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Abstract Optimizing sampling size and point distribution
is a difficult issue for sculptured surface measurement.
Highly curved areas should be sampled densely and vice
versa. To achieve this goal, an adaptive sampling using
point laser sensor has been further researched based on
isoplanar method for model-unknown surface coordinate
metrology. Sampling control points must be previously pre-
dicted using the measured data. Therefore, a reference needs
to be initially established, and then dynamically updated
during sampling process. Isoplanar line method has been
employed to plan sampling movement. Curvature-based
adaptive step adjustment method and hybrid extrapolation
mode have been developed and further employed to calcu-
late the two control increments in both feeding direction and
side direction. A group of planar curves, which are utilized
as an initial reference for scanning, are primarily sampled in
slow tracking stage. As a result, a guide path can be esti-
mated to direct fast scanning for the next path. The surface
measurement algorithm was designed and programmed on
an open CNC platform. Finally, with the help of linear
interpolation technique and macro variables, a practical
application has been implemented to verify the proposed
fast sampling approach.
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Abbreviations
CMM Coordinate measuring machine

CAD Computer-aided design
CNC Computer numerical control
NURBS Non-uniform rational basis spline

3D Three-dimensional

CEM Curvature extrapolation mode

TEM Tangent extrapolation mode

HEM Hybrid extrapolation mode

MCS Machine coordinate system

SCS Sensor coordinate system

PCS Part coordinate system

BU1 Buffer stack 1

BU2 Buffer stack 2

FSSB FUNAC serial servo bus

AD Analog-to-digital converter

NC Numerical control

PC Personal computer

VC++ Visual C++

FOCAS1/2  FANUC Open CNC API Specifications
version 1 or 2

PMC Programmable machine controller

1 Introduction

Sculptured surface coordinate methodology that is usually
conducted by experienced operators has experimentally
proved to be a complex task [1]. The most two important
issues are sampling size and the distribution of those
points. It is intuitive that the larger the number of points
is, the more accurate the reconstruction results are [2].
However, increasing sampling size is associated with
longer sampling time, heavier data processing and higher
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overall product manufacture cost. A common practice is
to distribute sampling points in a uniform pattern. How-
ever, a trouble may arise, as unnecessary points are
probably measured in flat regions, while some key points
in complex regions could be conversely ignored. Taking
the surface complexity into consideration, a general prin-
ciple is that highly curved areas should be measured
densely and vice versa. Therefore, optimizing sampling
size and point distribution over surface is desirable.

At present, the coordinate pick-up methods can be classi-
fied into two categories [3]. One is point-based approach, and
the other is scanning approach. In the former process, the
sensor needs to stop at a desired control point. Then, it moves
rapidly to the next programmed point. By repeating this
process, the coordinate information can be obtained point by
point. However, since sampling movement is discontinuous,
this method is very time consuming. As an alternative
approach, scanning technology can continuously acquire
coordinate data using contact or non-contact probes. In
general, it requires a pre-determined directing path. Isoplanar
line method with equal space is always adopted for sculptured
surface sampling due to its simplicity of operation. Neverthe-
less, there is a drawback of being insensitive to different
complexity levels [4]. Further, side intervals between adjacent
digital planes should be estimated according to local curvature
of measured surface.

A great number of literatures on sculptured surface mea-
surement have been reported. Most of these efforts deal with
two major subjects: computer-aided design (CAD)-based
approach for model-known surface and CAD-independent
approach for model-unknown surface. Global and local
complexities are employed to plan sampling point distribu-
tion in CAD-directed sampling approach. 1. Ainsworth
employed the CAD model at registration, path planning,
and probe radius compensation stages to maximize the
measurement accuracy [5]. M. Cho presented an effective
planning strategy in on-machine measurement process. At
the first step, two point selection methods were discussed
considering cutting error or cutter contact points respectively.
Then the probe moving distance was minimized by applying
the traveling salesman problem algorithm [6]. An iterative
sampling process for coordinate measuring machine (CMM)
inspection was proposed by R. Edgeworth [7]. Their proce-
dure added new points on the entire profile until all curves
that interpolate any two subsequent points were within an
acceptable tolerance. D. ElKott studied a hybrid approach to
distribute sample points on NURBS parametric surfaces [8].
The surface curvature change and the patch sizes were used to
guide sampling process. To find an optimal plan, K.H. Lee
researched automatic algorithms for laser scanner-based in-
spection operations [9]. H.J. Pahk inspected molds with
sculptured surface based on three sampling-point strategies,
uniform distribution, curvature-dependent distribution, or
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hybrid distribution [10]. However, defining the sampling size
and step length was still an empirical process. K.C. Fan
introduced an intelligent inspection path planning of CMM
probes for feature-based objects: planar, cylindrical and con-
ical [11]. In contrast, in CAD-independent surface coordinate
metrology, the next sampling control point must be previously
predicted using the measured points along the measuring
direction. At the same time, motion commands will be auto-
matically generated to realize the sampling task. J.C. Lu
adopted two control algorithms for tracking mode-unknown
surface: constant angular increments algorithm and tangent
estimation method [12]. C.K. Song presented an automatic
digitization algorithm on a CMM [13]. If the vertex points on
polyhedron were precisely measured, the surface model could
be easily approximated by triangle plane patches. V. Carbone
proposed a novel approach integrating a 3D vision sensor and
a CMM to perform reverse engineering of freeform surfaces
[14]. Recently, K.Q. Lu presented an adaptive sampling
method based on front path detecting [15]. The method
was characterized by integration of one-touch probe (capturing
coordinate) and two-point laser probes (exploring sampling
path). Z.Y. Jia designed a novel data sampling method for
freeform surface tracking which combined isochronous indis-
tinctive sampling with off-line equal-error accurate arithmetic
[16]. From the researches mentioned above, it is indicated that
traditional CAD-based approach has some limitations for
model-unknown surface measurement. Consequently, sam-
pling size and point distribution should be reasonably deter-
mined according to local geometry of measured surface,
whether the reference model has been known or not.

