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Abstract

The global 3D imaging market is expected to reddhisilion by 2024 with an annual growth d23.7%6

(3D Imaging Market Global Scenario, Market SiZeend and Foresd, 20151 2024.2018) Various
industries are extensively involved in this emergence including the healthcare and entertainment industries,
the architecture and constructimmustries. Additionally, global steel pipe demand is predicted to rise by
3.% annually until 2019. The combination of the two grasmhises the potential of 3D imaging
technologies in the construction industry, especially in the piping industry. Thanks to the vigaleus c
between growth and innovation, development and appitatiof nhew 3D vision technologies and
techniques has become a need fordbstructionindustry facing harsh competition ghaty. Similarly,
prefabrication has been boosted in the construction industry, reducing costs and optimizing time of
fabrication.It also copes with the increased demand of small tolerances which sets the industry and its labor
under high pressurd@hus, quality controlis reinforced in fabrication facilitiesand innovations can be
deployed in that domain to preclude assemblies faogincompliance. Employing 3D scanners is one
effective way to do s@and the recent emergence of handieder scannerdsascreatedhe opportunity to

develop efficient new methods to be used for quality control.

This thesis proposes a novel madblogy for deriving3D modes for assemblies to be fabricatdmeaking

down a barrier thatpreviously inhibitedthe utilization of smaifange handheld 3D laser scanners. The
process is appiable for industrial assemblynks which present a stepwise fabtica processuch ashat

for pipe spools The methodology also aims at streamlining the fabrication flow for workers, and can
provide asbuilt information to the management tedm.do so, piping assemblies are thoroughly analyzed
and decomposed at eaaldaevery step around the weld of interest: one part is being added with respect to
the other. From this decompaosition of a pipe spool, the challenge of the methodology is to shrink down to
the minimum the amount of componeitst have to be investigatea tcontrol the geometry of the
assemblyThe key concept of solidf revolution is introducednd permits the derivation of the Minimum
Required Model (MRM). Examples are generated and experiments are conducted to test the effectiveness
of the presemd mehod. This is mainly realed by implementing the algorithm withian inhouse
software, developed along with another PhD studantaas t stude@t&nd a eop student.The software
enablesthe comparison of thacquired sceng¢o the 3D modelby segmentig piping components
individually, andgeneratinghe asmodeled point cloudConsequently, piping components can directly be

segmented within the softwa@nd the MRM can be derived and compared to the expected model.

In order to evaluatehe efficiencyof the methodthree critera are proposedl) the level of spatial

complexity between the derived Minimum Required Model and the initial 3D model, (2apaeity to



use ahandhedl scanner with owithout the MRM, and finally (3) the accuracy of ttmmparison between

the acquired scan and the 3D model.
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1 Introduction

Investment in innovation in construction companies is very low compared to dth2td5,only 1% of
revenuesvasspent in R&D in construction whereas &%o 4.5%werespent in the auto and aerospace
sectors As a result, the industry is among the least digitized construction projects suffer from cost
overruns and major schedule delays. As mertioma recenMcKinseyreport(Agarwalet al.2016) some
innovations could lead to high improvementtedindustry operation. The major recommendation is to use
higherdefinition surveying and geolocation techniques in projects. Deploying 3D imaging techniques can
allow high-quality 3D imagego be gatheredyhich can be integrateslith any projeciplanning tool, such

as Building Information Mdeling (BIM). As stated in a recent repd8D Imaging Market Size, Trends

and Forecas2018) the 3D imaging market is expected to have an annually gratebf about 25% until

2022, reaching a amket valued at $21bn. With such a market becomingermompetitive, technologies
areexpected to gain accuraapd resolution with prices dropping down. In additiodustrial construction

is categorized agneof the most expensiveonstructionsectos and thus requires rigorous focus to avoid
any incompliance. In particular, the piping industry accounts for a big amount in industrial construction.
As the demand on infrastructure will keep growing in the next decade, global steep pipe demand is expected
to rise 3.5% annually to 79.7 million metric tons in 2Q&EB2edonia Group 2013

By merging all this information together, thetentialities of applyin@D imaging technolagswithin the

piping industryare straighforward. The enhancement of piping fabrication processes using 3D scanners
could have many positive impacts by improving quality and productivity, reducing rework or building up
an innovativecorporateimage. 3D scanners can also be calleght Detection and &ging (LIDAR)
devicesand include terrial and handheld laser scanners. Due to their light weighte of most recent

ones can be mounted on unmanned aerial vehicles (UAVs). Developing handheld laser scanners in the
construction indstry has the benefit of not requiring axpensiveinvestment and providing valuable

results for comparing asuilt assemblies tasmodeled desigs, or conductingn-site progress tracking.

In the following thesis, focus lroughton the deployment dfandheld laser scanners in piping fabrication
shogsfor assessing the geometric compliancagdjuilt pipe spool assemblies with regar@®@@Computer

Aided Design (CAD) moded A methodology is extensively developeshich leverages the available
designinformation to produce a reduced 3D design model and takes into account the stepwise fabrication
flow for assemblingpipe spools. The derived modelamedthe Minimum RequiredModel (MRM), is

applied in the perspective of 3D visibased stepwise qualityitrol in a piping fabrication environment.



1.1 Problem Satement

The emergence of modularization and prefabrication in the construction industry has enhanced the

i ndustryodés perf or manc e .theication bf ahe coostuct®rt phase, taioedo N r e d U
construction costs and improves eurdduct qualityJaillonand Poon 2014 Given the controlled nature

of the factory environment, quality control can be performed more accuratelypi@nactors are held to a

higher standard to achieve strict tolerancks a result, construction companies have looked to other
manufacturing industridgssuch as the automotive industrgnd started to use their measurement processes

by adapting thenJaillon and Poon 2008)

Automation of construan processes in general and modular assembly specifically, would enable
contractors to achieve a higher degree of accuracy with respect to geometrical deviations. For instance,

automated machines are developed and utilized for welding and d@Gtiagavekt al.2017)

Unlike the automotive industryue to the nature of construction industry, most of the work is sitiual
andlabor intensive Furthermore, in the U.S, the construction industry has the highest fatality rate across
all industries with approximately a thousand deaths in Z&Hsal Occupational Injuries by Seted
Characteristics, 2003014.2003) Therequiredhigh skill level coupled with the high accidents rate has

led to a major challenge in suppig the required workforce in construction proje®anet al.2012)
Focusing on the piping industry, workers need to develepriety of skills, includingnterpretationof
spatially complicated assemblies from tdimnensional isometric drawings, correctly positioning

components and proper welding.

In the piping industry, design files are transmitted in the form of a 2D drawing. These drawings are then
printed and distribied to workers on the fabrication floor. Workers are trained to use these 2D drawings to
build the 3D model of the design in their minds and then lay out the pipe spools based on their interpretation.
Because of the complexity of this task, workers usuddlyelop their own method to better understand
(visualize) the drawing. One such method is to use a welding rod to quickly build a 3D model of the
assembly. As such, utilization of 3D moslé€ivhich could be digital or 3fprinted) along with the
traditional2D drawing has been proven to be effective when assembling components t@etteum

et al.2016) However,3D model desigmuringthe prefabrication stages has been very limited due to the

substantial changes in the irial workflows that it requires.

One of the major bottlenecks in modular fabrication is the inspection prdtassher it usesigh end
laser scanners, experienced Quality Control (QC) paedan third party QC firms, itan only be applied
at the end bthe fabrication process. Moreover, detection of a geometric deviation at the end of the

fabrication process can cause major delays and costs to the Bajiecet al2015) Recently developed



range cameras can potentially be a solution to this problem since they can offer accurate real time
information on the abuilt statuswhich canthen becompared with the 3D mod@mar and Nehd2016)

In addition to their ability to collect real time information, these scanners require a minimum training
experience, making them a great solution to be adapted on the fabricatioNdipoange cameras have a
limited range of acquisitigrwhich is theprimary reason of their limited application in the indugsharif

et al. 2016)

1.2 Research bjectives

The primary objective of this thesis is to deyeframework for generating a Minimum Requiredddl
(MRM) to be used for stepwisgD imagingquality control during the pipe fabricatiamycle A MRM
would create several efficiencies in the fabricatimacpss by minimizing scanning requirements and

relaxing constraints.
In addition to this primary objective, some secondary objective

to propose a methodology fully integrated into a wohkaseduserfriendly software;

to overcome the short range ltiation of handheld laser scanners;

to developthe premises of a framewgnkhich enables handheld laser scanners toobepletely
deployed in piping fabrication shaps

1.3 Research Aoproach

This thesis focuses on the development of a solutiarerivethe Minimum Required Mdel (MRM) in
order to facilitate the utilization of handheld laser scanners for geometric comlifmihig fabrication shops
The developed methodology aims at breaking down the barriers that prevent tadianilof consumer
grade scamersin the industry. Such barriers include their small raage, thelow point cloud density on

large scans.

To do so, the methodology is integrated iagnftware developed by the research project c&teacture

from Motion (SfM). The solution haseen developed for more than two years through a research
collaboration between the University of Waterloo and Aecon Industrial West. The main obpédhise
projectis to develop an integrated software package to be used by workers in the fabriegiitmreduce
rework and improve productivity by detecting detdmtfore they occuilo do so, he SfM solution uses a
handheld laser scanner to scan thbuik assemly, which is then compared ta@3® model of the assembly
being fabricatedin addition the SfM software enables the experimentatamd the validation of the
methodology A database&omposed of abouwinehundred 3D piping modelsas createdo test out the

methodology.



The methodology wasexecutedin a twophased approach: (1) a method vdeveloped to enable the
segmentation of piping components in the appropriate 3D model format; (2) the algorithm for deriving the

MRM wasconceivedand implemented in the SfM software.
Severaimpact factors were evaluatea order to measure tredfectivenessof the proposed methodology.

1.4 Scope

Although thedevelopednethodology could be applied to any kind of industrial assembly, the thegses

on industrial assemblies frothe piping industry. Somgrocesses as well as fabrication inputs/outputs are
industryoriented.As a result, the flow of piping fabrication is considered to be stepwisieh implies

that each assembly is fabricated one step at a timftting togetherone componentor group of

componentsonto another.

The thesis and its inherent concepts were developed to be usbdmdtielcconsumer grade laser scanners

and aim at solving the current challenges of those devices. The utilization of the methodology coupled with
other acquisition devices such as terrakB8D laser scanners is not the original purpose of the methodology
andmay not be appropriatbecause eadiechnologyhasits inherentchallenges which need to be tackled
independently.

1.5 Thesis Qganization

This thesis is organized into seven chapters:

1 Chapterl presents the introduction to the problem statement, objectives, approach and scope of the
research contained in this thesis.

1 Chapter2 provides a comprehensive overview of the literature and background information. The
piping fabrication processes are extensively detailed to position the research in its caspgegtaA
attention is given to quality control during the fabrication. Relevant information surrounding 3D
imaging technologies used to perform quadiontrol is also provided.

1 Chapter3 presents the proposed methodology. The overall workflow is contextualized and broken
down into the key steps involved. Objectives and constraints are also addressed.

1 Chapterd details the methodology used to segment the piping components. Examples are provided
and the process is explained.

1 Chapters focuses on the method used to derive the Minimum Required Model and the concepts

involved.



1 Chapter6 analyzes the effectiveness of the proposed methodology by agstesMRM with 3
metrics. The spatial complexity of the assembly, the possibility of scanning and the point cloud
density are measured before and after using the methodology.

1 Chapter7 summarizes all the developments of this research into key conclusions. Future work is
also discussed in order to strengthen and supplement the proposed methodology and research
undertaken in this thesis.



2 Research Background and.iterature R eview

The following section entails a thorough description of the piping fabrication processes. First, the
fabrication ofa piping assembly is explained based on site visits. Secondly, the fabrication woykflows
which determine the processeg aletailed and provided. Finally, the theoretical implementation of the
developed software is provided through improved workflows. This presentation enables a precise
contextualization of this thesis. In the second part of this chadbeedecision makingrocess which lead

to the selection of Structure 10 is provided. To conclude, a literature review is achieved and presents the

3D imaging technologies in quality control in the construction industry.

2.1 Piping Fabrication Processes and Qualityrispection

In order to fully understand the applications of the developed thesis, a detailed presentation of the piping
fabrication processes is required. Therefore, a realistic presentation of piping fabrication is given in the next
part, supported by ishop picturesi-ollowing it, the fabrication workflows are analyzeadid the potential
implementation of the developed solution is explained.

2.1.1 Current ToleranceControl and Error Detection Within the Piping Industry

During fabrication, all materials and components asammgd to have specific dimensipasd the locations

of elements are dimensioned on the isometric drawings to a theoretically exact position relative to one or
more datum points. In reality, these fabricated dimensions and locations vary somewhat. rélctuatint
acceptable amount of variance is the tolerance for that specific measure. Tolerance specifications assure
installation of a system within a reasonable degree of accuracy. For specifying tolerances, designers and
QC specialists typically use stardized dimensiondblerance guidelines-or any contract, the designer

must clearly state: (1) the tolerances allowed, (2) the standards used, (3) how compliance will be verified,
and (4) what the result of noncompliance will BEl ES03 has been selex as the dimensional guideline
standard for the purpose ofetStructure from Motiorproject since it will cover more than 80% of the
contractual obligation thathe Aecon Industrial WestA(W) fabrication facility is interacting with.
Currently, the prdominant processes for monitoring the critical dimensions outlined in these standards
involve manual assessment by certified QC personnel using direct contact measurement devices such as
metal measuring tapes, calipers, custom gauges, squares, and stigégghtNo measurement process is
exact, and this uncertainty needs to be taken into account when verifying compliance with any allowable
tolerance. Measurement uncertainty is simply a quantified doubt about the result of a measurement.
Uncertainties andreors in measurement can come from many sources, such as the measuring device, the
component being measured, the skill of dnaft workeror inspector performing the measurement, the
measurement process, and the environment. For example, when takipipadsstance measurement with

a measuring tape, a number of things can go wrong: (1) the tape could be mismarked or the end hook could
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be out of position, (2) the tape sags during the measurement, (3) the tape may not be perfectly aligned with
the desiredaxis of measurement, (e craft worker measuring might have poor eyesight, or be making
the reading in dim Ilighting conditions, or (5) the

In addition to measurement uncertainty, dimensionatrob problems also originate from existing poor

design document creation practices. These include:

1 Chain dimensioning establishes ambiguity and the potential for accumulated measurement error
e.g., dimensioning a s p dreihsfead oimwal singlefppdsepointo z z | e s

1 Problems can arise when copying values from guidelines or standards while neglecting to
communicate if they are maximum or minimum values of an allowable range.

1 Less important dimensions may have auminus sign as a suffix to indicate that the dimension
can vary, but the amount of the allowable variation is not clear.

9  Errors can result from using units that the fabricator does not typically operate with.

Adhering to tolerance specifications can take on an additional layer of complexity when practical cost
benefit concerns are integrated into the decision making. For example, under a strict interpretation of the
contract, a contractor would be requiredadabricate an entire pipe spool assembly because it exceeded
the specified tolerances by a quarter inch, but this could seriously delay construction progress, lead to
litigation, make for a negative and adversarial work environment, and increase castesgarily. For

most large projects, the final tolerance inspection is performed by the regulatory agencies.

For a more irdepth discussion of tolerances in pipe spool fabrication andraotish in general, see
(Thielsch 1965Markowitz 1973, Ballast 200Antaki et al.2005)as well as ISO 4463:1989 2012 and

ASME B31.122014 2014.

212 Aecon6s ifebSmolkabricatidh Proces

This setion provides Aecon woflows in terms of (1) data (2) physical and @) revision. Data worktow
corresponds to the general witokv associated with data transmission in AIW (Aecon Industrial West).
The physical flow is how differerpirocess in the shop are located relativeedch other. The revision
workflow focuseson quality control anthe drafting process for spooling. It also helps in integrating SfM

in Aeconds work fl ows.
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213 Aeconbs Gerancekapping and Control Approaches

Occasionally, some work will be performed that upon examination will be found to be out of tolerance.
This is an instance of nesompliance with the contracDimensional norcompliance or defects are
primarily caused by pipe fitter error or by the theregbansion and contraction of metals during welding.

The degree of distortion depends on the metal or alloy, its size, shape, thickness, the tacking and alignment,

the welding process, procedure, and sequence, the care taken by the welder, and thiegoo$itios

welded components in the design. Regardless of whether the defect originates from fitting or welding,

dimensional examination usually does not occur until after welding, i.e., after the components have been

permanently joined. Remediation ofghype of norcompliance is expensive; mese if the dimensional

defect goes undetected until final installatiorsite. The following table illustrates a list of nammpliance

categoriesaind their descriptions.

Tablel: List of non-compliancecategoriesand their descriptions

Non-Compliance Categories

Description

Weld defect

Due to the welding the size, shape, orientat
location, or properties do not meet specif

acceptance criteria

Dimensional defect

A dimensional discrepancy greater than t
acceptable tolerances stated by the applicable

or contract

Drawing error

An error or omission on drawings used

fabrication

Pressure test failure

The failure of a pressure test. Mechanical faily
of equipment areaot considered cause for an N(

but rather a retest

Fitting error

A dimensional discrepancy greater than

acceptable tolerances stated by the applicable

Material defect

A defect in parent material which excee
allowable tolerances and specificais of the

applicable code

Customer error

Customer error resulting in a naompliance

Wrong material

Material used in the procedure not as per requ

on the welding specification

12



Weld Procedure Specification used on produc
Wrong WPS used _ _
is noton the approved procedure list

Damage part general Damage to production parts

Machining completed by fabricator which fa
Machining error (by fabricator) outside that allowed by the applicable code
specification

Defect or error incurred by supplier
Supplier/Subcontractor error subcontractor which impacts the compliancy of

component

o Defect in coating systems which is not compli
Painting defect _
to applicable code

o Material has been contaminated either thro
Contamination ) ) )
contact oimproper packaging and requires rew

_ Flange face does not met the requirements pe
Damaged paii flange face )
applicable code

. Ball value does not meet the requirements per
Damaged paiit ball value

applicable code

2.1.4 A e c o nubgent Metrics for Quantifying Non-conformance and Rework

A rework activity is defined as an activity that is completed more than once or that removes work previously
installed/created to correct n@onformance between the design and thbuals condition. Rework falls

into two categories: corrective activitieégat are reported and tracked and unreported corrective activities
that are performed by a craft worker during the fabrication of the component. This unreported rework is
challenging to quantify as it is unreported. In heavy industrial projects, theshighgact on rework is
caused by design error and omissibRRF = 0.009and owner change (TFRF = 0.005), while construction
error has a TFRF of 0.00ZFRF s the total field rework factor and is defined as the total direct cost of
field rework divided  the total construction phase céidivang et al. 2000

When nonconformance is detected in the work completed duaimgnspection at an Aecon facilityhe
inspector completes a opage norconformance report to document the incident. The report details the
incidence of nortonformance, the proposed disposition, a statement on acceptance of the proposed

disposition, ad completion of disposition.

The inspector provides the identifying information about the spool being discussed in the report, including

a NCR number, a spool number and a job number.

13



The inspector describes the raonformance and recommends an adtiom the following choices: scrap,

rework, use as is, and return. The inspector provides a root cause of -ttenfammance.

If applicable, the inspector then provides a proposed disposition that outlines a proposed solution to the
non-conformance situan. The norconformance reporndits current state is provided to the client for

review and approvdFigure5, Figure6, Figure7, Figure8, andFigure9).

Once the work outlined in the ghgsition is completed and recordéke final signatures can be applied

the original norconformance remt, and the incident of nenonformance has been resolved.

2.1.5 Benefits and Feasibility of Augmented Reality Guided Assemblyremework

In a study conducted by CII research team titled
research team fodnthat there is a significant improvement in craft performance when 2D information is
augmented with the corresponding 3D information. Their field experiments provided evidence of the

benefits of providing 3D information, including:

A A 16-percent improvemnt in time to completion using a tvetded isometric.

A A 39-percent reduction in the number of errors using adigded isometric.

A An 11-percent increase in direct work using a {svded isometric.

A An ROI of $33.47 saved for each dollar investechmuse of twesided isometric drawings.

(For more information on-8ided isometrics please refer(tdoodrum et al., 201R)

The University of Waterlodeam was able to delivan electronic version of the twgidedisometricwith
augmented reality features which foreseen to provide an immediate efficiency gain from employing
mobile technology to diffuse information to the craft workewglier than expected. This task was planned
to be completed on the third phase of the projEtt prototypés able to disfay the isometric drawings

and 3d model of the selected pipe spool. The igdeingable to navigate between these two screens by
swiping the tablet screen or display both of them side by side. Thesbséngable to manipulate the 3d
model using théablet touch screefa capability beyond the static 3D shape used in the aforementioned

study)
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ACLCON

NON-CONFORMANCE REPORT (NCR)

EX015

Rshop OField Com#:

ISSUED TO: Aecon FAB Shop NCR No.: 3032-FO1-NCR-021
DEPT / PLANT / LOCATION: SWP FAB SHOP DATE: 28 OCT 15
TAG No / LINE No.: 10-20450-PL-3253-002 JOB NO.: 3032-F01- Fluor™NWR Unit 20

DESCRIPTION OF NONCONFORMANCE -
Orifice flange on SCN 60085 instalied Incormactly, tap Instalied Norlh 45 deg down, &nd nol South 45 deg down as required

per
RECOMMENDED ACTION: [J SCRAP [J REWORK B®USEASIS [JRETURN
ROOT CAUSE INS| SIGNATURE DATE

Misinterpretalion of detail Tammy Murphy

. - . B

1od by addressee)
The spool containing the counterpart to this orifice flange has not yet been fabricated (SCN 60084). Aecon
proposes, to avold the risk of damage to the flange during rework, to leave spool 60085 as is, and revise the
cut sheet for spool 50084 to show the tap at South 45 deg down, which would avold interference with the tap

on 60085,
NAME: Tamnry Murphy SIGNATURE: DATE; 28 OCT 15
e O T L e S YT IRN NI 2 &Y A VL Xl
Accmmceosmmsn.
GJENTAPPRWALpYES Ono AUTHORIZED INSPECTOR: ] YES EINO
SIGNATURE PRINT

Q.C REPRESENTATIVE: me

DATE:
2.! w—zo:.r
Ty N T ST
SIG} DATE
Q.C REPRESENTATIVE: ?.!- VOVv-2 Ot 5
Fivor Representative: - L
NWR Representative:
INEER:
| apetcabie) z
“Revision 3
June 18, 2013 Page 1 of 1

Figure5: Example of a nowonformanceeport log page 1
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o i Re: 3032-F01-NCR-021 !
— Dave Arthurs |0 Dwayne Faulkner, Bernie Knierim 11/2372015 01:26 PM

Dwayne / Bemie -

There is no impact on instrumentation functionality of the flange taps are on north or south side in
orientation provided we have one tap on the upstream (high pressure) side of the orifice plate and one tap
on the downstream (low pressure) side of the orifice plate. Additionally in this instance, the taps should be
below herizontal per standard Installation in liquid service .

