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Abstract—Quaternions are a useful representation for orienta-
tion, and dual quaternions extend the representation to handle
translations as well. This report discusses computations that can
be performed using quaternions. To accurately compute results
near singularities, we provide Taylor series approximations which
can be efficiently computed to within machine precision.
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I. INTRODUCTION

Quaternions are a convenient representation for spatial mo-
tion that provides some computational advantages over other
methods.

The straightforward definitions of many quaternion quan-
tities, particularly exponentials, logarithms, and derivatives,
contain singularities where a denominator goes to zero. We can
avoid computational problems at these points by computing
key factors near the singularity using a Taylor series, though
this may require some careful rearrangement of terms to
identify suitable factors and series.

A Taylor series evaluated near point a is:
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To evaluate the infinite series to machine precision, we only
need to compute up the term below floating point round-off.

The resulting approximation is a polynomial which can
be efficiently evaluated using Horner’s Rule, Algorithm 1.
The coefficients are the terms w and the indeterminate
variable is z — a. Note than many Taylor series have zero
coefficents for the odd or even terms. We can produce a more
compact Horner polynomial by omitting the zero coefficients,
using (z — a)? as the indeterminate variable, and perhaps

multiplying the whole result by (z — a).

Algorithm 1: Horner’s Rule

Input: by, b1, ...b, : Coefficients
Input: z : Indeterminate Variable
Output: y : Result

1y< by

2y bp1+2y

3y < b77.72 + zY

4 ...

5y <+ by+ 2y

A. Notation

We adopt the following abbreviations to condense notation:

o Quaternions are typeset as g.

o Dual Quaternions are typeset as .

o Vectors are typeset as .

o Matrices are typeset as A.

o Time derivatives of variable x are given as .
o Sines and cosines are abbreviated as s and c.

II. QUATERNIONS

Quaternions are an extension of the complex numbers, using
basis elements i, j, and K defined as:

==k =ik=-1 2)

From (2), it follows:

jk=—kj=1i 3)
ki =—ik =j “4)
j=—ji=Kk &)

A quaternion, then, is:

g=w+xi+yj+ 2k (6)

Associative
Distributive
NOT Commutative
Conjugate Mul.
Conjugate Add.

PR(RT)=(PRqT
PR(@+r)=p®q+per
PR®GFqQp
P®e)* =q* @p*
(p+a9)* =g +p*

TABLE I
ALGEBRAIC QUATERNION PROPERTIES

A. Representation

We represent a quaternion as a 4-tuple of real numbers:

g =w+zi+yj+ 2K
=(ryzw)

= H(gw, w) )

Historically, g, is called the vector part of the quaternion
and q,, the scalar part.

It is convenient to define quaternion operations in terms of
vector and matrix operations, so we also the whole quaternion
as a column vector. This also provides an in-memory storage
representation.

F=zyzuw” (8)
G =[xyz2" ©)

A alternate convention stores terms in wxyz order, so when
using different software packages, it is sometimes necessary
to convert between orderings.

B. Multiplication

From the definition of the basis elements (2), we obtain a
formula for quaternion multiplication. See section B for the
detailed derivation.

1) Cross and dot product definition: We define quaternion
multiplication in terms of cross products and dot products of
its elements:

§®p= (q_’v X ﬁv + gw?v tpwiv) (10)
GuwPw Qv " Pv

2) Matrix definition: Expanding the above terms, we can

express quaternion multiplication as matrix multiplication:

I®p=
quw —qz Gy Gz
>_ | 4 Qv —qz Gy | >_
Qi= |0 & a ¢|?
—qz —qy 4z Guw]
Pw Dz —Py Pz
— —Pz DPw Dz Py | -
P = =
RE= 0y oo po | !
—Pxz —Py —Pz Duw

QzDPw + QyPz + QuPs — q=DPy

q:Pz + quPy + QyDw — qzDz

quPz + qzPw + QIpy - Qypm
—(qypy + ¢epz + ¢=P> — qupw)

(1)

This matrix form is more suitable for efficient implementa-
tion computation using SIMD instructions.
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3) Properties: Quaternion multiplication is associative and
distributive, but it is not commutative.