For model-unknown sculptured surface measurement,
there are still certain key issues deserving attention. One is
sampling control step adjustment. If the local curve segment
is approximated by an osculating circle with global mini-
mum curvature radius, more geometric information can be
accurately picked up. Nevertheless, a dilemma is that a so
small step is employed in gentle surface regions. Similarly,
if the sampling step is too large, some key geometric charac-
teristics would be lost. Therefore, the sampling step should be
adjusted adaptively according to local curvature. Another is
the extrapolating method to predict the next sampling control
point. Researches show that there are two extrapolating tech-
niques: curvature extrapolation [17] and tangent extrapolation
[18]. The former is very suitable for surfaces with large
curvature but with no or little curvature changes, such as
circular surface. But if there is a large curvature change, e.g.,
curvature step, the worst case would come forth. Conversely,
if the curvature is very small, such as a plane, the predicting
step is so small as to reduce measurement efficiency. For this
case, the tangent extrapolation could perform better. Tangent
extrapolation method is particularly suitable for flat surface,
but when the curvature is large, prediction accuracy of control
points will be relatively poor. However, each has its own pros
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and cons. In fact, the curvature characteristic of an actual
sculptured surface is complex. Hence, a fixed extrapolation
method would not be an excellent choice.

Contact or non-contact probes installed in CMM or com-
puter numerical control (CNC) machine are widely
employed in various industries [19]. High-precision mea-
surement can be achieved using contact probe. However,
low measuring speed, tip wearing, and radius compensation
are its main drawbacks. In contrast, non-contact digitizing
approach using laser range sensor can meet high efficient
measurement requirements.

According to the above discussion, there is a need for an
effective method that can adaptively plan sampling size and
point distribution for model-known surfaces. Isoplanar line
method with unequal space has been employed for sampling
points distribution planning. Two sampling increments in
both feeding direction and side direction are mainly calcu-
lated. A shape function in terms of curvature is constructed
to adjust control step from one to ¢ times that user-defined
basic arc length. A hybrid extrapolation mode is developed
to improve prediction accuracy. As a result, a bridge between
constant curvature extrapolation and tangent extrapolation is
established according to surface curvature and curvature
change rate. Side intervals can be estimated using a conser-
vative criterion. Therefore, a quasi CAD-based sampling
process can be realized utilizing the predicted reference
points.

To optimize the measuring points on model-unknown
sculptured surfaces, an adaptive sampling strategy using
non-contact probe has been researched based on isoplanar
method in this paper. An isoplanar-based coordinate infor-
mation extraction principle is described in Section 2.
Curvature-based step adaptive adjustment and sampling
control point prediction using a hybrid extrapolation mode

Fig. 1 Isoplanar-based
sampling process a
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are mathematically presented respectively in Section 3.
Based on the techniques mentioned above, the adaptive
sampling algorithm has designed in detail, Section 4. Finally,
a practical application was implemented to verify the adap-
tive sampling approach in Section 5.

2 Isoplanar-based surface sampling principle

Isoplanar-based sampling strategy is a simple and robust
sampling approach to extract profile information. Hence, co-
ordinate picking up process will be implemented in Cartesian
space. The measured surface is divided into different curves
by a set of infinite parallel planes. The parallel planes are
called digital planes, and the corresponding plane curves are
called digital curves. For each point digitized on a planar
curve, the digital planes and curves are fixed relatively to the
surface during the digitizing process. The probe is driven from
one control point to the following control point using linear
interpolation. At the same time, more coordinate information
will be extracted by sampling system at a high frequency. The
isoplanar-based sampling process is shown in Fig. 1.