I recommend moving forward with the proposed solution to the NCR to have the tap on spool 60084
located South at 45° down.

Cheers
Dave Arthurs, C.E.T., B.Mus | FLUOR CANADA LTD. | Senlor Designer / Field Engineer - Control Systems |

dave.arthurs@fivor.com | IODC 40,4870 | Phone; +1.(780).640.2853 ext/ 5032 | www.fluor.com

Dwayne Faulkner Dave, As discussed prioy, please see the attach, ., 11/23/201501:14:32 PM
From: Dwayne Faulkner/CA/Contr/FlucrCorp
To: Dave Arthurs/CA/FDIFIuorCorp@FluorCorp,
Date:; 1112372015 01:14 PM
Subject: 3032-F01-NCR-021
Dave,

As discussed prior, please see the attached NCR for your review of the proposed disposition.

Regards
Dwayne Faulkner | FLUOR CANADA LTD. | QA, Mod Yard - NWR Project |

Dwayne.Faulkner@fluorconstructors.com | Cell Phone 780.446-4334  3032-F01-NCR-021.paf

Figure6: Example ofanon-conformanceeport log page 2
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Figure7: Example ofa norconformanceeport log page 3
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2.1.6 Piping Fabrication in Practice
The following section illustrates the physical workflows provideBigure2 andFigure3.

Once the drawings have been issued to the shop, the general forezsannsible for properly distributing
the drawings to the fitters and welders. Each worker has a ticket which allows him to perform certain types
of fitting or welding. Also, drawigs are dispatched between the diffeleyts of the AIW facility Figure

10represents the shelf located in the AIW facility where workers pick up thdin jble form of drawings

Figure10: Drawing shelf in the Aecon Industrial West facility

Once the drawing is brought into the shigbrication can begin and follows the physical workflofsur
maintasks are involved in the piping fabrication. After loading the matdriats the sbragerack to the
cutting rack Figure11) and making sure noomponenis missing, the first step consists in cutting the
components to theroperdimensiors specified on the fabrication drawing (cutshé#t)s task is performed
semiautomatically by the cutter. His job is to correctly specify the required settings for the specific spool.
Figure12 shows the operator performing a cutting on a spool. The cutting information are tigptutkin
monitor, and the machine csithe pipe spool by itself.

Although this task could seem straightforward and not ptomfect, a common practice in the industry

is to let extra tolerance to the spool so that it cannot be smaller than specified. As a result, the initial pipe is
often longer than it should be. The reason to this practice is that it lets a chancétersheet welders to

correct a potential mistake by giving the possibility to cut the extra length if the first attempt was

miscellaneous.
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(b)

Figurel1: (a) Outdoor storage rack and (b) indoor cutting storage rack beforedesintp the cuttinghachine

Figure12: Cutting operation performed by an operator

Once the cutting is performed, the spools are sent to the desiftiatgdtation using roof cranes through
each bayFigure 13 shows the general layout of bay 1 in the AIW facility. The crane fixed at the roof is
used taransporthe spools between different stations. Following the fabrication flow, the gpeslto a

fitting station such as the one showrFigurel4.

21



Figure14: Fitting station

From there, thepool is unloaded by the fitteFigure15), and the second main task can begin: the fitting.
Fitters are responsible for interpreting the cutsheet and performing the tack welds according to the
drawing(s). Once tack weld is performed by the fitter, the spool is shipped tovéiding station for
welding. One of the main taslf fitters is to maximize the number of roll weldhis requires careful
selection of suspools that can be tacked together, so the wholssodl can be rolled for all of its tacked
welding locationsA complete spool is often too large or unwieldy to roll, and final welds to joisgabls

have to done manually by awkwardly moving around the fixed spil.welds are welds in which the
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spool is rotating in a machine where the speed of the rotatiwmmirolledoy the welder. Roll welds have

a better quality and take an order aignitude less time to completéqure16).

Figurel5: Pipe loaded at a fitting station for being assembled

Figure16: Pipe spool prepared for roll weld
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Another main task of the fitters is to perform continuous geometrical control of the assembly. After
performing aack weld, fitters are supposed to control the alignment, geometry and orientation of the fitting
so that no weld is performed on a miscellaneous assembly. To do so, the fitting table is equipped with
manual tools such as the ones showhigurel17. Fitters have at their disposal digital levels to measure

the inclination of the assembled spool as well as other corharaitools.

Figurel7: Fitting table

As stated in the physical workflows, pipe spools go back and forth between the fitting station and the
welding station. Once the assembly is complete, the quality control persmaimetharge of controlling
theassembly. The person responsible for quality control has to check all of the |emgfles materials

and grading of the spoulith respect to the drawings. For exampligiure 18 represents a drawing that has

just been controlled by the QC personnel. Cross marks are placed next to each length/angle right after they
got contolled and are within toleranc®nce the entire spool has been investigatatlis corregtthe QC
persorstampghe drawing. lidemandegdthe assembly may then be stmthydro tests before shipping. In

the case where a defect is detected, the quality cqrgrebnnehas to fill aNon Conformance Report

(NCR) as previously stven in Figure5 to Figure9.
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Figure18: Drawing after the QC personnel inspection

One of the main shortcomings of the defect detection process is the poor level of accuvesiglaingiven

to manual interpretationvhich makes itprone to human mistake. Integrating a 3D vision system for
constant quality control has the potential to reduce the amount of rework detected at the end of the
fabricationprocessy the quality control personnel. Agdfly explained in2.1.5 augmented reality could
improve the efficiency of the fabrication by detectirgfegtts right aftetacking and before welding or at

lead right after they appeaf.his could drastically reduce the amount spent on fixing defants hence,

making cost savings

2.1.7 Theoretical Implementation of the Stepwise Quality G®ntrol

Following the shortcomings highlighted in the previaestion, the following sectiodescribes the

theoretical modifications that would be required in the current workflows in order to implement the
proposed solution developed by the research teaurel19shows the modification that would be required

in the Aeconds fabrication physical flow to impler
are represented by the yellow rectangle. Eaclisommpresented by a syoocess that refers to the workflow

presented irFigure 20. The idea is to implement the solution before going from theditiation to the

welding station. By this way, we make sure the assembly is correctly aligngmbsitidnedbefore the

weldis being done. To do so, tIs#M package equipsach fitting station. The current solution is using a

handheld laser scanner (Sture 10) mounted on a tablet (iPafi) acquire the abuilt assembly. The scan
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is then remotely sent togeneral computér which could be located at the fitting statibmhere the post

processing i¢inally achieved by the craft worker.

To perform sucla stepwise quality control, some premises are required and are represented in the data flow
(Figure22) in yellow. Those changes consistdallectingto the client engineer not only the cutsheet of
assemblies but also its 3D model and its Piping Component File (PCF). Also, because of the multiple
revisions that can happen during the fabrication, the acquisition of a revised 3D model is necessary. These
processes highlighted in the workflows are important for the effectiveness of the proposed quality control

solution as well as for thaiture of the industry.

As such, the fabrication physical flowigure 19) is slightly modified by adding an extra step each time

the assembly must be moved from the fitting station to the welding station. The extra step consists in
applying the develggd QC solution before welding the components which have just beenFitiede20

provides the big picture of that st@he deployment of SfM in thalW shop is then illustrated iRigure

21 with an IPad equipped with the scanner positioned at each deployable shop location. In addition, the
fabrication data flow needs to be adaptBay(re22). For a project, the client engineer should be asked to
provide the 3D mods. A SfMdatabaseould then be created to gather the cutsheets, the PCFs and the 3D
models to enable an optimized use of SfM. Finally, as depictEdjime23, the fabricatiomrevision flow

would also have to be updated: instead of only revising the cutsheet when a revision happens, a revised 3D
model should be provided to AIW afteny revisionand the SfMilatabasavould be updated to match with

the new version of the design.
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Aecon Fabrication Physical Flow (3032)

Version 0.
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Figurel9: Implementation of Structure from Motion in the Aecon's fabrication physical flow

27



: P L ;

i Visualize the 3 E i Take a scan o E i Superimpose E

| model | | the fitted | E the scan on the |

' | ' components | ' model | >
Log in and load the i v : | | | : Correct the potenti

current job | Select the :'—": E—ﬂ : deviation and go to

! components to ' ' Y ! | L 4 ' the nextstep

1 - ! 1 ! i 1

: fit i : Obtain the scal i : Analyze the i

' v ' i ) ' i potential !

, . 1 ! point cloud ' ! - !

! Obtain the ' ' ! | deviations :

i model point | i | | |

: cloud ! ! ' ! ;

| | ; | ' |

b o e e e e e ! b o e e e e e ! P | !

Figure20: Simplified workflow of Structure from Motion

28



cut a1
Layout i BE

e Module Assembly
Bay 1
¥ cutTiNG AREA v e 2

FITTER TABLE (5)

WELD STATION (11)

FITTINGS (RAW)

OOOD

PIPE (RAW)
10"
F o — — KANBAN
. , > D < — |
FIRST ROLLS
4 FITTINGS & '
WF2: SftM T WF2: SftM
App App
A
A
iz
S
o
g
g
<
R X0

HYDRO 110' X 20

SUB ARC 110"
110"LONG

NOTE: 1. DRAWN TO SCALE

] 2. ALL DIMENSIONS ARE IN FEET
A

Sic

WEF3: Future Layout Module Assembly Bay 1 21/03/2017 Version 1

Figure21: Layout of the AIW facility equipped with Structure from Motion

29



Aecon Fabrication Data Flow (3032)
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Figure22: Implementation of Structure from Motion in the Aecon's fabrication data flow
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2.2 Decision Making Method

To evaluate the best deployment optiontfor describedscenariofocus was maden selecting the best

scanner for the jg since scanning technology providesvi@e spectrum of options to be evaluated. To
simplify the analysis, only three criteria were used to evaluate the scannerdit ¢ostpurpose,and
deployability Costincludedacquiring enough hardware to deplinwe system and not just the cost of an
individual scanner. The computing system is also considered in the cost calculation. Fit for purpose refers
to the scans produced and the scanner itself, taking into account the speed at which the scanner acquires
points, the accuracy with which the points are captured and range at which the scanner works. Assessment
of the fit for purpose of the scanners is based on the specifications provided by the manufacturers.
Deployability accounts for how easily tseanner ca be moved and howsitphysical properties suit the

environment in which it is to be deployed.

2.2.1 Scanners Evaluated

Four scanners were evaluated for the purpose of this decision making. The scanners were selected to be
demonstrative of their respectigeanner categories and styles. The FARO Sense(Mg@Qre 24) was

selected as a standard tripod laser scanner, the BLKF3§dre 25) was chosen as a portable lower cost

laser scanner, the Artec E{eigure26) was chosen as a higimd portable structured light scanner and the

Structure SensdO (Figure27) was chosen as an inexpensiveesymortable structured light scanner.

The FARO Sense M70 is a $25,000 tripod laser scanner that captures points at 500,000 points per second.
It is accurate up to 3mm and scans to a 70m range. It is the least portable scanner investigated as it is
mountedon a tripod and is the heaviest scanner investigated. The FARO Sense M70 must be used in

conjunction with a laptop or desktop computer.

Figure24: FARO Sense MO

The BLK 360 is a small $16,000 dorabaped laser scanner. It captures points at a speed of 300,000 points
per second. It is accurate up to 4mm and has a 30m scanning range. The scanner is portable, it is light

weight and can be placed on any flat surfdte BLK 360 works with an iPad.
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Figure25: BLK 360

The Artec Eva is a higand $15,000 structured light scanner. It resembles a clothes iron in shape and size.
It captures 2,000,000 points per seconds with an accuracy of 0.ththia scanning range of 0.4m. The
scanner is portable but must maintain a wired connection to a Microsoft Surface tablet or equivalent
computing device.

]

,}\\
]
1‘»»

290

(O

Figure26: Artec Eva

The Structure Sensor is an inexpensive $400 strudiigiedscanner. It captures up to 1,000,000 points per
second with an accuracy of 0.5mm and a 0.4m by 3.5m scanning range. It is the most portable scanner
investigated as it can be mounted onto either an iPad or a Microsoft Surface tablet.
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Figure27: Structure Sensor mounted on an IPad

Table2 summarizes the 4 different scanners investigated.

Table2: Summarize of characteristics of different scanners

scanner

Operating
Type System Cost Speed Accuracy | Range
Compatibility
FARO Focus| Tripod laser _
Windows $25,000 | 0.5 M pts/sec| 3 mm 70m
M70 scanner
Portable dome _
BLK 360 i0S $16,000 | .36 Mpts/sec, 4mm 40 m
laser scanner
Handheld
ARTEC _ _
EVA structured light|  Windows $15,000| 2 Mpts/sec | 0.1 mm 0.4 m
scanner
Tablet
Structure mountable | _ 0.4 mx
. iOS/Windows| $400 1 Mpts/sec | 0.5 mm
Sensor structured light 35m

2.2.2  Multi Attribute Utility Analysis

Forthe implementation of the solution described a@ble2, the fit for purpose of the scanner was deemed

to be the most important factor, accountinggd® of the decision. To minimize disruption to the existing

work flow scans must be obtained quickly, while being accurate. The scanning range was also deemed
important as needing to keep the scanner at a consistent distance from the object being scéthmeakes

the scanning process too arduous to be implementable. In addition to the distance between the scanner and
t he

t he

object,

scanni

ng
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Each scanner was rated basedtsmspecifications for speed, accuracy and range and how they pertain to
this use case. The evaluation across the 3 categories was averaged as the 3 criteria were deemed to be of
equal importancelable3 summarizes the evaluation of the scanners based on their fit for purpose.

Table3: Evaluation of the scanners based on their fit for purpose. 3 parameters are taliecounin: the speed, the
accuracy, and the range. The value is obtained by averaging the 3 parameters.

Scanner Speed | Accuracy | Range | Average
FARO Focus
0.9 0.8 0.5 0.75
M70
BLK 360 0.75 0.5 0.5 0.58
ARTEC EVA 1 1 0.6 0.87
Structure Sensorp 1 1 0.7 0.90

The scanner with the best fit for purpose score was determined to be the Structure Sensor.

The cost of the scanner accounted for 25% of the decision as the shop environment is not ideal for fragile
technology and a high replacement cost for damageddkagynis not desirable. The determination of cost

was based on the expected number of scanners and corresponding computing devices required to deploy
the system in a shof@.able 4 summarizes the cost of the hardware required to deploy the scanners

investigated.
Table4: Cost of the hardware required to deploy the scanners investigated

Cost of Number

_ _ _ Total Cost
Scanner Cost Computing System | Computing | of Devices

of System

System Needed
FARO Focus M70 $25,000 Laptop $700 4 $102,800
BLK 360 $16,000 iPad $600 8 $132,800
ARTEC EVA $15,000 Windows Tablet $1,500 15 $247,500
Structure Sensor| $400 iPad/Windows Tablef $1,500 30 $57,000

The structure sensor provided the lowest cost scanning system.

Lastly, deployability accounted for 14% of the decision as the ability to move the scanner would be nice to
facilitate scanning from the best angles, but was deemed to not be amuliftthg the scanner above the
shop floor hazards may help prolong the life of the hardware. The structure sensor was determined to be

the most deployable option for the use case 1 environment.
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A summary table of the qualities evaluated and their weighsummarized below. The weighwvere
determined using the Multi Attribute Utility Theory (MAUTWith fit for purpose being four times as
important as cost and three times as important as deployability. Cost was also determined to be twice as
important as deployabilityResults are presentedTable5.

Table5: Weight of each attribute for the MAUT analysis

Category Weight
Cost 25%
Fit for Purpose| 61%
Deployability 14%

Table6 summarizes the utility provided to each scanner for atichute

Table6: Utility provided to each scanner for each attribute

Fit for . .

Cost Deployability Utility
Purpose
FARO Focus
04 0.73 0.4 0.604
M70

BLK360 0.3 0.58 0.6 0.515
Artec Eva 0.2 0.87 0.8 0.692
Structure Sensor 1 0.90 1 0.939

Based on the decision making approach outlined, the Structure Sensor currently being used was determined

to be the mosappropriatescanner for this application.

To put it in a nutshell, the solution using Structure 10 oiRad sending the dsuilt information to a
general computer has been proven to be the most effective for our purposeanisisis irdeveloping a

3D vision based stepwise quality control method for piping fabrication. However, this solution contains
challenges which must be tackled before being able to implement the soluisihdpenvironment The

main challengés the siortrange these sensors pesswhich currently detesthe industry from using them

for quality control applications. In the next section, a literature review is done around the deployment of
3D imaging technologies for quality control in the construction industry.

2.3 3D Imaging Techrologies for Quality Control
This section is broken downto four sections: (1) an overview of the current quality control processes in

pipe fabrication and their impact on obtaining the 3D model of the design, (2) utilization of 3D vision
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technologies fowisual inspection, (3) novel imaging tools and techniques to improve QC in construction

industry, and (4) knowledge gap and problem statement of the proposed paper.

2.3.1 Quality Control Processes irPipe Fabrication

The predominant processes for monitoring gleemetrical correctness of fabrication assemblies in the
piping industry involves manual inspection by certified QC personnel using direct contact measurement
devices such asnetal measuring tapes, calipers, custom gasgesyes, and straight edgekeZe manual
method of inspectioncan generate measurement uncertaintigsch haveto be taken into account when
verifyinga s s e mbompliansed Uncertainties and errors in measurement can come from many sources,
such as the measuring device, the comgmt being measured, the skill of the craft worker or inspector

performing the measurement, the measurement process, and the environment.

In addition to measurement uncertainty, dimensional control problems also originate from poor existing
document creson practicesFor example, chain dimensioning establishes ambiguity and the potential for
accumulated measurement errar the drawings include units that may not be legible to the fabrjcator

which may cause delays.

Another problem is the fragmentedpess from the design stage to the fabrication. Although not universal,
some of the major steps include: (1) 3D design and modeling, (2) transmitting isometric drawings, (3)
production drawing creation (r ef etributierdandfabricatien. Aicut s |
Depending on the contract, a different company may do each of these steps. As such, a major challenge is
to address thinteroperabilityissues, such as, different software packages used in the modeling process
(Leite et al.2016) Companies have ddeped different strategies as how to address the interoperability
issue, including usintheir in-house workforce to rmodel the design using 2D drawings, which can be

very costly and inefficienfHolzer 2007 or, in many projects, not talgnadvantage of the 3D models.
However, 3D modelling and especially Building Information Modelling (BIM) have been proven to be of

a major importance in construction projects. Communication, coordination, visualization and clash
detection are among the magrlvantages BIM mode(€hen and Wu 2014arnsworth et al. 2015)s a

result, in order to remedy the interoperability challenge and keep the benefits of usitap@ld, software
independent CAD file formats have emerged. For instance, a comnsatyfarmat is Stereolithographic

format (*.Stl) (Garcia et al. 1999 which is compatible with a variety of software packages and only

contains the geometrical information of an asserfiddg et al.2016)

Furthemore, a file data transfer method is used in the piping industry to pass along the most important
geometrical information and management information related to the pipe spool assembly. Piping
Component File (PCF) is a type of file which contains this mg information(Fung et al. 2014 PCFs
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are formatted as a text file and hence are not software dependeépbiBts of the components, diameters,
length, type of weld, and specific description are some instances of the PCF, which is segmented in

paragraphs spéying each component or weld.

2.3.2 Automated Visual Inspection in Gnstruction

Automated inspection is desirable because manual inspection by humansdsrisuening, and can be
excessively subjective, unreliable, andt interestingfor humans to perform. Also, many industrial
assemblies are not easily accessible for manual ingpeEtmer gence of CAD model s i
(Newman andJain 1995)and advanced 3D imaging technologies allowed docurate dimensional
evaluatios as automated parts of the fabrication process. Bosché(Boakhé et al. 20)5resentech
methodology for using 3Daser scanners and comparing thebaidt data with the BIMmodel for

construction projects.

Building on this methodology, Nahangi et @lahangi et al. 20)5resented an automated approach for
monitoring and assessingbfécated pipe spools and structural systems using automatedodstvi
registration. The method reliably detects the presence of dimensiorabmmtiance and has consistently
guantified deviations with less than 10% error in experimental stuties.meéhod requires two 3D
imaging input files: (1) a point cloud of the-lasilt assembly generated using a 3D reconstruction technique
such as Light detection and ranging (LIDAR), and (2) the tolerance specifications as represented by a 3D
CAD design file. LIDAR, often referred to as laser scanning in the construction industry, is an increasingly
important technology. However, the acquidata can béoo dense and a number of methods have been
developed to automatdly find objects of interest in the dgi@harif et al2017) Similar methods include

the combination of BIM and LIiDAR to build a retiine construction quality control systgiWang et al.

