both methodologies commence by creating an inventory of the subsurface
infrastructure. The inventories should contain the location, the physical
properties, and the value of the asset. It is only within the second step of the two
methodologies where differences occur. InfraGuide suggests an investigation of
the network to determine the assets that are critical to that network. MIIP states
that the second task should be determining the deferred maintenance of eech
asset, although MIIP does allocate the importance of each asset in the following
steps. The third task in both methodologies is to determine the condition of the
individual assets, as well as the overall condition of larger areas (typically road

segments).. The fourth task is to identify the remaining service lives of the assets,
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rank the road segments according to their remaining service life (or performance
score), and ascertain which road segments are in critical need of renewal. The
final task in both the InfraGuide and MIIP asset management methodologies is to |
use the road segment ranking and develop an infrastructure renewal plan for the

next 20-50 years.
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23  Subsurface Mapping Techniques

To complete the first task of the asset management methodologies put forth by
InfraGuide and MIIP, mapping techniques are needed to determine the location
~ of subsurface infrastructure. There are a variety of mapping technologies
available for municipalities to use for this task. The different mapping
téchnologies can be compared to the analogy of tools in a toolbox. The type of

mapping device required by municipalities will vary as the circumstances vary.

There are six mapping techniques that municipalities commonly use, ranging
from easy-to-use, low sophistication techniques, to complex technologies

requiring a high level of technical skill:

¢ Rod and chain

e Stand-alone GPS

e Reference station GPS

¢ Conventional surveying

e Ground Penetrating Radar (GPR)

o The Subsurface Utility Engineering Process (SUE)

A summary of each subsurface mapping technology is below. Each technology
is evaluated with respect to common mapping 'quality indicators, such as

~ accuracy, data collection time, post-processing time, and hardware costs.
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2.3.1 Rod and Chain

The throwback term rod and chain refers to the use of an automatic level (and
rod) and a survey grade measuring tape (which feplaced the survey chain used
in the first half of the 20th century). The automatic level and the survey tape were
the primary tools used to measure horizontal and vertical distances until
Electronic Distance Measurement (EDM) and total stations became customary in
1975 and 1980 respectively. The earliest subsurface infrastructure in Canada was °
constructed in the 1850s, implying that the rod and chain mapping technique has
been used for 100 plus years to delineate underground utilitiés. Automafic levels
and cloth tapes are still popular tools for utility inspeétors to verify (and map)

the location of underground infrastructure.

The rod and chain method has a high level of accuracy, since horizontal and
vertical measurements are typically accurate to the nearest centimeter. The data
collection time and the post-processing time are fairly short, provided there is a
Bench Mark (BM) on site. To measure all of the horizontal and vertical distances-
on a subsurface construction site that contained 10 utilities may take half an
hour, and to post-process the level notes would take an additional 15 minutes.
The hardware costs for the rod and chain are minimal. An automatic level and

rod can be purchased for $500 and a cloth tape can be bought at a hardware store

for $15.
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The significant downfall of the rod and chain method is its inability to
georeference the subsurfacé utilities to a common reference system. Typically
horizontal (and sometimes vertical) distances are measured from an arbitrary
reference point. This could be the edge of curb, a light standard, or the centerline
of the road. The delinéation of the subsurface infrastructure relies on the
reference points of the measurements. If the road is widened, then the edge of
cﬁrb will change, the light standards moved, and the centerline of the road may
be re-aligned. The conSeqﬁence of these road Ehanges is that the reference points
of the horizontal and vertical measurements no longer exist and .it becomes
exceedingly difficult to retrace the buried infrastructure. It is for this reason that
the rod and chain mapping technique should be applicable for site surveys only,
and that a mapping technique that provides georeferencing should be used to

generate municipal subsurface inventories.

2.3.2 Stand-alone GPS

Stand-alone GPS (also known as point positioning) is one of the many different
types of GPS technologies available, and is considered to be the most
fundamental of all GPS technologies. Other types include relative positioning,
static positioning, fast static, stop-and-go, real-time kinematic, and real-time
differential GPS. The different types of GPS technologies are all slight variations
of the same concept; GPS satellites orbiting the earth transmit a GPS signal to a
~ receiver(s) on the earth’s surface that allows a three-dimgnsional position to be
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computed. This process is susceptible to errors and perturbations. For further
information on the different types of GPS technologies and the errors associated

with the each type, see El-Rabbanny (2002) and Leick (2004).

Stand-alone GPS involves the use of a single GPS receiver on the ground surface
and at least four orbital satellites. Since stand-alone GPS only uses a single
receiver, it is the least accurate GPS technology with a horizbntal accuracy Qf 22
meters. This accuracy can be increased to sub-meter with the addition of
broadcast corrections, such as the Wide Area Augmentation System (WAAS).
Municipalities are very attracted to this technology due to the .sir‘rlplicity, low
cost, and user-friendliness of a single GPS receiver. A ‘stand-alone GPS receiver
can be purchased for $300 and the data collection time is very low with an
average of 30 seconds to one minute per feature. There is no post-processing

time, which enhances the simplicity of the technology.

The hindrance of stand-alone GPS with respect to mapping subsurface
infrastructure is the sub-meter accuracy. For municipal surface featﬁres an
accuracy of one meter may be adequate, but it is the author’s view that sub-
surface features should be mapped with an accuracy of + 30 centimeters, and it is

for this reason that stand-alone GPS is not an adequate mapping technique for

subsurface infrastructure.
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2.3.3 Reference Station GPS

Another GPS technology that is becoming increasingly popular with
municipalities is GPS using a reference station. This is also known as Real-Time
Kinematic (RTK) GPS surveying. The concept of RTK surveying is that two GPS
receivers accept the GPS signals from the same orbital satellites. The reference
GPS receiver occupies a known position on the earth’s surface. This allows the
reference GPS receiver to calculate a position based on the GPS signals, and
compare it against the known position. The difference between the two values
can be broadcast through a radio link to the rover receiver. The rover receiver
occupies a feature of interest with an unknown position, such as an exposed
subsurface utility, and can also calculate a position based on the GPS signals.
The broadcast correction can be applied to the rover’s position to determine a

three-dimensional coordinate with an accuracy of 2-5 centimeters.

The data collection time for this GPS method is also attractive since a subsurface
construction site with ten features could be surveyed in half an hour or less.
There is no post-processing time in RTK surveying and the hardware cost of a

RTK GPs system that utilizes a reference station is approximately $32,000.
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Figure 2.4. Southern Ontario Reference Stations
The drawback of reference station GPS is that a reference station is required.
Reference stations are common in large municipalities, but there are many areas
where reference station service is not available. Figure 2.4 depicts the locations
of reference stations within southern Ontario. This limitation is constantly being
reduced as more and more reference stations are being constructed in urban
areas. This trend is expected to continue as the importance of geospatial

information is recognized by more and more industries.
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2.3.4 Conventional Surveying

A popular data collection method for many municipalities is conventional
surveying with total stations. This is considered one of the traditional mapping
techniques as it has. been utilized by municipalities for err 25 years.
Conventional surveying will provide the necessary subsurface mapping

accuracy, as horizontal and vertical distances can be measured to the nearest

millimeter.

Although this method does provide i'equired accuracies for collecting
underground utility information, there are several disadvantages. .The first is
that conventional surveying can be very time consuming, dependent on the
location of control points. If there-are. no control points on the subsurface
construction site, then control has to be traversed onto the site, which increases
the length and cost i)f the construction project. In this situation, a ten feature
subsurface survey could take half a day. Conversely, if there is control on site,
the same surirey would iake half an hour. Another disadvantage of conventional
surveying is thé processing of the collected observations. In general, for every
hour spent collecting the data,'an additional hour is needed to process it. Finally,
the cost of the equipment is a deterrent to the use of conventional survéying. The
equipment required for cbnventional surveying could cost upwards of $40,000.

For many yeafs conventional surveying was the only method of collecting
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georeferenced spatial information of subsurface infrastructure, but technological
advancements of other mapping techniques have rendered conventional
surveying almost obsolete. Therefore, municipalities should strive to break-
away from conventional surveying methods, and explore other current mapping

techniques as an alternative.

2.3.5 Ground Penetrating Radar (GPR)

Another method for mapping underground utilities is using a multi-channel
ground penetrating imaging radar system (Eide and Hjelmastad, 2002; Birken et
al, 2002). This system can be pulled on a road at a speed of 1 km/h by a vehicle,
or can be manually operated for off-road situations. The system inas the
capability to map a swath of two meters wide by emitting and receiving a wide
bandwidth (100 MHz - 1.6 GHz) signal. A total of nine transmitters and eight
receivers permit the mapping of shallow ground features (2-3 meters in depth).
A laser theodolite is used to track the position of the moving ground penetraﬁng
system. The information is processed by means of filtering, resampling, source
deconvolution, and amplitude equalization between each anterlma, and then the
swaths can be stitched together to create a three-dimeénsional model of the
utilities beneath the pavement. All processing is done on site and additional

post-processing is not required in most circumstances.

