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Introduction:

Three-dimensional laser scanning and as-built CAD modeling of complex piping systems are
increasingly used in plant engineering. In as-built modeling, multiple partially scanned point clouds of
objects largely composed of cylindrical pipes are captured from different viewpoints by a terrestrial
laser scanner (TLS). The registration process aligns these point clouds into a consistent coordinate
system. The pipe parameters are then estimated by fitting cylinders to the registered point clouds.
Therefore, both the registration and cylinder model fitting must be sufficiently accurate for as-built
modeling of piping systems.

As shown Fig. 1., we propose a new algorithm for registration and model fitting of laser-scanned
point clouds. The algorithm is specialized for as-built modeling of the cylindrical pipes of plants. Unlike
the ICP-based method, our model simultaneously solves the fine registration and model fitting problem
by expressing them as a single nonlinear constraint equation. This fine registration works even when
the overlap between scans is completely absent, and achieves a more accurate registration and fitting
than the ICP-based method. The coarse registration is automated by assigning the cylindrical surfaces
in the scans as geometric features for the alignment. This paper describes the proposed algorithm and
compares its accuracy with that of a conventional ICP-based method in scan simulations.
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Fig. 1: Registration and model fitting of scanned points of piping systems.
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Related Work:
Point cloud registration is an indispensable processing for aligning multiple partial scans captured from
different scanner positions into a consistent coordinate. Maker-less methods are subdivided into the
ones for fine and coarse registrations. The most well-known fine registration algorithm is the Iterative
Closest Point (ICP) [2], where the sum of squared distance between closest points in two scans are
minimized to obtain the best transformation which aligns them. Unlike the ICP, fine registration
methods minimizing the sum of squares of the distance between the surfaces in the point clouds are
proposed [6], and any kind of 3D surface correspondence problem can be solved in these methods.
However, a problem of these minimization-based fine-registration methods is that enough overlaps
between two scans and good initial alignment between two scans are essential for achieving a
convergence to a precise alignment. If the overlap between scans is small or absent or the initial
alignment includes some amount of deviation, the registration result converges to an incorrect solution.
On the other hand, many maker-less coarse registration methods for TLS point clouds have also been
intensively studied to estimate consistent initial alignment between different scans for fine registration
[9]. These methods extract variety of available geometric features from the scans and estimate the initial
alignments with small deviations. A variety of the geometric features have been used for the registration
such as point, line and plane features. Examples of point features include SIFT feature points in TLS
reflectance images [11]. Line features [1] and plane features [7] are also proposed. However, these
methods only aim for the coarse alignment and cannot necessarily achieve the registration accuracy
required for the accurate model fitting of the piping systems. Moreover, although cylinders constitute a
vast majority of the surfaces in the scanned point clouds of piping systems, the cylindrical features have
not been efficiently used in these coarse registrations.

Cvlinder-based Coarse Scan Registration using RANSAC:

The coarse scan registration is performed by a RANSAC-based algorithm, and proceeds through the
following steps. 1) In the j-th scan s/,a set of radii and axes of cylindrical surfaces {(r/,a})} is extracted
from the point clouds using PCA-based normal estimation and MSAC-based [10] or efficient-RANSAC-
based [8] cylinder fitting. 2) A hash table is constructed whose key value corresponds to the
distance dist(al, a’,) between every pair of non-parallel cylinder axes (a?,a9,) in the target scan s°. 3) A
pair of non-parallel cylinder axes (a{l,, a{,l,) is randomly picked up from a source scan s/, and the pair of
axes (al, a%) with closest distance to dist(a{l,, a{,l,) is retrieved in the hash table. 4) A transformation
aligns the non-parallel cylinder axes (a{l,, a{n,) in s/ with (a%,a?%) in s°, and the degree of coincidence
between the other corresponding axes in s/ and s° is evaluated. 5) Steps 3) and 4) are iterated until the
transformation giving the best coincidence is applied to the source scan s/. 6) The union of scans s° U s/
becomes the new target scan, and steps 3) to 5) are repeated for the other source scan s/’.