2015) It is the stateof-the-art that3D laser scanning technologies are commonly used in construction to

inspect the quality of a proje€fang and Akinci 2012, Bosché 2010, Malamas et al. 2003)

Researchers have created automated methods for monitoring and performing automated -3®Biddge
comparison ofmechanical, eledital, and plumbing (MEPJystemgBosché et al. 2013, Bosché et al 2015)
and general building and structural systéBsché et al. 2009, Bosché 2010, Golpafad et al. 2011)
Using 3D maging for dimensional compliance assessmentmstaoction components has ghetential to

mitigate costly repair angwork while tracking progreg3urkan et al2012)

Laser scanning technologies have thus been under extensive investigation and have been successfully
applied in the industrgTang et al2011) Yet, most of the time, laser scanners are meredg asthe end
of the fabrication process to control and validate the assembly, because 3D imaging technologies require

engineering work and are usually labotensive(Akinci et al.2006) Consulting companies have to come
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in the fabrication facility to scan the assembly and ther bhaprocess the data before providing a final
report. The process is expensive and takes severa{Alay®t al. 2013) Since the data captured by laser
scanning typically includes a large number of point cloudsdérivation of abuilt models in a quick and
costeffective manner is a major challen@eikalis et al.2010, Tang et al. 2010, Bhatla et al. 2012)

2.3.3 New 3D Msion Technologes inFabrication

With the advancements of technology, new methods have emerged such as augmented reality (AR) systems.
Combined with BIM, AR can provide a full 3D interactive solid model of the design, giving the workers a
visual understanding of the dgsi Wang et al(\WWang ¢ al. 2014 describe some of the AR functionalities

such as superimposing a 3D colored model onto the standard 2D drawing plan. As information can be made
available in reatime, AR can be used to expedite tasks efficiently and effectijtAsiy and Wang 201

Head mounted displays (HMDs) can potentiallyflily integrated in QC processéllakris et al. 2013

Wang et al. 2016)n (Aiteanu et al2003) a welding helmet is presented which provides augmented visual
information such as drawings and quality assistance. Schwerdtfeger(8tlakerdtfegeret al. 2008

empl oy | aser projectors for stepwise fabrication.
on the surface where it is to be assembled. Molleda @tlalleda et al.2013)developed a 3D imaging
system for dimensional quality inspectidmat utilizes range images. Another category of acquisition
devices for collecting aluilt information is Unmanned Aerial Vehicles (UAVS). Seibert and Teizer used
an UAV system to survey earthwork of large infrastructure proj&itdert and TeizeR014) Other uses
includeand are not limited to project tracking, quality inspection, and safety insp@cikanry andCosta
2016)

2.3.4 Knowledge Gap and Poblem Statement

Recently structured light scannehave emerged as potential 3D imaging acquisition tools, but due to their
short scanning range, no realistic utilization has been developed for construction asq&iahiied al.

2015) Despite their range that for most of them does not exceed foarspséatuctured light scanners such

as the Structure l@re inexpensive and potentially accurate. This means that workers can use them with
little fear of breaking them and that a precise quality control and geometric compliance can be performed
(GolparvarFardet al.2011) Combinirg the two characteristics opens the path to stepwise quality control

of construction assemblies. However, the range constraint has to be addressed in order to be able to use

range cameras for construction assemblies.

Construction assemblies are often lartpan the intrinsicstructured light scanneange of a few meters
(Kim et al.2008) To face this major challenge, the solution proposed in the follothiggjsis to shrink
down the dimensions of the required scan by redefining the boundaries of the model. The 3D model is

derived to contain the minimum required geometrical information to enable the geometric control of the
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assembly. A method is developed to automatically derive the Minimum Required Model (MRM) and allows
structured light scannets be effectively used for ostruction assembly control. To achieve the derivation
of the MRM, an assembly guidance process is designed for workers and facilitates the stepwise tracking of

the assembly.

The proposed method combines STL and PCF file formats to prevent any posshb@eirability
challenges, to improve the control guidance and the quality control (QC) of the assembly in a stepwise
manner. As new components are added to pariaiily assemblies composed of one or more components,
the geometric control can be appligdeach step to prevent any ongoing deviation from being propagated
throughout the completion of the assembly.

2.3.5 Analogous Problem from Other Industries

Completelydifferent areas are facing similar problems and proposedvaisaisimilar approaches. This is

the case in the 3D computer gaming industry where scenes need to be generatetime tEadause
complete gaming maps would be too computationally heavy for any GPUs. One major approach is the use
of procedural modeling techniqu@2atow and Besuievsk¥013) Procedural modeling describes a family

of techniques that generate geometry from a set of rules. Thetbifmse, techniques are used in a variety

of open world games such @sand Tleft Auto As such Steinberger et afSteinberger et aR014)applies
agrammarbased procedural modeling technique in order to dynamically generate thienecailew of a

city. However, it is still challenging to render large environments becaube diuge amount of storage

that would be requiredlo tackle the issue, they develop a specific methodology to only generate the
required geometry to render the current view in-tigaé. They somehow manage to predict the next frame

by taking advantage of h e  Atd-fr raamme ¢ olisead efrbailding up a new tree to represent the

next frame, specific procedures are set to only update the tree from the previous frame. Consequently, they
are facing similar problems where a new model need to be davitted minimum amount of geometry

since the GPU memory usage has be restrained. The derivation of the next frame follows a set of rules to

minimize the number of changes in between two consecutives trees

A parallel can be drawn between the fratmdrame coherence concept used by the aforementioned
research and the proposed sbgpstep derivation of the Minimum Required Model. The big picture
challenge of the MRM derivation is to reduce the 3D model geometry up to its minbaoausét is not
necessaryo check the entire mod#& control the geometric compliance of an assembly. Indiedfor

the frameto-frame coherengavhena stepwise quality control done, the jusassembled components are
assured to be compliant. Similarly, a set of ruleshbeaappliedto minimize the amount of geomgtin the

next derived 3D model.
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Another parallel that can be acknowledge between this thesis and gaming industry is the utilization of
geometricsymmetries Among many applications, they are particularbed toperform improved mode
acquisitionas only abase patclof an objecineed tdbe detectedMitra et al.2013) Consequentlymodel
representations can be shrunk down using the detected symnwhidk$actored out models redundancies
(Simari et al.2006) Another benefit is thathe symmetrical @atch can directly beinferred thanks to
symmetrical transformatio.herefore highermodel representations can be rendered and canroars

graphical detailsThis process is named model compression and is illustratédune28.

Figure28: Model compression using translational and rotational symmélfiiés and Pauly 2008

As a conclusion, delopment of algorithms capable of deriving the next model/scene by storing the
minimum amount of informatiohas been a major challenge and, for this redsambeen under extensive
investigdion. Unlike the gamingndustry, the construction industry has not fd@esimilar challenge yet.

But, with the development of large 3D mosleombinedwith the increased demand on quality, new
processes for quality control, such as the stepwiseessdescribed in this thesis, atikely to be
implemented in coming yearSuchproblems willmost certainljpecome a matter of concern sooner than
expected. Methods for performing an inexpensive, accurate (through 3D imaging techniques), and
productive quaty control will become necessary in thpaoming construction manufacturimgrld as it

hasbeen in gaming for redime scene generation.
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3 Proposedimplementation Workflow

The thesis methodology is presented belBigure 29 illustrates the main steps of the overabrkflow
being developed and the parts on which this thesis is foclibedvorkflow begins with the reception of
the required inputs: jlthe CAD (Computer Aided Design) model, and (2) the Piping Component File
(PCF). Once those two files are saved in the SfM-Dasz, the assembly of the pipe spool can start.
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The workerchoosesvhat stage of fabrication he wants to tackle and seleéstcomponents. From this
selection, the derived Minimum Required Modeldesrivedby: (1) segmenting each individual piping
component, and (2) calculating the components which are part of the MRM based on geometrical properties.
The MRM is produced in the format of a pointuwdoand serves as model in thésequenscanvs-BIM
comparison.Following the derivation of the model, the-fagilt assembly is scanned and remotely
transferred in the format of a point cloud to the SfM computer. The scan is then superimposed on the 3D
design in order to proceed to the deviation analysis. This prisceggeated until the assembly is completed

so that each step is controlled and the geometry of the assembly is assured.

The purpose of this thesis is to study the derivation of the Minimum Required,Motieis worth keeping
in mind that the generad 3D desigronly has some potential when integrated to a complete fabrication

solution.

Therdore, Chapter4 presents the methodology for segmentiagheindividwal piping componentvithin

the Structure from Motiorsoftware. The methodology takes advantage of both CAD modePigpirtly
Component File (PCRD retrieve each componéngeometric characteristicl Chapterb, the derivation

of the MRM is thoroughly detailed. Every theoretical aspect of the methodology is provided in this section
and each point is explained in detalil.

Chapter6 presents the validatioof the proposed methodology by quantifyiitgeffectiveness basezh

three different metrics.

1 The first metric is the reduction of the spatial complexity of the 88ghresulting from deriving
the MRM. In this section a pararater is created entitled Levef Gomplexity (LOC) LOC is
evaluated on a datzase of around a hundred 3D models as welhath® steel pipe spool of the
University of Waterlodab.

1 Secondlythe reduction of the assembly principal length is measured before and after applying the
methodology. It gives an overviev e potential applications of the MRM in real situations using
the chosen scanning package. Consequently, based on the dtzesl maximal scanning range,
areas of potentialities are created, splitting assemblies whether they can, or not, be scanned before
and/or after applying the MRM methodology. When assembliegusirbe scanned with the
Structure 1Gf reduced taVIRM, then the methodology is considered effective.

1 Finally, as the application of the MRM enables to reduce the size of the assembly and thus of the
requiredscarnvolume the scan density can be improved. As a result, the deviation analysis becomes
more accuratas the scan is dens&he structural deviation measuring the distance between points

on the same surface but located at a different position cdimo@shed byusing the MRM.
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As presented in the general workflow, the scope of the thesisrisghieeddesignscan volumecquisition
process. However, the evaluation of the methodology is partially basée émpgrovement on the next
step,that is, improving the accuracy of the deviation analysis and enabling the utilization of Structure
Sensoffor quality control in a piping fabrication facility.

ConsequentlyChapter and5 focuson the elementsncapsulateth the red framéFigure29) and explain

in detail how is the MRM correctly derived. Chagi@valuatsthe improvement on ghdesign acquisition,

the asbuilt acquisition, and the deviation analysis. By this way, the implementation of the developed
methodology is proven to enhance on every aspect the overall solution proposediiruchee from
Motion software.
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4 Segmentatia of Piping Components

4.1 Introduction

Segmentation of a 3D point cloud design model keyprocess in a 3D visidmased stepwisassembly

guality control In a serial assembly fabrication, components are assembled one after the other in a very
specific orer. The fitter, according to his experience, che@sepecific assembly ordey minimize the

assembly timgthat is, his goal is to optimize the numberaf weldsalong the assemhly

To this extentthe segmentation of the 3D model has to enablerdfeworker to select in the software any
piping component invohein the stagef fabrication.

However, as shown iRigure29, the client only provides the contractor with the full 3D CAD model, which
is, most of the timgin a noreditable format. By converting the CAD file (.STL) into a point cloud (.XYZ2),
one ony has a single point cloud representingiele originally designe8D model assembly, witho
distinction between different components, aonghossibilityfor retrievingspecific subsatof the assembly.
Addressing thischallenge impliegdevelopinga sdution thatallows for the generationof the required
subsets of point cloud. To this end, each piping component type hasdgrbentedndividually to take
into account each geometric peculiarities.

To achieve such a task, greocessing the inputs isoessary. This implieseing able to segment each

piping component independently within themplete assemblgoint cloud. A method is developed that

uses theropertiesof Piping Component Fie(PCF)as well asStereolithographicTL) design models
Onemajorbenefit is thathe segmentation methddo e s n 6t  r e | ybeusddahring 3Dsdesigh wa r e
and the PCF are softwairedependentypes of files.

The following sections detail how tivwo specificinputsi (1) the 3D design of the whodssembly which
contains the shape and a 3D visual representation of tremnjdlf2) the PCBf the assembly which contains
all theengineering information of the compongatrs of the assembly are usedThen, each segmented

type of piping component istudied independently.

4.2 Piping Components

Before all, it is required to briefly present the most common piping components as they will be mentioned
many times in the rest of the documérdble7 shows the most common piping components with a realistic
picture.

Below are some specific details for each component:

9 Pipe: a straight pipe is a cylinder waluniquediameter.
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Elbow: elbows can have differeangle such as @or 45 (a 9&elbowis represented imable7),

and radii of curvature

Tee: tees connetitireebranches.

Valve: a valve can be seas a tee but instead of connecting another branch to the main route, it
connects a spindle with a tap.

Flange: fanges have a nominal diameter and arsidadiameer induced by theiripe standard

and pressure class.

Concentric reduceraconcentric redueris a cylinder with different diametgon both ends.

Eccentric reduceiit can be seen amncentric reducegxcept its two centsiare out of alignment.

Olet: this component is usually added anywhere along a pipe spool and enables to branch out the
main route. Olet is not considered in the thesis because their location is undetermined and most of
the time it tends to be replaced by tees.

Nipple: it connects two pipes together when they haveszrewed.

Gasket: it serves as a joint in between flanges that are bolted together. Gaskets are very thin
and thus are skipped on purpose in the methodpiogyc aus e t hey deomefitallyaccoun
significantstep of fabrication.

Coupling: it can be seen as a nipple when welding is involved.

Capiit fAcl oses o t heCapsiceneither pecsardwedeot welded.s e nd s .

Table7: List of the principal piping components with a picture

Pipe Elbow Tee

L

Flange Concentric reducer| Eccentric reducer Olet
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Nipple Gasket Coupling Cap

Many variations of those components exist but look similar. Other componefitgipport componesto
and a&e used to hold the spools maintain components before they get welded. Every piping component
can be found in the Isogen8hol Key Definitions [sogen Symbol Key (SKEY) Definitions, 2007

4.3 Use of 3D Model

Use of 3D modalis a challenge in the pipe industry and in construction in general because of the numerous
revisions a job can have. Eachange igecordedand the 2D draimg is typically modified but the 3D
model,unless specified in theontract, is usually not updatddsuing aevised 3D model is considertab
time-consumingand too expensive. That is wity most caseghe management team chosse simply

record tle change in thelatabaséy redlining the 2D drawing. However, shifting this process towards
updating the 3D design model could bring tremendiangfits both to the client and to the contrastarh

as avoiding conflictbetween stakeholdengroviding 3D visualization tavorkers and enabling dmuilt to
asdesign comparison with 3D scans. Considering thatdescribegrocess is reachethe proposed

method can be performed using the appropriate 3D design file without any mistake.

For the 3D design model of the piping assembly, the SfM solution us83 tHermat TheSTL assembly
file is convertedwithin the SfM solutionto a point cloud aa XYZ file (.xyz). The software enables the
user to choose theumber of points of the mobpoint cloud. Finally, on the segmentation page, the 3D
model gives the user the opportunity to visualize its selectisardbunds the setted component with an

enveloge that fits its sizeas shown irFigure30.
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Figure30: SfM Segmentation page

|l ect i

on has been made adsplayedds ampintt o

cloud in aXYZ file. A straight pipe andan elbow have been selected in thgreentation page and the

resultingpoint cloud is shown ifrigure3.1

The point clod is set as the model point cloud and will be used to assess the compliance diifie as

assembly. The model point cloud density is defined as a séttindl0,000) The points are distributed

onto the surface of the components based on the surfteinftial mesh. Consequentiyore points will

be part of a larger mesh.
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Figure31: Point cloud representingsaraight pipe and aelbow

4.4 Generation and Useof PCF Fle

In addition tobeing issued the 3D model of the piping projects, piping fabrication shops usually receive
another design/management file called Piping Component File (PCF). PCFs gather geometric information
of the dsigned assembly, mainly the gmoints of the differencomponents, as well as various information
regarding specific details of components and, depending onslgndmanagerial specifications. PGie

simply text files, readable by any hardware with any notepad software. For each component, a PGF include

various mandatory records:

T Type: pipe, elbow, flange or valve etcé
1 Geometry: coordinates, diameter of key points

i (optiona) Description: semantic description, press:|

In fact, the generation of the PCF relies on the generation of the CA® BI&. For example, in the case

of a semantic BIMit is possible to include specific details such as the name/type of vamsigned to a

weld. Besides, an updatedrsion of PCF called S u p e r hasth&eh tecently launched by Isogran,

the companyvhich initiated PCF¢Piping Dat Exchange using the Super PCF. 2068S u p e rareP CF 0

able todeal with more data to produce more detailed PCFs.

In the current version of SfM, a PCF can simply be manugdiyerated by inputting the enubints

coordinategin metric unit)of each component and weldth their associated diameter (in imperial unit)
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The WABRICATION-ITEMO has to be typed in for each c¢comp:
compl ex assemblies, some components out of the AdAr
the case for any piping support or components that wjostdbe mentioed in the cutsheet afpiping
continuatiom but would belong to another slieet. As a resulEigure32displays a manually create@€P
from thesteel pipe spoassembly located in théniversity of Waterloo (UW)ab.
4
File Edit Format View Help
END-POSITION-NULL
CO-ORDS -43.73372 50.77968 199.99198
END-POSITION-NULL
CO-ORDS -65.808886 25.43556 280.90876
END-POSITION-NULL
CO-ORDS -185.570682 20.34032 282.22194
END-POSITION-NULL
CO-ORDS 8.295p4 12.485 262.6233
FLANGE
END-POINT -43.73372 5@.77968 199.99198 2.
END-POINT -43.73372 48.87468 199.99198 2.
FABRICATION-ITEM
GASKET
END-POINT -43.73372 48.55718 199.99198 2.
END-POINT -43.73372 48.87468 199.99198 2.
FABRICATION-ITEM
FLANGE
END-POINT -43.73372 48.55718 199.99198 2.
END-POINT -43.73372 42.20718 199.99198 2.
FABRICATION-ITEM
PIPE
END-POINT -43.73372 42.20718 199.99198 2.
END-POINT -43.73372 34.60750 199.99198 2.
FABRICATION-TTEM
WELD
END-POINT -43.73372 34.60750 199.99198 2.
END-POINT -43.73372 34.608750 199.99198 2.
FABRICATION-ITEM
ELBOW
END-POINT -43.73372 34.60750 199.99198 2.
END-POINT -43.73372 26.98750 192.37198 2.
CENTRE-POINT -43.73372 26.98750 199.99198
FABRICATION-ITEM
Figure32: Extract of a manually created PCF
As shown inFigure 32, PCF ar e i ni-ROBTdAQNeNoU Lwvkiot hf off E MDved Tbhy a si

described with itgoordinates. Those points account for the extremepeirds of the assembly where no
component isttached to. Those points are not necessary for the generation of the PCF but are recommended
because they facilitate the registration between the PCF and the STL coordinate. Syistegnis some

situations, the STL antie PCF have an offset. With thiocess, the offset is automatically calculated and
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a file (AssemblyNumber.sfm) is created and stored in the associated design folder. As long as this offset
file is located in the design folder, the two coordinate systems are registered togethap maual
selecton for matching the coordinategogether is required.fose points areery useful when an assembly

is used for the first time.

When PCFs are autatically generated from a 3D CADfware, such adutoCAD Plant 30or AutoCAD
Inventor, the congént for each component imuch denser and contains more details regarding each
component. An example of such a PCF is shéwgure 33. In Figure 34, the PCF ofan elbow with its
common attributesreated fromAutoCAD Plant 3Dis provided.

PIPE
COMPONENT-IDENTIFIER 1
END-POINT 1251600 . 000 917184.91e 6385953.522 2 PL
END-POINT 12516600 .000 917184.918 637775.000 2 PL
FABRICATION-ITEM
INSULATION-SPEC M
INSULATION ON
PAINTING-SPEC UNDEFINED
TRACING-SPEC NT
MISC-SPEC3 UNDEFINED
PIPING-SPEC ABB3
WEIGHT 7.773
ucr {0001388C-0000-0000-F617-FA627354AB04 }
ITEM-CODE APPP1DF2HEXXAC
ITEM-DESCRIPTION Pipe B36.18 M Al@6 Gr B PE SMLS - - Sch XS
SPOOL-IDENTIFIER MK-10@-2@-IS0-15-5252-006-01
CUT-PIECE-LENGTH 1178.52

ELBOW
COMPONENT-IDENTIFIER 2
END-POINT 12516680 . 806 917224 .622 638993.222 2 Sk

END-POINT 1251600 .000 917184.897 638953,522 2 SW
CENTRE-POINT 1251600.000 917184.918 638993.234
SKEY EL=*=
ITEM-CODE APKAIDD13@XXAA
ITEM-DESCRIPTION 98Deg. Elbow B16.11 A1@5N SW CL 3eee - -
ucr {80013885-0000-8000-F939-B83773545184}
INSULATION-SPEC MH
INSULATION ON
PAINTING-SPEC UNDEFINED
TRACING-SPEC NT
MISC-SPEC3 UNDEFINED
PIPING-SPEC ABB3
FABRICATION-ITEM
WEIGHT 1.755
WELD
COMPONENT-IDENTIFIER 3

Figure33: Extract ofa PCF file

From any 3D CAD softwarghe PCF is generated using i@ modelcoordinate system. Points are read
from the negativéo the positive values alonige coordinate system. Theaxis is considered first followed

by the yaxis and finally the -axis. Consequently, as soon as a point is detected, the entire component is
positioned in the PCF drso on. Welds are also taken intwaunt, detected and ptisned in the same

order. As a result, linearly inferring the flow of the assembly can lead to misinterpretations. Rather, one

should look for same or very close kpgints coordinates to reconstruct the flow of assembly.
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(2) (d) (e) ® (2

ELBOU| el sttt SLabelelee apupe I
END BOINT~ — ~ o381 1996 177579 7482 Mezs 7a6e™ ™17, 0008 | BN
(b) L END-POINT '-9286.1999' 121960. 7482, '1628 7000 . | 10.0000 | BU ,
|CENTRE-POINT _ 1-9561.1990 | |21960.7482, | 1028.7000 ' = ===
SKEY ELBW Sulululubel wlelabalrie Selalaliet

ITEM CODE  SS150-1@41

FABRI(ATION ITEM

ANGLE ~ 90@e

PIPING-SPEC SS5150

TRACING-SPEC

COMPONENT-ATTRIBUTEL1  BOMCOLUMN_Material_
COMPONENT-ATTRIBUTE2 ~ BOMCOLUMN_SCHClass_
WEIGHT 36.9999092865951

Figure34: An example Piping Component File: (a) the described component is an elbow, (b) thpeénksytwo
endpoints and one centg@oint, (c) item description where, for instance the piping standard is specified, (d) x
coordinates of the key points, (efgordinates of the kegoints, (f) zcoordinate of the key points, (g) diameter
about the keypoints.

