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1. Introduction

A generalized cylinder is constructed by the constant motion of a straight line called the ruling through a given curve called the
base curve. The generalized cylinders are a class of developable ruled surfaces that have no singularities points and can be
produced from paper or sheet metal with no distortion. For this construction, the generalized cylinder has been investigated as
a basic modeling surface in various fields of science including geometric modeling, computer graphic, architectural designing
and manufacturing [1]-[4].

Geodesic and line of curvature are characteristic curves that lie on the surface. The geodesic curve gives the shortest path
between two given points on curved spaces. A curve is a line of curvature if its direction always points in the principal
directions, i.e., the direction in which the surface bends extremaly. Geodesics and lines of curvature have been used in shape
analysis, therefore, the problems of computing and visualizing them on the surface have been investigated [5]-[7]. The rulings
of the generalized cylinder are geodesics and lines of curvature.

Surface parameterization is the process of mapping a surface to a planar region [8]. Extracting and transferring the geometric
information from shapes or between them depends on the parameterizations that are used as coordinate systems on the
shapes. Several types of parameterizations are constructed on a surface and differ by their characterizing properties. During
the parameterization some geometric quantities can be lost or distorted, therefore, designing and choosing the suitable
parameterizations that minimize, maximize or preserve the desired geometrical properties is an interesting problem and hot
topic in many areas of applications such as computer graphic [9]-[11], geometric modeling [12], and robot motion planning
[13].

A parameterization on a surface is said to be geodesic or line of curvature if the two families of parametric curves are geodesics
or lines of curvature. Parametrizations of smooth surfaces by curvature line exist on non-umbilical points as orthogonal curves
on the surface. Geodesic and line of curvature parameterizations mean that the shape is charted or covered by two families
of lines that are characterized by special directions. Parameterizing the surface along their geodesics or lines of curvature
are widely investigated in many areas of sciences such as CAGD [14]-[16], surfaces motions [17, 18], architectural design
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[19, 20], and discrete differential geometry [21]-[23].

The main goal of this paper is to design a generalized cylinder whose parametric curves are geodesics or lines of curvature in
Euclidean 3-space. A generalized cylinder has two families of parametric curves, rulings, and base curves. It is well known that
the rulings are geodesics and lines of curvature on a generalized cylinder. Consequently, throughout this paper, our focus lies
on the family of base curves. The generalized cylinders are a class of ruled surfaces, therefore, we start from a ruled surface
parametrization, then with additional three conditions called the cylindrical conditions, the generalized cylinder is defined.
After that, under some geometric constraints, we obtain the resulting cylinder that is parameterized by geodesic or line of
curvature base curves. The main results show that the generalized cylinder with geodesic or line of curvature parameterization
is a rectifying cylinder or a right cylinder respectively. In this article, we used the same approach that was used in [24] and
with the developable surface.

The rest of this paper is organized as follows: In section 2, some basic notations, facts, and definitions of the space curve,
regular surface, and special curves in Euclidean 3-space are reviewed. The main results are studied in section 3, where
the generalized cylinder is defined in the first subsection, then the generalized cylinder with geodesic and line of curvature
parameterizations are constructed subsequently in the other two subsections respectively. Examples to illustrate the main
results are presented in section 4. Finally, the conclusion is given in section 5.

2. Preliminaries

This section introduces some basic concepts on the classical differential geometry of space curves and surfaces in three-
dimensional Euclidean space. More details can be found in such standard references as [25]-[27].

2.1. Curves in Euclidean 3-space

A smooth space curve in 3-dimensional Euclidean space is parameterized by amap y: I C R — E3, yis called a regular curve
if ¥ # 0 for every point of an interval / C R, and if |Y/(s)| = 1 where |Y(s)| = /(Y (s), 7 (s)), then v is said to be of unit
speed (or parameterized by arc-length s). For a unit speed regular curve y(s) in E*, the unit tangent vector #(s) of y at ¥(s) is
given by 1(s) = ¥/(s). If ¥’(s) # 0, the unit principal normal vector n(s) of the curve at y(s) is given by n(s) = % The unit
vector b(s) = £(s) x n(s) is called the unit binormal vector of ¥ at y(s). For each point of y(s) where y’(s) # 0, we associate
the Serret-Frenet frame {¢,n,b} along the curve y. As the parameter s traces out the curve, the Serret-Frenet frame moves