Three orthogonal Cartesian systems should be firstly
defined. They are machine coordinate system (MCS),
sensor coordinate system (SCS) and part coordinate
system (PCS). The MCS {Cyv: Xum, Ym, Zm) is defined
on machine base. The SCS {Cs: X5, Ys, Zs} is defined
on reference origin of sensor with Zg aligning with
incident light axis. And the PCS {Cp: Xp, Yp, Zp} is
defined on measured surface. During coordinate metrol-
ogy, the coordinate points need to be converted from
SCS to MSC. In isoplanar-based sampling approach,
sensor movement is limited in the digital planes {H ,}.
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The sampling point in SCS is expressed as ps. The coordinate
point can be expressed in MCS using Eq. (1).

Py = Ti[‘[’s
Ps = (anadS)T (1)
Ty = [Riy; Py

where p,, denotes coordinate point in MCS. dg is the
displacement range between sensor origin and actual
planar curve. TR}, P} denote comprehensive transfor-
mation matrix, rotational transformation matrix and
translation transformation matrix from SCS to MCS
respectively.

In order to illustrate coordinate pick-up process clearly, the
digital planes are assumed to be parallel to Xy—Z\ plane, the
feeding direction is along Xy-axis and the side direction is
along Yy-direction. The incident light parallels to Zys-axis.
The coordinate point pick-up process is shown in Fig. 1b. In
adaptive sampling process, N measured points are used to
compute the next control point using an extrapolation method,
i.e., a moving reference window W;. The W; width is user-
defined. The reference should be updated at a specified time
point. Then, the sensor is driven from the ith control point PZ.S
to the (i+1)th control point Pl.S "1 along linear control path (the
dotted line). At the same time, more coordinate points will be
automatically picked up at a high frequency. The solid dots
and the hollow dots on the measured curve (the solid line)
represent the measured points and the points to be collected in
the ith sampling step respectively. The dashed dots denote the
projection points corresponding to control points. The half-
hollow dots mean that it is not sure whether they have been
sampled or not. However, it does not matter for the following
sampling work.

The iy, reference W/ is updated by new measured points,
from pf; to pfy. And continuous control points can be

determined,
P} =P} 4 Ax; x o1 (2)

where Ax; is the ith sampling control step. 7; = Pl.SPf 'l
stands for prediction direction.

Generally, the sensor is driven along a planar curve by a
constant sampling speed F. The sampled points denoted by
solid dots are picked up by sampling system at the frequen-

cy f- Those points can be expressed in MSC,

Pyt = Pug + Tiﬂ } (3)
TE = [F e, k) /f, 0, F (2, i) [ + std.,)"

where Pasi, Parir1 denote the ky, and (k+1)g, sampling
points respectively. Ti“ is a detection translation transfor-
mation from the ky, point to the (k+1)y point. std,, is a
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relative displacement error. i and k are the unit vectors of
Xu-axis and Zys-axis respectively.

3 Sampling step adaptive adjustment and control point
prediction

For the surface without a reference model, control step
determines sampling accuracy and efficiency. Hence, a rea-
sonable step should be chosen.

3.1 Curve geometry using B-spline

To predict the next sampling control point, it is pivotal to
construct a local curve segment that can successfully describe
actual tendency used a finite number of coordinate points in
W;. B-spline is employed to construct a curve segment for its
flexibility and power in representing, and manipulating com-
plex shapes. In fact, cubic B-spline curve is enough to satisfy
prediction requirement.

With polynomial equation, a cubic B-spline curve is
defined as [20],

C(u) = N(u)*Q"
N = [Neonira), - Noo s (), Npa ()] )
Q = [QF7N+17 ) QrflaQr]lxN

where, N is the window width. {Q,} is the collection of
control points and {N, 3 (1)} is the collection cubic B-spline
basic functions, derived from DeBoor-Cox recursive formu-
la. u is an independent parameter which is defined in non-
uniform knot vector U, U={0,0,0,0,uy,...,un—1,1,1,1,1}.

The first derivation and the second derivation of cubic B-
spline are given as follows:

C'(u) = N'(u)+Q"
CN(M) — N”(u)'QT } (5)

Therefore, tangent vector and curvature are then derived
using curve differential geometric theory,

(x'(u), 2/ ()
() + 2 ()’
_ W)2"(u) = x"(u)z'(u)|

{x’(u)2 + Z’(u)z} o

t(u) = (6)

K (u) (7)

Then, tangent angle « relative to Xp-axis can be
obtained,

a = cos ' (t,i) (8)
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3.2 Curvature-based step adaptive adjustment

The prediction step is adaptively adjusted according to local
curvature. Those measured points in W} are interpolated by B-
spline. The curvature x; of point P; is calculated using Eq. (7).
Hence, the curvature radius is R;=1/k;. And tangent angle «;
relative to feeding direction is calculated using Eq. (8). If the
sampling step Ax; is too large, i.e., Ax; > R; — R;sinq;, it
leads to sampling distortion, as the beam no longer intersects
with actual curve. For a model-unknown surface, a so-called
pseudo-global minimum step is given, as follows,

Aximin = Rimin (Sil’l V- Sin|ai,min|) 9)

where, R; min 1s pseudo-global minimum curvature radius. oy,
min 18 tangential angle relative to Xys-axis at the corresponding
point, and y is the maximum allowed surface inclination
angle.