4.5 Segmentation of @mponents

The general idea of the proposed segmentationdsristructan envelop surroundinghe point cloud of
thecomponent ofinteestThi s componentds point c¢cloud originate
derived from the STL input file and converted into an XYZ flle.do so, the most accurate means is to

reconstruceach component geometrgingits geometric propertiesdm thePCF.
For every component, three parts need to be coded to didraoint cloud

9 First, he detection of the component in the PCF file to generate aobf@et classwith its
respective attributes.
Secondly, the maths to segment a specific comp@reshcoded.
Finally, criterions are implemented such as distance functicemgle function that determine
whether or noa specific point in the entire assemplyint cloud is part of a component

To give a clearview of thesefunctions, some parts of the code are providefigpendix A

For every componenteach process is explainedand particular attentions gven to component
specificatiors. Straight pipess well as every cylindrical piping component first investigated Then,
elbows, which aremore complex to properly extract, are presenBedmentation of tees is then detailed.
Considered appramately identical to tees, valvesegmentation follows the previous secti&tcentric

reducersare then tackled, anthally, flangessegmentation iexplained
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4.5.1 Segmentation ofPipe and Cylindrical Component
A straight pipe is a cylindrical component and thussigmentation of straight pipes and other cylindrical
components such as caps, usjorouplings, nipples oconcentric reducers identical In this section,

straight pipe also accounts for any other cylindrical component.

Figure35: Representation of a straight pipe

A straight pipe can simply be representedhe form of a cylinder. Geometrically, any cylinder can be
completely determined by its bnend-points withtheir respective diameteipart for concentric reducers
thediameter for each engbint isidentical Figure35 shows the two enrgoints, A and B, of a pipe going
from point A to point B with a specific diametdefined in the PCF. The coordinates of those two points

and dameters are extracted from the PCF

Considering the point clougenerated from the original design fithe code calculates the projection of

the distance from the first eqabint A to a particular point P onto the lines made by the twepeints of

pipe [AB]. The projection point is called M. If i foundto be out of the segment [AB] then the point is
directlydisregarded For i nst aguwedsi sp oeixnctl uRdée df nbecause MO does

the projection point is included in [ABJh¢n the distance [PM] is calculated.
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As highlightedin Figure36, the diameter of the pipe is indicated in inches. The conversion of this distance
is made and a small tolerance is added to make sure every point of the pipe is selected. Hey theamp
distance for a 2inchetiameter is determined as followed:
0Qi 60 ME AIAON QYOQ@TIE "0 QN QYOQQL I
,001 Q0"ba Qo Qi
C

PP

F’T@Z ¢&z0 Q) Q0QHa Qo Qi
p0QHQO0NQNE Q6 Qi
G Yt &
Thus,
QA0 0Qi 0 GHaIQO QN Q
To illustrate the previous statement Higure 35, P doesndét belong to the

assures the extraction of every point belonging to the pipe andneo mo

Endpoint 1 X coordinates Z coordinates
End-point 2 . 917184.918 ) /638953.522
. 917184.918/ \ 637775.000 PL
Y coordinates Diameters

Figure36: Geometric definition of a pipe in a PCF

As a resultFigure37illustratestheresult of thesegmentation of a straight pipe in bV software.
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Figure37: Segmented straight pipe in the SfM Software

4.5.2 Segmentation of Ebow
An elbow is a complex component as it can be very diverse with different angle, different curvature and
length. The description of an elbow in a PCF is or s

described with three pomit -

1 Endpoint A with its diameter

1 Endpoint B with its diameter el

f Centerpoint C g
Most elbows are 99elbows In order to beasgeneral as !
possiblea random elbow is buiih Figure38. The angle

of the elbow is described withvalue.

The elbow can also be seen as an arc of a circle. The
belongs to a circle and has a range angle, dalieérigure

38. In 3D, a circle is defined with three attributes:

M1 Acentre
T A normal vector
1 Aradius

Figure38: Representation of an elbow in 2C
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Consequently, with the inputs provided in the PCF, we need to determine thosétthneies The code
of the function is givenin Appendix A The first steonsists in calculatinthe mid-point M defined as
follows:
0 6
G

Secondly, the two tangents to the arc [A@GH [BC]are definedBy applying the arss product on the two
segmentshe unit normal vector of the circle in the 3D specebtained

08268

o — "
0Bz 68

The next step is to extract the angle of the elbow. In the pipe ingderstny elbow islenominatedvith its

angle, (i.eElbow 90, Elbow 135). This value stands for the angle between the two we@argld $and

is called—in Figure38. Below is the equation used to determirne

o, 0B B
— OWwWwEet+——
0Bz 68

Then/ , which will be used to define the angular constraint to apply on the points from the pointasud
to be determined from- As notedin Figure38, the following relationrcan be used
R

Every angle has been determined. Consequently, the coordinates of the center of tstdl dieole to be
found out To do so, the distance from an gmaint to the miepoint M, which wascalculated previously

is computed. Thiglistances namedalfChord:
0% a WGP QO ®
Then,the unit vector along Bis extractedNote that this vectoalso goes through @enter of the circle.

- o B
WQwWo ¢ "YB Q€0 @ Qi
0

The distance 0 ® is computed according to the trigonometric properties in the triangle dé&fina, O

and M.

0B OOaTEP'Q 6 oog
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However, this equation juprovidesthe distance from M to QRoint Ocoordinates are still unknown. The
previous equations make possible the determinatianygfandz coordinates. Point O is calculatedliis

equation
6 0 0B z20Q0O0E1T "YB 6 Q¢ 0 Qi
The determination of thexdius is then straightforward:
1 OQPob B8
1 OQ@6D B
Note that the two radius can have a fewsgydjp assure a good represeiatatof the elbowthe average of

i OQ@andi o Q®ié selected for radius

The arc of the circlesinow entirely known and defined by its geometric characteristics. The torus shape in
the 3D point cloud can now be computétieed, the pointthat belongto an elbow are part of a torus
shape constrained by a range angle. As explained above, the ngieges a&qual to the value. Thetorus

diameteliis retrieved from the PCF and corresponds to the value associated to-fiargad

Every point belongs to the 3D space. Thus, a projection of the point onto the plane defined by the arc of the
circle must be computedAs shown inFigure 39, a point P is divided into its vertical and horizontal
projection. The green line represents the vertical distamtiee plane. This length is parallel to the blue

line, standingor the normal vector of the plane. This veat@sdetermined previously antlascalledé.

Finally, the red line is the total distance from a point on the plane to thegbdirierest P.

point_x,point_y,poin

P

normal_dx,normdl_dy,normal_dz

orig_x,orig_y,orig_z

planar_x planar_y,planar_z

Figure39: Projection of a point P on a plane in a 3D spac

The procedure for retrigvg e | b opuirdtssis detailed id\ppendix A Therepresentation of the elbow is

shownin Figure40. The distance to be calculated is the distance from point P to the arc going from A to
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B. In order toget this legth, the distance fronpoint Pto the plands obtained using the following dot
product:

0Qi 6Ot ORI & &aiddID

Afterward,onestill needto calculate the distance from the projection of P onto the plane to the agc goin

from A to B. This point is poinfj and isdeterminedwith the following expression:
n 0 PABHD
At this point,the distance from that point to the asn be computed
0Qi 600t OEHOIGE R YOQQOT § Q6 Q ©daQ

Finally, the distance colared in red orFigure 40 and going from P to this ais given in thefollowing

equation

0Qi 6 WE QP @ OIRIE®RQOl £MNNE QI 60 G OEHDIGE G n

This value can be comparégal the radius of the elbow specified in the PCF. Basically, if the distance is
smaller than the radiusplus a specific tolerandethen the point passes the testl goes to the angular

criterion. Ot her wi s e, the point is excluded and d

Figure40: Criteriafor the elbow

For theselectegoints, their positiohas to be analyzed comparison to the elbow. Thus, the determination
of its position around the circle is crucial to select the point. To do so, the angle betdez® and( ©

is first calculated Second, the angle betweenr Q @ and 0 Bis measuredFinally, the sum of the two
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anglesis comparedo the angle of the elbofv. The equations used to obtain those values are givibie

following equations

DCE . U A ,Q d)g
0 E B OO wws:luw ® l"~

i ©QPGI00
re ~ ~ i G0 6:)6
R LY Al L
wr 1 0Q®@&il»

If the point belongs to the elbgihen the sum of the angle is approximately equal tehich can be
written as:

Ot DN OG GiEoE P D & R Q 1 -

where- is a very small value taking insccount the potential inaccuracy in the PCF data. In the code, the
arbitrary value of 0.01 is used fer If this criterion ismet, then point P belongs to the elbow and is
represented in the point cloud of the comporterd. Figure41l).

Figure41: Segmentedibow

45.3 Segmentation of ee
In the piping industriesa tee is a very common fitting component. It is often usedivime or combine
fluid flows. Tees can connect pipes of different diametgrange the direction of a pipe run, or both. Most

common tees hawvesimilar design to the orne Figure44.
I n PCFs, teedbs @geometric information

1 two endpoints with their diameter
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1 one branchpoint withits diameter

1 the centrepoint

The two engpoints define the main axis of the tee. The brgpaint is the other part dhe tee and the
cente-point is the intersectiobetweerthe branch pipe and the main pipe of the tee.

Consequently, a tee can be seen asstvaight pipes interlockg each other andonvergingat the center
point. Theskeleton of a tee has been representeffigare43. Hence, segmentation of a tee is processed
as the segmentation of a first straight pipe going frompeict 1 to enepoint 2, and the segmentation of
a second straight pipe going from braspxint to centepoint. This procesezmainsrobust to any angle
for the branch.

Figure43: Segmentedee Figure42: Skeleton of a te Figure44: Tee

The curvature from the main axis to the branch can change from a tee to another. To address the issue, we
add a tolerance distanse that a point that belongs to the curvawéry curved tee would be segmented

as wel |l in the tee. Unf or t un a tBatlsiyce thePs€dientatibio is 6 t me
processed with the 3D model only, there is no risk of clutter piwitegferingin the process. Increasing the
tolerance to capture the points in the cé&igueer of t

42 above represents the point cloud of a segmented tee.

45.4 Segmentation of \alve

Theoretically, valves seem like telescausehey can be constructed from three guihts and a centre
point. Instead of branching out from a braipdint, valves are equipped with a spindle terminating with a
tap use to regulate the flowfdiquid/gas in the pipe spool. A physical representatiba typical valve can

be found inTable7.

Unlike tees, the PCF description of val(€ggure45) is less straightorward to procesdecause neither
their centrepoint nor brancipoint is mentionedRather, their spindle direction is stated using bearing

coordinates.
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VALVE

END-POINT 79758.0268 -48478.1817 36974 .4734 12.8888 FL
END-POINT 88899, 2768 -48128.8517 37468.3925 12.8888 FL
SKEY VGFL

ITEM-CODE 5515@8-3922

ITEM-DESCRIPTION Globe Valve, 158 LB, RF, ASME Bl6.18, Hand Wheel
FABRICATION-ITEM

PIPING-SPEC 55158

TRACING-5PEC

COMPONENT-ATTRIBUTEL BOMCOLUMN_Material_

COMPONENT-ATTRIBUTEZ BOMCOLUMN_5CHClass_158

WEIGHT 418.881814338898

SPINDLE-DIRECTION SOUTH

DIRECTION SOUTH 38 EAST

Figure45: PCF description of a valve

In the example above, the spindle direction is S
theoretical brancipoint (orspindlep oi nt ) but doesno6t Fughermergthe bearingss e x ac
are bounded to the main core of the valve which, itself, is randomly located in the global coordinate system.

The bearing angle is therein a local angle instead of being global.

Before going further on the bearing functionifiggure 46 illustrates the bearing coordinate system with

regard to the Cartesian orfe.vector (in blue) is placed in the coordinate system and projected onto the

(@) plane.

Z .
A UpP v

DOWN

Figure46: bearings coordinate system
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PCF bearings are segmented as follow:

1. Bearing 1
2. Angle between bearing 1 and bearing 2
3. Bearing 2

In the example plotted dfigure46, & bearing would typically be: EAST NORTH, where is the angle

value in degree and smaller or equal tinvertadto4 5 e . Ot
become, in the exartgpabove NORTH EAST. The 2 bearings chosen to represent the directitreo

valve spindle are arbitrary and, for instan@sgould have been projected oribe @é) plane and another

angle would have been prompted in the PCF.

However, bearings desbe the local direction of the spindle, based on the initial orientation of the valve
(direction of the axis bounding the two epdints). From this description, the challenge is to retrieve the
global angle in order tdetermine the global direction b@ able to obtain some coordinates for the spindle

point. This will enable to generate an envelope around the spindle axis to iextraxtel points.

Because the spindle is perpendicular to the valve vector and is locatedvatithev e 6, sonefirg nt er
calculatsthev a | entérgoint as the midpoint of the 2 epadints.Consequently, as explained above,
according to the plane of projectiaihe angle will not be the same. Three cases are thus differentiated
depending on which bearimfirectionis null. Let us study the situation where #keearing ideft equal to

0. We need to find a vector that is perpendicular to the valve vectofollbwing equationgranslate the
previous sentence. Let us use (X, Y, z) to denote the unknown veci@ar, &nd) for the valve vector.

® QO QE Q

®w 0Qdhi Q¢ Q

e, WM O
T

(8

ohufr /) 'Qi 7 Q¢ QIENEITOwmT 'Q¢ 6 N i chull h o Tu

We then assuniie length of the spindle to be three timeswhe | v enbcere lemgth

Finally, denoting (u, v, w) being the cerpeint, the spindlepoint coordinatezan be derived as follows

W

V6 0 —o 7 QEOQD
p £ ofufa &£

: , © . orood
A 0 ——2 & QE0Q0
N £ ohuda £
"y 0 — a2 & QEOQD
L\j’l E e i

d

When the bearing is on one of the main axis (e.g. NORTH), the spindle point is calculated by simply

estimating the offset to the ceneint. Its coordinates are computed in fthkowing equation
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Thenare shown some bearings examples:
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Once the bearing has been compuéedl the spindle point has been calculated, the same process used for
tees s applied. Note that it is not our intentitmnecessarily segment the entire spindle with the tap. Rather,

we intend to retrieve enough points from the spindle to conttole s p i n d lbeeadse thip postiont i o n
can cause conflicts. For instance, when placing it into a complex clustered raogitdag spindle posdn

may engender rework to fexconflict. Figure47 shows the segmented valve point cloud.

P
/4 Structure from Motion . . =)
i Login Required
L L o @ i e < Segmented model preview ’ {% Log q E

Figure47. Segmented valve point cloud

45,5 Segmentation ofEccentric Reducer

As presented inTable 7, an eccentricreducer is a particular component that, at fane time,
reduca/increasethespooldiameterand shifs the axis to a parallel one. term of segmentatiorccentric
reducersd o ncéeatea majorproblem,but they will be challenging for the upcoming chapter. Their
distinctive feature is that theynly have two engboints but are no# cylindrical component. Further
explarations are provided inlapters. Figure48 shows arexample of a segmentedcentric reducesoint
cloud.
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Figure48: Example of a segmenteatcentric reduceuoint cloud

45.6 Segmentation of Fange

Flanges are piping components used to make a connection between two pipes or between a pipe and any
type of fitting. Most of the time, flanges are placed at special locations to facilitate dismantling of piping
assemblies or specific components (such b&sa Used as connectors, they are successfully used for high
pressure piping applications.

Two flanges are mechanically joined together through their flat surface via a certain number Bidaoks (
49). A gasketused as a sead, placed in between to maintairetimpermeability of the system. The other

flange end is usually welded to its following piping component.

Flanges are assigned a pressalass whichpwing to tables, provides theutside diametegiven the
nominal pipe size (NPS). Every standard has its own tables. SfM utilizes the ASME/ANSI B16.5 tables
whichcan be found in Referencdddnges and Bolt Dimensions ASME/ANSI B16 Glass 150 to 2500

Figure49: Representation of flanges on a pipe spool assem}
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As shown inFigure50, the PCF mainly provide (1) the two engboints withtheir respective NPS, (2) and

the pressure class (highlighted in yellow).

FLANGE
END-POINT -9889.1740 17699.4716 5105.4616 4.0000 FL
END-POINT -9812.9740 17699.4716 5105.4616 4.0000 BW
SKEY FLWN

ITEM-CODE SS150-1150

ITEM-DESCRIPTION FLANGE WN, 150 LB, RF, ASME B16.5, ASTM A182 Gr F304
FABRICATION-ITEM

PIPING-SPEC SS150

TRACING-SPEC

COMPONENT-ATTRIBUTE1  BOMCOLUMN_Material_

COMPONENT-ATTRIBUTE2  BOMCOLUMN_SCHClass_150

WEIGHT 7.48435090265808

Figure50: PCF description of #iange

Pressure class is given in texyof class which, for instance, gsfrom 150 to 2500 in the ASME B16.5
standards. Using ISO 7005 Pressure NomiFehle8 provides the associated pressure ratings in haes.
main advantage of using class numbers is that they provide a proportional relationship between different

class numbers.

Table8: Piping Class Ratings based on the ASBIES.5 class and the corresponding ISO 7005 Pressure Nominal
ratings

Flange Class 150| 300 | 400 | 600 | 900 | 1500| 2500
Flange Pressure Nominal (in bars)| 20 | 50 | 68 | 110| 150| 260 | 420

Class tables provided by the ASME B16.5 thereby can be used to reliably extrawatside diameter of
any flange. For the time being, each tabldirectly stored within the SfM code. Howevan optimal way
would be to usan external file that would gather every existing standards tables. The program would then

automatially accesshe suitable standard fiEndusethe propeipressure class table.

Once the outside diameter is retrieved, the flange can be segmented. The flange is considered as a
cylindrical component and follows the same segmentation rules as descriliesllirHowever, the
diameter taken into account for the segmentation is the outside one as it surrounds the entiFegilaage.

51 displays a segmented flange.
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Figure51: Segmented flange
Point cloud representation of flanges may not allow a clear visualization of bolt holes. Furthermore, bolt
position is not mentioned ithe PCF which prevestthe described methodology from controlling their
alignment. That is why, manual quality contieas performed ifrigure52, is still required to check the bolt

holesalignment on flanges.

o

Figure52: Bolt holes' alignmentontrol performed by QC personnel

4.6 Conclusion
Segmentation of componarn a pipe spool assembly istaicial preprocess on the path of a stgpstep
assembly qualitgontrol. As shownin Figure29, as soon as a model has to be derived, segmentation is

performed to correctly generate the point cloud.
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Although being calleéh the SfM application softwargter the MRM processhe segmentation process
explained earliein this thesisbecauseét must be considered as a prerequisite for any model derivation.
Indeed, before applying any rule on the model to extract the required components, we need to make sure

that each one can be properly generated.

The objective of this chapter was to correctly detail how each component can be independently retrieved
from the wholespool desigmpoint cloud. As demonstrated, the vast majority of the piping components can
be segmented in the developed solution dueg@dimbnation of the 3D model and the Piping Component

File. The two files are associated to bring in the PCF geometric data into the 3D model representation.
However, some components remain unconsidered either because of the lack of information indhe PCF
because of their particular shape. Besides olets, the methoddskiog at any pipsupportsuch as pipe
clamps, pipe shoes, pipe saddles or pipe cradles. Many times, those components are presetift the as
scenes and cannot be avoided wheansimg. As a result, they are likely to cause occlusion in the scan
point cloud. Inafew situations, the author has encountered pipe suppdtie RCF,but modelling them
remains complexAs they are assigned a specific location in pipe assemblies, pipe supports could

potentially be segmented in order to improvepbtentialof the described process.
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5 Derivation of Minimum Required Model
[Most of this chapter is extracted from a peariewed publication by the auth@leanclos et al. 201]8)

Following the thorough presentation of the segmentation process, this chapter focuses on the methodology
for deriving the Minimum Required Model (MRM). It presents the theoretical concepts andilgener
objectives of the methab well as its implementatiohhe major objective of the proposed method consists
in reducing the number of componento be scanned for a 3D vision basgahlity control. The
determination of these components is achievedawegmt any geometrical ambiguity in the MRM; that is,
by ensuring the final derived assembly geometry, the whole assembly compliance is guarbatestire
process of MRM derivatiois shown inFigure 53. The process is divided into thrdéferent sections. In
Section 51, the basic conpgs of the method are explained which includgplaining the seof Piping
Component Files as well as a descriptad the appropriate categorization of components into Reference
(REF)and Addition (ADD). In &ction 52, the concept of Solid of Revolution (SOR) is presented and the
determinationof REF/ADD in SOR is eplained. Finally, 8ction 53 studieshow the MRMis derived
using REF and ADD components.

l Section 3-1 [ Section 3-2 Section 3-3
L — — - _ _ | v _ _ |l e _ |
Construct 2 lines using Extract the components
3 consecutive key- from the key-points
points starting at the stored in both REF and
Parse the PCF weld-point ADD
v v
Input the STL file Measure the angle S?F}ioihg%%izz:;fs D en'\-‘e‘d Minimum)
and the PCF between the two lines Required Model
v the case
Identify the Reference ¥ ¥
(REF) and the Addition
(ADD) Assess the property of Add REF and ADD to
Solid of Revolution for form the MRM
REF and ADD

For both REF and ADD

For both REF and ADD

Figure53: Minimum Required Model Workflow

5.1 Parsing ofthe Piping Component File and &lection of Reference and Addition

A major aspect of the MRM algorithm is its use of Pip@mmponent Files (PCFs) and Stdithographic

files (STLs). Combining the 3D model, in the format dfadtware independeffilte such as a STL along

with a PCF makes the method completely software independent. It solves the software compatibility
challengeencountered by construction compar(€hienet al.2014) The frst part of this section details

how a PCF is parsed to extract the appropriate informatitmregard to the usmade bythe MRM. The

precisedentification of Reference and Aiion is explained afterwards.
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5.1.1 Parsing of the Piping Component File
As discussed in thihesisbackgroundchaptera common practice in th@ping industry is tatransmitthe
PCFof the assemblglong with the 2D drawings and/or the 3D model

Transmitting the PCF can be seen as a safe meaend the drafting informatidoecauset contains all

the componentmformation including their type, coordinatesze, shape, and weld locatiofhe file is
segmented into paragraphs where each qresents a different component. Explanations are provided in
Chapterd.

