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ABSTRACT Composite manufacturing processes such as automated tape placement (ATP) and filament
winding process (FW) put forward specific requirements for the geodesic curvature along the layup paths of
the composite tows and tapes. In this paper, a non-uniform cubic b-spline element method is proposed for
solving the boundary value problem of curves with prescribed geodesic curvature. The differential equation
system of the target curve is discretized through the point collocation method, and a quasi-Newton iteration
scheme is adopted to approach the real solution from an initial approximation. The proposed method is
proved to have third order accuracy, which shows more superiorities comparing with existing numerical
methods. Simulations and experiments on a series of parametric surfaces are performed to investigate the
performance of the proposed approach and the results verify the high efficiency. The proposed method
could cope with the BVP for curves no matter their geodesic curvature vanishes or not. At the same time,
the computed curves are natural and smooth such that interpolation technique is unnecessary to ensure the
continuity of target curves. One potential application of this method is trajectory optimization for automated
tape placement process.

INDEX TERMS Cubic b-splines, geodesic curvature, boundary value problem (BVP), automated tape

placement (ATP).

I. INTRODUCTION

Curves lying on surfaces show many applications related to
design and manufacture, such as surface trimming [1], surface
blending [2], NC tool path generation [3], [4], and so on.
According to the designing manner, curves on a surface can
be the offset of a given curve on a surface [3], the intersection
curve of two surfaces [4], the projection curve of a spatial
curve onto a surface [5]-[7], or the image of a curve in the
parametric domain of a parametric surface [1], [2].

Geodesic curvature is an intrinsic geometric feature of a
surface curve which can be defined as the curvature of the
curve projected onto the surface’s tangent plane. A curve
whose geodesic curvature is zero everywhere is called a
geodesic curve, and it is locally the shortest distance between
two points on the surface. The concept of geodesic curve
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finds its place in computer vision, image processing and
various industrial applications, such as trajectory planning
in automated tape placement (ATP) and filament winding
process (FW). For ATP, the geodesic curve allows minimizing
the steering of the tape. For FW, it would be impossible to lay
a filament in any way other than along a geodesic curve on a
frictionless convex surface.

The geodesic computation involves in ATP includes initial
value problem (IVP) and boundary value problem (BVP).
The IVP for geodesic solves a uniquely determined curve
with zero geodesic curvature once the initial condition is
provided. As a fundamental problem in computational geom-
etry and geometric modeling, the IVP for geodesic has
been studied extensively in the past three decades. To date,
many elegant methods have been proposed. Representative
works include the numerical approaches [8], [9], the discrete
methods [10], [11], and the geometric methods [12], [13]. The
BVP for geodesic finds the shortest path between two points
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on a surface. It is well known that the BVP is more challeng-
ing than IVP and may have non-unique solution. In general,
available approaches for BVP of geodesic curve could be
classified broadly into two types. First, solve the nonlinear
differential equations of geodesic by using a finite difference
method [14], [15] or an optimization strategy [16]. Second,
approximate accurate geodesic curve on discrete surfaces by
following some rules [17], [18]. The first type aimed at the
smooth surface and usually shows better performance than
the latter one [19].

In this paper, we extend the idea of geodesic curve to curves
with prescribed geodesic curvature. The geodesic curvature
along such curve is provided in terms of a specific appli-
cation and not necessarily zero. The curves with prescribed
geodesic curvature show three potential applications. Firstly,
although geodesic did minimize the distortion of composite
tape, it might lead to overlaps and excessive gaps between
tapes. The curves with prescribed geodesic curvature could
be utilized to steer the composite tapes such that eliminating
the layup defects and ensuring high quality of composite
components [20]. Secondly, the algorithm for curves with
prescribed geodesic curvature could be extended to solve
the non-geodesic winding trajectory in FW. In this process,
the requirement for geodesic curvature is that the ratio of
geodesic curvature to the normal curvature at each point of the
winding path should not exceed the coefficient of maximum
static friction between the fiber and the mandrel surface [21].
Thirdly, Azariadis and Aspragathos [22] pointed out that
to flatten an arbitrary non-developable surface with as little
distortion as possible, a good approach should try to preserve
the geodesic curvatures on the surface. Thus, the curve with
prescribed geodesic curvature, i.e. constant geodesic curva-
ture might be a candidate to evaluate the performance of the
surface flattening algorithm.

This paper solves the boundary value problem of curves
with prescribed geodesic curvature on smooth parametric
surfaces. The discrete approximation method shows difficul-
ties in determining how the curve with non-zero geodesic
curvature should pass on surfaces. However, the numerical
approach introduced by Maekawa, Kasap and Chen for BVP
of geodesic could be extended to curves with prescribed
geodesic curvature directly. The finite difference method pro-
posed by Maekawa and Kasap obtains discrete points along
geodesic curve, and an interpolation technique is needed
to ensure the continuity of desired curve. The optimization
strategy delivered by Chen is accurate and could solve natural
and smooth geodesic curves. In this paper, we prove that
Chen’s approach is equivalent to solving the differential
equation of geodesics based on the Galerkin method. The
Galerkin method is inconvenient when the basis function is
chosen inadequately due to that the differential equation of
curves with prescribed geodesic curvature is complicated and
highly nonlinear.

This work is based on the cubic b-spline element method.
The method has been applied to solve the heat and wave
equation [23], the Burgers’ equation [24], the 2D-Poisson
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equation [25] and so on. However, in most cases, uniform
B-splines are adopted, which is not suitable for the BVP of
curves with prescribed geodesic curvature. This is mainly due
to that the desired curve is arc length parametrization, and
the arc length is variable during the computation. The rest
of this paper is organized as follows: Section 2 describes the
problem in more detail; Section 3 presents the principle of our
algorithm; Section 4 performs error analysis of the algorithm;
Section 5 tests the proposed approach on several paramet-
ric surfaces, and some of the results are demonstrated; and
Section 6 provides the discussion and conclusion.

