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ABSTRACT

In this paper, we study curvature theory of point-line trajectories in Lorentz 3-space. We give
the characterization by indicatrix, directrix and their relationship in Lorentz 3-space. We use this
characterization and relationship to depict a point-line trajectory.
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1. Introduction

Point-line trajectory is a very commonly encountered topic in many industrial applications such as welding,
cutting, painting, milling, screwing and instrument probing. Point-line trajectory is used as a tool to trace a
path with the tool axis oriented in a certain direction while the rotation about the axis is irrelevant, [13].

There are many studies dealing with the curvature theory of line trajectory [1, 2, 3, 4, 5, 6, 7]. One of
these studies is presented by McCarthy and Roth [6]. Then, Ryuh and Pennock [10] carried out this theory
to trajectory planing of robot end-effectors. They studied directrix and the trajectory of the tool center point.
But, the relationship and coordination between the directrix and indicatrix are given by Ting and friends [13].
For detailed information, see [2, 3,4, 5,6,7,8,9,10,11,12,13,1].

This study is related with relationship and coordination between the directrix and indicatrix in Lorentz
3—space and presents curvature theory of point-line trajectories in Lorentz 3—space. We investigate Ting and
friends’, [13], results in Lorentz 3—space.

2. Setting and Notations

Let E3 be Lorentz 3—space with the inner product

<u,v> = —U U, UV, ULV,

UX’U:<—

where u = (u,,u,,u,), v = (v,,v,,v,) € E3, [8].

Definition. A vector v in E? is said to be spacelike if (u,u) > 0 or u = 0, timelike if (u, u) < 0, lightlike or null
if (u,u) = 0 and u # 0. We define the signature of a vector u as

and the vector product

u u

2 3
v

U, U,

v

u

v o v

2 3 3 1

1, u is spacelike
€= 0, u is lightlike
-1, u is timelike.
The norm of a vector v € E? is defined by ||u|| = \/|(u,w)], [8].
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3. Characterization by Indicatrix, Directrix and Their Relationship

A point-line trajectory with a one parameter motion is a patch on a ruled surface that can be denoted as a
two dimensional set of points defined by the succeding equation

X(t,9) = r(t) + R(?) 3.1)

where ¢ is an independent parameter, (¢) and R(t) are respectively, the directrix and indicatrix of the point-line
trajectory and 1 is also an independent parameter indicating a physical point on the point-line determined by
r(t) and R(t).

The indicatrix of a point-line trajectory in Lorentz 3-space can be acted as a spherical curve R(t) on a unit pseudo
sphere S? in E3. Let s, be the arc length of the spherical curve

5, = / t<R, R)Y/2qt. (3.2)

0

The unit spacelike tangent vector T to the indicatrix is given by the derivative of R with respect to s,, is
R =T. (3.3)

Let K = R x T be a timelike vector, the three mutually orthogonal unit vectors [R, T, K| define a geodesic
trihedron and denoted by [R]. The first order derivative of [R] with respect to s, is

R 0 1 0 R
T =] -1 0 #, T |, (4)
K’ 0 v, O K

where v, is the geodesic curvature.

Unit timelike vector N of R(t) represents the direction of 7’. Let B = —T x N be a spacelike vector and called
binormal of R(t). The three mutually orthogonal unit vectors [T', N, B] define a natural trihedron and denoted
by [T']. Their derivative relations are given as

T 0 K, 0 T
N |=|k, 0 7, N |, (5)
B’ 0 7 0 B

where curvature x,, and torsion 7, characterize completely differential properties of the indicatrix up to the
third order. Since R(t) stays on a unit pseudo sphere, from [14], it can be proved that

K’

T, =ft—FE (6)

" Kpy/1 £k
and x, and v, have the following relationship

K> :I:(’yi -1). (7)

R =

The relationship between geodesic trihedron [R] and natural trihedron [T] can be expressed as

T 0 1 0 R
N | = | sinhf O coshé T |, (8)
B coshd 0 sinh@ K

where 6 is referred to as the hyperbolic angle. (See Figure 1.) From equations (4) and (5), we have
sinhf = — = and cosh = 12| (9)
KJR K/R

In some cases it may be desirable the derivatives according to ¢. So, the derivatives of R(t) are obtained as

. dR
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- R

Figure 1. Trihedrons [R] and [T"] and the hyperbolic angle

R:"')/T—I—’YQI{RN, (11)
R= ("}'/+73/<a12?)T+ (3yyk,, +’YBI€/R)N+’73K)RTRB. (12)

Here, v = % is speed of the indicatrix or the angular velocity of the point-line motion.