48



Chapter 2 Background Information

There are a number of advantages and disadvantages of this method. The spatial
resolution of the imagery is sub-meter level, which provides semi-accurate
locations of utilities. The ground penetrating radar can also map the soil type
underneath the roadbed, and it is possible to determine asphalt thickness and
~ condition from the imagery. The major disadvantages of this method are the
expense and the speed. Since the system can only travel at a speed of 1 km/h,
the amount of time needed to collect the underground utility information is
enormous. For a ten feature subsurface survey, the data collection time would be
around half a day. For smaller projects, the cost of ground penetrating imagery

would outweigh the benefits. The cost of a typical GPR unit is around $30,000.

25.6 The Subsurface Utility Engineering Process (SUE)
The final, and one of the more popular methods for mapping underground
utilities, is the subsurface utility engineering (SUE) process. James Noone

outlined this process (1997):

J Record Research,

. Electronic Utility'Line Location,

. Non-destructive Air-Vacuum Excavation,
. Data Collection and Processing.

The first step'is to assemble all available existing information. Both

municipalities and individual utility companies will have utility information.
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Chapter 2 Background Information

These sources can be compiled, and the information referenced to the project
control. The second step is to usé geophysical instruments to determine the
horizontal location of the buried utilities. These instruments include
electromagnetic line locators, radio frequency line locators, magnetic locators,
ground probing radars, and acoustic location methods. Non—de'structive. air-
vacuum excavation can be used to precisely determine the horizontal and
positional location of the utilities. All of the information can be collecte.d and

processed by creating a utility map that will assist anyone who conducts

underground construction in the mapped area.

There are many benefits to the SUE approach, which include mapping accuracy.
The non-destructive vacuum excavation can allow the underground plant to be
mapped to the nearest centimeter. A by-product of SUE is that soil samples can
be taken duringr the non-destructive air-vacuum excavation stage. This provides
additional information for the geotechnical engineers. There are numerous
reports that outline the benefit/cost relationship between SUE and constfuction
projects, but the general benefit/ cost ratio is 4:1, meaning for every dollar spent
on SUE, a savings of $4 will occur for the overall construction cost (Lew, 1996).
Despite the apparent cost effectiveness of SUE,‘the process is very expensive. It
costs approximately $1 per linear foot to accurately map underground utilities,
and to perform non-destructive air-vacuum excavation, a borehole costs $1000.

The cost of a vacuum truck ranges upwards from $90,000.
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2.3.7 Subsurface Infrastructure Mapping Techniques Summary

Presented within Section 2.3 were six mapping techniques that have been used in
the past, or are currently being used by municipalities to map subsurface
infrastructure. Each mapping technique was compared against four mapping
quality indicators including accuracy, data collection time, post-processing time,
and hardware cost. The quality indicators for the six mapping techniques are

summarized in Table 2.1.

Table 2.1. Subsurface Mapping Technoques Quality Indicators

Rod & GPS GPS Conventional GPR SUE
Chain (stand- (reference- | Surveying
alone) station)
Geospatial N/A 1.0 0.03 0.01 1.0 0.01
Accuracy
(m)
Data 0.5 0.1 0.5 0.5 4 8
Collection
Time
(hour)
Hardware $515 $300 $32 000 $40 000 $30 000 $90 000
Cost
Post Yes No No Yes No No
Processing

A clearer comparison between the six techniques may be seen in graphical form,
as shown in Figure 2.5, where the accuracy of the mapping technique is
represented on the y-axis, the cost of the technology is represented on the x-axis,
and the data collection time is represented by the size of the bubble. The most
cost effective mapping techniques that provide adequate accuracy results and

low data collection time should be located close to the vertex of Figure 2.5.
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Subsurface Mapping Technologies

1.0

0.8 GPS (SA)
' ® GPS (RS)

0.6 : , s

0.4 = ®GPR
‘@ SUE

0.2 — = sola ; . SHs [

0 2 40 60 80 100

Cost ($1000)

Figure 2.5. Subsurface Mapping Techniques Comparison

The investigation of mapping techniques, along with the introduction to asset

management presented in this chapter, forms the basis for the project mandate of

this thesis.
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CHAPTER 3

A PHOTOGRAMMETRIC SOLUTION FOR
MAPPING UNDERGROUND INFRASTRUCTURE

“The challenge facing Canada’s civil infrastructure systems is significant. It
requires a national action plan and a common national vision. Collectively, the
civil infrastructure system industry has the potential and capability for making a
positive impact on the future. You are invited and encouraged to become a
leader in developing the solution that our community needs.”

Reg Andres - Chair of the Technology Road Map
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Chapter 3 A Photogrammetric Solution for Mapping Underground Infrastructure

The information presented in this thesis thus far clearly illustrates the need to
improve some municipal practices associated with mapping and managing
subsurface infrastructure. This is consistent with many of the viewpoints of the
subsurface infrastructure initiatives listed in Section 2.1. “Leading edge”
municipalities are starting to implement asset management systems, but these
systems rely on information that may be inaccurate or out-of-date. Therefore, the
remainder of this thesis will focus on the creation of an Underground
Infrastructure Mapping System (UIMS) that will assist municipalities in
gathering geospatial and attribute information with a high degree of accuracy.
Section 3.1 outlines the project’s mandate with respect to a few mapping quality
indicators as well as some municipal based gauges. Section 3.2 provides an
overview of the UIMS, depicting both the fundamental components of the UIMS

and the interaction between the program and the operator of the UIMS.

3.1  Project Mandate

There are many subsurface infrastructure stakeholders that contribute to the
overall ﬁrocess of constructing, monitoring, and maintaining the underground
plant. All of these stakeholders must be considered when identifying the
mandate and direction of a project of this nature. Within a municipality, there
are three key stakeholders of subsurface infrastructure: design engineers,
subsurface contractors, and asset managers. The mandate of this project reflects
the desires and needs of these three stakeholders.
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Design engineers primarily use subsurface composite maps to ascertain the
location of existing utilities before designing a new component of the
underground plant, or expanding on the existing underground plant. The level
of geospatial accuracy depends on the speéiﬁc needs of the design engineer, but
usually engineers are content with knowing the location of the underground
utility to the nearest foot (~30cm). This provides a good approximation of the
utility location. If a higher precision is required the design engineer can always
use mapping techniques, such as SUE, to obtain the location of the utility to the
nearest millimeter. It should be noted that the design engineer is not only
concerned about the location of the underground utility, but also specific

attribute information, such as diameter, length, material, and age.

Municipal subsurface contractors are also interested in the location of the
underground infrastrucfure, but for a completely different reason. Public and
worker héglth and safety represent significant concerns within the subsurface
infrastructure industry, and are most often compromised by poor knowledge of
the underground utilities.  Subsurface contractors would like to have
underground composite maps tﬁat can be accessed in the field and that reliably
show the location of the underground plant. The accuracy required by these
contractors is in the neighbourhood of one to two feet(~30-60cm). They do not
require a high level of accuracy, but enough information to know where it is safe
to use an excavator and where they need to hand-dig. Attribute information is a
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secondary concern of subsurface contractors. Attribute information would be
helpful to have, but it does not normally compromise the safety of the subsurface

construction site.

Asset managers require the most extensive information of the three key
stakeholders. Asset managers are interested in the spatial information about the
untlerground plant, but with a very low degree of accuracy. Asset managers are
more concerned with managing bldcks or sections of specific infretstructure
instead of managiﬁg individual utilities. Usually, asset managers will divide,
and manage the underground plant into road sections. It is for this reason that
the spatial accuracy of the individual utilities is not that important for asset
managers. They are usually satisfied if the utility is mapped with an accuracy of
4+ 1 meter. The contrary is true for attribute information. The level of accuracy of
the attribute information must be high for asset managers to adequately carry
out their jobs. There are numerous attribute information requirements, such as
material, size, condition, network affiliation, point identification, historical point
identification, etc., that must be recorded and referenced for each utility feature.
A complete list of attribute information required for the different utility networks

can be found in Section 4.4 of this thesis.

Other influences governed the mandate of this project. One influence was the

comparison of mapping techniques listed in Section 2.3. Figure 2.5 graphically
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illustrates the comparison of the five predominant mapping techniques used by
municipalities. One can see that there appears to be a gap in the data. There are
three mapping techniques that provide very high spatial accuracies (centimeter
level), but the cost of these techniques is also high. There are also two techniques
that provide low mapping accuracies (meter level) and conversely their costs are
also low. It is the author’s perspective that the ideal solution for mapping
subsurface infrastructure should bridge the gap seen in Figure 2.5. Mapping

technology should have a reasonably high level of accuracy, with a minimal cost.

