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1 Introduction

1 Introduction

1.1 [E3 & Rigid Bodies

An affine euclidean space E? is “our normal space”. E3 = R3/0 so there is no “special point” as the
origin, and the elements are points, not vectors (it’s a fine space, not a vector space). We never use R3
in robotics!

Which point we will consider “inside” the robot? If the robot it’s still to be designed, it is impossible to
say. So, at a first approximation we don’t know — when we use the term “rigid body” we don’t refer
to something with a certain shape: there is no shape in rigid body.

A rigid body displacement in E? preserves distance & orientation. Beware though! Orientation is not
our common-sense “orientation”, but the left-handed/right-handed orientation: it does not switch left
and right.

“Mechanical Philosophy” approach: the only things to be considered are rigid particles in 3D space
acting through direct contact (— “the Universe is a machine” — The 17th c. Scientific Revolution:
Galileo, Leibniz, Descartes). But is this really true? Not really:

e Newton’s Law of Gravitation: bodies act at a distance: nothing is a machine

e Einstein’s General Relativity: Space is curved: Real geometry is not Euclidean
So, it is only an approximation (idealization):

e Rigid body: only a special case of a continuum

e [3: only a special manifold

So, rigid bodies are unreal but indispensable, because the approximation is good enough and simpli-
fication is important (rigid bodies and Euclidean spaces are simpler than curved continua). Moreover,
machines exists in our minds:

e Rigid body: are our inborn world model (Rigidity principle + body permanence)
e E3: is our intuition about space
A rigid body has 6 DoF normally, but for example in parallel robots they are less when connected in a

chain (motion constraints). A 3-legs parallel robot with 3 DoF can have for example 3 translational DoF
and no rotational capabilities, or 3 rotational DoF and no translational capabilities, and so on...

A Constrained Parallel
Kinematic Chain

Double-Y
Multi-Operational
3-URU PM

DYMO

e Translational mode — 3D translation
e Rotational mode — 3D rotation

e Planar mode — 2D translation 1D rotation



1 Introduction 1.2 Screw theory

Sometimes we can design robots that can switch from one mode to another (planar-to-translational
modes etc...) depending on the active constraints on the mechanism. We can have other special kind
of motions, like in the lockup mode (0 DoF) and the CVC mode (Constant Velocty Shaft mode, normally
used to transmit motion through shafts able to rotate arbitrarily while maintaining their angular velocity).

Real-life example: a 3-UPU translational robot designed and built un Korea had a malfunction: the
platform was rotating even with actuators locked, even with the three prismatic joint lengths equal —
we will be able to explain why this happens, and we will do it with screw theory.

1.2 Screw theory

Historically, in the beginning analytic tools were rudimentary (before Calculus, Newton, Euler and La-
grange) and mechanics was a geometric art. Then, with Lagrange, the “analytical revolution” brought
clearness in the field. Analytical mechanics analyse mechanics without any reference to the figurative/-
geometrical approach. This lead to a decrease of interest on the main bases of mechanical motion, that
are “essentially pictorial, geometrical. They arise from natural philosophy. Students in the mechanical
sciences are becoming increasingly unable to contemplate a piece of ordinary reality in machinery accord-
ingly, and to extract from that reality the geometric essence of it” (— Freedom in Machinery, J. Phillips,
1984).

Nowadays modern computers are doing the “hard work”, and people tend to know less. But we need
geometry because it allows us to have a complex space intuition, while the computer will deal with the
mechanical part of this complexity (computer cannot design).

So, why we have to use screw theory? Because it is a powerful geometrical tool (— major aid to intuition)
and it is relatively simple (because it deals with linear spaces) — it helps us to “see what’s inside the
computer”.

Screw theory — Traditional approach Ball (1900) , Hunt (1978), Phillips (1984)

e A screw is a line with a pitch, like the spires of an actual screw along a line axis

e Along the screw a body can be subject to:
a twist (rotation, translation)

a wrench (force, moment)

Given, in a twist, the velocity of the “helical motion” at that instant ¢, you will fully know the motion

of the rigid body in that instant t.

wrench twist

Screwdriver analogy: the twist represents the motion, the wrench “moves” the twist with a push&rotate
action (screwdriver).

