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Abstract In recent years, various parametric curve inter-
polators have been proposed for high-speed and high-
accuracy machining. However, these methods are based on
a constant cutter location (CL) velocity. Hence, the cutter
contact (CC) velocity along the surface tends to vary, re-
sulting in a nonuniform machining performance. Further-
more, machining complex surfaces requires the provision
of a large number of tool paths and therefore the asso-
ciated NC data files are generally very large. To over-
come these limitations, the current study presents a novel
real-time NURBS surface interpolator which ensures a
constant CC velocity along the CC paths and its intervals.
A PC-based real-time motion control network utilizing
SSCNET is developed to achieve the goal of multi-axis
synchronous motion. In this study, both the NURBS
surface interpolator algorithms and the SSCNET commu-
nication protocols are realized by Embedded XP with the
RTX real-time kernel. The experimental results confirm
that the proposed real-time NURBS surface interpolator is
capable of achieving a satisfactory performance.

Keywords Interpolator - Motion control network -
NURBS surface

1 Introduction

Conventional CNC motion controllers provide only line
or arc interpolators. As a result, when performing mold
machining operations, the tool paths, which are also known
as cutter location (CL) paths, are approximated with
piecewise line or arc segments by the CAM system. How-
ever, this approximation approach causes several pro-
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blems: (1) the NC data file tends to be rather large and
therefore prolongs the data transmission and machining
times; and (2) the cutter needs to accelerate/decelerate at
the beginning and end of each line segment and this may
introduce a velocity discontinuity at the junction of the two
connected line segments.

To overcome these problems, various parametric curve
interpolators have been proposed by a number of inves-
tigators [1-6]. Among these parametric curves, non-
uniform rational B-spline (NURBS) has attracted particular
interest [7] since it provides a common mathematical form
for representing standard analytical shapes. By manipu-
lating the values of the control points, weights, and knots,
a wide variety of part forms can be generated. Accord-
ingly, several investigators [8—12] have proposed the use
of NURBS curve interpolators for advanced machining
applications.

Although parametric or NURBS curve interpolators
have been shown to be efficient, they may not be so for
machining parametric surfaces. In other words, despite
their ability to reduce the number of segments required in
the tool path direction, surface machining still demands
the provision of a sequence of tool paths (i.e., a com-
posite set of parametric curves). Consequently, when a
very fine segmentation in the direction of the tool path
interval is required, the file size of the NC program tends
to be very large. Previous parametric and NURBS curve
interpolators have focused on maintaining a constant CL
velocity and have allowed the cutter contact (CC) velocity
to vary. However, a variable CC velocity frequently re-
sults in a non-uniform and unsatisfactory machining per-
formance. In an attempt to solve these problems, Lo [13]
proposed a novel approach, i.e., the parametric surface
interpolator, capable of generating the CL motion com-
mands required for the machining of simple parametric
surfaces with a constant CC velocity along the CC path.
More recently, Lin [14] realized a real-time parametric
surface interpolator for the machining of simple surfaces.
However, little work has been performed with respect
to the real-time implementation of NURBS surface
interpolators.
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Fig. 1 Proposed method for machining NURBS surface segments
with constant CC velocity

Consequently, this study develops an efficient algorithm
for realizing a NURBS surface interpolator in real time.
As shown in Fig. 1, the proposed method has the capa-
bility of: (1) real-time CC path planning of the NURBS
surface; (2) real-time generation of the CL position com-
mands; and (3) maintaining the desired CC velocity along
the CC paths and the CC path intervals.

To achieve the goal of multi-axis synchronous motion,
this study develops a PC-based real-time motion control
network utilizing servo system control network (SSCNET),
which is a real-time serial communication protocol pro-
posed by Mitsubishi Electric. SSCNET prescribes com-
munication protocols for the cyclic transmission of process
data, provides a master-slave communication architecture
for the synchronization control of networked motor drives,
and supports the non-cyclic transmission of diagnostic
data. Furthermore, to accomplish real-time performance,
this study employs an Embedded XP operating system with
the RTX 6.0 real-time kernel [15]. The effectiveness of the
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Fig. 2 CC path planning for machining parametric surface S(u,v)
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developed NURBS surface interpolator with the integrated
SSCNET motion control network is verified through its
application to two surface machining operations.