along ¥ and satisfies the following Frenet-Serret formula :

t'(s) = K(s)n(s),
n'(s) = —k(s)t(s) + Tb(s), 2.1
b (s) = —1(s)n(s),

where k¥ = k(s) and T = 7(s) are the curvature and torsion functions. When the point moves along the unit speed curve with
non-vanishing curvature and torsion, the Serret-Frenet frame {¢,n,b} is drawn to the curve at each position of the moving
point, this motion consists of translation with rotation and described by the following Darboux vector

o ="1t+Kb

where the unit Darboux vector is given by

N T K

@ \/12+K2t+\/172+1<2b @2
Direction of Darboux vector is the direction of rotational axis and its magnitude gives the angular velocity of rotation. A
necessary and sufficient condition that a curve be of constant slope (or general helix ) is that the ratio of torsion to curvature is
constant (£ = ¢ ). The general helix lies on a general cylinder and also known as a cylindrical helix. The circular helix ( a
helix on a circular cylinder) is a special helix with both of k(s) # 0 and 7(s) are constants. The Darboux vector is constant for
circular helix. For the cylindrical helix, the unit Darboux vector is constant as following

T K c 1
t+ b= t+ b
Vii+k2 V4 Vel Ve +d

& — (2.3)

2.2. Surfaces in Euclidean 3-space

A smooth surface in 3-dimensional Euclidean space is parameterized by a map X (u,v) : U C R? — R3. The variables (u,v)
are called the (curvilinear) coordinates on the surface, the two families of u-curves (v = const), and v-curves (u = const), are
called the parametric curves (or coordinate curves). Their directions are defined by the tangents vectors X, and X, respectively.
The surface X (u,v) is called a regular if the condition X, x X, # 0 is satisfied for all points, that means the vectors X, and X,
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do not vanish and have different directions. Consequently, the surface normal is defined at every point on the regular surface as
a unit vector on the tangent plane and given by

X, XX,

= Uty 2.4
| X, x X, 24

N(u,v)

The first and second fundamental form of the parameterized regular surface are given by
[ = Edu® + 2Fdudv+ Gdv?, Il = edu® +2fdudv + gdv*
where their coefficients can be calculated respectively as
E=(X,,X),F = (Xy,X,),G = (X,,X,),e = (N, Xuu), f = (N, X,p,),andg = (N, X,).

The fundamental quantities I and II are important tools to describe the intrinsic and extrinsic geometry of surface. In particular,
type of the parametric curves and their characteristics properties are described by the coefficients of the fundamental quantities
I and II. For example, the coordinate curves are orthogonal if F = 0, conjugate if f = 0, and lines of curvature if satisfy both
conditions.

Theorem 2.1. [28] A necessary and sufficient condition for the coordinate curves of a parametrization to be lines of curvature
in a neighborhood of a nonumbilical point is that F = f = 0.

For a regular curve on a surface, there exists another frame {7(s),g(s),N(s)} which is called Darboux frame. In this frame #(s)
is the unit tangent of the curve, N(s) is the unit normal of the surface and g is a unit vector given by g = N x 7. The relations
between Frenet frame and Darboux frame can be given by the following matrix representation

t 1 0 0 t
gl =10 <cos¢ sing nj. (2.5)
N 0 —sing cos¢ b

A unit-speed curve on a surface is a geodesic if and only if the principal normal 7 to the curve and the surface normal N are
parallel to each other at any point on the curve. Equivalently, a curve y(s) on the surface is a geodesic provided its acceleration
vector ¥’ (s) is always normal to the surface, i.e.

Y'(s) x N=0. (2.6)
3. Generalized cylinder with geodesic and line of curvature parameterizations

This section is the main part of this paper, it consists of three subsections that are devoted to defining and covering the
generalized cylinder with geodesics and lines of curvature parametrizations. A generalized cylinder has two families of
parametric curves, rulings and base curves. It is well known that the rulings are geodesics and lines of curvature on a
generalized cylinder. Consequently, this section is devoted to providing the necessary and sufficient conditions for the base
curves to be geodesics or lines of curvature. We show that the generalized cylinder with geodesic parametrization is a rectifying
cylinder, and the generalized cylinder with a line of curvature parametrization is a right cylinder. The following first subsection
aims to parametrize the generalized cylinder, we start from the ruled parametrization, and with the cylindrical condition that is
described by the constrains three equations that are must be satisfied, we obtain the cylindrical parametrization.