Traditional screw theory uses traditional mathematical methods:
— Little mathematical background

— Reveals the geometric nature of motion

. and uses classical line geometry:

— A lot of geometric intuition

— Can intimidate the student

Screw theory — Modern approach Murray, Li, Sastry (1993) Selig (1996, 2005)

e A screw is an element of se(3) group



1 Introduction 1.3 Vector spaces

6-Dimensional Lie Group — SE(3): displacements
The Lie Algebra related to SE(3) — se(3): twists
and its dual space — se(3)*: wrenches

Modern screw theory approach uses complex mathematical methods:
— Requires advanced math background
— Highly rigorous and abstract
. and uses Group theory and differential geometry:
— The language of the new mechanics
— Reveals the math essence of motion
— Can intimidate the student

Screw theory — Summer Screws Approach Merging the new and the old

e A screw is an element of a linear space

6-Dimensional space — Twists

Its dual space — Wrenches

Preferred bases — Pliicker coordinates for frames in 3D space
Invariance — Change of frame

Linear subspaces — Screw systems

The summer screw approach uses vector algebra:
— Minimize abstract mathematics
— Be able to calculate
. and provides geometric emphasis:
— Maximize insight
— Be able to see and imagine

1.3 Vector spaces

A vector space (or linear space) V over the field R is a set {u, v, w,...} € V of vectors with 2 operations
defined:

VA Vector addition: V xV =V, (u,v)—u+v

Associative law: (u+v)+w=u+ (v+w)
Commutative law: w+v=v+u
Zero vector: 30 s.t. Yu, 0+u=wu

Opposite vector: Vud(—u) s.t. (—u)+u=0

SM Scalar multiplication: R x V' — V, (A, v) — Au

Associative law:  A(pu) = (Ap)u
Distributive law: (A + p)u = Au + pu
Distributive law:  A(u+v) = Au+ \v
Unit scalar: lu=u

Basic vector spaces examples Let’s see some basic vector spaces, some of them will be useful in the
following pages:

e for ) — VA and SM are trivially defined (it’s the empty set)

e for {0} — VA and SM are again trivially defined (you can check the properties)

e for number sets like R, Q ,C, R — Q and for functions — VA and SM are again easily defined

e for n-tuples like (z1,...,2,) € R® — VA and SM are defined as acting component-wisely:

VA: (1, ey @) + Y1y ey Yn) = (X1 F Y1y ooy Try + Yn)
SM : Mz, ooy @) = (A1, ..., AZy)
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e for “arrows” from a point in space (magnitude + direction):

VA — parallelogram rule:

SM — length dilatation:

v S
p
v

Let’s dive in this last example w.r.t. forces and velocities. Let’s consider a particle with mass m with a
certain velocity and a certain force applied on it. In general physics we represent forces like this:

>
Ar

o>a),

Let’s consider only forces for now. If we have multiple forces, the resultant force is equivalent to the
other two:

But this is not as straightforward as for the forces case, because we have a velocity at a time! So, imagine
a ship carrying a container that moves with a certain velocity vp:



1 Introduction 1.4 Forces and velocities vectors

If I'm on the shore, the velocity of the container is the parallelogram-rule resultant velocity v, +vs — for
chains of several joints, to compute the velocity of the End-Effector we will have to compose the joint
velocities.

So, we can conclude that:

e For forces, we will have a vector field ' of the forces acting on a particle (arrow from the particle,
magnitude + direction), for which:

VA — resultant force (parallelogram rule)

SM — proportional change of force intensity
= So, a force field f(P) will map {f|f : E3 — F3} an arrow € F? to every point P € E?

e Identically, for velocities, we will have M? as a vector field for the velocities on the particle (VA
conceptually slightly different as seen before).

= So, a velocity field v(P) will map {v|v: E3> — M3} an arrow € M3 to every point P € E3

1.4 Forces and velocities vectors

Let’s now make some advanced examples and counterexamples regarding forces-like (statics) and velocity-
like (instantaneous kinematics) situations, in order to explain the relations contained in the following
Table:

Statics Instantaneous kinematics
INFINITESIMAL ROTATION
FORCE F o
. ANGULAR VELOCITY @
action
along a LINE of acti both are _ |
LINE VECTORS about an axis of rotation
courLe C A INFINITESIMAL TRANSLATION
or
both are TRANSLATIONAL VELOCITY T

FREE VECTORS

WRENCH — IMFIMITESIMAL TWIST
of INTENSITY F of AMPLITUDE w
on a sCREW & about an ISA &

