Sheffield
Hallam
University

S S SUHE ()

+ $
$ + $
+ $ $
, +% $ * $* % +
$ $ =
" S S SUHE()# " S S $U%#

$ $ " 8


http://shura.shu.ac.uk/information.html




$$ %&''&

-)
’* +
/
7 -
8
$83/

.2 ) 02)*

9 = <

1

% .

&)



Non-Man-Entry Sewer Renovation

Robot Characteristics

Simon John Broadhurst

A thesis submitted in part fulfilment of the requirements of
Sheffield Hallam University

for the degree of Doctor of Philosophy

October 2000



ADs=Ts

& "'E’?S//‘/—

ENTOE
14




The reported work lies in the area of automation in the construction industry, and
involves multi-disciplinary engineering studies. In particular, sewer renovation methods,
computer vision (CV) and robotics are all included. More specifically, the key objective
of the research programme was to investigate the characteristics of retrofit components
suited to mounting on an industrial / proprietary sewer tractor. The overall aim was the
provision of a non-man-entry (NME) sewer renovation robot to undertake reconnection
of lateral junctions, following a cured-in-place (CIP) relining process. The programme
primarily involved theoretical studies of the requisite sensory and kinematic
components, incorporation of a novel computer vision sensing system and production of
a chainage measurement system and robotic drill task arm. The theory was supported by
laboratory testing using a modified proprietary tractor, with emphasis placed on
promoting applications of information technology driven systems (i.e. CV) to
construction-industry tasks within hazardous environments involving significant health
issues. The use of such techniques in the construction industry is rare.

Chapter 1 reviews the context and history of sewer maintenance/dereliction in the UK.
NME sewers are the most common type and are, by definition, difficult to maintain.
Renovation, typically employing CIP liners, is therefore a cost-effective alternative to
replacement. Lateral connections are, inevitably, blocked off during the relining process;
it is suggested that application of a robust robotic system to the task of reconnecting
them is novel and offers clear potential within such a hazardous environment.

Chapters 2 and 3 develop the underlying theoretical models of the CV and kinematic
systems respectively. The novel CV work (provided by third party specialists employing
the TINA CV research environment) was incorporated by the author to provide
detection and classification of lateral junctions, crucially noting the particular properties
of direct and reflected illumination. Classification aspects include estimation of lateral /
NME intersection angle and closure-to-target distance from the robot. The author
proposes a separate procedure for estimating lateral diameter. A chainage measurement
system, using a rotary encoder and inclinometer, was developed to determine invert path
distance travelled. This allows for the inevitable wander and thereby gives the system
robustness. The novel application of GRASP (a robotic modelling and simulation design
tool) to NME environments, provided the ability to model arm designs without the need
for the production of more than one expensive physical prototype. A mathematical
solution for determining the requisite arm kinematics is presented.

Chapter 4 details the hardware requirements of the robotic system components, whilst
Chapters 5 and 6 present the laboratory evaluation results for the kinematic and CV
systems respectively. The abilities of the CV system qualitatively to detect laterals under
reflected illumination, and to provide quantitative classification data, are demonstrated.
The chainage measurement system is assessed under a variety of initialisation conditions
to determine suitability to task, and the ability of the robotic arm to physically simulate
lateral reconnection is investigated.

Chapter 7 discusses the specification for an industrially-applicable prototype, based on
the findings herein. Appropriate comparisons with the pre-prototype system are made,
including cost. Finally, Chapter 8 draws conclusions and makes suggestions for further
work. Supporting documentation is provided in Chapter 9 and the Appendices.
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CHAPTER 1

INTRODUCTION

"Man is borne to thrive with pure air to breathe, pure water to drink and pure soil to
live on. The impurities which tend to render air, water, and soil unfavourable for his
best development are the products of his own life. The removal of the source of this

impurity must be effected by his own act.” - George E Waring Jr, 1880, [1].

1.1 THE SEWER ENGINEERIN G PROBLEM

1.1.1 Context

Until the 19th Century, no public underground network for the distribution of clean
fresh drinking water nor the transportation/disposal of waste (in the form of suspended
solids) existed. It was not until during the Industrial Revolution of the late 18th/19th
Century that the need for systems of water sanitation in the newly developing large
conurbations became evident [2]. Large increases in iﬁdustrial and domestic waste
polluted water supplies such as wells and streams which continued to be used as sources
of fresh drinking water. Consequently high mortality from the then unknown water
borne diseases of typhoid, cholera and dysentery was widespread. No link between
them was discovered until 1854, when Dr John Snow first applied what is now known
as Epidemioiogy. Dr Snow correlated the cases of a violent cholera outbreak with the
use of a particular communal water pump after 500 people living in close proximity to,
and drawing their water from it,v died [3]. The work of the then Secretary To The Poor
Law Commission, Edwin Chadwick, who, realising the link between consuming

polluted water and early death, commissioned the report of 1841 concerning the



Sanitation Of Towns [2], led to the introduction of the first Public Health Act of 1841.
Subsequent revisions developed into the embodiment of sewerage schemes first
proposed by Chadwick. Construction of large brick sewers in major cities was to

become the basis of the present sewerage network in the United Kingdom.

The initial development of the water supply industry throughout the UK was slow, and
the shortage of sufficient drinking water supplies provided the incentive for constructive
and progressive action to rectify this. Even so, at the beginning of the nineteenth
century no great schemes of water supply had been initiated, and until the Industrial
Revolution had well passed its first half-century, there were practically no piped
supplies of water and no sewerage systems. However, by 1961 every town and nearly
every village had a constant piped supply of wholesome water, together with a water-
borne sewerage system [4]. This country has one of the oldest and most extensive sewer
~systems in the world , and since our Victorian forefathers helped to build similar
systems in many other countries, the dereliction encountered in this country also has

implications overseas; many sewers dating back to Victorian times are still in use today

[5].

From the above it may be suggested that through the provision of fresh drinking water
supply and waste water removal the Civil Engineer has done more for Public Health
than the Medical Profession has ever achieved. The provision of such a sewerage
system was at the time considered to be a major engineering achievement, though

inadequate maintenance measures have left a legacy of disrepair for today's engineers.
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indicates a provisional figure of 1159 reported injuries, to sewerage disposal employees,

over the period 1985/92 [11]. -

The dgngers aside, man-entry sewers are relatively straightforward t'o maintain, subject
to economic considerations. Little is known concerning the structural integrity and flow
performance of the more numerous NME types, due' to their comparative
inaccessibility. Moreover, the actual location of many of these sewers is unknown due
to incomplete and/or out of date council records. Usually a problem is only first
recognised when a collapse, blockage or flood situation occurs, i.e. reactive

maintenance.,

Statistics [10] indicate that 2% of all UK sewers were in critical need of repair in 1985,
accounting for over 5000km of NME sewer pipe requiring immediate attention. It
would not be unreasonable to assume, based on the general lack of funding for purposes
such as maintenance, that the current percentage exceeds the 1985 estimate and that the
problem of sewer maintenance is growing. Proposed EC legislation demands a reversal

of this situation; the research program would therefore appear timely.