The directrix of a point-line trajectory is a spacelike curve denoted by r(¢). Let s, refer to the arc length of the
directrix,

s = /O t(?‘”, )1/ 2dt (13)

and the derivatives of a variable with respect to s, in the context of directrix be denoted by a superscript prime.
The unit spacelike tangent vector t of the directrix, with respect to s :

r’ =t. (14)
Therefore, the Frenet relations of r(¢) can be written as
t’ 0 k. O t
n | =] &k T, n |, (15)
b’ 0 = O b

r

where t, n, b are the unit spacelike tangent, timelike normal and spacelike binormal vectors of r(¢) and ~_ and
7, are the curvature and torsion of r(¢). Let us denote the unit vectors t, n and b as [¢].
The derivatives of r(t) with respect to ¢ can be expressed as follows;

dr
R 16
7 7 vt, ( )
i =0t + v’k n, 17)
7 = (0 +v°k2)t + Bk, + 0’k )n+ v’k 7 b, (18)

ds
h = —C
where v p

is the speed of the directrix.

In the text which follows, we will treat the relationship between the directrix and indicatrix curves.
The directrix and indicatrix have been characterized separately up to now. To completely characterize a point-
line trajectory, we must also regard the relationship between the directrix and indicatrix.
The relation between the arc lengths s, and s, is shown by

ds,
ds,’

where ¢ is referred to as the velocity ratio. Accordingly, the speed of the directrix and its derivatives can be
given as follows

§= (19)

v = ¢, (20)
0 =€y +¢7, (21)
=&y + 3¢y + €4, (22)
2
where ¢ = % and ¢" = ;ls—f
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4. Coordination of Directrix and Indicatrix

From the point trajectory, the {t,n, b} trihedron and the characteristic numbers characterizing the directrix

can be determined. To coordinate the direction of the point-line axis with the indicatrix up to the second order,
the required characteristic numbers a¢r, kg, £, and ¢’ need to be determined, [13].
The orientation of the point-line axis with respect to the point trajectory is characterized by parameters ar and
anr. If such a directional relationship is to remain unchanged, a¢r and anr must be constant. Since ayr = R.t
and a,r = R.n where R is the unit spacelike vector along the point-line axis, taking the derivatives over the
conditions that a¢r and anr are constant yields

Rt+Rt=0, (23)

Rn+Rn=0. (24)
From equations (10), (15) and (19) the above two equations can be rewritten as, respectively,
ayr + &K, ang =0 (25)
and
antT + &K, atr + €T, apr = 0. (26)

Equations (23) and (24) or (25) and (26) are the conditions for the point-line axis to maintain a consistent
direction with respect to the directrix up to the first order.
Let T = (T, Ty, T.), t = (tz, ty, t2), n = (ng, ny, n,) and if we exchange them into equations (25) and (26), we
get

Loy + 1ty Ty + 1.1, + &K anr =0,

naTe +nyTy + 1T, + €k agr + ET,apr = 0.
Unifying the above two equations with the constraints on the magnitude and direction of T,
T, +T,+T2 =1

and
RT=0and R, T, + R,Ty+ R.T. =0,

where R = (R, Ry, R.), T and ¢ can be solved. If we solve this equation systems,we get 7" and ¢ as below,

¢ |, ]
L=t ot Tt
1 2 3 1 2 3 1 2 3
where

¢, = —tnRy+tnyR, —tyn. R, +tyn. Ry —t.nyRy +1.n, Ry,

¢, = —agrkrByt, — apr7TrRyt, + anrkrRyn, + agrkr Rty
+abR7‘Tthy - aanrRzny,

¢, = GnrkrR;ng+ atrirBRat, + abrTrRat, — GnpirRen,
_atRH/TthI - abRTrth:r;

c, = —anRﬁrRynx - atRHrthy - abRTrthy + anRKTRIny

+atRK/rRytx + abRTrRytx .

If we take the derivative over equations (23) and (24), we have
Rt+2Rt+Ri=0, (27)

Rn+2Rn+ Rii=0. (28)
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With equations (10), (11), (15) and (19) — (21) the above equations can be rewritten as

1. .
= (0 =2 arr + Y hpaen + 29V, anT + (0K, + UQK'r)anR + v2/~€fatR

§ (29)

+ U2RT,TT,abR =0,

1. .
— (0 — 2 anr + 72/$RanN + 2vu(k, avr + T, apr) + (K, atg + T.abR)

3 (30)

+ v (K. atgr + K2anr + 7 abr + T2angr) = 0.

k, and ¢’ can be solved from the above two equations. If we solve these equations, we get

where

CG c5 ’ C4 CG
c c
9 8 7 9
¢=—"——""—andk, = ——
C4 C5 C4 C5
C7 CS C7 CS
2
7 YT 2
¢ = - € y C5 = 7Y GgN,
vayr . 2 7 2 2 2
g = — £ 290K, anT — (UK, + V°K )anr — VK atr — V7K, T,abR,
2
- 7" anT 2
c, = -— ¢ , Co =Y QnN,
OanT .
c, = — ¢ — 2yv(K, a7 + T, apr) — O(K, QiR + T.0bR)

2 2 2
—v*(Kk_atr + KZanRr + T abr + T anR).

5. Conclusions

This paper gives the properties of the curvature theory of point-line trajectories in Lorentzian 3-space. We
have shown that the relation between the curvature and geodesic curvature of indicatrix. The relation between
the direction and indicatrix curves are given.
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