4) Pure Multiplication: When multiplying by a pure quater-
nion, i.e., zero scalar part, we can simplify:

[ quw —qz qy
qz qw *(Jm
® (v,0) = v =
1 ( ) —Qy qx Guw
|4z —qy —4z
qyUz qzVy Gu Uz
4>V qzVz + qu Uy (12)
qz Uy qyVx wUz
_qIUI_ vay —qzV;
qu qz —Qy
—q: Gw dx
0,0) ®q= v =
( ’ ) 4 dy —qx quw
| =9z —49y —94z
Vyqz V2Qqy VzGuw
V2qx Vzqz + VyQuw (13)
Ve Gy VyQx zqw
—Vz(qz | Uy Qy —V24>
UyUy — U0y
B UpyVp — Uy Vs Juxw
TR Il I Ko I

—UgVp — UyVy — UV,

Thus, the case of multiplying two pure quaternions simpli-
fies to the commonly used cross (x) and dot (-) products.

C. Norm

ldl =i q (15)

A unit quaternion has norm of one.
D. Conjugate
7 = H(=q; qu) (16)
E. Inverse
- 7
=73 4

Note that for unit quaternions, the inverse is equal to the
conjugate.

F. Exponential

The exponential shows the relationship between quaternions
and complex numbers. Recall Euler’s formula for complex
numbers:

' = cos () + isin () (18)

which relates the exponential function with angles in the
complex plane. Similarly for quaternions, we can consider the
angle between the real and imaginary parts, Figure 1, yielding

o]

- 1,

(7qu —

Fig. 1. Imaginary Plane for Quaternions

some useful trigonometric ratios for analyzing quaternion
functions:

¢ = atan2 (|qu , qu) (19)
sin (¢) = ||qu (20)
cos (¢) = % Q1)
The quaternion exponential is:
el = et %(qusw, cos (I%I)) (22)

When |q,| approaches zero, we can use the Taylor series
approximation:

sin (0 02 o4 96
wo)_, L0 e
0 6 120 5040
For a pure quaternion, the exponential simplifies to:
7 — sin(lgv]) )
oo = [T wslad) oy
ef] = 1

G. Logarithm

To compute the logarithm, first consider the angle between
the vector and scalar parts of the quaternion.

¢ =cos™! ((|];U|) =gin~ ! (||q;||) = atan2 (|qv|, qw) (25)

The atan2 form to compute ¢ is generally best for numerical
stability.

(26)
0|

ing=5¢( (% 0. (o) )

When |¢,| approaches zero, we can compute % as follows:

lgo|

¢ \¢\ \¢| i q@)
q q sin
S 27)
o] la] sin (¢) lq

=

Then, % can be approximated by Taylor series:
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0 62 70 316°
=1+—4+ —= 28
sin (0) + 6 + 360 + 15120 + (28)

For a unit quaternion, the logarithm simplifies to:
¢
=1 1 =H| ——=q, 0 29
lg| =1 = In(g) (Sm((b)q (29)
H. Power

qt — et Ing (30)

1. Pure Exponential Derivative

Becase quaternion multiplication is not commutative, the
chain rule does not apply to the quaternion exponential deriva-
tive:

1o ) , HGD g ey (1)

The derivative of the exponential for a pure quaternion is:

€29

¢:|Qv|:\/qv'(}u (32)
'_d|QU| _QU'QU

¢—7— 3 (33)

el =H sm¢(¢) Qv €S () (34)

Civw_—$MW¢Z—QMQO$ﬁ@ (35)
de?\ s, qi)c gf)s _
<dt>;¢‘f“+<¢‘¢2> "=
5-+<c__5)(.-) _
st ) e =

s . =3 .
—Yov v " Yuv)Yu 36
gﬁqﬂr(qg)(q dv)q (36)

Then, we handle the singularity for ¢ = 0 using (23) and
the following:

¢ s 1 ¢2 ¢4 ¢6
— - =+ — - — 37
¢* P 3 * 30 840 * 45360 * 37)
J. Unit Logarithm Derivative
The derivative of the unit quaternion logarithm is:
Ing = qu
sin (¢)
¢
dlng _ Isa() ¢
= v+ = v 38
dt a1 + sm(d))q (38)
)
where we compute d“c‘l%qv as follows:
b= deos™ (w)
N dt  sin(¢)
¢ . .
dsin(ti)) _ ¢ - d)(b Cos (d))
dt sin (¢) sin? (¢)
1
— ( ——+ ¢_C(f (¢)) 39)
sin® (@) sin” ()