3.1. Generalized cylinder

A generalized cylinder is generated by a constant moving of a straight line on a given curve and defined by the following ruled
parametrization

X(s,v) = y(s) +vD(s),0 < s < £, v € R, where D'(s) = 0. 3.1

A unit regular curve ¥(s) is called a base curve, and the line passing through y(s) that is parallel to D(s) is called the ruling.
D(s) is a unit director vector field that gives the direction of the ruling, D'(s) = 0 is the cylindrical condition which means that
the ruling moves in a constant direction. The unit normal vector field (shortly surface normal) of the generalized cylinder is
defined by using (2.4) as

Xy xX,  (YxD)+v(D'xD) ¥ xD
CXox X[ (¥ xD)+v(D'xD)| ¥ xD|’

N(s,v)
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D(s) is a unit vector field that lies in the space formed by the frame {z,n,b} and can be written using (2.5) as following
D(s) =cos0(s)t(s) +sinO(s)g(s), where g(s) =cos(s)n(s)+sin@(s)b(s).
Therefore D(s) can be decomposed as the following [29]
D(s) =cos 0(s)t(s) +sinO(s)(cos ¢ (s)n(s) +sin @ (s)b(s)), (3.2)
where 0(s) and @ (s) are two scalar functions called the first and second angular functions [30]. The derivative of D(s) is given

by

D'(s) = —sinf[kcos ¢ + %}H— [cos B(K—&-cosq)%) — sinBsin(p(s)(% +7)|n+ [sin(bcos@% —i—sinecosd)(% +1)]b.

Definition 3.1. The ruled parametrization with base curve Y(s) and a unit director vector D(s) (3.2) is defined by
X(s,v) =79(s)+vD(s),0<s<LveR, (3.3)
where
D(s) = cos0(s)t(s) +sinO(s)(cos §(s)n(s) +sind(s)b(s)).

In the following theorem, we give the necessary and sufficient conditions to construct a generalized cylinder parametrization
from a ruled parametrization (3.3), we call them the cylindrical conditions.

Theorem 3.2. The ruled parametrization (3.1) is a generalized cylinder if and only if the following conditions are satisfied

de

= = 0
Kcos(])+ds ,

e . . d¢

cosG(K+cos¢a)—31n6s1n¢($+’c) = 0, (3.4)

dae d
sinq)cose——i—sinecosq&(—q)—i—r) = 0.

ds ds

Definition 3.3. The generalized cylinder with base curve Y(s) and a unit director vector D(s) (3.2) is parameterized by

X(s,v) = y(s) +v[cos O(s)t(s) +sinO(s)(cos @ (s)n(s) +sin@(s)b(s))],0 < s < L,v € R, (3.5)
where
de ae. . d¢ _ . de . d¢ _
Kcos ¢ + s =0, cos 0(k+cos ¢ ds) sm951n¢(ds +1)=0, and sm(])coseds +31n600s¢(ds +1)=0.

The first and second derivatives of the generalized cylinder parameterized by (3.5) are given in the following equations
X =1(s), Xgs = k(s)n(s), Xy, =0, X, = D(s), X, = 0. (3.6)
The inner and cross products of the tangents vectors X; and X,, are given by

(X5, X,) =cosO(s),
Xy x Xy = —sin@(s)n(s) +cos ¢ (s)b(s).

