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Executive Summary

The COGITO Deliverable D5.6 “BIM-based Standard Test Methods for Geometric Quality Control v2”
documents the COGITO Geometric Quality Control solution and presents the second and final iteration of
the development activities in T5.3 “BIM-based Standard Test Methods for Geometric Quality Control”.
Overall, the Geometric Quality Control solution aims to perform detailed geometric and dimensional
tolerance checking automatically by analysing the as-built data (laser scanned point clouds) and as-planned
data (project BIM model). The output results contain detailed information of each rule used, its tolerances
and the results obtained from all rule instances applied on the given project.

The Geometric Quality Control solution, called GeometricQC tool, is a set of modular open-source
components and sub-components. It is delivered as a service that can run from the command line on any
operating system or as a webservice. The GeometricQC tool works in two different phases. The first one is
the offline pre-processing phase (in charge of the GeometricQC offline processing component) when it
extracts all the relevant information from the as-planned data to define the set of geometric QC tolerance
checks that are to be conducted during the project’s construction phase. The second phase is the active
geometric tolerance verification (performed by the GeometricQC active geometric quality control analysis
component) when all the as-built data are processed and analysed to obtain detailed results for each of the
geometric quality control instances that were detected in the pre-processing phase.

The present documentation of the Geometric Quality Control solution, along with its components, is
oriented towards the functionalities they deliver, the technology stack they build upon, the inputs, outputs
and APIs they expose, the installation instructions, the assumptions and restrictions, the applications
examples, the development and integration status, and the requirements coverage. In this second and final
release, the COGITO GeometricQC tool implements all the envisaged functionalities (i.e. IFC file interpreter,
automatic generation of QC instances, active as-built dimensional analysis), and its usage is illustrated and
evaluated based on artificial case examples, obtained during the development of the components.
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1 Introduction

1.1 Scope and Objectives of the Deliverable

This deliverable reports on the work conducted between M12 and M24 on the Geometric Quality Control
(QC) tool being developed as part of T5.3. “BIM-based Standard Test Methods for Geometric Quality Control”.
The GeometricQC tool can be seen as the main contribution outcome of the combination of T5.1 and T5.3
for the Geometric QC process proposed by the COGITO consortium. The scope of the GeometricQC tool is to
perform automatic QC compliance checking, and report its results back to the relevant stakeholders, such
as the quality managers and the project managers. Having the QC results at hand (and visualising them using
the DigitAR and Digital Command Centre (DCC) tools being developed in Tasks T5.4 and T7.3-4
respectively), these stakeholders can decide on whether the already built elements require any remedial
works.

More specifically, this deliverable reports on the development of the second release of the GeometricQC tool
solution, focusing on its three main components listed below:

e GeometricQC tool offline processing component: this component performs a set of fully
automated pre-processing steps to extract all the relevant project information in order to obtain
the list of geometric QC instances that need to be conducted throughout the project. The processing
steps mainly involve obtaining the list of elements in the original BIM file, computing their
geometric relationships and cross-referencing those with the QC specifications from standards.

e GeometricQC tool active geometric quality control analysis component: this component is in
charge of the main computation work of the GeometricQC tool by integrating most of the other sub-
components and performing the QC tasks for each of the (structural) elements in the BIM model as
the project progresses.

e GeometricQC tool communication component: this component is in charge of maintaining the
communication with the Digital Twin Platform (DTP), monitoring the incoming of new processing
requests, querying all the necessary input information, and returning the geometric quality control
results to it, for further use by the different COGITO tools (e.g. DigitAR and DCC).

These three components provide the core functionalities of the GeometricQC tool. They integrate the sub-
components introduced in “D5.2: Innovative Scan-vs-BIM- based Geometric QC component v2”.

1.2 Relation to other Tasks and Deliverables

Table 1 depicts the relations of this document to other deliverables within the COGITO project; the latter
should be considered along with this document for further understanding of its contents. This deliverable
reports the second and final version (v2) of the GeometricQC tool. The GeometricQC tool is principally used
to support the Use Case 2.1 (UC2.1).

Table 1: Relation to other Tasks and Deliverables

Del. Deliverable Title Relations and Contribution

Number

D2.1 Stakeholder Analysis of the end-user requirements in order to create the
requirements for the necessary inputs for defining the COGITO GeometricQC tool and
COGITO system its interactions with other components, along with a thorough

description of the business scenarios, use cases and system

requirements tailored to the project’s goals and therefore setting

the skeleton for the geometricQC tool development.

D2.5 COGITO system The second version of the COGITO architecture report that
architecture v2 includes updates on the specifications of the GeometricQC tool

(hardware/software requirements, programming language(s),

development status, functional/non-functional requirements,

‘“\‘.'
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inputs/outputs, along with the format, method, endpoint and
protocol for each data type and interface).

COGITO Data Model and
Ontology Definition and
Interoperability Design 2

Documentation of the second version of the COGITO ontologies
(available online in the COGITO ontology portal), particularly the
resources relevant to the GeometricQC tool.

Innovative Scan-vs-BIM-
based Geometric QC
component v2

Second version of the Scan-vs-BIM solution. This deliverable
reports the solution developed to perform automatic as-built
matching with the as-planned geometry. The deliverable reports
the sub-components, including the technology stack, input,
outputs, integration status and usage examples. The Scan-vs-
BIM solution presented in this deliverable is strongly connected
with the GeometricQC tool as all of its sub-components were
developed and are used by the later.

BIM-based Standard Test
Methods for Geometric
Quality Control v1

First version of the GeometricQC tool. For a detailed list of
updates from this deliverable, please see section 1.4.

Digital Twin Platform
Design & Interface
Specification v2

First version of the Digital Twin Platform’s detailed architecture,
providing details on the suppoerted communication protocols
for interfacng with the GeometricQC tool and its timeseries

database for storing geometric QC results and relevant data.

1.2.1 Relation to other COGITO tools and components

The GeometricQC tool serves as a data consumer of the Scan-vs-BIM solution and as both a consumer and
provider of the Digital Twin Platform. In alignment with the COGITO system architecture, it does not
interact with other tools and components within the COGITO solution.

1.3 Structure of the Deliverable

The deliverable is organised as follows: Section 2 presents an overview of the GeometricQC tool, placing the
main components and sub-components in the overall context of the solution and the processing pipeline.
Sections 3, 4 and 5 describe the GeometricQC tool offline processing, the GeometricQC tool active geometric
quality control analysis and GeometricQC tool communication components. For each component, we provide
the technology stack, implementation tools, the input/output data, and APl documentation, application
examples, licensing, installation instructions, development and integration status, requirements coverage,
and assumptions and restrictions. Section 6 concludes the deliverable.

1.4 Updates from the first version of the Deliverable

The second and final version of the GeometricQC tool presents a few new features in comparison with the
first version of the solution presented in the first version of the deliverable (D5.5).

First of all, the GeometricQC tool now includes a total of 17 new QC dictionary rules (QC_16 to QC_30), 15
of them corresponding to steel elements and obtained from the steel standard EN 1090-2 [1], and 2 of them
corresponding to concrete elements and obtained from the concrete standard EN 13670-2009 [2], making
a total of 30 QC dictionary rules combining concrete and steel materials. These rules relate to building
elements such as columns and beams, but also rails. From these 30 QC dictionary rules, 18 are included for
the automatic QC tolerance verification. Some additional QC tolerances from the QC dictionary rules will be
implemented based on the demands arising during the pre-validation and validation activities.

Parallel to the inclusion of the new steel rules, the computation of the corresponding geometric
relationships for 18 QC rules are also included in the new version.

As an additional feature, the GeometricQC tool now includes the full integration of the 4D BIM as input, by
extracting the schedule information for the different elements. This information is necessary to identify
which QC rule instances can be checked each time the GeometricQC tool is informed of the completion of
the construction of elements.

o8



- D5.6 BIM-based Standard Test Methods for Geometric Quality Control v2 11

As part of the integration of the GeometricQC tool and the rest of the COGITO tools, the new version of the
deliverable contains the detailed information of the different input and output exchanges between the DTP
and the GeometricQC tool in JavaScript Object Notation (JSON) file format.

Finally, the new GeometricQC communication component is detailed, that manages the communication
between the GeometricQC tool and the DTP.

e
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2 Overview of the Geometric Quality Control tool

The aim of the proposed geometric quality control tool (GeometricQC tool from now on) is to perform highly
automated geometric QC during the execution phase by following standard test methods that can be found
in standards and regulations or be project specific. The GeometricQC tool is designed to support the Use
Case 2.1 (UC2.1). The GeometricQC tool aims to conduct automatic geometric QC by comparing the as-
planned and as-built geometry. The as-planned information is obtained from the original BIM model, while
the as-built data is captured by terrestrial laser scanning (TLS) and stored in the form of point clouds.

The GeometricQC tool was defined in “D2.1: Stakeholder requirements for the COGITO system”, “D2.4: COGITO
system architecture vl1” and “D2.5: COGITO system architecture v2”, and as such, it was designed to be a back-
end service application composed of a set of object oriented classes, like the ones defined in the Scan-vs-
BIM solution in “D5.2: Innovative Scan-vs-BIM-based Geometric QC component v2”. As already stablished in
the COGITO system architecture, the GeometricQC tool aims to use open formats (such as IFC for the as-
planned data, and PLY, E57, etc. for the as-built data), targeting increased interoperability to support
effective collaborations among the range of parties involved in project delivery.

The core idea of the GeometricQC tool is akin to follow an Automated Rule Checking (ARC) approach [3] [4].
The GeometricQC tool is divided in two (3) main components:

e GeometricQC tool offline processing component: this component is in charge of extracting all
the structural elements from the as-planned data, obtain the geometric relationships between
them, and cross reference these with the QC dictionary to obtain the full set of QC instances that
need to be conducted throughout the project. This step is only executed the first time the project is
created since all this information should be immutable along the duration of the project.

e GeometricQC tool active geometric quality control analysis component: this component can
be seen as the active QC tool, since it is the one that performs the geometric quality control and
generates the QC results that are stored in the DTP for sharing with the relevant stakeholders. For
its execution, it requires that the elements involved in a given QC instance are already built and
scanned by the surveyor, and the as-built data is geo-referenced (or, more specifically, the point
cloud data is referenced in the same coordinate system as the project BIM model). At this point, the
component automatically matches the as-built data to the 3D geometry of the elements in the BIM
model (using the tool/functionality described in “D5.2: Innovative Scan-vs-BIM-based Geometric QC
component v2”) and performs the scheduled geometric control check defined by the offline
processing component.

e GeometricQC tool communication component: this component is the nexus between the
GeometricQC tool and the DTP (and through it the rest of the COGITO components and tools and
the different stakeholders). The GeometricQC tool communication component must be in constant
connection with the DTP, listening to when a new geometric QC job is required by the project, it
must collect all the necessary information from the DTP, trigger the relevant components (active
and/or offline processing), and format and return the generated output back to the DTP.

Figure 1 presents a high-level functional diagram of the tool, highlighting the abovementioned components
that are presented in more detail in Sections 3, 4 and 5.

] E%T
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Figure 1: GeometricQC Tool workflow
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3 GeometricQC tool offline processing component

In this section, we describe the GeometricQC tool offline processing component. This component is the one
in charge of doing all the pre-processing of the project as-planned data during the planning phase (hence it
is done offline, i.e. during the planning phase, only once per project). At the start of every project, several
things need to be defined. Within the GeometricQC tool, all the geometric QC specifications and tolerances
have to exist in the form of digital rules that will be verified throughout the project. Selected specifications
for concrete works [2] and steel works [1] have been identified and digitally translated. These rules must
define the context within which the specification applies (e.g. what type of object it applies to), the quantity
to be measured (e.g. distance), and the tolerance that applies to that measured quantity. Given those rules,
the GeometricQC tool processes the as-planned BIM model and the linked project schedule (i.e. 4D model)
to identify where each rule applies (i.e. where a specification applies) and when the corresponding QC
instance task should be conducted. A rule context is defined by the type of object(s), material(s) and, if the
context involves more than one object, the relationship that these objects must have (e.g. being connected).
The GeometricQC tool thus identifies where each rule applies by extracting all elements from the BIM model
and by computing their relationships. The result of this process is a network graph of nodes (the elements)
and their connections (the relationships). The GeometricQC then defines a geometric QC instance at each
location in the graph where the context of the QC rule is found.

The end result of the offline processing during the planning phase is the detailed list of these geometric QC
instances, the specific elements they involve, and the date when they shall be conducted. Since it is an offline
planning step based on the agreed design, the list is considered immutable, and is stored. The following sub-
sections describe in more detail the different sub-components involved in the offline processing and its
technical aspects and requirements.

3.1 Prototype Overview

The GeometricQC offline processing component is quite simple to use and include in any software project. It
only requires the file path of the BIM model (IFC file), the schedule activity relating to each element, and the
output folder where all the generated information must be stored. As it can be seen in Figure 2, the
component is composed of different sub-components that altogether enable the generation of the list of
geometric QC instances. The different sub-components and their functionalities are detailed below.

o

Figure 2: GeometricQC offline processing detailed workflow

3.1.1 BIM Element Manager sub-component

As explained in D5.2, the main objective of the BIM Element Manager sub-component is to allow the
GeometricQC tool to load, interpret, and manage the construction project as-planned data. To avoid
replication of information that has already been provided about this sub-component, we infer the interested
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reader to D5.2 “Innovative Scan-vs-BIM- based Geometric QC component v2”. Herein, we focus on reporting
additional functionalities to the BIM Element Manager not covered in D5.2, including:

e Obtain the structural element material from the IFC file: the IFCManager class includes a
method to extract the material information of each IFC structural element of interest and assign it
to the BIMElement object. This material information is important because the contexts of
geometric QC rules often refer to the type of material to which they apply.

e Obtain and store the geometric relationship graph: with the RelGraph class (see 3.1.3 for more
detail), the BIMElementManager is capable of storing all BIM model elements of interest
(structural elements in the context of COGITO) as nodes and their geometric relationships as edges
in a graph structure. This graph is useful to perform queries to identify instances of the contexts
defined in the rules contained in the Quality Control rule dictionary (Section 3.1.2).

e Obtain and store the as-planned completion timestamp: the IFCManager class includes the
method to retrieve the activity from the construction schedule when each BIMElement is to be
built, extract its scheduled completion date, and assign it to the BIMElement object.

Figure 3 illustrates the BIM Element Manager sub-component and the different interconnected classes that
guarantee its proper operation.