In order to gather the proper componetttsderivethe MRM, the componendskey-points are to be
computed.The combination otthe key-points allows a complete descriptiari the component. For
example, a pipe has two kepints while an elbow neetlsreekey-points to be modelled representation
of the most common components with their associateghbk@ts is provided ifrigure 54. As noticedin
Chapter4, a keypoint can either be an equbint, a centrgooint or a brancipoint. Each type ofamponent

has its own keypointslabel.

Using the key points, an envelope is calculated and encomphssegesponding component in tisL

file. Thus, the envelope provides the possibility to segment a specific component out of the assembly.
Consequently, employing PCBBows users to select and segmenty the components they are working

with as oppeed to the complete assembly.

e ==

(a) (b) (c) (d) (€)

Figure54: Demonstration of piping components using key points and the hypothetical line to represent each
component: (a) a pipe or any other cylindrical component with Zpeimds, (b)an elbow with two engboints and
one centepoint, (c) a tee with two engoints, one centgooint and one branepoint, (d) a valve with two end
points, one centegpoint and one branepoint, and (e) a reduceccentric with two engboints.

The rest of th piping components presentediamble7 are composed of two kgyoints only and thus may

be represented as a straight pipe (cylindrical components).

5.1.2 Identification of Reference and Addition.
The derivation of the Minimum Required Model is to be integrated with a stepwise process of fabrication,

meaning that workers would control the compliance of theédaterd assembly agach step. One of the
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important steps for pipe fitters is to choose the sequence of the assembly. The selection of the sequence
depends on a number of variables including maximizing number of roll weddsll weld machines are

around 1.5m high, the idea is to limit theidght of he current assembés long as possible to remain smaller

than the tolerable lengtRoll welds allow for ergonomic and efficient welding by welders and thus same
money over regular welding for a joiM/hen, by following linearly the flow of the assemilye height is

greater than the acceptable one, the fitter matyerchoose to switch to another area of the assembly to

enable thevelder to perform a roll weld.

In the example provided Figure55, an elbow is analyzed this extentLetusconsider all the other areas
assembled already. The question is whettieelbowencircledshould first be weldetb the arean its left

or to the oneabove. Thdirst solution would involve rotating the left part around the axis described by the
arrow pointing left. As it can be em, the height would be&ay too longto rotate the resultamtssembly.

On the contrary, rotating the above assemhiyiad the arrow pointing up would be totally feasible as the
required height would be close to 50d@onsidering the dimensionsnlike the second optiotthe first
option would not be in accordance with a reéld. Therefore, a good strategy would bditst roll weld

the elbow to thabove assemb)yand thercompletely manuallyeld theresultantassembly to the left part.

Figure55: Photography of the steel pipe assembly located in the UW lab. The green oval surroetissthEach
green arrow is pointing at an area of the assembly.

Regardless of the sequence, there would always be a component, or group of components, taken as
Reference (REF) which would be leveleohd the next component, or group of components, would be
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added, called Addition (ADD)Figure 56 further illustrates the concepts BEF and ADD from a real
example that was photographed during a visih@AIW fab shopReferencd part (a) in (2) and blue part

in (3)1 consistof a flange, a pipe and an elbaiditioni part (b) in (2) and red part in (B)s a straight

pipe. The weld poirit part (c) in (2)i is located between the elbow and the pipe

(1) (2)

3)

Figure56: lllustration of REF, ADD and connection point on a pipe spool assembly in a fabrication fécility.
respectively presents: (1) the original photograph, (2) the extracted assembly being tackled, (3) and the
corresponding 3D moddla) Reference consists oflange, a pipe, and an elbo{b) Addition is a straight pipe (c)
The weld point shared betweBfF and ADD.

As previously mentionedhé sequencey which an assembly is built depends on the worker. For example,
in Figure 56, a worker couldledde to first weld the pipe in the box (a) to tilange in box ( Then, he
would weld the elbovin the box (a) and thpipe in the box (a Finally, the pipe in the box jband the
resultant sukassemblyof box (a) would be assemblethe proposed method is robust to any combination
of REF and ADD since the algorithm takes advantage of tkdinggpoint between REF and ADD.dbes

not rely on the components available in each grdtye weldpoint accounts for the starting point of REF
and ADD.lIt is worth noting that a weldoint is shared by two components and thus belongettoREF

and ADD.Also, it is theuniqueshared point between REF and ADEigure56 box (c))

Any given assembly can be represented in a tree, binary sorted according to the sequence of the components.
The tree is made of nodes where each stands for-pdiay It begins at the root with the selected weld,

which is also a keyoint shared between REF and ADD, and goes down alhtiby-points are stored.

This representation improvéise mental visualization of pipe assembbhes! facilitats the explanation of

the methodologyEach step possesses its own hyreearch tree (BST) as the root is given by the selected
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weld, and the tree Wlistop based on the componestdection. As a result, the tree construction can be
considered as a dynamic process. Once the workersigle®EF and his ADD, the weld istamatically

found by comparing the common kpgints. The tree is thus initiatdyy positioning the weld point s

root. Reading through thHeCF, one of the branch is firatn al y z e d . T h e s keypbimtis ¢ ompo
positioned as the child of the rodthe algorithm thesearche$or the approximate same k@pint within

the PCFandextrast he second cpointwitch kenomésshe éhiddyf the previous node. If a
component has more than two kegints, then a branch is created, meaning ttafirst keypoint will

have two children: the second kpgint, and the branepoint.

(a)

Reference Weld-point Addition

Figure57: Construction of the graph using the 3D model and the PCF file. (a) 3D model assembly. (b) Constructed
graph. Each node corresponds to apgeint.

Figure 57 illustrates theree construction of an assembly that has pipes, elbflasges,a teg andtwo
valves. The algorithm starts reading the-keynts information from the welpoint and follows theléw

of the assembly by reading into @ssociated PCFAs shown, the weld point is located between the blue
part (REF) and the red part (ADD), between a pipe and an elbongidering the Reference tr@e blue),

the weld moves on to the adjacent point, standing for the secorabaricf thepipe. Then, it follows
linearly the path with an elbow, a pipe, an elbow and another pipe. At that point, the fipstieinof the

tee is divided into two children: one is the brapdint and the other is the second 4amint.

Depending on the propés of the selected assembly, the tree generation may be terminated before every
compmnent gets analyzed and stored. Indeed, along the constitution of the tree on each side, REF and ADD
are continuously evaluated to determine whether or not they aredaoB8levolution (SOR). This is the

objective of theawo upcomingsectiors.
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5.2 Determining the Property of Solid of Revolution for Reference and Addition

5.2.1 Solid of Revolution

To evaluate whether REF/ADD is a Solid of Revolution (SOR) or 3idt (2 a clear ex@nation has to be

given around the concept of solid of revolution. By definition, a solid of revolution is an object that can be
generated by rotating any arbitrary shape around a straigldéifiery1915) Ten 3D models are dispjed

in Figure58. The first four modelfiave been generatby rotating respectively a rectandbs, atrapeze

(b), a spline (c)and an association of linéd) arounda straight line correspondingtioe axis of symmetry.
Physically, solids of revolution have a specific inertia propgescribed by the shape of the inertia tensor
Using theCartesiarcoordinate system anamsideing the cylindrical symmetry to be around thaxis

the inertia tensais therebydefined as followed:

l, 0 0
I= 0 I, O
0 0 Ij

where’Oand O are the principal moments of inertiéor a SOR, he products of inertia are null atite
principal moments of inertia arouasande@are equalMore information related to maoents of inertia and

specifically to the inertia for solids of revolution can be foun(Diaz et al.2006)

& 66X =

(a) (b) (c) (d) (e)

10 ¢

(f) (8) (h) (i) (i)

Figure58: 3D models of SOR anfl O Rad) are solids of revolution. {¢ are not solids of revolution.

According to the previous definition and the followed explanatiexsrypiping cylindrical object (pipe,

flange, cap, and couplingy a SOR.Elbows, tees, valves accentric reducerare not SOR3 / )2
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Considering that piping components are assembled by aligning them tqgbtimémg the same axis such
as shown withxngand(Np in Figure 60), the SOR becomes a conservative property. This means that
assembling two SOR piping components will result in a SOR assembly. Als®,/if Riping component

is added to a SOR component theessbly become3 / .ZEquation Isummarizes this concept:

LoYRY v YO yw YooR Y Y U YO Y
YOY Y N VEY

,where"Yand"Y denote to a piping component that is a solid of revolution3amignotes to a component
that is not a solid of revolution. To illustraEquation 1 Figure59 shows two assemblies: (a) the first one
combines two solids okvolution that have been joinatbng their axis of symmetry; (b) the second
presents a senraylinder @ / )2assocated with a slid of revolution along their axis of generation. As

explained by Equation 1, the SOR property remains in (a) but is lost in (b).

S |

(a) (b)

Figure59: Combination of: (a) 2 SOR along their axis of symmetry, and (b) 1 SOR &rd R

Fitting piping components can be envisioned as previously described. Indeed, each comporenbts or
a SOR and fittings are, for most of them, done by aligning the two axis of generation. As #heseikt
section describes the applied method &ess this property on REF and ADD.

5.2.2 Assessing the Solid of Revolution Rperty for Reference and Addition

Finding out the SOR property permits the creation of thepkemts list for REF and ADD. The combined
list will be used to extract the MRMAlgorithm 1 describes how this process is performed. The SOR
property is defined as a Boolean varialsidjch is initially set as true, and can be changed to false for

specific conditions
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Algorithm 1. Pseudo code for Solid of Revolution (SOR) determination
and extraction of kepointsfor one part of the selected assembly (REF «
ADD)
SOR=true
i=1
0, is the weldpoint
KeyPointsList = O}
while 0 has at least 1 child
if Ozhas 2 children
SOR-=false
break
else

Calculate the angle betwegg,RandGd: P,
if (angle>0)
SOR=false
break
end if

end if

addO:to KeyPointsList

E E »p

end while

if all Ozare in KeyPointsList
KeyPointsList = O}

end if

KeyPointsList

end

The appraisal of the SOR property is accomplished by evaluhtragngle between two consecutive lines
virtually drawn by bounding two consecutive kagints togetheiThose lines can qualitatively be depicted
by the lines connecting two consecutive pwiimt the treadescribed irFigure 57. The next bulkkt points
sequentially describe the aforementioned algorithm. The entire code of this process foamdin
Appendix B

1 First, the list gathering the kegoints is initiated and filled witthe weld poin®,,.

1 The first neighbou(P,) is analyzed. lt:wumber ofchildrenis assessed. F; only has 1 righbour
(Po then it signifies tha®, is an enepoint. Thus, the selected part (REF or ADD) is only composed
of a single component defined by solely two fmjnts. Excepteccentric reducersall piping
componerg definedin that way areSOR. The only stored kegyoint will then be the welgoint
Po. (If an eccentric reduces instead detected, the points are shifted to the other weld neighbour to
still evaluate the angle and conclude that the component is natl @s@volution. Otherwise, no
angle would ever be calculated and the program would conclude that because onjyoihtey
were detected the part is a SOR.)
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1 As soon a®; possesseschildren (3 neighbourshhen the part is automatically considere@ds 2
and once again only the weld poRy is stored in the key points list. This would typically be the
case for tees or valves. Indeed, when welding a single tee to an as$grhbly3 neighbours: the
weld point, the engboint of the tee, and the brangbint.

1  WhenP; is found to have 2 neighbours (1 children), two normalized vectors are created Binding
to its neighbour®, andP,. As written inAlgorithm 1, the angle is evaluated using the inverse
cosine function betweehese vectors. The detection of a ymemo angle reveals the presence of a

3 / 2omponent in the inspected group of components. Followiggrithm 1, this impliesthat

the current keypoint P; is not aligned with its previouand next neighbo@OHOEAT %OPd onot
form a straight lineThe situation hapens when an elbow onaccentric reducas in the assembly.
For instance, if a 9degree elbow is in the chain of components, when calculating the angle for its
first key-point, an angle of 90 degrees will fiind As a result, the whole group of components
would be3 / .Detecting a noizero angle stops the algorithm and resuonly Py within the key
points list for the investigated part (REF or ADD).

1 If the angle is nullP; is stored into the kepoints list andP, is investigated as described. The
algorithmruns, and so on, until all keyointsP, are processed.

1 For both Reference and Addition, the algorithm Wwél terminated as soon as a +z@no angle is
detectedIn the situation where every kegoint has been stored in the list (when REF and ADD
are SOR), the algorithm will reduce the list to its initi@hfiguration with only the welgoint P,.

For both REF and ADD, the algorithm runs and their respective fingbdieys list, depeding on the SOR
property, aregenerated. Once the SOR property is determined, the final components of the MRM can be
extracted. The next subsecti@ads to the procurement of the definitive list of components defining the
Minimum Requirel Model.

5.3 Derivation of the Minimum Required Model

Theobjective of MRM is to eliminate the geometrical ambiguities instiieassemblybeing fabricated

all the components belonging to REF and ADD for a specific stage of fabrication are includesub the
assembly in order tolessenits complexity by reducing its scan volume and the number of components.
Consequently, instead of analyzing and scanning the entire assembly to perform a geometrical control, the

inspection can bperformedon the reducedssembly (MRM) only.

In the following sulsectiors, the rules of component selection and the constitution of the Minimum

Required Model are explained.
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5.3.1 Analysis of the $ructure for Reference and Addition

As explained in the previous section, a flow of eestis constructed. Each vector is associated to a node
and its directia is dictated by the componetiitection in space. After being normalized, the unit vectors
can be used to determine tbalculate anglevalue @Algorithm 1). To facilitate the understanding, an
example is provided iRigure60in the form of a 2Brepresentation. The associated 3D model is shown in
Figure61to get a clear idea of the presented exanfRig- is composed of a pipe and an elbow and makes
the group of keypoints (DCBA). ADD is made up @ pipe, an elbow, and a pipe, grouping the fxeints
(DEFGH).The weldpoint (D) is the initial position for both chai(REF and ADD) From there, the unit
vector representing the first pipe of REF is bLﬁlQ))(benNeen D and C. While going to the neairp, the
vectoris built in order to be able to calculate the ar(g“{gais built at C and the angle betwe@xand@is
evaluatedl On this example, the angle is ngib the next point B is analyzetihe process is then repeated
for ADD.

Reference Addition
LA I
5 :
iy W uy | wy k, F'
: R I
' B C D E ko
| Ge |
: L
| l
: |
i H |

Figure60: 2D-representation of a Pigelbow-Pipe assembly (Addition) welded onto an ElbBipe assembly
(Reference). Reference is composed of a pipe (CD) and an Elbow (CBA) and Addition is made of a pipe (DE), an
Elbow (EFG) and aipe (GH). The unit vectors represent the normalized vectors connecting two consecutive points.
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Figure61: 3D model of the 2Brepresentation of the assembly presentdeigure60. ADD is colored in red and
REF is colored in blue.

It is crucial to understand thdie geometric compliance of (DCBA) and (DEFG#ve been established

in the hypothetical previousaiesof fabrication. In other words, each saembly is correct: first, the
geometric compliance of (DCBA) was controlled when welding the blue pipe (DC) to the blue elbow
(CBA); second, the compliance of (DEFG) was ascertained when welding the red pipe (P&)ed
elbow (EFG); finally, ((DEFG)H) was checked when welding the red pipe and elbow (DEFG) to the red
pipe (GH).Consequently, the ageunder investigatiofin Figure60 is the assemblpf ADD (DEFGH)

with REF (DCBA). When applyind\lgorithm 1, the keypointslist of REF and ADD are respeeély
composed of points D,C and B and points D, E and F (since-aemoranglds respectively detected at
point B and point F. As a consequence, the red pipe (GH) is removed from the lbeocdeke it o e s n 6 t
necessitatecontroling the geometricalcorrectness of the current stagehe elimination of some
components in the MRM isuftherjustified in the next sectioalongwith the example depicted Figure

60.

5.3.2 Principle of Geometric Control

To assess the geometiatignment, eery axis of ADD has to be controlled with respect to the ones of REF.
The objective is then to constrain the vectors from ADD to the ones from REF. The representation of vectors
is provided inFigure 60. To this extent the vectors are compared together within eackhassbmbly to

only keep the ones neededelprocess of isolating the unit vectors is dosieg the two rules described

as follows

OGp  (PIME ¢ QR GR
0 (pEMEQQ QdpiE b
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whereApA T AP denote two unit vectors connecting two consecutivepaigts. Theanalysis of vectors
and their selection enables the constitution ofstiteset of points used to form the MRM and control the

correctness of the assembipplying the two rules described aboteFigure 60 would result in keeping

Gp p, ER, andEPand removing all the remaining vectors

To assess the alignment of ADD to RE®entrolling the position oEpﬂNith respect t@ is required. By
constraining them together, a revigpair is created and removiége of the sixdegrees of freedom. In

other words, after fixinﬁg’, ADD has only onenore degree of freedom Ieitound@ The representation
of a revolute pair is provided Figure62. A revolute pair keeps the axes of two rigid bodies together. Two
right bodies constrained by a revolute pair have an independent rotary motion around their common axis.

Therefore, a revolute pair removes five degafdseedom (DOF) in spatial mechanism (DOHE).

Figure62: a revolute pair

However ADD can still rotate arounElpD. Thereforean additional constraint must be getemove the last
DOF. For this purposghe position OECDiS fixed based an ADD is thus completely constrained to REF.

Finally, ichoes not have to be analyzed since ADD is fully constrained to REF.

following the two steps described in the previous paragrBipé.first constraint removes five the six
DOFs. Except the ro E‘?aittcanmlsfieelveloxzitied; avocirid aany point belanging to d

the rotational axis such as pointWhenmovi ng t he wvelocity to point H,
@axis. Consequently, a second constraint is defined to removeothtonal velocityy and set each
velocity of the kinematic torsor to zero. By this way, the-paoht of ADD, pointH has no motion left.

More generallyany point on the second ax could have been picked to define tieematic tensor

presented as follows
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However, in the situation where all the unit vectors are €gtlas means that all vectors are aligned and
belong to the same axis for REF or ADD, then no constraineeds tde set up to remove the potential

rotation around the first axis. Indeed

1 if REF has just one unit vectdhere is novpto assess a potentidP. This stands for situations
where REF is SORFor example, if REF is a pipe and a flange, then therevgindQREF to assess
any potential second axis in ADD.

1 respectively, if ADD has just one unit vector there i&Rto be constrained to a potentigl This
stands for situations where ADD is SOR. For example, with ADD being a single straight pipe, the

conpositonof REFd o e s n 6t themaisnk@r as

The described situations stand for scevsawhere either REF or ADD is SORhe idea to bear in mind is
thateach point is analyzed unREF and ADD are fully constrained ooeerthe otheras best as possible.
Once all 6 degrees of freedom have been rethdbe analysis can Istoppedand the investigated posit

can be storednd utilized to derive thenambiguousnodel.In the previous example, after analyzkg
with respect topi that is, Fwith respect to B, no more motiomemains between REF and ADD. This is
the conceptuateasorwhy no other point neesito be investigated.

5.3.3 Constituting the Minimum Required Model

Once the keypoints lists are finalized for REF and ADie constution of the Minimum Required Model
can be done. The outcome is to extract the components that are associatezhiboeithdedkey-points.
Because of the parsing of PCF, each-geint is directly associated,tat least, oneomponent. Therefore,
a compoent is retrieved when one of its epdints is detected in a kegyoints list. Building on the two
key-points lists for REF and ADDa Minimum Required ReferencaMRR) and aMinimum Required

Addition (MRA) are created using the detected components.

For instance ifrigure60, point C is stred in the REF kepoints list. Point C both belongs to the blue pipe
and the blue elbow. It results that te® components are storedMfRR. On the contrary, none of the end
points from the red pip@SH) was stored in the ADD kegoints list because the analysis was stopped after
point F. Therefore, the red pipe (¢4 not part oMRA.
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The Minimum Required Maal is obtained by addingIRR and MRA. Equation 4below provides the
mathematical expression of the MRM once REBRd ADDs have been derived.

0DYD OD'YYOD'YOD
The derived 3Dmodel is only made up with the minimumquired components to control the geometry
and the alignment of the complete assembly.

Following the previous example froRrigure60 andFigure61, the MRM is given below ifrigure63. The
red ppe (GH) has been removed from the original 3D model because it is not required to assess the

alignment and orientation of the assembly.