(rrans]atiuna])l (angular]

icouple): (force) velocity velocity

=PpITCH h =

of dimension

[LENGTH]
FURE FORCE when prrcH=10 PURE ROTATION
i
PURE COUPLE when PITCH= % PURE TRAMSLATION
=
wrenches aef,[ ewists act
‘N PARALLEL : .
: ‘IN SERIES
with one another with one another



1 Introduction 1.4 Forces and velocities vectors

What does it mean to that “wrenches act in parallel”? It’s what we have seen before with forces: you
can have two or more forces acting at the same time (in parallel). Then, what about “twists act in
series”? It’s what we have seen before with forces: you can have only one v at each time, then you add
them sequentially, in series (but no matter the order due to the commutativity of the sum).

Ex.1) Forces that lead to forces Let’s consider two forces ) and ¢5 transmitting through a spher-
ical joint:

< = ?:
3. /\/‘ :
1, P

All the forces applied to the spherical joint will transmit through a single point — instead of ¢ and
5 we can express ¢ + ¢35 and no physical experiment will tell us the difference (under no friction and
rigid body hypothesis). So, VA and SM here hold, in fact we can clearly see the vector space F* as
composed by all the forces that can be applied to the rigid body (e.g. 1,5 € F3):

f 7
'
anv\\é},\/(’
Ol

i

Ex.2) Forces that lead to forces and couples Let’s consider now two forces ¢ and ¢5 acting on
a lever:

The forces apply on the same plane and in the same direction. S, in this case, what is ¢] + @57 Let’s
make a numerical example:

—

Here, we have ¢1 + ¢5 + (—@) = 0. The resultant of the sum of (—¢) and the other two forces is the
equilibrium. So, how do we balance the lever? Where we will apply the force? We can put of (—¢) as
already seen, but here there is no parallelogram rule defined! Let’s make another example:
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-

— -r')_ [NN]
— o — ph

[ff [t =TT e I(-?) [iov]

But this is not correct! The resultant does not take in account the rotation of the lever that we can
intuitively imagine. So, let’s consider the following example:

J[ﬂoN]

4

Here (—@) should be ON, but the lever is not still, it rotates! It is not equivalent to ¢ and %, because
with an easy experiment this time we would be able to identify the difference from the two situations.
When you have a force couple like this one, it will provide a pure moment (r x E). In this case:

10[N] - 300[mm] = 10[N] - 0.3[m] = 3[N - m]

If we allow force couples, we will have the following vector set composed by all the possible forces
applicable to the lever and the one rotation axis | to the plane where these forces lie:

Ry

—_— | —
p—
————
—

N

A

Is this a vector space? We had before . ¢ + (—¢) = 0. Adding the pure moment mu, we will have
G+ (—F) + p = 0 and we will have again correct consequences, like the one in the following example (one
force + one moment applied to the lever):

)

So, is this, after these considerations, this is a space composed by all the parallel forces and by
the couple along that axis.

1+2) Forces & couples acting on a rigid body Let’s summarize the evidences obtained in examples
1 and 2 w.r.t. rigid bodies. Two forces never has necessarily a force as a resultant, because they could
lead also to pure moments (couples)

We found two kinds of vector spaces, the one composed by all the forces whose line of action pass through
a point and the one composed by all the forces along parallel lines plus the couple along an axis. This
double characterisation will be very useful after while talking of screw spaces.



1 Introduction 1.4 Forces and velocities vectors

Ex.3) Inst. rotations that lead to inst. rotations Let’s consider two instantaneous rotations with
the related angular velocities wi and w5 on a spherical joint:

What is an instantaneous motion? It is like a motion but linearised: we can think about it as a very
small motion, or a function changing with time approximated at Taylor’s first order.

To think about it in physical terms, we can think about two R-joints. The sum will be the replacement
of them with a R-joint along the parallelogram-rule resultant axis:

In fact, if we only have rotations whose axis pass through a single point, we can apply the parallelogram
rule:

e VA: the resultant rotation, obtained applying the parallelogram rule on the rotation axis when the
body is the end-effector of a RR chain with intersecting axes:

AP.poh

P @
RN
[
’ | N fl
N
\/ 7

e SM: again the proportional change of rotational amplitude

So, it is a vector space containing all the angular velocities W; whose relative rotational axis pass through
the single point of the spherical joint.