EIMElementsManager BIMElement ElemeniType
- m_elementsList : std::map=sid::siring, BIMElement= Z--Use---— - m_ifcEntitylD : int +ElemeniType:
-m_B : boost path - m_elemUID : std::string COLUMN
SLAB [
—> - m_relGraph : RelGraph - m_label : std::string BEAM
. . . - m_elementType - ElementType --Use--- DEFAULT
+ selElementsList (elemList : std:-vector=BIMElement=) : void
- m_materialType : MaternialType S . .
Use | + addElement (element - BIMElement) - bool . s fm"?? (elemType .
- m_verticesCoords - Eigen::MatrixXf ElementType) - std"string
+addElements (elements : std-vector=BIMElement=) - bool  (eZ---- - m_location - Elgen-Vector3f + parseElementType (slemType -
o . std:string) : ElemeniType
+ checkElementin (uid - std:string) - bool - m_asBuiltPointCloudFile : boost: filesystem::path
+ getElement (uid : std::string) : BIMElement - m_meshFile : boost:filesystem::path Use MaterialType
ngetﬂgateggen:gnls (uid : std::string) : - m_transfMatrix : Eigen:Matrix4f ~VaterialType:
std:vector=std:string= STEEL
+ getsMethods() CONCRETE
+ checkRelatedElements (uid1 - std:-string, uid2 : std::string) ket ke DEFAULT
RelationshipType + setsMethods()
* getsMethods () IFCManager = parseMaterialType
Use (materialType : MaterialType) :
;un?a}?Meg{lPath (llJri:; : bsldrliﬁtn'ng‘ meshPath : - m_ifcFile : *IFCFile std--string
oost filesystem::path) : bool
- m_ifcFileName : boost: filesystem::path + parseMaterialType
+ updatePointCloudPath (uid : std: string, cloudPath : (materialType : std::siring) :
boost: filesystem: path) : bool - m_lengthUnit . double MaterialType
* updateGraph () - void + getElement {label : std::string) : | U
+ saveElements (outputPath : boost::filesystem::path) : void [feBassClass i
------- + getElement (ificlD : int) : IfcBaseClass™ i _ _
+ saveGraph (outputPath - boost -filesystem-path) - void ! RelationshipType
+ getElementList (elementType | :
- obtainAboveRelationships {) : void ElementType) - std: vector<BIMElement= ; +R§'Tac‘)'g§”'mpe
1
- obtainBelowRalationships () - void e - getBuildingElements (slementType <. pEovE
- obtainConnectionRelatienships () : void Ele.rrleanype]. ; Use CONNECTION
ps () std::vector=IfcBuildingElement- -1 ADJACENT
- obtainAdjacentRelationships () - void IfQ;tL_I"Jj?EﬁE:'ICOGTgi;lﬂEQ (E|e\|;'l3:tli3r NOREL
cBuildingElement*) : Eigen:: Vecto!
- obtainSameSioreysAdjacencyRelationships () : void =+ parseRelationshipType (relType -
- convertToOBJ (element : RelationshipType) : std::string
- saveBIMElementsList (outputPath : boost: filesystem::path) : IfcBuildingElement*) : std:-string
void + parseRelationshipType (relTyps
- getElementShapeRepresentation 515 string) - Relatifnsvrfip'lgypevp
- loadBIMelementsFromFile (inputFile - (element : IfcBuildingElement*) :
boost:filesystem::path) : bool Eigen:Matrixxf
- loadGraphNodesFromFile (inputFile - - getPoints (poiniList . )
boost: filesystem::path) : bool sEt_d..vec:noTEl}ci::n..VemorSﬁ] : RelGraph
igen::Matri
- loadGraphEdgesFromFile (inputFile : .
- = . - getElementByUID (UID : std::string)
boost:filesystem::path) : bool {feBaseClass
- getElementMaterial (element :
IfcBuildingElement*) - MaterialType
- obtainLenghtUnit () - double

Figure 3: BIM Element Manager sub-component classes and its relationships
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3.1.2 Quality Control Rule Dictionary

The Quality Control Rule Dictionary is the sub-component that allows the user to establish and define the
different QC rules that are set for the given project. Each rule defines the context where it should be applied.
For example, the structures are defined by the type of elements involved (column, beam, slab, etc), their
material type (steel or concrete), and their geometric relationship (parallel, connected, physical connection,
etc). Every time the defined context is encountered in a given input 3D BIM model, the corresponding rule
must be applied, i.e. an instance of that rule is created involving the specific element(s). In order for the QC
Dictionary to be more descriptive and user friendly, each implemented rule also contains a description that
describes the source of the rule (e.g. established standard) and a text description to ease understanding.
The following summarise the content of each rule

e Rule description:
o Source document: regulation or standard number, or specific ID to identify the document
where the rule is found.
o Source section: an ID to identify the rule within the source document.
o Description: a brief description of the rule, extracted from examples of the original
document.
¢ Rule context:
o Element type: the type of element that the rule is applied to (i.e. columns, beams, etc).
o Material type: the material type of the structural element that the rule is applied to (i.e.
steel, concrete).
o Relationship type: the geometric relationship the involved structural elements need to have
for this rule (i.e. below, above, etc). In case the rule only involves a single element, this field
is left empty.

Figure 4 shows an example of two different dictionary entries with their respective standard specifications
that can be found in EN 13670:2009 [2].

No Type of deviation Description Permitted deviation A
Tolerance Class 1
Inclination of a The larger of
column or wall
SourceDocument  EN 13670-2009 atany levelin a
SourceSection ColumnsAndWalls_a + single- or a
_ multi-storey

Description Inclination of element building
ComponentType  [COLUMN, WALL] het0 15 mm or h400

- =10 m
Mate_naITy!)e [CONCRETE] 25 mm or K600
RelationshipType [] h=10m

2 .
Qc_. h - free height
SourceDocument EN 13670-2009
SourceSection Columnsandwalls_b il b t\.l\:r)ewa“mi The larger of
Description Deviation between centres o elween centres
ComponentType  [COLUMN, WALL] 130
MaterialType [COMCRETE] £
RelationshipType [ABOVE, BELOW] or
15 mm
but not more than 30 mm

Figure 4: (left) Quality Control dictionary entries example. (right) EN 13670:2009 references for

the dictionary entries

Currently, 17 rules have been digitally translated from EN 13670-2009 [2] and 13 rules have been digitally
translated from EN 1090-2:2018 [1] and added to the Quality Control Dictionary:

e QC 1:Inclination of a column/wall (EN 13670-2009 10.4 Columns and Walls, No a)
e QC 2:Deviation between centres (EN 13670-2009 10.4 Columns and Walls, No b)

e QC 3: Curvature of a column/wall between adjacent storey levels (EN 13670-2009 10.4
Columns and Walls, No c)
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QC 4: Location of a column/wall at any storey level with respect to base level (EN 13670-2009

10.4 Columns and Walls, No d)

e QC 5:Location of a beam-to-column connection measured relative to the column (EN 13670-
2009 10.5 Beams and Slabs, No a)

e QC 6: Position of bearing axis of support (EN 13670-2009 10.5 Beams and Slabs, No b)

e QC 7:Cross-sectional dimensions (EN 13670-2009 10.6 Sections, No a)

e QC 8:Lap-joints (EN 13670-2009 10.6 Sections, No c)

e QC 9: Free space between adjacent columns/walls (EN 13670-2009 Annex G - G.10.4 Columns
and Walls, No c)

e QC 10: Horizontal straightness of beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No
a)

e QC 11:Distance between adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No
b)

e QC 12:Inclination of a beam/slab (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No c)

e QC 13:Level of adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No d)

e QC 14: Level of adjacent floors at supports (EN 13670-2009 Annex G - G.10.5 Beams and Slabs,
Noe)

e QC 15: Orthogonality of a cross-section (EN 13670-2009 Annex G - G.10.6 Sections, No a)

e QC 16: Column position in plane (EN 13670-2009 Annex G - G.10.4 Columns and Walls, No a)

e QC 17:Wall position in plane (EN 13670-2009 Annex G - G.10.4 Columns and Walls, No b)

e QC 18:Column height relative to adjacentlevels (EN 1090-2:2018 Annex B - Erection Tolerances,
Table B15-2)

e QC 19: Beam slope (EN 1090-2:2018 Annex B - Erection Tolerances, Table B15 - 3)

e QC 20: Levels of adjacent beams (EN 1090-2:2018 Annex B - Erection Tolerances, Table B15 -6)

e QC 21:Spacing between beam centrelines (EN 1090-2:2018 Annex B - Erection Tolerances, Table
B16-1)

e QC 22: Location at columns (EN 1090-2:2018 Annex B - Erection Tolerances, Table B16 - 2)

e QC 23:Inclination of columns (EN 1090-2:2018 Annex B - Erection Tolerances, Table B17 - 1 and
Table B17-2)

e QC 24: Column location (EN 1090-2:2018 Annex B - Erection Tolerances, Table B20 - 1)

e QC 25: Column spacing (EN 1090-2:2018 Annex B - Erection Tolerances, Table B20 - 3)

e QC 26: Location of rail in plan (EN 1090-2:2018 Annex B - Erection Tolerances, Table B22 - 1)

e QC 27: Local alignment of rail (EN 1090-2:2018 Annex B - Erection Tolerances, Table B22 - 2)

e QC 28:Level of rail (EN 1090-2:2018 Annex B - Erection Tolerances, Table B22 - 3)

e QC 29:Relative levels of rails on the two sides of a runway (EN 1090-2:2018 Annex B - Erection
Tolerances, Table B22 - 6)

e QC 30: Spacing over span S between centres of crane rails (EN 1090-2:2018 Annex B - Erection

Tolerances, Table B22 - 7)

The QC Rule Dictionary is stored internally in the GeometricQC tool as a file using a JSON format. As can be
seen in Figure 5, the Geometric QC Rule Dictionary sub-component includes two main object classes that
are interconnected:

e GeomQC class: this class is used to describe the QC rules. The class contains all the information
stored in the dictionary’s entries: the rule description (i.e. description, source document and source
section) and rule context (i.e. elements’ materials, types, and relationships).

e GeomQCDictionary class: this class contains the different QC Rule Dictionary entries stored in a
map structure to facilitate the access and queries to and from it.

] [%m
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- GeomQC
GeomQCDictionary
. - -m_QC_UID : std:string
- m_geomQCDictionaryMap : std::map=std::string, GeomQC=
- m_originalDocument - std-string
+ getDictionaryEntries () : std::vector=std:string= — m_labellD - std--string
+ getElementsKeywords (entrie : std::string) : P
std-vector<ElementType= - m_description : std::string
+ getMaterialKeywords (entrie : std::string Use - m_dictionarylD : std::string
} : std:vector<MaterialType=
- m_scheduleDate : std::string
+ getRelationshipsKeywords (entrie : std::string
) : std:vector<RelationshipType= - m_elementsKeywords : std::vector<ElemeniType=
+ getsMethods () - m_materialKeywords : std::vector<MaterialType= '< -----------
+ checkElementsKeywords (entrie © std:string, elementType - | L----- - m_relationshipKeywords : std::vector=RelationshipType=
““““ > ElementType) : bool
- m_QC_Date : std::string
+ checkMaterialKeywords (entrie : std::string, materialType : - m_result : std::string
MaterialType) : bool
- m_unit : std:pair=std:-string, std::string=
| + checkRelationshipsKeywords (entrie : std::string, - m_scalarResult - std::vector<float=
relationshipType : RelationshipType) : bool
- m_toleranceReference : std:vector=float= Use
;'O?UDWO”‘“WKEWOW (InputFatn - boost: Tlesystem::path) - m_auxiliaryOutputFile : std: vector<boost -filesystem:-path>
00|
- m_involvedComponents - std -vector=std-string=
Use
+ getsMethods()
+ setsMethods()
U ;
” |
i i
ElementType MaterialType RelationshipType
+ElementType: +MaterialType: +RelationshipType:
WALL STEEL STOREY
COLUMN CONCRETE ABOVE
SLAE DEFAULT BELOW
BEAM CONNECTION
---4 DEFAULT ADJACENT
+ parseMaterialType (materialType NOREL
- MaterialType) : std::string
+ parseElementType (elemType - + parseRelationshipType (relType © | yse
ElementType) - std:-string + parseMaterialType (materialType RelationshipType) - std:-string
+ parseElementType (elemType - - std. slring) . MalerialType + parseRelationshipType (refType -
std::string) : ElemeniType . std::string) : RelationshipType
1
: i
|
|
|
| U

Figure 5: Geometric Quality Control Dictionary sub-component classes and its relationships

3.1.3 Geometric Relationships Graph

The Geometric Relationships Graph sub-component creates and manages a geometric network graph
structure that is created by the GeometricQC tool from its interpretation of the BIM model. In Section 3.1.1
we saw how the different elements are extracted from the BIM model in IFC format. Despite the fact that
IFC files contain all the element types and materials, they do not normally contain the geometric
relationships between them. Therefore, the Geometric Relationships Graph sub-component is designed to
detect geometric relationships of interest (those defined in the context of each QC Rule) and store them in
a data structure to facilitate their interpretation. A network graph structure is used for this, where each
node represents a structural element from the BIM model, and each edge represents the geometric
relationship between pairs of them.

A network graph is used because it is easy to read and interpret, it can be analysed to provide useful
statistical information, e.g., identify key critical elements from the analysis of connectivity, it can be stored
and loaded, hence it only needs to be generated once, and it is easily extensible to include other elements,
materials and relationship types, as well as other or different properties and connections.

The different geometric relationships that have been considered so far are defined by the contexts of the
rules selected from EN 13670:2009 [2] and EN 1090-2:2018 [1], and include:

e Above: when one structural element (column/wall) is exactly on top of another.
e Below: when one structural element (column/wall) is exactly below of another.
e Adjacent storey level: when a slab is vertically adjacent to another

18
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e Same storey adjacency: when an element is parallel to another of the same type in the same
storey/level.

e Physical connection: when an element is physically touching another one (typically beams to
columns).

Figure 6 shows an example of the network graph structure using four elements of type “wall” and the
geometric relationships between them.

