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The present paper presents a framework for an Automated Code Compliance
(ACC) system within a BIM environment. We begin by introducing the concept of
ACC and its applicability in contemporary practice in general and BIM in
particular. We proceed by introducing the mathematical method of
Multi-Dimensional Data Fitting (MDDF) to develop singular structural design
equations from multi-dimensional datasets of structural design equations
employed in international design codes. We follow this by demonstrating how the
MDDF output has been implemented in BIM-based software, to achieve code
compliance. Finally, we demonstrate the overarching framework and how this
can be implemented on a wide scale to achieve full ACC.
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INTRODUCTION
Building Information Modelling (BIM) has been the
dominant digital paradigm in the Architecture, Engineering, and Construction (AEC) sector the past
decade. Indeed, researchers have focussed on BIM to
such an extent that it could be argued that today the
term acts as a synonym for any Information Technology advance employed in some AEC ﬁelds. This emphasis, however, is not shared across all disciplines. A
survey of the leading journals of the various specialties reveals that, while BIM has appeared dominant in
ﬁelds such as Construction Management and Quantity Surveying, and has gathered signiﬁcant attention
in Architecture, it is far less prominent in other major
AEC sectors such as Structural Engineering. It can be
argues that this restricts the impact BIM has in the design and implementation of buildings and prevents it
from releasing its full potential.

The present paper presents a framework for an Automated Code Compliance (ACC) system within a BIM
environment. We begin by introducing the concept
of ACC and its applicability in contemporary practice in general, and BIM in particular. We proceed
by introducing the mathematical method of MultiDimensional Data Fitting (MDDF) to develop singular
structural design equations from multi-dimensional
datasets of structural design equations employed
in international design codes. We follow this by
demonstrating how the MDDF output has been implemented in BIM-based software, to achieve code
compliance. Finally, we demonstrate the overarching framework and how this can be implemented on
a wide scale to achieve full ACC.
The particular domain in which we employ this
approach is structural timber design; this is partly due
to our research backgrounds, which emphasize sus-
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tainability and innovative materials, and partly due to
the inherent challenges involved in structural timber
design which make ACC particularly beneﬁcial. The
BIM environment in which we have implemented the
MDDF output is Autodesk Revit(C); this is largely due
to the popularity of the software with UK designers.
However, our greater approach is domain-agnostic
and platform-independent. As such, it can be implemented equally eﬀectively in any structural engineering problem and any BIM-enabled platform.

AUTOMATED CODE COMPLIANCE
Automated Code Compliance has drawn considerable interest in the BIM community (Tan, Hammad,
and Fazio 2010; Zhang and El-Gohary 2015; Solihin
and Eastman 2015). Generally, it refers to digital design tools that allow only the design of elements that
satisfy legal or physical requirements, such as those
set by national or international Building Codes. This
is typically achieved via databases of code-compliant
elements, the automatic calculation and adjustment
of any non-compliant user decisions, or the automatic checking of all design elements for compliance, providing the user with the respective information. Theoretically, ACC should be applicable to all aspects of building design that rely on speciﬁc regulations. However, so far the main focus of ACC has been
mostly the design of the building envelope, in order to correspond to set parameters of environmental building performance.
The potential of ACC for the structural engineering aspects of building design are self-evident. The
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design of the structure is a core component of the
building design process; it requires close collaboration between architect and engineer, and it has a
signiﬁcant impact on the building form as well as
the implementation of its function. Thus a welldesigned ACC environment could improve signiﬁcantly the productivity of the design team, reducing the required amount of interaction between designer and engineer for easily addressed design decisions.
Moreover, an appropriately validated and veriﬁed ACC package could, theoretically, remove altogether the requirements for expert structural engineering advice, at least in more standardized buildings, thus achieving actual automation in design and
construction.
The obstacles for ACC, however, are signiﬁcant.
Contemporary structural design relies on elaborate
theoretical models, extensively validated experimentally. These are typically codiﬁed in respective design
standards, which are applicable either on a national
(e.g. the American Society of Civil Engineers codes)
or international level (e.g the Eurocodes). These design standards are of high complexity and require a
certain amount of expert interpretation. Though obviously a range of software is available, the assumption is always that this simply automates the calculation part of the work and the actual design remains
the domain of the engineering expert.
Theoretically, this is exactly the sort of crossdisciplinary challenge that BIM is meant to address.
However, integrating advanced structural analysis
and design in a BIM comes with signiﬁcant restrictions: most advanced structural software packages
already push the limits of the computational stateof-the-art for analysis purposes alone. Introducing
the additional ontological, organisational, and analytical complexity of a BIM infrastructure means, almost by deﬁnition, that the requirements are above
the state-of-the-art. As such, today’s BIM packages
either avoid state-of-the-art analysis altogether or interpret BIM as data Input/Output (I/O) [1]. This, however, both remains outside the ACC concept (an ex-

Figure 1
Screenshot of
ﬁtting software

pert is still required to check compliance) and limits
the eﬀectiveness of the BIM process, with all the welldocumented issues of I/O interoperability (Volk, Stengel, and Schultmann 2014).