Representation
Quaternion
Axis-Angle

Rotation Vector

Euler Angles

Rotation Matrix

TABLE 1T
STORAGE REQUIREMENTS FOR ORIENTATION REPRESENTATIONS

Storage

O W Wk A~

Chain
16 multiply, 12 add
27 multiply, 18 add
TABLE TIT
COMPUTATIONAL REQUIREMENTS FOR ORIENTATION REPRESENTATIONS

Rotate Point
15 multiply, 15 add
9 multiply, 6 add

Representation
Quaternion
Rotation Matrix

Equations (38) and (39) have a singularity at ¢ = 0. We
can handle (38) with (28) and (39) with the following Taylor
series:

L1 @)1 2, 2.
sin® (¢)  sin® () 3 15 63
Alternatively, one could also use the Jacobian ag;q =
6 _ e - G et
sin(¢) sin3 () sin3 (¢) sinS (¢) sin2 (o)
_ _ozy ¢ _ _oy? T ~ ot
sin3(9) (@) 53 (9) sin3(9) sin(9)
__¢=z=z __¢y=z o _¢z? i)
sin3(4) 5in3 () (@) T snB(9) sin?(9)

(41

K. Unit Quaternion Angle

We can compute the angle between the vector forms of two
unit quaternions as follows:

(G, q2) = cos™H(q1 - Go) =
2 atan2 (|q1 — @2, |1 + q2|) 42)

The atan2 form is more accurate [1].

L. Product Rule

Because quaternion multiplication is a linear operation (see
section B), the product rule applies:

d . .
—(19¢)=n®e+u®p (43)

dt

III. REPRESENTING ORIENTATION

A unit quaternion (‘q’ =
orientation.

1) can represent an angular

A. Rotating a vector

We can rotate point v by unit quaternion ¢ by computing
v’ =rot (¢,v) = ¢® v® ¢*. Note that v is augmented with 0
in it’s w position to perform the quaternion multiplication op-
eration. Given this 0 value, the computation can be simplified
to the following:

v =rot (¢q,v) =

q®y®q*:2§vX(JvXU+Qwv)+v 44)
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which we can rewrite in a more SIMD-friendly form as:

a4 =@y XU+ quv
b=gq, Xa

vV=b+b+w (45)

B. Chaining rotations

Rotations g; and ¢, are chained by multiplying the two
quaternions: ¢; ® ¢».

C. Angular Derivatives

Rotational velocity w is related to the quaternion derivative
as follows:

. 1
q= §w ®q (46)
w=24®4q" (G

Rotational acceleration w is related to the quaternion deriva-
tive as follows:

=z (W®g+w®yq) (48)

=N | =

= —w

5 =2(qeq +i27)

(49)

D. Axis-Angle

The axis-angle form, a = (1, ) represents rotation by angle
0 around unit axis . We can also normalize the representation
by scaling the axis by the angle v = 64, which is sometimes
called the rotation vector form.

Rotation vectors are related to unit quaternions through the
exponential and logarithm.

o). () -

[SIEY
<

H isin M , COS M —e2 (50)
v] 2 2
0 =2cos™ ! (qu) = 2tan"' (|gu| , qw) = 2 |Ing| (51)
040 —L
. 70 &y _ Ing (52)
0=0 0 |In g
v=2Ingq (53)

The rotation vector and quaternion derivatives are related as
follows, substituting y = 3, ¢ = 5, and ¢ = |y|:

<

y =YY 54
) | p (54)
G = —dsin (¢) = (y - ) Smdf ) (55)
. _sin(¢) . gsin(¢) | deos(¢)
Gv="—g"0 p y+ 5 Y
in(¢) . cos(d))—M )
S'lrl(g)er(W W-yy (56)

When ¢ goes to zero, we can approximate % with the
series in (23) and the other singular factor as:
sin(¢)
cs@-T5" 1. 2 ¢t &
@? 3 30 840

R

E. Spherical Linear Interpolation

Spherical Linear Interpolation, SLERP, interpolates between
two quaternions. SLERP can be understood geometrically
by considering a relative orientation in the axis-angle form.
Consider the relative quaternion ¢, between two endpoints,
¢1 ® g, = g2, given in axis angle form (%, 6,.). To interpolate
between ¢; and g2, we apply the ¢(7) = ¢1 ® ¢5(7), where ¢
is a rotation about u, with angle 6, varying from O to 6,. as 7
varies from 0O to 1. We can compute the rotation vector form
of g, from that of ¢, as vy = Tv,.