Same storey adjacency

Wall  apove wall2

bove

Wall3a

Belo

Wall4

Figure 6: Geometric Relationships Graph example

The Geometric Relationships Graph comprises a set of interconnected classes (Figure 7):

o ElementNode class: this class represents the graph node and all its information. As each node
represents an element from the BIM model, it stores the relevant information about it, including
general information, such as the UID and label, and information relevant for the GeometricQC tool,
such as the element and material types.

o RelEdge class: this class represents the graph edges and all their information. The information
required to describe a connection involves the IDs of the from and to nodes, their labels (to make
it easier to identify the elements), and the type of relationship that the edge represents.

o RelationshipType class: this class contains a list of possible geometric relationships between the
elements that can be found in the BIM model and are used in the standards and regulations, as
detailed above. This class is likely to be extended to include more geometric relationship types, as
the needs arise during the pre-validation and validation activities of COGITO (WP8).

o RelGraph class: this class is the container of the network graph data structure. The graph is
constructed using the ElementNode and RelEdge classes, representing the nodes and edges
respectively. The main methods include add nodes and add edges, get methods, export the graph
as CSV file, and methods to check if a structural element is part of the graph.
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ElemeniMode MaterialType RelEdge
-m_|ID : std::string +MaterialType: - m_fromID : std::string
STEEL
-m_label - std-string CONCRETE -m_tolD - std:string
DEFAULT X
. > - m_elemType : ElemeniType - m_fromLabel : std::string les---+,
h u
- m_matType - MaterialType + parseMaterialType - m_tolabel : std-string
i (materialType : MaterialType)_: - . L . —
+ getsMethods() std- string m_relationship : RelationshipType
+ setzMethods() + parseMaterialType + getsMethods()
! (materialType : std::string) :
T MaterialType + setsMethods()
' i Use
3 i Usze
! : RelGraph
H i
i i - Graph : boost:labeled_graph=GraphAdjacencyList,
Use : std::string=
| ! - m_graph : Graph
!
USe_______________________). + addMode (node - ElementMode) - void
Use
BEN + addNode (id : std::string, label : std::string, elemType -
: ElementType, matType : MaterialType) : void
ElementType :
+ElementType: i + addEdge (edge . RelEdge) : bool [ -mm o m e
" 1 ; )
piap Use |+ addEdge (romiD : std:string, tolD : sta:string, fromLabel : RelationshipType
SLAB ! std: siring, toLabel : std:string, relationship - < +RelationshipType:
BEAM i RelationshipType) - bool STOREY

+isMember (id : std::string) : bool

;
‘ :
i DEFAULT [ : Use ABOVE
:
:

BELOW
o CONNECTION
+ parseElementType (elemType : + getElementsList () : std-vector<ElementNode= | . __________] ADJACENT
ElemeniType) : std::string NOREL
+ getEdgesList () - std:vector=RelEdge>
+ parseElementType (elemType : + parseRelationghi
std:’string) - ElementType + csvExport(outputPath - boost:filesystem::path) : void RelationshipT
- checkEdgeExists (&edge : RelEdge) : bool + parseRelationshipType (relType

std:“string) - RelationshipType

- csvExportNodes (nodesFileName: boost -filesystem::path) :
void

- csvExportEdges (edgesFileName: boost filesystem path) ©
void

Figure 7: Geometric Relationships Graph sub-component classes and its relationships

3.1.4 Geometric Quality Control Manager

Up to this point, the GeometricQC offline processing tool sub-components are set to (1) extract all the
relevant information from the BIM model and the QC Dictionary, and (2) prepare the data structures
containing all that information. The Geometric QC Manager is the sub-component that cross-references all
that information and obtain the list QC instances for the given construction project.

The Geometric QC Manager cross references the BIM Element Manager (Section 3.1.1) and the Geometric
Relationships Graph (3.1.3) to verify the contexts of each rule (i.e. involving the same Elements, and Material
Types and Relationship Types) in the Geometric QC Dictionary (3.1.2) and in case of a satisfactory one, it
creates the relevant QC instance. Figure 8 shows an example of two different QC instances obtained for the
same QC Dictionary entries from Figure 4 and the relationship graph from Figure 6. For ease of
understanding by the reader, the QC instances include the description fields of the QC rules related to them,
to which are then added the results of the QC execution, such as the QC result and the date at which it was
performed. The Geometric QC Manager also checks the construction schedule timestamp stored in the BIM
Element Manager for each of the elements, to automatically populate the scheduled TimestampSchedule field
of each QC rule instance. This field is relevant for the active geometric QC analysis component (Section 4),
where it only considers and executes a QC instance tolerance verification if the elements defined in its
context have all been constructed.

Additionally, the Geometric QC Manager contains the necessary methods to export the output JSON files to
be used by the GeometricQC Communication component to be sent to the DTP.

As can be seen in Figure 9, the Geometric QC Manager includes two main interconnected classes with other
data type dependencies:
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Qco
Qc_uID Project_example_QCO
Dictionary_ID Qac 1
SourceDocument EN 13670-2009
SourceSection ColumnsAndWalls_a
Description Inclination of element
Result
Involved Components  [Walll]
TimestampSchedule 2022-01-01T00:00:00
TimestampPerformed
Unit [.1
ScalarResult 1
ToleranceReference 1
AuxiliaryOutputFile

aci
Qc_uID Project_example_QC1
Dictionary_ID Qc 2
SourceDocument EN 13670-2009
SourceSection ColumnsAndWalls_b
Description Deviation between centres
Result

Involved _Components

[wall1, wall3]

TimestampSchedule

2022-01-01T100:00:00

TimestampPerformed

Unit

[.]

ScalarResult

1]

ToleranceReference

1]

AuxiliaryOutputFile

Figure 8: Geometric QC instances list example
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GeomQC class: this class is used to describe the QC instances for the given construction project. In
addition to what it is presented in 3.1.2, the class also contains information relative to the execution
of the QC verification, such as: the schedule timestamp, the timestamp when the rule was verified,
the tolerance values, and the scalar result values.
GeomQCManager class: this class is in charge of storing all the QC instances and triggers the
execution of all the relevant checks for the structural elements of interest. It also contains the list
of QC instances performed during the session to export its results to the DTP and update the results
from the project’s list of QC instances.
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ElementType
GeomQCDictionary +ElementType:
_________________ WALL
! COLUMN
3 SLAB
| BEAM
g [ ] DEFAULT
Use GeomQC
GeomQCManager |
- m_geomQCDictionary - GeomG:CDictionary e mmmmm e ! |- mQC_UID:std:string éﬁnﬁ% H‘é‘%fﬁlzr"T“L
- m_projectQCList : std::map=std:siring, GeomQc> - m_originalDocument - std- string Us= - parseErementType (SemType
- m_computedQC : std:vector<GeomQCs - JaelD: st sting std::string} : ElementType
- m_description : std::string
- m_bin “BIME ~ m_dictionarylD  std-string -
. " MaterialType
- m_projectQCFile : boost filesystem::path - m_scheduleDate - std-string
- +MaterialType
- m_projectName : std:siring - m_elementskeywords : std:vector<ElementType> [<=--
CONCRETE
- m_oufputDir : boost:filesystem:-path - m_materialKeywords © stdvector=MaterialType> U DEFAULT
- m_relationshipKeywords : std.-vector<RelationshipType= <—--
+ computeQC (elementsList& - std:vector<std-string=) - void 1parseMater|aITy;&(mater\al‘l’\,{[g
-m_QC_Date : std::string _ MaterialType) - std-string
+expur‘l{)CHesu|Is (outputFile : std::string, const &workOrderlD - m_resutt - stestring
stdstring) - void - o + parseMaterialType (materialType
+ exportSimplifiedQCResults (outputFile : std::string, const - m_unit * std--pair=std:string, std::string= - std::string) : MaterialType
EworkOrderlD : std::string) : void Use
- m_scalarResult - std.-vector=float=
+ saveOffineQCList{outputFile : std::string) : void
) - m_toleranceReference : std::vector=float= e -
- CompuleQC_XX () - std-siring < - m_auxiliary QutputFile - std-vector=boost filesystem path= RelationshipType
- getProjectQCList () - void - m_invelvedComponents - std::vector=sid-string> +RSE‘TESE¢T;5$“DTWB
- getQCByElement (elemUID : std::string) : std:-vector=std::string= + getsMethods() QEES’EV
_____ CONNECTION
- saveProjectQCList () - void + sefsMethods() : n[c))JF?ELENT
- loadProjectiCList () - bool BIMElementsManager i + parseRelationshipType (reType -
_________________ ! RelationshipType) - std:-string
E + parseRelationshipType (relType :
. i std: string) : RelationshipType
' |
Figure 9: Geometric QC Manager sub-component classes and its relationships
3.2 Technology Stack and Implementation Tools
The GeometricQC tool offline processing component is a set of headers only libraries that can be included in
any software project like any other libraries. The classes are written in C++ v14 for compatibility purposes.
In order to be able to facilitate its development, the GeometricQC tool offline processing sub-component
uses the following open source C++ libraries:

o Eigen: high-level C++ library of template headers for linear algebra, matrix and vector operations,
geometrical transformations, numerical solvers and related algorithms. It is used to handle the
matrices and vectors of point coordinates, and as an algebra toolbox.

e Boost: set of libraries for the C++ programming language that provides support for tasks and
structures such as multithreading, regular expressions, unit testing, etc, and improves the
capabilities of the C++ language. Boost contains over 150 individual libraries. Boost is used in a
number of places within the GeometricQC tool, mainly to deal with JSON formats, system files and
directories management and speed up processes.

o IfcOpenShell: open-source library designed to enable software developers to work with the IFC
file format. It is the main library to read and pre-process BIM IFC files and extract all the relevant
information of each element.

e OpenCascade: open-source library designed to help software developers to work with 3D CAD,
CAM, CAE, B-Rep, etc. It is used by IfcOpenShell to extract and work with the geometry of each BIM
element from the IFC file.

e Open3D: open-source library designed to help the software developers and users to work with
three-dimensional data, such as point clouds and meshes. It is the main library to read and process
the point cloud and mesh data.
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Table 2: Libraries and Technologies used in the GeometricQC offline processing sub-component

[Library/ Technology Name

Eigen 3.3.9 MPL2

Boost 1.76.0 Boost Software License 1.0
IfcOpenShell 0.6.0 LGPL-3.0 License
OpenCascade 7.5.0 LGPL-2.1 License

Open3D 0.13 MPL2

3.3 Input, Output and API Documentation

3.3.1 Inputs

The GeometricQC offline processing component can be used in two different ways: (1) as standalone object
classes that can be included in any software project, or (2) as part of the GeometricQC tool. In both cases, it
requires the same input parameters:

e Project’s Name/ID: the construction project name or ID given by the user or the DTP. This project
identification is used to create a corresponding internal output folder where to store all the
generated data by the GeometricQC tool.

o [IFC file path: file containing the BIM model of the project in IFC format. The GeometricQC tool will
create a BIM Element Manager object using the IFC file path as input parameter. Alternatively, in
the standalone case, it has to be used as input parameter at object creation. The sub-component
loads the IFC file and extracts all the BIM elements from it and stores them in the manager. The IFC
file should be from version 4 or over.

e As-planned element completion dates file path: path to the JSON file with the original as-
planned completion dates of all BIM elements.

When the GeometricQC tool offline processing component is triggered by the GeometricQC communication
component, are encoded in a JSON file as can be seen in Figure 10. The element UIDs must be the same UIDS
as in the IFC file. In all cases the input information must follow the API described in 3.3.3.

{
E "project id": "project id X",
— "elements": {
"elemUID1": "YYYY-MM-DDTHH: :MM:335",
"elemUIDZ": "YYYY-MM-DDTHH: :MM:SS",
"elemUIDK": "YYYY-MM-DDTHH: :MM:SS"
- br
"project_name": "School",
"ifc id": "ifc file name"

Figure 10: 4D BIM input template

3.3.2 Outputs

The GeometricQC offline processing component produces a couple of outputs, both for internal use and to
be shared with the DTP:

e Project’s QC dictionary rules: the list of rules that appear in the dictionary, are also stored in a
JSON file to be sent to the Digital Twin Platform (DTP).

e Project’s QC instances: the full list of QC instances obtained during the offline pre-processing
phase. The QC instances are sent to the DTP. This JSON file only contains the relevant information
that is available at the pre-processing phase, i.e. it doesn’t contain the results and tolerance values,
since the QC instances have not been verified yet, and that information is irrelevant at this stage.
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The next sub-section shows the different file templates that are used for the correct execution of the
GeometricQC tool offline processing component.

3.3.3 API Documentation

The GeometricQC tool offline processing component is executed via the GeometricQC tool communication
component using basic command lines executions, with following format:

"COGITO_GeomQC.exe -ToolMode offline -projectID ProjectID -IFCfile IFCfile.ifc -
scheduleFile ProjectIDschedule.json"

The first parameter is self-explanatory, it triggers the executable of the offline processing. The other
parameters are obtained by the GeometricQC tool communication component through its communication
with DTP. All the information is contained in the template in Figure 10. The schedule file is also the same
Figure 10 JSON file that is provided by the DTP to the GeometricQC tool communication sub-component.