Until the advent of 'closed circuit television' (CCTV) sewer inspections in the 1960's,
very little was known about the condition of the majority of the nation’s sewerage
system; incomplete information on sewer location and integrity present maintenance
difficulties for every local authority, though many are currently in the process of
updating their records through the service of specialist CCTV surveying contractors.

Further, many authorities felt that there was serious neglect of even those man-entry



accessible sewers that it was possible to inspect, principally due to the low priority put

on pre-emptive sewer rehabilitation [5].

Sewer surveys are generally initiated on behalf of the presiding Water Authority (the
client), or by the clients agents (typically a local Council Authority or Consultant) as
either part of a rolling programme of sewer network inspection, or following a report of
a network failure. The failure may present itself as a flooding problem or sﬁrcharge of
the sewer system. In any event, such a failure indicates that either a sewer collapse or
localised blockage has occurred on the system. A specialist contractor is then employed
to undertake a routine CCTV sewer survey. A camera, generally mounted on a
motorised tractor unit remotely driven along the sewer, is conveyed along the sewer
under consideration in the direction of flow. The CCTV signal is relayed in real time

and monitored; problem areas are identified and logged.

In the case of a rolling programme of sewer inspection, many of these surveys not only
serve to identify and locate potential trouble spots requiring basic maintenance, but also
provide basic locations of manholes and lateral connections with other sewers.
Information provided by these. surveys allows decisions to be made regarding what
remedial measures are required for particular sewer sections. Any decision to replace or
renovate cannot simply be based upon the extent of sewer deterioratibn found.
Replacement, involving ground-works is an invariably costly exercise, especially in
urban and inner-city areas, due in part to the resulting disruption to local industry and
commerce and is generally only considered when complete structural collapse of the
existing sewer is imminent or has already occurred. Otherwise, as many of the materials

used in the varying renovation processes, when in composite with the existing sewer,

6



restore if not exceed the required structural capacity of the sewer system, the option of

renovation provides a cost effective alternative [12].

This research programme is therefore primarily concerned with aspects of renovation of

NME sewers.

1.1.3 Renovation

Renovation is defined as methods by which the performance of a length of sewer is
improved by incorporating the original sewer fabric, but excluding maintenance

operations such as isolated local repairs and root or silt removal [5].

Sewer renovation is not a new area of public health engineering. Preventative
maintenancc and renovation in one form or another have taken place from the earliest
days of sewer construction. Repointing of brick sewers certainly used to find more
favour than in recent times. Whilst a wider variety of renovation methods and materials
is available for man entry systems [5], insertion of a liner into the length to be
rehabilitated ié predominantly the only cost effective renovation solution for NME
sewers. The four most significant issues to be addressed therefore, When considering the
option to renovate, are economié, hydraulic capacity, material characteristics and

strength;

1) Economic - generally, renovation of a sewer length by lining can be undertaken

for less than 75% of the equivalent open cut, i.e. in trench, renewal cost.



(i) Hydraulic capacity - with the exception of slip-lining (see later), lining
techniques, in general, do not significantly reduce the hydraulic capacity of the
sewer. The thickness of the liner material introduces a reduction in the cross
sectional area of the renovated sewer when compared to the pre—renoQated one,
however, the resulting improvement in hydraulic performance of the renovated
sewer far outweigh this slight disadvantage.

(i)  Material considerations - factors such as durability, chemical and abrasion
resistance, and strength are of importance. It may be concluded thaf, when used
within their known limitations, establisﬁed renovation lining materials can be
assigned a minimum design life of at least 50 years.

(iii)  Strength - lining systems can be confidently designed to at least be equal to a

new sewer in structural capacity.

Lining techniques can therefore be used to improve the structural strength of the sewer, -
to improve the hydraulic charactéristics, to reduce infiltration or to provide an improved
at;rasion or chemical resistance. For NME sewer renovation only two suitable lining
systems are currently available, these being ‘slip-lining’ and ‘cured-in-place’ (CIP)

lining, A

Traditional slip lining systems generally involve the insertion of butt fusion welded or
screw jointed polypropylene pipes into the sewer length to be renovated. These rigid
pipes are drawn and/or jacked inside the sewer providing a relatively rapid renov;cltion
method. However, a lead-in trench to the sewer invert is required. As many. sewers’
invert depths are between 3.5m and 6m, the excavation costs and likely need for

expensive service diversions are likely to be both disruptive and prohibitively



expensive. Moreover, the maximum liner pipe diameter used is dependent upon the
minimum clearance available within the existing sewer; localised structural
deformations can therefore vastly reduce the entire renovated sewer diémeter, and
therefore its new hydraulic capacity. The void left between the existing sewer and liner

also requires grouting to maintain structural integrity.

For CIP renovation systems, liners are typically inserted from existing manhole
locations and therefore avoid the need for lead in trench excavation. The liner material
is non rigid and is inserted into the sewer under water pressure. The liner moulds itself
to the existing sewer profile and overall sewer renovated diameter is unaffected by
minor localised structural deformations of up to 10% of existing sewer cross-sectional
~area (CSA); ‘uncollapsed’ localised deformations exceeding 10% CSA may be lined
following sewer ‘re-rounding’ where a metal clip is remotely iﬁserted at the point of
deformation and expanded in-situ to reform sewer profile. Following insertion, the
water is heated to cure the line_r and the liner achieves 90% of its structural rigidity
typically within three to six hours dependent upon liner length and diameter. Negligible
void between liner and exiting sewer is formed avoiding the need for post lining
grouting. Liner thickness is small compared to sewer diametef and the reduction in
hydraulic capacity of the renovated sewer is generally negligible. Accordingly,
information obtained from industrial sources indicates that the most common lining
material used, for NME applications of the diameter under consideration, is of the 'soft’

CIP liner type.

For the purposes of this research programme, therefore, the CIP liner renovation of

NME sewers is of prime interest.



1.1.4 Cured In Place Lihing Implications

The renovation process associated with CIP liners offer a rapid and relatively
inexpensive solution to structural degradation of the sewer network. Access to the sewer
system is obtained using existing manholes and the sewer need only be off line typically
for a matter of hours. Lining methods requires the insertion of a flexible lining material
into the sewer to be rehabilitated, utilising an inversion process, with in-situ curing. The

liner material used and lining process are now further discussed.