Ex.4) Inst. rotations that lead to inst. rotations & translations Let’s consider two instan-
taneous rotations with the related angular velocities «; and wh whose axis are parallel (planar RR
end-effector):
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-~ (resver)

-
w -

-
UJ4T‘

Let’s say w1 = 10 [s71] and wy = 20 [s7!] with d = 300 [mm]. In analogy with Ex.2), we can fix the
resultant as shown, without further computations: the resultant of the 2 instantaneous velocities like
these ones (planar case) is another velocity in the plane, with the same direction. Consider also another
example:

1 20 40
v B R
Reur)

Here the resultant is found as in the lever case as well. But let’s consider the “couples-analogy” example.
Let’s apply two opposite equal rotations:

In this case the resultant movement is a translation! We can intuitively notice it even better if we imagine
an additional rigid extension as in the figure: all the points will have the same velocities. So, in analogy
with Ex.2), we will have all the rotations allowed only along one axis and a set of parallel vectors as
possible velocities:

v T ,\
Cortr 1 Rg
AT wawl’%@

1+2+3+4) Conclusion There are two kinds of spaces, the “radial” ones and the “parallel plus
1 axis” ones. A system of forces is not necessary similar to a result force, and some motions not always
a resultant rotation/translation.

e Two forces have a “resultant force or couple® only if their axis are coplanar

e Two rotations have a “resultant rotation or translation* only if their axis are coplanar



2 Screw theory

2 Screw theory

2.1 Wrenches, twists, and screws

Consider an external action on a rigid body, on a specified continuous of particles B:
{fp|PeB}

It is NOT necessary to specify on which particle a force is applied because this external actions (force
fields) can be characterised in a simple way. Picking a point O in the body we can then represent the
external action with two three-dimensional vectors:

e a force ¢ applied through this point (with direction and magnitude fo)
e a couple po (with moment mp)

= we have a system of forces ®o at O acting on a rigid body: ®o = {¥0, o}

$o ,
ui) f()
o~
mo

To add: apply “in parallel” (see later)

Consider now an instantaneous motion of a rigid body B (a specified continuum of particles):
{vp | P € B}

It is again NOT necessary to specify every particle’s velocity. In fact, if a rigid continuum moves, you
don’t have to specify for each particle the single velocity (this happens for a river, not for a rigid body).
So, we can again pick a point O and the instantaneous motion will be described by two three-dimensional
vectors:

e an instant. rotation po applied through this point (with direction and magnitude o)
e an instant. translation 7o (with velocity o)

= we have an instant. motion Yo at O of a rigid body: Yo = {po, 70}

Po

To add: apply “in series” (see later)

10



2 Screw theory 2.1 Wrenches, twists, and screws

After what we saw, we know that for rigid bodies, we have to specify just one
force and one couple, and from them you can get the description for every point.
What about motions? Normally, you have to specify velocity fields as well. For
rigid bodies those velocity fields can be obtained very easily with a rotation
and a translation, so that every motion can be realized by RP mechanisms.
But now the question is: which force/couple and rot/transl couple we want to
specify?

Let’s consider the following case regarding statics. We want to move our previous point from O to
another point O’. The shifting law gives you the motion from a point to another. If you have a force
and also a moment, and you want to move to a new configuration O — O:

e The total force fhas to be the same:
fo=for=F
e The moment in the new configuration will be:
nio =mo + 00" x f nioy = nip + 0’0 x f =nio + f x 00’

Graphically:

a {fﬂ;‘ S 0\3;
io Eé — <§Q o
op N7

So, in this case, under the shifting rule assumptions, the two systems ®o and ®o/ are equivalent. We
don’t want to distinguish all the equivalent systems, but consider them all together — the equivalence
class ( = |®| is called a wrench.

Thanks to the wrench, we don’t have to distinguish the different but equivalent configurations given by
the shifting law: the wrench is (f,mo) at O and (f,my)) at O'.

Let’s consider now this other case on instantaneous kinematics. We want to move, again, from a O
configuration to another O’. The shifting law is:

e The angular velocity & has to be the same:
wH = wo = W
e The velocity in the new configuration will be:
U6 = vo + 00" x f Ve =10 + 0’0 x f=v5+ f x 00

Graphically:

11



2 Screw theory 2.2 Wrench and twist spaces

So, again, under the shifting rule assumptions, the two systems Y o and Y o are equivalent. Considering
them all together — the equivalence class £ = |T| is called a twist.