As for the outputs, the GeometricQC tool offline processing component generates 2 different JSON files, the
first one containing the list of QC dictionary rules, and the second one the list of QC instances generated for
the given project. Figure 11 and Figure 12 show the templates used as an output for the QC rules and the QC
instances respectively.
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"Project_id": "project id",

"CualityControlBules™: |
= "RC_E": |
"@CRule_ID™: "QC X",
"OriginDocument™: "Original document [string]™,
"Lakel™: "QC label [string]™,
"Description™: "QC description [string]",
"ElementTypeEeywords": ["string™],
"Material TypeKeywords™: ["string"],
"BelaticnshipTypeReywords™: ["string™]

i ]':
= "QC_¥": |

"QCRule_ ID™: ™QC ¥",

"OriginDocument™: "Original document [string]™,
"Lakel™: "QC label [string]™,

"Description™: "QC description [string]",
"ElementTypeEeywords": ["string™],

"Material TypeKeywords™: ["string"],
"BelaticnshipTypeReywords™: ["string™]

= "QC_Z": |

"@CRule_ID™: "QC Z",

"OriginDocument™: "Original document [string]™,
"Lakel™: "QC label [string]™,

"Description™: "QC description [string]",
"ElementTypeEeywords": ["string™],

"Material TypeKeywords™: ["string"],
"BelaticnshipTypeReywords™: ["string™]

I~ ]':
= "QC_XX": |

"@CRule_ID™: "QC XX,

"OriginDocument™: "Original document [string]™,
"Lakel™: "QC label [string]™,

"Description™: "QC description [string]",
"ElementTypeEeywords": ["string™],

"Material TypeKeywords™: ["string"],
"BelaticnshipTypeReywords™: ["string™]

I~ ]':
= "QC_YY": |

"@CRule_ID™: "QC YY",

"OriginDocument™: "Original document [string]™,
"Lakel™: "QC label [string]™,

"Description™: "QC description [string]",
"ElementTypeEeywords": ["string™],

"Material TypeKeywords™: ["string"],
"BelaticnshipTypeReywords™: ["string™]

Figure 11: QC rules output template
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=
"Project id": "project id"
E "oct: |
= "Project XXX QUXXX": {
"QC UID": "Project XXX QCXXX",
"QCRule ID": "QC XX",
"Involved Components": ["elementID"],
"TimestampSchedule™: "YYYY-MM-DDTHH:MM:SsS"™
B }!
= "Project XXX QCYYY": {
"QC UID": "Project XXX QCYYY",
"QCRule ID": "QC X¥",
"Involved Components": ["elementID"],
"TimestampSchedule™: "YYYY-MM-DDTHH:MM:SS"™
I~ }r
= "Project XXX QCZZz": {
"QC UID": "Project XXX QCZZZ",
"QCRule ID": "QC YY",
"Involved Components": ["elementID"],
"TimestampSchedule": "YYYY-MM-DDTHH:MM:S5"
- }
- }
-}

Figure 12: QC instances output template

3.4 Application Example

In this section, we will show the outputs generated using an extensive BIM structural model with hundreds
of structural elements.

3.4.1 Revit Technical School model

The Revit Sample Project Technical School is a structural sample model provided by Autodesk [5]. It
contains hundreds of different structural elements of concrete (557) and steel (22) material, and it is easy
to export it from their proprietary format into the IFC open format used by the COGITO solution. At this
stage of development, this model has been considered as an ideal sample for testing and validating the initial
version of the developed tools. Figure 13 shows the 3D model representation of the file.
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Figure 13: Revit Technical School sample model

As mentioned above, the current version of the dictionary contains 30 rules, described in 3.1.2, extracted
from EN 13670-2009 [2] and EN 1090-2:2018 [1]. The rules involve four types of common structural
elements (columns, walls, beams, slabs) and five types of geometrical relationships detailed in 3.1.3
(adjacent storey level, same storey adjacency, above, below, and physical connection).

Once the input [FC file, the schedule and the output folder have been set, the GeometricQC tool invokes the
GeometricQC offline processing component to extract all the relevant information and generate the list of QC
instances, following a four steps process as detailed below:

1. ThelFCfileis processed and all the structural elements are extracted and stored in the BIM Element
Manager, including the type, material and finish planned timestamp.

2. The Geometric Relationships Graph is constructed by analysing each of the elements stored in the

BIM Element Manager and computing their relationships using the geometry from the IFC file.

The Geometric QC Dictionary is loaded.

4. The Geometric QC Manager cross-references each dictionary entry with the graph network object
and creates a QC instance once the “context” is satisfactory.

w

As depicted in Figure 14, the GeometricQC offline processing component extracted the 612 structural
elements (between steel and concrete elements) and identified 4569 relevant geometrical relationships
stored in the Geometrical Relationships Graph. The nodes and geometric relationships can be summarised
as follows:

e Structural elements (nodes):
o 18 walls

o 165slabs
o 203 columns
o 375 beams
e Geometric relationships (edges):
o 126 Above
o 126 Below
o 1126 Same storey adjacency
o 547 Physical connection
o 33 Adjacent storey level

COGITO - GAID. 958310 diGItal Twin mOdel
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Figure 14: GeometricQC tool offline processing output example
Figure 15 illustrates the graph network in which the nodes represent structural elements and the edges
represent the geometric relationships between them.

After cross-referencing all the QC rule dictionary entries and the graph, the GeometricQC offline processing
component obtained 4,569 geometric QC instances with the following breakdown:

QC 1 Inclination of a column/wall (EN 13670-2009 10.4 Columns and Walls, No a): 214

QC 2: Deviation between centres (EN 13670-2009 10.4 Columns and Walls, No b): 126

QC 3: Curvature of a column/wall between adjacent storey levels (EN 13670-2009 10.4

Columns and Walls, No c): 214

e QC 4:Location of a column/wall at any storey level with respect to base level (EN 13670-2009
10.4 Columns and Walls, No d): 126

e QC 5: Location of a beam-to-column connection measured relative to the column (EN 13670-
2009 10.5 Beams and Slabs, No a): 530

e QC 6: Position of bearing axis of support (EN 13670-2009 10.5 Beams and Slabs, No b): 357

e QC 7:Cross-sectional dimensions (EN 13670-2009 10.6 Sections, No a): 566

e QC 8:Lap-joints (EN 13670-2009 10.6 Sections, No c): 31

e QC 9: Free space between adjacent columns/walls (EN 13670-2009 Annex G - G.10.4 Columns
and Walls, No c): 326

e QC 10: Horizontal straightness of beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No
a): 357

e QC 11:Distance between adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No
b): 222

e QC 12:Inclination of a beam/slab (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No c): 370

e QC 13:Level of adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No d): 222

e QC 14: Level of adjacent floors at supports (EN 13670-2009 Annex G - G.10.5 Beams and Slabs,
Noe): 33

e QC 15: Orthogonality of a cross-section (EN 13670-2009 Annex G - G.10.6 Sections, No a): 584

e QC 16: Column position in plane (EN 13670-2009 Annex G - (.10.4 Columns and Walls, No a): 196

e QC 17:Wall position in plane (EN 13670-2009 Annex G - G.10.4 Columns and Walls, No b): 18

e QC 18: Column height relative to adjacentlevels (EN 1090-2:2018 Annex B - Erection tolerances,
Table B15, No 2): 7

e QC 19: Beam slope (EN 1090-2:2018 Annex B - Erection tolerances, Table B15, No 3): 17

e QC 20: Levels of adjacent beams (EN 1090-2:2018 Annex B - Erection tolerances, Table B15, No
6):7

e QC 21:Spacing between beam centrelines (EN 1090-2:2018 Annex B - Erection tolerances, Table

B16,No1):7
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QC 22: Beam location at columns (EN 1090-2:2018 Annex B - Erection tolerances, Table B16, No

2):17

e QC 23:Inclination of columns (EN 1090-2:2018 Annex B - Erection tolerances, table B17, No 1 and
Table B18, No 2): 7

e QC 24: Column location (EN 1090-2:2018 Annex B - Erection tolerances, Table B20, No 1): 7

e QC 25: Column spacing (EN 1090-2:2018 Annex B - Erection tolerances, Table B20, No 3): 8

e QC 26: Location of rail in plan (EN 1090-2:2018 Annex B - Erection tolerances, Table B22, No 1):
0

e QC 27:Local alignment of rail (EN 1090-2:2018 Annex B - Erection tolerances, Table B22, No 2): 0

e QC 28: Level of rail (EN 1090-2:2018 Annex B - Erection tolerances, Table B22, No 3): 0

e QC 29:Relative levels of rails on the two sides of a runway (EN 1090-2:2018 Annex B - Erection
tolerances, Table B22, No 6): 0

e QC 30:Spacing over span S between centres of crane rails (EN 1090-2:2018 Annex B - Erection

tolerances, Table B22, No 7): 0
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Figure 15: Graph representation of the Revit Technical School sample model after GeometricQC
offline processing

Taking into account that we are using a limited QC dictionary with only 30 rules, we can see the significant
amount of geometrical tolerance verification that needs to happen during the construction phase. The
GeometricQC tool aims to facilitate the execution of all those QC instances and generate a detailed and
accurate result for each of them, allowing the involved stakeholders to focus on only the remedial work that
needs to be carried over in case a requirement is not fulfilled.

Finally, after all the offline processing is done, the offline processing component generates four (4) different
internal files which are then internally available for the rest of the workflow and subsequent execution
instances of the tool:
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e BIM Element list file (BIMElementList,json): contains all the structural elements extracted from
the IFC file, and the necessary information for the GeometricQC tool to use them without having to
read the IFC file every time some information is needed (Figure 17).

e Geometric Relationships Graph node list file (graphNodes.csv): file with the same information
as the ElementNode class in a comma-separated format. This file format is easy to read and
interpreted and can be opened by graph interpreter tools like Gephi [6].

e Geometric Relationships Graph edges list file (graphEdges.csv): file with the same information
as the RelEdge class in a comma-separated format. As the nodes file, it can be read and interpreted
with a graph interpreter tool like Gephi [6].

e Project QC instances list (ProjectQCList.json): this file contains the list of all the QC instances that
belong to the project. This list is definitive and will be updated every time one of them is executed.
Figure 16 shows an example of four of those QC instances that were obtained from the Revit
Technical School model.

2 "inputIFCPath™: "C:\\COBITO_Repos\‘\COBITO_GeomdCh\build\\rstadvancedsampleproject ife",
3 "nurberOfElements™: 573",
4 "Element™: {
5 = "01SfNHvSnEReCOMSBz0T7D_": |
€ "ifcKey™: "S523E5",
7 "UID™: "0lSfNHvSnEReC3M3Bzo7D_",
8 "label™: "Basic Wall:Exterior - 300mm Concrete:12327&",
-] "elementType™: "WALL",
10 "materialType": "CEMENT",
11 M "wertices™: [
52 M "location": [
& "pointCloudFile™: ™\y™\"",
55 "meshFile™: "\"C:\WCOGFITC Repos‘\COGITC GeomPC\\buildw\futputh\‘\RevitSchoolCylinders\%0l5fNHvSnEReCSMSB=oTD_.obj\™""
€0 r 1,
€1 = "01SfNHvSnEReCOMSBzoTOY" : |
€2 "ifcKey™: "E512™,
€3 "UID"™: "0lSINHvSnEReC3M3BzoTO¥™,
€4 "label™: "Basic Wall:Exterior - 300mm Concrete:124110",
€5 "elementType™: "WALL",
€6 "materialType": "CEMENT",
€7 [ "wertices™: [
109 [ "location™: [
114 "pointCloudFile™: "\"™\"",
5 "meshFile™: "\"C:\WOOEITC _Reposi \COGITC GeomPO\\buildiwwlutputh\RevitSchoolCylinders\\0l5fNHvSnEReCIMIBzoTOy. obI """
B 1,
=] "015fNHvSnEReCSMSBzo7PL" - |
ifcEe "5433",
uIp" SENHvSnEReCSMSBzoT7PL",
label"™: "Basic Wall:Exterior - 300mm Concrete:124071",
"elementType™: "WALL",
"materialType”: "CEMENT",
E2] "wertices™: [
E2] "location™: [
"pointCloudFile™: ™\"™\"",
"meshFile™: "\"C:\WOOEITC Repos’ \COGITC GeomPC\\buildi\wlutput)‘\RevitSchoolCylinders\ \0lSfNHvSnEReCIMIBzoTFL.abI\""
b 1,
=] "0lSfNHvSnEReCSHSBzoTRE™ @ |
"ifcKey™: "534€",

"UID": "0lSfNHvSnEReCSMSBzoT7RE™,

"label™: "Basic Wall:Exterior - 300mm Concrete:1235&4",

"elementType™: "WALL",

"materialType”: "CEMENT",

H "vertices™: [

) "location™: [

"pointCloudFile™: ™\™\y"",

"meshFile™: "\"C:\\COGITO_Repos‘\COGITO_GeomlC\\build\\Cutput\‘\RevitSchoollylinders\\01SiNHv5nEReCSHM3Bzo0TRE . objh\"™"

- 1,

=] "0lU20x€e9TF72CiGAZHHDIL" : |

"ifcKey™: "S5€€24",

"UID": "0lU20xe3TF78CiGAzXHD1L",

"label"™: "M_Concrete-Round-Column:450mm:147371",

Figure 16: BIM Element Manager JSON file example obtained from the Revit Technical School
model using the GeometricQC tool
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Qoo Qci34
Qc_uin Project_RevitSchoolUCL_QCO Qc_uiD Project_RevitSchoolUCL_QC134
QCRule_ID ac 12 QCRule_ID Qac_19
QriginDocument EN 13670-2009 OriginDocument EN 1090-2:2018
Label BeamsAndSlabs_annex_c Label Annex_B_Erection_Tolerances_tableB15_3
Description Inclination of a beam or a slab Description Beam slope
Result Result
Involved_Components [0006kzglz9MwTNAS0YAVP1] Involved_Components [17qC4eXSve5A0IXuxtQbml]
TimestampSchedule  2010-05-07T17:00:00 TimestampSchedule  2010-06-20T17:00:00
TimestampPerformed TimestampPerformed
Unit [.1 Unit [.1
ScalarResult [1 ScalarResult [1
ToleranceReference 1 ToleranceReference 1
aci QC4268
Qc_uip Project_RevitSchoolUCL_QC1 Qc_uiD Project_RevitSchoolUCL_QC4268
QCRule_ID Qac 14 QCRule_ID Qac 5
QOriginDocument EN 13670-2009 OriginDocument EN 13670-2009
Label BeamsAndSlabs_annex_e Label BeamsAndSlabs_a
Description Levels of adjacent floors at supports Description Beam-to-column location
Result Result
[0006kzgL 29MWTNASOYAVP1, [2UD3D7uxP8kecbbBCRtzDe,

Involved Components . .\ wamimby7zerhil] Involved_Components , . xpakechbBCREzFv]
TimestampSchedule  2010-05-07T17:00:00 TimestampSchedule  2010-07-02T17:00:00
TimestampPerformed TimestampPerformed
Unit [.1 Unit [,1
ScalarResult I ScalarResult 1]
ToleranceReference I ToleranceReference 1]

Figure 17: Revit Technical School geometrical tolerances list example

As mentioned in 3.3.2, the offline processing component also generates two (2) output files to be submitted
to the DTP following the output template and API:

e Project QC dictionary rules: (UC2.1_05_GQC_to_DTP.json): output file containing all the QC
dictionary rules with their keywords and information. Figure 18 shows an example of some of the
rules used in the Revit Technical School model.

e Project QCinstances list (UC2.1_06_GQC_to_DTP.json): this file contains the initial list of all the QC
instances that belong to the project. Figure 19 shows an example of the same four QC instances that
were obtained from the Revit Technical School model.
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"Project_id": "RewitSchoolUCL",
"fualityControlBules™: |

"oC 5™z |
"QCRule_ID": "QC 5",
"OriginDocument”: "EN 13&70-2005",
"Label": "BeamshkndSlabs_a"™,
"Description"™: "Beam-to-column location™,
"ElementTypeReywords™: [
i "BEAM",
i "COLUMN"
1,
"MaterialTypeFeywords": [
: "CONCRETE™
1,
"BelationshipTypeFeywords™: [
: "CONNECTION"
1

I

mas_lav: |
"QCRule_ ID": ™"QC 12",
"OriginDocument": "EN 1l3&70-2005",
"Lakel": "BeamsAndSlabs_ annex c",
"Description™: "Inclination of a beam or a slab"™,
"ElementTypeEeywords™: [
i "BERM"™,
i mSLaB"
1,
"MaterialTypeFeywords"™: [
: "CONCRETE™
1.
"RelationshipTypeEeywords™: []

}.