Figure63: Minimum Required Model of 3D model Figure61

Finally, four different situations can be encountered and impact the constitution of the Minimum Required
Model. These potential situations are based on the result of the Baaleable SOR defined in Algorithm

1. Whether SOR is true or false for REF and for ADD leads to different approaches in the way of deriving
the MRM. Table9 summarizes the 4 situations which will be dise design the experimental 3fbdels.

Table9: All possible cases with respect to ADD/REF being or not beingR. S@e tvalue stands fo& O Rnd the
O-value forS OR

Case| Reference| Addition Outcome
1 1 1
5 5 1 MRM composed of the closest component to the weld of REF a
ADD
3 1 0
4 0 0 MRM composed of components from the weld to the compone

associated tthe nonzero angle for REF and ADD

As describedbove, the same approach is employed when at least one group of comulmmeifiesd to
be SOR (SOR 1).

Using the logic gate terminations, the overall function for deriving the MRM could be envisiome®as
gate which behaves according to the truth table belabl€10):

82



Table10: OR gate truth table

Input | Output
A |B|AORB
0|0 0
0|1 1
110 1
1|1 1

By describing the truth table, a high output (1) results if one or both the inputs to the gate are high. If neither
input is high, a low output (0) results. By simply associating the low output to the outcome from case 4
(Table9) and the high output to the other cases outcome, the derivation of the MRM can be conceived as

an OR logic gate.

5.4 Conclusion

To conclude, thanethodology for deriving the MRM has been entirely explaimethis chapter The
genesis of the MRM was detailed and thorough explanations were préhidaghout Chapters4 and>.
The algorithm was described in the format of psecaldeand examples rendered clear illustrations of the
proposed concepti the two previoughapters, the complete methodology was studitdtingwith an
unviolated PCF anbeading to a correct derived Minimum Required Model.
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6 Effectiveness of the FoposedM ethodology

To assess the previous methodology, the MRM impact was measured andeéstifhaee potential
outcomes of the MRM are surveyed: (1) the spatial complexity reduction, (2) thetbe@Dimobile laser
scanner, (3) thebtained scapoint cloud density. The euvation of those three criterions wesnducted
using an experimentdhta set of 3D models comprised @) adatabasef 95 models aated by the author
and splitinto the 4 potential situations that can be encount@ralole9), and (2) a steel pipe spool assembly
locatedin the UW laboratory.

6.1 Designing the Models

The following section expounds how the models where designed and used.

6.1.1 Databaseof the 95 Models

Case 1 / / / /

IDCI 06 | IDCILO7 | IDClLO8 | IDClLo9 | IDCI 10
e

Case 2 / /\
DC206 | IDC207 | IDC208 | IDC209 | cC2 10

Case 3 / / ’L\
IDC311 | IDC312 | IDC3 13 | IDC3 14 | IDC3 15

Case 4 N\ / SN /
IDC42 | IDC427 | IDC428 | IDC429 | IDC4 30

Figure64: 3D models of five scenario examples per case: components in blue belong to REF and those is red to
ADD.

Desiging asignificantamount of 3D models originates from the need to test the methodology the
4 potentialsituations described ihable9. Once implemented into the SfM Code, the algorithm had to be
validated and examined feach situation on realistic piping models. In addition, the 3D models in our

possession were not sufat enough for trying out an important amount of cases.

Consequently, the requirement of building ugadabasdecame obvious. To do sAutoCAD Plant 3D
2018was used. Prior to generating the 3D models, they had to be designed cautiously to colmt enoug

modelswithin each situatioffCase 1, 2,3, and 4).

For cases 1,2, and 3, both REF and ADBDone of bothneed to be SOR. This constraint restrains the

possibilities of dierseassembliesConsequently, esigning a substantially higher number of modeis
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case 4 is a voluntary decision and corresponds to an industry reality since most ofdkeesniblies
include at least ong / 2omponent (i.e. elbow, tee, valve, and redwmerentric). Th@dds are greater that
REFADD will be3 / than the opposita hisis why case 4 includes more scenarkas:. this reason, the
number of scenarios designed for case®, And 3 is significantlgmaller than it is for case 4 (15 versus
50).

In case 4, both REF and ADD are SOR. Thus, no constraint is set to choose components; that is, every type
of piping component can be part of REF/ADD as long assohe2omponenis in the chain of component

The potential situations atbereincountlessEven iftwo identical components are welded togethiee

other components located in the group of components matter as well as their position in the chain. For
example, assembling a single elbow (REF) to another single elbow (ADD) is different tmanditiipe

and an elbow (REF) to a single elbow (Ap&nd is also different than welding an elbow and a pipe (REF)

to a single elbow (ADD). This simple case illustrates the impossibility to test out existingscenario.
Therefore, a larger number of segios was designed for this specific case. It includes scenarios with small
amount of components as well as larger assemtiieainingmore components. The entire list of design

models can beisualizedin Appendix C

Once all the scenarios were designsdtoCAD Plant 3D 2018vas used to created the 3D models. The
software enables to create piping assemblies by using components belonging to piping catalogsirThus, th
shape and desigare monitored and correspotwreal piping components. Tlhiatabasevas generated
using the SS150 pressure class. An overview of some 3D models is preigdezb4. Five examples of

each case apovided An ID numberis assigned to each scenario to facilitate referring to them throughout

this manuscript.

In designing these scenarios, the auttiateavoredo take into account the occurrences of SORZand2
group of components in realistic pipe spool assembliesdatebasevas r evi ewed by i ndus
and was judged realistic and consistentsilisificancecomes from its diversity that enablegtove, first,

the correctness of the developed methodology, and second, its effectiveness.
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6.1.2 Laboratory Steel Pipe Spool Asembly

Figure65: 3D model of the laboratory steel pipe spool

The lab pipe assembly accounts for a ezatapplicationof the proposed methodology it was actually
fabricatedn a fab shoplt is made o652 componentslistributed between 4 branches. All components are
welded together except between two flanges that are bolted togetkesissembly contains 22 pipés,
flanges,12 elbows2 tees, 2 unions, and 1 valve. The diversity of the components makes the assembly a
valuablecase in pointThe assembly was designed oAttoCAD Inventoand its Piping Component File

was realized feerward manually.

In order to apply the algorithm to the steel pipe spool, the fabrication stages were inferred based on the
knowledge and experience of the autheorty-six stages were required to assemble the entire assembly.
Those stages are described\ppendix D Among the stages, 13 belong to case 1, 9 to case 2, 13 to case
3, and 11 to case 4.

The resultoming fromthis particular example are very represgint of the potentialtilization of the
MRM along the entirdéabrication procesS heimpactsare threefold:

1. Reduction of the spatial complexity of the modgddtion6.2)
2. Opening of new potentiéies for consumer grade scanneBetion6.3)
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3. Improvement of thecanpoint cloud densitySection6.4)

6.2 Impact of MRM on Reducing the Spatial Complexity and Number of @mponents

The effectiveness of the method is first evaluated in terms of the spatial complexity reduction and the
decreasen the number of components. To this end, the concept of Level of Complexity (LOC) is
introduced. LOC is a value that attempts to gather the spatial complexity and the number of components
together. LOC is a driver of 3D scanning requirements. Each conipisnassigned a LOC detailed in
Tablell.

Table11: LOC value for each type of piping component

Type of component Level of Complexity
Pipe 1

Flange

Elbow

Concentric reducer

Eccentric reducer

Tee

Valve

Coupling

Rl RN NN RN

Cap

For each component, kgoints are established, and their associated unit vector is calculated. The number
of unaligned vectors within a component provides the LOC for that component. Once each component has

been assigned a value, the LOC of the full agdgican be calculated usirigguation 5

L Og:s s eT_hﬁlLyOQo mponents
Consequently, the LOC handles at the same time the spatial complexity of the assembly and the number of
componentsThe LOCbefae and after applying the MR is calculated for all of the designed scenarios

andis tabulatedn Figure66.

6.2.1 Experiment on the DatabaseM odels

In the four cases, all the MRMs have a reduced LOC. The reduction of the Level of Complexity is important
when a3 / 2omponent is found as the first componhef REF and/or ADD. The more components the
initial assembly has, the more likely the MRM becomes useful. Thus, as shovablenl2, the mean
redudion of LOC for case 2,3 and 4 is higher than case 1. This is due to the fact that all the components in
case 1 are SOR arak explained earliea limited amount of assembli¢sve this quality. Case 1, 2 and 3,

have at least REF or ADD being SOR. Asault, the MRM can be reduced to the only two components
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being weldedegardles®f the other components. In case 4, the reduction can be very important if the first

two components arg / ,2ut can also be very small when the fdst 2omponents are fardm the weld.
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Figure66. LOC Reduction between initial 3D models and after applying MRM for (a) Case 1, (b) Case 2, (c) Case 3
and (d) Case 4

Table1l2: Average LOC Reduction for each Case

Case Number Case 1] Case 2| Case 3| Case 4
Mean reduction of LOC | 31% 40% 47% 41%

For example, in ID_C4 26, REF is composed of an elbow, a pibarmelbow and ADD isreeccentric
reducer a pipe and an elbow. The weld is between the elbow and the redweestric. Thus, the MRM is
only composed of the elbow and the redemezentric. The result of LOCs for ID_C4_26 is detailed in
Tablel3.

Table13: Result of Level of Complexity for ID_C4_26

LOCni tial Md LOQRM Reduction of LOC
10 4 60%

The reduced LOC is important since it directly correlates withtime required for inspection of an

assembly. Furthermore, the lower the LOC is, the more accurate the acquisition result will be.

6.2.2 Experiment on the Steel Pipe ool

As for the steel pipe spool, each LOC is evaluated for each 3tage14 shows the percentage of LOC

reduction for each case of the steel pipe spool assembly. The difference between case 1 and case 4 is

88



striking. This is due to the fact that casaatyes usually happen after a certain number of components have
been assembledhereas case 1 stages are, most of the time, located at the beginning of the fabrication. For
instance, welding a pipe to a flange is accomplished at the first stages. ThugjahkeOC is already
minimal (LOC= 2). On the contrary, weldingvo subassemblies together such as in stage 23 includes a
high number of component (LOE€11) which can be reduced with the MRM (L&) producing a high

percentage of reduction (55%).

Tablel14: Average LOC reduction for each case in the steel pipe spool assembly

Case Number Case 1| Case 2| Case 3 Case 4
Mean reduction of LOC | 13% 40% | 26% 44%

Thanks to this assembly, it is possible to evaluate the overall assembly LOC reduction using the MRM. To
do so, the total LOC of the initial model is computed by adthegnitial LOC of each stageThe same
process is applied to the MRM and the percentaguction ialculated Thevaluesare presented ifiable

15.

Tablel5: Total LOC comparison

Total initial LOC | Total MRM LOC | Reduction of LOC

261 150 43%

The percentage of 43% of LOC reduction is certainly the best way to estimate the effectiveness of the MRM
on the reduction of spatial complexifyhis way of calculating the average LOC reduction pertaksg

into account the higher importance of some stages rather thars. difsdead ofaveraging out each
reduction, this method renders the vadaeh stage has as well astibtal reduction. Moreover, at the end

what matters the most is the saved scaniing tf the asuilt assembly which is directly correlated to the
overall LOC reductionTherefore,it can be evaluated that, using the MRM methodology, 43% of the
scanning time would be cut down compared to applying the same QC process by scanningnall curre

components.

With the above exampl¢he point is brought on the overall effectiveness of the MRM as itdtas when

implemented along theomplete assembly fabrication.

6.3 Opening New Perspectives to Handheld Lasercd@nners
As explained earlier, MRM is designed to be employed in awigp assembly control system for
construction workers. To that emmdeasuringts performance with respect to limitations ohsumer grade

scanning deviceis a matter of concern
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One of the mjor challenges of redime mobile scanners are their limited scanning range and accuracy
(Figure67). While being cost effective and easy to use,atwuracy of tls type of sensors decreases as
objects are placed further awddor instance, the structured light sensor used on the SfM solution, called
Structure Sensor, has a specific graph describing the relationship between the scanning disthace and
depth precision gaxis) Figure68). The range is only defined until 3.5m from the scanned object. At this
distance, the depth precision is eqt@l4cm. Regarding he precision on x and-gxis it is linearly

proportional tahe observed deptandcan be calculated as followed:

657G 0 GE PR RORY i 6 e GOIYE § HOQD
Yo 1 6 GOUDE Q@E Q6 v
The Structure | O focal |l ength can be found in t

depth (DstanceToObject), the xfgrecision § 6.1mm. Obviously, a strong correlation exists between the
precision and the accuracy of thequisition device. At least, to be able to obtain an accurate scan, the

precision must be high enough.

Consequentlybased on how depth and precision are bountedl) be significantly beneficial to reduce
the length of objects that need to be scanRignire67 illustrates the example of the Structure Sensor with

its limited range of 4x4x4m. It results imaximum feasibléengthto obtain aduilt informationof 6.92m.

(a) (b)

Figure67: (a) Scanning range and maximum feasible length for scanning. a: acquisition device, b: only objects
within the projected cube can be scanned, c: maximum allowable length for an object to be scanned, assemblies that
have a principal length of more than 5.@n) cannot be scanned and controlled. d: infrared beams projected to
capture the scene. (b) Principal length before and after applying MiRM.the principal length of the assembly
before applying MRM$ s the principal length of the assembliyer gplying MRM.

By defining principal length as the shortest line connecting the two ends of the assembly, a performance

measure can then be definé&aj@ation § for MRM with respectt@ac o mp o nemgtht s 6
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Y — pTT

where+, denotes to the principal length of the assembly before applying MRM-amtgénotes to the
principallength of tle component after applying MRM.

10

Precision [mm]

| 1 | | | | | |

400 500 1000 1500 2000 2500 3000 3500
Observed Depth [mm]

Figure68: Struct depthpr&esions or 6 s

6.3.1 Monte Carlo Simulation

To more accuratelguantify the effectiveness of MRM ondr@ssing the above challengk$onte Carlo

simulatiors wereperformed on the creat&D modelsdatabaselt was assumed that the only contributor

toa s s e mlength are Bipes. In order to simulate variability of pideagth,ane x per t 6 s advi ce
sought and the assemblies were divided into 3 groups based on thei(Tam#16). Each type of length

matches with specific applicatisrand thus can be associated to a particular industry. Alongtketh

variation of lengths, pimddiameters were also modeled to account for the variability. However,yas the

dondét directly influence the required scan vol ume

Tablel16: Categorization of the assemblies based on average length of pipes in the assemblies and the intended
application. The length of pipes in each category was assumed to follow a normal distribution.

Attributes : Small Medium Large
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Mean Length 1.5 35 5
(M)
Standard 0.5 1 2
deviation
o Mostly residential and | Nuclear and wate Oil and gaslarge industrial
Application _ ) : Lo
norrindustrial supply projects and pipe lines

Monte Carlo simulations were designezsinga Normaldistribution toestimatep i plengtiisIndependent
simul ations wdreengthn 1f drPLAI)pedpd peds |l ength 2 (PL
simulation was rade of 1,000 independent evepteviding for each PL 1,000 lengths. Those results were

then averaged out to obtain a mean length for eackiBally, PLs are added up ¢et total lengths.

For eactdatabasacenario, the number of pipes is computed for the initial model and the MRM. Based on
the geometry of the initial model, the principal assembly length (PAL) is computed. For instance, if two
pipes are aligned, PAL @btained by simply adding up PL1 and PL2. But if they are perpendicular, PAL
is computed by assuming PL1 equal to PL&here PL1 is the PL of the pipe left in the MRMind PAL

is equal to the square root of 2 multiplied by PL1.

A new Monte Carlo simulatin is run for each of the 95 scenarios withach size categaryherefore, a
tot al of 95 Monte Carlo simulations are done f ol

independent simulatior(85 different simulations for each of the 3 applicasip

To calculateUy, g yfor each assemblyhe principal lengthswvere then calculated andcorded for both
initial model and MRM for each scenario within each size category. The comparison of MRM principal
length and initial model one is plotted figure69. The utility functiors are also plotted on the graph to

render a visual estimation of the MRM performance.
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Figure69: Monte Carlo simulation results using the assemblies from the database with three size categories

Each point inFigure 69 corresponds to an assembly existing indagabasand has 2 values associated
with it, +, and +.. Points in blue color show the, and +. values for scenarios simulated for small
assemblieged points correspond to meditgize assemblies, and finalreen points belong to assemblies
made up with large pipes. As showviine line5. , . Thdivides the space into 2 areas: and! 0 ! cand

I 5. As explained earlier, in the worshse scenario, applying MRM will not reduce the LOC, and thus the
principal comp n e menhgthdvill not changeH, +. . As anticipated, no point exists in the area. The
remainder of space is divided into 3 areas by drawing thellip@s,= 6 . &d,) (K;=6..9 2)

1 Pointsinthe ;area correspond to scenarios weaehprincipal length ofboththeinitial assembly
and the MRM exceet h e s ¢ a n.nTleus dbwiningthaagbeilt information is infeasible.
These assemblies are too large to be scanned and employing MRM will have no utility.

f Pointsinthe . areacorrespond tassemblies that can only be scanned if MRM is appliedhir o
words, this area showassemblies whose -asiilt information couldnot be obtained without the
useof MRM.
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I Finally, points in the , area can be scanned whether MRM is applied or not. Honapplying
MRM on some of the assemblies can reduce the principal length in the assembly and thus increase
the accuracy of the obtained information.

The diagonal line drawings in this area indicate how much the prineipgth wasreduced. For
example, fia point lies between lings. , . 1 mBAnd5. , . @ 1T,Bt has had a reduction of more
than 40% and less than 60%tinh e a s naidall lgndgthswhich directly correlates with the

accuracy of the obtained-asilt information. Table 17 shows the distribution of points within,,
cand! ;8

Tablel7: Distribution of pants in the simulation and MRMtility in each group.

Area | Ratio MRM6s Util i

!5 | 61.0%| Increased acquisition accuracy

. | 36.9%| Only feasible to inspect with MRN
o | 2.1% No Utility

Furthermore, in order to investigate the application and the performance of MRM within the three
categorieskigure70 was prepared.

Legend:
. Small assemblies
. Medium assemblies
80%| . Large assemblies
o F-MRM Only Feasible with MRM
‘é NF-MRM Not Feasible at All
8
O 0%
Ay
] II I I
I III 0 mm
[0%-1%] [1%-20%]  [21%-40%) [41%-60%] [61%-80%] [80%-100%] F-MRM  NF-MRM
Reduced Principal Length and MRM Utility
Figure70: Comparing MRMutility within the three size groups
As can be seen, regardlessohe assembl yds si ze, MRM wi | | not be

specific geometryy_ , . 1 B. For instance, ID_C1_Gnitial model is composed of a flange amgipe
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welded to aconcentric reducerApplying MRM only removes the flange, which doe§ t i mpact t
principal length.Besides the results show that applying MRM has the most impact on accuracy for
assemblies with small dimensions. Finally, more than 70% of the assemblies are infeasible to-obtain as
built information in large assemblieshis shows that applying MRM is critical for any stejse assembly

process control for large assemblies.

6.3.2 Bounding Box Diagonal Length Aalysis

Using the same 95 scenarios, another analysis was run using the real dimension of the 3D models
determined by inptting them intoCloudCompare Figure 71 below gives the representation of the
CloudCompardounding boxhat is displayed around a point cloud

Figure71: Point cloud in CloudCompare surrounded byoitsinding box

The maximum dimension of the box is extracted for each of the 95 initial models and 95 KiiRiWing

t hat t h ebousding bbox is a éube, the required cube dimension is estimated by calculating the
required diagonal length of the bounding b®g. this end, the maximum dimension is multiplied 8

The reduction of the diagonal lengthtiseen computed for each scenariOne examplélD_C1 08)is
depicted inTable18.

Tablel18: Example of reduction of diagonal length for scenario ID_C1_08

Result in meters Bounding box Bounding box Reduction of
(m) maximum dimension | diagonal length | diagonal length
Initial m odel 2.41 4.20 o
ID_C1_08 MRM 0.76 1.32 68%

Once the reduction is computed for all scenatiws,similar chart presented earlier can be drdvne. 95
pointsare plotted irFigure72. As explained earlier, the chart is segmentedintd ., ! 5, and! . The

distribution of the data is displayedectly on the chart.
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Figure72: Analysis of the bounding box diagonal length for da¢abasscenarios

The design of the scenarios was performed independently of the proposed analysis. Thus, no trick was
applied to reach thigesult. How da is distributed among regions can therein be considered realistic.
Besides, iraddition tobelonging to the same piping pressure class, all components used in the models were

designedo remain within realistic dimensional lengthith regad to their diameter.

The above representation diffdrom the one obtained with Monte Carlo simulations because it compares

the diagonal of the required bounding box whereas the first one focuses on the principal length of the
obtained assembly and as®sihe principal length of the assemhiyatcheswith the bounding box
diagonal . I n practice, aligning t he gpitemanageaplea! | e n
However, both approaches are valuable and provide a significant performeasereentof the MRM

methodology.

6.4 Improving the Scanvs-BIM C omparison

Last but noleast, thepoint cloud densitys measuredvhether or nothe MRM is applied. Use of MRM

shrinks down the initial model. The potential impact of this reduction issidemable improvement of the

point cloud density enabling a more accurate deviation analysis (comparison of the scan point cloud to the

mo d e |l point c¢cloud). I ndeed, since the model i's s

bounding box an be significantly diminishedecause the size of the scan affects the point cloud density
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, and thus the precision of the deviation analysis, MRM is found to be very effective for improving the
Scanvs-BIM comparison.

6.4.1 Dependency between the Number of \féces and the Bounding Box &e

So as to prove the influence of the scanner ds bol

experiment was carried out. Four scans were acquired from the same position pointing at the same object:

a monitor(Figure 73). All 4 scars were taken facing the monitor without moving around @my the

bounding box was changed.

A\

Figure73: Monitor used as the center object of the four scans

(b)

(@)

(©) (d)

Figure74: Scans of the monitor without the clutter with different bounding box size: (a) scan 1, (b) scan 2, (c) scan
3, (d)scan 4
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The scans were then pgsbcessed to remove the cluttelt the pointsvhich do not belongp the monitoy.