The remainder of this paper is organized as follows.
Section 2 provides an introduction to the real-time CC path
planning of a NURBS surface, while Sect. 3 presents the
real-time NURBS surface interpolator and its computer
implementation procedures. Section 4 presents the current
experimental results. The paper closes with the presenta-
tion of some brief conclusions in Sect. 5.

2 Real-time CC path planning for NURBS surface

A parametric surface in 3-D space can be expressed as:
S(u,v) = x(u, v); + y(u, v); + z(u, v)?c 0<uv<l
@)

The corresponding NURBS surface representation is
given by [7]:

> Nip(u)Njg(v)wi;Pij
i=0,j=0
> > Nip(u)N;g(v)wi

i=0j=0

S(u,v) =

@

where P;; are the 3-D control points; w;; are the corre-
sponding weights of P;;; N;,(u) N;,(v) are the so-called
blending functions, defined on the knot vectors U=[u;...,u;+,]

s(1,1)

X

Fig. 3 Interpolation of CC path and CC path interval
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and V=[v;,...,v; 4], respectively; and p and g are the orders
of blending functions N; ,(u) and N, ,(v), respectively.

Real-time CC path planning decomposes a NURBS
surface into a group of NURBS curves (CC paths, see
Fig. 2) along which the cutter moves during the machining
operation. To generate the CC paths efficiently, thereby
permitting real-time control, this study adopts the iso-
parametric machining method [16] with the following
strategies:

(1) The CC paths are assigned along the u-direction by
fixing parameter v, i.e., the cth CC path S(u,v.) is
defined (see Fig. 2).

(2) The CC path intervals are assigned along the v-direction
by fixing parameter u, i.e., the dth CC path interval
S(uy,v) is defined (see Fig. 2). In general, u,=0 or 1.

(3) The boundary curves, S(,0) and S(«,1) (see Fig. 2), are
specified as the first and final CC path, respectively.

(4) The present study considers the use of a ball-end
cutter for 3-axis machining. Therefore, the CL posi-
tion commands for the servo controller can be gen-
erated by offsetting the CC points along the normal
direction of the surface by a distance equal to the cutter
radius.

CC path planning requires the first-partial derivates of
S(u, v.) versus u and of S(u,, v) versus v, i.e.,

Su(u,ve) = % (3)
8. v) = BY) @

For the NURBS surface interpolator, the second-partial
derivates of S(u, v.) versus u and of S(u,, v) versus v are
required, i.e.,

aZS » Ve

Suu(u’ vc) = #‘)) (5)
2

(g, ) = 250 ) ©

During interpolation of the cth CC path, S(u, v.), the
increment Av, ; between the current path and the follow-

ing CC path at each interpolated point S(uy, v.) can be
calculated from [13]:

A Al
Vek =
FTIN X TS, (u, ve)

(7
where Al is the incremental length of the CC path interval,
and T and N are the unit tangent and unit normal vectors,
respectively, at the interpolated point S(u;, v.). At the end
of the cth CC path, the minimum value of Av,, Vk, denoted

Z (mm)

Fig. 5 Two NURBS surfaces for performance evaluation
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Fig. 7 Actual CL paths of experiment #2

by Av,, is obtained and used immediately as a parameter
increment for the next CC-path.

The formulas for computing A/, 7, and N are shown in
Egs. 8,9, and 10, respectively:

8hrR,
Al =,/ Rxr 3
o Su(“k’ Vc)
T(ug, ve) = Suite, v0)| ©)
Nug,ve) = Suug, ve) x Sy (uk, ve) (10)

Sy (tr, ve) xSy (ug, ve)|

In Eq. 8, /4 is the allowable scallop height, 7 is the radius
of the ball-end cutter, and R, is the radius of curvature in
the CC path interval direction (v-direction). Note that the

nature of the + sign depends on whether the NURBS
surface in the CC path interval direction is convex (+) or
concave (—). R, is given by:

1S, (i, )|

R, =
[0 (1 ;) < S (a3 |

(11)