Another influence on the project mandate is the potential requirement of
municipalities to generate subsurface inventories, as stated in Ontario Bill 175. It
is for this reason that the UIMS was designed to facilitate quick data collection
for mapping numerous utility features in a short period of time. In summary, the
project mandate for this thesis is to design and create an Underground
Infrastructure Mapping System that:

e assists design engineers, subsurface contractors, and municipal asset

managers,

e achieves an absolute accuracy of 1-30 cm and a relative accuracy of 1-10
cm, 95% of the time,

 captures the data in 15 minutes or less,

e hasalow cost,
o s “user-friendly” and can be operated with minimal technical skill,
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e transfers the data to various municipal computer applications,

e increases public and worker safety on subsurface construction sites.
The project mandate is comparable to the other mapping techniques previously
discussed as seen in Figure 2.5b. The vertex of the graph represents the idealized
scenario, whereby there is perfect mapping accuracy at no cost. Obviously this
scenario does not exist, but it establishes the objective. Therefore, the closer the
mapping technology comes to the vertex, the better the relationship between the
mapping accuracy and the cost of the technology. As seen in Figure 2.5b, the
project mandate for the UIMS is closer than any other mapping technique, which

sets a lofty objective for this thesis project.

Subsurface Mapping Techniques

42 | aPssA)
e e foes
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Figure 2.5b. UIMS Project Mandate
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3.2  UIMS Information Sequence

The principal objective of the design of the UIMS was to combine the use of
sophisticated hardware and complex mathematical equations with an easy-to-
use interface that requires little technical knowledge to operate. An accurate
analogy for this challenge is that of a GPS receiver. Anyone can purchase and
use a GPS receiver with little technical skill, but very few people know how the
receiver estimates three-dimensional positions. The same principal applies to the
design of the UIMS. The end result of the UIMS is the ability to calculate three-
dimensional positions of utility features without requiring the user to

understand the details of the photogrammetric process.

A visual representation of the UIMS information sequence can be seen in Figure
3.1. This flow diagram starts at the upper left hand corner and can be read
clockwise. There are numerous tasks in this information sequence that involve
both the underlying programs and operator tasks. The dark-shaded shapes
represent tasks where the operator is required to interact with the program,
while the light-shaded shapes represent tasks that will automated by the
program. Since the UIMS is mobile mapping system, a portable platform is
required. The associated software could be run on most Personal Digital
Assistant (PDA) platforms, and is best suited for a tablet PC, since it is larger and
more durable. The tablet used in this project was the Fujitsu Stylist 5000, as seen
in Figure 3.2. The Stylist 5000 was chosen because it is a Microsoft Windows-
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UNDERGROUND INFRASTRUCTURE MAPPING SYSTEM (UIMS) INFORMATION SEQUENCE

Tumon / YES Load GPS
GPS f P | Coordinates Search
Receiver | [ into Search ESM V} .
o "GPS Stream | Program — B L
— Received? Identify Control ]
Load /f’ | : L"“d. R ___ from ESM i
ntersection —
S ghaci » lnpur |
Display | NO P iy Intersection S |
v / rogram \ 7|
\ Capture /./ ;
7 —\ Imagery j¢—
/ Pass [/ \ (multiple) /
‘ / Control / \ ]
1 / / w
| | |
, L ; S S
/ ‘ Download /
Pass / Reconstruction ; . f Camera |
. i /o - Build Input File |
Coordinates Program | \ Imagery and
/ Input File
/ el a2
: i v |
| A -
1 Closed-Form Exterior | \\ Ir;gij /
/ : 7 " — |Orientation Parameter \ M p t /
vy PassIO/& i Estimate \ Przasl;:: /
=5 3 1 Lens \ gr -
Input Attribute | / Distortion | | |
Information | Parameters / + v
o y y . X
/ 4
; ‘ Measure /
j L \ Pixel /,/'
\ Coordinates /
Y - N e e v
! [ Identify the number ‘
Interior P i i age 1 e ”’*7
Municipal S ass | \
SIS i ()””ll_lj::m e <« / Camera ( Identify Input File L \ Rei?::on
Utility e / Focal | Name [
1 Distortion ) | \ \ Program
A T Length
Database LUT | / engt | | \
\ ‘ § " Identify Camera ‘ r
| Input File |

Figure 3.1. UIMS Information Sequence

Figure 3.2. Fujitsu Stylist 5000 Figure 3.3. Garmin GPS 10

based platform that contains 40 GB of hard drive space, and has two essential
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USB connections; one to connect the digital camera and a second to connect a

Bluetooth receiver that accepts the GPS stream from the receiver.

The UIMS process is initialized by the operator in two steps. The first is to turn
on the GPS receiver. The intended type of GPS receiver to be used in this
application is a low-grade, low-accuracy, low-cost receiver. The receiver used in
the UIMS prototype was the Garmin GPS 10, as seen in Figure 3.3. The Garmin

GPS 10 costs $199 CAD and provides an accuracy of 1-5 meters. The purpose of

-} DXFdisplay - . - @

Setting Position GCP Vertex

Load Graph ioom Move |  Point GPS_Online : )
Figure 3.4. ESM Display (Mutual and Gerrard Intersection, Toronto)
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this receiver is to acquire an approximate position of the subsurface construction

sitdor mere retrieval .

The second task required of the operator to initialize the UIMS is to load the
interface that displays the georeferenced database containing the municipality’s

topographic surface

features. Such features
include manholes, catch
basins, fire hydrants,
building outlines, light

standards, etc.  These

georeferenced features

may be used as control

points later in the Figure 3.5. ESM Sample

process.  The City of

Toronto built their georeferenced topographic mapping database using a
softcopy photogrammetric approach. Every two years the City of Toronto
acquires high resolution aerial imagery, and performs a rigorous bundle
adjustment to updatethe Enterprise Stereo Model (ESM). City st aff continuously
maintain the topographic features using maintenance triggers. The topographic
features collected via the ESM were exported as AutoCAD entities and are

shown in Figure 3.4, while a sample of the City’s ESM is shown in Figure 3.5.
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If the GPS signal stream

is received, which is
usually the case, the
mapping coordinates

generated by the GPS
receiver are
automatically passed to,

and centered on, the

ESM-based display. Occasionally the GPS receiver will not pick up the GPS

stream. This is primarily due to tree canopy or the urban canyon effects. In

these instances the operator has the option of inputting the nearest intersection to

the subsurface construction site, which will center the ESM display on the

selected intersection (illustra

GCP Management

ted in Figure 3.6).
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The next step requires the operator of the mapping system to identify the control
features within the ESM that can be used to reference the imagery that is to be
captured. The operator must double-click on the surface feature, provide a point
identification number, and add it to the list of ground control points (GCPs).
This process is shown in Figure 3.7. A minimum of three GCPs are needed to
georeference an image, but it is desirable to acquire as many GCPs as possible to

increase the redundancy of the photogrammetric adjustment.

The next step is capturing multiple images, with a digital camera, that contains

the utility feature(s) of interest,

along with the identified
control points. A mid-to-high
end digital camera is required
for this task. The digital camera
used in this project was the

Nikon Coolpix 8800, as shown

Figure 3.8. Nikon Coolpix 8800 in Figure 3.8. This camera was
chosen for its resolution, aperture setting, and low cost. The Coolpix 8800 has a
maximum resolution of eight mega pixels, which is considered to be mid-to-high

end. The Coolpix 8800 also has four settings to control the exposure of the

image: automatic, shutter priority, aperture priority, and manual. The aperture
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priority is of interest, since there exists a relationship between the aperture
diameter, focal length, and F-stop of the camera:
F-stop = focal length / aperture diameter (3.1)

The Coolpix 8800 allows the user to fix the aperture diameter. If the aperture
diameter is fixed, then the F-stop becomes a function of the focal length of the
camera. The focal length is one of the required camera parameters within the
photogrammetric reconstruction math model, and determining the focal length
prior to the reconstruction is advantageous (as will be shown in Section 4.1). The
final reason why the Nikon Coolpix 8800 was the camera of choice was the cost.
High-end digital cameras can cost as much as $5000 and provide a resolution of
14 mega pixels. Low end digital cameras cost $300 and provide a resolution of 4
mega pixels. The Nikon Coolpix has a mid-to-high range resolution, but the cost

is $1200, which is at the low-end of the digital camera price spectrum.