Cylinder-based Fine Scan Registration Based on Simultaneous Alignment and Model Fitting:
Basic concept of fine scan registration

The proposed fine scan registration minimizes the sum of the fitting error at each point scanned from
the corresponding exact cylindrical surface. As shown in Fig. 2., The minimization simultaneously
adjusts the registration parameters (positions and orientations) of the scanners and the model
parameters (positions, orientations and radii) of the cylinders. The minimization is formulated as
follows:

2
) . 1
min_ - Yjep(t,} Lkec Biepy [Djk( i; xfeg. x )] (1)

(e

where, B is a set of scanners, t, is a scanner at a reference (fixed) location, and C is a set of uniquely

identified cylinders in all scans {s/}. P, denotes a set of scanned points placed on cylinder k,and xiy ‘are

the model parameters of cylinder k. xf“’g denotes the registration parameters of scanner j. Dy, (i; xfeg ,

xiy 'y denotes the fitting error function of a scanned point i from cylinder k located at xiy ! when point i
is captured by scanner j located at xfeg. This simultaneous adjustment of xf“’g and x%”' prevents the
alignment error of the fine registration from propagating through the following model fitting, and helps
preserve the modeling accuracy of the piping system. This research alternates two fitting error functions
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Fig. 2: Fine scan registration. Fig. 3: (a) Orthogonal error function
and (b) beam direction error function.

Dj.; the orthogonal direction error Dj; and the beam direction error Dj’;(. The modeling accuracy depends
on the function type, as discussed in a later section.

Precise Cylinder Alignment by minimizing Errors along an Orthogonal Direction

The orthogonal error function Djj evaluates the squared orthogonal distance of a point from its
corresponding cylindrical surface. To simplify the evaluation, we first classify the direction of a cylinder
axis obtained from the course registration into one of the three dominant orthogonal axial directions
(Xo, YporZy) in a world coordinate system %,, as proposed in [3]. For example,_as shown in Fig. 3(a).,
when a cylinder axis is nearly parallel to the Z, axis, the error function D}, is defined by Egs. (2) and (3):

(10 x") = piE +plf i (2)
p; = R(®IRQ) {p; — ai} (3)

where p; = [ pir, pl-y,pl-z]t and p} = [p{x,p{y,p{Z]t are the positions of a point i wr.t. £, and a local
coordinate system x fixed on cylinder k, with radius 7 (€ x5*), respectively. g = [ qx iy 0] (€ x2") is
the intersection point between the cylinder axis and the X,Y, plane w.r.t. £,, R( )is a 3 x 3 rotation
matrix, and Q (€ xiy  and @, (e xzyl) are the rotational angles about the X, and Y, axis, respectively.
These angles specify the axial orientation of cylinder k. Cylinder axes nearly parallel to the X, or Y, axis
are formulated similarly.

Precise Cylinder Alignment by minimizing Errors along the Beam Direction
The accidental error of the scan follows a normal distribution along the beam incident direction at a
scanned point. Therefore, as shown in Fig. 3(b), the beam direction error function Dﬁ{ evaluates the

distance of point i from its corresponding cylindrical surface k along the laser beam direction emitted
by the scanner, as described by Egs. (4), (5), and (6).

Dh (15 20, x") = (A= V22— wp) /e — d; @)

k=1— (@ vip)'s A= pu(vijic M), 1= P =T (5)

ajc = R(g)R(P)R(w))a, M = wju/pjcr pjic = il 2juc = R(x;)R(;)R(w; )i (©)

Here, a; and a;; are the unit axis vectors of cylinder k w.r.t. ¥, and the local coordinate system E]-S fixed
at scanner j, respectively. The angles w;, ¢;,x;(€ xfeg ) specify the orientations of the X;, ¥; and Z; axes of
%7 WL Zo. i = [cos Bijk cos By, cos Byji sin By, sin ﬁijk]t is the unit vector of the beam emitted by
scanner j incident at point i on cylinder k, where 6;;, and f;j, denote the azimuthal and elevation angles,

respectively, of the beam from scanner j w.r.t. £7. uy, = [ u,-ky,u,-kz]t is a point position on the axis of
the cylinder k closest to the origin of £} w.r.t. Z,.

Proceedings of CAD’17, Okayama, Japan, August 10-12, 2017, 389-394
© 2017 CAD Solutions, LLC, http://www.cad-conference.net



http://www.cadconferences.com/

392

Optimization Process
Adopting the error function Dj, of Egs. (2) and (3) or the D]-’}( of Egs. (4), (5) and (6) as Dy, the minimization

problem Eq. (1) is solved for the registration parameters {xf"g } and model parameters {xiy l}. Each error

function Dy, represents a fitting error of a cylinder, which ideally converges to zero. Plausible initial

guesses of the parameters xfeg and x,fy ! are known from the coarse registration. Therefore, to find the

solutions {xfeg } and {x"'} of Eq. (1), we simply solve a large set of simultaneous nonlinear equations of

the form Dy, (i; %, x;”*) = 0 by Newton’s method.