The four scans are presented-igure 74. The raw scans were imported ir@doudCompardo estimate

the scanbs bounding box size. The given di mensi on
size. Then, the number of vertices on the monitor was computed by removing all the cluttbefinitial

scans. By this way, a relationship between the two parameters can be estabhbletio below

summarizeshe scans properties

Table19: Scans properties

Smaller — Larger
Scan 1 Scan 2 Scan 3 Scan 4
Bounding box maximum| 5gg, 0.8724 1.9662 2.7459
dimension(m)
Number of vertices 21829 10277 1830 944

The above data clearly underlines the faloffin the point cloud densityrepresented by the number of
verticesi when the bounding box is enlarged. To illustthis phenomenaa graph was drawn by using
the above data and is presente#igure75.
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Figure75: Graph representing the numbeneirtices of a scanned monitor as a function of the scanner's bounding
box size The blue line is the curve binding the 4 data points. The dotter orange line stands for the trend line. Its
equation andrR?value are also displayed.
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The data points were linkedgether in order to visualize the shape of the relationship. A trend line was
then associated to the curve. The best matching furisigmower function proportional ig By modeling

the data with the rendered functjoine R-valueof 0.9998appeas to behigh enough to state the existence
of acorrelationbetween the two factors.

However, the equation is most probably siBpendent, meaning that the number of points obtained after
removing the clutterelies on the size of the scaed object. Thes c anne d dimeensionsamre d s
45*30cm creating a surface of 1350cr@onsequently, aelationshipmay existbetween the scanned
surface area, the bounding box size, and the point cloud danditypay be further investigated to excerpt

a proper connection from the Structure 10.

6.4.2 Comparison of Scanning from a large vs. Small \6lume with Structure 10
Since a correlation between theumding box size and the scpaint cloud density has been esisibéd,

the concept can henceforth be y®n onto pipe spool assemblies.

Figure76. Assembling the red part on the blue part. The weld is located at the branch of Thetgeeen oval
surrounds the Minimum Required Model.

Theobjective of this section is twofold:

1. Provide a real application of the Minimum Required Model omtbdel point cloud generation.
2. Prove the importance of reducing the scan volume with consumer grade scanners such as Structure
0.

To this end, the steelpge spool assembly is chosen as an experimental assembly. In particular, focus is
made on fabrication stage 21 displayed-agure76. Following the ctor rule, red components (ADD) are

assembled to blue components (REF). The weld i®meed at the branch of the tee ahg MRM is
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surrounded by the green oval. Using the SfM software as shokigune 77, the MRMcomponents can

be segmented

/750 structure from Motion : .
(e LT i {® Login Required .
e ‘ Reference and Addition E
Please select the reference and addition: Selected part have been marked below:
Type Detail Reference Addition
(-85.524, 20.046,
Pipe (-101.079, 4.491, D
2.5"
(-80.134, 25.436,
(-85.524, 20.046, D .
Hbow oo 504 20,046,
2.5"
(-80.134, 25.436, —i r—l
| Segment MRM (3 parts) | |Segment selection (22 pant5| Weld selected: #16 | Scan whole model |

Figure77. Segmenting the MRM on Stage 21 of the spéigé spool assembly in the SfMfsvare

The result is presented.itt is composed of the tee (in blue) from REF, and the pipe and the elbow (in red)
from ADD. The point cloud is defined by 345 vertices. The vertices are randomiputisti among the
meshes of the original model basedtbha mesh surfacédwing to algorithmic functions, the intrinsic
density could be increased to obtain a denser model point cloud. Although the model point cloud number
of vertices can account for a rmmum barrier to reach, the following study mainly focuses on the scan

point cloud number of vertices.
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Figure78: Model point cloud derived from the Minimum Required Model

The following experiment is using two different scan pailuds. The first scarF{gure 79) has been

acquired with the Stature 10 with a small cube of 1x1xlIndenot ed fAsmall 06 scan) .
(Figure80) was acquired wih the maximum scan volume of 4x4x4nmd e n datg@® d st an) . Once t |
acquisitions were completed, the clufteall points ot belonging to the MRM wasmanually removed

Consequently, this process renders two different point clouds representing the same components.

Figure79: "Small" scan acquired with a cube volume of 1m3
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Figure80: "Largée' scan acquired with a cube volumedofx4m

The two scans can be visualizedrigure81 and ardntentionally shown in parallel so thahecan realize

the density contrast.

Figure81: Parallel representation of the two scans obtained after remtwingutter
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Each scan point cloud is used to perform a deviation analysis. The result is anétlyzbd aim of proving
the advantage of scanning a smaller assembly thanks to the MRMratgdritaddition, the two scgoint
clouds are compared togethiereveal some potential causes of the differences.

6421 Compari son uGisganhe Al arge

The first deviationaal ysi s i s perof csrcnraend doant at.h eF ofirl aarhgee pur pose
the boundingoox was extended to its limi#X4x4m). After preprocessing the raw scan, the minimum

required scawas loaded into the SfMbfware to be compared to the model point clouBigtire78. The

scan pint cloud is displayed with red points, on tight side ofFigure82, andis composed of 625 vertices.

Vo Structure from Motion f f
THoloFab i i & Login Required l
University of Waterloo ‘ Manual registeration 9 q E

Figure82: SfM 3 points registration page. On the left, the model point cloud. On the right, the scan point cloud from
the "big" scan

The two point clouds are superimposed by matching 3 points. Finally, the clutter is removed to keep the 10
closest neighbours to each deb point. Every point not detected in the neighborhood of a model point is
removed from the scan point cloudnce completed, the result of the deviation analysis is given by the

software and shown iRigure83. The maximum deviation detected the heat map is 0.981mm.
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Ve Structure from Motion One end lock . .
University of Waterloo ‘ Clutter removal and further processing & Login Required

Error of the scan
0.981 mm

0.883 mm

0.785 mm

0491 mm
0.392 mm
0.294 mm
0.196 mm
0.0981 mm

0mm

Figure83: Comparison of model point cloud to scan point cloud from lgmgé' scan
6.4.2.2 Comparisonusingthe s mal | 6 scan
The same process is performed with the fAsmall o sc
Using the Asmall 6 scan, the scan point c¢cloud is m

Figure84. Asnoted the pointcloudigs bout 10 ti mes dendag® tsltam.t he one

Vs Structure from Motion . .
(o ; i (& Login Required .
University of Waterloo < el g e fon 2 9 E

Figure84: SfM 3 points registration page. On the left, the model point cloud. On the right, the scariquairitom
the "small” scan
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The result of the comparison, once clutter removal has been applied, is preséigaceids.

Ve Structure from Motion One end lock f .
Srarci ‘ | ® Login Required l
University of Waterloo Clutter removal and further processing E

Error of the scan
0.29 mm

0.261 mm
0.232 mm
0.203 mm
0.174 mm
0.145 mm
0.116 mm
0.0869 mm
0 m
0.029 mm

0mm

Accept and Move on

Figure85: Comparison of model point cloud to scan point cloud from the "small" scan

This time, he maximum deviation displayed by the heat map is 0.29nastly located on the components
surfaces. The explanation can be found in the density difference between the two point clouds. In other
words, since the analysis is run on the scan point cloud, denser than the model, some of its points can be
far from a point belonging to the model pbatoud (up to 0.29mm). However, as the number of closest
neighbours used in the clutter removal has been taken at 10, one can infer that each point of the model point
cloud has its 10 closest neighbours within a sphere of 0.29mm radius. Because tlinscéoug is very

dense, this value is very acceptable.

Comparing this result to the previous one highlights the sensitivity of the result to the point cloud density
and thus to the initial scan volume. The fact is that some outliers cannot be revitbvbd clutter removal
when the density is too low.oF instancewith a 10" closest neighboubeing far from a model point,

increasing the maximum value of the heat mapautomatically be surged

Table20: Comparison of theneasureanaximum deviation

Maximum deviation Maximum deviation Improvement of the
with the fqwith the 0 deviation analysis
0.981 0.29 70%
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To summarize the result, the maximum deviations are compared and its improvement is cqiatizted
20). A 70% reduction of theneasureanaximum deviation is reachaimply by reducing the scan volume
from 64n¥ to 12 which can be critical wén controllingtight tolerancesissemblies.

6.4.2.3 Comparison of the two scan parts
To further investigate this result, a comparison has been realiZéldwtCompardetween the two scans
and is provided ifrigure86.

Figure86. Comparison of the two point cloud. The scan from the "big" scan (colored points) is evaluated with
respect to the scan from the "small" scan (white points).
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The maximundeviation is found to bellmmand is located in the | b oinmér survatureIndeed, this

area seems to have a deviatidmencomparng the two scans. Almost @bintsf r o mlatgdde s@an have
been found to have an approximate deviation#frdn which @an substantially influence the interpretation

of a Scarvs-BIM analysisI n general , tlhrgedpstcanhsappemrthe HBe | oc
from the fAsmall d scan. One e x gibnavhen increasing thadeptlb e t h
(Figure68) going from 0.3% precision for an observed depth of 1m up to 1.1% for a 3.5m observed depth.
However, other parameters may influence the diffee between those two scan point clouds which could

be extensively investigated. This also depends on the scanner acquisition technoldty inhdrent

parameters.

As a conclusion, the important outcome of g@stionis to show th@ensityimpact of the scan point cloud

on the deviation analysis. The denser the scan is the more accurate the analysis is. As the density of
consumer grade scanners such as the Structure IO can be directly associated with the scan volume, the
finding is thatutilizing the Minimum Required Model in deviation analysis significantly enhance the
accuracy of the analysigy cutting the structural deviatipthereby bringing more confidence in the

outcomes
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7 Thesis Summary, Conclusions and Future Work

7.1 Summary

Due b higher requirements of accuracy and economical consequences of any defect, controlling the quality
of industrial assemblies in fabation shops has become crucial. Manual tools @seally utilized to
measure dimensions and chadignments. To reducéé¢ number of tasks performed manually, 3D vision

technologies have become common practice.

Yet, these methods are often applied at the end of the fabricatiosplmEEause they can be cumbersome,
time consuming and require engineering knowledigéad, when laser technologies are used to inspect
the quality of industriatonstruction assemblies, the waskcarried out by specialists who need to process
the scanned data for a certain period of time, and wehally draft a report aimed atanagers. Tén
conseguences are that those techniques lbahefit the companylate in the assembly process thus

increasing the impact of fitting and rework risk.

As a result,his thesis develops a straigbtward methodology that can easily be implemented in a worke
designed device to streamline the quality control prod&gsising the Minimum Required Model on a
reaktime mobile scanner, workers can perform the inspection every time components are assembled. The

proposed method is necessary for any 3D visual s¢epyuality control process.

Along this thesis, the overall methodology is envisionedarmgeneral process and fabrication workflows
that utlize consumer grade scanneesg( Structure 10) to inspect pipe spool assemblies within a
manufactumg environnent. The methodology gives a significant role to Piping Component Bildding

on the piping inputs, the derivation of the Minimum Required Model is thoroughly detailed in Chapter 5

The effectiveness of the Minimum Required Model in reducing the smataplexity of the original
assemblyin facilitating the utilization of consumer grade scanning deyam@s$in improving the scan point
cloud densitywas shownChapter6. The methodologyvas then testedn multiple industrial assembly
models with different configurations and dimensions (length, diametexkll as on a real steel pipe spool

assembly

When designing the 3D modddtabasgthe objective was to makere that the assemblies are realistic and
simulatereal scenarios encountered in the industhe value provided is based on the designed models
and may change with different designs. However, the provided framework to obtain the MRM is universal

and ca be applied to any assembly.
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7.2 Research @ntributions and Conclusions

The contributios of the work are as follows: (1) an innovative method was developed that uses a non
software dependent 3D model and its Piping Component File to accurately segmentqipgugents

from their complete mode{2) aworker-oriented3D visual stepwise quality control forging assemblies
designed in falication shop was proposed; (3)ilding on the geometrical properties of piping assemblies
and the limitations of handheldser scanners, a solution to reduce the 3D model to its minimum was

realized.
Following from these contributions afi@ur conclusions:

1. The utilization of two softwaréndependent inputs in the methodology renders an important
adaptability to the overalnethodology that can thus be used independently from the original
design model format. In particular, PCFs have been found to be very effective and trustworthy input
files. They provide flexile data that can be easily pgsbcessed.

2. Based on the designethtabasend the stddaboratorypipe spool, the MRMmpact has been
demonstrated to be more important on large and spatially complex assemblies.

3. The experiments have showr@nsequent increase in thility of consumer grade scanners (i.e.
Structure O) with the developed methodologaving the way to their emergence for industrial
applications In other words, when 3D models are not reduced, those devices may not have the
intrinsic range to scan the entire model, whereas using the MRM, the reqaineéhgcsize would
potentially be reduced allowing those scanners to be used.

4. Consumer grades scanners that use structured light technology (i.e. Structure 10) to acquired point
clouds have their density varying based on the scanning depth. Scanning sizedleissemblies
can thus enhance the-lgilt point cloud density, which benefits the deviation analysis accuracy.
Consequently, mostf the emerging Scavs-3D model applicationsauld use the MRMwith

positive effect.

7.3 Limitations

Despite the continuoumove toward digitization of the construction industry, a lot of companies are still
not using 3D models for their design. In a lot of projects, providing 3D data to the contractor is not a
mandatory duty, ahthereby, none of the key players is urgedge a 3D design of the project. As the
entire method is built on 3D files, if no data can be obtained from a project then it becomes impossible to

apply the proposed stepwise control process.

Another potential limitation to the overall method is the scapnegision. Indeed, based on the required

assembly tolerances, the scanner may not be able to acquired precise enough data. As presented in the
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coud simply preventthe utilization of those devices for industrial applications. The accuracy itself is
complex to quantify as it depends onltiple factorswhich arehard to measureubthe intrinsic precision
unfortunately lowers the odds to obtainaaturate scan.

Last but not least, quantifying the potential geometric deviations could be bothgssmaesome lengsh
which would have been used to visually estimate the devjarerremoved from the deviatianalysis.
In addition,automatic deviation measurement and orientation detectionnodyet beenimplemented in
the SfM software. For now, the worker has to use a heat map to estimiteation of the deviation and
guantify it baed on individual points color. An addihal solution should therein bproposed in the
software to (semi) automatilty display the information. Otherwisthe deviation analysis could become

useless to the worker regardless to any other considerations.

7.4 Future Work

In order to truly evaluate thefettiveness of the method, future waduldbe conducted angould consist

of applying the proposed methodology for each step of the construction assembly fabdigetigrthe
construction phasé-ollowing workerésteps of assemblingauld enableobsevation ofthe real siges of
fabrication and thuapplying the methodology for each stagfethe evaluated assembly. Several industrial
assembliesvould be investigated under the proposed measurements of effectiveness, and the utility of the
MRM would be neasured based on real fabricatébtop situations

Otherbenefitsof the MRM should be analyzed suchtieme and cossavings which could be measured

and compared to the same process without the MRM, hehtaninga monetary impact factor for the

MRM. Performing stepwise quality control using the MRM with a consumer grade scanning ohayice
reduceeven morgework and measurement time. Also, the use of such a technique would certainly reduce

the number of incompliances detected at the end of the &ibncwhich could either be caused by a
worker6s mistake or by the propagation of toleranc
of the described methodology in the overall construction process of industrial assemblies could be done as

future work.

Finally, other domains foapplicability of theMRM may be investigated. For manufactured industrial
assemblies where QC is performed, the MRM overall workflow cpatdntially be testedConsidering
the rise of digitization in industries and particular the recourse to 3D moddisr every typeof product
applyingthe MRM for3D visual stepwisgeometriaquality control may be of greasilueand cost efficient

in plenty of situations
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Appendix A

Definition of pipe

if  (item.SplitO[0] == "PIPE" )

SfMPoint endPointl = null ;
SfMPoint endPoint2 = null ;
double diameterl = 0;
double diameter2 = 0;
foreach (string attribute in parsedDictionary[item].Keys)
{

if (attribute.Split()[0] == "END POINT")

{
string [] attributeSplitted =
parsedDictionary[item][attribute]. Split(( string []) null ,
StringSplitOptions .RemoveEmptyEntries);
double x = Convert .ToDouble(attributeSplitted[0]);
double y= Convert .ToDouble(attributeSplitted[1]);
double z= Convert .ToDouble(attributeSplitted[2]);
double diameter=  Convert .ToDouble(attributeSplitted[3]);
if (endPointl == null )
{
endPointl = new SfMPoint (x, Yy, z);
diameterl = diameter,

}

else

{
endPoint2 = new SfMPoint (x, Yy, z);
diameter2 = diameter;
break ;

}

}

allComponents.Add( new SfMPipe(endPointl, endPoint2, diameterl,
diameter2));

Extraction of ¢bow from the PCF

else if (item.Split()[0] == "ELBOW)
{
SfMPoint endPointl = null ;
SfMPoint endPoint2 = null ;
SfMPoint centrePoint = null ;
double diameterl =0;
double diameter2 = 0;
foreach (string attribute in parsedDictionary[item].Keys)
{
if (attribute.Split()[0] == "END POINT")

{
string [] attributeSplitted =
parsedDictionary[item][attribute].Split(( string [) null ,
StringSplitOptions .RemoveEmptyEntries);
double x = Convert .ToDouble(attributeSplitted[0]);
double y= Convert .ToDouble(attributeSplitted[1]);
double z= Convert .ToDouble(attributeSplitted[2]);
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double diameter= Convert .ToDouble(attributeSplitted[3]);
if (endPointl == null )
{

endPointl = new SfMPoint (x, Yy, z);

diameterl = diameter;

}
else
{
endPoint2 = new SfMPoint (x, Yy, z);
diameter2 = diameter;
if (centrePoint != null )
break ;
}
}
else if (attribute.Split()[0] == "CENTREPOINT")
{

string [] attributeSplitted =
parsedDictionary[item][attribute]. Split(( string [) null ,
StringSplitOptions .RemoveEmptyEntries);
double x = Convert .ToDouble(attributeSplitted[0]);
double y= Convert.ToDouble(attributeSplitted[1]);
double z= Convert .ToDouble(attributeSplitted[2]);

centrePoint = new SfMPoint (X, y, 2);
if (endPoint2 != null )
break ;

}
}
allComponents.Add( new SfMElbow(endPointl, endPoint2, centrePoint,
diameterl, diameter2));

}

Distance of a line ta segment foripes

/Il <summary>
/Il Determine whether a point is within the cylindrical spatial boundary defined
by a pipe
Il </summary>
/Il <param name="pipe ">the pipe of interest, defines a cylindrical spatial
boundary </param>
/Il <returns> True if the point is within the cylindrical spatial boundary defined
by the pipe, vise versa </returns>
public bool isInPipe( SfMPipe pipe)
{
SfMPoint v = pipe.endPoint2 - pipe.endPointl;
SfMPoint w = this - pipe.endPointl;

double cl=w*v;
if (cl<=0)
return false ;

double c2=v*v;
if (c2<=cl)
return false ;

double b=cl/c2;
SfMPoint  pointB = pipe.endPointl + b * v;
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return distance( this , pointB) < PipeSpoolManager .toleratedinchToMillimeter *
pipe.diameterl;

}

Distance of a point to a circle fotlmws

/Il <summary>
/Il Determine whether a point is within the spatial boundary defined by an elbow
/Il </summary>
Il <param name="elbow "> the pipe of interest, defines an elbow shaped (part of a
torus) spatial boundary </param>
/Il <returns> True if the p oint is within the spatial boundary defined by the
elbow, vise versa </returns>
public bool isInElbow( SfMElbow elbow)
{
SfMPoint v = this - elbow.circleCentre;
double perpendicularDistance = v * elbow.normal;
SfMPoint g = this - perpendicularDistance * elbow.normal;
SfMPoint projectedToCenter = q - elbow.circleCentre;
double parallelDistance = Math.Sqrt(projectedToCenter * projectedToCenter)
elbow.radius;
double distance = Math.Sqgrt(parallelDistance * parallelDistance +
perpendicularDistance * perpendicularDistance);

if (distance >  PipeSpoolManager .toleratedinchToMillimeter * elbow.diameterl)
return false ;

SfMPoint og=q - elbow.circleCentre;

double anglel = Math.Acos(elbow.radiusl * oq/ ( Math.Sqrt(elbow.radius1 *
elbow.radiusl) * Math.Sqrt(oq * 0q)));
double angle2 = Math.Acos(elbow.radius2 * oq/ ( Math.Sqgrt(elbow.radius2 *

elbow.radius?2) * Math.Sqrt(oq * 0q)));

if (Math.Abs(anglel + angle2 - elbow.angle) < 0.01)
return true ;

return false ;

}

Calculation of the parameteof an $ow

public class SfMElbow
{

/Il <summary>
/Il first endpoint of the elbow
Il </[summary>
public SfMPoint endPointl;
/Il <summary>
/Il second endpoint of the elbow
Il </[summary>
public SfMPoint endPoint2;
/Il <summary>
/Il centre pointo  fthe elbow
Il </[summary>
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endpoint

endpoint

public SfMPoint circleCentre;

/Il <summary>

/Il diameter of the elbow at the first endpoint

Il </[summary>

public double diameterl;

/Il <summary>

/Il diameter of the elbow at the second endpoint
/Il </[summary>

public double diameter2;

public SfMPoint radiusl;

public SfMPoint radius2;

/Il <summary>

/Il Normal vector that the circle lies on
Il </[summary>

public SfMPoint normal;

/Il <summary>

/Il The radius of curvature of the elbow
/Il </summary>

public double radius;

/Il <summary>

/Il The angle between the two pipes that the elbow connect to
Il </[summary>

public double angle;