Composing definitions for quaternion and rotation vector
conversion and quaternion exponents:

gr)=goep(th(g ®©e) =00 (¢ ©p) (58

To interpolate in the shorter direction, e.g., —g VS. +37”,

scale ¢;" ® g, so it has a positive scalar element.
A more efficient computation for SLERP [2] is:

¢ = |4(q, %) (59)

> —
g=0>2 ™9 (60)

p<35 ¢

r  sin(0—70) sin(76)
_ (b > 2 sin(0) @ = sin(0) 42 61
q(T) - n  sin(0—70) sin(76) (61)

¢ < 2 sin(0) @+ sin(0) 42

F. Integration

Euler or Runge-Kutta integration of quaternion derivatives
would not preserve the unit constraint, introducing error. We
can instead integrate a constant rotational velocity with:

wAt
q1 = €xp (2 ) ® q (62)

=exp (At ® ) ® 9 (63)

G. Finite Difference

Based on (62), we can compute a finite difference velocity
wa between two orientations:

(64)
(65)

wa =21n (q1 ®q5‘)
a=In(q1®q)®qp

IV. DUAL QUATERNIONS AND EUCLIDEAN TRANSFORMS

Dual quaternions are convenient for representing Euclidean
transformations. Formally, dual quaternions are the general-
ization of quaternions to dual numbers.
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A. Dual Numbers

Dual numbers are similar to complex numbers, but the
square of the dual element ¢ is zero:

Z=a+be (66)
e#£0 (67)
e2=0 (68)

If we consider the Taylor series of f(a+ be) at point a, we
obtain the following property:

fla+be) = f(a)+bf'(a)e (69)
This lets us define a few functions for dual numbers:
cos (a + be) = cos (a) —sin (a) be (70)
sin (a + be) = sin (a) 4 cos (a) be (71)
exp (a + be) = e® + ebe (72)
VaThe =Vt 5oz 3)

B. Representation
Dual quaternions are quaternions with dual numbers for
elements.
S =
Ti+gi+2Zk+w =
(re +dee)i+ (ry +dye)j + (r= + de)k + (1w + due) =
(rai+1yj + 12k +1w) + (doi + dyj + dok + du)e =
r+de (74)

For computation, it is convenient to represent dual quater-
nion S factored into the separate real and dual parts r and
d:

S=r+de

=s(r )

We can produce a dual quaternion for some transformation
represented by the rotational quaternion ¢, and the translation
vector v as follows:

(75)

C. Construction

r=g¢q (76)

1
d = 2 vRr
Translation v is augmented with O as the scalar element for
the quaternion multiply. The real part r represents orientation,
and the dual part d represents translation. Note that the real
part 7 will be a unit quaternion while the dual part d has no
such restriction.
To extract the translation, we do:

(77)

v =24 @ r* (78)

D. Multiplication

Multiplication is defined in terms of the standard quaternion
multiply, performed over both real and dual parts:

ﬂ®$:8[a,®5r, ar®6¢+a,{®ﬁr] (79)

E. Matrix Form

We can also represent the dual quaternion multiplication as
a matrix multiply. Based on (11):

a. ® b, .
4 @b +ar®@6,)
A 1 0 =
) B =
Ag L Ar,L:|
B. r 0 -
’ A
Bar Br,R:|

/‘ZI®Q¥:<
ALEZ[

Brd — [ (80)

FE. Conjugate

(81)

G. Exponential

We derive the dual quaternion exponential by expanding
(22) using dual arithmetic:

o= |rv| (82)
k=r,-d, (83)

_ c— = P
eS=e?§ [9{(%, c> , J{(de T Pk, kz> ] (84)
¢ ¢ ¢? ¢
where W = ry, + dye.
Then, to handle the singularity at ¢ = 0, we use (23) and:

cos(@) - TFE 1 ¢t gt 60 |
@2 3 30 840 45360

(85)

H. Logarithm

We derive the dual quaternion logarithm by expanding (26)
using dual arithmetic:

¢ = atan2 (|ry|, rw) (86)
k=r,-d, 87)
Tw — % T\Z
= (88)
Iy
(InS), = J{(ﬂ)'rv, ln|r> (89)
Ty
ka —dy, k+rydy
(In S)d = j{<||27’v mdm |2> (90)
T v T

To handle the singularity at |r,| = 0, we apply (27) and
(28) to handle ¢ Then, we rewrite « as:

[Pl
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2
rw = g Il
i _
|70
ro o)
2 3
|7"’U| |Tv|
2 3
ol ol _
o2 r? el I

1P
ARG

1 (cos(d) ¢
v (e - ) ov
This gives the Taylor series:

i_ﬂ__,_, _ A0 4_7 64

2 s ¢ 4209ZS 200 T ©2)

1. Chaining Transforms

Transforms are chained by multiplying the dual quaternions.

