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Abstract. Developable surfaces are widely used in construction of a range
of materials such as leather, metallic sheets and other flexible materials be-
cause of their attractive geometric designs. This study presents construc-
tion of a ruled surface using G2-quintic Bézier curves as directrices. The
constructed surfaces accurately interpolate tangents, normals, curvatures
and data values. Moreover, derivation of sufficient conditions for con-
structed ruled surfaces as general developable surfaces, cylindrical and
canonical developable surfaces is also presented. Constraints are derived
for the G2-connection of developable surfaces through G2-quintic Bézier
geodesics. Simple and directly related sufficient conditions are achieved
for tangents, normals, curvatures, data points, and shape parameters which
reduce computational complexity many folds. Accurate surface design-
ing of practical applications such as developable, cylindrical, and canon-
ical surfaces is validated by easy implementation of proposed numerical
scheme. However, achieving higher-order continuity with existing meth-
ods often involves complex computations.
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1. INTRODUCTION

Developable surfaces are special class of ruled surfaces which are produced by sweep-
ing a line through space [3, 16]. Tangent planes are constant along any given ruling of
developable surface. It can be converted into a plane without changing its shape and size.
The mathematical representation of developable surfaces is used for constructing sheet or
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plate metal, leather, clothing and other flexible materials [16]. Piecewise continuous de-
velopable surfaces are used for more accurate and continuous representation. Cones and
cylinders are two different kinds of developable surfaces formed by the tangents of a space
curve [7, 16].

Different surface construction techniques were discussed in ([3]-[7], [9], [11]-[23]). A
brief review is as follows. Aumann [3] presented an algorithm for the construction of de-
velopable Bézier surfaces through a Bézier curve of arbitrary degree. The second boundary
curve was constructed using five design parameters. These free parameters controlled the
starting points and singular points. The proposed developable surface construction tech-
nique [3] has two advantages (i) it does not require the solution of characterizing equation
(ii) it is non-singular. Aumann [3] further extended his earlier work on the developable
Bézier surfaces. In [3], the number of design parameters were very small. Aumann [4]
overcame this restriction using degree elevation technique. Bo and Wang [6] modelled
developable surfaces for animation applications. The authors used the representation of de-
velopable surface as the envelope of rectifying planes in 3D. The proposed scheme showed
the natural continuous isometric deformation of the given surfaces into flat state. It was ex-
plained that the proposed scheme is fast, accurate and easy to use. It was further used for the
representation of non-convex piecewise smooth developable surface. Chu and Séquin [9]
proposed geometric design techniques for quadratic and cubic developable surface patches.
Developability conditions were derived geometrically from de Casteljau algorithm. These
sufficient conditions were expressed as set of control points of Bézier surfaces. These suffi-
cient conditions were not highly non-linear thus provided a closed form solutions form the
control points of the Bézier curves. One of the boundary curves was freely designed and
there were five free parameters for the construction of the other boundary curve. General-
ized canonical and cylindrical models were also emphasized for higher-order developable
surfaces.

In [5, 11] optimization methods were used for the construction of developable surfaces.
Azariadis and Aspragathos [5] proposed two methods for a planar development of a three-
dimensional surface. The first method is a global optimization method without constraining
geodesic curvature. The second method is global optimization method used to control lo-
cal accuracy of the surface. Both surface construction methods do not depend upon surface
parametrization. The accuracy of these methods was dependent upon the triangulation
of the objective surface of the optimization problem. The effectiveness of the proposed
methods was illustrated through shoe making applications. Hua et al. [11] proposed a nu-
merical scheme for the computation of shape optimized developable surfaces. Generalized
developable H-Bézier surfaces (GDHBS) were constructed from H-Bézier curves using the
concept of duality between points and planes in 3D projective space. The developable
surfaces were optimized through variation of free parameters for minimum values of arc
length, bending energy and curvature variation energy of the dual curve. GDHBS shape
optimization models were attained by adapting cuckoo search optimization algorithm.