"oC 14m: [
"QCRule ID": "QC 14",
"OriginDocument™: "EN 13&70-2005",
"Lakel": "BeamskndSlabs_annex e",
"Description": "Lewvels of adjacent floors at supports",
"ElementTypeFeywords™: [
: "SLAE™
1,
"MaterialTypeFeywords"™: [
: "CONCRETE™
1.
"RelationshipTypeEeywords™: [
"ADJACENT™
1

I

oo 1avs |
"QCRule ID": "QC_ 13",
"CriginDocument™: "EN 10%0-2:2018",
"Lakel": "Annex B_Erection Tolerances_tableBl5_3",
"Description”™: "Beam slope",
"ElementTypeEeywords™: [
"BEAM™
1,
"MaterialTypeEeywords": [
i "STEEL"
1,
"RelationshipTypeFeywords™: []

I

Figure 18: Revit Technical School QC rules example output
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1 {
2 "Project_id": "RevitSchoolUCL",
3 Tort: |
4 H "Project_RevitSchoolUCL_QC0": {
3 "QC_UID": “"Project_RevitSchoolUCL_gCo",
€ "QrRule ID": "QC_12",
7 = "Involved Components": [
8 "0006kzgLz SMWTN450YAVEL"
G - 1,
10 "TimestampSchedule™: "2010-05-07T17:00:00"
11 e
12 H "Project_RevitSchoolUCL_oCl™: |
iz "QC_UTD": “Project_RevitSchoolUCL_ogCl”,
14 "QCRule ID": "QC_ 14",
15 H "Involved Components": [
16 "0006kzgLz SMWTN450YAVEL"Y,
17 "29FF¥Az_bimfMbyT7ZgrhII"
18 1,
18 "TimestampSchedule": "2010-05-07T17:00:00"
20 - T
21 H "Project_RevitSchoolUCL_QCl34": |
22 "QC_UID": “"Project RevitSchoolUCL QC134",
23 "QCRule_ID": "QC_19",
24 H "Involved Components": [
25 "17gC4eX$vESAOTXuxtobml ™
26 | 1,
27 "TimestampSchedule": "2010-06-20T17:00:00"
28 - be
25 H "Project_RevitSchoolUCL_QC4263": |
30 "QC_UID": “"Project RevitSchoolUCL QC4268",
31 "QCRule_ID": "QC_5",
32 H "Involved Components": [
33 "2UD3DTuxPEkechbEBCRtzDe",
34 "2UD3D7uxPBkeckbBCRtzFv"
35 1,
25 "TimestampSchedule": "2010-07-02T17:00:00"
37 L }
3s L }
33 -1

Figure 19: Revit Technical School QC instances offline processing example output

3.5 Licensing

The GeometricQC tool is free software; you can redistribute it and/or modify it under the terms of the GNU
Affero General Public License as published by the Free Software Foundation
(https://www.gnu.org/licenses/agpl-3.0.en.html).

3.6 Installation Instructions

No complex installation is required. The code will be provided in the Cyberbuild Datashare collections and
Github. GeometricQC tool is a set of header-only libraries that can be included in any project just by adding
the header files to the includes list.

3.7 Development and integration status

The GeometricQC tool offline processing sub-component is considered to be finished. Extra functionalities
may nonetheless be found to be missing during the pre-validation and validation phase, at which point they
will be added. Regarding the integration status, the GeometricQC tool offline processing component only
interacts directly with the GeometricQC tool communication component. However, as described in section
3.3, it has indirect interaction with the DTP. As such, it follows and uses the established templates described
in sections 3.3.1 and 3.3.2 as input and output integration, and follows the API described in 3.3.3.
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3.8 Requirements Coverage

Despite the fact that the GeometricQC offline processing component is just a back-end part of the
GeometricQC tool, it already covers a couple of the requirements defined in D2.5 and D2.1.

The functional and non-functional requirements that were introduced in the COGITO System Architecture
and that have already been covered by this version of the GeometricQC offline processing are presented in
Table 3. Functional requirement Req-1.1 is covered using this component for the 4D BIM data. Another part
of the GeometricQC tool has the charge of loading the point cloud data. Thanks to the C++ property of using
different objects in header only classes, Req-2.1, Req-2.2, and Req-2.3 are well covered with this component.
As previously mentioned, this set of classes (as part of the full GeometricQC tool library) can be used
autonomously in any other software project, or as part of the full GeometricQC tool. In addition, its
scalability is well handled using object-oriented programming, which enables straightforward addition of
new functionalities and properties to each of the components.

Table 3: GeometricQC offline processing sub-component requirements coverage from D2.4 and D2.5

ID Description Status

RSB Loading as planned 4D BIM and point | Functional Achieved
cloud data

(WELEAR B Scalability Non-Functional | Achieved

74748 Reusability Non-Functional | Achieved

4% Interoperability Non-Functional | Achieved

Table 4 presents the stakeholders requirements that have been documented in D2.1 and are relevant to this
component. COGI-CS-1 and COGI-CS-4 are covered simply by the programming language that has been
selected for the development of the GeometricQC tool. COGI-QC-8 is partially achieved thanks to the
inclusion of quality control rules regarding concrete and steel structures. Regarding COGI-QC-11, the
GeometricQC offline processing component allows to load and interpret the as-planned data from the BIM
model and extract the QC instances where the QC-related activities should be conducted, thus allowing to
automate their geometric QC control in future QC activities.

Table 4: GeometricQC offline processing sub-component requirements coverage from D2.1

ID Description Priority Status

COGI-CS-1 Runs on desktop or laptop PC e Operational | Must Achieved
COGI-CS-4 Runs on Windows e Operational | Must Achieved
COGI-CS-5 Runs on Mac e Operational | Could Achieved
oI E0 ]I Supports  systematic  quality | e Performance | Should Partially achieved
control on earthworks,
substructures, concrete works
0] B0 e B Automates QC-related activities ¢ Functional Must Achieved
Operational

3.9 Assumptions and Restrictions

The second and final version of the GeometricQC offline processing component has been delivered under
certain assumptions and restrictions, listed below:

e Ithasbeen developed to be part of the GeometricQC tool, so no standalone programme is supposed
to be executed for this component.

e It currently supports IFC files of version 4.0. Support for IFC version 4.3 remains under
development driven by the emerging needs of the pre-validation and validation activities and the
capability of the Digital Twin Platform.

- - COGITO - GAID. 958310
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e Itrequires the input IFC file to be syntactically correct (i.e.consistent with the IFC 4.0 schema) and
free of geometric errors.

e BIM elements are expected to have the vertical along the +Z axis using the right-hand side
coordinate frame.

e The elements’ reference coordinate frame within the entire GeometricQC tool uses project global
coordinates; hence the generated output files contain coordinates information in the same global
space.

e The measures are stored using the international metric system, and the distance measurement unit
used in the component is the metre [m].

<=t
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4 GeometricQC tool active geometric quality control analysis

In this section, we describe the GeometricQC tool active geometric quality control analysis component. This
component, as can be seen in Figure 1, is the one in charge of querying all the necessary data from the other
components, trigger the Point Cloud Matching and Segmentation component, and execute the QC instances
relevant to the elements of interest at the current time in the execution of the project. As a result, the
project’s QC instances obtained from the GeometricQC offline processing component are updated with the
QC results, and the relevant complementary files (such as colour coded meshes and point clouds) are
generated to be shared with the different stakeholders and other COGITO tools.

The following sub-sections describe in more detail the GeometricQC tool active geometric quality control
analysis component in terms of its functional sub-components and its implementation.

4.1 Prototype Overview

The objective of the GeometricQC tool active geometric quality control analysis component is to verify all the
QC instances in each GeometricQC tool execution given the list of elements that have been completed and
the as-built point clouds acquired of those elements (all defined in the QC work order received by the
Communication component). Hereafter we refer to these elements that have just been built, scanned as the
active structural elements. Figure 20 shows a detailed workflow for the component.

Active Gecometric QC Analysis

Get list of active QC

instances
Data sanity Compute QC for each

check active QC instance
Match and Segment
Point Cloud

Figure 20: GeometricQC tool active geometric quality control analysis sub-component detailed
workflow

The GeometricQC tool active geometric quality control analysis component is executed by the GeometricQC
communication sub-component, which is at the interface between the DTP and the rest of the GeometricQC
tool, and is detailed in Section 5. In that interface, the relevant input parameters are prepared and the
relevant service call is made. The current version of the component requires:

e The project ID.

e The QC work order ID.

e The list of active elements of interest extracted from the QC work order. This is simply the list of
the unique IDs (UIDs) of those elements, and thus can be passed as a text file.

e The (project-)referenced as-built point cloud data associated to the same QC work order with the
data acquisition timestamp. The as-built point cloud data is required to be in PLY and/or E57
format.

The GeometricQC tool follows the following steps:
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e Data sanity check: the first step of the GeometricQC tool active geometric quality control analysis
component is to obtain the list of elements and conduct some data sanity check to verify that all of
them are part of the BIM Element Manager, and that all the relevant information is available and
ready to be used. If an error is found, the component returns a result with a failure message
accompanied with an explanation.

e Get list of active QC instances: if the previous step is satisfactory, the component obtains the QC
instances whose contexts refer to the active elements. If a QC instance contains any other element,
the component also checks that that element has also been constructed. If any element related to a
QC instance is not constructed or the as-built data cannot be segmented with enough geometric
information to obtain the as-built pose or perform geometric QC (including the current active
elements), then the QC instance is discarded because it cannot be checked. The result is a list of
active QC instances.

e Match and Segment Point Cloud: the component performs the matching and segmentation for each
of the active elements and their active related elements over the input point clouds to get the point
cloud subset corresponding to each active element (using the Point Cloud Matching and
Segmentation sub-component described in D5.2).

Compute QC for each active QC instance: At this point, the component is ready to perform the quality control
defined in each of the active QC instances. For each QC instance, it calls the relevant QC algorithm with all
the required input data that can calculate the as-built quantity that needs to be measured and compared
against its as-planned value and the tolerance.

As explained in Section 3.1.2 and Section 3.1.4, all QC rules have the same output, making it easily
interoperable. Once a QC instance is verified, it is updated with the result, all QC instance results are
exported into a structured output file (JSON) and auxiliary files are generated. These files include the
segmented point clouds as well as as-built meshes coloured according to the QC instance results, allowing
to visually inspect the results. All the relevant output result information generated during the active QC
analysis is also stored and sent to the DTP for project usage.

The current implementation of the GeometricQC tool active geometric quality control analysis component
includes the QC algorithms for 18 entries in the Geometric QC Dictionary:

e QC 1:Inclination of a column/wall (EN 13670-2009 10.4 Columns and Walls, No a)

e QC 2:Deviation between centres (EN 13670-2009 10.4 Columns and Walls, No b)

e QC 5: Location of a beam-to-column connection measured relative to the column (EN 13670-
2009 10.5 Beams and Slabs, No a)

e QC 9: Free space between adjacent columns/walls (EN 13670-2009 Annex G - G.10.4 Columns
and Walls, No c)

e QC 11: Distance between adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No
b)

e QC 12: Inclination of a beam/slab (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No c)

e QC 13:Level of adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No d)

e QC 14: Level of adjacent floors at supports (EN 13670-2009 Annex G - G.10.5 Beams and Slabs,
Noe)

e QC 16: Column position in plane (EN 13670-2009 Annex G - G.10.4 Columns and Walls, No a)

e QC 17: Wall position in plane (EN 13670-2009 Annex G - G.10.4 Columns and Walls, No b)

e QC 18:Column height relative to adjacent levels (EN 1090-2:2018 Annex B - Erection Tolerances,
Table B15-2)

e QC 19: Beam slope (EN 1090-2:2018 Annex B - Erection Tolerances, Table B15 - 3)

e QC 20: Levels of adjacent beams (EN 1090-2:2018 Annex B - Erection Tolerances, Table B15 - 6)

e QC 21:Spacing between beam centrelines (EN 1090-2:2018 Annex B - Erection Tolerances, Table
B16-1)

e QC 22: Location at columns (EN 1090-2:2018 Annex B - Erection Tolerances, Table B16 - 2)

e QC 23:Inclination of columns (EN 1090-2:2018 Annex B - Erection Tolerances, Table B17 - 1 and
Table B17-2)
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e QC 24: Column location (EN 1090-2:2018 Annex B - Erection Tolerances, Table B20 - 1)
e QC 25: Column spacing (EN 1090-2:2018 Annex B - Erection Tolerances, Table B20 - 3)

4.2 Technology Stack and Implementation Tools

The GeometricQC tool active geometric quality control analysis is a set of headers only libraries that can be
included in any software project as any other libraries. The classes are written in C++ v14 for compatibility
purposes. In order to be able to facilitate its development, the GeometricQC tool active geometric quality
control analysis component uses the following open source C++ libraries:

o Eigen: high-level C++ library of template headers for linear algebra, matrix and vector operations,
geometrical transformations, numerical solvers and related algorithms. It is used to handle the
matrices and vectors of point coordinates, and as an algebra toolbox.

e Boost: set of libraries for the C++ programming language that provides support for tasks and
structures such as multithreading, regular expressions, unit testing, etc., and improves the
capabilities of the C++ language. Boost contains over 150 individual libraries. Boost is used in a
number of places within the GeometricQC tool, mainly to deal with JSON formats, system files and
directories management and speed up processes.

e Open3D: open-source library designed to help the software developers and users to work with
three-dimensional data, such as point clouds and meshes. It is the main library to read and process
the point cloud and mesh data.

