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On the dual quaternion geometry of screw
motions

Tiilay Erigir, Gokhan Mumcu, Sezai Kiziltug and Yusuf Yaylh

Abstract

In this study, the screw motions are studied using dual quaternions
with the help of different perspectives. Firstly, orthogonality definition
of dual quaternions is given and geometric interpretation of orthogonal-
ity condition is made. Then, the definition of dual circle is given using
orthogonal dual quaternions and it is proved that this dual circle can
represent the set of all screw motions. Also, these given theorems are
reinforced with some conclusions. In addition, it is seen that a dual
quaternion represents a screw motions as a screw operator therefore,
other dual quaternions derived from the same dual quaternion represent
the same screw motions. Then, it is seen that a screw motions symbol-
ized by a dual quaternion transforms one dual vector to another, and
when the sign of the dual vectors changes, it provides the same screw
motions. Consequently, the answer of the question “Which dual circles
symbolizing screw motions are dual orthonormal to each other?” is given
and an important conclusion is obtained regarding this.

1 Introduction

Quaternions were first obtained in 1843 by Irish mathematician William R.
Hamilton by generalizing complex numbers [1]. Quaternions, an alternative
way of describing rotation motions play important role not only in mathe-
matics but also in physics, engineering and many application areas of science.
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Quaternions are used in many different areas such as solving the gimbal lock
problem in the motions of aircraft, forward and backward kinematics prob-
lems in robotics, and smooth transitions in computer games. It is also used in
many disciplines such as graphic designs and physical problems [2, 3, 24, 25].
On the other hand, dual numbers were first put forward by mathematician
scientist W. Clifford in 1873 [10]. Dual numbers, in short, are pairs that can
be expressed as x + ex* where z, £* are real numbers and the unit € is a
dual unit that satisfies €2 = 0. The discovery of dual numbers has led to
many studies. One of them is the finding of dual quaternions. Also, dual
quaternions which are an extension of real quaternions were proposed by Clif-
ford [10]. The dual quaternions represent both rotations and translations [11].
Majernik emphasized that the set of dual quaternions is a vector space on the
field of real numbers and its dimension is eight [4]. In another study, Ma-
jernik expressed Galilean space-time transformations using dual quaternions
[5]. The dual quaternions are a compact representation that combines dual
numbers and real quaternions and offers useful analytical features. Although
dual quaternion are eight dimensional, they are the most efficient and useful
way to represent screw motions, i.e both translation and rotation transforma-
tions. In addition, Kula and Yaylishowed the commutative multiplication of
dual numbers by using multiplication in dual quaternions [8]. Later, Yayl
and Tiitiincli studied generalized Galilean transformations and dual quater-
nions [6]. In addition to these studies, Yayli et al. have studies with dual
quaternions [15, 16, 17, 18, 19]. In addition, Giingdér and Sarduvan gave dual
quaternion and dual quaternion matrices [20]. Euler’s formula, De-Moivre
formula and matrix representations of dual quaternions were given by Ercan
and Yiice [7]. Later, many scientists presented many studies on quaternions
and dual quaternions [12, 13, 14, 15, 21, 22, 23, 26, 27, 28, 29, 30, 31, 32].
Examples of dual quaternion applications are applications such as robotics
studies, back and forth kinematics problems, improvements in digital imag-
ing, computer games. In geometry, on the other hand, it has attracted a lot
of attention recently by geometers, thanks to the fact that a very short and
pleasant representation of motions with dual quaternions is obtained. As is
known, dual quaternions are isomorphic to four-dimensional dual space D?.
In addition, the points of the unit dual sphere D — Module match one to
one with the directional lines of the real space R® with the aid of E. Study
transformation given by the German mathematician E. Study [11]. Therefore,
thanks to the E. Study transformation defined in dual space, the motions in
space R3 can be expressed with dual quaternions. The motions in this study,
which is expressed with dual quaternions, are the screw motions. These mo-
tions that express a rotation around a dual axis and a translation through
same axis are called screw motions. The operator which makes these motions
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is called the screw operator. Therefore, dual quaternions can be considered as
screw operators. Hence, dual quaternions are the operator that superimposes
a line in R3 by rotating and translation on another line with the help of the
E. Study transform [2]. In addition, since the motions in the space R3 can be
easily expressed with dual quaternions, these quaternions are used in robotic
applications and to obtain kinematic expressions. Dual quaternions offered
alternative solutions in robot kinematics. In addition, extensive information
is given about the application of dual number theory to kinematic problems
in the book of Bottema and Roth in 1979 [9].