Thanks to the twist, we don’t have to distinguish the different but equivalent configurations given by the
shifting law: the wrench is (dJ,v5) at O and (&J,vy,)) at O'.

That is the reason why, if for J we can speak of “angular velocity”, v5 is not a “translational”
velocity! In fact, it is the velocity of a point that, at a certain time passes through the point O, and its
velocity happens to be vH. vp in fact is the velocity at the origin (origin not as a specific privileged
point of the body but as all the points from where along the velocity direction passing through the
configuration point O).

So, to summarize:

A wrench is a system of forces (reduced at a point) with equivalent systems
identified.

A wrench is an entity invariant of frame choice.

For a given origin, O, it is given by a pair of vectors ¢ = (j:: mo):

— the resultant force

— the moment at O

A twist is an instantaneous motion (reduced at a point) with equivalent mo-
tions identified.

A twist is an entity invariant of frame choice

For a given origin, O, it is given by a pair of vectors & = (dJ, v5):

— the body angular velocity

— the velocity of the point coinciding with O

2.2 Wrench and twist spaces

Remembering our previous analysis of forces and velocities vector spaces:

e Two forces have a “resultant force or couple* only if their axis are coplanar

e Two rotations have a “resultant rotation or translation* only if their axis are coplanar

The word “coplanar” subsumes two seen situations, the case of incident lines (— in series) and parallel
lines (— in parallel). From these configurations, we can easily see why these are the properties of wrench
and twist spaces, mutated from the already seen vector spaces of forces and velocities:

e Wrenches form a vector space, se*(3):

VA: resultant wrench — if you apply two forces to a rigid body (all forces acting at the
same time, in parallel) the resultant force will be:

at 0 (+C = (fimo) + (Fomb) = (F+ . mip +m)

12



2 Screw theory 2.3 Canonical representation

SM: proportional increase of intensity:
at 0: X = \f,mio) = (A\f, Anip)
[VA and SM do not depend on O (show it)]

o Twists form a vector space, se(3):

VA: resultant motion — all motion acting in series (not at the same time, but in any time
order! that is because consequentiality is an appearance, they are commutative):

at O : f—|—£’=(c§,v6)+(c§’,vé)=(o3+o;’,v6+vé)
SM: proportional increase of intensity:
at O : A = AW, v0) = (NI, Ao)

[VA and SM do not depend on O (show it)]

2.3 Canonical representation

It is possible to represent a wrench/twist in million ways. Are there some representations that are better
than others? You must represent it at some point, but for some actions/motions in fact there is not a
fixed point (e.g. for couples/translations). Nevertheless, there is a way to simplify: we can find a point
in which the total force/angular velocity is parallel to the total moment/velocity at the origin.

So, starting from a wrench at O, we have to search for a point: P s.t. mp //f

We have two cases:

e f=0->(= (0,mp), V points of the rigid body
e f =0 — having nip // f means that 3 line £(¢) = {F+ Af/|f|} (the screw axis) such that:

mp = hf, VP € ()

So, at O thaks to the shifting law, we have mp = h f = 1mo + 00 x f Dot-multiplying everything for
f we obtain:

hf-f=rio- f+ (00 f)- f=nio-f
~—— ——
=0

from which we can extract: .
f-mo

h="—=—
f-f

13



2 Screw theory 2.3 Canonical representation

Then cross-multiplying instead everything for f we obtain:

We know that 0’0 = Af+ 00 and that 0’0" is proportional to /\f: so:

— —

00=00"+0"0 — (00xf)x f=0+(070x f)yx f=(f-fO"0

from which we can extract: .
O/—/»O _ f X ’I’nTO
[-f

The vector is 0”70 because it does not mind where is O’ exactly on the line of direction of f and mp, the
moment is the same on this line, so every point on the line has the same force and moment! We found
our 1 :

- _ [ xmo

T ===

Fof
The axis of the wrench then — the line for which the force and the moment have the same direction,
is given by:
axis: {O" + A€ | VA €R} = {r] + A\é|VA € R} (€= direction of f)

Thus, the wrench at O will be expressed by:

¢=(fimo) = (fLhf +7x f) hszi_(,) n:f;_mJ;O axis: = {17 + A&| VA € R}

For the twists it is similar to what seen for the wrenches:

— ——
£=(3,00) = (@B hd+7x@) h=2"2 7 =27% s = {17 +A|VAER)
w W w W

For any motion (except the & = 0 pure translation case) there is a special line whose direction is the
direction of . It is “special” because the body around this line moves with & = 0 angular velocity
(rotation) and translates parallel to ¢J. This motion is called screwing, because involves rotation and

14



2 Screw theory 2.4 Summary on £ and (

translation parallel to the rotation, and is characterised by an axis in which points have minimum velocity
because they translate but don’t rotate — it is called screw axis. The “step” of this helical movement
is called pitch and it’s the already seen parameter h.