J. Transforming a point

We can transform a point v by constructing a dual quater-
nion for translation v and identity rotation, and chaining it
onto the transform, then extracting the resulting translation:

5%=5®8[%w,n,%v] (93)
v =2s)® s (94)

This reduces to:
v = (2844 5, ®V) ® s 95)

K. Derivatives

1) Product Rule: Because dual quaternion multiplication is
a linear operation (see section B), the product rule applies:

d : .
($51®085) =518 +5 Q5

dt ©6)

2) Angular Velocity: Angular velocity computation is iden-
tical to the single unit quaternion case:

—2w r

w=2rxr"

o7
(98)

3) Translational Velocity: We find the equation for the
derivative of the dual part by differentiating (77),

1.
c[zi(v®r—|—7/®'r) (99)
Translational velocity comes from differentiating (78):
b=2d @ +d (7)) (100)

Representation  Storage
Dual Quaternion 8
Implicit Dual Quaternion 7
Transformation Matrix 12
TABLE TV

STORAGE REQUIREMENTS FOR TRANSFORMATION REPRESENTATIONS

Chain
48 multiply, 40 add
31 multiply, 30
36 multiply, 27 add
TABLE V
COMPUTATIONAL REQUIREMENTS FOR ORIENTATION REPRESENTATIONS

Transform
28 multiply 28 add
15 multiply, 18 add
9 multiply, 9 add

Representation

Dual Quaternion
Implicit Dual Quaternion
Transformation Matrix

L. Integration

To integrate dual quaternions, we first introduce the twist,
Q:

Q:S[Hw,m,%w+vxw,M] (101)

where w is angular velocity, v is translation, and v is transla-
tional velocity.
Then, integration of a constant velocity is given by:

QAL
S1 = exp N & So

V. IMPLICIT DUAL QUATERNIONS

(102)

We can implicitly represent the dual quaternion for a
Euclidean transform by storing orientation quaternion r and
translation vector v:

E = Si (7‘7 ’U]

This form allows more efficient computation for some
operations.

(103)

A. Chaining transforms
From dual quaternion multiplication (79), we derive the
multiplication formula for the implicit form:
C,=2C;®C}
2(4, ® By+Aa® B,) ® (4, ® B,)" =

B, ® B, m®m®&)®m®£:
2 2
(A, @B, + A, ® A,) ® A =

A, ®B, ® Ay + A,

2 (4,5

This is equivalent to rotating B, by A,, then adding A,.
Thus, we chain transforms with:

C, = A ®B,
C, = rot (A, B,) + A,

(104)
(105)

B. Transforming points
To transform point p, we first rotate it by the given orien-
tation 7, then add the translation v

p =rot (r,p) +v (106)
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C. Conjugate
From the dual quaternion conjugate (81) for S = (r,d):

(5%)s =2(5%)a © ((57)r)" =
2d* @ (r*)* =

1
2(51} Qr) Qr
(ver)" ®r
RV Rr=
—rot (r*,v)
Thus, to find the conjugate translation, we

and negate.

rotate v by r*

D. Derivatives

The transform chaining in (105) is not linear, so we cannot
apply the product rule. Instead, we directly differentiate (105):

d T1 T2
i (o () s (i
s 71 @712+ 11 @7
"N+ @0+ @4 +q Qv ®df

] (107)

VI. MATRICES AND EUCLIDEAN TRANSFORMS

A. Rotation Matrix

Using the matrix expansions of quaternion multipication, we
can rewrite the quaternion rotation operator as a single matrix
multiply:

(®v®q¢ =QLi® ¢ = (Q")rQLT = R7 =
2q2qy — 2929w 29292 + 29y quw

-2+aq—ai+4d,  2ayq: — 2024w
2 2 2 2
2qyq: + 292 quw 9 —q, — q; + 4,

- +a+d
2¢2quw + 2929y
2¢29: — 2qyquw

v (108)
The matrix R has geometric significance as well. The th

column of a R is the ¢th axis of the child frame in the parent
frames coordinates.