In [14, 15, 16, 19, 21, 22] geodesic based numerical schemes were devised for the con-
struction of developable surfaces. Kasap, Akyildiz and Orbay [14] constructed a surface
family from a given spatial geodesic curve. The sufficient conditions were derived from
the generalized marching scale functions. These conditions ensured that the curve is an
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iso-geodesic curve on the given surface. Illustrative examples were presented for iso-
geodesic of spherical and cylindrical surface family. Li, Wang and Zhu [15] discussed
the developable surface with cubic 3D Bézier curve as geodesic. Necessary and sufficient
conditions were derived to construct developable surfaces, cylinder and cones from ruled
surfaces. These necessary and sufficient conditions resulted in a large system of equations
of the control points of the Bézier curves. No explicit relation between the control points
and tangents of the directrix curves was derived. The composite G' connection of devel-
opable surfaces through abutting cubic Bézier geodesics was also discussed and explained
through numerical examples. Li, Wang and Zhu [16] discussed the construction of mini-
mal surfaces using geodesics. A surface pencil was constructed which passes through given
curve. Necessary and sufficient conditions for geodesic representation of the given curve
of the surface were derived. Finally, the Dirichlet function was minimized to construct
minimal surfaces. Surface construction techniques were applied to construct surfaces of
revolution, ruled surfaces, bicubic Hermite surfaces. Paluszny [19] presented a generalized
surface construction scheme using pre-geodesic. A 3D polynomial curve was used as pre-
geodesic. The rectifying and tangent planes of pre-geodesic curves are identical. The ruled
cubic patches through pre-geodesics and bicubic patches through pairs of pre-geodesics
were computed. The connection of these patches with abutting pre-geodesics was also dis-
cussed. Homogeneous parameters were adjusted for the G' connection of the composite
surfaces using system of linear equations. Sdnchez-Reyes and Dorado [21] constructed
polynomial surfaces from geodesic curves and used these in textile and garment designs.
Degrees of freedom of the constructed surface were identified in terms of control points.
Tangent ribbons identified two lines of control points where as remaining control points
worked as free parameters. Wang, Tang and Tai [22] studied the problem of constructing
a family of surfaces from a given spatial geodesic curve. The authors [22] derived the
parametric representation for a surface pencil. Using Frennet trihedron frame for the given
geodesic, the authors expressed the surface pencil as a linear combination of the compo-
nents of local coordinate frame. The method was illustrated by finding exact surface pencil
formulations for surfaces of revolution and ruled surfaces. Akram, Batool and Akram [1]
computed (2u + 1) ordered numerical scheme for solving nonlinear equations. Ashraf and
Rasheed [2] introduced a four-point ternary refinement scheme for generating interpolating
and approximating curves. Radial basis functions were used in [13] to solve one dimen-
sional partial differential equation. RBF are well established for its efficient approximation
properties.

Zhao and Wang [23] represented the surface as a combination of given curve and the
three vectors defined in Frennet trihedron. Necessary and sufficient conditions were de-
rived for this surface to be a developable surface. These conditions resulted in a set of con-
straints relating marching functions as well as curvature and torsion of the directrix curve.
Classification of these constraints for the special cases of developable surfaces, cylinders
and cones surfaces, was also discussed. Lu [17] proposed G2-Bézier curve interpolation
scheme with minimal strain energy. The Bézier curve was a quintic polynomial interpo-
lating end points, tangents, normals and curvatures. The length of the tangent vector was
computed by minimizing strain energy.

Caligkan, Unliitiirk and Kocabas [7] recently presented a novel approach for construct-
ing time like developable surfaces with a common line of curvature, offering an alternative
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differential geometric perspective to geodesic-based methods. Their work demonstrates
continued interest in higher-order surface construction techniques. Hussain et al. [12]
proposed a high-order, optimization-free method for tangent continuous approximation of
conic sections using cubic Bézier curves ensuring computationally efficient geometric de-
signing. In [18], Mirkin et al. used multilayer inflatables for computational fabrication
applications. Moreover, a developable surface is known as special class of a ruled surface
defined as the set of points obtained by sweeping a straight line and can flatten on a plane
without distortion [7, 16].

In [15], cubic Bézier curves were used to generate developable surfaces including canon-
ical and cylindrical surfaces with G' continuity. In [17], Lu demonstrated G interpolation
for planar curves. Even with all these remarkable contributions, achieving higher-order
geometric continuity (G?) maintaining simple sufficient conditions is still a challenge. In
[12], the authors achieved tangent continuity using optimization-free methods making it a
viable option for curvature continuity. In this research paper, we are using quintic Bézier
curves to generate developable surfaces with G? continuity, while ensuring the sufficient
conditions remain simple and optimization-free for general developable and cylindrical
surfaces. A comparison with the existing techniques is given in Table 1.

The structure of the paper is as follows: In Section 2, first a ruled surface is constructed
with G2-quintic Bézier curves as its directrices. Secondly, sufficient conditions are derived
to represent ruled surface as canonical and cylindrical surfaces. Section 3 discusses the
method of construction of composite developable surfaces with G2 continuity. Numerical
results and conclusions are discussed in Section 4 and 5 respectively.
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Existing surface construction schemes

Computed surface construction

schemes

The surface construction schemes for de-
velopable surfaces, canonical surfaces
and cylindrical surfaces proposed in [15]
was G1.

The surface construction schemes for
ruled surfaces, canonical and cylindrical
surfaces computed in this research paper
are G2, see Section 2, 3, 4.

The directrix curves in [15] were G! cu-
bic Bézier curves.

The directrix curves of the surfaces
construction schemes presented in this
research paper are GZ2-quintic Bézier
curves.

The existing developable surface con-
struction schemes [15] presented an im-
plicit complex system of equations relat-
ing control points of directrix curves and
blending functions for surface construc-
tion.

Computed surface construction schemes
presented in Theorem 2.1, Theorem 2.2,
Theorem 2.3 and Theorem 3.1 give ex-
plicit relation between the end points,
tangents, normals, curvatures and shape
parameters of the directrix curves. The
surface construction schemes presented
in this research paper are more relaxed
than [15].

In [15], no shape design parameter is
present for the further refinement of the
developable surfaces.

Each directrix has four shape design pa-
rameters. These shape design parameters
can be used to further refine the shape of
constructed surface.

The numerical schemes presented in [,
11] used optimization methods to con-
struct developable surfaces.