A line ¢ with a pitch h (a metric quantity) is a geometric element called a screw. The screw of a
couple/translation has no axis, only a direction — infinite pitch screw (h = o0).

A (geometric) screw is not a vector. Screws form the projective space underlying the space of twists

and wrenches (note: the projective space of V is obtained by identifying @ ~ A7)

If you want then to describe an action/motion, you can do it in two ways:

e Picking a point, here there is a screw: an axis and a pitch — geometric description: (¢, h)

e Using two vectors and a point O: with shifting law you can find action/motion for every point O’
— algebraic description: [f,mp] or [, V5]

We can shift from one representation to another:

e if we know f, mo / &J,vH and O with formulas we can compute h in order to get the pitch and 7
in order to find the axis (¢ L 7))

e if we know the screw pitch A and position of the axis we can find f_: mo | &,v6 at O

NOTE: a screw axis (a line) is expressed with a point and a direction vector {P + Ad|A € R}

2.4 Summary on ¢ and ¢

For pure rotations and pure translations, we indicate the twists with p and 7:

I
cyw

te . . i
A A ECI  '

w#£0,h#0 Q@%
R

[
Vo=V twxr
(o]
lle le
=w(he+exr)

-o15e) Ry #- 111

f#0,h=0 f=0,h=o00
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2 Screw theory 2.4 Summary on £ and (

Exercises

1. The axis £ of a unit twist passes from (1,0,0) to (0,0,1). Find the velocity at O if h = 1.

2. The axis ¢ of a unit-amplitude twist of pitch A is horizontal at angle 8 to O, through (0,0,1). Find
the vector components of the twist.

3. Find the axis and the pitch of the wrench (—f—&— ﬁ —27 + 2/3) Make a clear drawing showing the
axes location in 3D.

DO THEM!

16



2 Screw theory 2.5 Linear combinations & span

2.5 Linear combinations & span
The span of vy, vs, ...,v, € V is the set of their linear combinations:

Span(vy, Ve, ..., V) = { A1 + AoV + ... + Avn |\ € R}

An example of span of two vectors is the plane containing them in the 3D space.

But what si the interpretation of the span regarding instantaneous kinematics and statics?
e Span{twists}: all end-effector motions of a serial chain 777

e Span{wrenches}: all end-effector constraints of a parallel chain 777

Exercise Consider a spherical RRR chain (concurrent axes). Find all possible instantaneous motions
of the end-effector and the second link.

We have only pure rotations h = 0 and the axis passes through O (|7] = 0) so:
& — pure rotation — p; = (05,0 W; + 7 X W) = (wiﬂi,ﬁ)

where ; is the unit vector along the rotation axis and the 0 is because in this case (spherical configu-
ration) the velocity in O in null because O is along the axis of each rotation.

So:

-,

&= p1+ p2+ p3 = (W] + watih + w3us, 6) = (4,0)

Case 1: @ = wyu] + wetiy + wsuz = 0 if (w1, w2, ws) = (0,0,0). In this case we have:

=2 _ ¢ = (0,0)
w - w

So h = oo but, since v = 0, the end-effector cannot translate:
€=p1+p2+ps=(0,0)

Case 2: Now consider the case & # 0. We know that & - v5 = 0. From this we can obtain:

So h(§) = 0 — the end effector can only rotate:

£ =p1+ po+ ps = (Wit} + watly + wsus, 0)

17



2 Screw theory 2.5 Linear combinations & span

We also know that & x vH = 0. From this we can obtain:

. OXUo =
rL=——-—=0
@@

We obtained also 7, = 0 — resultant screw’s axis passes through O. The direction of the axis defined by
W= Wi + Wh + ws. So, if 47, s, us aren’t coplanar (that is this case), axis may have any direction but
it passes through O.