The pseudo-global minimum step cannot keep constant.
It must be updated with new coordinate points.

A shape function is established to reflect the local surface
shape. It can provide quantitative information on which the
sampling is based. The function is defined upon curvatures,
and its value falls into the range[l,q]. Unlike the linear
shape function in Ref. [21], a quadric shape function ®(x;)
is derived,

q)(Ki) = (q — 1)(Ki - K'max)2 + (Kmax _ K.min)z (10)

(Kmax - Kmin)z

where, g(¢>1)is maximum amplification factor, which is an
integer. k; is curvature of current sampling point. K., and
Kmin are the max and the min curvatures of the measured
surface respectively. It should be noted that a5, Kmin are
continuously updated during sampling process.

As a result, the final sampling step for the current point
is,

Axi - (I)(Ki)Axignin (11)

Therefore, the basic step is employed in large curvature
region, and the sampling step will be enlarged along a
quadric curve in gentle region. It means that it adjusts
slowly when the curvature is close to the max curvature,
otherwise adjusts quickly when the curvature is much
smaller than the max curvature.

3.3 Sampling control point prediction

In fact, a fixed extrapolation mode is not an excellent choice
for an actual sculptured surface. Thereby, to make best use of
the advantages and avoid the disadvantages of both extrapo-
lation approaches is a reasonable decision. There are two
prediction error parameters associated with sampling control
point prediction, Ad and AS. Ad is displacement error

between the prediction point and the actual point in Zg direc-
tion. The other arc length error AS is related to the prediction
arc length and actual arc length. If Ad is too large, the sensor
will be out of range and fail to give a displacement reading.
And if AS is too large, substitute surface reconstruction dis-
tortion occurs due to the unreasonable distribution of sam-
pling points. Both of the error parameters are affected by
extrapolation mode and prediction step. Therefore, it should
carefully take these two errors into account in sampling incre-
ment calculation. The scheme diagram of step prediction is
shown in Fig. 2.

3.3.1 Curvature extrapolation mode

The basic idea of curvature extrapolation mode (CEM) is
that curve segment in the neighborhood of current control
point is approximated by a circular arc. Therefore, the next
control point can be predicted by curvature circular.

The arc angle 6; corresponding to basic arc length S at the
ith control point is solved using the following equation,

01' :SK'I' (12)

And sampling control step and prediction translation
matrix are further derived as follows,
A.X'l» = R,«[sinai + sin(@,« — a,-)] (13)
7; = [1,0,tan((7w — 6;) /2 + ;)]

Fig. 2 Scheme diagram of control point prediction
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Then, coordinate of the next predicted point in MCS can
be obtained using Eq. (2).

Intuitively, the worst case may occur when the extrapo-
lated curve follows the down bounding circle and the digi-
tized curve follows the up bounding circle (or vice versa).
Simply, the prediction point is P;.’H , but the actual point is
P,
formulations of two error parameter ratios relative to curva-
ture radius are shown,

According to plane geometry theory, the mathematical

-
Adi/R; = |Pi Py | /R (14 —a)
=2cosa; — \/1 — (sing; — Ax,«/Rl»)2
— \/1 — (sinai + AX,'/R[)Z
AS;/R; = (?J’Z - ﬁ:)/&

— 7/2 = 2lai| + sin~\(sin(lai]) — Ax/R)  (14=D)

— cos~!(sin(|a;|) + Ax;/R))

3.3.2 Tangent extrapolation mode

As shown in Fig. 2, if tangent extrapolation mode (TEM) is
employed, the prediction point is P! ,1- The basic tangential
step is 7. Sampling control step and prediction translation

matrix are described as,

Ax; = Tcosa; } (15)
7; = [1,0, tan o]

In fact, the next sampling point may not be on the
tangential line, for instance locating at up circular or down
circular. However, in the worst case, the prediction errors
are decreased compared to that in CEM, because the extrap-
olation point is placed in the middle of the locally bounded
region. Therefore, the possible displacement error ratio and
the arc length error ratio are formulated as,

Ad{ Plt'+|Pi+l
R R;
=cosa; — \/1 — (sine; — A)C,—/Rl-)2 + sin o; Ax; /R;
(16 —a)
d/./ Plt'+lPi+l
I
=cosa; — \/1 — (sine; + A)cl-/Rl-)2 — sina; Ax; /R;

(16 — b)
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AS;’ _ PiPi+1 _ Pin.H
R; R;
= |a,-| — Sinfl(sin(|a,-|) — AXI/RZ)

— Ax;/R;cosa; (16 —¢)
AS] _ PPy — PPy,
R R;
= 71/2 — sin |a;| — cos ! (sin(|a;|)
+Ax,—/Rl-)—Axl-/R,-cosa,- (16—(1)