Once the operator has captured two or three -photos of the subsurface utility
feature with the control points, he or she must download the imagery onto the
tablet PC. With each download, the Coolpix 8800 also downloads a camera
information file that contains pertinent information related to the individual
Photographs. This file is a great source of information, and contains most of the
desired metadata for the photogrammetric reconstruction adjustment. A sample

information file is Figure 3.9.
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SCN0733.JP l:> FILE NAME
CAM . E8800V1.4

METERING : MATRIX
MODE A
: 1/26sec
:F2.9 LUT
- 0.0 :> REFERENCE
: 10.2mm(X1.0) PARAMETERS
: AUTO
SENSITIVITY  :1SO 50
WHITEBAL : AUTO

RPNESS : NORMAL

11.08.2005 14:31 :>

. 3264x2448 EXTRA METADATA
URATION :0

FOCUS AREA :CENTER

Figure 3.9. Camera Information File

After the images and the information file have been downloaded to the tablet
PC, the images should be accessed by the pixel measurement program as seen in
Figure 3.10. The operator must measure the pixel coordinates of the utility
feature(s) and the control points in all of the captured images. Upon the
completion of the pixel measurements, the program will pass that information to
a closed-form exterior orientation parameter estimate, which in turn, uses the

northings, eastings, and elevations of the control points gathered in Figure 3.7.
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Section 4.1 will convey the intricate details of the collinearity equations that are

used in the least squares bundle adjustment, but introductory information is

B8 Reconstruction . e - ; E ﬁ

Measurement Mode:

* Single Point  Polyline © Polygon E—Measumment Delete Ojbect “ Epipolar Lines External Orientation

Figure 3.10. Pixel Measurement Program

required to consider the necessity of a closed-form exterior orientation parameter
estimate. The collinearity equations are non-linear, which requires the use of a
parametric least-squares adjustment. One of the conditions of the non linear
parametric least-squares adjustment is that all of the unknown parameters have
initial approximates. The bundle adjustment used in the UIMS reconstruction
program estimates both the exterior orientation parameters, as well as the values
for the GCPs and the utility feature(s). Initial approximates for the GCPs are

easily determined by using the values provided by the ESM. The initial

67



Chapter 3 A Photogrammetric Solution for Mapping Underground Infrastructure

approximates for the utility features are automatically computed ‘by averaging
the northings, eastings, and elevations of all of the GCPs. This assumes that the
control field consistently surrounds the utility feature. Even if this assumption is
false, the initial approximates of the utility features will still be adequate, since
there is virtually no confidence (weight) in the initial approximates of the utility
feature(s). Therefore, the initial approximates of the utility feature(s) will not
immediately contribute to the adjustment. The determination of the initial
approximates of the exterior orientation parameters (EOP) (i.e., the position and

orientation of the camera) is not as straight forward.

There are numerous types of closed-form exterior orientation parameter
estimates that can be employed to calculate the initial approximates. Two such
estimates were considered for use in the UIMS. The first was a method proposed
by Zeng and Wang (1992), which reconstructs the geometry of the camera station
based on three approximate distances between the camera station and the image
field. The second was the popular Direct Linear Transformation (DLT) method.
This was the method of choice, as indicated by Hu (2005). The DLT is a linear
method that approximates, amongst other parameters, the camera’s position and

orientation angles.

The estimated exterior orientation information is used along with the measured
pixel coordinates and the object-space coordinates to build the input file for the
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1010 1005 100 1.9 -0.2 0
1025 1005 100 1.9 0.4 0

713 3 11243867  1128.407 1011.869 1021.263 109.420
713 4 1155.636 1116164 1012.189 1021.262 109.421
713 5 41257925  934.842 1011.866 1021.310 108.668
713 6 1169175 924.153 1012.189 1021.312 108.670
713 9 -400.903 904.317 1015.305 1022.358 109.417
713 10 -323.410 895.901 1015.626 1022.358 109.419
713 11 -408.109 725.675 1015.308 1022.404 108.665
713 12 -330.439 717.672 1015.628 1022.406 108.666
713 15 493.555 906.897 1018.744 1021.261 109.411
713 16 568.915 897.671 1019.065 1021.264 109.410
713 17 490.769 726.887 1018.745 1021.307 108.658
713 18 566.624 718.466 1019.066 1021.310 108.659
713 47 11298.093  379.804 1011.848 1021.263 106.496
713 48 11207254  371.827 1012.170 1021.257 106.495
714 3 1329344  804.680 1011.869 1021.263 109.420
714 4 1262.689 814915 1012.189 1021.262 109.421
714 5 1329.670  633.358 1011.866 1021.310 108.668
714 6 1262390  642.426 1012.189 1021.312 108.670
714 9 -482.740 825.964 1015305 1022.358 109.417
714 10 412918 836.765 1015.626 1022.358 109.419
714 11 -477.985 655.001 1015.308 1022.404 108.665
714 12 -408.009 665.131 1015.628 1022.406 108.666
714 15 213.880 1046.101 1018.744 1021.261 109.411
714 16 293.690 1059.011 1019.065 1021.264 109.410
714 17 222.309 861.460 1018.745 1021.307 108.658
714 18 302.439 873.304 1019.066 1021.310 108.659
714 47 1357123 141.942 1011.848 1021.263 106.496
714 48 1289.658  148.669 1012.170 1021.257 106.495

Figure 3.11. Sample Bundle Adjustment Input File

least squares bundle adjustment. A sample input file can be seen in Figure 3.11.
The first two to four rows of the input file (depending on the number of images)
will ¢

ontain the initial approximates of the EOP. From left-to-right, each row

contains the approximate of the X-component, Y-component, Z-component,

omega (rotation about the x-axis), phi (rotation about the y-axis), and kappa

(rotation about the z-axis). The remainder of the input file pairs the GCP

coordinates with the measured pixel coordinates for each photo. Column one
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contains the photo number, column two contains the point identification
number, columns three and four contain the x and y components of the
measured pixel coordinates, respectively, and the easting, northing, and

elevation of the GCP comprise columns five through seven, respectively

Concurrent with the building of the input file, the operator of the UIMS can load

the reconstruction program, which calculates the 3D position of the utility

B UImMs BB feature(s). The
Enter One of the Image File Names Enter Input File Name )
interface for the
Textl Text

Enter Output File Name reconstruction

Select Camera v F"”————

Enter Number of Photos

program (shown in

I 2 Photos Enter Standard Deviation of GCPs Flgure 312) allows
[ Textl (default = 0.25 meters)

 3Photos the wuser to enter
Enter Standard Deviation of
Measured Pixel Coordinates

I 4 photos one of the image file
[Test (default = 2 pixels) &

names, select the

digital camera used

Figure 3.12. Reconstruction Program Interface to capture the
images, specify the number of photos, enter the input file name, select a name
for the output file, and identify the standard deviations for the GCPs and the
measured pixel coordinates. By specifying the camera used to capture the

images, and by identifying one of the image file names, the UIMS can search the
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information file that was downloaded along with the images and extract the

‘pertinent feature information shown in Figure 3.10.

"The focél length of the images can be used as a reference parameter for a pre-
established look-up-table (LUT) containing the interior orientation parameters
(IOP) and the lens distdrtion pérameters (LDP) of the camera, which are used as
pre-calibrated values in the reconstruction program and, thus, do ﬁot undergo
further adju;stment. The creation of a LUT is the result of rigorous camera

calibration procedures, which are detailed in Section 4.2. A LUT for the Nikon

Table 3.1. Nikon Coolpix 8800 LUT

F.L. X0 yo F.L.

(mm) (pix) (pix) (pix) K1 K2 K3 r1 P2
8.9 0 0 3417 1.46E-08  2.78E-15  -8.14E-22  -4.51E-07 6.44E-07
10.2 0 0 3814 297E-08  -7.67E-15 9.14E-22  -8.99E-07 1.14E-06
11.8 0 0 4357 2.22E-08  -6.52E-15 7.28E-22  -1.40E-06 1.37E-06
12.7 0 0 4730 1.94E-08  -6.68E-15 8.14E-22  -1.51E-06 1.31E-06
15.0 0 0 5551 141E-08  -557E-15 7.88E-22  -143E-06 1.51E-06
18.0 0 0 6629 3.11E-09 -1.83E-16 -143E-22 -1.86E-06 2.70E-06

'19.8 0 0 7434 9.16E-09  -5.62E-15 9.20E-22  -1.17E-06  1.74E-06
21.8 0 0 7870 9.61E-09  -453E-15 555E-22  -8.70E-07 1.21E-06
24.0 0 0 9019 4.07E-09  -1.35E-15 9.93E-23  -1.10E-06  1.81E-06
26.5 0 0 9985 535E-09  -3.38E-15 5.15E-22  -7.80E-07 7.43E-07
324 0 0 13346 481E-09 -1.86E-15 3.90E-23° -1.28E-06 6.87E-07
40.0 0 0 14991 -4,02E-09 1.01E-15  -3.24E-22 -7.12E-07 3.28E-07
44.5 0 0 16643 -241E-09 140E-15  -237E-22 -1.24E-06 6.77E-07
19.0 0 0 18317 -3.50E-09 245E-15 -6.81E-22 -1.36E-06 2.59E-07
53.3 0 0 20217  -513E-09 343E-15  -7.04E-22 -1.68E-06 7.43E-08
57.3 0 0 21148 -259E-09 216E-15  -584E-22 -1.67E-06 4.46E-07
61.0 0 0 22703 -3.69E-09 -552E-16 -9.73E-25 -5.55E-07 6.47E-07
64.5 0 0 24444 .237E-09 8.14E-16  -7.00E-23 -6.31E-07  7.10E-07
68.0 0 0 25112 -6.23E-09 1.23E-15  -1.99E-22 -7.09E-07  5.02E-07
71.0 0 0 26315 133E-09 -2.87E-15 7.04E22  -447E-07 3.55E-07
74.0 0- 0 27284 -3.09E-09 697E-16  -1.03E-23  -7.28E-07  2.45E-07
77.0 0 0 28340 541E-09 -4.44E-15 8.08E-22  -1.15E-06 9.17E-07
80.0 0 0 29442 462E-09 -222E-15 253E-22  -144E-06 1.30E-06
86.0 0 0 31554 287E-09 -1.98E-15 221E-22  -1.62E-06 1.27E-07
89.0 0 0 33374 349E-09 -2.22E-15 2.35E-22  -1.84E-06  1.29E-07
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Coolpix 8800 is shown in Table 3.1. The first column is the camera’s focal length

in millimeters; columns two and three are the x and y component of the camera’s
principal point respectively; column four is the camera’s focal length in pixels;
columns five through seven are the polynomial coefficients that represent the
radial distortion; and the remaining two columns contain the two coefficients
that represent the decentring lens distortion. By extracting the camera focal
length (in millimeters) from the camera information file, the prihcipal point and
the five LDP can be extracted from the LUT and passed to the reconstruction

program.