The liner generally consists of what can be described as a polyester needle felt bag,
impregnated with a thermosetting polyester or epoxy resin. The thickness of the liner is
dependent on the diameter of the sewer to be lined and may be increased by adding
layers of felt, generally in 3mm layers; a 225mm diameter sewer may be required to
have a liner wall thickness of around 6mm, whereas a sewer of 600mm diameter would
require a liner with wall thickness of a approximately 19 to 24mm. Liner thickness are
determined by the lining contractor and based on a finite design brief depending on
parameters which include length of sewer to be lined and depth from ground level to
sewer invert. A final skin of polyurethane is bonded to the felf to prevent washout of
resin, and to contain the water used for inversion and curing. The lining is usually
impregnated with resin in the factory and immediately transported to site where it is
installed in the sewer. The liner is inserted via existing manholes, by a specialist
contractor, under pressure of water, and cured by circulating water at temperatures
between 70 and 90°C. Curing is typically achieved within 3 to 6 hours dependent upon

liner length and diameter by which time the liner will have attained 90% of its final

10



structural rigidity, the remainder being achieved up to three months post lining. The

process is illustrated in Figures 1.3a to c.

N £ ANNS
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Figure 1.3a: Commencing Insertion

Hold back rope
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.....\//\._-

Figure 1.3b: Insertion Half Completed

Hot water from boiler

\ Return to boiler

Figure 1.3c: Insertion Completed - Curing By Hot Water
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1.1. The parametric values shown in the latter are amongst the most common

encountered in practice.

Motorised Tractor

Primary NME Sewer Pipe
A )
. Camera (i
O e R T N
! . p L7
Light Source /”
— A
Angle Of Lateral
Lateral™~ Intersection

¢ LAT

SLICE THROUGH NME AT ¢ NME
2

NME Soffit
12 o'clock

Lateral

9 o'clock

6 o'clock

NME Invert

SECTION A - A

Figure 1.5: NME Topology.
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Parameter. | Key Value.
NME Diameter Onme 225mm,300mm,375mm,450mm
(Known a priori) 500mm or 600mm
Lateral Diameter Qpat 150mm, 225mm or 300mm
Intersection angle p 45°0r90°
Intersection ‘hour’ 3 o’clock or 9 o’clock

Table 1.1: Key Parametric Values

Following lining, this information is used to re-position a cutting rig adjacent to all the
laterals that require reopening given the now featureless ‘landscape’ (note Figure 1.4).
Table 1.2 provides an overview of the requisite survey, lining and lateral re-location

procedure common to most CIP lining operations.
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Stage. Task. Comments.

1 Investigative CCTV Undertaken as a rolling programme component or as reactive maintenance;
Survey of NME by deterioration noted and lateral junctions identified.

Specialist.

2 Follow-up CCTV NME cleaned and jet-washed to remove obstructions (e.g. tree roots) as
activity by sewer first stage of contract. NME surveyed to log lateral clock positions and
contractor. chainage.

3 Set-up overpumping (if | NME length to be lined overpumped, from upstream to downstream
required). manbhole, to divert sewer flows for duration of operation.

4 Liner insertion. Inserted employing water ‘

pressure.

5 Liner curing. Cured by‘circu]ating hot water.

6 Upstream and Cured liner opened up at both
downstream breakouts. | ends to permit NME flow.

7 Initial, small bore holes | Relief of blocked lateral pipe NME laterals System
drilled at lateral flows using a wire brush tipped blocked for 610 10 | “off-line’
junctions. drill under remote CCTV hours dependant on | for

surveillance. length of sewer approximately 2

8 | Complete drilling of | Full drilling to match lateral being lined, and its | days.
lateral junctions. junction geometry. diameter.

9 Post renovation CCTV | provide visual evidence that all
survey for client. laterals have been reconnected,

and liner is structurally sound.
10 Remove overpumping | Flow from upstream manhole to downstream manhole permitted through

rehabilitated NME length.

Table 1.2: Typical NME cured-in-place sewer renovation procedure

15




Figure 1.6, provides an example of a simple yet cost effective (non-motorised) cutting
rig employed by many small CCTV survey companies. More recent sewer rigs take the
form of motorised tractors (refer to Chapter 4). The rig is required to be of sufficient
mass to act as an anchor during the cutting operation, to stabilise the equipment: Liner
cutting is achieved using a variety of drilling heads; often, the speed and éction of the
‘grinding’ cone drill can cause the clay pipe walls to become victims of the tool,
damaging both wall and tool as a result. More popular wire brush type cutters are now
becoming widely used and appear to result in far less damage to both existing sewer and
to installed liners. These wire brushes come in a variety of bristle arrangements and can
be used for initial puncturing and grinding of the lateral connection to a gentler
polishing action for finishing off the edges around the lateral profile. Visual feedback of
how an operation is progressing can be restricted to the monitoring operative's view of
the proceedings; i.e. the limited pan-and-tilt parameters of the camera caﬁ in certain
situations reduce the field of view that can be reasonably monitored during cutting, and
the heavy vibration induced during this operation causes interference on the vision
system. Further, accurate relocation of the drill head at the required drilling position
relative to some convenient datum is difficult to obtain in practice by winch methods

and dead reckoning.

At present, the correct location and relocation of lateral entry points is determined by
the camera monitor operative and as such is open to sﬁbjective human error. Incorrect
relocation has often resulted in lateral holes being miss-cut; the outcome of mistakes
may be a partially opened joint, or more significantly a hole in the liner with no lateral
behind it. The quality of the cut can also be of great concern; if the cut leaves jagged

liner edges or a lip to the lateral connection, then blockages may be a likely result. In

16
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laterals in the featureless landscape of the NME sewer post lining is therefore a major

consideration of this research programme.

1.1.5 Engineering Task Specification

Given that current methods for lateral reconnection are problematic, it is considered
that the control of such a repetitive task would be better suited to, and carried out more

objectively by a computer controlled, automated system.

Recalling Table 1.2, it is anticipated that any such automated system will employ a
three pass strategy; i.e. survey, task and check. Table 1.3 summarises the elements of

these passes respectively.

Task System Requirements.

SURVEY PASS | To inspect the NME sewer for lateral connections and identify;
1) Laterals’ longitudinal positions with respect to some datum,
2) Laterals’ angles of intersection with the NME centre line, and

3) Diameters of the laterals.

TASK PASS To return to each lateral location and reconnect the lateral to the

main NME sewer by drilling.

CHECK PASS | To provide video evidence, that;
1) All laterals are reconnected to the NME system, and
2) Quality of reconnection is acceptable and not likely to lead to

future maintenance problems itself.

