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Asmodernmethods of construction progressively incorporatemore facets ofmanufacturing, design optimization
tools used inmanufacturing can be adopted into construction to solve complex challenges. The specification and
control of dimensions and geometry of construction assemblies is one such challenge that can be solved using
tools frommanufacturing. Even with building information models (BIM) to assist with clash detection for iden-
tifying potential dimensional problems, or the use of tolerances to control critical features in an assembly, dimen-
sional variability is still a complex challenge to address in construction. This paper explores the use of a
dimensional variation analysis (DVA), which is a design optimization tool from the manufacturing industry.
This paper presents a DVA approachwhich is based on kinematics theory in robotics to define the assembly equa-
tion (how components are dimensionally related to each other). A case study is used to validate the proposed
framework through two distinct approaches: (1) an as-designed (model-based) DVA and (2) an as-built
(laser-based) DVA. Comparison of these two methods resulted in a percent difference less than 1% which dem-
onstrates the reliability of using the model-based method for designing critical construction components.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The inherent variability associated with the geometry of as-built
construction assemblies can create serious problems if not properly
managed. This type of variability often has a direct impact on how
well components can be constructed and assembled together. Con-
structability is one method that can be used to ensure problems associ-
ated with the construction and assembly of components is minimized.
Constructability is the use of strategic knowledge during planning, de-
sign and execution to achieve project objectives, and requires an invest-
ment in front-end planning in order to anticipate and solve potential
problems [1,2]. Some of themost prevalent problems that constructabil-
ity analysis addresses are rework, design errors, change orders, low
product quality, project delays, tolerance problems, physical interface
problems, and not meeting client expectations [3]. What all of these
problems have in common is that they can stem from the dimensional
or geometric properties of components or construction assemblies.
The ability to model the geometry of components in a virtual three-di-
mensional space has enabled the use of building information models
(BIM) and computer-aided design (CAD) tools for facilitation in con-
structability reviews [4,5]. Use of these virtual design tools in construc-
tion places an emphasis on ensuring coordination between trades
and detection of physical component clashes. The focus on both

constructability and use of BIM in the construction industry demon-
strates that the proper management of component and system geome-
try is vital for overall project success.

The importance of properly managing component and assembly ge-
ometry is generally well understood in the construction industry. Al-
though designs specify the nominal (or intended) dimensions and
locations of components in an assembly, dimensional variability is un-
avoidable; that is to say, the dimensions and configuration of compo-
nents always vary somewhat from nominal specifications [6]. For this
reason, the construction industry has traditionally adopted the use of
standardized tolerances to ensure that acceptable limits are placed on
dimensional variability [7,8]. Yet despite the use of tolerances, dimen-
sional problems in construction still exist since tolerances can accumu-
late throughout assemblies resulting in component fit problems, delays,
rework and increased costs [9]. The trend toward increasing industrial-
ization in construction has further introduced a newdemand for stricter
dimensional variability management and a systematic approach to
managing the interaction of offsite and onsite tolerances [10].

As the construction industry continues to utilize manufacturing ap-
proaches for project delivery (i.e., offsite construction, pre-assembly,
prefabrication andmodular construction), methodologies for managing
dimensional variability from manufacturing can be used analogously
[11]. In the aerospace and automotive manufacturing industries, sys-
tematic management of dimensions and tolerances is used extensively
in practice [12]. Dimensional variation analysis (DVA) models produc-
tion processes in order to predict expected component variations in
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terms of their size, shape and location in an assembly. As such, DVA can
be used to predict how minor dimensional variations in components
can propagate through an assembly and impact overall functionality of
a product [13]. DVA has not been used widely in construction applica-
tions, but has the potential to yield a successful dimensional variability
management framework as the construction industry continues to
adopt manufacturing methods of production.

Previous research to implement manufacturing design and produc-
tion practices in construction has focused on analytical methods of
predicting tolerance accumulation in order to specify better tolerances
[13,14]. One of the most popular analytical methods is called tolerance
mapping which employs a combination of graph theory and
manufacturing tolerance notation in order to define the relationship of
components and component-features in an assembly [15] (note: a com-
ponent-feature is a geometrical element of a component, such as a line,
plane, ormathematically defined curve or surface).While the use of tol-
erancemapping can assist with better specification of tolerances [16], it
is tedious to employ and requires an extensive understanding of Geo-
metric Dimensioning and Tolerancing (GD&T) [17,18]. As such, there is
still an opportunity for applying manufacturing production practices
to construction in a way which can be generalized and which focuses
on controlling only critical sources of variation. This paper presents a
framework for dimensional variation analysis which utilizes kinematics
theory in order to model the geometric relationship of components in
construction assemblies. First, related background is investigated. An al-
ternative form of dimensional variation analysis is then developed and
its challenges and complexities are briefly discussed. The proposed
framework (kinematics chain-based dimensional variation analysis) is
then presented. A case study is provided for validating and verifying
the performance of the dimensional variation analysis method.

