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Abstract -
Geometric quality control (QC) in a construction project

is an important but time-consuming and not value-adding
task. While significant progress is being made in construc-
tion digitalisation, geometric QC processes remain highly
manual and inefficient. This manuscript proposes a new
methodology to pre-process initial information contained in
the as-designed Building Information Model (‘BIM model’
hereafter) and obtain a full list of the geometric QC tasks
that need to be conducted over the duration of the corre-
sponding construction project. The proposed methodology
employ a network graph constructed automatically from the
BIM model information; a dictionary of types of geometric
QC (e.g. dimensions to be checked with tolerances) that ap-
ply to the given project ; and a QC digital manager that ties
both elements together and identifies the list of unique geo-
metric QC tasks that need to be conducted throughout the
given project. The workings of the proposed methodology are
illustrated with a case study, for some QC specifications ex-
tracted from the EN 13670 standard. These demonstrate its
usefulness to exhaustively establish and record all geometric
QC tasks required over a project.
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1 Introduction
During construction, guaranteeing that the built ele-

ments meet quality specifications (e.g. geometric toler-
ances) is critical to ensure they “achieve the intended level
of safety and serviceability during their service life” [1].
From a construction delivery viewpoint, this is also crit-
ical to ensure that subsequent construction works are not
delayed (due to rework), which would also result in addi-
tional costs.
Yet, current practice in geometric Quality Control (QC)

is human-intensive, prone to error. Besides, quality speci-
fications are recorded across a multitude of documents,
including standards, regulations, and bespoke project-
specific specifications, which makes it difficult to track
all quality specifications and conduct all necessary corre-

sponding QC assessments and measurements.
Digitalisation in the construction industry promises nu-

merous benefits in terms of efficiency and quality improve-
ments [2]. But, despite the current challenges discussed
above, Geometric QC processes have seen some, but lim-
ited evolution. Automated compliance checking is an ac-
tive area of R&D for the analysis and validation of design
(BIM) models [3, 4]. But this area has not explored com-
pliance checking of actual works, only design (BIM) mod-
els. Regarding QC of physical construction, developments
have occurred around surveying technologies, with laser
scanning (terrestrial and mobile) and photogrammetry of-
fering means to rapidly and effectively collect 3D survey
data. Among those, terrestrial laser scanning (TLS) of-
fers high accuracy that is particularly suitable for use in
geometric QC, but the analysis of the large point clouds
TLS acquires has traditionally remained a manual and te-
dious process. Digitalisation of this data analysis stage
would provide significant benefits to improve the quality
and speed of geometric QC activities. To fill this need,
works have been exploring the ’scan-vs-BIM’ principle
to match laser scanned points to components in 3D BIM
model in order to (1) recognise those components and sub-
sequently (2) assess their geometric correction [5, 6, 7].
Although it remains an active area of research, the value

of the ’scan-vs-BIM’ principle to analyse point cloud is
now generally accepted. But, the remaining gap in knowl-
edge is in automatically identifyingwhat type of geometric
QCneeds to be conductedwhere in themodel, and robustly
conducting all these geometric QC checks [8].
In this paper, we propose a methodology to automati-

cally analyse 3D BIM models to identify where geometric
specifications apply and thus need to be quality-controlled.
The methodology includes the development of (1) a sim-
plified dictionary to store the different geometric specifica-
tions, or rules; (2) an algorithm to extract from the design
3D BIM models all components and component relation-
ships relevant to the given specifications, stored in a graph
structure; (3) an algorithm to process that graph to sys-
tematically establish where each specification is applied
in the given model. The output of that last step is a list of
QC checks that need to be conducted during construction.
The rest of the manuscript is organised as follows. In
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Section 2, the GeometricQC tool is briefly introduced and
the proposed method for establishing geometric QC tasks
given the design BIM model is detailed. Preliminary re-
sults obtained with a case study is reported in Section 3.
Section 4 concludes the manuscript.