Table 1.3: Automated Tasks Employing Three Pass Strategy.
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It suggested that automation of this threé ‘pass’ syétem may be achieved by the .
implementation of a stand alone robotic system, operating under‘autonomous fire-and-
forget-status. Similar proposals have been investigated elsewhere [13]. Robotic
surveying and lateral cutting methods will reduce operation time and be more accurate,
improving the whole quality of the operation and its procedure. It is the opinion of

industrial contacts that;

a) Automation of the described process would have great potential with regard to
their current mode of operation and reduction in errors arising from human
operator subjective judgement.

b) Though remote repair systems such as the AMTEC KATE robot are currently
available [14], prohibitive purchase costs (of approximately £600,000) exceed
the budget of many smaller concerns. As many contractors already possess
motorised CCTV ‘tractor’ units, the ability to ‘retro-fit’ the requisite |
components of the proposed robotic system wﬂl provide a more cost effective
alternative.

c) Automation will lead to a reduction in the present size of the work force
currently exposed to the hazardous sewer environment. Overheads will
consequently also be lowered, in turn allowing the company to be more

competitive.
Clearly, there is potential for the application of automation technology to the task of

lateral reconnection for NME sewers lined by CIP liner methods. The following section

will address the requirements of such a robotic system.
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1.1.6 Research Program Proposals.

This research programme is primarily concerned with providing an automated solution
to the problem of reconnecting lateral connections blocked during the CIP lining of

NME sewers.

Production of a fully working prototype including integration of discrete sensing and
task components under digital control (i.e. ‘fire and forget’) is currently considered
beyond both the academic scope and financial constraints of this project. The ability to
provide the discrete sensing and task components, which may be retro-fitted to existing
CCTV tractors, is considered more feasible (and cost effective). It is therefore the aim
of this programme to investigate the pre-prototype requirements of such a laterai

reconnection ‘robotic’ system.

Attempting to ensure that automation introduces more than simple mimicry of present
manual practice, the ultimate goal would take the form of a three pass robotic system as
suggested by Table 1.3. This woul(i be based upon a proprietary sewer inspection tractor
unit and incorporate task speciﬁc. modulaf systems capable of retro-fit; these include a
Chainage Measurement System (CMS) for determining the invert line distance travelled
by the robot, a novel Computer Vision System (CVS) for both detecting and classifying

laterals and an actuator driven robotic arm capable of lateral reconnection.

Referring to Figure 1.7 and recalling Table 1.3, primary aspects of the research

programme of study therefore include;
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1)

2)

3)

4)

Development of a mainly kinematic chainage measurement system which will
be able to determine the robot’s real-time position within the NME sewer during
both survey and task passes.

Incorporation of a Knowledge Based CVS capable of detecting laterals during
the survey pass.

Incorporation of a Knowledge Based CVS capable of providing quantitative data
for the laterals detected in (2) during the survey pass. Classification data will
include distance from lateral to camera position, intersection angle of the lateral
with the NME sewer centre-line and diameter of lateral.

Development of a kinematic robotic arm and end effector capable of describing

the required cutting profiles for lateral reconnection during task pass.

. Camera
Light Source

Drill % b RV L

Tractor

Interested in light
reflecting off
this edge.

¢ LAT

nb; chainage acquisition to involve additional inclinometer and rotary encoder
(refer to Chapter 3)

Figure 1.7: Plan Showing Primary Unknowns; Xyp, P and OLAT
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Due consideration will be made of the necessary factors concerned with the integration
of these modules under overall digital control. It is envisaged that the proposed pre-
prototype modular system would greatly improve both the accuracy and quality of the

current working practice.

The following section will discuss the recent advances of automation technology to the

construction industry.

1.2. AUTOMATION

1.2.1 Automation And Robotics - Context

Long before the industrial concept of robotics became a reality, the idea for a robotic
creature was popularised in 1920 through the play, "Rossum's Universal Robots", by
Karel Capeck. In the play, small artificial and anthropomorphic creatures sirictly
obeyed their master's orders. Capeck first coined the phrase 'robot' in 1917 from the
Czech 'Robota', a Russian word for work [15]. A modern definition of a robot may be

suggested as a device that responds to designer-perceived stimuli.

In the latter half of the 20th Century, Japan has been responsible for many of the
technological developments that have forwarded the field of robotics. A machine which
is both automatic and autonomous may be considered to be robotic, though many of
Japan's 'robots' would be tefrned 'advanced automation devices' or 'telerobots' as they are
remotely controlled and utilisé umbilical support for power and control requirements.
European perception, however, is. of the former view, defining robotics as the theory

and practice of automation of tasks which, because of their nature, were previously
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thought to be reserved for man alone [16]. Such work is characterised by an almost
permanent interaction between the robotic device and the operational environment.
Implicit in such interaction is some ‘kind of pre-appointment of task. It would appear
that adaptive execution of this kind would call for the use of an 6perators reflexes and
intelligence. This is why the term 'robotic' is often linked with the notion of Artificial
Intelligence. Brady defines robotics to be "the intelligent connection of perception to

action" [17].

To date, the vast proportion of commercial robotic/autonomous devices have been
employed within the context bf industrial manufacturing situations. These are largely
static based and function in a structured environment. Present industrial robots are
actually mechanical handling devices manipulated under computer control.
Consequently, products using standardised components and manufactured in bulk are
prime candidates for robotization, and is one reason for the widespread integration of
them into the world's automotive industry. Component design has therefore become
substantially controlled by, and tailored to, robotic assembly and finishing operations

[18].

Of late, a restricted number of robotic applications have out grown the confines of
structured manufacturing to be employed within more hostile environments. One
example is‘ that of the nuclear industry. Disasters at Three Mile Island and at Chernobyl
highligﬁted the desperate need for remote/telerobotic machines to explore contaminated
areas of nuclear plants. One such device used at Three Mile Island Unit 2 was 'Rover', a

six wheeled motorised platform originally developed for high speed all-terrain
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operation. An onboard video and telescopic detector system allowed collection of

radiation data from within the containment basement [19].

Similar machines were used at Chernobyl after the explosion there in 1986.
Teleoperated drones have also been used for the inspection and repair of deep sea gas
pipelines and oil rig support legs. Application to construction tasks is one of the latest
industries in which Japanese innovation has led to the development of telerobots, this
time for application to material handling and finishing operations, [18, 20].

Contemporary research projects in the UK have recently been inaugurated.

Whilst many construction tasks may appear suited to automation developments, the
environment of the construction site clearly presents many difficulties to the designer.

The environment has a major impact upon appropriate proposed robotic designs.