Il. DESCRIPTION OF THE PROBLEM

ATP is an important automated process used for fabrication
of large composite structures in aeronautical industry. This
process utilizes a composite tape layup end-effector mounted
on a large robotic manipulator, and adds material layer by
layer to build the composite part. As illustrated in Fig. 1,
the end-effector moves over the mould surface in direct con-
tact, laying a successive of continuous unidirectional compos-
ite tapes [26]. During the placement process, the centerlines
of composite tapes generally follow geodesics as they allow
minimizing the steering of the tape.

Prepreg
supply__ "
b / ™

FIGURE 1. Schematic diagram of automated tape placement [27].

Due to the Gaussian curvature of the mould surface,
the geodesics are not parallel to each other, which might
lead to overlaps and excessive gaps between adjacent tapes.
Engineering cases indicate that this phenomenon is more
notable at the end of laid tapes on a complex mould surface.
Figure 2 presents the manufacture process of a complex
composite part through ATP. Note the excessive gaps occur
at the end of laid tapes. Engineering experience reveals that

FIGURE 2. Excessive gaps appear at the end of laid tapes.
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a good lay-up should prevent overlaps and constrain the gaps
within 2.5mm.

Overlaps and excessive gaps are highly undesirable as they
will result in a weaken part. To tackle with this dilemma,
Hogg [28] constructed the lay-up trajectories with a plurality
of geodesic segments, each of which defined an offset angle
relative to the adjacent segments. The offset angle was used
to adjust the shape of lay-up path so as to minimize the
gaps or overlaps. However, the offset angle results in an
unsmoothed curve. Although Hogg indicated that the offset
angle of each geodesic segment should be less than a pre-
determined maximum value, the concentration of distortion
at the connecting points is inevitable, which could possibly
lead to the appearance of wrinkles in the composite tape.
Alternatively, we could utilize the curve with very small
geodesic curvature to ameliorate the distortion at the con-
nect point, as seen in Fig. 3. Recalling that the appearance
of wrinkles is related to the geodesic curvature along the
lay-up paths, the curve with small geodesic curvature would
suppress the occurrence of the deposition problem.

Geodesic curve

———— Curve with prescribed geodesic curvature

FIGURE 3. Optimizing the layup trajectory for ATP.
A preliminary numerical model for the curve with pre-

scribed geodesic curvature was established in Reference [20].
After several modifications, this numerical model is

simplified as follows:
d2u+rl du 2+2F1 dudv_'_r1 dv\?
ds? A ds 12 45 ds 2\ ds

k d d
=t (G V+F—”> =0,

VEG—F2\ ds  ds 0
d?v 42 du\? L or? du dv 42 dv\?
ds? A ds 12 ds ds 22\ ds

kg dv du
——f (F=+E—)=0,
VEG — F2 ds ds
where s is the arc length, and F}k = F;k(u, v)(Q,j,k=1,2)
are the Christoffel symbols which are defined as follows:
GE, — 2FF,+FE, » _ 2EF, —EE, + FE,
2AEG—F2 U7 2EG-F?
, _ GE,~FG, _, EG,—FE,
27 2EG-F2 27 2EG-F2y
2GF, — GG,+FG, » EG,—2FF,+FG,
2AEG—F2 =~ 27 2EG-F?
In Fig. 3, the problem involves connecting discrete
points on mould surface by curves with prescribed geodesic

1
Fll"

1
l—122_
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curvature, which is equivalent to solving the boundary value
problem of the Eq. (1).

IIl. PRINCIPLE OF THE ALGORITHM
A. THE NON-UNIFORM CUBIC B-SPLINES
In this paper, non-uniform cubic B-spline functions are used
to solve the differential equation (1).

Let us consider a partition0 = sp < §] < ...SN—1 < Sy =
L on a given interval [0, L]. B-splines are defined through a
recursive relation introduced by Boor [30] in the early 1970s.
The B-splines of degree 3 are given by:

(s — s1)°
(siv3 — $)(Siy2 — $)(Sit1 — i)
s € [si, Sit1],

(s — 5 (si42 = 9)
(si+3 — s)(sit2 — $)(Sit2 — Si+1)
(s — si)(si43 — )5 — sit1)
(5i+3 — 8:)(5i43 — Sit1)(Si4+2 — Si1)

(si+4 = $)(s = 5i41)?
(Sita — Sit1)(Si43 — Sit1)(Si42 — Sit1)
$ € [Si+1, Sit2],
(s — 5i)(si43 — 5)? 2)
(5i+3 — $)(si43 — Sit1)(Si43 — Si+2)
(Sita — ) — Siy1)(si43 — 5)
(Sita — Siy1)(Si3 — Sit1)(Si43 — Sit2)

Bl(s) =

(Si4 — $)%(s — Si42)
(Sitd — Siv1)(Siva — Sip2)(Si43 — Sit2)
$ € [Si+2, si+3],
(siva — )3
(Siva — Siv1)(Sira — Si42)(Sita — Si43)
s € [8i43, Sit4l,
0 otherwise.

The last equation is a cubic spline with knots s;, Si+1, Si+2,
Si+3, Si+4. Note that the cubic B-spline is zero except on the
interval [s;, Siy4).

B. THE BOUNDARY VALUE PROBLEM
The boundary value problem in this section is stated as
follows: Finding a curve with prescribed geodesic curvature
between two boundary points (ug, vg) and (u,, v,) on a
parametric surface.

The solution of Eq. (1) is approximated by:

TOEDIN:HOTS
0 A3)

vs) =) Bi(s)v
i=0

where u;, (1 < i < nmn—1andv;, 1 <i < n-—-1)
are the unknown real coefficients and B?(s) are the basis
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functions of the cubic B-spline defined on a knot vector
U, = {ltl, 1[2 - ltN+6, 1t1\/_;_7} = {O, 0,0,0, s1, 57...
sN—2,sN—1,L,L,L,L}.

For the cubic B-spline, N =n — 2.

Note the first knot and the last knot are of multiplicity 4 so
that the clamped b-spline curves u(s) and v(s) pass through
the end control points ug, vo, Uy, Vy.