3 Real-time NURBS surface interpolator

3.1 Developing the real-time NURBS
surface interpolator

The purpose of the NURBS surface interpolator is to con-
vert the NURBS surface segments into CL position com-
mands for each axis in real time such that the motion of the
individual axes are coordinated and the required constant
CC velocity is achieved. As shown in Fig. 3, the key to
achieving a constant CC velocity lies in specifying the in-
cremental distances As,; of the CC path in the u-direction and
As,; of the CC path interval in the v-direction in accordance
with equal increments of the sampling period 7, rather than on
the basis of equal increments of Au and Av. Accordingly, at
each sampling period, a method for determining successive
values of u and v is required to ensure that appropriate values
of As, and As,,; are accurately generated.

The constant CC velocity, V.., along the CC path, S(u, v.),
in the u-direction is given by:

ds(u, ve)
Vee = . 12
|5 12
Since v, is fixed, the chain rule can be applied. Hence:
dS(u, v.) 3S(u, v.) du du
Vee= = A= NRPul\Us Ve ) || = -
H dt H qu || IS vl
(13)
Rearranging Eq. 13 gives:
du Vee
— = (14)
dt || Su(u, ve)|

Realizing a real-time interpolator for a NURBS surface
requires a computationally efficient means of solving
Eq. 14. Generally, it is difficult to obtain an exact solution,
and hence approximation forms are often used. A previous
study by the present authors [12] reported that Taylor's
second-order approximation is an appropriate choice for
implementing a real-time NURBS curve interpolator.
Hence, the current study adopts the same approximation
method to realize the current NURBS surface interpolator.
The second-order approximation of du/dt is given by:

+T2 d*u
2 dr?

du
Uy R up+ T —

7l (15)

t=tk t=tk



where u;=y(z,) denotes the value of u at the kzh sampling
time instant, 1.e. 4=kT.

The expression of d°u/df* can be derived from Eq. 14
as:

du  — VCZC[SM(U, Vc) b Suu(u, VC)]
du_ : (16)
dt 1w, ve) |

Substituting Eqs. 14 and 16 into Eq. 15 gives the Taylor's
second-order NURBS surface interpolator for generating
Ujs @S:

v, V2
||Su(u’ VC)HL[:uk 2

% ([Su (u, ve) ® Suu (LZ VC)]u=uk> )
||Su(u, Vc)”

u=uk

Up+1= U +

(17)

By discarding the higher order terms of Eq. 17, the
simplified Taylor's first-order NURBS surface interpolator
for generating u,, can be expressed as:

TV,

u, VC)Hu:uk '

(18)

U+l = Uk +
[1Su(

By following a similar approach, it can be shown that the
Taylor's second- and first-order NURBS surface interpola-
tors for the CC path interval, S(u4,v), in the v-direction are
given by Egs. 19 and 20, respectively, as:

TV, %2
1Sv(a. v)llyey, 2

Vit1= Vi +

SV ’ SVV ’ —
. ([ (1. v) # Su v>1v_vk> (19)
18+ (. V)1,
TV,
Vipl =V oo (20)
. 18 (i, V),

Substituting the computed values of (., 1, v,.) or (g, Vii1)
into Eq. 2 yields the next 3-axis CC point at time ¢, ,.
However, in 3-axis CNC machining, the servo controller
actually requires the next 3-axis CL position command
rather than the next CC point. Since the present study
considers the case of a ball-end cutter, the next 3-axis CL
position command, Pcp(Xp 1, Virr> Zir1)> at time i, is
simply an offset of the CC point, S(u;, v,), and can be
derived from:

Per (k15 Vists zker) = S (i vy) + 7 N (ui, vy) (21)

where 7 is the ball-end cutter radius and N(ui,vj) is the unit
normal vector defined in Eq. 10.
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3.2 Real-time implementing procedures

The real-time procedures for implementing the proposed
NURBS surface interpolator can be summarized as
follows:

(1) Fix v=v, for the cth CC path (v.=0 for the first path),
and then for each CC point, S(u;, v.), find the
increment Av, ; between the current and the next CC
path using Eq. 7.
Execute the Taylor's second-order NURBS surface
interpolator to calculate the next u;.; using Eq. 17.
According to the computed value of (1, v.), generate
the next 3-axis CL position command, Py (X1, Vit
zi41), using Eq. 21.
Repeat steps (1) to (2) until u>1. If up>1, find
the minimum value of Av,, Vk, denoted Av,, increase
the counter c for the next CC path by one and update the
variable v, by v, = Zf;ll Av; Ifv>1, letv =1, perform
machining of the final CC path, and then terminate
the machining task. Otherwise, proceed to the next step.
Fix u=u, for the CC path interval. If the counter ¢ is an
odd number, u,/~0. Otherwise, u;~1. Execute the
Taylor's first-order (for simplicity) NURBS surface
interpolator (for the CC path interval) to calculate v,
using Eq. 20.
According to the computed value of (u;, viiq) from
step (4), generate the next 3-axis CL position com-
mand, Pcz (X1, Vi1, Zr+1), using Eq. 21.
(6) Repeat steps (4) to (5) until v >v,. If v 1>V, return to
step (3).

)

®)

(4)

©)

4 Experimental results

The layout of the experimental system used in the present
study is illustrated in Fig. 4. A PC-based system with a
motion control network card (N601-SSCNET developed
by MIRL/ITRI) was used to realize multi-axis synchronous
motion. The controlled plant consisted of three servomo-
tors controlled by SSCNET networked drivers to emulate
a three degree-of-freedom motion. An embedded XP op-
erating system with the RTX 6.0 real-time kernel was used
to implement the following algorithms in real time: (1)
NURBS surface representation; (2) CC path planning; (3)
NURBS surface interpolator; and (4) SSCNET commu-
nication protocol. The algorithms were all implemented
using Visual C++ 6.0 and were executed on a personal
computer equipped with a Pentium III 850 MHz CPU with
a sampling time of 3.555 ms.

Figure 5 presents the two NURBS surfaces with
different control points used for performance evaluation
purposes in the current study. In both surfaces, the orders p
and q are specified as p=¢=3, the weights w; ; are set to 1,
and the knot vectors are U=V=[0, 0, 0, 1/3,2/3, 1, 1, 1]. For
each NURBS surface, two experiments were performed to
evaluate the real-time performance of the proposed
NURBS surface interpolator: (1) machining of the first
CC path, S(,0); and (2) machining of the entire NURBS
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surface. In both cases, the feedrate was specified as a
constant 10 mm/s, the ball-end cutter radius was 5 mm and
the allowable scallop height was 0.5 mm. Note that a large
value of the scallop height was chosen specifically in order
to more clearly observe the CL paths.

Figure 6 presents the experimental results obtained when
machining the first CC path, S(u, 0), with a constant CC
velocity of 10 mm/s. Figure 6(a) confirms that the actual
CL path tracks the planned CL path satisfactorily. This
finding is reinforced from an observation of the corre-
sponding tracking errors presented in Fig. 6(b). Addition-
ally, Fig. 6(c) shows that the actual CL velocity closely
follows the instructed CL velocity. Since the CC velocity
can be maintained at a virtually constant value along the
CC path, the machining efficiency and quality are
improved significantly, i.e., because the cutting actually
occurs around the CC point rather than around the CL
point. Interestingly, it is observed that if a constant CC
velocity is to be maintained along the NURBS surface, the
CL velocity must decrease when the surface is concave and
must increase when the surface is convex. Figure 7 presents
the experimental results for machining of the complete
NURBS surfaces. It is found that the CL paths for complete
surface machining can be successfully generated.

5 Conclusions

This study has utilized real-time CC path planning and
interpolation algorithms to develop a novel real-time
NURBS surface interpolator capable of producing CL
position commands with constant CC velocity for precision
machining. Compared with existing methods, which
involve a variable CC velocity, the constant CC velocity
of the current interpolator provides a superior machining
efficiency and quality. The experimental results obtained
from the NURBS surface interpolator algorithms and the
SSCNET communication protocols realized by Embedded
XP with the RTX 6.0 real-time kernel fully confirm the
effectiveness of the proposed method.
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