1.2.2 Applications In The Construction Industry

The construction industry currently constitutes approximately 10% Gross Domestic
Product in the UK [21]. The varying tasks carried out in the industry often require the
site operative to work under difﬁcult environmental conditions, sometimes involving
heavy, noisy or potentially dangerous activities. In the UK alone between 1981 and
1985 there was a 45% rise in deaths and major injuries on construction sites [22]. As
recent studies indicate [23, 24], construction activities are often performed in readily
accessible areas, are repetitive and monotonous in nature, and as such appear
favourable to robotic work methods. However, fixed based machines are in reality pre-

programmed automatic devices performing repetitive operations within structured
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environments. For an autonomous construction robot to function on site, cognitive skills
will be required to overcome environmental navigational problems including the rough
terrain and the ever changing environment; high level sensing and control features will
be required to navigate and operate without causing undue hazard to their human
_counterparts [18]. Perhaps the standardisation of key construction areas will provide
one possible solution [25, 26,] with, understandably, computer application effecting

changes in the Way tasks are undertaken [27].

Development of such devices has already been achieved to some extent in Japan;
largely these are teleoperated by design. Japanese advancement and acceptability of
such machines has been most impressive in comparison with the contrary attitude of
many European industrial and academic institutions. Companies such as the Shimzu
Corporation, Tokyo, have reported large scale investment in such 'robots' [18, 20],
particularly in the fields of Steel Erection, Finishing and Inspection operations. In the
UK, research is reported regarding production of a robotic excavator [28], and the

automation of building inspection tasks [29, 30].

1.2.3 Pre-Prototype Key Robotic Components

As noted in Section 1.1.6, it is considered that the development of a fully working
prototype robot is beyond the current scope of this study. Given that such a prototype
system would consist of both kinematic and Computer Vision (CV) aspects integrated
under digital processor control, then the current study of pre-prototype form is to

concentrate on the kinematic and CV sensing task activities as discrete items.
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Clearly, during the study of these items attention will be paid to how overall integrated
control could be duly developed. Furthermore, the CV work will be largely dependent
on substantial technical assistance provided from specialist parties (please refer to
Acknowledgements). That is, the project is essentially concerned with the derivation,
design and testing of the kinematic components and incorporation of a new technology

sensing system developed by third parties to a specification drawn up by the candidate.

For sewer lengths found to contain no lateral connections the operation of the system
will default to chainage assessment only which will be fully kinematic (please refer to
Section 3.1). For cases where laterals are present, the usual case, CV is to provide for
both the detection and classification of lateral connections. Whilst detection is primarily

a qualitative task, classification affords estimations of lateral intersection angle (p) and

lateral diameter (¢ aT) together with determination of close-to-target distance chainage

increment (Xyp) to be added to the kinematically acquired chainage recorded at some

convenient location when in close proximity to the lateral. Lateral reconnection is to be
achieved by drilling, again fully kinematic (refer to Section 3.2). Computer Vision is a

relatively new science and an introduction now follows.
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1.3. COMPUTER VISION CONSIDERATIONS

1.3.1 Context

Vision aims to describe the real world. Images provide the input from which the vision
system must produce a symbolic representation of the viewed scene. Information
implicit in the image is therefore made explicit. There is a huge psychological and
physiological literature describing biological vision systems, though at present most

visual processes are at best only partly understood.

Computer Vision is a relatively new science which aims to understand the processes
and representations underlying vision in sufficient detail that they may be implemented
on a computer. Workers in computer vision seek both to gain a better understanding of

the principles underlying vision, and to make computers more useful [31].

Computer vision systems obtain their world data via digitised images. Light is focused
onto an array of light sensitive CCD (charged coupled devicej cells, which produce
electrical signals proportional to fhe intensity of Iight falling upon them. A finite
. number of cells produces a finite number of intensities, and these are represented as a
2D array of integers, known as picture elements or pixels. Together these form a grey
level image representing the real world. Typically 512 x 512 arrays are used with each
pixel distinguishing 256 grey levels [31]. Colour is rarely employed at present due to

the associated complexity.

The apparent ease with which the human vision system processes images belies the

complexity of the vision problem and the inherent difficulties to be overcome. The
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image representation of av given scene is determined by a complex function of four
parameters; the surface reflectance of objects within the world and their surface
geometry both have affect. Scene illumination and thé vision system viewpoint can
produce shadows or occlusions which complicate the image. The effects of these
parameters are effectivély compiled into each pixel value. Unanalysed images therefore
do not provide explicit information on all the parameters required for solution of a

problem; basic assumptions and/or a priori knowledge is/are additionally required [31].

1.3.2 Computer Vision Approaches

Image understanding problems can generally be classified according to the amount of a
priori information available. There are three broad classes of computer vision problem:

Model-Based, Knowledge-Based and Pure Vision.

For Model Based Vision, the computer vision system has access to a full description (a
model) of at least an object's 3D shape. Given this knowledge and one or more grey
level images, Model-Based Vision usually provides 3D positional and orientation
information, though it may be employed purely for recognition or as a component of a
larger system performing, for example, inspection or navigational tasks [32]. A Pure
Vision problem does not provide any a priori hard knowledge about the world beirig
viewed. Its goal is to extract general world features such as depth and orientation. Much
work in this area has been inspired by components of biological vision systems, e.g.

binocular stereo [31, 33].
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Knowledge Based vision is of far more import to the current research programme. Here
the computer vision system possesses knowledge of the class of object expected, e.g.
plane faced blocks, but not details of specific objects. Unlike model based vision
systems which extract features from image data and match idealised models to them to
find model parameters, knowledge-based systems extract features from the image and
segment them into groups corresponding to objects. These groups must satisfy
constraints derived from knowledge of the object class expected. Each group obtained
is effectively a hypothesis that a member of that class is visible in the image. As there is
no model available recognition is impossible. Objects can only be described to the best
ability of the system, which relies on the level of knowledge available. Through the
evolution of computer vision algorithms and resulting systems, several computer vision
system prototyping tools have been developed to enable the investigation/develobment

of suitable computer vision systems. One such tool is TINA [34, 35].

TINA is a cdmputer vision development environment containing much of the general
image processing/vision software associated with common-place computer vision
techniques such as thresholding, edge detection and image smoothing for example. For
the application programmer therefore, TINA is intended to provide a platform for
research and development of new vision code without having to start from scratch,
allowing the user to inherit as much or as little of the existing standard T]NA modules,
graphics, code and programming style as is required. TINA provides a hierarchy of
image processing, display and interactive manipulation modules specifically designed
for the recovery and representation of 2D and 3D geometrical primitives. The TINA

interface comprises a collection of graphical 'tools' which is easily extended by the
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vision system developer. TINA has been used to develop all the computer vision

techniques reported herein.