Unlike  optimization-dependent  ap-
proaches [5, 11], our methods derive
simple, closed-form sufficient conditions
that directly relate geometric properties
of the directrix curves, following the
optimization-free philosophy for ruled
surfaces, cylindrical surfaces, and com-
posite surfaces.

In [15], the ruled surface represents a
cylinder iff the directrix curve is gener-
alized helix.

In Theorem 2.2, simple sufficient con-
ditions are derived to represent cylindri-
cal surfaces from given data of directrix
curve.

TABLE 1. Comparison of existing and proposed surface construction schemes.

2. THE DEVELOPABLE SURFACE CONSTRUCTION SCHEMES

In this section, first ruled surfaces are constructed whose two directrix are G2—quintic
Bézier curves. Then sufficient conditions are computed for the ruled surfaces to represent
developable surfaces. In [15], a ruled surface is computed by the following relation.

Ri(u,v) =r(v) + up(v). 2. 1)
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Here Ry (u, v) is the ruled surface, r(v) and ry (v) are the directrix of ruled surfaces, and u
is the translation parameter. Here p(v) = r1(v) — r(v). In this research paper, the directrix
of the ruled surfaces are taken as G2-quintic Bézier curves [17]. The G2-quintic Bézier
curves r(v) and ry (v) are defined as follows:

i( ) D )= @(1 I )

= i=0
with
bo = Fo, b1=Po+aO5TO’ bz=Po+<2§O §8>T +ko°2“2No,
b3=P1+(_25a1 §6>T1 k1C§)N1’ b4:P1—a15T17 bs — Py,
03=Q1+<_25a1+§(1)>f E(ZEJ/\E’ 04:Q1_a15f17 ¢ = 01,

Here P, P1, Qo, ()1 are the end points, Ty, 77, TO, T1 are the end unit tangents,
No, N1, No, N1 are the end unit normal of the G2- -quintic Bézier curves. k, k1 , @0 and k:1
are the curvature of these curves at the end points. Here «y, 89, @1, 81, Qo, ﬁg, a1 and 51
are the shape design parameters or free parameters.

In the following theorem, sufficient conditions are derived so that Ry (u,v) to be a
developable surface.

Theorem 2.1. The ruled surface Ry (u,v) defined in ( 2. 1) is developable if the following
sufficient conditions are satisfied:

(1) The vectors Ty, T, fo, ﬁ, Qo — Py and Q1 — Pj are parallel vectors.

(2) The vectors P, — Py and Q1 — Qo are parallel vectors.

(3) The curvatures kg = 0,k =0, ko =0, and k1 =0.

Proof. A ruled surface R4 (u,v) defined in ( 2. 1) is developable iff (r/(v), p(v), p’(v)) =
0 [11, 16]. Here, p(v) = ri(v) — r(v) and p’(v) = ry(v) — r (v), (r'(v),p(v), p’(v))
stands for scalar triple product of three vectors r’(v), p(v) and p’(v). Substituting the val-
ues of r(v), p(v) and p’(v), the relation (r'(v), p(v), p’(v)) = 0 reduces to the following
relation.

(r’(v), r1(v) — r(v), r’l(v)) —0. 2.3)

Complete expressions of r'(v),r1(v) — r(v) and ry (v) are evaluated for the G2-quintic
Bézier curves defined in (2. 2)). These values are written in appendix. Substituting the
values of 1/ (v), 1 (v) — r(v) and ry (v), and after simplification we have

13

(x'(0),x1(0) = £(0), 13 (0)) = (1= 0) A =0, 2. 4)

=0
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As v € [0, 1], therefore Equation ( 2. 4 ) is true only if A; = 0,7 =0,1,2,...,13. Here,
Ag = By - Zy = g (To “(Qo — Po) x fo) ,
Ay =By -Z1+4B, - Zy = (13@0@0 + CV()BU + aoﬁo) (TO (Qo— Py) x fo)

+ Foaodl (To.(QO ~ Py x 1%) + koGigad (N0~(Q07P0) xfo),

Ay =By 7y + 4By - 71 + 6By - Zo,

A3 =By-Z3+4B1-Zs+ 6By - Z1 + 4B3 - Zy,

Ay =By -Zy+ 4By - Z3+ 6By - Zy +4B3 - Z1 + By - Zy,
As = By - Zs + 4By - Zy + 6By - Zs + 4Bs - Zo + By - 71,
Ag =By Zs+ 4By - Z5 + 6By - Z4 +4Bs - Z3 + By - Zo,
Ay =By -Z;+4B1-Zg+ 6By - Z5 +4Bs - Z4 + By - Z3,
As =By -Zs+ 4By - Z7+ 6By - Zg+4B3 - Z5 + By - Zy,
Ag = By - Zo+ 4B, - Zs + 6By - Zr + 4By - Zg + By - Zs,
Ay =4B1-Zg+ 6By - Zg +4B3 - Z7 + By - Zs,

A1 =6By-Zg+4B3 - Zs + By - Z7,

A1 =4B3 - Zyg+ By - Zg = (13041&1 —f — alﬂl) (Tl (@Q1—P) x T\l)
— kona? (Tl (Q1—P1) x ]\71) — kiarad (Nl (Q1— Pr) x fl) ,

A3 =By Zy = 10 (Tl (Q1— D) x ﬁ)

The complete expressions of B;,7 =0,1,2,3,4and Z;,7 = 0,1,...,9 are given in appen-
dix.
The expression 4;,i = 0,1,2,...,13, reduces to zero if the following sufficient condi-

tions are satisfied:

(1) The vectors Ty, 17, fo, JA"l, Qo — Py and QQ, — P, are parallel vectors.