2 Preliminaries

In this section, we give some definition and theorems about dual quaternions.

Definition 1. Assume that ¢ = qo+q1i+q.j+q5k and q* = q5+q7i+q57+q5k
are two real quaternions in quaternion space H where i = j2 = k? = —1,
ij=—ji=k, jk=—kj=1, and ki = —ik = j. Therefore, the quaternion

Q=q+eq
is called dual quaternion in Hyp where 2 =0 [2].

Moreover, if we take the dual numbers as

Qo=1qo+eqy, Q1=0q:+eq;, Q2=0q,+eq;, Q3=q;+eq;
then, we get the dual quaternion @ in Hp as

Q= Qo+ Qi+ Q25 + Q3k.

Now, we consider Sc) = Qo and Vec@) = @ = @17 + Q27 + Q3k. Hence,
the dual quaternion @ can be written by Q = Sc@ + VecQ where Sc@ is
called as the scalar part and Vec( is also called the vectorial part of the dual
quaternion @. If @ is chosen by Q = Q € VecHp =2 D — Module then, Q
is called as pure dual quaternion. In addition to that, the set of all scalars
(dual numbers) can be denoted ScHp 22 D. Therefore, D and D — Module are
embedded in Hp [2].

Now, we suppose that any two dual quaternions are P = Py + Pii + Pj +
Pk, Q = Qo + Q11 + Q25 + Qsk € Hyp. Hence, the dual quaternion product
of P, € Hp is given by

Qx P =QoPy— (Q,P) + QP + PG + GNP (1)
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where ( , ) and A are scalar and vectorial product in D — Module. Therefore,
we can write

i) Se(Qx P)=QoPy—(Q,P)
i) Vee(Q x P) = QoP + PyQ + QAP.

Moreover, if the dual quaternion multiplication in equation (1) reduces for
pure dual quaternions @, P € VecHp then, we have the equation

QxP=@xP=—(Q,P)+QnrP
where Sc(Q x P) = —(@, 13> and Vec(Qx P) = QAP for pure dual quaternions
Q, P € VecHy [2].

Definition 2. Let the dual quaternion be Q = ScQ+VecQ = Qu+Q1i+Q2j+
Qsk. In this case, there are three definitions of dual quaternion conjugate as
follows

i) Quaternion Conjugate : Q = ScQ — VecQ = Qo — Q1i — Q25 — Qsk,
1) Dual Conjugate : Q" = (SeQ)* + (VecQ)" = Q5 + Qi + Q55 + Q3ik,

1) Total Conjugate : (Q)* = (Sc@Q)* — (VecQ)* = Qp — Qi — Q5j — Q5k,
12
Considering Definition 2, we have
. 1 —
) SeQ=Qu=3@Q+Q)
g = 1 —
ii) Vee@ =G =5(Q-Q) ®
iii) VecQ = —VecQ
for @ € Hp. Moreover, for pure dual quaternion @ we get
Q=-VeeQ=-G=-Q

and for pure dual quaternions P, Q) € Hp, we have

- -

i) Se(PxQ)=Qo=—5(PxQ+QxP)=(P.Q),

i) Vec(P x Q)= —%(P x Q—Qx P)=—-PAQ
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Definition 3. The norm of any dual quaternion @ in Hy is defined as
QI =Q x Q= Qf +Qf + Q3 + Q3
and called the norm of Q where ||| is norm in D* [2].