An in-depth analysis of the reconstruction program based on the collinearity
equations is presented in Section 4.1 of this thesis, but for the purpose of an
overview, the collinearity equations can be partially differentiated with respect to
the six EOP (for each image) and the three GCP components and solved for
iteratively. A sample output of the bundle adjustment is shown in Appendix A
that outlines the following results:

e Number of photos, GCPs, and iterations

e Aperture, focal length (in millimeters), date, quality, and a posteriori

variance
o Adjusted focal length, and standard error of the focal length, in pixels
e Adjusted EOP and their mean standard errors

e LDP and IOP from the LUT
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o Adjusted GCPs and utility features
This information is stored on the tablet PC and is downloadable into the
municipality’s subsurface utility database to be accessed by many municipal
users iﬁcluding the design engineers, subsurface contractors, and asset

managers.

Although the reconstruction program provides the spatial information of the
utility feature, the attribute information is just as vital to record. Section 4.4
explicitly deals with the required attribute information of each utility feature
within the water and stormwater networks. The operator of the UIMS is
prompted by the program to input the necessary attribute information of the
utility feature. This information is also stored on the tablet PC and downloaded

into the municipal subsurface utility database along with the spatial information.
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CHAPTER 4

MATHEMATICAL AND DATA MODELS

“Even the most grandiose strategies must eventually degenefate into work.”

Peter Druckér
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As mentioned in Chapter 3, one of the superseding bbjectives of this fhesis is to
create an easy-to-use mobile mapping system that collects spatial and attribute
information about subsurface infrastructure. The analogy of é GPS receiver was
given, whereby just aboﬁt anyone can operate a GPS receiver, but very few
individuals are aware of the complex mathematical equations that are used to
process the 3D position displayed on the GPS interface. This objective can be
achieved by using photogrammetric math models and municipal data models

that support (or operate behind) the UIMS interface.

There are two popular photogrammetric math models used to generate three-
dimensional coordinates:

¢ Collinearity Equations

e Direct Linear Transformation (DLT) method
Many publications outline each math model and provide commentary on the
differences between the two. A great source of information on the collinearity
equations can be found in Burtch (2003), and in Section 1 of this chaptef. The
DLT method is well explained in Kwon (1998) and is implemented in Hu (2005).‘
A comparison between the collinearity equations and the DLT method can be
found in Remondino (2002). The photogrammetric math model of choice for the
UIMS is the coilinearity equation method, based on the author’s knowledge of

non lineai parametric least-squares adjustments. The collinearity equations are
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explained in Section 4.1 and then implemented in camera calibration procedures

and 3D reconstruction procedures outlined in Sections 4.2 and 4.3, respectively.

Another important consideration in the design of the UIMS was how to store the
data rollected by the mapping system. Municipalities require two types of data
for subsurface infrastructure. Spatial data indicate the position of the
infrastructure, while attribute data describe the ph};sit:al properties of the
infrastructure. Two pdpular municipal data models that contain both types of
data are the Municipal Infrastructuré Data Model (MIDS) and the ESRI network

models. These two data models are discussed in Section 4.4.

41  Collinearity Equations

The collinearity equations have been a part r)f the backbone of analytical
photogrammetry for éver 30 years. Analytical photogrammetry has been in
existence for the entire 20th century, but it was in 1972 when John Kenefick first
published the two equations of interest (Kenefick et at, 1972):

MII(Xi “‘Xo)"'Mlz(Yi —Yo)+Ml3(Zi "Zo)

X=X, —Ax=-—
0= A (X, ~ K+ M0, X+ M (B, =2 o
y—y —Ay=—fM2'(Xi —Xo)+M22(Yi "Yo)+M23(Zi "‘Zo)
’ My (X ~X,)+ Moy (Y =Y,) + My (Z, - Z,)
where
Ax =5 (kr? + kyr® + kr®) + py (7 +2%%) + 2, %p 2

Ay = y(kr? +kr* + kr®) +2p Xy + P, (r? +25%)
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and
M, M, M, cP-cK CO-SK—SO-SP-CK SW-SK+CW-SP-cK
M, M, M, |=|-cd sk co-ck+sw-5¢-sK SO sKk—cw-s¢-sk| (4.3)
M, M, M, —-s¢ —sw-cd co-co
where s = sine
¢ = cosine
and
(xy): image coordinates
(X, Yi,Zi): object space coordinates [ measured values
(Xos Yo): principal point
f ~ focal length IOP
(Xo, Yo, Zo): camera station(s)
®, P, K: camera orientation(s) EOP
ki, ko, ka: symmetrical lens distortions}
Py, P2 decentering lens distortions LDP
and
X=x-x,
? =Y->X
r=4y%+y*

A simplistic rationale of the collinearity equations may be obtained by supposing
~ the equations integrates two different coordinate systems. 'fhe left side of
Equation 4.1 represents the 2D image coordinate system, while the right side of
the equation represents the three-dimensional object-space coordinate system.
The focal length (f) acts as a scalar between the two systems. Figure 4.1

illustrates this relationship. Equation 4.1
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Object Focal
distance length

Field (HH ]
of view format

Object

Lens

Figure 4.1. Object Distance and Focal Length Relationship (Geodetic Systems, 2006)

(and subsequently Equations 4.2 and 4.3) can be further divided into three
different parameter groupings: interior orientation parameters (IOP), exterior
orientation parameters (EOP) and lens distortion parameters (LDP). Sections
4.1.1 through 4.1.3 describes the groupings of these parameters. A least-squares
bundle adjustment can be used to solve the IOP, EOP, and LDP, provided there
are enough control points common to both the image and object-space

coordinate systems. This process is described in Section 4.1.4.

41.1 Interior Orientation Parameters
The IOP are the parameters required to model the geometry and the physics of a

sensor (i.e. digital camera) (McGlone et al, 2004). The required parameters

depend on both the photogrammetric application and the sensor itself. The

photogrammetric application for this thesis was close-range terrestrial
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photogrammetry with a metric camera, thereby requiring three intrinsic
orientation parameters, including the x and y components of the principal point

(Xo, o), and the focal length (f).

Digital cameras are built with a series of concave lens which allow the user to
magnify features of interest.

There are often 12 or 14 lenses

within a digital camera, as
seen in Figure 4.2. These
lenses are aligned so that the

centre of each lens coincides

with the projection centre of

the camera, but in every  Figyre42. Nikon Coolpix 8800 Lens Configuration
(Digital Review, 2004)
alignment, small

perturbations occur that shift the lens and, therefore, the principal point, from
the projection center. The magnitude of this shift depends on the quality of the
camera, but usually both the x and y component of the principal point are less
than ten pixels from the projection centre of the image. The principal point
components for each zoom setting (for the Nikon Coolpix 8800) was determined
by camera calibration, and were treated as known parameters in the

reconstruction program.
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The focal length of the digital camera is the third IOP. The focal length changes
as the magnification changes, and it acts as a scalar between the image and the
object space coordinate system. Figure 4.1 illustrates the relationship between
the focal length (the distance between the projection centre and the image plane)
and the distance to the ground plane. The focal length of a camera can be
measured in millimeters or in pixels; for example, the Nikon Coolpix 8800 has 24
different focal lengths that range from 8.9mm - 89.9 mm, or 3417 pixels - 33,374
pixels. The pixel values of the focal lengths were determined by camera

calibration and can either be treated as a known or unknown parameter in the

reconstruction program.

4.1.2 Exterior Orientation Parameters

The EOP determine the extrinsic characteristics of the photogrammetric
application. There are six EOP for each sensor including the three components
(Xo Yo, Zo) of the object space coordinate, and the orientation angle about each
axis (@, ¢, k). The three coordinate components are explicitly expressed within
the collinearity equations, whilethe three orientation angles are implicitly

contained within the collinearity equations through the rotation matrix.