2. Background

This section presents background related to: (1) current approaches
for dimensional control in construction, (2) current use of dimensional
variation analysis in industry and (3) current use of kinematics chains
for geometric modeling purposes.

For clarity, this paper refers to variation as the continuous spectrum
of variability of a dimension from its nominal (or intended) value, while
deviation is used to represent a discrete variation value.

2.1. Existing methods for dimensional variation control in construction

Existing methods for analyzing, detecting and controlling dimen-
sional variation in construction can be done throughout the project
life cycle (i.e., during design, fabrication, or assembly on site). Although
variation control during fabrication and assembly on site can utilize pro-
active 3D analysis techniques such as spatial change analysis [19] or au-
tomated compliance checking [20], the majority of variation control
techniques during construction are still performed in a reactive manner
(i.e., problems related to dimensional variability are only solved once
they have occurred).

Proactive methods for dimensional variation control are typically
only considered during the design stage through the use of BIM. Clash
detection is an example of a proactive approach for detecting and re-
solving dimensional variation conflicts, as discussed earlier. Proactively
resolving dimensional conflicts is superior to reactivemethods,which is
a large reason why approximately 90% of commercial contractors are
currently using BIM-based clash detection on projects which utilize a
building information model [21]. In a study by Leite et al. [22], it was
shown that field-detected clashes are more costly than the extra time
spent upfront in modeling a more detailed BIM. For this reason, spend-
ing more time during the design to detect and avoid clashes can offset
the cost associated with field rework due to dimensional variations.
Within clash detection, there are three types of clashes (or dimensional
conflicts): (1) hard clashes, where two components occupy the same

space, (2) soft clashes,where there is limited or insufficient space for ac-
cess, and (3) logical clashes, which include constructability problems
[23]. While the automatic detection of dimensional conflicts in a con-
struction assembly is extremely powerful and can save upwards of mil-
lions of dollars on a given project [24], BIM-based clash detection does
not instruct construction crews on how to resolve dimensional conflicts.
Accordingly, contractors often avoid dimensional conflicts by leaving
adequate clearance envelopes around components in the BIM using
standardized tolerances. This approach requires that contractors use
their experience or a priori knowledge to adequately specify acceptable
tolerances. As such, this approach can be problematic for the assembly
of construction components, which often require direct contact be-
tween components, with little to no gaps.

2.2. Current state of dimensional variation analysis (DVA)

In aerospace and automotivemanufacturing industries, dimensional
variation analysis (DVA) is used extensively to ensure that the effect of
dimensional variability on parts and assemblies is properly controlled. A
DVA requires both internal constraints to control the shape and form of
a component and external constraints to control the location and orien-
tation of a component [13]. Common mathematical models used in di-
mensional variation analyses include worst case, statistical or sampled
mathematical models (Table 1) and can be modeled in 1D, 2D or 3D
[25,26]

There can be numerous challenges for using these mathematical
models properly in a DVA. Using a worst case or root mean square
model does not account for the practical assembly procedures. Using
six sigma is challenging, since process capability data is not always
available or accurate, whileMonte Carlo simulation can be very compu-
tationally intensive [28]. One form of DVA which has proven to over-
come many of the challenges associated with the traditional
mathematical models is a vector loop-based model which is also com-
monly used in commercialized platforms. A key part of creating a vector
loop-based DVA is the use of kinematic constraints (or chains) between
components to account for the assembly sequence [12]. A kinematics
chain based DVA is a robust solution since it can be used on simple or
complex assemblies, and it reduces the number of errors associated
with mathematical parameters [13]. For these reasons, a kinematics
chain based DVA is an efficacious method to utilize in construction
applications.

The use of a dimensional variation analysis in construction applica-
tions has been limited to the industrial sector and power plants. One
project which has utilized an extensive DVA is the ITER Tokamak ma-
chine in Cadarache France. In this project, a DVA was used to ensure
that the manufacturing functional tolerances and assembly processes
were adequate in terms of accommodating dimensional variations in
critical areas [29]. A Monte Carlo simulation-based model was created
in order to ensure that large prefabricated slices of the large vacuum
vessel could be aligned and assembled correctly [30]. While this exam-
ple of DVA was implemented in a construction application, the dimen-
sional precision and level of detail required in the analysis closely
resembles a mechanical assembly rather than a typical construction as-
sembly. As such, this DVA cannot be easily implemented in more main-
stream construction applications such as commercial or residential
building projects. There is therefore a need to develop a DVA which
can be easily used in construction applications, which is also generalized
and does not require extensive understanding of manufacturing toler-
ance theory.

2.3. Kinematics chain for geometry modeling

Using kinematics theory has opened up awide and efficient range of
solutions in engineering problems. For example, robotics concepts have
been used for state modeling and sensing of construction equipment
such as pipe manipulators and excavators [31]. A specific pose of the
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