The norm of dual quaternions coincides with the norm of Hp regarded as
an element of the dual space D*.

If |Q|l = (1,0) = 1 then, @ is called unit dual quaternion. We know that
each non-zero dual quaternion @ has a unique inverse

Q= Q
QI
where Q| = |Q|I™" [2]. If we assume that the dual quaternion Q is unit

hence, @Q~' = Q. If the dual quaternion Q is considered both pure and unit
then, one can get

Q'=Q0=-0Q=0QxQ=-1.

In this case, the scalar part of the dual quaternion multiplication P x @ cor-
responds to the dual scalar product in D* and we also know

Se(P x Q) = (P,Q)

where (P x Q) = @x P and [|[Px Q|| = ||P[[|Q] and (,), ||| are scalar product
and norm in D* [2].

Now, let @ be an arbitrary dual unit quaternion @) # 0. Therefore, we can
demonstrate this quaternion as

Q:cosg—i-gsin% (3)

where the unit dual vector § = & is axis of the dual quaternion (). Moreover,
© = 0 + 0" is dual angle, § = 2arccosqg and 0* = 2% where =
g 9 e Qo

@ +eqs, Q1= a1 +eq, Q2 = g2 +eq3, Q3 = g3 + 45 [2]. B
Any screw motions A € SO(3) mapping the unit dual vector H € VecSp?
onto the unit dual vector B € VecSp? according to

AH =R
can be written in terms of its dual quaternion representation @ € Hy

QxHxQ '=R.
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Moreover, for Q € Sp® the previous expression becomes
QxHxQ=R (4)
which explicitly reads then
R=cos®H +sinO(S A H) + (1 —cos©)(S, H) (5)

where Q = cos % + Ssin % is unit dual quaternion, ©® = 6 + ¢0* is dual angle
and (,) and A are the scalar and vectorial product in D — Module. The unit
dual quaternion Q € SD?’ represents the screw motions about the unit dual

axis § = HQH where Qg = cos %
and © = 2arccos Qy. Moreover, since © = 6 4+ £0* one can get 6§ = 2 arccos qq
and 0% = ——2% Therefore, each unit dual quaternion Q € Sp® can be

Vi +a3+43

seen as a representation of a screw motions in D — Module. Hence, the unit
dual quaternion @ can be considered as a screw operator [2].

3 Main Theorems and Results

In this section, we give the screw motions mapping the dual vectors H to
R with the aid of dual quaternions using different perspectives. Firstly, we
express the definition of dual orthogonal quaternions and the geometric inter-
pretation of these quaternions. Then, using the dual orthogonal quaternions
we introduce the dual circles and say that these dual circles can represent
the set of all screw motions mapping H to R. Moreover, for the pure dual
quaternions H and R we give some conclusions. Also, we express that the
screw motions mapping H to R symbolized by a unit dual quaternion de-
pends on the common sign of H and R. Consequently, we conclude that the
dual circles represent the screw motions mapping H to R and —H to R are
dual orthonormal.

Theorem 4. Consider that P,Q € Sp® are two arbitrary unit dual quaternions
where @ represents the rotation about the axis S with the angle 6 and the
translation about the azis S by 6* (i.e. screw motions) and Sp® is unit dual
sphere in D*. Therefore, P x Q x P € Sp® represents the same screw motions
which have the dual azis is P x S x P where © = 0+ £0* is dual angle of screw
motions.