Recall from Figure 3.12 that the reconstruction program was designed to handle

two, three, or four camera stations, meaning that there could be 12, 18, or 24 EOP

to recover. Experience dictates that by increasing the number of sensors, the
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degree  of accuracy of the

reconstructioned utility coordinate

also increases, to a software
maximum of four camera stations.
The work required to generate an
z A A X input file with more than four

sensors is not indicative of the

X increased accuracy. Similarly, the

reconstruction ~ program  could
Figure 4.3. Two Sensor Scenario (Geodetic

Syt xts, 2000 operate with a single image, but the

standard errors of the recovered EOP and IOP are so high that there is very little
confidence in the parameters. Therefore, single image utility coordinate
reconstruction is not provided within the reconstruction program. Figure 4.3

depicts a two sensor (i.e., 12 EOP) scenario.

41.3 Lens Distortion
Parameters

Lens distortion can be defined

as the failure of a lens to

image a straight line in object

Figure 4.4. Nikon Coolpix 8800 Lens Distortion -
"Bubble Effect" (Digital Review , 2004)
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space as a straight line (McGlone et al, 2004). There are two types of lens
distortions. Radial lens‘ distortion is caused by small manufacturing lens defects.
The radial lens distortion varies as the focusing of the lens varies. Typically there
" ijs minimal radial lens distortion associated with small focal lengths, and
increased radial distortibn with larger focal lengths. Radial lens distortion
produces a bubble-like éffeét on the irriage as seen in Figure 4.4, which can be
modeled with an even-series polynomial equation:

Ar = (kgr® + kyr* + kyr®) : (4.4)
’The radial lens distortion coefficients (k1, ko, ks) are explicit in the collinearity

equations, calculated by camera calibration, and are used as known parameters

in the reconstruction program.

The second type of lens distortion is decentering distortion. This is caused by the

slight misalignment of the lenses within the camera. Decentering distortion is

more complex than radial distortion, since it consists of tangential and radial

components. The distortion is asymmetric with respect to the principal point,

and tangential from the principal point to the projection centre. This distortion

can be modeled by Equation 4.5:

— 2 =2 -0 :
&x=p @ +2x )+2p2—xzy (4.5)
@’=2P1E+P2("2+2J’ ) ‘
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- The decentering distortion is also explicit in the collinearity equations. The
coefficients (p1, p2) are calculated through camera calibration and are known

values in the reconstruction program.

41.4 Least Squares Bundle Adjustment

The photogrammetric bundle adjustment is appropriately named, since it can
simultaneously (in a bundle of rays) adjust all of the IOP, EOP, LDP, and GCP.
To accomplish this task, the least-squares estimation method is used. This is an
iterative process with multiple steps. The first is to identify all of the unknown
parameters. The number, and identity, of the unknown parameters is a function
of the photogrammetric application. Section 4.2 focuses on camera calibrations
where all of the IOP, EOP, LDP, and GCP are unknowné. Section 4.3
‘demonstrates a 3D reconstruction mefhod, whereby only the EOP and GCP are

unknowns, and the IOP and LDP are pre-determined values.

The second step is to list all of the photogrammetric observations. A
photogrammetric observation exists for each point that is common between the
object space and the image coordinate system. In other words, an observation is
made for each point that has both a 3D object space coordinate (X;, Yi, Z;) and an
image coordinate (xi, yi). These pbi‘nts are referred to as Ground Control Points
(GCP). For each GCP on each image, a set of collinearity equations can be used

to mathematically describe the relationship between the image and object space
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coordinate system, as well as an equation that describes the change in position

between the GCP position after an iteration.

The third step in the least-squares bundle adjustment process is to partial ‘
differentiate the collinearity equations with respect to the unknown parameters.

A list of partial differentiations with respect to the IOP, GCP, LDP, and EOP are

below, respectively:
o) _m dO» _n
o g o g
4.6
o __, . A 0
6x0 ' axo
I _, IO _ 4
ayo ' ayo
a'g)((x)=——qf;(M3l m—-M,, q) %XZ——I?(Msl n—M,-q)
aia;i)="'j_;'(Msz'm—sz'q) ?%2=_{?(M32°”‘M22"1) 4.7)
i q i
ox)__JS or»m__J _
oz, "“Ez‘(Mss m—M,; q) oz, T (My;-n=My, q)
f(x) o - /G
=r .y =
oK, oK,
S _ e GO
oK, oK, (4.8)
P _ o5 | () _ 6 -
RCAR M A, 5 —_—=Fr X
oK, oK,
I .55 ACI I
=2-%-F
oP, oP,
F(x)_ - =2 6f(x)= XV
oP, =r°+2-y op, 2:x-y
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0
——g/\(fx)=qiz(M3,-m—M,,-q)
—ag;x)='§‘(M32’m_Mlz’q)
0
__géx) =qL2(M33 m=—M, "I) 9
aj;(;) =:]J;[m'(MssAY_MszAZ‘)"q'(MﬂAY—M'ZAZ]
o () _ S [m(ch-AX +50-54-AY ~co-s5$-AZ)
o4 "qz _q.(s¢.cK.AX—-sa)-c¢-clc-AY+c.a)-c¢'CK'°AZ
9%‘2=§(M2,AX+M22AY+M”AZ)
ag/i,y) =;—f—2—(M3] 'n_MZl'q)
6/;;)’) =_;’T(M32,n_M22.q)
0
_géy) =;f7(M33-n—M23-q) (4.10)
_—agg) =q—f;[n-(M”AY—M;;zAZ)"q‘(MzsAY—MzzAZ]
af(y) 3 f n.(c¢'AX+Sa)'S¢,‘AY—Ca)'S¢'AZ)
Tqé—_? —q-(s¢-sk-AX —sw-cP-sk-AY +cw-cd-sx-AZ
YD) _ L (a1, AX + M,AY + M,AZ)
ok q
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where

g=M, -AX + M, -AY + M3 AZ
m=M, -AX + M, -AY + M,,-AZ
|n=M, -AX + M, -AY + M,,-AZ

AX:(XI—Xa) (411)
AY=(,-Y,) '
AZ=(Z,~Z,)

Similarly, the equation that describes the difference between the estimated values
of the components of the GCPs and the true (and forever unknown) values of the

GCPs is shown below in tandem with their partial derivatives:

X _
5 > ox
AX=X,-X, ! (4.12)
AV =7,-7F, Aar _
. N oY,
AZ=2Z,-Z, A
oAz _ _,
oz,

The partial derivatives are used to build the design matrix, also known as the A
matrix, in the least squares adjustment. The unknown parameters are
(figuratively) aligned in columns and the observations listed in a row, as seen in
Appendix B. The values of the A matrix are the partial derivatives of the
obsérvation equations with respect to the unknown parameters. If the
observation equation does not contain a partial derivative of an unknown

parameter,' the value of the A matrix for that cell is zero. Therefore, the
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dimension of the A matrix should be the number of observations by the number

of unknowns.

Following the construction of the design matrix, the misclosure vector, also
known as the w vector, can be formed. As alluded to by its title, the misclosure
vector is a comparison between the measured observation and the math model,
which uses the current approximations of the unknown parameters. A relatively
small difference between the observation and the math model indicates that the
approximate values for the 'unknown parameters are close to the observed
values. The misclosure vector is built by subtracting the math model, with the
current approximations of the unknown parameters, from the observation. The

misclosure vector, therefore, contains one entry for every observation.

The final requirement of the least-squares adjustment is the weigﬁt matrix (CI7).
The weight matrix demonstrates the quality of, and correlation between, the
observations. In terrestrial photogrammetry, the assumption ié typically made
that there is no correlation between observations, thereby equating the off-
diagonal elements of the weight matrix to zero. The diagonal elements contain
the weights of the individual observations, which is the inverse of the variance of
the observation. The observational variance is usually specified by the

photogrammetric analyst and typical values are in the neighbourhood of 2 pixels
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for image coordinates and 15 mm for object space coordinates, but the variance is

dependant on the photogrammetric application.

The least-squares adjustment program combines these three matrices as shown
in Equation 4.13, and computes the corrections to the approximate values of the
unknown parameters:

F=(ATCI )t ATCl'w (4.13)

The approximates are updated by subtracting the values of the x vector from the
current approximates. The updated approximates are used in the successive
iteration and this process is repeated until the adjustment values are lower than
pre-defined thresholds. Typical thresholds for IOP, EOP, LDP, and GCP are 0.25

pixels, 3 mm (or 2” of arc), 0.25 pixels, and 1 mm, respectively.
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4.2  Camera Calibration

One of the most pivotal tasks in analytical photogrammetry is camera
calibration.  Many publications reference the need to calibrate digitai sensors to
enhance the results of the photogrammetric application (Fraser, 1997; Fraser
1998). The UIMS was no different, and the degree of sutl:cess of this application

relied on the ability to pre-determine the IOP and LDP.