3.3.3 Hybrid extrapolation mode

It is obvious that two extrapolation modes have their limi-
tations. In another words, both two methods are comple-
mentary. This motivates the development of a reasonable
extrapolation mode, the so-called hybrid extrapolation mode
(HEM). The local geometry is characterized by curvature
and curvature change rate. The former can be calculated
using Eq. (7), and the curvature change rate is derived as
follows,

"

Gi(u) = d’;lll(l”) _ xi(”)’Zi (;4) _,xi (2”)22;3(”) ~ 3k(u)
X ) +(u)’]
% x;(u)z; (”3 +X (”)ZZZ(”) (17)

X () + 2, (u)

According to the above analysis, CEM can satisfy pre-
diction requirement of the segments with large curvature
and little curvature change. In contrast, TEM is a better
choice for plane segments. Two threshold values are de-
fined, curvature error §, and curvature change error d..
The pseudo-code of HEM is,

(1) IF k;<é, or ¢;> 6., Choose TEM;
(2) ELSE, Choose CEM.

4 Surface adaptive sampling algorithm
4.1 Architecture of adaptive sampling algorithm

The architecture of the proposed adaptive sampling is shown
in Fig. 3, which mainly includes three functional modules:
initialization module, slow tracking module and fast scanning
module. Logical relationship between those functional mod-
ules is described by thin solid arrow lines.
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Sampling Start

Initialization module

(1) Sampling parameters, calibration
parameters, probe parameters.

(2) Sampling path pattern, boundary
information.

!

Tracking module
(3) Manual pick up stage.

A

(4) Continuous sampling stage.

,

Reference is ready?

Scanning module
(5) Adding a new planar path.

A

(6) Commands generation in feeding
direction.

Sampling End

Fig. 3 Flowchart of adaptive sampling algorithm

In the initialization module, the sampling parameters,
calibration parameters and sensor parameters are initialized
in sampling system. The sampling parameters include track-
ing speed, scanning speed, and control distance between
sensor and measured surface, etc. In order to ensure the
accuracy consistency of capturing sampling data, a reason-
able stable range should be set. Lower and upper bounds are
pre-defined according to sensor working range and standoff
distance. In order to register the coordinate point in MCS, a
sensor calibration process must be conducted to obtain the
deviation relative to the origin of MCS. Generally, zig-zag
path strategy is willingly adopted. In this research, it is
assumed that the measured surface is a ruled quadrilateral
region surface. Hence, the boundaries should be detected
before sampling. Then the boundary coordinate information
is used to direct the start and the end of sampling movement.

The second module, tracking module, is mainly used to
obtain an initial reference for fast scanning. A group of
planar curves will be measured. Hence, a pattern with small
equal side interval can be formed. A slowing tracking meth-
od is used to acquire each planar curve. A reference

generated from previous measurements should be dynami-
cally updated. The initial N reference points need to be
picked up by manual operation. It is named manual pick-
up stage. Since the dynamic reference has been established
using a moving window W; of N immediate previous
points, the planar curves can be continuously sampled at a
tracking speed.

Scanning module is the kernel of surface adaptive sam-
pling, which is mainly composed of side increment calcula-
tion, scanning path generation and dynamic reference
update. M planar curves have been obtained in tracking
module. Therefore, side increments can be estimated using
curvature-based step adaptive adjustment method and HEM.
As a result, a group of reference points are obtained in
Cartesian space. The next reference scanning path will be
formed after further interpolation using B-spline technology.
In fact, there are some deviations between actual curve and
reference path. If a reasonable side interval reflecting local
curvature characteristics has been provided, the bad effect of
deviations could be ignored. Then, the reference should be
updated by adding a new planar curve. Therefore, a quasi
CAD-based fast scanning has been realized.

4.2 Track sampling

In this process, M planar curves will be measured as an
initial scanning reference. For each planar curve, N previous
reference points are picked up by manual operation in the
manual pick-up stage. And the sensor can then be driven by
the next predicted control point at a tracking speed. The
reference will be dynamically updated when the sampling
system emits a signal at a specified time point.

4.2.1 Manual pick-up

The sensor is driven to each reference point in jog or handle
mode. Before detecting a point, it should be moved to a safe
position and adjusted in incident beam direction, such that
the surface lies in the stable working range. Then, the initial
point coordinates are picked up through a conversion from
SCS to MCS. A manual step is determined by trial and error.
It is assumed that the surface variations are not large enough
to result in a measurement failure.

4.2.2 Continuous tracking

To ensure continuous tracking motion, the synchronization
between data collection rate and computational time for the
dynamic reference is required. In this stage, two main tasks
must be completed within the specified time: (1) generating
feeding step to guide tracking movement, (2) determining a
signal point to load reference update and step prediction
procedures.
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Fig.4 Track sampling process

The continuous tracking process based on a moving
window W, is shown in Fig. 4. The control direction may
be along a tangential extrapolation direction or a curvature
extrapolation direction according to HEM. The control
points and the displacement deviations are acquired at the
same time. The sampled points are continuously stored in a
buffer stack 1 (BU1) with a defined length. For example, it
can satisfy the number requirement of two adjacent steps at
least. When the signal is awakened, the older reference in
buffer stack 2 will be dynamically updated using the latest
reference points. Then, the next control point is predicted.
Four macro variables have been employed to store the
current step and the next step respectively, #604 and #605,
#606 and #607. They are formed a circle list when the two
steps are called circularly in sampling program.