Table 5: Libraries and Technologies used in the GeometricQC tool active geometric quality control
analysis sub-component

Library, Technology Name

Eigen 3.3.9 MPL2

Boost 1.76.0 Boost Software License 1.0
Open3D 0.13 MPL2

LibE57 1.1.312 MIT License

4.3 Input, Output and API Documentation

4.3.1 Inputs

The GeometricQC tool active geometric quality control analysis component can be used in two different ways:
(1) as standalone object classes that can be included in any software project, or (2) as part of the
GeometricQC tool. In both cases, it requires the same input parameters:

e Project’s Name/ID: the construction project name or ID given by the user or the DTP. This project
identification will be used to retrieve the internal output folder where to collect all data created
during the offline pre-processing phase and store all the generated data by the GeometricQC tool.
In the case of the GeometricQC tool active geometric quality control analysis component.

e Geometric QC work order ID: the work order ID that links the active structural elements of
interest and the QC analysis.

e  As-built point clouds list file path: file path of the text file with the list of file paths of the project-
referenced as-built point clouds that will be used by the Point Cloud Matching and Segmentation
component. The point clouds must be in E57 or PLY file format.

e As-built point clouds timestamps file path: file path of the text file containing the timestamps of
the as-built point clouds provided in the previous input. These timestamps should correspond on
the date where the point clouds were acquired, reflecting the as-built snapshot of the construction
project, and making certain the GeometricQC tool has the newest version of the as-built elements
for performing the QC analysis.

:
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e List of active structural elements UIDs file path: file path of the text file containing the list of
active structural elements UIDs that appear in the same QC work order listed before.

When the GeometricQC tool active geometric quality control analysis component is executed by the
GeometricQC communication component, the inputs are encoded in a JSON file as can be seen in Figure 24.
In all cases the input information must follow the API described in 4.3.3.

=l

"Project id": "project id",

"ProjectMNams": "",

"oCWorkingOrderID": "V,

I "pointCloudFiles": [
"URI/path/to/surveyed/point/cloud/on/disk",
"URI/path/to/surveyed/point/cloud/on/disk2"
I ] r

= "Timestamp": [

"DD/MM/YYYY HH:MM:SS",

"DD/MM/YYYY HH:MM:33"

r ] r

= "ListCfElemsntUIDs": [

"UID1 to be checked",

"UIDZ to_be checked",

"UID3_to_be checked",

"UIDN to_be checked"

Figure 21: GeometricQC tool active geometric QC analysis DTP input template

4.3.2 Outputs

The GeometricQC tool active geometric quality control analysis component produces a couple of outputs,
both for internal use and to be sent to the DTP:

e As-built geometries: the list of as-built segmented point clouds and as-built meshes, stored in a
JSON file to be sent to the DTP. These as-built geometries can be used by the DCC and DigitAR to
visualise the different QC results, applying a colour code, and see in detail the reason why the
geometric tolerances were satisfied or not.

e Geometric QC results: the results of each of the executed QC instances obtained during the active
geometric QC analysis. Since the DTP already contains the list of QC instances from the pre-
processing phase, the generated output only contains the data pertaining to QC results fields.

The next sub-section shows the different templates that are used and expected for the correct execution of
the GeometricQC tool active geometric quality control analysis component.

4.3.3 API Documentation

The GeometricQC tool active geometric quality control analysis component is executed via the GeometricQC
tool communication component using basic command lines executions, with the following format:

“COGITO_GeomQC.exe -ToolMode active -projectID ProjectID -workOrder WOID -pointCloudList
pointCloudList.txt -pointCloudTimestamps pointCloudTimestamps.txt -UIDs
elementsList.txt”

The first parameter is self-explanatory, it triggers the executable of the active geometric quality control
analysis. The other parameters are obtained by the GeometricQC tool communication component through its
communication with DTP. All the information is contained in the template in Figure 21.As for the outputs,
the GeometricQC tool active geometric quality control analysis component generates two JSON files, the first
one containing the list of as-built geometries, both point clouds and meshes, and the second one the results
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of each of the QC instances verified during that execution. Figure 22 and Figure 23 show templates for those

outputs.
{

E "Project_id": "project id",

— "AsBuiltPointClouds™: |
"Element UID1": "URI/path/to/as-built/cloudfllel™,
"Element UIDZ": "URI/path/to/as-built/cloudfllez",
"Element UID3": "URI/path/to/as-built/cloudflle3”,
"Element UIDX": "URI/path/to/as-built/cloudfllex"

= bo

= "AsFBuiltMeshes": |
"Element UID1": "URI/path/to/as-built/cloudfllel™,
"Element UIDZ": "URI/path/to/as-built/cloudfllez",
"Element UID3": "URI/path/to/as-built/cloudflle3”,
"Element UIDX": "URI/path/to/as-built/cloudfllex"

= }

Figure 22: As-built geometries output template

=]
"Project_id": "project id",
"OCWorkOrderID™: ",

—  "ooT:

% "Project XXX QCYYY": {

"QC_UID": "Project X¥X QCYYY",

"Result": "Pass/Fail/No geomstric data",
"TimestampPerformed”: "YYYY-MM-DDTHH: :MM:SS",
"Unit": [ "™, "™ ],

"ScalarResult™: [ "" ],
"ToleranceRefersence™: [ "™ 1,

"Status": "Unchecked"

o } r

= "Project_XXX_ QCZZ2": |

"QC UID": "Project XXX QCZZa",

"Result": "Pass/Fail/No geomstric data”,
"TimestampPerformed”: "DD/MM/YYYY",
"Unit": [ "™, "™ ],

"ScalarResult™: [ "™ 1,
"ToleranceRefersnce": [ "" 1,

"Status": "Unchecked"

= }

Figure 23: QC results output template

4.4 Application Example

In this section, we will show the outputs generated using an extensive BIM structural model with hundreds
of structural elements.

4.4.1 Revit Technical School model

The Revit Sample Project Technical School is a structural sample model provided by Autodesk [5]. Please
see Section 3.4.1 for more details.

In this case we modified the positioning of a couple of elements in the mesh file and generated a synthetic
point cloud with some noise (2.5 mm standard deviation) to mimic potential construction errors and a
realistic laser scanning result. We can see the generated point cloud next to the BIM model in Figure 24.
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Figure 24: Revit Sample Project Technical School BIM model (left) and synthetic point cloud (right)

From the GeometricQC offline processing component we obtained the list of QC instances (3.4.1), so now we
start from a list of active structural elements, including at least one of each of the 4 types, and the synthetic
point cloud. The list of active structural elements includes 5 different UIDs. The Active Geometric Control
Analysis component then checks, matches, and segments the as-built point cloud, and then computes the as-
built pose of the active elements. In this example, the component successfully achieves this for all 5
elements. The component then finds all QC instances that relate to these active structural elements. If one
of those QC instances relates to more than one object, the component discards those who other elements
have not been constructed yet. The result is a reduced list of QC instances that relate only to elements that
have constructed, including the current active ones. In this example, this results in final list of 36 QC
instances broken down as follows:

e QC 1:Inclination of a column/wall (EN 13670-2009 10.4 Columns and Walls, No a): 2

QC 2: Deviation between centres (EN 13670-2009 10.4 Columns and Walls, No b): 4

QC 5: Location of a beam-to-column connection measured relative to the column (EN 13670-

2009 10.5 Beams and Slabs, No a): 7

e QC 9: Free space between adjacent columns/walls (EN 13670-2009 Annex G - G.10.4 Columns
and Walls, No c): 7

e QC 11: Distance between adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No
b):1

e QC 12:Inclination of abeam/slab (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No c): 1

e QC 13:Level of adjacent beams (EN 13670-2009 Annex G - G.10.5 Beams and Slabs, No d): 1

e QC 16: Column position in plane (EN 13670-2009 Annex G - G.10.4 Columns and Walls, No a): 2

e QC 18: Column heightrelative to adjacentlevels (EN 1090-2:2018 Annex B - Erection Tolerances,
Table B15-2):1

e QC 19: Beam slope (EN 1090-2:2018 Annex B - Erection Tolerances, Table B15 - 3): 1

e QC 20: Levels of adjacent beams (EN 1090-2:2018 Annex B - Erection Tolerances, Table B15 -6):
1

e QC 21:Spacing between beam centrelines (EN 1090-2:2018 Annex B - Erection Tolerances, Table
B16-1):1

e QC 22: Location at columns (EN 1090-2:2018 Annex B - Erection Tolerances, Table B16 - 2): 3

e QC 23:Inclination of columns (EN 1090-2:2018 Annex B - Erection Tolerances, Table B17 - 1 and

Table B17-2): 1

QC 24: Column location (EN 1090-2:2018 Annex B - Erection Tolerances, Table B20 - 1): 1

QC 25: Column spacing (EN 1090-2:2018 Annex B - Erection Tolerances, Table B20 - 3): 2

From the execution of the QC algorithm corresponding to each rule, the 36 QC instances from the project’s
list were updated with the QC results. A new output file is generated containing the results of those 36 QC
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instances. Figure 25 shows a couple of examples in that output file. We can see that in the first case, the QC
instance refers to the dictionary entry “QC _2: Deviation between centres”, that the resultis a “Fail”, which
means the geometric tolerance is not satisfied. We can also analyse the auxiliary files that were generated,
corresponding to the meshes and segmented point clouds for the two columns (Figure 26). In this case,
since the QC result is not satisfactory, the objects are coloured red and we can see from the detailed views
that there is a significant deviation in the position of the columns.

The other results of Figure 25 show the outcome of performing two QC instances referring to a beam that
has incorrect inclination but correct positioning with the column it is connected to. Both results “QC 12:
Inclination of a beam/slab” and “QC 5: Location of a beam-to-column connection measured relative
to the column” contain all the same information as the previous example, but in this case, the result for
“QC_12" returns a “Fail”, since the beam is compromised, but a “Pass” for “QC_5" because the connection
between the beam and column is measured with respect to the centre of the column and there is no vertical
deviation. Figure 27 and Figure 28 show the as-built point clouds alongside the as-planned meshes, where
we can see that both meshes and point clouds are coloured red in the case when the tolerance is not
satisfied, and coloured green when it is satisfied, allowing the user to visualise the problems. A close-up
view in this case allows us to verify that the as-built data indeed presents deviations and these are
significant enough for one of the QCs to fail. In Figure 29 and Figure 30 we can see both output JSON files
(following the templates described in Figure 22 and Figure 23) corresponding to the as-built geometries
and the QC results.

Project_rstadvancedsampleproject_QC3151 Project_rstadvancedsampleproject QC1255 Project_rstadvancedsampleproject_QC255

ac_uio Project rstadvancedsampleproject QC7457| ac_uin Project rstadvancedsampleproject QC255
[Dictionary_ID ac 2 Dictionary_ID ac_12 Dictionary_ID ac s
ourceDocument EN 13670-2009 SourceDocument EN 13670-2009 SourceDocument EN 13670-2003
|SourceSection ColumnsAndWalls_b |SourceSectio BeamsAndslabs_annex_c |SourceSection BeamsAndSlabs_a
\Descriptio Deviation between centres Descriptio Inclination of a beam or a slab Descriptio Beam-to-column location
esult Fail s\ Fail Result Pass
[2UD3D7uxP8kecbbBCRtzBP, [18YHwgad50MwaFy6MSt_8F,
Involved_Components 2UD3D: ["-"‘"-‘ }_OWQ3EP] Involved_Components 1WrZGmISD2evaS8 OWQ3ER]
2010-04-09T17:00:00 2010-01-15T17:00:00 2010-01-15T17:00:00
2022-10-10T11:50:26 2022-10-107T11:50:24 2022-10-10T11:50:24
[distance, metres] [distance, metres] [distance, metres]

[0.00067138671875]

[0.05328989028930664]
10.02560005895793438]

[0.0210991231]

[
5B_OWQ3EP_Project_RevitSchoolUCL_QC2

S55.ply,
\Oi

L

1\
bbBCRtzCL_Project_RevitSchoolUCL_QC315
Lply,

cL\

ICL\

CL\.
bBCRIZCL_Project_RevitschoolUCL_QC3151.

58_OWQ3EP_Project_RevitschoolUCL_QC2
55.0b),

\or 0\
Fy6MSt_8F_Project_RevitschoolUCL_QC255
-ply,

\or cL g
Fy6MSt_8F_Project_RevitSchoolUCL_QC255
obj]

I
58_OWQ3EP_Project_RevitschoolUCL_QC1
255.ply,

|AuxiliaryOutputfile |AuxiliaryOutputFile

cL\
bBCRtzBP_Project_RevitschoolUCL_QC3151

-ply,
\Ox P it ICL\
bBCRtzBP_Project_RevitSchoolUCL_QC3151

.ob]

5B_OWQ3EP_Project_RevitschoolUct_act
255.0bj]

Figure 25: Example results obtained using the GeometricQC tool for Revit Sample Project Technical
School model
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a)
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I

Figure 26: Example of a not satisfactory geometric QC result

2 ) i e

r—"

b)

Figure 27: Example of a combined not satisfactory geometric QC result

.
i

Figure 28: Example of a combined satisfactory geometric QC result

=1
build\\out 01UCL/18YHwga450Mw4FyEMSt
\\build\\Output\ olUCL/1WrzGm1SD2ev45B_OWQ3E

\\build\\Output\\Revi 01UCL/2UD3D7uxP8kecbbBCRtzBP_vo

\build\\Output\\Revits o0lUCL/2UD 3D7uxP8kecbbBCRtzCL_vo
a4S0Mw4Fy€EMSt o
build\\Output\ olUCL/1WrzGm1SD2ev45B_OWQ3EP_AsBuiltMesh.obj"
build\\Output\\RevitSchoolUCL/2UD3D7uxP8kecbbBCRtzBP_AsBuiltMesh.obj",
\\build\\Output\\Revi 1001UCL/ 2UD3D7uxP8kechbBCRtzCL_AsBuiltMesh.obi"

1 }

%
[52]
COGITO



- D5.6 BIM-based Standard Test Methods for Geometric Quality Control v2 44

1 Hi

2 "Project_id": "RevitSchoolUCL",

3 "QCWorkOrderID™: "WO201948™,

4 E_% mEoT

5 —| "Project_RevitSchoolUCL_QC1255": {

[ "QC_UID": "Project_RevitSchoolUCL QC1255™,
T TResult": “Fail"™,

8 "TimestampPerformed™: "2022-10-10T11:50:24",
s H "Unit": [

1d i "distance"™,

11 H "metres"

12 5 1,

13 = "ScalarBesult": [

14 0.053228585028530cc4

15 5 1,

1l = "ToleranceReference”: [

17 0.025€0005855752438

13 5 1

13 P e

20 = "Project_RevitSchoolUCL_QC255": |

21 "QC_UID": "Project_RevitSchoolUCL QC255™,
22 "Result": "Pass",

23 "TimestampPerformed™: "2022-10-10T11:50:24",
za [H "Unit": [

25 i "distance"™,

26 H "metres"

27 b 1,

28 E| "ScalarBesult"™: [

29 0.00067138871875

30 = 1,

31 = "ToleranceReference”: [

32 0.01555595955525651e5

33 1

24 5 I

35 = "Project RevitSchoolUCL QC3151™: {

=1 "oC UID": "Project_ RevitSchoolUCL {C3151™,
37 "Result": "Fail",

38 "TimestampPerformed”™: "2022-10-10T1l1l:50:2&"™,
33 [H "Unit": [

40 H "distance",

41 H "metres"

2z b 1,

43 E| "ScalarBesult"™: [

44 i 25985748,

45 0. 04585845

28+ 1,

47 E| "ToleranceReference™: [

as i

45

50 = 1

51 5 1

52 5 1

53 —}

Figure 30: Revit Technical School QC results output

4.5 Licensing

The GeometricQC tool is free software; you can redistribute it and/or modify it under the terms of the GNU
Affero General Public License as published by the Free Software Foundation
(https://www.gnu.org/licenses/agpl-3.0.en.html).