(2) The vectors P, — Py and Q1 — g are parallel vectors.

(3) The curvatures kg = 0, k1 = O,EO =0, and %1 =0.
It is clear from ( 2. 2), that the directrix will depend only on the tangent vectors and the
end points. Consequently, the developable surfaces will be constructed as a blend of end

points and end tangents. The constructed developable surface will be a G'-continuous
surface. O

In the following theorem, sufficient conditions are derived so that R (u, v) represents a
cylindrical surface.

Theorem 2.2. Given the values of curve (2.2), end points of the curves (Py, Qo, P1),
unit tangents vectors (To,T1), unit normal vectors (No, N1), shape design parameters

(g, g, vy, Q1 S0, 81 € RT), end curvatures (ko, ko, k1, k1), the ruled surface is cylinder
if the following sufficient conditions are satisfied.

Bo = 800, 1 =s101, Po=so, P1=s101,
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j; OéQTQ j:' OélTl N _ koa%No ]/\\7 _ k‘loz%Nl

, Q1 —Pr=g(Qo—F),

0o=— Th=—— 0 ——— M1 =
Qg a1 koa% kzla%
where g € R,

Proof. A ruled surface Ry (u,v) defined in (2. 1) is cylindrical iff p’(v) x p(v) = 0
(14, 19]. By the definition of p(v) and p (v), p (v) = ry(v) —r (v) and p(v) = ry(v) —
r(v). Substituting the values of r(v),r1(v),r (v) and rj(v) from (2. 2), the following
final value of p’(v) x p(v) is obtained for the ruled surface Ry (u,v) using G2-quintic
Bézier curve ( 2. 2 ) as directrix.

p'(v) x p(v) = Z(l — )"0y,

s
I
o

where

Co = Yy x Xo,

C1 = 4(Y1 x Xo) +4(Yy x X1),

Cy = 6(Ys x Xo) +20(Y; x X1) + 10(Yy x X)),

Cs = 4(Y3 x Xo) +30(Ya x X1) +40(Y1 x X3) 4+ 10(Yy x X3),

Cu = (Vi x Xo) + 20(Y3 x X1) + 60(Ya x Xa) +40(Y1 x X3) + 5(Yp x X4),

Cs = 5(Y1 x X1) +40(Y3 x X3) + 60(Ya x X3) +20(Y1 x X4) + (Yo x X5),

Cs = 10(Yy x Xp) +40(Ys x X3) + 30(Ya x X4) 4 4(Y; x X5),

Cr = 10(Yy x X3) +20(Y3 x X4) 4+ 6(Ya x X5),

Cs = 5(Yy x X4) +4(Ys x X5),

Co =Yy x Xs.
The complete expression of (zi,z' = 0,1,2,...,9, are written in the appendix. As v €
[0,1],s01~)’(v) X p(v)A: 0ifC; =0,7=0,1,2,...,9. N

Thus Cy = 0if apTp x (Qo — Py) = Ty x (Qo — Po). Similarly, C; = 0 if

BoTo % (Qo — Po) = foTo % (Qo — Po),  kodigNo x (Qo— Po) = koadNo x (Qo — Pp),
and (Qo — Py) x (Q1 — P;) = 0. The latter holds if the vectors are parallel.

Cs = 0if
BTy x (Q1—P1) =5T1 x (Q1— P), glafﬂﬁ x (Q1—P1) = k1o Ny x (Q1 — Py),
and (Qo — Po) x (Q1 — P1) = 0.

59 :~0if621f1 X(Ql—Pl):OélTl X (Ql—Pl). N R
The C; = 0,i = 2,3,4,5,6,7, for the above calculated values of ay, 3y, &1 and 1,
and also for the condition of coplanarity of (Qo — Fo) and (Q1 — P1). The above suffi-

cient conditions for C; = 0,7 = 0,1,2,...,9, leads to the following equivalent sufficient
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conditions.
~ T ~ T ~ T ~ T ~ kool N,
(PNRLUCLI R LR L (LR AL )
Qo Bo a1 B koo
~ k12N
N1: L}\21, Qlfplzg(Qofp())v
klal

where ¢ € RT. From the above expression it is clear that for the construction of cylin-
drical surface by the curve (2.2 ), we need only points of the curve (Py, Qo, P1), unit
tangents vectors at the initial and final points of the curve (7p,77), unit normal vectors
(No, N1), and the shape design parameters o, o, ao, a1 The values of point ()1, the unit
tangent vectors (TO, Tl) the unit normal vectors (No, N 1), and the shape design param-
eters B, b1, Bo and Bl are calculated from the above formulae. Here Bo = 500y, 31 =
51621,[30 :Soao,ﬂl = sy, with sg, 51 e R™T. O

In the following theorem, sufficient conditions are derived so that R4 (u, v) represents a
canonical surface.