With reference [31], the first order derivative and second
order derivative of u(s) and v(s) are denoted as:

n—1
W(s) =Y Bl s)pis

= )
V(s) = Z Biz(s)qi,

where B%(s) are the basis functions of the quadratic B-spline
defined on a knot vector Uy = {?11, %t .. . 2tn 14, 2t 45} =

{0,0,0,s1, s2...sn—2, sy—1,L,L,L}, at the same time
— Uiy —Uj and g; = 3 Vit1—Vi .
pi Hipa—tix1 L Hiva—tip1

n—2
W'(s) =) B,

= ©)
V()= > Bl (s)m;,

where Bl-1 (s) are the basis functions of the linear B-spline
defined on a knot vector Us = {311,310 .. Sty 10, 3ty 13} =
{0,0,51, 52...5v—2, sy—1, L, L}. Meanwhile, itis obtained

thatl =2 Pt+17 ft _ 2%%:1 3;11

The basis functlons of u(s), u/'(s) and u”(s) are illustrated
in Fig. 4.

and m; = in this equation.

uy iy U
u 1 2 3 n-3y, -1 1,

T

0 S S2 S3 Sy Sva Swa Sva Sw L

po P P2 P Pns Pu3Pn2p,
u'(s)

0 5 s 535 84 Svs Sws Sna Sw

h onoh s bea lis 1,
u''(s)

I | [ [ [ I | | |
0 S1 S22 0§38 Sva Svs Sva Sw L

FIGURE 4. The basis functions of u(s), v’(s) and u”'(s).

In order to solve the 2n — 2 unknown control points in
the Eq. (3), 2n — 2 Equations should be established. The
equations could be established through the point collocation
method, the subdomain method, the least square method or
the Galerkin method. The last three methods are difficult to
implement as the numerical integration of Eq. (1) is rather
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tedious. Thus, the point collocation method is preferred in this
application. To obtain the 2n — 2 equations, we choose n — 1
collocation points 0, s1, $3...5yv—2, sy—_1, L, at which we
enforce the approximate solution (3) satisfying the differen-
tial equation (1). Note the collocation points are in accordance
with the knot points, which enables the evaluation of u(s), v(s)
and their derivatives more cheaply.

In the subsequent part, the discretization of Eq. (1) is exam-
ined. The length of the interval [s;, siy1], i=0... N —1
is denoted as ss; which is approximated by the chord length
between the knot points.

With Eq. (4) and Eq. (5), the first order derivative and
the second order derivative of u(s) and v(s) at the knot point
s; could be expressed as follows:

A SS8i—1

u'(si) =

ssi—1 + ssipl ssi—1 + ss,-piH’ .
§8; 58; 0<i<N
Vi(si) = g + - qi+1-
! S$Si—1 + 88 $Si—1 + 88;
(©)
u”(s,-) -9 Pi+1 — Pi ,
$Si—1 + 85; 0<i<N %
% qi+1 — 4qi
Vi(s) =2———.
sSi—1 + §8;

The relationship between p;, g; and the control point is
stated as follows:

Uit — Ui
Pi= 3ss- + ssi_1 + s5;
i—2 i—1 i 0<i<N+1 (8)
Vitl — Vi
qi=3

SSi_o + SSi_1 + s8;

In this paper, it is appointed that ss; = 0 when i < 0 or
i > N — 1. For example, if i =0, then Eq. (8) will degenerate
as the following equation:

up — uop
po=3—,

580

Vi — VWV

©)

qo=3
550

With Eq. (6), Eq. (7) and Eq. (8), through simplification,
the discretization of Eq. (1) at the knot point s; is denoted as:

6
fi=————— Vo (ig2 — uiv1) — Vi (ig1 — u)]
S$Si—1 + S8
+ 9T} Hy? + 18T },H 1 Ha + 9T3,H>
PR (FH| + GH>) = 0,
—_— 1 2) =
VEG — F?
gi=——[V2(viz2 —vit1) — V1 Vit1 — vi)]
s$Si—1 + 88;
+ 9T} H\? + 18T3,H  Hy + 973, Hy?
ks = (EH) + FH)) = 0.
-— 1 2) =
VvEG —
(10)
In Eq. (10), Hy = Wa V1 (i1 — ui) + W1 Vo (uiyo — it1)

and H, = WoVi (g1 —v) + WiVa(vigz2 —vig1).
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. _ 1 _ 1 _
MeanWhlle’ Vl T sSi—ptsSsi—1+ss; V2 T oSS +Ssi+ssitr Wl -
SSi_1 . 5S;
$8j—1+Ss;° Wy = S8j—1+SS8; °

The boundary condition is converted as the following gov-
erning equation:

g1 =vo—va=0,

{fBl =uy—uy =0,

(11)

fB2 =uny2 —up =0,
gp2 =vny2—vp=0.

With Eq. (10) and Eq. (11), we have 2(N + 3) nonlinear
algebraic equations:

F = (fg1, g1, fo, 8o--. fis &i--- In»
an, e, gp)t =0, (12)

Eq. (12) can be computed by the Newton’s method, if a
(0) (ONEN(V)] 0)

2 Vo eee Ui Vi Uy,

Vz(vzrz)T is provided. The Newton iteration scheme is delivered

by:

starting vector Y@ = (ug)),

JP1AYD = —FO, (13)
YUrD = yO 4 Ay, (14)

where we let 0 < A < 1 to achieve more stability for the
highly nonlinear problem. If A = 1 the equation reduces
to a regular Newton’s method, while if A < 1 the rate of
convergence will be less than quadratic. Here [J?] is the
2(N + 3) by 2(N + 3) Jacobian matrix of F ) with respect
to Y.

From Eq. (10) and Eq. (11), the Jacobian matrix should
have the following seven-diagonal structure:

= -
1
o o o o o o
e o o e o o
Adit32ir1 ® ® ® @ Aiy30it6 (15)
Agitanir1 ® @ o o Agit4dite ’
e o o o o O
e o o o o O
1
- 1_

where A indicates non-zero value in the Jacobian matrix.