4.6 Installation Instructions

No complex installation is required. The code will be provided in the Cyberbuild Datashare collections and
Github. GeometricQC tool is a set of header-only libraries that can be included in any project just by adding
the header files to the includes list.

4.7 Development and integration status

The GeometricQC tool active geometric quality control analysis component is considered to be finished. Extra
functionalities may nonetheless be found to be missing during the pre-validation and validation phase, at
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which point they will be added. Regarding the integration status, the GeometricQC tool active geometric
quality control analysis component only interacts directly with the GeometricQC tool communication
component. However, as described in section 4.3, it has indirect interaction with the DTP. As such, it follows
and uses the established templates described in sections 4.3.1 and 4.3.2 as input and output integration,
and follows the API described in 4.3.3.

4.8 Requirements Coverage

Despite the fact that the GeometricQC tool active geometric quality control analysis component is just a back-
end part of the GeometricQC tool, it already covers a couple of the requirements defined in D2.5 and D2.1.

The functional and non-functional requirements from the COGITO System Architecture that are already
covered are presented in Table 6. Functional requirement Req-1.1 is covered by the integration of the BIM
Element Manager, the Scan-vs-BIM solution, and the Open3D library. Another part of the GeometricQC tool
has the charge of dealing with the schedule part of the 4D BIM. Req-1.2 is achieved thanks to the Point Cloud
Matching and Segmentation sub-component by associating the 3D points to the different structural
elements. Regarding Req-1.3, the GeometricQC tool already has the capability of performing the automatic
geometric QC verifications of six different tolerances defined in the concrete standard EN 13670:2009 [2]
and the steel standard EN1090-2:2018 [1], so this requirement can be considered achieved, despite the fact
that we still require to include additional QC tolerances.

Thanks to the C++ property of using different objects in header only classes, Req-2.1, Req-2.2, and Req-2.3
are well covered within this sub-component. As previously mentioned, this set of classes can be used
autonomously in any other software project, or as part of the full GeometricQC tool. In addition, its
scalability is well handled using object-oriented programming, which enables straightforward addition of
new functionalities and properties to each of the components.

Table 6: GeometricQC tool active geometric quality control analysis sub-component requirements
coverage from D2.4 and D2.5

Description Status
RSB [oading as planned 4D BIM and point | Functional Achieved
cloud data
L VAR Object detection in point cloud Functional Achieved
R Defects’  detection  based  on | Functional Achieved
digitalised dimensional QC
specifications
7 B Scalability Non-Functional | Achieved
1 74¥A8| Reusability Non-Functional | Achieved
(WELEYART Interoperability Non-Functional | Achieved

Table 7 presents the stakeholders requirements that have been documented in D2.1 and are relevant to this
component. COGI-CS-1 and COGI-CS-4 are covered simply by the programming language that has been
selected for the development of the GeometricQC tool. COGI-QC-8 is partially achieved thanks to the
inclusion of quality control rules regarding concrete structures. COGI-QC-10 is partially achieved with the
QC results output file that is generated by the sub-component. This file is stored in the DTP and the results
can then be visualised by the PM or QM through DigitAR and DCC. Regarding COGI-QC-11, the GeometricQC
tool active geometric quality control analysis component allows to perform the geometric and dimensional
tolerance verifications, using the list of QC instances generated by the GeometricQC offline processing
component. COGI-QC-16 is achieved by using the Open3D library, which is able to handle the point cloud
PLY format and the E57 library and wrapper. COGI-QC20 is achieved with the QC result output file that is
generated, where it contains a detailed information of the results, tolerances, and auxiliary files that will be
used to visualise the QC results in the DigitAR and DCC.

5
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Table 7: GeometricQC tool active geometric quality control analysis component requirements
coverage from D2.1

Description Priority Status
({0 E8 Runs on desktop or | e Operational | Must Achieved
(658 B8 laptop PC
(60[6) B8 Runs on Windows e Operational | Must Achieved
Cs-4
(W0[eI B8 Runs on Mac e Operational | Could Achieved
CS-5

(0[6)E8 Supports systematic | ¢ Performance | Should | Partially achieved
(08 quality control on
earthworks,
substructures,
concrete works
(o] Notifies PM of QC | e Functional Must Partially achieved
QcC- results at least on a | e Performance
10 weekly basis, and

ideally on a daily

basis
606 B8 Automates QC- | e Functional Must Achieved
QC- related activities e Operational
11
(60]eJB8 Handles point clouds | ¢ Functional Must Achieved
QcC- standard formats

16 (E57, PLY)
(0]eJ8 Issues QC results | e Functional Should | Achieved

QcC- reports that include: | ¢ Design
20 links to the BIM constraint
model with

annotations of the
survey result

4.9 Assumptions and Restrictions

The second and final version of the GeometricQC tool active geometric quality control analysis component
has been delivered under certain assumptions and restrictions, listed below:

e Ithasbeen developed to be part of the GeometricQC tool, so no standalone programme is supposed
to be executed for this component.

e It currently supports IFC files of version 4.0. Support for IFC version 4.3 remains under
development driven by the emerging needs of the pre-validation and validation activities and the
capability of the Digital Twin Platform.

e Itrequires the input IFC file to be syntactically correct (i.e. consistent with the IFC 4.0 schema) and
free of geometric errors.

e BIM elements are expected to have the vertical along the +Z axis using the right-hand side
coordinate frame.

e The elements’ reference coordinate frame within the entire GeometricQC tool uses project global
coordinates; hence the generated output files contain coordinates information in the same global
space.

o The measures are stored using the international metric system, and the distance measurement unit
used in the sub-component is the metre [m].

e The input as-built data has to be acquired by a TLS.

e The input as-built data has to be accurately pre-registered in the same coordinate system as the
BIM file (i.e. the project coordinate system).

- - COGITO - GAID. 958310

COnstruction phase

diGItal Twin mOdel




- D5.6 BIM-based Standard Test Methods for Geometric Quality Control v2 47

o The GeometricQC offline preprocessing component has already been executed and all the internal
output files have been generated and are available as input for the GeometricQC tool active
geometric quality control analysis component.

<>
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5 GeometricQC tool communication component

In this section we describe the GeometricQC tool communication component. This component is an internet
application that serves as a middleware connecting the GeometricQC tool with the DTP. The main
responsibilities of this component are:

e Listening for requests from the Digital Twin Platform to execute the GeometricQC tool.
e Requestinput data for the GeometricQC tool.
e Data exchange between the DTP and the GeometricQC tool.

The component uses HTTPS protocol for retrieving the parameters files required for the GeometricQC tool.

The GeometricQC tool communication component runs on the same platform as the Geometric QC tool.

5.1 Prototype Overview

The objective of the GeometricQC communication component is to enable the GeometricQC tool to receive
requests from the DTP and to send back the output results to it, so they can be used by the rest of the COGITO
tools, such as DigitAR and the DCC.

The geometric quality control sequence is initiated by the DTP sending a notification to the GeometricQC
tool communication component. First, the component has to identify which of the two other GeometriQC
tool components has to be executed (offline processing or active geometric QC analysis). After that, it
requests the relevant input data from the DTP, and once it is downloaded, the component formats the data
following the templates described in sections 3.3.1 and 4.3.1. The GeometricQC communication component
then executes the relevant GeometricQC processing, and waits for it to finish. When the process is finished,
the tool uploads the results to the DTP. Figure 31 shows a detailed component workflow.

GeometricQC communication component

Collect input data from DTP and
send it to the Offline Processing
component

Send output files to DTP

Active elements’ UIDs Collect input data from DTP and Active elements’ UIDs
T send it to the Active Geometric QC +
As-built Point Cloud Analysis component As-built Point Cloud

Send output files to DTP

As-buil.t As-built
geometries geometries

Figure 31: GeometricQC tool communication component detailed workflow

5.2 Technology Stack and Implementation Tools

The GeometricQC tool communication sub-component is a set of headers only libraries that can be included
in any software project. The classes are written in C++ v14 for compatibility purposes. In order to be able
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to facilitate its development, the GeometricQC tool communication component uses the following open
source C++ libraries:

e Boost: set of libraries for the C++ programming language that provides support for tasks and
structures such as multithreading, regular expressions, unit testing, etc., and improves the
capabilities of the C++ language. Boost contains over 150 individual libraries. Boost is used in a
number of places within the GeometricQC tool, mainly to deal with JSON formats, system files and
directories management and speed up processes.

e OpenSSL: a library providing tools for secure and encrypted internet communication. Used for
establishing a transport layer security connection with the Digital Twin Platform.

Table 8: Libraries and Technologies used in the GeometricQC communication sub-component

(Library,Technology Name

Boost 1.76.0 Boost Software License 1.0
OpenSSL 3.0 Apache License v2

5.3 Input, Output and API Documentation

The GeometricQC tool is used as the processing tool for UC2.1, as defined in D2.1. As can be seen in Figure
32, the two different GeometricQC tool modes (offline pre-processing and active processing) are well
defined and differentiated. The GeometricQC tool communication component is in charge of receiving,
requesting, formatting the different communications and data exchanges between the DTP and the
GeometricQC (see arrows between DT Platform and GeometricQC in sequence diagram) as well as triggering
the relevant GeometricQC data processing services.
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Figure 32: UC2.1 Sequence diagram

5.3.1 Input

Before executing the GeometricQC tool communication component, the environmental variable
DTP_API_KEY needs to be set on the system. The GeometricQC tool communication component uses the
variable value as an API key for requesting and uploading files to the DTP.

The GeometricQC tool communication component also requires a configuration file, defined using the XML
format shown in Figure 33.

<=t
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1 <?xml verison="1.0" encoding="utf-8" 2>

2 <!-- All paths are either absolute or relative to the directory from which COGITO_GeomQC_CommMod is run -->
3 <app>

4 <debug>

5 <file>./logs/log.txt</file>

6 <!-- Debug: <=1 -->

7 <i-- Info: 2 -->

8 <!-- Warn: 3 -->

9 <l-- Efror: >= 4 -->

10 <level>2</level>

11 </debug>

12 <!-- Connections will be tried in order as listed below -->

13 <connection_candidates>

14 <!-- Allowed tag syntax: -->

15 <!-- <conn hostname="hostname" service="service">Connection_name</conn> -->
16 <!-- <conn ip="1ipv4 address" port="port number">Connection_name</conn> -->
17

18 <!-- Examples -->

19 <!-- <conn hostname="www.google.com" service="https">Google</conn> -->
20 <!-- <conn ip="83.212.77.3" port="443" host="dtp.cogito-project.com">DTP_IP</conn>-->
21 <conn hostname="dtp.cogito-project.com" service="https">DTP</conn>
22 </connection_candidates>

23 <connection_config>

24 <!-- Connection attempt timeout in seconds for a single candidate -->
25 <connect_timeout>16</connect_timeout>

26 <!-- Action to take after a failure to connect with every candidate -->
27 <!-- Allowed values: Retry, Quit (case sensitive) -->

28 <failure_policy>Quit</failure_policy>

29 <!-- Wait time in milliseconds before attempting next candidate -->

30 <retry_cooldown>1000</retry_cooldown>

Fank <!-- Number of connection attempts to a candidate before moving on to the next one -->
32 <candidate_reattempts>4</candidate_reattempts>

33 </connection_config>

34 <!-- DTP API endpoints for file exchange -->

35 <dtp_config>

36 <offline_schedule_endpoint_id></offline_schedule_endpoint_id>

37 <!-- Endpoints for uploading Offline QC results -->
38 <offline_qc_rules_endpoint_id>Z/offline_gc_rules_endpoint_id¥

39 <offline_qc_instances_endpoint_id></offline_qc_instances_endpoint_id>
40
a1 <active_qc_pcl_data_endpoint_id></active_qc_pcl_data_endpoint_id>
42 <active_qc_as_built_endpoint_id></active_qc_as_built_endpoint_id>
43 <!-- Endpoint for uploading Active QC results -->
44 <active_qc_results_endpoint_id></active_qc_results_endpoint_id>
45 </dtp_config>
46 <geomQC>
47 <!-- Path to the GeometricQC executable -->
48 <path>./COGITO_GeomQC_InputCheck</path>
49 <!-- Directory where GeometricQC's inputs are stored -->

50 <inputs>./../GeomQC_files/inputs</inputs>

51 <!-- Directory where GeometricQC's results are saved -->

52 <outputs>./../GeomQC_files/outputs</outputs>

53 </geomQC>

54 </app>

Figure 33: GeometricQC tool communication component XML configuration file

The GeometricQC tool inputs are stored in the DTP API’s collections. The GeometricQC tool communication
component parses XML file and requests data from endpoints specified by IDs in the configuration file.

The different inputs, for the GeometricQC tool offline processing and GeometricQC tool active geometric
quality control analysis components (arrow 0.3 in and arrow 17, respectively, in the sequence diagram) can
be seen in Figure 10 and Figure 21.