2 Proposed methodology
2.1 GeometricQC tool overview

Thework presented in this manuscript is part of a highly
automated geometric QC tool, called GeometricQC tool,
developed as part of the COGITO project [9].
The GeometricQC tool is designed to conduct auto-

matic geometric QC by comparing the as-designed geom-
etry, contained in the BIM model, and the as-built data,
captured in the form of point clouds acquired using TLS.
The tool essentially follows an Automated Rule Checking
(ARC) approach [10, 11]. The GeometricQC tool first de-
fineswhat geometric QCneeds to be conducted, where and
when during the project geometric QC. After components
requiring geometric QC are constructed, the surveyor ac-
quires the relevant site-referenced (or geo-referenced) laser
scans. At this point, the GeometricQC tool automatically
matches the as-built TLS points to the 3D geometry of
the components of interest stored in the as-designed BIM
model, following a ‘scan-vs-BIM’ process, and performs
the scheduled geometrical control. This GeometricQC
tool workflow is summarised in Figure 1.
This paper focuses on the first part of the above process

that occurs during the planning phase of a construction
project. This part aims to define ‘what’ geometric QC
needs to be conducted, ‘where’ and ‘when’ during the
project geometric QC’.

Construction Phase

Planning Phase

As-design  
BIM Model

Geometric QC
Planning

List of Geometric
QC Tasks

As-built  
Point Cloud

Geometric QC
Execution

Geometric QC
Results

Figure 1. GeometricQC tool workflow. This paper
focuses on the planning phase of the process.

For the ‘what’, digital rules first need to be defined.
In construction, as discussed earlier, geometric QC spec-
ifications and tolerances can be defined in various ways,
but standard specifications also exist. For example, EN

13670:2009 [1] and EN 1090-2:2018 [12] provide con-
struction and erection geometric specifications for the
execution of concrete and steel structures, respectively.
These include all dimensions (or geometry) that need to
be checked and tolerances for each of them. For example,
EN 13670:2009 [1] details in section 10.4 and annex G
the different geometrical tolerances that need to be ver-
ified for each of the structural components and the type
of deviations. Figure 2 shows two representations of the
specifications in EN 13670:2009 [1], for the inclination
of a structural column or wall, and for the alignment of
stacked structural columns or walls.

Figure 2. EN 13670 [1] Walls and Columns geomet-
rical tolerances example. (a) Inclination/verticality
of a single wall/column, (b) Deviation between cen-
tres of stacked walls/columns.

In this paper, we present a solution to digitise such ge-
ometric specifications as digital rules, thereby creating a
dictionary of all geometric specifications (i.e. all rules)
that apply to a given project. We focus on 15 rules de-
fined in EN 13670:2009 [1] for the execution of concrete
structures.
For the ’where’, the solution must identify where the

above rules apply in the given project. For this, we de-
veloped an algorithm that processes the as-design BIM
model, in IFC format [13], and detects where the geomet-
ric QC rules contained in the pre-defined dictionary apply.
The output of this process is a network graph where nodes
are the components in the as-design BIM model requiring
geometric QC and edges are the component relationships
that are relevant to the geometric specifications to be ap-
plied to the project.
Finally, for the ’when’, we take into account the infor-

mation contained in the project 4D model that links the
as-design BIM model components to construction sched-
ule activities, so that the defined list of geometric QC
tasks can be laid over time, in line with the construction
schedule.
The above three steps are detained in the following sub-

sections.
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2.2 What: Establishing the Geometric QC Dictio-
nary

The geometric QC dictionary encompasses all the ge-
ometric QC ‘rules’ that need to be checked during the
project. Each rule defines the context within which it
must be applied. In the case of structures, that context
is defined by: the types of components involved in the
rule (e.g. wall, column, slab), their material types (e.g.
concrete or steel), and their geometric relationships (e.g.
stacked, connected). Note that some rules refer to sin-
gle components (e.g. column inclination), in which case
no geometric relationship applies to define the rule’s con-
text. At each location in the as-design BIM model where
the defined context is encountered, the corresponding rule
must be checked. Since we consider the as-design BIM
model to be encoded in IFC format, it is important that
the dictionary rules be encoded by employing standard (or
pre-agreed) IFC classes and properties, such as IfcWall
or IfcColumn for component types, and material category
contained in the IfcMaterial field of a component descrip-
tion.
The dictionary rules then contain additional description

fields, capturing where the rule comes from (e.g. title
of original document and section or specification number
with it), and a description of the rule. Finally, the rule is
associated to software code that encodes the actual geo-
metric specification rule is to be applied to each instance
where the rule context is detected in the BIM model.
In summary, the list of fields for each of the dictionary

entries is as follows:

• Rule Description:

– Source document: norm or regulation number,
or specific ID to identify the original document

– Source section: an ID value to identify the geo-
metrical tolerance within the original document

– Description: geometrical tolerance brief de-
scription

• Rule Context:

– Component Type: the type of components the
entry needs to be applied to (i.e. walls, slabs,
etc)

– Material Type: the material type of the struc-
tural components that the entry needs to be ap-
plied to (i.e. concrete, steel)

– Relationship Type: the geometric relationship
the different components need to be connected
with that the entry needs to be applied to (i.e.
above, below, same level adjacency, etc). Im-
portant remark here that in case the tolerance
only involves a single element, this field can be
left empty.

In our implementation, the dictionary is stored using
the JSON open format, which is easy to read by users and
most development tools.
Table 1 illustrates an example for a pair of the entries

from EN 13670:2009 [1], where several cases of the key-
words are represented for clarity.

Table 1. Quality control dictionary entries examples
from EN 13670:2009

2.3 Where: defining all instances of geometric QC to
be conducted in a given project

Given the geometric QC dictionary, the BIM model is
now analysed to identify all instances where each geomet-
ric QC rule applies, i.e. where geometric QC must be
conducted. This is done by finding in the BIM model all
instances where the ‘context’ defined in each geometric
QC rule is found. It is performed in two steps. First, this
requires the input as-design BIM model be interpreted to
identify the component types and relationships of interest
for the given geometric QC rules; this step is detailed in
section 2.3.1. The output of the first step can then be fur-
ther interpreted to identify all individual instances where
the geometric specifications need to be controlled; this
step is detailed in section 2.3.2.

2.3.1 BIM Model Interpretation

Here, we assume that component types and material
types are explicitly encoded in the IFC file. However,
component relationships are rarely provided, especially
all the ones necessary for the geometric specifications we
consider in the paper. As a result, specific algorithms had
to be developed to detect such relationships in the model.
It is proposed here to represent the outcome of this BIM
model interpretation process using a network graph where
each node represents a BIM model component (3D com-
ponent in our case) and each edge represents a relationship
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between pairs of components. The nodes and edges have
properties that are defined for the intended purpose.
In the context of geometric QC of concrete or steel

structure works with the above-defined geometric QC dic-
tionary, the following properties are defined. The nodes
contain the following properties: structural component
unique ID, the type of component (e.g. wall, bean, col-
umn, slabs), the material type (e.g. concrete, steel), and
a label (if provided in the BIM model) to facilitate the
component identification for the users.
The edges contain the following properties: source

UID, target UID (indicating the source and target struc-
tural components in the BIM model the edge is connected
to), and the geometric relationship type. For the lat-
ter, we currently consider the following relationship types:
above, below, adjacent storey level, same storey adjacency
or physical connection. These relationships are those em-
ployed in the different geometric QC specifications defined
in EN 13670:2009 [1].
These geometric relationships are computed by

analysing each structural component (nodes), requiring
various levels of computation effort. However, the details
of these computations are beyond the scope of this paper
(due to space constraints).
The use of the network graph has multiple advantages:

First, it is easy to read. Beside, meaningful statistical
information can be obtained from it overall (e.g. graph
density) or for each of its nodes (e.g. centrality analysis),
which can subsequently help analyse the ‘tightness’ of
the geometric specifications and the ‘criticality’ of certain
components.
The network graph only needs to be computed once,

since the structural components are not going to change
once construction is initiated (if they are the network could
naturally be recomputed). Figure 3 illustrates a very basic
graph example with a couple of nodes and their relation-
ships.
Naturally, the graph structure with its nodes and edges

properties can be extended to include other component
types and/or properties that can be useful to satisfy other
types of geometric QC (andmore broadly, other use cases).
The different properties that are depicted in thismanuscript
are the ones thatwere identified asminimal requirements to
obtain the geometric QC of concrete structures according
to the EN 13670-2009 along the duration of the project.