In the Jacobian matrix, the 2i + 3, 0 < i < N row
is related to f; at the knot point s;, which is the function of
Ui, Vi, Ui+1, Vi+1, Ui+2, Vi+2. Meanwhile, the 2i + 4, 0 <
i < N row is related to g; at this knot point, which is also
the function of u;, v;, uit1, vi+1, Ui+2, vi42. Recalling the
definition of Jacobian matrix, the 2i + 3 row includes six
non-zero values: Aj;132i+1, A2i43,2i+2 - - - A2i132iv6. Here,
we have the following:

ofi 6V

Aoitznin] = - WV
2i+3,2i+1 du; ) 55; 2V1
x <18F1 Hy + 18T, H +—3ng )
1 2
1 12 VEG — F2

VOLUME 9, 2021

o _

Aziys iy = 5= = —WaVi
1
1 1 3k, G
X 18F12H1 + 18F22H2 + \/ﬁ
ofi 6(Va+ Vi)
Aoiy32i43 = — = + W2V — Wi Vo)
oujy $8i—1 + 85
1 1 3k F
x | 18"} Hy +18F12H2+—,m
ofi
Aoiy32it4 = 3 ll = WLV — W1V2)
it
1 1 3k, G
x | 18"}, H; +18F22H2+—m
of; 6V,
A2it32i45 = = + WiV,
’ ouiyo  ssi—1+8s;
1 1 3k F
X ISF“H] + 18F12H2 + \/ﬁ
_ o _
A2it32i46 = i WiV,
it
1 1 3ksG
X 18F12H1 + 18F22H2 + \/ﬁ

At the same time, the 2i + 4 row also includes six non-zero
values: Aojy42it1, Aoiva2ita ... Aoivaive. Here,

0gi
Aita2i+1 = Pl WLV,
l
) 5 3kE
Moipagisn = Bl My
24242 = av; - sSi—1 + 88; 271
5 5 3koF
a .
Agirait3 = 3;11 = W2V — W1V2)
1
5 5 3kE
x | 18I'7 H +18T",Hy — —m
agi 6(Voa+V
A25+4,2,'+4 = 8i = — (V2 1) + WV — W1 Va)
Vit1 §Si—1 + S8;
) 5 3k F
0gi
Adiy4igs = by 0%
l
) ) 3kE
0gi 6V,
A2it42it6 = = + WiV2
Vit2 $8i—1 + 88;
5 5 3koF
X 18F12H1+18F22H2 — —m

C. THE INITIAL APPROXIMATION

As illustrated in Fig. 5, the two end points in the parametric
space are connected by a straight line or a circular arc and
a uniform mesh is defined by a set of discrete points. These
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points are the initial knot points ()@, v(s)@) and they
are utilized to compute the initial control points (u,(.o), vfo) ).
In this paper, the right superscript (0) indicates the initial step.

v v

(ty, vy)

oy by u
FIGURE 5. Straight line approximation and circular arc approximation.
Straight line approximation is the simplest and most often

provides a good initial approximation. Wherein, the initial
knot points is obtained as:

Up — UQ
u(s)® = o + ==,

0<i<N (16)

v(si)(o) =vy+ ivn — VO.

The circular arc approximation is more reliable than the
straight line approximation when there exists more than one
solutions [14]. For this kind of initial approximation, an aux-
iliary circular with radius R is drawn between the two end
points. Through computation, the center coordinates of the
arc is expressed as (ug, vg). At the same time, the arc angles
corresponding to (i, vo) and (u,, v,) are denoted as @ and S,
respectively. Thereby, the initial knot points is delivered as:

ﬂ—a)
N 0<i<N

B—a
N )

With Eq. (2) and Eq. (3), the relationship between the knot
point (u(s;), v(s;)) at s; and the control point (&;, v;) is stated
as:

{Aiui + Biujt1 + Ciuiyo = u(s;),
A+ Bivir1 + Civigr = v(s).

u(s,-)(o) = ur + Rcos (a +i

v(si)(o) = Vg + Rsin (a +1i
(17)

i=1...N—-1

(18)

Here A;, B;, C; are acquired through the following
formulas:

1 ss,2
A[ == )
$Si—1 + 88; \8Sj—2 + s8;—1 + 85;
1
$Si—1 + 88
[ ($8i—2 + $5i—1) 85
88i—2 + §8i—1 + 88;

(s8; + $8i41) $8i—1
8Si—1 + 88; + $Si+1

( ssi_12 >
sSi_1 4+ ss; \ssi1 + 88 + 855401 /)
i=1..N—1 (19
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In Eq. (18), there are 2N + 2 unknown values while 2N —2
formulas. In order to evaluate (ufo) , vEO)), another four formu-
las is obtained by providing the tangent vector of the initial
B-spline curve at the boundary points:

{(pE?), a) = (P4, 0w),
O, 1s aVh ) = (Ps. Op).

With Eq. (8), Eq. (18) and Eq. (20), ugo) can be solved
conveniently through the following matrix operation:

“(10> 1 —1

(20)

u(O) — AEO) BEO) Ci(O)

0 } . .
Un+1 1

1
ug + §PA.SSE)O)

X u(.s,j).(o) . 2D

UN+2 — —QA SS( )

At the same time, the formula for vio) can be obtained by
replacing symbol u with symbol v, P4 with Pp, and Q4 with
QOp in Eq. (21). Note that Eq. (21) will be utilized only once
in the computation.

D. UPDATING THE KNOT POINTS

During the iteration, the interval length ss; is variable as
the b-spline curve is evolving. As the interval length is
approached by the chord length between the knot points, these
points should also be updated in the iteration.

The knot points (u(s;)%+D, v(s;)U+D) in iteration j + 1
could be evaluated with Eq. (18) directly when the control
points (u('+l), vl(jH)) in this iteration is acquired through
Eq. (14). However, it is found that the following correction
procedure would be more effective.