In most photogrammetric applications the EOP, IOP, and LDP are required for
accurate image analysis. This means that for a single imagé there are 14
unknown parameters. Since there are two collinearity equations for every GCP,
seven GCPs are required to recover all of the parameters. If redundancy is
essential, then eight or more GCPs are needed. Eight GCPs is an unrealistic
condition to impose in this subsurface photogrammetric application. To
circumvent this condition, a camera calibration can be conducted before the
photogrammetric application to determine the IOP and LDP. This reduces the
number of recoverable parameters from 14 to 6, and the nufnber of required
GCPs from seven to three. This is a significant improvement and a more realistic

operational scenario.

Calibrating a camera is a significant undertaking to ensure stability, since
multiple calibrations are required to ensure that the camera is indeed metric and

that the IOP and LDP from each calibration correspond to one another. Section
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4.2 describes the steps needed to perform camera calibrations. Section 4.2.1
demonstrates the selection, and creation, of a calibration site, while Section 4.2.2
provides the results. Section 4.2.3 elaborates on the results by investigating the
correlation between certain parameter, and suggests methods to de-correlate

these parameters.

4.21 Calibration Site Selection

At the outset of this thesis project, the author had no prior knowledge of how to
select, or create, a field calibration site. Therefore, the trial and error method was
utilized. The requirement for any calibration site is to have a minimum of eight
GCPs where the (X,Y,Z) components are accurately known. It is advisable to
have more than eight GCPs to increase the redundancy. An ideal number was
found to be approximately 25. Any more than 25 GCPs increases the workload
of the photogrammetric analyst, but any less than 25 could compromise the
results of the calibration. Over the course of the project, three calibration sites

were used to generate 14 data sets; all data sets contained an image(s) for each of

the 24 pre-defined focal settings.

The first calibration site was created by Roadware, a mobile mapping company
in Paris, Ontario. This site consists of 40 GCPs on the side of two buildings and
on the pavement of the parking lot (Figure 4.5). Four data sets were created
using this calibration site. Each data set contained a single image for the 24 focal
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settings. Two data sets were created in the landscape orientation, while the two
other were in the portrait orientation. The pixel coordinates for each GCP in each
image were measured, and the data processed through the least-squares bundle

adjustment. The bundle adjustment recovered all of the EOP, I0OP, and LDP

: ; LI
s o S

R e o
™ g 2 e, T

Figure 4.5. Roadware Calibration Site
parameters for each image, but the standard errors of the recovered parameters
were extremely high. In some cases, the standard errors were higher than the

recovered parameters themselves.

Figure 4.5 also illustrates that the GCPs at the Roadware site were aligned in a
narrow band across the image. These GCP placements complement the
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Roadware sensors that require calibration, but they do not fill the Nikon Coolpix
8800 image. The result is poorly determined LDP. The recovered parameters are
forced to extrapolate the lens distortions at the top and bottom corners of the
image. Extrapolating lens distortions outside of the GCP network almost always
results in increased, and inaccurate, LDP.  Therefore, single image calibration

was rejected, and multiple image calibration with complete GCP coverage was

attempted.

The second calibration site was
constructed near the Ryerson
University campus at 80 Gerrard
Street East, as seen in Figure 4.6.
This calibration site was designed
so that multiple images from
different angles could be captured.
A baseline was setup on the south
side of Gerrard Street, with three

stations. From this base line, total

station measurements were

collected that allowed a three-

Figure 4.6. Ryerson Calibration Site

dimensional coordinate of each GCP on the control field to be calculated. The

GCPs consisted of the intersections of the window lattices. The lattice was
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approximately two inches thick, which provided a large enough target to be
viewed through a total station 20 m away, but small enough to measure to the
nearest pixel in the imagery. Four data sets were created from this calibration
field and the data processed though the bundle adjustment math model as
described in Section 4.1.4. Although the standard errors of the recovered
parameters significantly decreased, this calibration site introduced two more
problems to overcome. The first was the lack of depth of the calibration field.
There was only a one metre variation between the Y components of the GCPs. It
was discovered that there is a high correlation between the Y component of the
camera station and the focal length of the camera. The images with low focal
lengths (8.9-15.0mm) were situated closest to the building to capture all of the
GCPs. This provided an adequate scale of relief in the calibration field, and the
EOP and IOP were recovered accurately. With each subsequent focal setting, the
camera stations were situated further back from the calibration field to capture
all of the GCPs. Once the focal length exceeded 15 mm, the one metre relief of the
calibration field was not large enough to overcome the 30 m difference between
the camera stations and the calibration field. In essence, the calibration field was
planer. The high correlation between the focal length and the Y component of
the camera station meant that the two parameters would overcompensate for

each other in the least-squares adjustment, yielding a diverging result instead of

converging solution.
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The second problem with the Ryerson calibration site was the poor geometry
between the calibration field and the camera stations. Ideally, there should be an
equilateral triangle between the two camera stations and the calibration field. If
this setup is not possible, a large isosceles triangle is attempted next. Since the
calibration field is situated in downtown Toronto, there is very little open space
to create a large enough triangle. At the largest focal setting (89.0 mm) the
camera stations were approximately 100 m from the calibration field, but the two
camera stations could only be separated by 5 m due to building obstructions.
This was very poor geometry, and the result was an increase in the standard
errors of the recovered parameters. In essence, this geometry provided the same

results as the single image calibration previously attempted.

One positive outcome of the Ryerson calibration field was the ability to recover
the LDP. The calibration field provided complete GCP coverage for each image,
enabling the bundle adjustment to adequately recover the five LDP for each focal
setting. Although five out of the eight parameters had been calculated, more

calibration was required to determine the IOP.
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The third and final calibration site involved a pattern as seen in Figure 4.7. The

creation and implementation of the associated automatic detection program is

outlined in Hu (2005). The appeal of this calibration procedure is efficiency. For

<= SearchPhotoPoints--Civil Engineering Department of Ryerson University

0K

Merge ‘

Auto_Merge J

Save Data

¥ Process Display

Figure 4.7. Automatic Detection Calibration Site

each of the previous eight data sets, it took approximately one week to capture
the images, measure the pixel coordinates, and run the data through the bundle
adjustment. This same process could be completed in a day with the automatic

detection program.

The calibration pattern consisted of 285 GCPs that were measured by a total

station. Six data sets were constructed from this site. The first data set consisted
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of five images per focal setting; the second data set had four images per focal
setting; and the third had three images per focal setting. Comparing the results
of the three data sets indicated that the recoverable parameters were most
accurate with three images. Thie conelusion was made by comparing the
standard errors of the recoverable parameters. Three more data sets were

constructed with three images per focal setting.

Although the EOP and LDP were reeovered accurately, the principal point was
still diverging. This was due (again) to the poor geometry of the calibration si’;e.
Since this calibration field was indoors, it was very difficult to find a large
enough space to capture the imagery and still maintain good geometry.
Therefore, the principal point components were fixed at zero in the bundle
adju'stment; while the focal length was allowed to float. This allowed the focal

length, along with the EOP and the LDP, to be recovered.

After the automatic detection calibration site, the number of pre-determined
parameters totaled six - five LDP and one IOP. With a high end digital camera
the components of the principal point are not expected to exceed 10 pixels, and
are often less than five pixels. The Nikon Coolfix 8800 is an eight mega pixel
camera with a resolution of 3264 x 2448 I;ixels. If the principal point is off-center
by five pixels inveach directi()n, the total vector error would be 7 pixels, which is

a small error for an eight mega pixel camera. Therefore, the decision was made
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to accept the current calibration results and concentrate on other pertinent tasks

of this thesis project.

4.2.2 Calibration Results

Three calibration sites, providing 14 data sets, were used to calibrate the Nikon

Coolpix 8800. It required 10 experimental data sets to produce a calibration site

that had good geometry, adequate 3D coverage, and optimized sensor

orientation. The remaining data sets (11, 12, 13, and 14) were used to determine

if the Coolpix 8800 was a stable camera, and to establish a trend in the IOP and

_ Table 4.1. Nikon Coolpix 8800 LUT

08

F.L. X0 yo F.L.

