






















Table 3
Accuracy assessment results for the seminar room (unit: meters).

Target ID Error vector X Error vector Y Error vector Z Error

1 �0.053 0.039 0.009 0.066
2 �0.027 0.005 0.012 0.03
3 0.010 �0.008 0.01 0.016
4 �0.041 �0.012 �0.01 0.043
5 �0.017 �0.001 0.015 0.022
6 0.050 0.018 0.021 0.058
7 0.047 0.000 �0.086 0.098
8 �0.014 0.023 0.016 0.031
9 0.025 0.014 �0.008 0.03
10 0.005 �0.041 �0.008 0.042
11 �0.023 0.040 0.006 0.046
12 �0.014 0.021 0.011 0.027
13 �0.025 �0.014 0.011 0.031
14 0.076 �0.084 0 0.113

Average error 0.047
RMSE 0.036 0.031 0.026 0.054

Table 4
Accuracy assessment results for the office (unit: meters).

Target ID Error vector X Error vector Y Error vector Z Error

1 �0.023 0.002 0 0.023
2 �0.038 0.021 �0.028 0.052
3 �0.027 0.004 �0.006 0.028
4 �0.024 0.010 �0.052 0.058
5 �0.016 0.004 0.005 0.017
6 �0.023 0.007 0.005 0.025
7 0.004 �0.017 0.007 0.019
8 0.039 �0.020 0.01 0.045
9 0.038 0.058 �0.023 0.073
10 0.019 �0.043 0.016 0.05
11 0.037 �0.110 0.035 0.121
12 0.022 0.023 0.009 0.033
13 �0.014 0.040 0.009 0.043
14 0.006 0.022 0.012 0.025

Average error 0.044
RMSE 0.026 0.039 0.021 0.051
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where ai: error vector from origin to ith check point in a model
space, bi: error vector from origin to ith reference point in a mea
surement space, R: rotation matrix and t: translation vector.

In Eq. (5), the 3D conformal transformation with a unit scale
factor is used to bring the model coordinates in line with the refer
ence points. The points corresponding to the reference points in
the 3D as built models (Fig. 12) are shown with their error vectors
in Tables 3 and 4. The average error indicates that the overall accu
racies for the seminar room and office were 0.047 m and 0.044 m,
respectively. The quality of the 3D as built models can also be eval
uated by the Root Mean Square Error (RMSE) and Spherical Accu
racy Standard (SAS). The RMSE is computed by

RMSEx

Xn

i 1
ðxa;i xb;iÞ2

q
ð6Þ

where xa;i and xb;i are the x coordinates of the destinations of vec
tors ai and bi, respectively. The RMSE in each direction (x, y, and
z) of each room is listed in Tables 3 and 4, ranging between
0.021 m and 0.039 m. The SAS is defined as the spherical radius
for a 90% probability sphere (Greenwalt and Schultz, 1968) and is
computed by

SAS 2:5� 0:3333� ðRMSEx þ RMSEy þ RMSEzÞ ð7Þ

For the two rooms, the SAS values were 0.078 m and 0.071 m,
respectively. It can be said that the proposed approach generated
3D as built models within a positional accuracy of 0.078 m at the
90% confidence level. The results of the accuracy assessment indi
cate that errors in indoor models would be expected to be associ
ated with tracing grid sizes, in that identical parameters were set
up for the preprocessing and vertical modeling. As shown in
Table 2, the tracing grid sizes in the seminar room and office were
set up as 2.5 cm and 2 cm, respectively. As the floor boundaries are
the basis for creating a 3D wire frame model with estimated
heights, the accuracy for the seminar room was better than that
for the office. The relationship between parameter settings and
mapping accuracy in the next stage of the algorithm is definitely
worth studying further.
5. Summary and conclusions

A 3D as built BIM model facilitates the utilization and sharing of
building information in the construction process. Thus, fast and
accurate reconstruction of a 3D as built model is essential to collab
orative construction management. For these purposes, the 3D laser
scanners are widely used, owing specifically to its capability to
quickly collect massive point clouds depicting the ‘‘as built’’ condi
tions of building interiors. However, manual indoor reconstruction
still suffers from low productivity and inaccurate mapping results.
Therefore, to improve the 3D indoor mapping process, a semi auto
mated method entailing four major processes preprocessing, ver
tical modeling, 2D floor boundary modeling, and 3D as built
modeling is proposed in this paper. The major innovations of this
study are as follows: first, the 3D wireframe models defined an out
line of the building interior, with removal of the point clouds on
principal building components, such as the ceiling, floor, and walls.
Consequently, the huge size of point clouds for as built BIM was
drastically reduced. Second, a pseudo point structure for storing
the coordinates of nearby original point data was proposed to facil
itate height modeling and point cloud filtering. Additionally, the 3D
wireframe enabled modelers to efficiently identify clutter inside of
the principal building components and improve productivity of the
3D model production. Third, the refinement process, including seg
mentation and regularization, allows for provision of an accurate
floor boundary. Moreover, clutter data remaining in point clouds
was used to model detailed building objects, such as windows
and doors. The proposed method was evaluated on the basis of
point clouds acquired from two typical rooms in a building, in
which the modeling results from each processing step confirmed
the effectiveness of the proposed approach. Furthermore, the map
ping accuracy assessment indicated that the constructed 3D as
built models were approximately 2 4 cm in RSME on each axis,
which satisfied the error tolerance of ‘‘level 1’’ (5 cm), according
to the guidelines of the General Services Administration for BIM
accuracy (General Services Administration, 2009).

The proposed approach will enable the more efficient and accu
rate as built BIM creation that is required for various applications.
During the construction phase, it provides powerful media for pro
gress monitoring, which can be used for quick and remote analysis
of construction performance. Additionally, integration of as
planned and as built models enables the identification and isola
tion of elements deviating from the accepted tolerances. Finally,
the as built conditions provide the owner with a digital 3D model
of a building and its various systems that can greatly facilitate
operation and maintenance procedures (Azhar, 2011; Golparvar
Fard, Peña Mora, & Savarese, 2011). Additionally, it is expected
that there are further potential applications of the proposed
approach, for example, improved renovation planning, building
component location, maintainability determination, provision of
real time data access, facilitation of space management, and his
torical building preservation and renovation (Klein, Li, & Becerik
Gerber, 2012; Tang et al., 2010; Woo, Wilsmann, & Kang, 2010b).

Although the proposed approach was proven to be an efficient
means of indoor as built BIM creation, automated modeling of geo
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metric details (doors and windows), which is expected to reduce
data size and, thereby, enhance productivity, would definitely be
worth investigating. Additionally, for improved accuracy, evalua
tion of the proposed approach in different types of environments
should also be considered. Still, the proposed geometric modeling
is limited to indoor surface structures (boundary representation),
whereas most BIMs are based on semantically rich solid modeling
(Xiong et al., 2013). Further research should be undertaken in order
to facilitate the SCAN to BIM process by converting the given wire
frame model into a solid model incorporated with semantic infor
mation. Additionally, for the proposed method’s heuristic
determination of modeling parameters, the regularization method
is limited to right angled boundaries. To enable refinement of 2D
floor boundaries consisting of line components meeting at various
angles, a new regularization method is required. Moreover, for
enhanced productivity and accuracy with 3D as built modeling,
the modeling of geometric details and semantic information in
and between building objects should be considered.
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