With Eq. (18), the relationship between the knot point and
the control point can be transformed into a linear equation:

Li = u(si) — Aju;
M; = v(si) — Apvi

— Biuiy1 — Ciujpr =0,
— Civizr = 0.
i=1...N—-1 (22)
With Eq.(22), once the updating vector AY? of the
control point is evaluated through Eq.(13), the knot point
(u(s;), v(s;)) is acquired by The Newton iteration scheme:

— Bjvit

Au(s)? = AV Aui? + BY AuiV
+CVAuin" - L9,

Av(s)Y = AP A + B Ay O @3
+ GO Avi? = M0,

u(s) Y = u(sp)V + rAu(s)?, ”
v(s)HY = v(s)¥ + 2 Av(s)?, &9

where, i=1 ... N — 1, andj indicates the iteration times.
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@ Input: j=0
Parametric surface
(ugyv,) (ug.vg)

Obtain initial knot points (P4-44) (Protr)
(n(s; ™, v(s; g
Compute initial interval length “'50)

[]

Obtain initial control points
U (0)
@, v{")

l(’nmpulc JU and U9 solve ﬂ""’|

Output control points and
interval length

L pdate control points

v

Update knot points
(H(S;lm- !‘(A‘,—)ml

(]

|( ompute interval length ss}”’

3

FIGURE 6. Flow chart of our algorithm.

The flow chart of our algorithm is illustrated in Fig. 6.
We detail our approach into Algorithm 1 as follows:

As seen in Fig. 6 and Algorithm 1, the input values are two
boundary points on the target parametric surface. After sev-
eral iterations and a predetermined accuracy level is reached,
the control points and interval length are output to build the
solution of Eq. (1).

IV. ERROR ANALYSIS
In this section, the computation accuracy of the proposed
method is analyzed. First of all, let %(s), ¥(s) denote the exact
solution of Eq. (1).

With Eq. (6)-Eq. (8), we can obtain the following:

, 3
u(sj)=——
88i—1 + 8S;
8 |:ssi—l (iv2 —uiy1) — ss; (uip1 — up) }
$S;i—1 + 88; + SSiy1 SSi—2 + SSi—1 + SS;
(25)
6
W (s1) = ————
88i—1 + 8S;

% Ui+2 — Uj+1 . Ui+l — Ui
SSi—1 + 88 + 8Si+1 SSi—2 + SSi—1 + 55
(26)

The Eq. (18) can be rewritten as follows:

2
58i-1” (Uiy2 — Uit1)
8Si—1 + 88; + $Si+1

1
u(s;)) = ——— | 2uj 1 +
(l) s5i_1 + s5; |: i+1
ssi% (Uir1 — ;)

— :| .27

$Si—2 + 881 + S8}
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Algorithm 1 Solving the Boundary Value Problem of Curves
With Prescribed Geodesic Curvature Based on a Cubic
B-Spline Element Method

Input:A parametric surface S(u, v), two boundary points
(ua, v4) and (up, vp), number of knot points, j = 0, an error
tolerance ¢.

Output:A B-spline curve with prescribed geodesic curva-
ture to connect the user-specified boundary points.

1: Obtain the initial knot points (u(s;))?, v(s;)?) by using
the straight line approximation (16) or circular arc approxi-
mation (17);

2: Compute the chord lengths between the initial knot points
(u((av),-)(o), v(s,-)(o)), and use them as the initial interval lengths
ss: s

P
3: Compute the initial control points (u
Eq. (21);

4: While 1 do

5: Evaluate the Jacobian matrix [J] and FU) by using
Eq. (15) and Eq. (12), respectively;

6: Solve AYY) by using Eq. (13);

7. If HAY@ || < ¢ Break;

8: Else Do

9:Letj=j+1;

10: Update the control points (u
using Eq. (14);

11: Update the knot points (u(s))?, v(sj)?) in the iteration j
by using Eq. (23) and Eq. (24);

12: Compute the chord lengths between the knot points
w(s)Y, v(s)¥), and use them as the interval lengths ss?)
in the iteration j;

13: End While

14: Return the control points and the interval length to build
the solution.

(0)

i

v,(.o)) by using

O

i

vlg)) in the iteration j by

Then, the following relationships can be obtained:

3

3 3 3
D+ —— — —5 ) uls)+—u(s;
SSi_lz M(Sl 1) (ss1__12 SSi2> M(Sl) SSl‘z M(SH-])

/ 2 2 / 1 /
wisi—)+|——+ — Ju(s)+—u(siy1).
S5S; 5S; SS;

i—1 i—1 i
(28)
6(ssi—1 + ss;) 6
u(si—1) — ——————u(s;)+—u(sit1)
SSi—1 S8;i—158; A
= ssi—1u(si—1)+2(ssi—1 + ssp)u” (s;) + ssiu” (siy1).
(29)

With the Taylor Expansion at the collocation point, the
following equations are expressed:

- - -~ 1 ~
u(si—1) = u(si—1) = u(s;) — ssi— 1w (s;) + Ess,'_lzu”(Si)
1 - 1 -
— 58S 0 (si) + ﬁssl'fl“u””(sz') + o),
u(s;) = u(s;), (30)

- - ~ | P
u(sip1) = u(sip1) = uls;) + ssitl' (s;) + 5551'2’4”(51')

1 - 1 -
+gss,~3u/”<s,~) + ﬁssﬁu””m +0(),
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where O( ) is the big O notation.

1
W' (si—1) = u'(s;) — ssi—1u’ (s;) + Essi—lzu///(si)

1
— 58S 3" (si) + O(h),

! ! Z 1 2. (31)

W(Si1) = w(si) + ssi(si) + Zssi w7 (si)

1
+6ssi3u////(s,-) +0(P).
u'(si—1) = u"(s;) — ssi—qu” (s7)

1
+ossio1 7w (si) + O(R),

2 (32)

W (sig1) = u(s;) + ssiu’” (s)

1
+§ssl-2u””(sl') + O(h).

Substitute Eq. (30) and Eq. (31) into Eq. (28), through
simplification, the following relationship is deduced:

58i—155;(s8; — $8;—1)

$8i—188; o 3
1+ D~ + D
[ 6 18
ssi_lssi(ss.3_1 + ss?) 4

: D ... | (sp)

T2(ssi—1 + $8;)
ssi_188; 3 585 158i(885; — $Si_1) 4

|: + 6 + 24

ssi—155i(ssi—1> + s5:°)
120(ss;i—1 + s57)

D .. } u(sy), (33)

where D = %.
With Eq. (29), Eq. (30) and Eq. (32), through simplifica-
tion, the following formula is obtained:

(s5;% —55i-12) (ss;° + 55i—1°) 2 } "
1+ D D+ u'(s;
[ 3(ssi—1+55) 6(ssi—1 + s5;) (51
- [DZ (057 =5i1%) | (0857 4 55i210) g } i(s:).
3(ssi—1+s5s;) 12(ssi—1 + s57)
(34

With Eq. (33) and Eq. (34), through simplification, the
following relations can be derived:

58i_188i(ss; — SSi—l)Tf

' (si) = (s;) — 7

(s)
_ ssi—185i(ssi—1° + 55;7)
180(ss;—1 + ss;)
(557 + 88i-1°) 4
—u'(s
12(ssi—1 + s57)

W(si) + O(h*), (35)

u(s;) = W' (si) — D)+ Oh>).