1.3.3 Applicability Of Computer Vision To the Sewer Inspection Task

Other established sensor technologies aré currently employed within sewer
environments. Structured light methods have been investigated and a téchﬁique based
on a light ring has been patented [36]. Radar systems are under investigation [37].
Although they provide accurate measurements, the uptake of these technologies is often
problematié. Special purpose, sometimes expensive, equipment is required and existing
video records cannot normally be exploited. While structured light methods incorporate
a 'Closed Circuit Television' camera, the lighting conditions imposed restrict the use of

any images obtained.

The performance of present computer vision techniques does not match that of
comparable biological systems. However, in some circumstances computer vision
techniques may be better suited to the task at hand.y One crucial difference is that
biological vision systems do not provide their users with easily accessible, quantitative
descriptions of world geometry. A human observer may know where viewed objects are
to a high dégree of precision and be able to use that information internally to pick up or
navigate between objects. S/He is however unlikely to be able to state verbally inter alia
- the exact distance to a viewed surface. It would appear that sewer surveys require
quantitative measurements; the more qualitative results now provided by human

operators leave something to be desired.
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To dafe machine vision systems have been successfully employed in industrial
inspection tasks, bin picking exercises and for robotic guidance. Most systems operate
within structured environments where the data to be assessed is minimised; object(s) of
interest are typically machine manufactured and occupy only a small proportion of the
viewed world, the actual environment being generally clean and well-illuminated.
Conversely, the NME sewer environment is comparatively unstructured, generally dirty
and often poorly-illuminated; mist and/or spray, within the sewer, can further obscure
features of interest. Objects within the sewer are not so geometrically perfect and
perhaps damaged. The application of machine vision to such an environment requires
the ability to operate with reduced a priori knowledge whilst assimilaﬁng data from the

fuﬂ visual field.

A computer vision approach is likely to be both economically viable and stable. Images
captured under standard lighting remain the norm, so records of survey operations may
be used in other conte#ts. No special hardware is needed, so little modification to
current equipment is expected. However, should equipment standards change it is
anticipated that closed circuit television cameras will continue to be employed; many
clients insist on the production of a sﬁrvey video. It may be suggested that the use of
computer vision in sewer survey will both provide a robust basis for automation within

this hostile environment and force new developments within the field.
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1.3.4 Potential Use Of Vision Systems In The Construction Industry

Currently, the application of computer vision techniques within the construction
industry is relatively rare. For example, the robotic inspection of external building
surfaces using a single uncalibrated camera and image processing techﬁiques provides a
visual survey for finding cracks, and resulting staining due to reinforcement corrosion,
in high rise concrete structures and for aiding robot navigation [38]. The use of
computer vision for the monitoring and interpretation of structural deformation of
masonry vaults utilising edge detection techniques regarding the assessment of arch
bridge deformation under load is also currently under investigation [39, 40]. A robot,
equipped with a computer vision based navigation system, for the location and

inspection of air conditioning ducts is also under development [41].

The application of computer vision techniques to sewers has, to date, been very limited;
some work has been conducted regarding the detection of pipe joints, but this was only

part of a study which relied heavily on the use of laser-range finding technology [36].

1.3.5 Problem Definition Regarding Senéing Requirements of Sewer Study

Based on the research aims expressed earlier, the proposed CVS will incorporate two

stages; these being lateral detection and description/classification.

Recalling Figure 1.7, this vision system must initially be able to detect a lateral
connection from a series of images during an initial survey pass. Through investigation
of optimum light source/camera positioning, laterals will be detected from step edge

intensity profiles [31}, edge detection being a key feature of the CVS employed, that is,
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edges generally generate significant brightness contours in images. Figure 1.8 indicates

how this is assessed in intensity (Ia, Ib) terms; further discussion is given in Section