(Patlakas, Livingstone, and Hairstans 2015).
However, for more ad hoc applications, this is less
likely to be the case. In contrast to domains such as
industrial and mechanical engineering, structural engineering aspires to analyse and deliver outputs (typically buildings or infrastructure) that are designed ad
hoc and with a relatively limited amount of available
experimental veriﬁcation. Mechanical and industrial
outputs, from cars to smartphones, rely on prototyping and extensive testing before moving into mass
production. By contrast, buildings are in their majority delivered without experimental veriﬁcation, but
relying on the structural design codes which prescribe generic processes. The price for this achievement is the aforementioned complexity of the codes.

Some aspects of structural ACC allow for direct conversion from the analogue to the digital realm. Lookup tables and structural design heuristics have long
been a common practice in structural engineering, with various resources available for practitioners
(Cobb 2014). Such rules and tables can be easily converted to “Smart” BIM components, allowing for immediate beneﬁts in those ﬁelds that rely on standardization and repetition such as oﬀsite manufacturing

This mathematical and computational complexity
means that structural ACC faces considerable challenges. Achieving actual automation within the context of the capabilities of a contemporary BIM environment would require a way to “compress” the process of structural calculations. In order to achieve
this, we have utilised Multi-Dimensional Data Fitting
(MDDF) to simplify structural calculations.

Figure 2
Fitting software
ﬂowchart

Figure 3
External timber
cladding
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MULTI-DIMENSIONAL DATA FITTING
MDDF refers to the mathematical process that allows
the ﬁtting of datasets with ‘n’ number of dimensions.
For n = 1, this is eﬀectively the basic one dimensional
(1-D) curve ﬁtting, allowing the derivation of a mathematical equation from a collection of data points.
For n = 2 it is typically referred to as surface ﬁtting;
a mathematical surface is generated so as to pass
through or close a 2-D dataset. Generalising for nD is the MDDF concept, which is widely used in a
variety of ﬁelds such as population synthesis (Abolfazl, Joshua, and Kermit 2009). However, it has not
been widely applied for either structural engineering
or BIM applications. By utilising MDDF, we can simplify extremely large datasets derived from either existing calculations or experimental data to a singular algebraic expression that can be integrated into
a “Smart” BIM component. Thus we can achieve ACC
within a native BIM environment.
Development of a multi-dimensional data ﬁtting
interface. In order to apply the MDDF process, we
developed a customised ﬁtting application in Matlab.
This uses inbuilt Matlab ﬁtting routines, such as nonlinear least-squares solvers, and extends their functionality to run in more than two dimensions. In addition, the application includes a Graphical User Interface (GUI) that allows visual inspection of the data,
including goodness-of-ﬁt, for every step of the ﬁtting
process (see Figures 1 and 2). Naturally, numerical
outputs of the goodness-of-ﬁt are also included.
A ﬂowchart of the ﬁtting process is given in Figure 2.

ACC IN SMART BIM COMPONENTS
A Proof-of-Concept Structural Design Case. As a
proof-of-concept for the system, the ACC process was
applied in a typical structural timber connection: a
cladding detail where a fastener would be required
to be checked against axial withdrawal (Figure 3).
Besides its architectural ubiquity, from a structural
perspective this reﬂects the majority of the standard
checks against ductile failure of fasteners under axial
loading, and thus has been deemed a suitable case
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study for addressing the requirements of Eurocode 5,
currently the state-of-the-art code internationally for
structural timber design (CEN 2014).
Figure 4
Screenshot of
ﬁtting software

Despite the apparent simplicity of the design problem, the identiﬁcation of a single ﬁtted equation
poses considerable computational challenges. The
variables that aﬀect the axial withdrawal capacity include both geometrical (thread point-side penetration length; screw head & outer thread diameters)
and material properties (pull-through and pointside
strengths, as well as associated densities for the connected timber members). From a mathematical perspective, this is an eight-dimension problem, which is
solvable given a suitable sample dataset and relevant
boundary conditions. Such a dataset was developed
using nested loops and utilising the native Eurocode
5 equations. The boundary conditions were chosen
so as to reﬂect typical real-world conditions (e.g. between 21 and 70 mm for the thread point-side penetration length, between 290 and 460 kg/m3 associated densities etc). Using ten iterations per variable,
the compiled dataset had a total of 108 data points,
thus allowing for a suﬃcient number of source data
on which the ﬁtting process could be applied.