We can conclude that all the allowed motions are all the rotations around any axis passing through O,
that is:

’ J = Span(p1, p2, p3) = all rot. around axis passing through O

Exercise Consider a planar RR chain. Find all instantaneous motions of the end-effector.

Start considering the the pure rotation twist of the first R joint p;:

-,

p1 = (wiiiy, v)) = (wik,0)
where @, = k is the unit vector along the axis z (rotation axis) and the 0 is because chosen O along z so
the velocity vo = (04 7 x &) is null.

Considering both joints, we will have u; = k since it is a planar configuration and, considering a point
@ along the axis of rotation ps, we will be able to express:

VO =3XxQ0=0Q x&~0Q xk
P2 = (W2ﬁ27v_é) = (WQk,WQO_Q X ];})
E= 1t p2 = (@ + W)k, 7x (ws OQ x k)]

Case 1: @ = (w1 + wa)k = 0 if w; = —ws. In this case, we have:

'”5200 §:[G,F><(w20_(;2><l%)]

&1

h =

So h = 0o and then the end-effector can translate in direction OQ x k = d(i x k) ~ —j (where d is the
distance between O and @), so along the y axis, as we can analytically see below:

E=p1+p2 = 6, ’FX(WQO_QX];‘)} = (6, wldj')
Case 2: If we have instead & # 0, then:

e It can rotate (along & according to its twist), so h(£) = 0. In fact, analytically we notice that in
this case :
G-v~1-7=0

18



2 Screw theory 2.5 Linear combinations & span

o It rotates with vertical axes (/O,). In fact if we compute the perpendicular vector, we have:

@ X VO for+Fwnws d

- 2 dwz ~
ry = = 1= 1

& @ for+wr) (w1 + wa) (w1 + we)

So we know that r] ~ 4, so the axis intersect the x axis. Moreover, since d is constant and

(wl‘*fw2) can be any number depending on the values on w; and ws, the rotation axis is along k that

can intersect the z axis in every point.

So, in the end:

all rotations around axis // to z passing through any point of z

and any translation along axis // to y

J = Span(p1, p2) = {

So, if we compare the RR planar chain with the respective span:

*2
F T A / .J)'l
&t
: RN

m\\t ] ‘B
N || N
i

| 3 ; (il A

with the previous RR “intersecting-axis” chain:

| w S
| pe®
G a

we can notice the same differences and analogies seen in the introduction, regarding the possible combi-
nations generated by the configuration.

But what if we put a P-joint instead of the second R-joint?

What are the allowed motions of the end effector now? What is the Span?

J = Span(py,2) =7

e Before we had wyp; + wep2
e Now we have wjp; + vo72

— but wait! This translation along an axis //to y is already in the previously found Span!

A~ — ~

E=p1+p2= [(wl + wo)k, wa (0OQ x k)

19



2 Screw theory 2.6 Linear subspaces

2.6 Linear subspaces
W is a linear subspace of the vector space V if:

e W is a subset of V
e W is a vector space with VA and SM of V'

An example of linear subspace is a plane passing through the origin:

A plane not through the origin instead is not a linear subspace.

’i/ AUV

A subspace inherits the zero — be sure you have it (it’s an easy check).

An example of linear subspaces are also the planar motions se(2) C se(3):

[

A | . E
w408 LR
o -ki F
% F(U.:‘I | R \
' ) RS
TAanSCATRR S ' 3\(\.‘] 3

gy

— Theorem:

The intersection of two subspaces is a subspace.
The non-trivial union of two subspaces is not a subspace.
The difference of two subspaces is never a subspace (you always subtract 0).

— Theorem:

Span(v1; V3, ..., Uy) is the smallest subspace with {v1;03, ..., v }

An example for the first theorem are the impossible motions (for example the ones of a planar-chain
end-effector).
Let’s consider a serial chain that has only R and P joints. At some configuration, instantaneously, the

end-effector:

20



2 Screw theory 2.7 Linear independence

e can rotate about O,

e cannot rotate about O,
cannot rotate about O,
cannot translate in x
cannot translate in y
cannot translate in z

What is the (instantaneous) DoF of the end-effector? Can you draw the serial chain? Is your solution of
the previous questions the only one possible? If no, what alternatives are there?