B. Transformation Matrix

R v
T= [0 J (109)
C. Transforming Points
/ —
P\ _ppo TP+ Ty (110)
1 1
D. Chaining Transforms
C=AB= [RAORB (RA"Bl + "A)] (111)
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GLOSSARY

axis-angle
Rotation representation (@,6), where @ is a unit
vector representing an axis of rotation and 6 is an
angle to rotate about . 5

dual number
Number with dual element ¢, where 2 = 0. 5

pure quaternion
A quaternion with zero scalar part. 3, 4

rotation vector
Scaled form of the axis-angle representation, v = 6.
5

scalar
The real part of the quaternion, i.e., the w element.
2,3

SIMD
Single Instruction Multiple Data. Type of CPU in-
structions which perform multiple computations with
a single instruction, such as element-wise addition or
multiplication of several values. 2, 5

unit quaternion
A quaternion with norm of one. 3, 4

vector
The imaginary part of the quaternion, i.e., the X, vy,
and z elements. 2, 3

APPENDIX A
HISTORY

Quaternions were invented in the mid-nineteenth century
by William Rowan Hamilton, who spent the rest of his life
exploring their properties. They quickly found use among
physicists; Maxwell’s equations were originally formulated
using quaternions.

Around the turn of the twentieth century, Josiah Gibbs
published his Vector Analysis, presented as a simplification
over quaternions. The chief distinction was the invention of
the dot and cross product operators, splitting quaternion mul-
tiplication into two separate operations. Eventually, Gibbs’s
notation overtook quaternions as the representation of choice
among physicists and engineers.

Though quaternions may have lost the overall popularity
contest to Gibbs’s vector analysis, their useful numerical
properties mean quaternions still have some role to play.

APPENDIX B
DERIVATION OF QUATERNION MULTIPLICATION

First, the basis elements axiom:


http://www.cs.berkeley.edu/~wkahan/Mindless.pdf
http://www.cs.berkeley.edu/~wkahan/Mindless.pdf

Derivation of Quaternion Multiplication

A. Derivation of Quaternion Basis Equalities

ik = —1
ijkk. = —Kk
—ij =—Kk
j=K
i = ik
—j = lk
—jj =Jjik
1 = jik
K = Jikk.
= —ji
ki = —jii
ki=j
JKi = jj
ki = —1
JjKii = —i
jk=1i
KK = ik
—j =ik
—jj = iki
1 =ik
i = iikj
i=—ki

B. Derivation of Quaternion Multiplication

1) Multiply the two quaternions:

PR q= (Puw+ Dot + Pyj + 02K)(qw + @i + qyj + ¢:K)

2) Distribute terms of g; over terms of ¢o:

= pu(Guw + qui + qyj + ¢:K)+
Pai(Guw + qoi + qyj + 4:2K)+
pyj(qw + Qzi+ gy + Q- K)Jr
Pk (Gw + Goi + qyj + ¢=K)

3) Distribute again:

= Pwlw + Pwdsi + Pwdyj + Puwd-K+
PeQui + Pelei® + Payii + Paqzik+
PyGuj + Pylafi + Pyyi” + Pyqzik+
Pk + P2quki + poayki + p=q-K
4) Simplify basis elements again:
= Pwlw + Pwlsi + Puwlyj + Pwd=K+
Pafuwi — PGz + PzGyK — Puqzj+

PyQuwj — przk. — PyQy + Pyqzit
D2quwk + P2qej — D2qyi — D24

5) Combine terms by basis element:

= (Pwls + Paluw + Pyqz — P2qy)i+
(Pwly — Pez + PyGuw + P2qe)j+
(Pwz + P2y — PyGe + P=quw) K+
(Pww — PeGe — Pyly — P=q-)
6) Reorder the terms:

= (PyQ> — P2Qy + Pwls + qubs)i+
(P2Gr — P24z + Pwy + QuPy)j+
(pa;qy PyQz + Pwlz + qupz) K+
(Pwlw = PxGz — PyQy — P=q=)

p
v X Qo JFPva + GvPo
Pwquw — “Qy
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