Proof. Let P,Q € Sp® be two arbitrary unit dual quaternions. We know that
the dual quaternion @ is a screw operator providing the screw motions. In
that case, we can write @ as

0 5.0
chos§+Ssm5.
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Hence, we get

and consequently, we obtain

—

PxQXP:cos%—&—(PxSxP)sin%

where © = 0 + £6” is dual angle of screw motions. Therefore, we can express
that the dual quaternion P x ) x P is screw operator providing the screw
motions with dual angle © = 0 + €0* and dual axis P x S x P. O

Definition 5. Let P,Q be any two dual quaternions in Hy. In this case, the
dual quaternion @ is orthogonal with the dual quaternion P if P x Q is a pure
dual quaternion. Moreover, if the dual quaternions P,(Q are both orthogonal
and unit then, they are called dual orthonormal quaternions.

Now, we analyze the condition of dual orthogonality for dual quaternions.
Considering the equation (2), the condition of dual orthogonality is also indi-
cated as

Sc(Px@):%(px@+Qx?):o.

Therefore, we can say that the orthogonality of these quaternions is character-
ized by the fact that the scalar product of the dual vectors corresponding to
this dual quaternions in four dimensional dual space D? is zero. We can also do
the same geometric interpretation for pure dual quaternions. The vector parts
of pure dual quaternions are dual orthogonal then, they are dual orthogonal.
In addition to that, we consider that the dual quaternions @, P € Hp are pure
hence, the condition of pure dual orthogonality is

PxQ= ﬁACj
where VecP = P and VecQ = @

Proposition 6. Consider that Sp® is unit dual sphere in D* and P,Q € Sp*
are any two unit dual orthogonal quaternions. Therefore, there is a pure unit
dual quaternion V€ VecHy satisfying the condition P =V x Q.

Proof. Let P,Q € Sp® be two unit dual orthogonal quaternions. In this case,
the dual quaternion multiplication P x @) is pure dual quaternion. Hence, one
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can take P x Q =V € VecHp. Consequently, we obtain
V=PxQ — VxQ=(PxQ)xQ
= VxQ=Px|Q|
— P=VxQ
where @ is unit dual quaternion and ||@Q]| = 1. O

Definition 7. Suppose that Q1 and Qs are two unit dual orthogonal quater-
nion in Hp. Therefore, the set of dual quaternions

Q) = Q1 cosd + Q2 sin ¢
is defined as a dual circle in the dual quaternionic space Hp and is denoted by
Cp(Q1,Q2) where p = p+cp* €D (p € [0,27)) is dual angle.

It is clear that, the dual circle Cp(Q1,@2) is the intersection of the dual
plane Ep(Q1,Q2) C Hp spanned by Q1,Q2 and passing through the origin
with the unit dual sphere Sp® C Hp. In this case, we can write

Cp(Q1,Q2) = E(Q1,Q2) NSp°. (6)

Proposition 8. Let (H,R) € Sp? x Sp? be unit dual vector pair, where H A
R # 0 (i. e. their azes are not coincident) and Sp? is unit dual sphere in
D — Module. Therefore, the set Gp(H,R) C SO(3) of all screw motions

AH = R (A € SO(3)) can be represented as the dual circle Cp(Q1, Q2) of unit
dual quaternions QQ where

QxHxQ=R, ¥VQelQ1,Q)

with dual orthogonal quaternions

1 ' HAR )\

i=——— (1-RxH)= — + ————sin —

Q=T X H) = cos 5 4 R sin g
H+R
Q2= 05+
|H + R|

and

v
Il —Rx H||=+/2(14cos¥) = 20055,

N4
|H + R|| = 2cos 3

where ¥ is dual angle for the unit pure dual quaternion H, R.
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Proof. We assume that the dual axis of any screw motions AH = R in the
dual plane spanned by

HAR 1
[ARR| ~ sin
.  H+R 1 - =

Sy = —>—5 = 3 (H + R)
|A+ 7| 2cos%
where the dual angle ¥ is ¥ = ¢ + eyp* € D. Therefore, the dual plane

ED(S?l, §2) = <§17 5’;) € D — Module of screw motions axes can be written by
the unit normal of this dual plane as

S, = HAR

(7)

=

gAgzl&%mM

+R
2sin\I!cos% )]

—

1( (H MR-, HZﬁq)
2sinWcos 3 \ —(R,R)H + (H,R)R

1 oS
_ .—I— CcOos _ (R— H)
2sin W cos 5
and consequently, we get
.. 1 L
SiASy = —— (R — H). (8)
2sin +

2

Now, the dual angles of screw motions about the axes Sz and S; are ¥ =
¥+ ey* € D and m € R (only rotation), respectively. Therefore, we can give
that the dual quaternions Q; and Q- are

v o oo U
Q1 :COSE —+—Slsln5
Q2 =5-.