By using (2.4), the unit normal of the generalized cylinder (3.5) is defined everywhere and given by the following

N(s,v) = —sin@(s)n(s) +cos ¢ (s)b(s). 3.7
The main result of this paper is the following theorem which is proved in the next subsections.
Theorem 3.4. Let X(s,v) = y(s) +vD(s),0 < s < L,v € R be a generalized cylinder, where y(s) is a unit speed regular curve

with non vanishing curvature , D(s) is a unit director vector defined by (3.2) satisfying D' (s) = 0. Then the generalized cylinder
with geodesic or line of curvature parameterization is a rectifying cylinder or a right cylinder respectively.
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3.2. Generalized cylinder with geodesic parameterization

Theorem 3.5. All base curves of the generalized cylinder parameterized by (3.5) are geodesics if and only if the following

conditions are satisfied.
deé
cos¢(s) =0, i 0, cosO(s)Kk(s) —sinBO(s)T = 0. (3.8)
s

Proof. According to (2.6), the base curves on a generalized cylinder (3.5) are geodesics if and only if their acceleration vector
X;s is normal to the surface, or equivalently N(s,v) x Xss = 0. From (3.6) and (3.7), it follows that N(s,v) x X, = —cos ¢ ¢(s),
the geodesic condition N(s,v) X X;; = 0 is satisfied if and only if cos¢(s) = 0 which is the first condition of (3.8). By
substitution it in the cylindrical conditions (3.4), we get the other conditions of (3.8). O

Definition 3.6. A generalized cylinder with geodesic base curves is defined by

X(s,v) =y(s) +v[cosO(s)t(s) +sinO(s)b(s)],0<s<L,veR, (3.9)

7(s)sinO(s) — k(s)cosB(s) =0,and 6'(s) =0.

Proposition 3.7. [24] Suppose that D(s) = cos 0(s)t(s) +sin0(s)b(s) is a unit rectifying vector defined along a unit speed
curve y(s) with non vanishing curvature and torsion, then D(s) is a unit Darboux vector field if and only if Kk cos @ — Tsin 0 = 0.

Proof. Let D(s) = cos 8(s)t(s) 4 sin0(s)b(s) be a unit Darboux vector. From (2.2),

T K T
€080 = ———, sinO(s) = —, and cotO = —.
K2_|_TZ () ‘/K2+Tz K
This implies that Kk cos @ — Tsin 8 = 0, and vice versa. O

Definition 3.8. A generalized cylinder with geodesic base curves is defined by

X(s,v)=7p(s)+vD(s),0<s<LyveR

where
T(s K(s
) k)
V2412 V24172
As discussed in (2.3), the condition for unit Darboux vector to be constant is equivalent to the base curve is a helix. As well
known, the base curve and director vector are responsible to build the generalized cylinder, so the following theorem gives the

conditions that can be applied on the base curve and director vector at the same time to generate a generalized cylinder with
geodesic base curves.

D(s) b(s), D'(s)=0.

Theorem 3.9. Ler X (s,v) = ¥(s) +vD(s),0 <s < L,v € R be a generalized cylinder, where Y(s) is a unit speed regular curve
with non vanishing curvature and torsion, D(s) is a unit director vector defined by (3.2) satisfying D’(s) =0. Then every ruling
is a geodesic and the base curves are geodesics if and only if Y(s) is a helix and D(s) is a unit Darboux vector.

Definition 3.10. A generalized cylinder with geodesic parameterization is defined by

X(s,v) =7(s)+vD(s),0<s<L,veR, (3.10)

where

) KO
Vere VT e e
The developable ruled surface whose director vector is a unit Darboux vector has been studied by many researchers and it has
been called the rectifying developable surface, (see, e.g., [31]). The generalized cylinder defined by (3.10) is a special case
where the unit Darboux vector is a constant and we call it the rectifying cylinder. The base curve is a geodesic on its rectifying

developable is a classical result has been stated in the classical differential geometry books [26], but according to theorem (3.9)
all base curves are geodesics on their rectifying cylinder.

D(s) = b(s), andy(s) is a helix.

Corollary 3.11. A generalized cylinder with geodesic parameterization (3.10) is a rectifying cylinder.

Theorem 3.12. Among all generalized cylinders parameterized by (3.5), only the rectifying cylinder (3.10) can be equipped
with geodesic parameterization.