Theorem 2.3. Given the values of curve (2. 2), end points of the curves (Py, Py), unit
tangents vectors at the end point of the curve (To,T1), unit normal vectors at the end
points (No, N1), the ruled surface Ry (u,v) is canonical for the values of shape design
parameters «;, 3,1 = 0,1, for which ||’ (v)]| — 0.

Proof. A ruled surface Ry (u,v) defined in ( 2. 1) is conical if '(v) = 0 [14, 19]. The
value of r’(v) for the quintic Bézier curve ( 2. 2) is given in appendix. As the polynomials
(1 (1 — v)*~ii i = 0,1,2,3,4 cannot be zero all together for v € [0,1]. Therefore,
r’(v) = 0 if all the coefficients B;,7 = 0,1, 2, 3,4 are zero.

ool
BOZ 0507
Bo koo No
B, = T,
! <5+20 ot o0
—20[1 51 k:la%Nl 2040 60 k‘oOé%No
B, = (P, — P, = s (=0 20—
2= (P °)+(5+20)+20 5 20)°° 20

By (D) - klo‘%Nl,
5 20 20
a1T1
5

The above values of B;,i = 0,1,2,3,4 are zero if the parameters «, 3;,i = 0,1 are
zero and P; = F,. It is not possible because in this case the ruled surface reduces to
a surface interpolating the end points (P, P;) of the curve. This ruled surface does not
ensure tangent and curvature continuity. Therefore, to overcome this situation, the values
of Py, P, Ty, 11, No, N1, are calculated by the given data. The values of shape design
parameters a;, 8;,¢ = 0, 1 are calculated by minimizing the value of ||r’(v)|| — 0. Thus
an approximation to canonical surface is obtained by the ruled surface (2. 1). g

By =
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Values of the shape design parameters a;, 5;,7 = 0,1, in Theorem 2.3, are calculated
by the following minimizing problem with objective function ||r’(v)]|.

Optimization problem-I.

Minimize ||r’'(v)|| — 0
subjectto; > 0, 5; >0, 1 =0, 1.

The quasi-Newton’s method [8] is used to solve the minimization problem using MAT-
LAB built in function fminimax. The Quasi-Newton’s method improves the Newton’s
method by replacing the inverse of Hessian by its successive approximation. For the ob-
jective function f(x) : R™ — R, on the feasible domain Q@ C R™, minimization by the
quasi-Newton’s method is completed by the following Algorithm 1 [8].

Algorithm 1.

(1) Initial step: Select initial guess 2(?) for unknown vector x and compute inverse of
Hessian H.

(2) If the gradient g(k) is zero stop; else, the search direction d®) is dF) = fHkg(k).

(3) Compute the step size o, where oy, = arg ming>g f(x(k) + akd(k)) and the next
approximation to the unknown vector z(*t1) = z(®) 4 o d(F),

(4) Update the inverse of Hessian Hj; as follows:

AgPTH AgF N\ Az AgF)T
AgOTAzF ) Ag®T AgH)

| HAg®P AT 4 (HpAg® AzT)T

Ag(k)TAgj(’f) ’

Hpyy = Hi + (1+

(H},1 1s the approximation of inverse of Hessian at kth step).
(5) Setk =k + 1, go to the Step 2.

Stopping Criterion. In Algorithm 1, the objective function evaluation tolerance and
step size evaluation tolerance is 1076, The Algorithm 1 stops when the absolute value of
objective function is less than 10~ or the step size is less than 1076,

Algorithm for the canonical surface construction scheme presented in Theorem 2.3 is
summarized as follows.

Algorithm 2.

(1) Input the initial guess x = (ag, a1, Bo, S1), o > 0,8; > 0,4 = 0,1 and the
interpolation data Py, Py, Ty, T1, No, N1, ko, k1.

(2) Calculate ||r’(v)|| using (2. 2).

(3) Solve the optimization problem-I by Algorithm 1 using MATLAB built in function
fminimax and compute the optimal values of «v, a1, 5o and S;.

(4) Put the values obtained in Step 3 to (2. 2 ) to compute the directrix curve r(v).
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(5) Put r(v) computed in Step 4 in (2. 1) to get the canonical developable surface
R1(u,v), where r1(v) = Q(z,y, z) is the vertex of the canonical developable
surface.

(6) Output: Canonical developable surface.

Here ||r/(v)]| is the Euclidean norm in 2D space.

3. THE TWO G2 DEVELOPABLE SURFACES WITH G2 BEZIER GEODESICS

In this section, sufficient conditions are derived for the G? connection of two devel-
opable surfaces, containing G? abutting Bézier geodesics. The detail of G? connection
between any two parametric surfaces can be found in [10].

Let (r(v),r1(v)) and (y(¢), y1(t)) are the directrices of the two ruled surfaces Rq (u, v)
and Ra(s, t). Explicit expression of these ruled surfaces are the following:

Rl(u7 U) = I‘(U) + up(v), (3 5)

Ra(s,1) = y(t) + sB(t). 3.6)
Here p(v) = ri(v) — r(v) and p(t) = yi(t) — y(t). The G>-quintic Bézier curves
r(v),r1(v),y(t) and y;(¢), have control points b;,c;,b; and ¢;,i = 0,1,2,3,4,5. The
G2-quintic Bézier curves r(v) and r; (v), have been already defined in ( 2. 2 ).