(mm) (pix) (pix) (pix) K1 K2 K3 P1 P2
8.9 0 0 3417 146E-08  2.78E-15 -8.14E-22 -4.51E-07  6.44E-07
10.2 0 0 3814 297E-08 -7.67E-15 9.14E-22  -8.99E-07 1.14E-06-
11.8 0 0 4357 -+ 2.22E-08  -6.52E-15 7.28E-22  -1.40E-06 1.37E-06
12.7 0 0 4730 1.94E-08  -6.68E-15  8.14E-22  -1.51E-06 1.31E-06
15.0 0 0 5551 141E-08 -557E-15 7.88E-22 -143E-06 1.51E-06
18.0 0 0 6629 3.11E-09 -1.83E-16 -143E-22 -1.86E-06 2.70E-06
19.8 0 0 7434 9.16E-09  -5.62E-15  9.20E-22  -1.17E-06  1.74E-06
21.8 0 0 7870 9.61E-09 -4.53E-15 555E-22  -8.70E-07 1.21E-06
24.0 0 0 9019 4.07E-09 -1.35E-15 9.93E-23  -1.10E-06  1.81E-06
26.5 0 0 9985 5.35E-09 -3.38E-15 5.15E-22  -7.80E-07 7.43E-07
324 0 0 13346 481E-09 -1.86E-15 3.90E-23  -1.28E-06 6.87E-07
40.0 0 0 14991  -4.02E-09 1.01E-15  -3.24E-22  -7.12E-07  3.28E-07
44.5 0 0 16643  -241E-09 1.40E-15 -237E-22 -1.24E-06 6.77E-07
19.0 0 0 18317 ~ -3.50E-09  245E-15 -6.81E-22 -1.36E-06  2.59E-07
53.3 0 0 20217  -5.13E-09 343E-15 -7.04E-22 -1.68E-06 7.43E-08
57.3 0 0 21148  -2.59E-09 216E-15  -584E-22 -1.67E-06 4.46E-07
61.0 0 0 22703  -3.69E-09 -5.52E-16 -9.73E-25 -5.55E-07  6.47E-07
64.5 0 0 24444  -2.37E-09 8.14E-16  -7.00E-23 = -6.31E-07  7.10E-07
68.0 0 0 25112  -6.23E-09 1.23E<15  -1.99E-22  -7.09E-07  5.02E-07
71.0 0 0 26315 1.33E-09 -2.87E-15  7.04E-22  -4.47E-07 3.55E-07
74.0 0 0 27284  -3.09E-09 6.97E-16  -1.03E-23  -7.28E-07  2.45E-07
77.0 0 0 28340 541E-09 -444E-15 8.08E-22  -1.15E-06 9.17E-07
80.0 .0 0 29442  4.62E-09 -2.22E-15 253E-22  -1.44E-06 1.30E-06
86.0 0 0 31554 2.87E-09 -1.98E-15 221E-22 -1.62E-06 1.27E-07
89.0 0 0 33374 3.49E-09 -222E-15 2.35E-22 -1.84E-06 1.29E-07
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LDP. The results illus;trate that the IOP and LDP are repeatable with an
acceptable level of confidence, making the Nikon Coolpix 8800 a stable camera.
The calibration of data set 13 yielded the lowest standard errors and the IOP and
LDP of this calibration were deemed to be the closest to the optimal parameters.
A LUT, seen in Table 4.1, was creafed based on these parameters using the
caméra focal length (in millimeters) as the reference parameter. The standard

errors of the recovered IOP and LDP are in Table 4.2.

Table 4.2. LUT Standard Errors

Focal

Camera  xo0 yo Length K1 K2 K3 Pl P2
F.L. SE SE SE SE SE SE SE SE
(mm) (pix) (pix)  (pix)

8.9 0 0 16 1.54E-09 8.49E-16 1.58E-22 9.29E-08  8.84E-08
10.2 0 0 14 2.12E-09 1.27E-15 2.45E-22 3.51E-07  3.34E-07
11.8 0 0 26 1.22E-08 -3.52E-15 8.98E-22 -1.30E-06  1.19E-06
12.7 0 0 33 1.04E-08 -5.78E-15 7.94E-22 -1.31E-06  1.16E-06
15.0 0 0 - 52 1.27E-08 -5.07E-15 6.88E-22 -1.16E-06  1.15E-06
18.0 0 0 39 1.51E-09 -1.43E-16  -1.15E-22  -1.64E-06  1.70E-06
19.8 0 0 21 6.54E-09 -3.19E-15 7.22E-22 -1.01E-06  1.35E-06
21.8 0 0 28 8.83E-09 -3.63E-15 4.35E-22 -8.28E-07  1.07E-06
24.0 0 0 38 3.16E-09 -1.25E-15 5.62E-23 -1.00E-06  1.21E-06
26.5 0 0 43 1.84E-09 1.07E-15 1.97E-22 1.36E-07  1.18E-07
324 0 0 72 2.12E-09 1.28E-15 2.44E-22 1.95E-07  1.71E-07
40.0 0 0 96 2.07E-09 1.42E-15 2.96E-22 1.42E-07  212E-07
445 0 0 122 1.91E-09 1.37E-15 3.05E-22 1.48E-07  1.30E-07
49.0 0 0 140 2.08E-09 1.47E-15 3.12E-22 1.95E-07  1.77E-07
53.3 0 0 188 1.88E-09 1.01E-15 1.68E-22 1.75E-07  1.28E-07
57.3 0 0 193 1.79E-09 1.12E-15 2.21E-22 1.77E-07  1.29E-07
61.0 0 0 242 2.67E-09 2.00E-15 4.78E-22 1.04E-07  1.37E-07
64.5 0 0 340 2.12E-09 1.64E-15 3.96E-22 1.08E-07  1.26E-07
68.0 0 0 247 2.18E-09 1.34E-15 2.68E-22 1.08E-07  9.96E-08
71.0 0 0 315 3.15E-09 2.27E-15 5.31E-22 1.07E-07  1.08E-07
74.0 0 0 279 3.00E-09 5.15E-16 1.00E-23 1.15E-07  1.20E-07
77.0 0 0 309 2.56E-09 1.65E-15 3.35E-22 2.93E-07  2.28E-07
80.0 0 0 332 2.40E-09 1.40E-15 2.54E-22 2.53E-07  1.82E-07
86.0 0 0 497 1.87E-09 1.01E-15 1.79E-22 1.99E-07  1.33E-07
89.0 0 0 425 2.75E-09 1.96E-15 4.28E-22 2.28E-07  1.68E-07
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Quantifying the amount of radial and decentering lens distortion is very difficult
based solely on the five recovered coefficients. This task is much easier when
Equation 4.2 is partitioned into radial and decentering lens distortion
components:

Ax = T(kr? + kyr* + kyr®) + p, (7 +2%%) + 2 p,3p

- - > (42)

Ay = y(kr? + byt + kr®) + 2p %y + p,(r* +257) :

radial _x = X(kjr* + kyr* + k,r®)

radial _y = y(ky? + k,r* + k;r®)

(4.13)
decentralizing _x = p,(r* +2X*) +2p,Xp
decentralizing _y = 2p Xy + p,(r* +25°)
Table 4.3. Radial and Decentering Lens Distortions

F.L. radial x radialy decentral x  decentral y Total x Total y
(mm) (pix) (pix) (pix) (pix) (pix) (pix)
8.9 81.99 61.49 -1.71 2.81 80.28 64.30
10.2 92.44 69.33 -3.98 4.57 88.46 73.90
11.8 52.12 39.09 -7.81 4.21 44.31 43.31
12.7 38.70 29.03 -9.09 3.34 29.61 32.37
15.0 31.02 23.26 -7.54 5.10 23.48 28.36
18.0 -0.87 -0.65 -6.86 11.90 -7.73 11.24
19.8 11.58 . 8.69 - -4.15 7.78 7.43 16.47
21.8 251 1.88 -3.42 5.19 -0.91 7.07
24.0 1.17 0.87 -3.21 8.56 -2.04 9.44
26.5 1.38 1.03 -4.43 2.20 -3.05 3.24
324 -15.32 -11.49 -9.40 -0.20 -24.72 -11.68
40.0 -36.87 -27.65 -5.45 -0.50 -42.31 -28.15
44.5 -4.68 -3.51 -9.06 -0.11 : -13.74 -3.61
49.0 -34.63 -25.97 - -11.87 -3.58 -46.50 -29.55
53.3 -20.70 -15.53 -15.64 -6.18 -36.35 -21.71
57.3 -25.23 -18.92 -14.06 -3.48 -39.30 -22.40
61.0 -40.78 -30.58 -2.68 _ 241 -43.46 -28.17
64.5 -1.32 -0.99 -3.15 2.56 -4.47 1.57
68.0 -30.95 -23.22 -4.72 0.76 -35.68 -22.46
71.0 10.72 8.04 -2.82 - 076 7.90 8.80
74.0 -2.50 -1.87 -5.93 -1.15 -8.43 -3.03
77.0 . 629 4.72 -7.25 1.97 -0.96 6.69
80.0 -1.61 -1.21 -8.47 3.55 -10.08 2.34
86.0 -10.48 -7.86 -14.86 -5.56 -25.34 -13.42
89.0 1140  -855 -16.94 -6.43 2835  -14.98
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The maximum distortion occurs at the upper and lower corners of the image.
For an eight mega pixel camera the x and y components of the corners are 1632
and 1224 pixels, respectively. Therefore, the revised parameters are:

Xx=1632-0=1632
y=1224-0=1224 (4.14)

r=+/1632* +1224° = 2040
Applying Equations 4.13 and 4.14, the maximum radial, decentering, and total
lens distortions can be calculated for each focal length. The results are listed and

illustrated in Table 4.3, Figures 4.8 and 4.9, respectively

Lens Distortions
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Figure 4.8. Radial and Decentering Lens Distortions
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Total Lens Distortion
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