In the above definition (3.10) we remark that for the rectifying cylinder (3.10) whose parametric curves are geodesics, the base
geodesic curves have the same curvature and torsion, and differ only by the rigid motion modeled by a constant unit Darboux
vector with fixed direction and fixed angular velocity. Therefore, it is interesting to end this subsection with the following result

Corollary 3.13. The geodesic parametric curves of the the rectifying cylinder (3.10) are lines and helices.
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3.3. Generalized cylinder with line of curvature parameterization

Theorem 3.14. All base curves of the generalized cylinder parameterized by (3.5) are lines of curvature if and only if the
following conditions are satisfied

cosO(s) =0, cosP(s) =0, 7(s) = 0. (3.11)

Proof. By Theorem (2.1), the base curves on a generalized cylinder (3.5) are lines of curvature if and only if F = f = 0. From
(3.6) and (3.7), f = (N,X,s) = 0 is satisfied without further condition, and F = (X;,X,) = cos 0, therefore, F =0 if and
only if cos 8 = 0 which is the first condition of (3.11). By substitution it in the cylindrical conditions (3.4), we get the other
conditions of (3.11). O

Definition 3.15. A generalized cylinder with line of curvature base curves is defined by

X(s,v) =y(s)+vb(s),0<s<LveR, where 1(s)=0.

The plane curve (7(s) = 0) has no binormal unit vector b(s), therefore, the binormal of plane curve coincides with the normal
vector to the plane of the curve. Without loss in generality we may assume that the unit vector (0,0, 1) is the normal to the
plane of planar curve ¥(s).

Theorem 3.16. Let X (s,v) = y(s) +vD(s),0 < s < L,v € R be a generalized cylinder, where y(s) is a unit speed regular curve
with non vanishing curvature, D(s) is a unit director vector defined by (3.2) satisfying D’(s) =0. Then every ruling is a line of
curvature and the base curves are lines of curvature if and only if Y(s) is a plane curve and D(s) is a unit normal vector to the

plane of y(s) .
Definition 3.17. A generalized cylinder with line of curvature parameterization is defined by
X(s,v) =7y(s)+vD(s),0<s<L,vE€R, (3.12)
where
D(s) =(0,0,1) and 7v(s) is a plane curve.

The generalized cylinder whose base curve is a plane curve and the director vector is a unit normal vector to the plane of the
base curve is called a right generalized cylinder [32] or shortly right cylinder.

Corollary 3.18. A generalized cylinder with line of curvature parameterization (3.12) is a right cylinder.

Theorem 3.19. Among all generalized cylinders parameterized by (3.5), only the right cylinder (3.12) can be equipped with
line of curvature parameterization.

Corollary 3.20. The line of curvature parametric curves of the the right cylinder (3.12) are lines and plane curves.

4. Examples

In this section, we give two examples of a generalized cylinder with geodesic and line of curvature parametrization and draw
their pictures by using Mathematica. It is worth noting that the results are satisfied even the base curve is not a unit speed as
shown in the second example.

Example 4.1. Ler y(s) = (@ sin(s), 5, @ cos(s)) be a unit speed helix curve, therefore the unit tangent and binormal vectors
are given respectively by t = (@ cos(s), 3, —g sin(s)) and b = (—3 cos(s), @, 3sin(s)). Their curvature and torsion are
K= ? and T = % According to definition (3.10), the generalized cylinder with geodesic parametrization is defined by

7(s) K(s)
X(s,v) = Y(S)+V[mt S)+ ViZ+ 12

b(s)],0<s<LyveR.

L = % and —=X— = Y3 and for 0 <s<2m, 0 <v <, the constructed cylinder is a rectifying cylinder

Vit Vigz 2

with geodesic parametrization as shown in Figure 1(a).

By substitution

Example 4.2. Ler y(s) = (s,sin(s),0) be a plane curve. According to definition (3.12), the generalized cylinder with line of
curvature parametrization can be defined by X (s,v) = y(s) +v(0,0,1), 0 <s <27m,0 <v < /2. The constructed cylinder is
a right cylinder with line of curvature parametrization as shown in Figure 1(b).
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(a) Rectifying cylinder with (b) Right cylinder with line of
geodesic parametrization curvature parametrization

Figure 4.1: Generalized cylinder with geodesic or line of curvature parametrizations

5. Conclusion

In this paper, using a ruled parametrization (3.1), and with three conditions called the cylindrical conditions (3.4) we constructed
a generalized cylinder parametrization (3.5). After that, through many geometric constraints we obtained the resulting cylinder
that is parameterized by geodesics or line of curvatures. The main results asserted that the generalized cylinder with geodesic
or line of curvature parametrization is a rectifying cylinder (3.10) or a right cylinder (3.12) respectively.
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