Surface Intersection Fitting. The ﬁtting process depends on the progressive ﬁtting of surface intersections. At ﬁrst instance, two dimensions are ﬁtted,
while keeping the rest ﬁxed. The next iterations progressively add each individual dimension, so in a total
of seven iterations the ﬁtting process is completed.
Figure 4 shows an example of the dataset and ﬁt for
two dimensions, as visualised by the ﬁtting application.
Figure 5
Generic Revit wall
component

with structural engineering practice for such a design
case.
The algebraic validation showed 100% agreement between the EC5 equations and the ﬁtted
equation. The experimental veriﬁcation showed that
95% of the data points were within 29.9% of the ﬁtted equation, an agreement similar to that obtained
from EC5. As such, the ﬁtted equation was deemed
suitable for implementation in a Smart BIM component in order to achieve ACC.
The mathematical and experimental work in this
section is explained in detail in diﬀerent work by the
authors (Livingstone et al. 2016).
Integration in a BIM platform. The development of
the Smart BIM components was based on the following process:
• Geometry modelling
A Generic Family component was built in Revit, which
hosted the construction detail (Figure 5)
• Parametrization of the component

Algebraic Validation and Experimental Veriﬁcation. The ﬁnal output of the ﬁtting process is a single
equation that takes into account all 8 of the initial design variables. In order for this to be acceptable as a
substitute for the current Eurocode 5 (EC5) equations,
both algebraic validation and experimental veriﬁcation would be needed.
For the purposes of this work, suitable algebraic
validation was undertaken utilising the point of intersection, where the axial withdrawal capacity pointside would be equal to that head-side.
Experimental veriﬁcation was undertaken at Edinburgh Napier University. A series of tests of the
withdrawal capacity perpendicular to the grain were
carried out, testing ﬁve diﬀerent types of screws, at
forty tests per type, with an additional ten tests without a pilot hole. The total sample size of 210 is in line

In order to keep conceptual coherence with standard Revit workﬂow, the parameters were separated
in two categories. Parameters labelled macroscopic
referred to the geometric properties of the entire
wall system; these would be the parameters typically utilised by the architect during the design of the
project. Parameters labelled microscopic referred to
the geometric and physical properties of the structural detail.
In current practice, such parameters would be
more likely to be speciﬁed by a structural engineer.
However, by maintaining the boundary conditions
identiﬁed earlier, a non-expert user could simply
choose from a range of values and thus produce an
ACC output.
• Derivation of intermediate parameters
The component is programmed to generate new parameters, at both the macro and micro level, which
are of interest to the designer, either because they
involve quantities (e.g. number of studs) or because
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Figure 6
Sample of
intermediate terms
utilised

they are utilised in the calculations (e.g. the head-tothread diameter ratio).
• Programming of the MDDF output via a series
of intermediate terms
Recent versions of Revit have provided a small range
of calculation options for parametrization. However,
implementing an equation as complex as the output
of the ﬁtting process is still cumbersome. As such,
a number of intermediate terms were developed
to simplify the calculation process (Figure 6). This
also included the introduction of approximations of
mathematical constants not currently included, such
as the base of natural logarithms. For the purposes of
this work, these terms were left visible to the user for
debugging purposes. A commercial version would
be likely to exclude those, as will be discussed in a
later section.
• Final output
The ﬁnal output of the calculation is the characteristic axial capacity Fax,Rk , which is provided automatically to the user.
Limitations of the proof-of-concept. The proof-ofconcept example described above demonstrates the
capacity to achieve ACC within a contemporary BIM
software application. However, being a research prototype, it contains a number of limitations:
• Usability Restrictions
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As this was intended as a proof-of-concept version,
some usability restrictions are imposed on the user.
For example, the wall member is not designed as a
base family wall element, but as a generic component. Similarly, the timber studs are generic components and not base family column elements, thus
limiting the actual design usability. Moreover, various “debugging artifacts” have been left on the component to allow debugging. A commercial version
of such a platform would either eliminate this altogether (as a proprietary “black box” solution) or only
make them accessible as supporting documentation
(as a Console object), thus not weighing down the
design process with information unnecessary to the
designer.
• Automatic Georeferencing for Pass/Fail of Design Checks
As mentioned above, the proof-of-concept example
provides the characteristic axial capacity Fax,Rk ,
which is typically the desired output of the structural
engineer’s calculations for such a component. However, the interpretation of this capacity still requires
a degree of expertise. A commercial version would
be likely to rely on georeferencing of the project and
draw on a database of local building regulations to
provide Pass/Fail feedback of the design.

Figure 7
Schematic
representation of
the generalised
process

• Automatic Redesign

Figure 8
Moreover, the
MDDF practice can
be nested; namely,
MDDF equations
can be developed
for individual
domain problems,
then those analysed
further for a new,
combined MDDF
equation. This
process is
presented
schematically in
Figure 8.