<> (1 —t)°~th,, yﬂt):i(‘?)(l—t)“tia,

=0
with

bo=fo. bi=fo +%t0, b —fo+( . +20)t +k2§in0,

:f1+(_?1+’;8>t1+k3£n1, by=fi - %;1, bs = f1,

o = 9o, 51290-1-%?7 522904-(25 +20> +E22§ﬁ0,

532914-(_?14-/;6)?? +Egzgﬁl7 54291—%5?1, C5s = g1.

Here the parameters u, v, s and ¢ are related as follows: (i) u = s, and along the common
boundaries of two ruled surfaces R4 (u, v) and Ra(s,t) v = t 4+ 1. All the parameters are
normalized that is 0 < u,v,s,t < 1.

(i) First condition for the smooth G? connection of two adjacent ruled surfaces Ry (u, v)
and Ra(s,t) is that these surfaces have common generator r(1) = y(0) and r1(1) =
y1(0). It yields that the final and initial control points of these curves coincide P; = fj
and Q1 = go-

(i) Second condition for the G2-connection or G2-continuity of the two developable
surfaces along a common ruling is that 8R1 X aava = Bgf X 8R2 . Taking the derivative of
ruled surfaces R (u, v) and Ra(s, t), w. rt u, v, s and ¢, and then taking the cross product
we get the following equation.

p(v) X (¢ (v) + up(v))],, = B(E) x (¥ (t) + sB' (1))

t=0
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p(1) X 1'(0) + up(v) X P'(0)l,_ = B(E) x ¥ (1) + sB(t) x B'(1)|_,

’

The above relation is true if p(1) = p(0),r'(1) =y (0),p’(1) = p’'(0). The p(1) = p(0)
if cs —bs = ¢ —50 orQ — P, = go — fo. The I'/(l) = y/(O) if By = Dy. Substituting the
values of B4 and Dy, the following relation between end unit tangents is obtained a1 T} =
Yot As ¥'(1) = y'(0), so p'(1) = P'(0) if ry (1) = y;(0). We have ry (1) = y;(0) if
a1 Ty = Aolo-

(iii) Third condition for the G2-continuity along a ruling of the two developable surfaces
R1(u,v) and Ra(s, t) is the following.

0°Ra(s,1) OR;1 (u,v) OR;1 (u,v) 0’Ry (u,v)
Z 2\ = iatnht 2 St Rl by N 7 Z M\ e
EPET o al D0 - + 611 90 - + aioao1 902 -
0’Ry (u,v) 0’Ry (u,v)
+(a10bo1 + ao1b10) T oud - + biobo1 oz -
0’Ra(s, 1) . OR1 (u, v) b OR; (u,v) 2 0?Ry (u,v)
P P T . e VR
0’Ry (u,v) 5 O°Ry(u,v)
2a01b01 ——F— b
+2ap1001 Judv . 01 902 .
where
apx = /\u(s,t)‘ b= o apv(si) L, T=REA
Oskot (5= Ostot (5,)=(5.D)

and apgp = ’U(g7 )7 boo = u(§, t).

The parameters u, v, s and ¢ of the two ruled surfaces are related along the common
rulling of R;(u,v) and Ry(s,t) as u = s and v = ¢ + 1. Substituting the values of
aig, ao1, a11, 20, Go2, b10, bo1, b11, bag and byo from the above, the equations reduce to the
following.

62R2(S,t) _ 82R1(U,’U)
st |,_,  Oudv

82].:{2(87 t)
’ ot?

B 0?R (u,v)
0 Ov?

v=1 v=1

Substituting the values of partial derivatives of Rq(u,v) and Ra(s,t) in the above, the
following conditions are obtained.

’ ’

yi) =y () _ = riw) - r' )

A=)y () +sy1 ()] _ = Q—up" @) +urf@)| . (3.8)

; 3.7

v=1

As0 <wu <1land0 < s <1, and we have taken u = s. Therefore ( 3. 7) and ( 3. 8 ) are
satisfied if the following relations between the directrix curves are true.

’ ’ 1" " 1"

y1(0) =1r3(1), ¥ (0)=r (1), y(0)=r3(1), y (0)=r (1). 3.9
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The set of relations ( 3. 9) is true of the following relations between end tangents and
curvatures of the directrix curves of the two ruled surfaces are obtain.

(i) a1T1 = Yoto, (3. 10)
(i) &1 Th = Foto, 3. 11)
(iii) fioto + k23370 = BT + k13N, (3.12)
(iv) poto + kavgno = BiTy + kraf Ny. (3.13)

The above discussion yields the following equivalent sufficient conditions for the G2 con-
nection between two ruled surfaces Ry (u,v) and Ra(s,t). Given the end points, unit
tangents, normals and curvatures of the directrix of the surfaces Ry (u, v), the above set of
conditions yields the following values of the entities of the ruled surface Ra(s,t).

T
(A) o= O‘;Ol, (3. 14)
-~ aT
B) To= O‘%Ol, (3. 15)
© fo=P, (3. 16)
D) go=Q1, 3. 17)
T, + k12 Ny — ot
@)m=&1+f21“”, (3.18)
270
BT+ Ra2Rh - ol
m)%:&1+fgl“m. 3. 19)
k275

Here, «;, 8, a;, B,-, Vi, Wiy Vi, i@ = 0,1, are the shape design parameters and can take
any real value.