Obviously, the dual quaternions ¢); and @) are dual orthogonal quaternions.
Then, we get
0 v HAR . W
1. = COS— — = Sl —,
2 |l[HAR| 2
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The proof is completed. O

The normalized dual axis S?z of any screw motions, i.e. the normalized
dual vector part of a unit dual quaternion @ with @ x H x Q = é, is an
element of dual circle C’D(Sq, S_"g) where CD(§1, §2) = ED(S_"l, 572) N Sp?. Now,
we assume that Q = w + ew* € D is dual angle and the Euclidean angle w in
this dual angle is in between ¢ and 27w —1). Hence, the group of screw motions

between H and R can be written by
Gp=(H, R ={AecSO3)| A= AQ,Sq)}
where the dual axis of screw motions S?z is
So = SycosT + Sosinl (I =~ +ev*, v € [0,27)). (9)

In addition to that, the dual angle 2 = w + ew* is related to the dual axis So»
and one can write

Q -~ Q
Q:cos§+Sgsin§

N
Q1 —cos 5

in ¥
sin 3

Q Q Q
QZCOSQ+( )costin2+QgsinFsin2

- QW o_ o 0
and since Q € Cp(Q1,Q2) one can get (cos 3 sin 5 = cos 5 cosI'sin 5) and
consequently,
in ¥
Sin 2
T
+ cosT’

tan — =
2 cos

where

. Q sin%
MY = G 2V o2T1/2]
2 (sin® F 4 cos? 5 cos?T)V/

(10)
cos % cosT’
cos — =

2 (sin® ¥ + cos? ¥ cos?I)1/2

Therefore, the set of unit dual quaternions Q(I'), i.e.

Q - . Q
Q) = cos 3 + Sqsin 3
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represent the set of all screw motions. If we use the equation (9) and (10),
then we get

1

(sin® 2 + cos? L cos2I)1/2

Q) =

voo v - . U
(COSE-FSl sin E)COSF—FSQ sinisinf .

Now, we assume that

cosT’
A (D) =
(1) (sin® ¥ + cos? % cos2I')1/2’
U .
sin = sin T’
Ax(T) = 2 ,
2(T) (sin® ¥ + cos? % cos2I')1/2
hence, we obtain
Q) = Q1 A1 (') + Q242(T). (11)

One can easily see that

2 S 2 s 2
cos“I' 4+ sin“ I'sin” =
A3(T) + A3(T) = 2
10 2(I) Sin2%+cos,2%cos?1“

1 —sin?T + sin? I'sin? %

~ sin? 2+ (1—sin® %)(1 —sin®T)

=1

and consider that
A (T") =cosp, As(T') =sing

with a new parameter ¢ = ¢+ ep* (¢ € [0,27)). Therefore the equation (11)
can be written as

Q(¢) = Q1cos ¢+ Q2sin ¢ (12)
where ¢ = ¢ + e¢* and ¢ € [0,27). In that case, we write a conclusion that
the dual circle Cp(Q1, @2) corresponding to the equation (12) represents all
screw motions mapping H to R. Moreover, we can see that for ¢ = 0 and
p=73

Q(0) = @1,

Q5) = Q2
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where ¢* = 0.
Now, we obtain some useful equations as follows.