The parameters are fine-tuned by one of two methods. The first method filters out the set of scanned
points from P, in Eq. (1) whose beam incident angle exceeds the threshold a,,. This method eliminates
the large rise in accidental error at incident angles above 60°. The second method assumes that the
radius 7, is chosen from standardized discrete pipe radii. Once the optimum solutions are found, an

additional convergence step is implemented on variables {xiy l} — {r.}.

To precisely evaluate the accuracy of model filtering filtering

el B B . : Orthogonal direction Condition | Condition Il

flttll’lg and reglstratlon, _a scan simulation error (Solution converged) (Solution converged)

software was developed. This software generates Beam direction (Solution s not converged) Condition 11l
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p
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e(d, ) ~8(u (g @), 02(d, ) gw here  X(u,0?) Tab. 1: Fine registration conditions and

AN convergence status of the solution.
denotes a normal distribution and the average u &

and standard deviation ¢ uniquely depend on the scan distance d and the beam incident angle a.

Using the scan simulation software, the scanned point clouds with 19 million error points captured
from three scanner positions are generated by the CAD model of a piping system (10 m x 15 m x 9 m)
(see Fig. 4(a).). The point clouds are processed first by the proposed coarse registration (Fig. 4(b).), then
by the fine registration, which includes manually-selected six cylinders. To compare the accuracies, the
fine registration was executed under four conditions (see Tab 1.). Conditions I, I, and III in the proposed
fine registration differ by their error function types and incident angle filtering. Under conditions IV
and V, the fine registration is executed by built-in ICP-based registration functions in the free software
Cloud-Compare [4] and by the commercial software Geomagic-Wrap [5], respectively. The cylinders were
then individually fitted to the aligned point clouds by the Levenberg—Marquardt method. Panels (c) and
(d) of Fig. 4. show the fine registration results under conditions II and IV, respectively.

Fig. 5. shows the distributions of the distance error E, angle error E, and cylinder radius error E.
between two cylinders axes. Because we can refer to the original CAD model, the errors are evaluated by
comparison with the exact values. As confirmed in Fig. 5., the accuracy of the proposed fine registration
method was higher under condition II (orthogonal error with incident angle filtering) than under the
other conditions. Conversely, when adopting the beam direction error with incident angle filtering, the
minimization of Eq. (1) sometimes failed, causing problems in the registration.
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(a) Scanned point clouds (b) Point clouds (c) Point clouds (d) Point clouds
before registration after the coarse registration after the fine registration after the fine registration
under condition I under condition IV

Fig. 4: Results of coarse and fine registration under conditions II and IV.
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Fig. 5: Error distributions after fine registration under conditions I to V.
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Fig. 7: Results of coarse and fine registration for an HVAC plant under conditions I.

Next, the proposed fine registration under conditions I, I, IV, and V were applied to a critical case of no
overlap between two scanned point clouds of the pipes. As shown in Fig. 6., both of the proposed fine
registrations (conditions I and II) succeeded with acceptable errors (Fig. 6(a).), whereas those of the free
and commercial software failed (Fig. 6(b).).

Finally, the proposed modeling and registration method under condition I was applied to actual
scanned point clouds captured from the piping system (20m x 15m x 8m) of an urban HVAC plant by
a terrestrial laser scanner (Leica, HDS7000). As shown Fig. 7(a)., these clouds contained 1.4 million points
after background point clouds except for pipes were manually removed in advance. Fig. 7(b). shows the
aligned point clouds after the fine registration under conditon I. Tab. 2 shows how the deviation among
three scans and the distribution of the radius errors at four sampled pipes decreased after the proposed
fine registration. The result showed that the average errors decreased to sub-millimeter level in all
sampled pipes, and their standard deviations also reduced despite a good number of outlier points near
the surface shown in Fig. 7(b). This result confirmed that the proposed modeling and registration
method could work well for actual laser-scanned point clouds. The fine registration time took 1 min.
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Conclusions:

We proposed an algorithm for registration and model fitting of laser-scanned point clouds. The
algorithm is specialized for as-built modeling of the cylindrical pipes of plants. An automated coarse
registration method was realized through RANSAC. Unlike the conventional ICP-based method, the
proposed fine registration and cylinder model fitting are simultaneously performed by solving a
nonlinear equation. In simulation studies, the proposed algorithm outperformed the conventional ICP-
based registration in both accuracy and robustness to zero scan overlap. The effectiveness for the real
scanned data was also proved.
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