5.3.2 Output

In order to send back the generated output results from the GeometricQC tool, the GeometricQC
communication component has to create different collections in the DTP API (endpoints specified in the XML
file), and upload the Geometric QC results there. The output files, as already explained in sections 3.3.2 and
4.3.2, are JSON files and contain the content defined in the templates presented in Figure 12, Figure 11,
Figure 22 and Figure 23.

5.3.3 API documentation

As part of the API to be able to run the GeometricQC tool communication component (and by extension the
GeometricQC tool), the only requirement is that the environmental variable DTP_API_KEY needs to be set
in the system. Once the variable is set and the XML file is ready, the GeometricQC tool communication
component can be started with the command:

“\COGITO_GeomQC_CommMod.exe .\ config\win_config.xml”

The only argument the component requires is a path to the configuration file.
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5.4 Application Example

The GeometricQC tool communication component is essentially used to interact with the DTP, obtain and
prepare all the input data, execute the relevant processing mode, and return the generated output to the
DTP. For such, it only requires to be an active running process and have internet connection to keep the
communication with the DTP.

5.4.1 Revit Technical School model

The Revit Sample Project Technical School is a structural sample model provided by Autodesk [5]. Please
check sections 3.4.1 and 4.4.1 for more details.

The GeometricQC tool communication component is launched with the command described in 5.3.3. DTP
endpoints that are used by the GeometricQC tool communication component are inserted in appropriate

XML tags:

r!?xml verison="1.0" encoding="utf-8" ?!

t<l-- All paths are either absolute or relative to the directory from which COGITO_GeomQC_CommMod is run --=
| <app=

b <debug>

<file=..\logs\log.txt</file=
<!-- Debug: <= 1 -->

)
P
[ <!-- Info: 2 --=
b <l-- Warn: 3 -->
| <!-- Error: >= 4 -->
) <level=2</level>
</dEbUg>
<!-- Connections will be tried in order as listed below -->

<connection_candidates>
<!-- Allowed tag syntax: -->

<!-- <conn hostname="hostname" service="service">Connection_name</conn> -->
<!-- Examples --=
<l-- <conn hostname="www.google.com” service="https">Google</conn> -->

'
[
;
'
1 <l-- <conn ip="ipv4 address" port="port number”=Connection_name</conn> -->
:
b
)
)

<!-- <conn ip="142.250.179.228" port="443"=Coogle_IP</conn> --=>
<conn hostname="dtp.cogito-project.com” service="https"=DTP</conn=>
</connection_candidates>
<connection_config>

'
[
b <!-- Connection attempt timeout in seconds for a single candidate -->
P <connect_timeout=10</connect_timeout=
1 <!-- Action to take after a failure to connect with every candidate -->
r <l-- Allowed values: Retry, Quit (case sensitive) -->
§ <failure_policy=Quit</failure_policy=
) <!-- Wait time in milliseconds before attempting next candidate -->
) <retry_cooldown=1088</retry_cooldown=
<!-- Number of connection attempts to a candidate before moving on to the next one -->

<candidate_reattempts>4</candidate_reattempts>

</connection_config=>

<dtp_config>
<offline_schedule_endpoint_id>60636e10-a8al-42c2-ad4ca-3812fdb38fb3</offline_schedule_endpoint_id>
<offline_qc_rules_endpoint_id>dbaa71ad-1dc6-4ac5-ad88-ad772593368c</offline_qc_rules_endpoint_id=>
<offline_gc_1instances_endpoint_id>552acc67-f764-4e3b-9f0a-fodes4cedefi</offline_qc_instances_endpoint_id=>
<active_qc_pcl_data_endpoint_id>2b152e83-44ed-43c1-bcd3-8dab43a3edd7</active_qc_pcl_data_endpoint_id>
<active_qc_as_built_endpoint_id>045e0c73-0cB8-47e3-a8el-28be7f295d70</active_qc_as_built_endpoint_id>
<active_qc_results_endpoint_id=2ca9b758-dec4-47a0-b7f2-40daed287773</active_qc_results_endpoint_id=

</dtp_config>

<geom(C=>
<path>.,\COGITO_GeomQC_InputCheck.exe</path=
<inputs>C:\Users\wbonc\Documents\COGITO-GeomQC\src\GeomQC_ files\inputs</inputs=>
<outputs=C:\Users\wbonc\Documents\COGITO-GeomQCYsrc\GeomQC_files\outputs</outputss>

</geomQC=>

</app>

Figure 34: The configuration file used in the example. Endpoints specified by the content of
dtp_config tag must be created before running the application.

Initially, the offline_schedule_endpoint_id endpoint contains an empty data collection (Figure 35).
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Applications — GeometricQG — UC2.1 R02/03 — 25/07 10:33

Data Collection Job Identifier  90i5581-1e54-4f3d-4841-72f2cb97454a

Project Identifier 824

40264 7h3-4be1-8213-98dab1 478579
(SO Cormpleted

Files

Upload file Browse

2022.07.23.097

Figure 35: A data collection for schedule files.

The GeometricQC tool communication component requests a new 4D BIM. Then, a new JSON file is
available to download from the data collection (Figure 36).

Applications — GeometricQC — UC2.1 ROZ/03 — 25/07 10:33

Data Collection Job identifier

SHOIS5E1-1c54-413d-aB41-T22cbITA5 48 Project identifier  82440¢64-a7b3-ibe1-8213-98dab1d78579
PO v |

Files upload file Browse
Name Type Size Extension Date Actions
4D_Model UNDEFINED @

12/10 18:08

2022.07.23.037

Figure 36: A new schedule file appears in the schedule data collection after requesting a 4D BIM.

The new file contains the project’s id and list of elements and their timestamps (Figure 37).
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"project_id":

"elements": |
"AREoS0bs5FeBaTgRLoMHEge™: "2010-0€-04T17:00
"2REoSQbs5FeBxaTgRLoMHEgs™:: "2010-07-02T17:00
"ISFEHAz bEmfMbyT7Igrhé ": "2010-01-15T17:00
"ZSFFHRz bemfMby7Zgrerm™: "2010-03-23T17:00
"O01UZ0xnE3TF7ECiER=HEHDMs" - "2005-11-20T17:00
"O1U20ne3TEF72C) CRAsEHDNM"™ - "2005-11-20T17:00
"ZSFFHRz bEmfMby7Zgrers™: "2010-05-18T17:00
"ISFEHREz bEmfMbyT7Igrern™: "2005-12-25T17:00
"18¥Hwgad50MwiFyest BF™: "2005-12-18T17:00
"O1U20xeSTF78C GR=EHASS™: "2005-11-20T17:00
TICizkTuxdCglhggsxCmEV4E"™ . "2010-0€-14T17:00
"18¥Hwga450Mw4Fye5t BB"™: "2010-01-15T17:00
"18¥Hwgad50Mw4FyEMSt BC™: "2010-01-15T17:-00
"AfizkTuxdCglhggsCmEVEx": "2010-0€-14T17:00
"O1TEZ0xESTE7ECjERsEHCLIE™ : "2005-12-04T17:00
"18¥HwgadS0MwdFyeMSt BD™: "2005-12-18T17:00
"O1T20neSTE72C) FRsEHAC™ - "2005-11-20T17:00
"18¥Hwgad50Mw4FyEMSt BE™: "2005-12-18T17:00
"AsMEmyxLHEzRtkBYVyhmORe": "2010-0€-11T17:00
"O1lU20xesTF78CiGR=EHASO™: "2005-11-0€T17:00
"O1T20xne3TE72C0) FRzHHAR" - "2005-11-20T17:00
"aCizkTuxdCglhggsxCmEVak™: "2010-0€-14T17:00
"O1U20xe3TE7ECiER=EHCIN" - "2005-12-04T17:-00
"O1T20ne3TEF72C0] FhsHHAeR" - "2005-11-20T17:00
"O1TZoxESTE7ECiERSEHDIR" - "2005-12-18T17:00
"IsMEmyxLHE=RtkBYVyhmIVH" - "2010-0€-11T17:00
"AUDEDTuxPEkeckkBCREzEv": "2010-0&-04T17:00
"ISFEHAZ bEmfMbyT7Igrhlw™: "2010-04-0ST17:00
"ASTEHAz bEmfMbyT7Zgrhlx™: "2010-05-07T17:00
"O1TZoxEsTE7ECiERSEHADE" - "2005-12-04T17:00
"O1T20neSTE72Cj ERA=HHAR2Z™ - "2005-11-20T17:00
"O1T20neSTE7ECi ERsEHDEE - "2005-11-20T17:00
"O1U20xe3TE7ECiER=EHDLU™ - "2005-11-20T17:-00
"O1U20ne3TEF72Cj ERAsEHDME™ - "2005-11-20T17:00
"O1TZoxEsTE7ECiERSEHDOS™ : "2005-12-04T17:00

te

"project_name": "School"™,

"ife id™: "11l€b025c-2005-42&62-aeal-e5afdB4847ag™

Figure 37: The schedule file example.
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-0o",
-aan,
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In order to prepare the input data for the GeometricQC tool offline processing, the GeometricQC tool

communication component retrieves the IFC file from the ifc_id value encoded in the schedule file, and
downloads it from the relevant GeometricQC endpoint. Once the IFC and JSON files are available, all the

required inputs are ready to be passed to the GeometricQC offline processing. The component then

executes it and waits until the results are generated. Both results are then uploaded to DTP endpoints

specified by offline_qc_rules_endpoint_id (Figure 38) and offilne_qc_instances_endpoint_id (Figure 39).
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Applications — GeometricQC — UCZ1R0S — 12/1018:04

Data Collection Job [dentifier  fBB51662 8762 4036 bE0F 57d04356be78 Project Identifier

Upload file Browse

Narme Type Size Extension Date Actions

UCZ.1_05_GAC_to_DTP UNDEFINED 7 JSON 12/1018:08

202207.23.037

Figure 38: The GeometricQC tool communication component creates new data collections in
offline_qc_rules_endpoint_id DTP endpoint.

Applications — GeometicQC — UC2Z.1R06 — 12/1018:04

Data Collection Job Identifier  44376536-6436-4c56-ac54-a67a07(£9854 Project Identifier &

Upload file Browse

Name Type Size Extension Date Actions

UC2.1_06_6QC_to_DTP UNDEFINED 1344 JSON 12/1018:08 s x

2022.07.23.037

Figure 39: The GeometricQC tool communication component creates new data collections in
offline_qc_instances_endpoint_id DTP endpoint.

5.5 Licensing

55

The GeometricQC tool is free software; you can redistribute it and/or modify it under the terms of the GNU
Affero General Public License as published by the Free Software Foundation

(https://www.gnu.org/licenses/agpl-3.0.en.html).

5.6 Installation Instructions

No complex installation is required. The code will be provided in the Cyberbuild Datashare collections and
Github. GeometricQC tool is a set of header-only libraries that can be included in any project just by adding

the header files to the includes list.

5.7 Development and integration status

The GeometricQC tool communication component is still under development. Some features required to have
a fully automated workflow are still pending and will be completed in the coming months as part of the
integration work in WP8in WP8. At this stage, the component is able to request and download the required
input data for the offline processing as described in the sequence diagram, and download manually the input
data for the active processing. In both cases, the output can be uploaded to the DTP automatically. The
notification interaction between the DTP and the GeometricQC tool communication component remains

under development, however the communication exchange protocols have already been agreed.
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5.8 Requirements Coverage

Table 9 presents the stakeholders requirements that have been documented in D2.1 and are relevant to this
component. COGI-CS-1 and COGI-CS-4 are covered simply by the programming language that has been
selected for the development of the GeometricQC tool. Regarding COGI-QC-11, the GeometricQC tool
communication component allows to gather input data, and generate the different calls required to execute
the different GeometricQC tool modes, enabling to obtain the list of QC instances generated by the
GeometricQC offline processing component and perform the geometric and dimensional tolerance
verifications.

Table 9: GeometricQC communication sub-component requirements coverage from D2.1

ID Description Priority Status
COGI-CS-1 Runs on desktop or laptop PC e Operational | Must Achieved
COGI-CS-4 Runs on Windows e Operational | Must Achieved
0] B0 e B Automates QC-related activities ¢ Functional Must Achieved
e Operational

5.9 Assumptions and Restrictions

The GeometricQC tool communication component, at this stage, has been developed under the following
assumptions:

e Anotification system is in place between the DTP and the GeometricQC tool

e The DTP API’s collections required to query the input data for both GeometricQC tool modes are in
place and functioning.

e The DTP API's collections required to upload the output data for both GeometricQC tool modes are
in place and functioning.
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6 Conclusions

The GeometricQC tool is designed to be used in two different phases. During the planning phase, all the
offline pre-processing of the as-planned data is performed, whereas in the construction phase the active
geometrical analysis is iteratively running. The tool uses as input the as-planned data in the form of the as-
planned 4D BIM model (digital semantically-rich 4D model of the building/asset created by the design and
planning team), and the as-built point cloud data obtained through laser scanning surveys throughout the
construction delivery phase. The BIM model data are provided in an IFC file, while the point cloud data must
be pre-registered in the coordinate system of the project (i.e. the same coordinate system as the BIM model).

As documented in this deliverable (D5.6), the core functionalities of the GeometricQC tool are delivered by
three components. The first component, namely the GeometricQC offline processing component, performs
all the as-planned data analysis, by obtaining the 3D geometry from the IFC file, and generating a geometric
relationship graph structure containing all the elements and relationships used to generate the list of QC
instances. The second component, the GeometricQC tool active geometric quality control analysis component,
performs the active QC analysis of the as-built data during the construction phase. The component uses the
Scan-vs-BIM solution (detailed in D5.2) to match and segment the as-built data of the structural elements of
interest, and performs geometrical and dimensional QC processing to analyse whether the structural
elements satisfy the defined geometric tolerances as defined in the QC instances. The third component, the
GeometricQC tool communication component, is in charge of getting data processing requests (with the
relevant data) from the DTP, triggering the other two components as required, and sending the generated
output files back to the DTP. These components have also been designed to be modular, and scalable,
allowing the creation of a toolbox, which can be used independently, outside the COGITO solution.

The GeometricQC tool’s core functionality have been demonstrated using a realistic example of a high school
building structure. Integration with the rest of the COGITO solution, principally the DTP, is being completed
within WP8. Adjustments and improvements to the GeometricQC components and sub-components will
also be performed as the needs arise during the COGITO pre-validation and validation activities, that are
also conducted in WP8.
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