It can be argued that, conceptually, full ACC would
imply not just informing the user if the design is
compliant, but also redesigning the project automatically, so as to be compliant. This has not been attempted in this proof-of-concept.
The ﬁrst two limitations are justiﬁable by the focus of the project: the concept that we intended to
prove was the implementation of the MDDF equations in a BIM system, and the demonstration of the
workﬂow in a BIM package. The usability restrictions
and lack of georeferencing described above can be
easily overcome with additional development utilising existing solutions. As such, they do not impede
the applicability of the example as proof-of-concept.
The third limitation raises more important concerns. While automatic redesign is possible for a
small-scale proof-of-concept example such as the
one given here, the feasibility of this approach for
the entire building scale is debatable. The state-ofthe-art in structural analysis and design at the entire
building scale would create a problem of vastly different order of magnitude to solve via MDDF, at least
with the currently available computing power (including supercomputers). It can be argued, of course,
that this will change in the future. However, this does
raise two diﬀerent questions. Firstly, with regard to
usability, how would such a system make design decisions, i.e. the trade-oﬀ between automation of the
design process and restrictions on the design intent.
Secondly, it raises questions with regard to the semantics of ACC, and if it should stop at informing
the user of the compliance of the design, or extend
to changing the design so as to be compliant. Both
of these questions deal with fundamental issues in
domains such as Human-Computer Interaction and
Artiﬁcial Intelligence Philosophy which are, however,
outside the scope of this work. As such, they have not
been explored here.

GENERALISATION INTO AN ACC BIM SYSTEM
Despite the limitations discussed above, the approach presented in this paper allows for a coherent
process that can be generalised to introduce ACC for
many engineering problems of up to medium complexity (e.g. up to 25 dimensions), into a BIM system,
relying solely on the inbuilt capabilities of current systems, and without the development overheads introduced by programming with Application Programming Interfaces (APIs). A schematic representation of
this generalised process is given in Figure 7.

It is interesting to note that the “engineering problem” node does not have to be domain speciﬁc, e.g. a
structural engineering problem, a geotechnical engineering problem, a quantity surveying problem etc.
Unlike the current “standard” domain-based practice, the approach presented here is domain-agnostic
and applicable to any quantiﬁable problem. As such,
it allows for interesting multi-disciplinary solutions
which are not handled by current approaches: for
example, a generally structural engineering problem
could include cost; a services engineering problem
could include whole lifecycle data, etc.
Moreover, the MDDF practice can be nested;
namely, MDDF equations can be developed for individual domain problems, then those analysed further
for a new, combined MDDF equation. This process is
presented schematically in Figure 8.
They key element remains that the output of this
process is still a single equation which can be introduced as elements of a parametric family in current
BIM software. Theoretically, this allows the development of libraries of Smart BIM components handling
multi-domain problems, enabling simultaneous ACC
for diﬀerent domains.
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Furthermore, this can move beyond ACC to allow
input of individual user criteria (e.g. cost controls
or maximum serviceability criteria) beyond the local
building code prescriptions. In principle, the MDDF
front end could be expanded to a commercial web
platform, allowing immediate reprogramming of the
Smart BIM components based on the user input criteria.
In addition, MDDF equations could also be derived directly from experimental data. Given the increasing importance of post-occupancy evaluation
monitoring (Patlakas, Santacruz, and Altan 2014) and
whole lifecycle performance (Khasreen, Banﬁll, and
Menzies 2009), libraries of Smart BIM components
relying on monitoring data could be updated automatically on a periodic basis, reﬂecting the additional
knowledge gained from this data collection.

CONCLUSIONS
The present paper intended to demonstrate how
higher-level ACC can be achieved in a BIM environment, using currently available native usability, without the overheads of programming into an API. For
this purpose, the computation-heavy requirements
of the structural design code where processed using
MDDF to develop a single equation, which was then
integrated in a Smart BIM component in a popular
BIM-based software application. The resulting component provides the user with the component’s axial withdrawal capacity, thus facilitating ACC. Given
that this was a proof-of-concept, some limitations
were applied to usability and interaction in order to
streamline the process and focus on the core problem.
Current work is concentrating on applying the
approach on a separate structural design problem of
even greater applicability, the lateral loading of fasteners in timber-to-timber connections, as well as trying to develop benchmarks to evaluate the relative
performance of the MDDF processes from a computing perspective.
Future work will look into two areas: ﬁrstly, extending the concept to problems with signiﬁcantly
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greater number of dimensions, by breaking it down
into nested MDDF processes as mentioned above.
Secondly, considering similar techniques from machine learning to develop Smart BIM components
from datasets of monitoring data.
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