The next problem is to determine the signal point. It
should satisfy the following condition,

(xf + Ax; — x:)/Ax; + Az} -,

cal 1
Al I (18)

C is coordinate of the ith control point. x; is signal

coordinate. Ax; and Az; denote the current control steps in
Xwm- and Zy- directions respectively. Fr is tracking speed.
t.a1 denotes the total calculation time of reference update,
step calculation and writing time. In practice, the magnitude
of ¢, depends on the computing power and communication
speed. This is natural that the smaller the calculation time is,
the faster the tracking speed will be.

where x

4.3 Fast scanning

The moving window W, of M previous planar curves is
employed as a reference to estimate side intervals. The
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jm Path

~ . n Reference Path
Ay = min {Ay, ‘z:o}

Fig. 5 Fast scanning process

measured planar curves in W, are partitioned by a group
of digital planes which are orthogonal to feeding direction,
{F[}l: 0,1,...,}'1.

Similar to tracking control point prediction, the side
interval in each orthogonal planar curve can be predicted.
Hence, a reference scanning path is formed for the next

Re-structure reference window

(1) Update the reference window.

(2) Re-structure the reference curves
in uniform pattern.

!

Step prediction at each point

(3) Calculate local curvature. N

(4) Step adaptive adjustment.

Y

Add a new path

(5) Estimate a reasonable step.

Next Reference path
(5) Select TEM or CEM.

(6) Interpolate the path using B-spline.

(7) Generate control commands.

<

A 4

End

Fig. 6 Flow chart of side interval calculation
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planar curve using the predicted points. However, the refer-
ence path should be further processed using numerical tech-
nology to produce sampling control points. From this point
of view, a quasi CAD-based fast scanning has been realized.
After a planar curve is measured, the reference W, should be
updated dynamically. The fast scanning schematic diagram
is shown in Fig. 5. The measured curves are described using
thick solid lines. The omitted curves in middle area are
depicted by dotted lines. And, the predicted reference path
is expressed by double-dotted lines.

4.3.1 Side intervals

Sampling points are not uniformly distributed on each pla-
nar curve in W,. Thereby, the digital curves cannot be
directly used to predict side interval. They should be re-
structured in a regular form. The flow chart for side interval
calculation is shown in Fig. 6.

The side interval calculation is conducted between the
current curve and the following curve. In the /;, orthogonal
digital plane, the side interval is estimated using curvature-
based step adaptive adjustment approach and HEM, which
have been described in section 4. Like this, one plane by one
plane, a group of candidate value can be obtained, {Ay,}. To
avoid missing certain important points on measured surface,
the side path interval is conservatively selected,

{ Ay = min{Ay,W:O} (19)

where, y; and y;y; are the jth and the (j+1)th curve path
coordinate values. A is the estimated path interval.

In order to calculate the reference point, the estimated
path step A should be re-taken into the extrapolation mode.
Therefore, the (j+1)y sampling reference path can be
obtained.

4.3.2 Control points in feeding direction using equal chord
error

The reference sampling path is approximated by small seg-
ments using B-spline interpolation technology. The redun-
dant data points should be removed by checking the

Fig. 7 Chord error

approximation error to ensure that the selected sampling
control points can meet equal chord error requirement. The
algorithm structure is described as follows: (1) calculate a
maximum chord height of all middle points between the
selected current control point and the next quasi-control
point; (2) if the max chord height is smaller than the set
accuracy value, move to the next quasi-control point; (3) if
the max chord height is not smaller than the set accuracy
value, record the former point of the quasi-control point; (4)
repeat the cycle until the end of the selection process.

The equal error control points calculation is shown in
Fig. 7. The chord height is formulated as,

hy = | (Ps P NURIRERD) PP,
( ) (P.-2.) (P-—.)

(20)

where, A, is chord height of middle points ﬁb(b =a+1,
e —1). ﬁ,, l~’c denote the current control point and the
quasi-control point respectively, ¢ > a > 0.

4.4 Adaptive sampling algorithm

Before the adaptive sampling implementation, those impor-
tant parameters should be determined in parameter module,
such as tracking speed, scanning speed, manual step, basic
tracking step signal time point, basic side step, and so on. In
the adaptive sampling algorithm, tracking and scanning are
mainly conducted. Two threads have been programmed: the
thread (I) keeps working in the whole sampling process to
pick up coordinate points; the thread (II) is only awakened at
some specified time points. The adaptive sampling process
is divided into some steps as follows:

Step 1. Unidirectional zig-zag pattern is adopted. Four
boundaries are firstly detected. The first planar
curve is selected. Jump to Step 2.