2.3.2 QC instances

The second step produces all individual instances of
geometric QC tasks that need to be conducted for the
given construction project.
For each dictionary rule, the network graph is queried to

provide all unique instances of the rule ’context’, i.e. the
structural components with the same Component Types

Figure 3. Example network graph of structural com-
ponents and their relationships.

and Material Types, and, in the case the entry requires
multiple components, the related components with the Re-
lationship Type.
Table 2 shows a small example of the result of the search

for the dictionary rules defined in Table 1 (rules QC_1 and
QC_2) in the network graph of Figure 3. Table 2 shows
the list of QC task associated to “Wall1” only.

Table 2. Geometrical tolerances list example
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2.3.3 When: scheduling of the QC instances

Beyond the as-designed 3D BIM model, projects in-
creasingly develop 4Dmodel that link the design 3Dmodel
with the construction schedule. In a 4D model, the differ-
ent physical components making up the design are linked
to the construction activities that construct them. These
activities are defined by start date and duration (and there-
fore finish date). The QC Manager also queries this infor-
mation from the input (4D) BIMmodel, so that the overall
list of unique geometric QC tasks that is automatically ex-
tracted from the 3D BIM model can be organised along
the project timeline. This way, once a construction task
is completed (e.g. building columns ground floor), then
the project manager and QC manager know the exact list
of all geometric QC tasks that need to be performed as
that specific point, i.e. and thus where surveying needs
to be conducted. Here, we refer the reader back to the
"Construction Phase" box in Figure 1.

3 Case study: Revit Sample Project Techni-
cal School
The proposed methodology has been tested in the Revit

Sample Project Technical School [14]. This model is a
sample model provided by Autodesk. We focus on the
structural model (Figure 4), since the rules considered in
these tests focus on structural works.

Figure 4. Technical School sample model

The (preliminary) version of the dictionary used in this
test contains a total of 15 rules, all of them selected
from the EN 13670-2009 document [1]. The selected
rules involve four types of structural components: (slabs,
columns, walls, beams) and five types of geometrical rela-
tionships: above, below, adjacent storey level, same storey
adjacency, and physical connection. The rules include
(reference to document section between brackets):

• Inclination of a column/wall (10.4 Columns and
Walls No a)

• Deviation between centres (10.4 Columns and Walls
No b)

• Curvature of a column/wall between adjacent storey
levels (10.4 Columns and Walls No c)

• Location of a column/wall at any storey level w.r.t.
base level (10.4 Columns and Walls No d)

• Location of a beam-to-column connection measured
relative to the column (10.5 Beams and Slabs No a)

• Position of bearing axis of support (10.5 Beams and
Slabs No b)

• Cross-sectional dimensions (10.6 Sections No a)
• Lap-joints (10.6 Sections No c)
• Free space between adjacent columns/walls (Annex
G - G.10.4 Columns and Walls No c)

• Horizontal straightness of beams (Annex G - G.10.5
Beams and Slabs No a)

• Distance between adjacent beams (Annex G - G.10.5
Beams and Slabs No b)

• Inclination of a beam/slab (Annex G - G.10.5 Beams
and Slabs No c)

• Level of adjacent beams (Annex G - G.10.5 Beams
and Slabs No d)

• Level of adjacent floors at supports (AnnexG -G.10.5
Beams and Slabs No e)

• Orthogonality of a cross-section (Annex G - G.10.6
Sections No a)

The test consisted of loading the different structural
components from the IFC file, compute their geometric
relationships and construct the network graph. The graph
could then be analysed to generate the list of geometric QC
tasks that would need to be conducted over the duration of
the project.
The model contains a total of 589 structural compo-

nents. Our algorithm reads the IFC file (exported from
Revit) and generated the network graph containing those
589 components as nodes. Beside, the algorithms found
6,677 relevant geometrical relationships converted into
6,677 corresponding edges in the graph. Those nodes
and relationships are broken down as follows:

• Components:
– 6 Walls
– 5 Slabs
– 203 Columns
– 375 Beams

• Relationships:
– 126 Above
– 126 Below
– 5 Adjacent storey level
– 6,013 Same storey adjacency
– 407 Physical connection

Figure 5 shows the graph structure distribution and its
colour reference legend, where we can visualise all the
structural components contained in the BIM model repre-
sented by the coloured nodes, and the geometric relation-
ships connecting them represented by the coloured arrows
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between the nodes. We can also identify the high amount
of columns (orange nodes) and beams (blue nodes) that
is contained in the BIM model, representing more than
the 95% of the structural components, and the different
relationships between them. Each node has a size propor-
tional to its degree centrality (i.e. the number of edges
connected to it).
Approximately 90% of the edges belong to the same

storey adjacency category, hence the graph is full of those
edges making it difficult to visualise the other relation-
ships. Using the graph visualisation and analysis tool
Gephi [15], the graph is explored and analysed, extracting
interesting statistics and exploring different arrangements.
For example, Figure 5 shows a Force Atlas 2 layout, where
we can easily depict the different storeys by the way the
columns form three distinct clusters. Degree centrality
can also be further investigated. Nodes with high degree
centrality can be considered as potentially more critical
from a geometric QC viewpoint, so the building team may
be interested to know which ones they are and the rea-
sons for their criticality. For example, Figure 6 shows
a highlighted component (on the top) with high degree
centrality, indicating it can be a critical structural compo-
nent from a geometrical tolerance compliance viewpoint,
while on below, we can see the same component identified
in the as-design BIMmodel, where it may be easier for the
contractor to understand its criticality.
After generating the network graph, it can be analysed

according to the quality control dictionary to output a full
list of geometric QC checks that need to be conducted. In
this example, the list contains 9,750 unique geometric QC
checks. These unique entries in the list demonstrate the to-
tal number of quality control actions that should be carried
out during the entire project’s execution and that should
all output a positive result to certify the quality of execu-
tion. Table 3 shows a snapshot of the generated JSON file
containing all the project’s geometrical tolerances.
It is important to remark that despite the limited number

of geometric QC rules in the dictionary, the total number
of unique geometric QC checks is still significant. This
numbers suggests that all checks are not systematically
conducted in practice, with many results potentially im-
plied from some others. The rest of the GeometricQC tool
aims to automate these control and will ensure they are
systematically conducted.

4 Conclusion and future work
The tool proposed in this paper is meant to be em-

ployed during project planning stage and has two steps:
First, it automatically extracts all the necessary informa-
tion from the design BIM model (IFC file) and stores it
in a convenient data structure, a network graph. Then,
the tool automatically detects within the network graph all

Table 3. Technical School geometrical tolerances list
example

unique instances of the contexts within which each geo-
metric specification applies and QC must be conducted.
These geometric specifications are stored as rules in a QC
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Figure 5. Graph representation with a Force Atlas 2 layout

dictionary, with the overall geometric QC methodology
employed by the proposed GeometricQC tool akin to Au-
tomated Rule Checking (ARC). The value of the proposed
tool to identify all necessary geometric QC tasks within
a given project is demonstrated with a realistic mid-size
project (school building).
In future works, the planning stage methodology will be

extended to include the rest of the structural deviations pre-
sented in EN 13670-2009 [1] and EN 1090-2:2018 [12], in
addition to the rest of the geometrical relationships, and a
fully integrated schedule from the 4D BIM model. Then,
the full pipeline of the GeometricQC tool will be deliv-
ered that will conduct the automatic geometric QC with
point clouds acquired on site . Finally, as part of the large
COGITO project [9], the tool will be integrated within a
Construction Project Digital Twinning ecosystem enabling
construction activities, including QC, to be effectively or-
chestrated and their output recorded in a structured way
with the project Digital Twin.
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http://www.aaai.org/ocs/index.php/ICWSM/09/paper/view/154
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