Now, we define the computation error of u as u_e(s) =
u(s) — u(s), and with the Taylor Expansion, it is acquired:

u_e(s; + 0ss;) = u(s;) — uls;) + 0ss; [M/(Si) - ﬁ/(si)]
1
+ 592ssi2 [ (s) =W (sp)]+---. (36)
where 0 <6 < 1.
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Substitute Eq. (35) into Eq. (36), the computation error of
u is expressed as:

u_e(s; + 6ss;)
_ [_ 0 §Si—188i2(s8; — 58i—1) 2 ssi2(ssi° + $5i-1 3)i|
72 24(ssi—1 + 58;)
x W) + O(°). (37)

Similarly, the computation error of v is solved as:

v_e(s; + 0ss;)
_ [_9 58— 188:2(S8; — $8i—1) _ g2 ssi2(ssi> + SSi—13)}
72 24(ssi—1 + 58;)
x V(si) + O(h), (38)

where v_e(s) = v(s) —V(s) denotes the computation error of v.
With Eq. (37) and Eq. (38), it is deduced that our proposed
approach is generally O(h*) accurate.

V. VALIDATION

It is difficult for the discrete approximation method of
geodesic curves to determine how the curves with non-zero
geodesic curvature should pass on surfaces. However,
the numerical approach introduced by Maekawa, Kasap and
Chen for BVP of geodesic could be extended to curves
with non-vanishing geodesic curvature directly. Both of
Maekawa’s and Kasap’s methods are based on the finite dif-
ference method, and an interpolation technique is needed to
ensure the continuity of desired curve. Chen’s algorithm uti-
lizes an optimization strategy to find geodesics. In Appendix,
we prove the optimization strategy is equivalent to solving
the differential equation of geodesics based on the Galerkin
method.

In the subsequent part, the proposed method is com-
pared with Maekawa’s method, Kasap’s method and Chen’s
geodesic-like curve as these approaches are elegant and aim
for the smooth parametric surface. Curves with prescribed
geodesic curvature between two boundary points on several
parametric surfaces are constructed with the methods. For
the purpose of equity, all of the methods share the same
number of iterations and the time costs are recorded. In order
to measure the accuracy of different algorithms, the length
difference between the computed curve and ideal curve is
evaluated as:

Length — Length;yeq

computed

Length

Length error = x 100%,

ideal

(39)

where Length,oyneq and Lengthjye, indicate the length of
the computed curve and the target curve, respectively. Here,
the length of the computed curve is approximated by the sum
of the chord length between the knot points. The ideal curves
with prescribed geodesic curvature on B-spline surfaces are
not readily available, so we use the curves computed through
our method using more knot points and iteration times as the
ideal curves.
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Next, various surfaces are adopted to validate the proposed
method. For simplicity, the straight line approximation is
adopted. All of the codes are implemented in MATLAB
2016b with NURBS Toolbox 1.0 and run on a personal
computer [Intel Core (TM) i5 Duo Processor, 2.8GHz, 16GB
memory] to test the accuracy and the efficiency.

As illustrated in Fig. 7, the first example computes curves
with prescribed geodesic curvature on a sphere surface. The
target curves include a geodesic curve and a curve with con-
stant geodesic curvature (k, = 1/4000). The length of the two
curves are 3141.5927 and 3261.9341, respectively. The length
variations of the computed curves with respect to the iteration
times for the four methods are recorded in Table 1. The differ-
ences on the accuracy and time costs of the four approaches
are demonstrated in Table. 2.
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-1500

=500
-1000 -
-1500
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0. 5 =0 L e

1000
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FIGURE 7. Curves with prescribed geodesic curvature on a sphere surface.

TABLE 1. Length variations with respect to the iterations in example 1.

Method Knot points: 101 4=02 kg=0

Iterations 1 5 10 15
Macekawa’s 4054.37 3400.88 3193.09 3151.67
Kasap’s 4054.39 3398.87 3192.67 3151.60
Chen’s 3986.26 3310.80 3161.19 3143.54
Ours 3987.56 3310.86 3161.44 3143.57
Method Knot points: 101 4=0.2 kg=1/4000

Iterations 1 5 10 15
Mackawa’s 3974.77 3249.84 3143.33 3183.37
Kasap’s 3974.79 324943 3143.20 3183.38
Chen’s 3848.35 3171.88 3166.23 3220.13
Ours 3848.95 3172.00 3166.83 3219.82

TABLE 2. Results of comparison on accuracy and time costs in example 1.

Method Macekawa’s Kasap’s Chen’s Ours
Knot points: 101 4=0.2 Iteration times:20  kg=0
Time costs 0.1204 0.0824 0.0982 0.0915
Length 3143.54 3143.53 3141.72 3141.72
Length error 0.0620% 0.0616% 0.0040% 0.0041%
Knot points: 101~ A=02 Iteration times:30  kg=1/4000
Time costs 0.1802 0.1281 0.1457 0.1355
Length 3251.83 3251.84 3260.50 3260.49
Length error 0.310% 0.310% 0.0440% 0.0443%
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FIGURE 8. Results of comparison on efficiency in example 1.