All the above computation provides the result for the G2 connection of two ruled sur-
faces R (u,v) and Ra (s, t) in the form of following theorem.

Theorem 3.1. The ruled surfaces, defined in (2. 1) and ( 3. 6), are G*>-connected at the
boundary geodesic if the sufficient conditions from (A)—(F) are satisfied.

Remark 3.2. T;,T;, N;, N;, ti,tAi7 n;, ;1 = 0,1, can be either unit vectors or zero vec-
tors. The more extensive detail of it can found in [17].

4. NUMERICAL EXAMPLES

To validate the proposed surface construction schemes and to demonstrate their practical
applicability, four distinct numerical examples are presented. These examples correspond
to the theoretical results of surfaces established in Theorems 2.1, 2.2, 2.3 and 3.1, covering
a general developable surface, a cylindrical surface, a canonical surface and composite
developable surfaces. Moreover, the input parameters such as tangents, normals, curvatures
and data points are selected to satisfy the sufficient conditions derived in Section 2.
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Example 1: Developable Surface. The developable surface under consideration has con-
trol points

Py =11,3,2],Q0 = [1,3,6], P, =[3,81,2],Q1 = [3,81,6].

Theorem 2.1 is used to compute end unit tangents vectors

Ty = [0,0,1],Ty = [0,0,1], Ty = [0,0,1], Ty = [0,0, 1]

for the surface under consideration. The values of end curvatures are kg = 0, k; = 0, @0 =
0,751 = 0 using Theorem 2.1. Figure 1 presents the developable surface obtained us-
ing these end points, end unit tangents and curvature values substituted into Equations
(2. 1)and (2.2), confirming that derived sufficient conditions produce developable sur-
faces from the given data. Moreover, Figure 1 shows constant tangent planes along rulings.
Elapsed time is 0.292043 seconds.

80 T
60

40 T BV 22

FIGURE 1. G2-quintic developable surface constructed usmg Theorem
21 withag = 2,01 = 3,80 = 4,81 = Lag = 2,61 = 4,50 = 1,51 =
1.

Example 2: Cylindrical Surface. Here
Py = [1.0000, 0.8415, 2.0000], Qo = [1.0000, 0.8415, 6.0000],
Py = [5.2832, —0.8415, 2.0000], @1 = [5.2832, —0.8415, 10.0000]
are the control points of the cylindrical surfaces. Unit tangents and normal vectors obtained
from Theorem 2.2 for the cylindrical surface are
To = [0.8798,0.4754, 0], 71 = [0.8798,0.4754, 0],
No = [07 -1, 0]7 Ny = [07 L, 0]7
curvatures are ko = 3, k1 = %,74;\0 = %,El =1
The resulting cylindrical surface is shown in Figure 2. Hence, the proposed method
is highly suitable for the construction of cylindrical surfaces. Elapsed time is 0.303874
seconds.
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z-axis

FIGURE 2. Cylindrical surface constructed using Theorem 2.2 with
ap = 2,01 = 3,50 = 43&1 = 17620 = 2,&1 = 47&0 = 17ﬁ1 =1

Example 3: Canonical Surface. Figure 3 shows the canonical surface obtained with pro-
posed method highlighting the potential feature for designers as adjusting free parameters
of the Bézier representation without additional conditions on unit tangents or unit normals.
Here the interpolation data is

Py = [0.5000,0.4794,2.0000], P, = [1.0708,0.8776, 2.0000],

To = [0.7516,0.6596, 0], T3 = [0.9017,0.4323, 0],

No = [07 -1, O]a Ny = [03 _]-’OL ko = %7 ki = %

The optimized values of shape parameters obtained by the optimization problem-I is oy =
0.6983, a1 = 0.6968, 5y = 0.1541, B; = 0.0790. By the interpolating this data by Algo-
rithm 2 using Theorem 2.3 a canonical surface is obtained which represented in Figure 3.
Elapsed time is 3.594379 seconds.

Example 4: Composite Developable Surface. The G2 connecting composite cylindrical
surface is constructed using Theorem 2.2 and Theorem 3.1. The graph of composite cylin-
drical surface is shown in Figure 4. It also contains different views of the surface. Elapsed
time is 2.061979 seconds.

Construction of surfaces with G2-continuity is achieved in above examples with pro-
posed method revealing further two key advantages by comparison with cubic-based meth-
ods [15] making them more suitable for practical design applications:

(1) Quintic Bézier curves offer enhanced flexibility for designing by offering two ad-
ditional shape parameters for each directrix.

(2) Sufficient conditions are obtained in terms of geometric properties such as tan-
gents, normals, curvatures and data points. Therefore, complex differential ex-
pressions are not required for efficient implementation.
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Z-axis

FIGURE 3. Canonical surface constructed using Theorem 2.3, achieved
through shape parameter selection alone with oy = 0.6983,a17 =
0.6968, By = 0.1541, #; = 0.0790.