2.1.2.
NME
LIGHT RAYS
Surface ;
N\ e Change in Surface
: Orientation Generates
Bright 'Edge’
Lateral
a) Illuminated Physical Edge
Intensity Ia
~~~~~~~~~ Edge generates brightness
intensity discontinuity.
b Ia>1b
Distance
~
b) Intensity Plot

Figure 1.8: Step Edge Intensity Profile

33



Upon confirmed lateral detection, adapted photometric stereo techniques are to be
employed using an initial reflected illumination image and a second image obtained

under direct light to provide estimates of;,

(a) closure to target distance Xy, (Figure 1.7)
(b) lateral orientation p, (where p is usually 459 or 900) and

(c) lateral diameter QpAT, (usually 150mm, 225mm or 300mm).

Based on the estimated closure to target distance combined with the CMS derived
invert line chainage, lateral positions will be logged for reference for relocation after
the primary sewer pipe has been lined. Lateral orientation and diameter data will
determine the correct cutting profile for the robotic drill arm to initiate when

reconnecting the lateral to the lined NME sewer.
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1.4  Summary Of Research Objectives

The nature and importance of maintaining the UK's sewer infrastructure and the
desirability of applying information technology-based automation procedures to
improve current practice, provides for the need to study the necessary charaéteristics of
a task-dedicated robot of sufficient robustness to operate in a hazardous environment.
The renovation of NME sewers offers clear potential for development of such. This
research programme is therefore primarily concerned with providing an automated
solution to the problem of reconnecting lateral connections blocked during the CIP

lining of NME sewers.

Recalling Section 1.3.5, a three pass strategy is proposed based upon a proprietary
sewer inspection tractor unit incorporating task specific modular systems, these being
capable of retro-fit for cost effective practice. During the initial survey pass, a novel
Computer Vision System is to provide both for the detection and classification of
laterals. Once detected, the latter component linked with a Chainage Measurement
System (for determining invert line distance travelled) will provide the ability to
accurately re-position the actuator driven robotic arm and drill adjacent to the lateral
during the second, or drill, pass where classification data relating to lateral intersection
angle and diameter will be recalled and pro{/ide for optimum cutting profile to be
chosen and implemented. The third pass purely provides documentary evidence that all

laterals have been satisfactorily reconnected.

Figure 1.9 shows 2 diagrammatic sketch identifying the proposed key modular

components of the proposed laboratory robotic model.
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Whilst alternatives to a tractor based system have been considered, for example
- modular systems retro-fitted to chain driven sleds, impracticalities regarding their

employment within NME sewer environments have discounted further investigation.

Regarding the retro fit units required to provide for the robotic systems, the drill is self-
explanatory, the light sources and camera relate to the CV system, the inclinometer and
rotary encoder are used for kinematic chainage acquisition whilst a remote CPU
provides the requisite hardware and softw;':lre support to the kinématic task components;
financial constraints negate the preferred option of onboard processing. Note, the
position and orientation of the camera and twin lights employed here is fixed whilst in
practice the use of more expensive pan and tilt systems is not uncommon. It ‘is
considered that as well as being more cost effective, a fixed camera system is both

robust and adequate to afford the requirements of the CV system as shown in Chapter 6.
It is considered logical to address the sensing aspects of the study prior to presenting the

crucial kinematic factors. Accordingly, Chapter 2 discusses the proposed CV system to

be employed.
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image intensity or ‘edges’, providing easily detectable features which may therefore be

used as cues to the image location of lateral intersections.

Edge detection algorithms or operators typically employ the first derivative of image
intensity, and significant peaks, which correspond to edge locations (Figure 2.3), are
marked [31]. Canny has proposed an operator which has become the de facto industry
standard and is derived from an optimisation procedure seeking good detection, good
localisation and mini‘mal response [42]. The Canny algorithm involves removal of
image noise by Gaussian smoothing, factor (o), followed by differentiation and a search
for significant peaks. Two thresholds assess the height, and therefore significance, of
peaks in the first derivative of intensity while a single threshold places a lower limit on
acceptable edge length. A low o value provides for minimal smoothing while a high ¢
value gives greater noise reduction but may lose significant structures. Thresholding

anticipates targeted edge length.
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tow and/or the presence of physical objects. When the image shown in Figure 2.2 was
captured, the light source was directed, approximately, towards the lateral intersection.
It is considered that such 'direct' illumination disproportionately emphasises edges
arising from noise elements. Further, current CCTV camera practice includes the notion
of averting the illumination source away from the feature under consideration, primarily

to avoid glare from the often-wet pipe surface obscuring the operator’s view.

Figure 2.5 accordingly depicts a further lateral intersection image obtained under
‘reflected’ light whereby the spot lamp is pointed at the wall opposite the lateral
connection. The lateral intersection is thereby bathed in a more diffuse light of lower -
intensity. When the edges obtained from this image, as illustrated in Figure. 2.6, are
compared wifh those shown in Figure 2.4, it can be appreciated that the lateral profile is
much easier to distinguish. Noise is much reduced and the lateral edge profile is
complete and unbroken. Although Figures 2.2 and 2.5 relate to distinct surveys, the

sewers concerned are of similar diameter and viewing distances are comparable.

Light intensity profiles taken longitudinally across the lateral intersections of Figures
2.2 and 2.5 serve to clarify this improvement in lateral definition; these profiles are
shown in Figure. 2.7 and 2.8 respectively. Noise intensity is dramatically reduced under
reflected illumination and some investigation of this counter-intuitive phenomenon is

warranted.
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Sewer encrustation or structural damage typically gives rise to surface distortions,
which may be modelled by small blips'. Under direct illumination (Figure 2.9) a
shadowed area is produced behind the blip. The contrast between the illuminated blip
and the shadowed area produces a step edge of a magnitude not too dissimilar to those

associated with lateral profiles.

Light Source

Light intensity

Step changes in intensity generate
edges in the resulting image

S, S———

\ .
<~ Distance

Figure 2.9: Direct Illumination within the NME Sewer
Under reflected illumination (Figure 2.10) and noting the Lambertian reflectance model

employed, recall Figure 2.1, the blip is fully illuminated so that no, or a vastly reduced,

shadowed area is produced. This results in a smaller step edge.
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Each point reflects light
equally in all directions

Light Source

No significant shadow

Lateral

Light intensity

A _ R

Step edges in intensity generate
edges in the resulting image

N
<" Distance

Figure 2.10: Reflected Illumination within the NME Sewer

Chantler has analyéed the properties of direct light in some detail, finding that this form
of illumination acts as a directional filter for three-dimensional texture during image

acquisition [43].

2.1.4 Image Processing

Inadequate lighting typically underlies the poor image quality associated with many
commercially produced CCTV surveys available today. A solution would be to increase
the power of light source included in the survey rig, however, problems of associated
glare and introduced image noise are likely to result in wet and/or light coloured pipes.

An alternative is to enhance the captured image.
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A wide variety of image enhancement techniques exist, with median filtering and
histogram equalisation being particularly suited to the task in hand. Median filtering is
particularly effective for images where noise patterns consist of strong, spike like
components, and where the characteristic to be preserved is edge sharpness [44]; the
filter replaces the grey level of each pixel by the median of the neighbouring grey
levels. To determine the median value, the neighbourhood or window size must Be
chosen; a window size of ‘3, for example, calculates the median value from a 3 x 3 area
centred on the pixel under consideration. Histogram equalisation is particularly suitable
for increasing image contrast and hence overall image definition. The technique utilises
a histogram of grey levels to provide a global description of the appearance of an image.
Image enhancement may be achieved by modifying the histogram of a given image.
Histogram equalisation modifies the appearance of image by controlling the probability
density function of its grey levels via a transformation function. Again, when applying
such a technique, a window size ‘is assigned (a value of 55 would not be cqnsidered in-
appropriate). In general, the technique increases the dynamic range of pixel distribution,

considerably altering the appearance most images.

Experimental investigation of the above is discussed later in Section 6.1.4. Whilst image
enhancement can result in an overall more robust system, it cannot always compensate

for problems introduced by direct lighting (please refer to Section 2.2.3).

2.1.5 Knowledge Based Engineering

Having established that computer vision, with particular respect to edge detection and
illumination, can provide useful engineering data interspersed amongst a larger