Conclusion 9. We assume that the dual vectors H and R are two pure unit
dual quaternions H and R. Therefore, we get

Rx(1—-RxH)=(1-RxH)xH=H+R. (13)

Proof. Consider that the dual vectors H and R as pure unit dual quaternions.
Then we get

Rx(1-RxH)=R—Rx(RxH)
=R+ (R,RANH)+ (R, HYR— RAN(RAH)
=R+ {(R,HYR— RA(RAH)
=R+ H
and similarly we obtain
(1-RxH)xH=H—-(RxH)xH
=H+(RANH,H)+ (R H)YH—- (RNH)NH
=H + R.
Consequently, we easily obtain
Rx(l1-RxH)=(1-RxH)xH=H+R.
O
Conclusion 10. Assume that the dual vectors H and R are two pure unit

dual quaternions and the dual quaternions Q1 and Q2 are dual orthogonal
quaternions. Therefore, the equation

RxQi=0Q1xH=0Q: (14)
s held.

Proof. Let Q1, Q2 be dual orthogonal quaternions and H, R be pure unit dual
quaternions. Hence, we take the norm of dual quaternions in equation (13)
and we get

|H+R|=|Rx(1-RxH)|=|1-RxH]. (15)
On the other hand, from the equation (13) and (15) we get
1

1
:m(H‘FR):Qz
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and
1
QlXHnl—Rx}IH<(1RXH)XH)
1

Consequently, we have

Rx Q1 =Q1 x H=Qs.

We conclude that the dual quaternions R X @1 and Q1 x H also represents
screw motions mapping H to R. L]

Moreover, we can give the conclusion as the result of the equation (14).

Conclusion 11. Consider that the unit dual quaternions Q1 and Q2 are dual
orthogonal quaternions and the unit dual vectors are H and R providing the
condition @ X H x Q= R where Q € Cp(Q1,Q2). Therefore, the equations

Q2 x Rx Q1 =1, Qi xHxQy=1

are held. These equations emphasize a magnificent factorization of number 1.
In addition to that, the pure dual quaternions H and R can be written as

H:@XQ% R:Q2X@-

Theorem 12. Let the dual quaternion @ in Hp be element of the dual circle
Cp(Q1,Q2). Therefore, the dual quaternions R X Q, Q@ X H and R x Q x H
represent the screw motions mapping the unit dual vectors H to R.

Proof. We know that the dual quaternion () represent the screw motions map-
ping H to R with Q % H x Q= R. In that case;

o If the dual quaternion R x @) is written instead of the dual quaternion @
in the last equation, then the equation

(RxQ)xHx(RxQ)=Rx(QxHxQ)xR=R

is obtained. This means that the dual quaternion R x @) represents the screw
motions mapping H to R.
e If the dual quaternion () x H is considered, the equation

Q@QxH)xHx(QxH) =QxHxQ=R

is held. Hence, the dual quaternion Q x H also represents the same screw
motions.
e A similar proof can be easily made for the dual quaternion Rx@Qx H. [
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Proposition 13. Assume that the dual circle Cp(Q1,Q2) is defined by the
circle with origin centre in dual plane Ep(Q1,Q2) C Hp spanned by the dual
orthonormal quaternions Qq, Qs € Sp>. There is the pair of unit dual vectors
(H,R) € Sp? x Sp? such that

QxHxQ=R

vQ € CD(Ql, Qg) and the dual circle Cp(Q1, Q2) is the set of all screw motions

mapping H to R Therefore this pair of unit dual vector depends on the
common sign ofH and R i.e

Qx(—H)xQ=-R

Proof. We know that the dual circle Cp(Q1,Q2) with origin centre can be
written as

Q(p) = Qrcosp+ Qasing (¢ =@ +ep*, ¢ €[0,2m))

and since the dual quaternions (1 and @2 are dual orthogonal to each other,
we write

Se(Q1 x Q2) = Se(Q2 x Q1) =0.