5. CONCLUSION

In this paper, a novel scheme is proposed for construction of developable surfaces using
G2-quintic Bézier curves with salient contributions as follows:

e Sufficient conditions for developability are derived in simple, closed form, directly
relating the geometric properties of the directrix curves.

e G2-continuous cylindrical and canonical surfaces are constructed as special cases,
with conditions expressed in terms of tangents, normals and shape parameters.

o G2-connection constraints for composite developable surfaces are established through
abutting quintic Bézier geodesics.

The numerical examples validate the theoretical results of proposed scheme confirming its
implementation for practical problems.
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APPENDIX

The following expressions are used in the proofs of Theorems 2.1, 2.2, 2.3 and 3.1. They
are provided exactly as in the manuscript. r(v) = Y0_) (3)(1 — v)> iy, r1(v) =

Z?:o (3)(1 — v)>"Pvic;, with

bo=PFy, bi=F+ oono’ by = Py + (230 + gg) + kOZiNO7
co=Qo, c1= Q0+QOTO7 02:Q0+<2§0+§8>T +EOC;“§)N°’
c3=Q1+ (25&1 +§8> T + kla;)ﬁl, C4Qlal5ﬁ, s = Q1.

r'(v) =531 o (D1 —v)t-iviB,, ry(v) =53 o (D1 —ov)t-i vi B, with

o
BOZ 0507
Bo koo No
B =
! <5 T ) ot o0
2041 51 klolel 20[0 Bo koOéONO
By = (P, — P, T S iU
2= (P OH( 5 +20) 20 5 20 20
ka2 N
By = a1 51 T, — 107 1’
520 20
a1
B4: 1517
~ QT
BOZ 0507
~ a0 Bo\ A koagﬁo
By =24+
! <5 20> 0t Ty
I~ -2, B\ s  kaiN 20 50 _ koagNo
By = (Q — et _
2= (@ QOH( 5 +20) 20 5 ' 20 20
B. — ay Bl = klafﬁl
3 — = T an 1= )
5 20 20
~ aT
B, = 151

V() =55 ()1 =ty b, i) =55, ()1 — G,
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with
= t
bO:rY(;—)Oa
= Yo |, Mo kayvgno
b= (2 +2) :
! 5 Ta0)ft g0
= 271 | k3yini (27 | po kaygno
by = (f1 — Pl Y (LI
2= f°)+< 5 +20)1+ 20 5 T20)0 7 T2
5 - (Bt _ kayim
3 5 20/t 20 '
= t
= _ Foto
0 5 )
.~ Yo . Fo\~ | k23870
— (L4 20
! (5 +20> DT
= =291 | [\~ | ksVim 29 o\~ koYdno
= — )t Y L Il
¢ = (g1 g°)+< 5 +20)1+ 20 5 T20)0 7 T
= (1 W\~ kAt
63_ - T an 1 — )
5 20 20
3 it
1T 75
Also,
> /5
_ — 1— 5—1 z'Xi
r1(v) - (o) Z()< WX,
with
Xo=Qo — Fo,
aoT apT
X1 =(Qo—Fo) + 050* 0507
26(\() B\O ~ /k?oagﬁo 20&0 ﬁo k()Oé(%No
Xy = (Qo — P, 0 PT B e I R
2= (Qo ")+<5 +20> T 5 '20)°° 20
—264\1 B\l ~ %1a%.7/\7'1 —20[1 ﬁl kla%Nl
X3=(Q, - P 2T - =
3= (@ 1>+< 5 +20> 1T 5 20/t 20
a T, a1 T
Xe=(Q1—P)— 151 1517

XSZQI_PL
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And _
ZO = (XO X BQ)7

Zl = 4(X0 X El) + 5(X1 X Eo),

Zy = 6(Xo x By) +20(X1 x By)
+10(X> x By).
Zs = 4(Xo x Bs) +30(X; x By) +40(Xy x By) 4+ 10(X3 x By),

Zy = (Xo x By) +20(X; x Bs) 4 60(Xa x By) +40(X3 x By) + 5(Xy x By),
Zs = 5(X1 x By) +40(Xa x Bs) + 60(X3 x By) + 20(Xy x By) + (X5 x By),
Zs = 10(Xy X By) 4+ 40(X3 x Bs) + 30(X4 X Bs) + 4(X5 x By),

Z7 = 10(X3 x By) + 20(Xy x Bs) + 6(X5 x By),

Zs = 4(X5 x Bs) +5(X4 X By), Zg=(X5x By).

And
aogTy  aoTy ag | Bo koo No a0 Bo\n koaZNp
Yo = - Yi=|—+= )T | =227 =
0 5 5 1 (5+20> o+ 20 5+20 T
—2ay B1 ]41105%]\[1 2a0  Bo koa(Q)NO
Yy = (P—P P\, (200 BN g o
> = (P 0)+< —+ 20) +—5; = o ) T (Q1=Qo)
—20 & 7o kla%]\?l @ N BO 7 ko@2No
5 20/ 20 5 20)°°7 20
vio (0 B, kN fa B\~ | kiaiN
57 \5 207! 20 5 o) it T
v, — alh  ax Ty
4 5 5

The expressions for C; are lengthy and are omitted for brevity; they are exactly as given
in the manuscript. They are not needed for compilation but are included in the original
document.
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30—

25—
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40

FIGURE 4. Composite developable surface constructed using Theorem
2.2 and Theorem 3.1 and its different views.