Step 2. The selected curve will be sampled at a tracking

speed. Initial N points are picked up by manual
operation, [Pi,o]?:)1~ Then, those points are inter-
polated by B-spline. The curvatures at each point
will be calculated, K and ki, are estimated.
The first tracking control point can be predicted.
Start the track sampling procedure. Meanwhile,
thread (I) is awakened and the sampling points
are stored in BU1. Then, thread (II) is awakened
at the specified time point. Therefore, the dynamic
reference will be updated; the following tracking
control point is calculated. One point by one point,

the profile information of the whole planar curve
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Fig. 8 Hardware architecture

of sampling system

Step 3.

Step 4.

Fig. 9 NC codes of surface
adaptive sampling

can be obtained. If one planar curve sampling has
been completed, jump to Step 3.

If the number of tracking planar curves can meet
the requirements for fast scanning, jump to step 4.
Otherwise, return to step 2.

The planar curves in W, are re-structured in uni-
form pattern. Like in tracking process, each or-
thogonal planar curve is interpolated by B-spline.
The curvatures at each point are calculated, xpax
and K, are updated. Then one side interval can
be estimated in current orthogonal plane. A group
of side intervals are then obtained through the

Dual-spindle
CNC machine

ILD130

Laser sensor

Step 5.

FSSB

PANEL I

above process. Then, a minimum side interval is
estimated. Therefore, the reference points can be
calculated using the estimated side interval. Jump
to step 5.

A reference sampling path can be formed by inter-
polating those predicted points using B-spline for
the next planar curve. A set of scanning control
points are then determined according to equal
chord error constrain. The scanning G codes are
generated and transmitted to sampling system.
With sensor being driven along the reference scan-
ning path, the following planar curve will be

N30 M102;

N60 M02;

01000 -Main Program
N10 G90 GO0 Y#501 Z#502 B#503;
N20 M98 P#5071001;

N40 GO0 Y#501 Z#502 B#503;
N50 M98 P1002;

01001 -Tacking

N10 M101;

N20 GO0 Y#504 Z#505 B#506;

N30 WHILE [#602 LT #511] DO 1;
N40 IF [#600 EQ 1] GOTO 100;
N50 #601= #601+#604;

N60 #602= #602+#605;

N70 GO01 Y#601 Z#602 F#500;

N80 #600=1;

N90 GOTO 30;

N100 #601= #601+#606;

N10 M103;

F#520;

01002 —Scanning

N20 IF [#703 LT #509] GOTO 130;
N30 IF [#611 EQ #610] GOTO 100;
N40 GO01 Y#701 Z#702 B#703

N50 #611=#611+1;

N110 #602= #602+#607;
N120 GO1 Y#601 Z#602;
N130 #600=0;

N140 GOTO 30;

N150 END 1;

N160 M99;

@ Springer

N60 #701=#[701+#611%3];
N70 #702=#[702+#611%3];
N80 #703=#[703+#611%3];
N90 GOTO 30,

N100 GO0 Z#502;

N110 Y#501;

N120 GOTO 10;

N130 M99;
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Fig. 10 A practical application

sampled. If the current planar curve has been com-
pleted, jump to step 6.

If the whole surface measurement is not completed,
update the dynamic reference W,. Jump to Step 4.
Otherwise, end the sampling procedure.

Step 6.

5 Experiments

A practical experiment has been designed to (a) determine
the effect of user variables on the sampling result and (b)
validate the method for slow tracking and fast scanning on a
real setup.

The experimental apparatus used in this study includes a
dual-spindle CNC machine, two MICRO-EPSILON
ILD1300 laser displacement sensors, FANUC 310i control
system, shown in Fig. 8.

= Side direction

Start edge
position

End edge
position

Fig. 11 Side interval steps in the welding region

The special CNC machine has been designed for surface
adaptive metrology. The laser sensors are mounted on the
two spindles with special fixtures. Because the five servo
axes are controlled using dual-channel mode, unilateral
sampling using only a single spindle and symmetry sam-
pling using two spindles are available. The FANUC 310i
CNC system is composed of PANEL I (i.e., upper PC) and
NC unit. The CNC system was used to control sampling
movement through FSSB and to collect sensor data through
analog-to-digital converter board (i.e., AD board).

The laser sensor has a standoff distance of 100 mm, a
measurement range of £50 mm, a spot diameter at middle
range of 0.13 mm, a static resolution of 0.025 mm, the
measuring rate of 500 HZ, and a linearity of +0.2 % of a
measurement range of 100 mm.

The surface adaptive sampling system has been built
using VC++6.0 supplied by Microsoft Corporation. An
open function library, FOCAS1/2, was utilized to establish
the communication between PANEL I and NC unit. Some
important parameters can be read or written by upper PC in
real time, such as PMC parameters, CNC parameters, macro
variables and so on. Therefore, surface slow track sampling
and fast scanning can be realized on a CNC machine. The
basic NC procedures of tracking and scanning are
programmed using linear interpolation technology and mac-
ro variables, shown in Fig. 9.