Hence, the dual circle Cp(Q1,Q2) represent all screw motions mapping the
dual vector H = Q1 x Q2 to the dual vector R = Q3 x Q. Consequently, for
VQ(9) € Cp(Q1,Q2)

Q(9) x (—H) x Q(¢)
= (Q1c08¢ + Qasing) x (—Q1 X Q2) x (Q1 cos ¢ + Q2 sin ¢)
=—Q2 X Q1 —cospsing + Q1 x (Q2 x Q2) X Q1 cos psin ¢
=-Q2xQ1=-R
Therefore, while the unit dual quaternion () makes the screw motions mapping

the dual vectors H to R it makes the screw motions mapping the dual vectors
—H to —R. O

Theorem 14. The dual circles Cp(Q1,Q2) and Cp(Qs,Q4) represent the
screw motions Gp(H, R) and Gp(—H, R), respectively, are dual orthonormal
with each other.

Proof. Consider that while the dual circle Cp(Q1,Q2) represents the screw
motions Gp(H, ﬁ), the dual circle Cp(Qs, Q4) represent also the screw motions
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Cp(Qs,Q4). Let §3 and S, be the axes of the screw motions GD(—E[, ﬁ) for
the dual quaternions Q3 and Q4. Hence, using the equation (7) we get
- —HAR
3= ——= =,
| = HAR]|
where || — HAR|| = |HAR)|. In this case, we obtain
- HAR -
S3 = S S = —1-
[HAR]
We know that the dual angle between the dual vectors H and_ﬁ is ¥ =
¥ + ev*. Therefore, the dual angle between the dual vectors —H and R is
U = (7 — ) — eyp*. Moreover, we can write for the unit dual quaternion
Q3 = cos %' + 53 sin%/ where ¥/ = (7 — ) — eyp*.
Similar to this, the dual axis Sy can be written
. —H+R
4= = =
| —H+ R
where || — H + E|| = 2sin 2. In addition to that, using the equation (8) we
have =
Ss=S1 NSy
and for the unit dual quaternion Q4 we get
Qs = Si.

Therefore, the dual circles C’D(ﬂ, 572) and C’D(S:;, 5;1) C Sp? are dual orthogo-
nal to each other. Now, we assume that Q € Cp(Q1,Q2) and P € Cp(Qs,Q4)
are arbitrary unit dual quaternions. In that case, we can write the unit dual
quaternion @ € Cp(Q1, Q2) is

Q= (Q1cos9+ Q2sing
v Y -
= (cos 5 + Spsin 5) cos ¢ + Sy sin ¢
and
v - . v - .
Q= Cos§c08¢ + 57 51n§cos¢ + Sy sin ¢.

Similarly, the unit dual quaternion P € Cp(Q3,Q4) can be written as

P =Q3c0o8¢+ Q4sin¢

!

.U .
= (cos 5 + S3sin 5) cos ¢ + Sy sin ¢
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r_ x v W N A
where ¥/ = (7 — 1)) — e9*, cos 5 = sin 5 and sin 5 = cos 5 and

v - v - o
P:singcosgbelcos;cosngrSl A Sy sin ¢.

Now, we can obtain the dual orthogonality of the unit dual quaternions @) and
P. Therefore, we have

Se(Q x P) = singcosqbcos%cosgﬁ
o o
+ SlsmgcosdH—Sgsm@ 1cos§cosq5+51/\5251ngz5

Consequently, the unit dual quaternions @ € Cp(Q1,Q2) and P € Cp(Q3, Q4)
are dual orthogonal. Therefore, the dual circles Cp(Q1, Q2) C Sp® and Cp(Qs,
Q4) C SD3 are dual orthonormal to each other. O

Result:The unit dual quaternions Q1,Q2,Q3,Q4+ € Hp also represent
a rlght handed dual orthonormal basis of Hp while the dual unit vectors
Sl, Sy, Sy represent a right handed dual orthonormal basis of the dual space
VecHp 2D — Module.
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