/Il <summary>

/Il Constructor of a elbow, input: 2 endpoints and 2 corresponding diameters

/Il </summary>

Il <param name="pointl ">first endpoint of the new elbow </param>

/Il <param name="point2 ">second endpoint of the new elbow </param>

/Il <param name="diameterl ">diameter of the new elbow at the first

</param>

/Il <param name="diameter2 ">diameter of the new elbow at the second

</param>

public SfMElbow(SfMPoint endPointl, SfMPoint endPoint2, SfMPoint centrePoint,

double diameterl, double diameter2)

{
this .endPointl = endPoint1;

this .endPoint2 = endPoint2;

this .diameterl = diameterl;
this .diameter2 = diameter2;

SfMPoint chordMidPoint = 0.5 * (endPointl + endPoint2);
SfMPoint tangentl = endPointl - centrePoint;
SfMPoint tangent2 = endPoint2 - centrePoint;

normal = SfMPoint .normalize( SfMPoint .cross(tangentl, tangent2));

double theta= Math.Acos(tangentl * tangent2 / ( Math.Sqgrt(tangentl *

tangentl) *  Math.Sgrt(tangent2 * tangent2)));

angle = Math.PI - theta;

SfMPoint halfChord = endPointl - chordMidPoint;
SfMPoint vectorToCentre = SfMPoint .normalize(chordMidPoint - centrePoint);
double om = Math.Sqgrt(halfChord * halfChord) * Math.Tan(theta / 2);
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circleCentre = chordMidPoint + om * vectorToCentre;

SfMPoint r = endPointl - circleCentre;
radius =  Math.Sqrt(r * r);

radiusl = endPointl - circleCentre;

radius2 = endPoint2 - circleCentre;

}

Determination of the belonging of pointddlange

/Il <summary>

/Il Determine whether a point is within the cylindrical spatial boundary defined
by a flange

/Il </summary>

Il <param name="flange ">the flange of interest, defines a cylindrical spatial
boundary </param>

/Il <returns> True if the point is within the cylindrical spatial boundary defined

by the flange, vise versa </returns>
public bool isInFlange( SfMFlange flange)
{
SfMPoint v = flange.endPoint2 - flange.endPointl;

SfMPoint w= this - flange.endPointl;

double cl=w*v;
if (cl<=0)
return false ;

double c2=v*v;
if (c2<=cl)
return false ;

double b=cl/c2;

SfMPoint  pointB = flange.endPointl + b * v;

return distance( this , pointB) < PipeSpoolManager .toleratedinchToMillimeter *
flange.diameterl * flangeDiameter(flange.classNumber, flange.diameterl);

}
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Appendix B

/'l <summary>
/Il A pipe spool component key point graph.
/Il Containing set of geometric key points as its nodes, and an edge between the
nodes if they are connected in the pipe spool.
/Il Used to obtain an consistent ordering of the key points and derive the minimum
required planning horizon of the pipe spool.
/Il Implemented for the Structure from Motion project.
Il </[summary>
public class SfMKeyPointGraph
{
/Il <summary>
/Il Set of nodes, i.e. set of all key points in all the selected pipe spool
components
Il </[summary>
public List <SfMKeyPointGraphNode> nodes;
/Il <summary>
/Il Coordianates of the calculated weld point
/Il </summary>
public SfMPoint weldPoint;
/Il <summary>
/Il Number of weld encountered. Every weld s encountered twice due to the double
counting in the nested loop.
/Il 1f weld count is O, then no common key point between the selected reference
and addition parts.
/Il 1f weld count is 2, then there is a unigue common key point between the
reference and addition parts.
/Il ™(The derivation of the Minimum R equired Model can be carried out using the
unique weld as the starting point)
/Il 1If weld count is 4, then there are more than one common key poitn between the
reference and addition parts.
Il </[summary>
public int weldCount;
/Il <summary>
/Il Constructor of a key point graph. Construct an empty graph
/Il </summary>
public SfMKeyPointGraph()

{
}

/Il <summary>

/Il Overrides the default ToString() method,

/Il returns a string that is a user friendly representation of the key point
graph by listing out all its nodes in a sequential manner

Il </lsummary>

/Il <returns> a string that is a user friendly representation of the key point
graph </returns>

public override string ToString()

nodes = new List <SfMKeyPointGraphNode>();

{
string graphString= " ;
foreach (SfMKeyPointGraphNode node in nodes)
graphString += node.ToString() + "\n";
return  graphsString;
}

/Il <summary>
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/Il Extract all the key points (e.g. end points, centre point, and branch point
for a tee) from the list of components,

/Il then generate all the internal (within the component) edges.

/Il After this step, most of the key points will be included twice in the graph
(once from each component it belows to).

/Il </summary>

/Il <param name="referenceCompo nents "> List of selected reference
components</param>

/Il <param name="additionComponents "> List of selected addition components </param>

public void extractKeyPoints(  List <object >referenceComponents, List <object >
additionComponents)

foreach (object component in referenceComponents)

{

if (component is SfMCylindricalGeneric )

{

SfMCylindricalGeneric

SfMCylindricalGeneric cylindricalGeneric = component as

SfMKeyPointGraphNode endNodel = new

SfMKeyPointGraphNode (cylindricalGeneric.endPoint1, true );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (cylindricalGeneric.endPoint2, true );

endNodeladdNeighbour(endNode2);
endNode2.addNeighbour(endNodel);
nodes.Add(endNodel);
nodes.Add(endNode?2);

}

else if (component is SfMElbow)

SfMElbow elbow = component as SfMElbow;
SfMKeyPointGraphNode endNodel = new
SfMKeyPointGraphNode (elbow.endPoint1, true );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (elbow.endPoint2, true );
SfMKeyPointGraphNode centreNode = new
SfMKeyPointGraphNode (elbow.pcfCentre, true );
endNodel.addNeighbour(centreNode);
endNode2.addNeighbour(centreNode);
centreNode.addNeighbour(endNo  del);
centreNode.addNeighbour(endNode2);
nodes.Add(endNode1l);
nodes.Add(endNode?2);
nodes.Add(centreNode);
}

else if (component is SfMFlange)

SfMFlange flange = component as SfMFlange;
SfMKeyPointGraphNode endNodel = new
SfMKeyPointGraphNode (flange.endPointl, true );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (flange.endPoint2, true );
endNodel.addNeighbour(endNode2);
endNode2.addNeighbour(endNodel);

nodes.Add(endNodel);
nodes.Add(endNode?2);
}
else if (component is SfMTeg
{
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SfMTee tee = component as SfMTeg
SfMKeyPointGraphNode endNodel = new
SfMKeyPointGraphNode (tee.endPoint1, true );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (tee.endPoint2, true );
SfMKeyPointGraphNode centreNode = new
SfMKeyPointGraphNode (tee.centrePoint, true );
SfMKeyPointGraphNode branchNode = new
SfMKeyPointGraphNode(tee.branchPoint  , true );
endNodel.addNeighbour(centreNode);
endNode2.addNeighbour(centreNode);
branchNode.addNeighbour(centreNode);
centreNode.addNeighbour(endNodel);
centr eNode.addNeighbour(endNode2);
centreNode.addNeighbour(branchNode);

nodes.Add(endNodel);
nodes.Add(endNode?2);
nodes.Add(centreNode);
nodes.Add(branchNode);
}

}

foreach (object component in additionComponents)

{

if (component is SfMCylindricalGeneric )

{
SfMCylindricalGeneric cylindricalGeneric = component
SfMCylindricalGeneric :
SfMKeyPointGraphNode endNodel = new

SfMKeyPointGraphNode (cylindricalGeneric.endPoint1, false );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (cylindricalGeneric.endPoint2, false );

endNodel.addNeighbour(endNode2);
endNode2.addNeighbour(endNodel);
nodes.Add(endNodel);
nodes.Add(endNode2);

}

else if (component is SfMElbow)

SfMEIbow elbow = component as SfMElbow;,
SfMKeyPointGraphNode endNodel = new
SfMKeyPointGraphNode (elbow.endPoint1, false );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (elbow.endPoint2, false );
SfMKeyPointGraphNode centreNode = new
SfMKeyPointGraphNode (elbow.pcfCentre, false );
endNodel.addNeighbour(centreNode);
endNode2.addNeighbour(centreNode);
centreNode.addNeighbour(endNodel);
centreNode.addNeighbour(endNode2);
nodes.Add(endNodel);
nodes.Add(endNode?2);
nodes.Add(centreNode);

els e if (component is SfMFlange)
SfMFlange flange = component as SfMFlange;

SfMKeyPointGraphNode endNodel = new
SfMKeyPointGraphNode (flange.endPoint1, false );
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SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (flange.endPoint2, false );

endNodel.addNeighbour(endNode2);

endNode2.addNeighbour(endNodel);

nodes.Add(endNodel);
nodes.Add(endNode?2);
}
else if (component is SfMTeg
{

SfMTee tee = component as SfMTeg
SfMKeyPointGraphNode endNodel = new
SfMKeyPointGraphNode (tee.endPoint1, false );
SfMKeyPointGraphNode endNode2 = new
SfMKeyPointGraphNode (tee.endPoint2, false );
SfMKeyPointGraphNode centreNode = new
SfMKeyPointGraphNode (tee.centrePoint, false );
SfMKeyPointGraphNode branchNode = new
SfMKeyPointGra phNodetee.branchPoint, false );
endNodel.addNeighbour(centreNode);
endNode2.addNeighbour(centreNode);
branchNode.addNeighbour(centreNode);
centreNode.addNeighbour(endNodel);
centreNode.addNeighbour(endNode2);
centreNode.addNeighbour(branchNode);
nodes.Add(endNodel);
nodes.Add(endNode?2);
nodes.Add(centreNode);
nodes.Add(branchNode);

}

/Il <summary>
/Il Merge all the key point nodes with the same (or within 5 millimeters)
coordinates into the same node.
/Il All the neighbours of the nodes that are being merged become neighbours of
the new node
Il </[summary>
public void mergeDuplicates()
{
weldCount = 0;
List <SfMKeyPointGraphNode> oldNodes = new List <SfMKeyPointGraphNode>(nodes);
nodes.Clear();

for (int i=0;i<oldNodes.Count; i++)
{
Boolean duplicateFound =  false ;
/I Find and merge all the nodes with the same (or within 5 millimete rs)

coordinates
for (int j=0;]<oldNodes.Count; j++)
if (i'=)&& SfMPoint .distance(oldNodes]i].keyPoint,
oldNodes[j].keyPoint) < PipeSpoolManager .minimumAcceptableLength)
{

SfMKeyPointGraphNode newNode;
if (oldNodesJi].isReference && oldNodesJj].isReference)
newNode = new SfMKeyPointGraphNode (oldNodes][i].keyPoint,
true );
else if (‘oldNodes][i].isRef erence && !oldNodes[j].isReference)
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newNode = new SfMKeyPointGraphNode (oldNodes[i].keyPoint,

false );
else
{
newNode = new SfMKeyPointGraphNode (oldNodes[ i].keyPoint,
true );
weldPoint = newNode.keyPoint;
weldCount++;
}

List <SfMKeyPointGraphNode> newNeighbours = new
List <SfMKeyPointGraphNode>(oldNodes[i].neighbours);

newNeighbours.AddRange(oldNodes[j].neighbours);

newNode.neighbours = newNeighbours;

it (i<])
nodes.Add(newNode);

duplicateFound = true ;

/'If duplicate is not found for a node, add it directly to the new list
if (‘duplicateFound)
nodes.Add(oldNodesJi]);
}

/I Remake the list of nodes, to fix the reference mismatch issue
for (int i=0;i<nodes.Count; i++)
{
SfMKeyPointGraphNode node = nodesi];
List <SfMKeyPointGraphNode> newNeighbours = new
List <SfMKeyPointGraphNode>();
foreach (SfMKeyPointGraphNode neighbour in node.neighbours)

for (int j=0;j<nodes.Count; j++)
if (i'=j&& SfMPoint .distance(neighbour.keyPoint,
nodes[j].keyPoint) < PipeSpoolManager .minimumAcceptableLength)

newNeighbours.Add(nodes[j]);
node.neighbours = newNeighbours;

}
}
/Il <summary>
/Il Given a selected node, order all the nodes in the graph i n a consistent

sequential manner by traversing the nodes
/Il The traversal is stopped whenever the component have more than two neighbours
Il </[summary>
/Il <param name="selectedNode "> Selected node, the starting point of the
traver sal </param>
public List <SfMKeyPointGraphNode>
getMinimumRequiredModelKeyPoints( SfMKeyPointGraphNode selectedNode)

{
List <SfMKeyPointGraphNode> fullKeyPointNodes = new
List <SfMKeyPointGraphNode>();
fullKeyPointNodes.Add(selectedNode);
/'If the selected node has no neighbours, then the ordered node list have
only such node, and is already sorted
if (selectedNode.neighbours.Count == 0)
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return fullkey PointNodes;
I If the selected node has one and only one neighbour, then it is an end
point.
/I Go one direction and add all the traversed nodes in order
else if (selectedNode.neighbours.Count == 1)

SfMKeyPointGraphNode previousNode = selectedNode;
SfMKeyPointGraphNode currentNode = selectedNode.neighbours[0];

List <SfMKeyPointGraphNode> branchKeyPointNodes =  new
List <SfMKeyPointGraphNode>();
while (currentNode.neighbours.Count > 1)

{

if (currentNode.neighbours.Count > 2)

fullkeyPointNodes.AddRange(branchKeyPointNodes);
return fullkeyPointNodes;

}

else

{
if (SfMPoint .distance(currentNode.neighbours[0].keyPoint,
previousNode.keyPoint) < PipeSpoolManager .minimumAcceptableLength)

double angle =
SfMPaint .angleFromVectors(previousNode.keyPoint - currentNode.keyPoint,
currentNode.keyPoint - currentNode.neighbours[1].keyPoint);
previousNode = currentNode;
currentNode = currentNode.neighbours[1];
Console .WriteLine(angle);
if (angle > 0.001)

fullKeyPointNodes.AddRange(branchKeyPoint Nodes);
break ;

}

else

double angle =
SfMPoint .angleFromVectors(previousNode.keyPoint - curre ntNode.keyPoint,
currentNode.keyPoint - currentNode.neighbours[0].keyPoint);
previousNode = currentNode;
currentNode = currentNode.neighbours[0];
Console .WriteLine(angle);
if (angle > 0.001)

fullKeyPointNodes.AddRange(branchKeyPointNodes);
break ;

}
}
branchKeyPointNodes.Add(currentNode);
}

return fullkeyPointNodes;

/I If the selected node has two neighbours, then it is where two selected
component ¢ onnects.
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/I Go one direction adn add all te traversed nodes in order, and then go the
other direction and do the same
else if (selectedNode.neighbours.Count == 2)
{
SfMKeyPointGraphNode previousNode = selectedNode;
SfMKeyPointGraphNode currentNode = selectedNode.neighbours[0];
bool SolidOfRevolution = true ;

List <SfMKeyPointGraphNode> branchKeyPointNodes =  new
List <SfMKeyPointGraphNode>();

/IDealing with Eccentric reducer when it is the entire part
if (currentNode.neighbours.Count == 1)

foreach (object component in PipeSpoolManager .allComponents)

{
if (component is SfMReducerEccentric )
{
SfMReducerEccentric  ReducerEccentric = component as
SfMReducerEccentric
if (SfMPoint .distance(currentNode.keyPoint,
ReducerEccentric.endPointl) < PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .distance(currentNode.keyPoint,
ReducerEccentric.endPoint2) < PipeSpoolManager .minimumAcceptableLength)
{
previousNode = selectedNode.neighbours[1];
currentNode = selectedNode;
}
}
}
}
while (currentNode.neighbours.Count > 1)
{
if (currentNode.neighbours.Count > 2)
fullKeyPointNodes.AddRange(branchKeyPointNodes);
SolidOfRevolution = false ;
break ;
}
else
if (SfMPoint .distance(currentNode.neighbours[0].keyPoint,
previousNode.keyPoint) < PipeSpoolManager .minimumAcceptableLength)
double angle =
SfMPoint .angleFromVectors(previousNode.keyPoint - currentNode.keyPoint,
currentNode.keyPoint - currentNode.neighbours[1].keyPoint);

previousNode = currentNode;
currentNode = currentNode.neighbours[1];
Console .WriteLine(angle);

if (angle >0.001)

fullkeyPointNodes.AddRange(branchKeyPointNodes);

SolidOfRevolution = false ;
break ;
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else

double angle =
SfMPoint .angleFromVectors(previousNode.keyPoint - currentNode.keyPoint,
currentNode.keyPoint - currentNode.neighb  ours[0].keyPoint);
previousNode = currentNode;
currentNode = currentNode.neighbours[0];
Console .WriteLine(angle);
if (angle>0. 001)

{
fullKeyPointNodes.AddRange(branchKeyPointNodes);
SolidOfRevolution = false ;
break ;
}
branchKeyPointNodes.Add(currentNode);
}
}
if (SolidOfRevolution)
{
return new List <SfMKeyPointGraphNode> { selectedNode };
}

previousNode = selectedNode;
currentNode = selectedNode.neighbours[1];

SolidOfRevolution = true ;
branchKeyPoin tNodes = new List <SfMKeyPointGraphNode>();

//Dealing with Eccentric reducer when it is the entire part
if  (currentNode.neighbours.Count == 1)

foreach (object component in PipeSpoolManager .allComponents)

{

if (component is SfMReducerEccentric )

SfMReducerEccentric  ReducerEccentric = component as
SfMReducerEccentric ;
if (SfMPoint .distance(currentNode.keyPoint,
ReducerEccentric.endPointl) < PipeSpoolManager .minimumAcceptableLength ||
StMPoint .distance(currentNode.keyPoint,
ReducerEccentric.endPoint2) < PipeSpoolManager .mini mumAcceptableLength)
{
previousNode = selectedNode.neighbours[0];
currentNode = selectedNode;

}

while  (currentNode.neighbours.Count > 1)

{

if (currentNode.neighbours.Count > 2)

fullKeyPointNodes.AddRange(branchKeyPointNodes);
SolidOfRevolution = false ;
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return fullKeyPointNodes;

}
else
if (SfMPoint .distance(currentNode.neighbours[0].keyPoint,
previousNode.keyPoint) < PipeSpoolManager .minimumAcceptableLength)
double angle =
SfMPoint .angleF romVectors(previousNode.keyPoint - currentNode.keyPoint,
currentNode.keyPoint - currentNode.neighbours[1].keyPaint);
previousNode = currentNode;
currentNode = currentNode.neighbours[1];
if (angle >0.001)
fullKeyPointNodes.AddRange(branchKeyPointNodes);
SolidOfRevolution = false ;
break ;
}
}
else
{
double angle =
SfMPoint .angleFromVectors(previousNode.keyPoint - currentNode.keyPoi nt,
currentNode.keyPoint - currentNode.neighbours[0].keyPoint);
previousNode = currentNode;
currentNode = currentNode.neighbours[0];
if (angle > 0.001)
fullkeyPointNodes.AddRange(branchKeyPointNodes);
SolidOfRevolution = false ;
break ;
}
}
branchKeyPointNodes.Add(currentNode);
}
}
if (SolidOfRevolution)
{
return new List <SfMKeyPointGraphNode> { selectedNode }
}

I'If the selected node has 3 or more neighbours, the program can conclud
that the first component is not a solid of revolution
else
return fullkeyPointNodes;

return fullKeyPointNodes;

}

/Il <summary>
/Il Getting the list of component that contains at least a key point in the
minimum required model using a nested loop.
Il </[summary>
/Il <param name="keyPoints "> List of key point nodes in the minimum required
model</param>
/Il <returns> List of components in the minimum required model <[returns>
public static List <object >
getMinimumRequiredModelComponents( List <SfMKeyPointGraphNode> keyPointNodes)
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List <object >components = new List <object >();
foreach (object component in PipeSpoolManager .allComponents)

{

if (component is SfMCylindricalGeneric )

SfMCylindricalGeneric cylindricalGeneric = component as
SfMCylindricalGeneric  ;
foreach (SfMKeyPointGraphNode keyPointNode in keyPointNodes)
if (SfMPoint .distance(keyPointNode .keyPoint,

cylindricalGeneric.endPointl) < PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .distance(keyPointNode.keyPoint,
cylindricalGeneric.endPoint2) < PipeSpoolManager .minimumAcceptableLength)
{

components.Add(component);
break ;
}
}
else if (component is SfMElbow)

SfMElIbow elbow = component as SfMElbow;
foreach (SfMKeyPointGraphNode keyPointNode in keyPointNodes)
if (SfMPoint .distance(keyPointNode.keyPoint, elbow.endPointl) <
PipeSpoolManager .minimumAcceptableLength ||
SfMPaint .di stance(keyPointNode.keyPoint, elbow.endPoint2) <
PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .distance(keyPointNode.keyPoint, elbow.pcfCentre) <
PipeSpoolManager .minimumAcceptableLength)
{
components.Add(component);
break ;
}
}
else if (component is SfMFlange)

SfMFlange flange = component as SfMFlange;
foreach (SfMKeyPointGraphNode keyPointNode in keyPointNodes)
if (SfMPoint .distance(keyPointNode.keyPoint, flange.endPointl) <
PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .dist ance(keyPointNode.keyPoint, flange.endPoint2) <
PipeSpoolManager .minimumAcceptableLength)
{
components.Add(component);
break ;
}
}
else if (component is SfMTeg)

SfMTee tee = component as SfMTeg
foreach (SfMKeyPointGraphNode keyPointNode in keyPointNodes)
if (SfMPoint .distance(keyPointNode.keyPoint, tee.endPointl) <
PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .distance(keyPointNode.keyPoint, tee.endPoint2) <
PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .distance(keyPointNode.keyPoint, tee.centrePoint) <
PipeSpoolManager .minimumAcceptableLength ||
SfMPoint .distance(keyPointNode.keyPoint, tee.branchPoint) <
PipeSpoolManager .minimumAcceptableLength)
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components.Add(component);
break ;

}
}

return components;
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