As shown in Fig. 7 and Table. 1, the initial curve
approaches the desire curve gradually with the iteration.
For geodesic, with the increase of the number of iterations,
the length of the curve decreases and the error of the curve
length decreases. This is due to that the geodesic curve
generally minimizes the distance between two points on
surfaces. However, for the curve with prescribed geodesic
curvature, the error of curve length will gradually decrease
after a certain number of iterations, and the computed curve
is relatively close to the target curve at this time. With Table.
2, the accuracy of our method is comparable with Chen’s
method, and the accuracy of Maekawa’s method is close to
Kasap’s method. At the same time, the accuracy of the first
two methods is significantly better than that of the latter
two methods. In Table 2, the computation accuracy of the
curve with prescribed geodesic curvature is worse than that
of geodesic curve. This is mainly due to that the differential
equation of the former curve is more complicated than the
latter. As can be seen form Table. 2, Kasap’s method is the
fastest, while Maekawa’s approach is the slowest. Mean-
while, our algorithm is faster than Chen’s method.

In order to show the efficiency of different algorithms,
Fig. 8 records their computation time required to achieve a
given level of accuracy. With this figure, it is noticed that our
approach is always able to achieve better accuracy in a same
computation time, which indicates that our method is more
efficient.

As shown in Fig. 9, the second example evaluates curves
with prescribed geodesic curvature on a cubic B-spline
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surface. The target curves also include a geodesic curve
and a curve with constant geodesic curvature (kg = 1/500).
The length of the two curves are 199.3348 and 200.9313,
respectively.

40 ]
k17300

500

FIGURE 9. Curves with prescribed geodesic curvature on a cubic B-spline
surface.

The length variations of the computed curves with respect
to the iteration times for the four methods are recorded
in Table 3. The differences on the accuracy and time costs of
the four approaches are demonstrated in Table. 4. The Results
of comparison on efficiency are illustrated in Fig. 10.

TABLE 3. Length variations with respect to the iterations in example 2.

Method Knot points: 101 A=02 kg=0

Iterations 1 5 10 15
Mackawa’s 202353 200207 199558 199.400
Kasap’s 202351 200206 199.556  199.399
Chen’s 202.139 200058 199482 199368
Ours 202.139 199.955 199.453 199.361
Method Knot points: 101 A=0.2 kg=1/500

Iterations 1 5 10 15
Mackawa's 202222 199.953  199.729  200.065
Kasap’s 202.221 199.953 199.724 200.060
Chen’s 201.987 199.833 199.802 200.254
Ours 201.986 199.756 199.843 200.288

TABLE 4. Results of comparison on accuracy and time costs in example 2.

Method Maekawa’s Kasap’s Chen’s Ours
Knot points: 101 1=0.2 Iteration times:20  kg=0

Time costs 0.940 0.870 0.921 0912
Length 199.3555 199.3550 199.3422 199.3405
Length error 0.0104% 0.0101% 0.0037% 0.0029%

Knot points: 101~ A=0.2 Iteration times:30  kg=1/500

Time costs 1.386 1.245 1.332 1.301
Length 200.7341 200.7357 200.8313 200.8546
Length error 0.0981% 0.0973% 0.0498% 0.0382%

As can be seen from Table. 3, Table. 4 and Figure. 10,
the experimental results reflect similar trends on accuracy and
efficiency as those in the first example. However, it is also
noticed that the divergence between our method and Chen’s
method is more obvious, and our method shows superiority
on accuracy.
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FIGURE 10. Results of comparison on efficiency in example 2.

(a) A 2X2 B-spline surface

(b) A 6 X7 B-spline surface

FIGURE 11. Computation of geodesic curves on B-spline surfaces.

In the third example, the influence of underlying para-
metric surfaces on the computation process is investigated.
As illustrated in Fig. 11, curves with zero geodesic cur-
vature are computed on a 2 x 2 B-spline surface and a
6 x 7 B-spline surface. The curvature of the latter surface
is larger than that of the former surface. As the length error is
related to the length of the ideal curve, the two target curves
share an approximately equal length for equity, which are
145.7069 and 140.4017, respectively.

With Fig. 12 and Table. 5, the differences between the
four algorithms are similar to that in the first two examples.
Meanwhile, it is noticed that more iterations and time con-
sumption are needed to achieve a given level of accuracy
on the surface with large curvature for all of the methods.
In Fig. 13, the influence of the number of knot points on the
performance of our proposed method is investigated.
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TABLE 5. Results of comparison on accuracy and time costs in example 3.

Method Mackawa’s Kasap’s Chen’s Ours
Knot points: 101 1=0.2 Iteration times:10  kg=0
Time costs 0.489 0.447 0.474 0.463
Length 145.7395 145.7395 145.7162 145.7152
Length error 0.0224% 0.0224% 0.0064% 0.0057%
Knot points: 101~ A=0.2 Tteration times:40  kg=0
Time costs 2.105 1.855 1.932 1.905
Length 140.4935 140.4873 140.4137 140.4125
Length error 0.0654% 0.0610% 0.0085% 0.0077%

—_
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0.0 0.1 0.2 0.3 0.4 0.5
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(a) Results on the 2X2 B-spline surface

—u—Our

—v—Kasap's method
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—a— Maekawa's method

Length error (%)

0.01 5

0.0 0.5 1.0 15 2.0
Time cost (s)

(b) Results on the 6 X7 B-spline surface

FIGURE 12. Results of comparison on efficiency in example 3.

With Fig. 13, it is known that the computation accuracy
generally increases with the increase of knot points. At the
same time, it is noticed that it requires more iteration times
to achieve a stable lever of length error for the computation
with more knot points. In Fig. 13(a), no obvious improvement
of computation accuracy is noticed when the number of knot
points is increased from 150 to 200, which is not the case
in Fig. 13(b). Thus, for a surface with large curvature, more
iteration times and knot points are preferred to achieve a given
level of computation accuracy.

The last example evaluates curves with zero geodesic cur-
vature by using our proposed approach on the cubic B-spline
surface investigated in Example 2. The number of knot points
is 101. In Fig. 14(a), the circular arc approximation is adopted
and the correction factor A is set as 0.2. In Fig. 14(b),
the straight line approximation is utilized and the correction
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FIGURE 13. Influence of the number of knot points on the computation
accuracy.
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(a) Circular arc approximation (b) Correction factor A=1.0

FIGURE 14. Computation of geodesic curves on the cubic B-spline
surface.

factor A is set as 1.0. The corresponding experimental results
are illustrated in Fig. 15(a) and Fig. 15(b), respectively.