Tracking speed, scanning speed and reference width of
W, were stored in #500, #520, and #507. Four boundaries of
the measured surface were recorded in #508, #509, #510,
and #511, respectively. Three-dimensional coordinates of
global reference point and tracking reference point were
pre-determined in two ranges, from #501 to #503 and from
#504 to #506. A tracking control flag in # 600 has been
designed guiding to the next tracking control point. The
coordinates of tracking control point from #601 to #603
should be dynamically updated in tracking process. Step
components in feeding direction and laser incident direction
of the current interpolation segment and the next interpola-
tion segment were dynamically updated in #604 and #605,

il
1y
1y

'J
0

R ]

il
o
Fig. 12 Plot part of raw sampling points
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and in #606 and #607, respectively. The total number of
scanning control points for each planar curve was stored in
#610. And the corresponding index number was #611. A
very wide data memory from #701 to #999 was used to store
scanning control points of each scanning planar curve. Fi-
nally, three ready signals have been defined, M101 for
tracking, M102 for scanning, and M103 for the next scan-
ning path.

To illustrate a practical application of this digitizing
system, a large complex workpiece was digitized using
the proposed adaptive sampling approach, shown in
Fig. 10. Some important sampling parameters are, track-
ing speed 500 mm/min, scanning speed 4,000 mm/min,
sampling frequency 125 HZ, axis displacement deviation
of signal point relative to each end point 1 mm in
tracking process, basic control step 5 mm, control dis-
tance between sensor and surface 60 mm, sensor stable
range +1 mm.

The raw sampling surface data were collected in cylindrical
coordinate system since the experimental workpiece was an
approximate revolution surface. In another way, the control
step was rotation angle B; instead of a linear coordinate
increment Ay;. Hence, an additional transformation should
be constructed during sampling control step prediction. There
were several welded seams on the experimental workpiece.
The width of welding region was about 15 mm. The angle
steps in side direction have been adaptively adjusted, shown in
Fig. 11. The horizontal axis and the vertical axis are the
number of digital planes and angle steps B respectively. In
this region, the CEM has been mainly adopted, because both
the curvature x and the curvature change rate ¢ were larger
than the corresponding threshold values. The width of moving
window W,M was 5. The maximum multiple ¢ was 3. The
minimum pseudo-global angle step B, , was 0.0105 rad. In
Fig. 11, it can be seen that the angle step was close to the
maximum 3B,_, before entering or after leaving the welding
region because the local curvature was close to constant. And
the angle steps changed from 3B, , to basic step B, accord-
ing to curvature changing in welding region. However, the
minimum angle step has not always been kept since part of
welding region has been manually refaced before measuring.
Further, the measured points had certain influence on the first
control step prediction after leaving the welding region.

Welding region was a stepped structure of the measured
surface. The stepped edges could not been directly found
using the proposed sampling algorithm in Part 4. In other
words, the stepped edge position should be manually deter-
mined, such as the angle position of the welding region.
Further, the pre-determined edge position was used to de-
cide control step around stepped regions. If the predicted
step (the hollow point in Fig. 11) were too large to cross the
edge, the edge position was employed to calculate a new

@ Springer

control step, or called modified control step, shown in
Fig. 11.

In the subsequent data processing, the measured coordi-
nate points should be transformed from cylindrical coordi-
nate system to Cartesian coordinate system for surface
construction. Parts of the digitized data were potted in
Fig. 12, containing 20,140 points.

6 Conclusions

In this article, an adaptive sampling of model-unknown
sculptured surface has been developed based on isoplanar
line method.

1. Two key issues have been effectively solved. A quadric
shape function in terms of curve curvature was con-
structed to adaptively adjust control step. Another, a
hybrid extrapolation mode (HEM) was researched
according to surface complexity.

2. In order to predict the control points in feeding direction
and side direction respectively, W; and W, were estab-
lished as the reference windows. Therefore, the point
laser sensor was driven by control points using linear
interpolation technology. At the same time, more actual
coordinate points were automatically picked up by sam-
pling system at a high frequency.

3. A surface adaptive sampling system has been built on
FANUC310i system using Visual C++6.0 supplied by
Microsoft Co. and FOCAS1/2 supplied by FANUC Co.
In PANEL I, PMC parameters, CNC parameters and
macro variables, could be read or written by in real
time. Therefore, surface slow track sampling and fast
scanning could be realized on a CNC machine.

4. A large complex workpiece with certain welded seams
has been digitized to verify the validation of the pro-
posed approach on a special machine. Two MICRO-
EPSILON ILD1300 laser displacement sensors were
employed in the experiment. The surface fast sampling
NC procedures were conducted using G codes and
macro variables. The scanning speed achieved
4,000 mm/min. In order to precisely measure a stepped
structure, such as a welding region, the pre-determined
edge position was employed to modify the predicted
angle step.
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