collection of (visual) signals and noting that field engineers employ heuristically

derived procedures that can, with effort, be explained, it is logical to attempt to sieve the
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surfeit of visual data provided employing knowledge-based engineering (KBE) decision
making criteria. That is, qualitative characteristics provide clues to the nature of NME /
lateral intersections regardless of their measurable features including, inter alia, their
dimensions, orientation and position. Awareness of such characteristics can be
considered as a priori heuristic knowledge - i.e. based upon experience and thereby

known from the outset.

Field operators can typically identify laterals in commercial survey videos th a distance
of 2 to 3m from the camera, although accurate measurement of these distances is not
currently possible in general situations as all are gauged from the on screen chainage
readout supplied by the contractor. As a result, laterals are expected to be observed
towards the centre of the image (as the camera nears the intersection, the lateral appears
closer to the image boundary). Attention is therefore focused upon a centrally placed
region of interest. Further, the corresponding edge strings arising from a variety of
lateral intersections enable an estimate of the likely length of the desired strings to be
made such that short, irrelevant edge strings may be eliminated by applying a simple

line length threshold.

A final factor concerns the intersection edge string shape. Generally, regions of high
curvature may be found at the top and bottom of the peanut-shaped string (see Figures
2.3 and 2.5). Accordingly, any sufficiently long and appropriately placed edge string
displaying two clear curvature maxima is taken to arise from a lateral intersection. As
intersection strings may appear incomplete in practice, robustness demands the
possibility of a lateral being detected on the basis of just one curvature peak, but

rejected if more than two are located.
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The above criteria form the core of the proposed lateral identification system, which has
been implemented under the TINA Vision Research Environment software [34]. Strict
numerical quantitative precision is not required for lateral detection purposes which is in

effect a qualitative procedure.

2.1.6 Frame Of Reference

An estimation of the vanishing point (VP) of a sewer image is to be employed to
establish a frame of reference; a previous procedure exploiting the courses present in
brick sewers has been previously proposed [45]. Here, a more general image analysis
procedure is required which assumes the presence of an approximately centralised and
circular darkened region appertaining to a locally straight run of pipe — note Figure 2.2.
Limiting each pixel to be black or white, dependent upon its shade of grey therefore
produces a simplified image (Figure 2.11); grey scales are in the range of 0 (black) to
255 (white) and a threshold of 100 was chosen empiricaily. All grey levels below a
value of 100 are turned to 0, all of 100 or above are turned to 255. The resulting binary
image is scanned to determine the centroid, taken as the VP, of the centralised 'black

hole' (Figure 2.12).

Figure 2.11: Thresholded Image of Figure 2.2
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A limiting assumption made here is that the pipe under consideration is locally straight.
Should a bend occur, as may be the case in any NME sewer, the vanishing point would |
degenerate to a curve. The centroid of the ‘black hole’ should, however, lie on or very
near to this curve and so, as long as size of the region of interest is not underestimated,

the method proposed here is not expected to fail.

2.1.7 Consideration

Essentially, the key issue of the Computer Vision Model Development study was to
incorporate the relevant CV models within the overall engineering task specification
rather than to develop the modelling itself. However, the specification that the
modelling meets has been prescribed to respective third party specialists and the
resulting testing has been directly undertaken. For this reason, certain CV modelling

details are attached in Appendix C.
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2.2 LATERAL DETECTION

2.2.1 Proposed Procedure

As proposed in Section 1.4, the tractor unit is to be fitted with one ﬁxed’CCD camera
and two fixed light sources. The first light source is fixed so that its principal axis is
directed towards the left-hand sewer wall as is the second light source towards the right
hand sewer wall. The direction of the principal axes of the lights is at approximately 30
degrees about the NME séwer centre line, derived empirically. During the survey pass
until a lateral has actually been detected, the CVS is to sample images of both sides of
the pipe wall alternatively under reflected illumination (noting the assumption that
laterals will occur at either 3 or 9 o’clock). This is to be achieved by alternating which
light source is illuminated at any one time; left light source for the detection of lateralé

located at 3 o’clock and right for laterals at 9 o’clock.
The engineering specification provided in Chapter 1 therefore demands the following;

(a)  Acquisition of an appropriate digital image under reflected illumination.

Initial survey pass to be employed utilising digital camera and twin light sjstem; lamps
approximately level with axis of NME sewer, positioned so that direction of their
principal axes are nominally 30 degrees about sewer centre line. Lamps are sequentially
illuminated to provide cyclic reflected illumination of both sides of the pipe. Laterals
anticipated intersecting with the NME sewer at either 3 or 9 o’clock and being of either
150, 225 or 300mm diameter. Laterals are to be detected under reflected illumination.

For each cycle, images of the sewer digitised prior to enhancement if required.
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(b)  Application of image processing to enhance the image — but only when

necessary

It is likely that some image noise will lead to some otherwise long point strings being |
broken up into a number of shorter sections. This problem is to be partly addressed by
applying median filtering and histogram equalisation to the’\initial grey scale sewer
image; image features are therefore expected to be smoothed, implying a reduction iﬁ

edge break up without a significant reduction in image detail.

(¢)  Determination of approximate vanishing point

It is expected that laterals will be detected from a distance of approximately 2 to 3m;
laterals are therefore expected to be observed mid-image (note (a)). The volume of edge
data to be considered can therefore be reduced by considering only an elliptical region
of interest centred about the sewer vanishing point, as discussed in Section 2.1.5. In
most cases, €.g. Figures 2.1 and 2.4, the camera is approximately aligned with the
central axis of the pipe, the vanishing point is therefore near to the image centre and the

region is approximately circular.

(d)  Application Of Edge Detection

The Canny algorithm is then applied employing a Gaussian smoothing ¢ value of 2.0,

determined empirically.

(e) Institution of application specific selection criteria to detect the lateral

Short, insignificant edge strings, which are anticipated to be a product of noise, are then -
to be eliminated by applying a line length threshold of 50 pixels. This value is again
determined empirically. The ideal lateral curvature plot incorporating 2 high curvature

peaks (figure 2.14) is to be used to identify their profiles. Noting that profile sections
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- may unfortunately be broken or missing, a more robust identification algorithm will
accept the possibility of a lateral being detected on the basis of just one peak, but
rejected if more than two are located. If necessary, as the 'detected' lateral is further
approached, the curvature may be re-checked and lateral detection confirmed if 2 peaks

are identified.

Curvature As A Function Of Arc Length

Figure 2.14: Lateral Curvature Profile

2.2.2 Preliminary Investigation

Whilst Chapter 6 deals with the experimental assessment of lateral detection, an initial

case study is used here to establish the proposed procedures.

Figure 2.15a shows, for ease of reference, the edges of Figure 2.5 overlaid on the image
of Figure 2.4, captured under reflected illumination. Note that in this case image
enhancement prior to edge detection was not required; the walls of the pipe are quite
wet and the lamp employed quite bright. As a result there is sufficient light in this
environment to allow immediate application of the Canny operator. The result of
thresholding the image is shown in Figure 2.15b, while the estimated vanishing point is
shown in Figure 2.15c¢. The large dark region to the right of fhe image severely disrupts
the vanishing point location process. Two points should, however, be noted. First, this is

an extreme example. Second, this effect will always shift the vanishing point estimate
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away from the directly illuminated wall and towards the region where laterals are to be
sought. Hence, while the vanishing point estimates obtained may be inaccurate, the
region of interest will still be appropriately placed; the effect is unlikely to cause laterals

to be missed.

Figure 2.15d shows the result of‘ applying the proposed detection criteria to the edge
data of Figure 2.15a.. The lateral inouth, is again correctly identified, Figure 2.15¢
shows the curvature plot of the corresponding edge string. Two other strings are,
however, also considered likely to represent lateral intersections. One arises from the
colour-coding bar supérimposed on the video frame and is easily discounted. The |
second is located on the far wall of the sewer; on the opposite side of the vanishing
point from the true lateral. Since the use of reflected illumination is key to the proposed
method no intersections would be sought in this part of the image, which depicts a
directly illuminated wall. Hence this additional ‘false positive’ may also be discarded

without effort.
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