With Figure. 15(a), it can be seen that the straight line
approximation provides better initial approximation than the
circular arc approximation as it acquires better computation
accuracy in a same iteration times. The main advantage of
circular arc approximation is that it is more reliable when
there exists more than one target path. In Figure. 15(b), it is
found that with the increase of the value of XA, the conver-
gence speed generally increases. However, the fluctuation
of the computation accuracy is more significant. When the
value of X is 1.0, the Eq. (13) reduces to a regular Newton’s
method, which is difficult to find a reliable solution as seen
in Fig. 14(b).

To sum up, our proposed method is generally more accu-
rate than the algorithms proposed by Maekawa, Kasap and
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FIGURE 15. Experimental results on the cubic B-spline surface.

Chen. This is mainly due to that our approach has third
order accuracy, while Maekawa and Kasap’s finite difference
methods are with second order accuracy. Meanwhile, Chen’s
optimization strategy is based on a quadratic B-spline basis
functions. As for the time costs, Maekawa’s method is slow
as the iteration process involves the coordinates and the direc-
tions of the target curve. In this case, the Jacobian matrix
is about twice the size of that in the other three methods.
Kasap’s method is the fastest thanks to that it is indepen-
dent of updating the knot points. The experimental results
also demonstrate followings: Firstly, our approach is always
able to achieve better accuracy in a same computation time,
which indicates that our method is more efficient. Secondly,
the computation accuracy of the curve with non-zero geodesic
curvature is worse than that of geodesic curve. Thirdly, for a
surface with large curvature, more iteration times and knot
points are preferred to achieve a given level of computation
accuracy. Lastly, the straight line approximation generally
provides better initial approximation than the circular arc
approximation. At the same time, large correction factors
A are more likely to result in a notable fluctuation of the
computation accuracy.

V1. DISCUSSION AND CONCLUSION

In this paper, a non-uniform cubic b-spline element method
is proposed for solving the boundary value problem (BVP)
of curves with prescribed geodesic curvature. Simulation
and experimental results show that the proposed method is
generally more efficient than existing numerical methods.
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The advantages of the proposed method are concluded as
follows:

1) The method could cope with the BVP for curves no

matter their geodesic curvature vanishes or not.

2) The method has third order accuracy, which shows
more superiorities than existing numerical methods.

3) The computed curves are natural and smooth, and
no interpolation technique is needed to ensure the
continuity of target curves.

4) The collocation points are always in accordance with
the knot points, which facilitates the deduction process
alot.

This paper focuses on providing an efficient numer-
ical framework for constructing curves with prescribed
geodesic curvature between two points on parametric sur-
faces. In future research, the proposed method would be
applied to path optimization in ATP. The desired trajectories
designed with the proposed method could be adopted to
steer the composite tapes such that eliminating the gaps and
improving the quality of the resulting laminate.

APPENDIX
Chen’s algorithm utilizes an optimization strategy to find
geodesic curves on parametric surfaces. Let r = r(u,v)

denote the underlying parametric surface. With refer-
ence [16], the geodesic curve is approximated as a Bezier
curve or a b-spline curve C:

us) =Y Bi(s)ui,
W (AD)

v(s) = ZBi(s)vi.
i=0

The energy of curve C is expressed as:

E (uy,up, ... . up—1,V1,vV2....Vy—1)

1 /b du N dv  du N dv q (A2)
= = ry— +ry—, ry— +r,— .
2 ), Uras " has ey T as )

The geodesic curve is the solution of the system of
geodesic-like equations (A3), which minimizes the energy of
curve C.

b du dv ,
Eu; = ruud_+ruv_ Bi + 1, (B),
a s ds

d d
(A3)
b du dv ,
Ev; = Fuy—— +ryw— | Bi + 1, (Bi)",
a ds ds
du dv
rua + rva ds =0.

In Eq. (A3), Eu; is rewritten as:

E /b du N dv 5 du N dv q
Ui = Twu— + ryw— iy ruy— +ry,— | ds
1 B uu dS Mvds 1 Mds Vds

b . du dv
+ ry (B ,ry— +r,— |ds. (A4)
a ds ds
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In Eq. (A4), we have:
/b du N dv B du N dv q
T T T ry— | ds
g uu d LtVd isTu=—— d % ds
/ b B du\? " dv?
= i ruuru | — ruhy | —
B 1 uuru dS uvty dS

du dv du dv
+ ryuty— & ds + ruryu— i ds:| ds. (AS)
b dv
/ |:r” (B, + r— ] ds
a ds

- d+ B
= ruvrud rv
b
_/ (Bi)d(ru’ru +r— )
ab
_/ (Bi)d<ru9ru +rv
a
/b(B-) g0 Y (e
« | A ds? ds

v (Y ’ B+ F) 2 g (A6)
— —— | ds
"\ ds ds ds

Substitute Eq. (AS5) and Eq. (A6) into Eq. (A4), Eu; is
expressed as:

b
Eui=—f (Bi)

d?u d%v du dv
E@‘FFF‘HEVFFM—VWYV Fuyty) — & ds

du\? dv
+ (Ey — ruulu) d_ + (Fy —ryry) | —
N ds

(A7)
Similarly, Ev; is expressed as:
b
== [ @)
a
d’u d>v du dv
FF""G@'F(FV'i‘Gu_ruvrv FyvFu) — ds dS
du\? dv)?
+Fu—rwr) | — ) + Gy —rpn) | —
ds ds
(A8)

With Eq. (A7) and Eq. (AS8), solving the system of
geodesic-like equations (A3) is equivalent to solve the
following:

—GEu; + FEv; /‘b B) d%u o7 (du>2
ket S el D | — -
a s

EG — F2 ds? A ds
du dv dv?
arb——4+rh (=) lds=0,
+ lzdsds+ 22(ds) *
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FEu; — EEv; _/”(B) d2v+F2 du\?
EG-F2 — J, 77| ds? A ds

du dv dv)?
+2r%2d o +T%, <$) ds = 0.

(A9)

With Eq. (Al) and Eq. (A9), we know that Chen’s opti-
mization strategy for finding geodesic curves is equivalent to
solving the differential equation of geodesics based on the
Galerkin method.
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