If the twist p = (0, 5) is not allowed, the rotation along axis x is not allowed, but only on that axis! It
means that the velocity vectors are not along the forbidden axis, but they can have components along
them — the five cannot are just noise! They don’t help us, they confuse us.

If you pick 6 random motions they will surely form a base. In fact, it is impossible that, if randomly
chosen, they will be linear dependent, because of the dense nature of space: if you chose three random
points, in they are random, they will never be on a single line.

So, for a serial chain that has only R and P joints at some configuration, instantaneously, the end-
effector can have the set of twists Y and cannot have the set of twists N, the (instantaneous) DoF of the
end-effector are the one defined by Y, because it is the only set of twist that carries some information.

2.7 Linear independence

We have to introduce a different definition w.r.t the common “operative” definition of linear independence,
that is, “a vector is linear independent w.r.t. a set of other vectors if it cannot be expressed as linear
combination of the others in the set”. The more “technical” definition is the following one:
The set {01,032, ..., U} is linearly dependent if:
(A1, A2, oo, An) # (0,...,0) sit. A01 + AU + ... + A0y, =0
Else it’s linear independent.
When two twists are linearly dependent? When they have the same axis but not only! They have to

have the same pitch! (e.g. Two rotations are linearly independent if they are in the same axis but with
different pitch)

Three facts about linear dependence:

e subset of a linearly independent set is linearly independent
e superset of a linearly dependent set is linearly dependent

o If 0 € {01, V3, ..., U, } then {v1,v3, ..., v, } are linearly dependent

W.r.t the third point, consider this case:

€ =X & +Xb+ ..+ & =0 = linearly dependent
€se(3) Ese(3)
so, if they are linearly dependent, there is a non-zero motion that maintain zero the total motion, because
having a 0 as resultant £ = 0 means that you can hold the end effector but it can move anyway —
singularity. Let’s analyse this singularity case with 2 activated P-joints:

| ~.__, P P r
__."__,_,/ o L A
T?—_-;/'H L %’\ f> oy *——'h“—"—t?l-;_\_g
NS
/ _
} 4
AN ®
i i‘ | "
ah Ty

21



2 Screw theory

2.7 Linear independence

Here, £ = 71 + 1 = 0 means that, with certain v o values {vi,vs = —wv;1} the span of the parallel
manipulator is reduced as seen (only along the line — vy + vy € vy 2 axis): it is the singular configuration.

In the non-singular configuration, — vy + vy & vy axis and — vy + vy & Vg axis — £ =71 + 7o # 0.

Then, formally and w.r.t. the third point seen above, we can say, for the singular configuration:

Esinguiar =T1 + T2 = (0, T+ v2@) =0 forvy =v, vo=—v = Jv={v,—v}st {= 0

Consider three random forces on a rigid body:

They are linearly independent because, given

P11 =

(’U/_i, O) P2 = (U_é, 0)

- = —;)

p3 = (Usﬂ“ X ug

we notice that ps cannot be expressed as a linear combination of p; and ps.

In general we will have:

Rotations

Planar

3D space

parallel
through the same point
through the same point

— p1, p2 linearly indep.
— p1, p2 linearly indep.
— p1, P2, p3 linearly indep.

Translations

Planar

3D space

parallel
through the same point
through the same point

— 71, T2 linearly indep.
— 71, Ty linearly indep.
— Ty, Ta, T3 linearly indep.

If we consider the pure forces:

sl o
; | -

@1:(ﬁa0)7 @2:(](3)0_'P><f2)

if we try to express the third force as a linear combination of 7 and ¢s:

@3 = a1p1 + asps = (a1 fi + azfo,asOP x fo)

(a1fi + azfo) - (a20P x fo) _

alaQﬁO_;D X f;

B =

In this case, we will have h = 0 if and only if a; = ag = 0, that is because the linear comb. of two
pure forces in the plane will not be a pure force! — so, if ¢3 is a pure force and does not pass

from @), it is linear independent!
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2 Screw theory

2.8 Basis, dimension & singularities

We have the same for twists:

p € T < pure rotation

2.8 Basis, dimension & singularities

Definitions:

dim(V) < oo if
dim(V)=n if

Proposition:

dim(V)=n < 3In-basis

THIY GENERALTY
b TULL PLane

=] -
orF {lun\

fgrationy, sul
oLy THER AaC
puas noTaTlonyg

p & T — not a pure rotation

V = Span = (vi, ..., v5,)

w1, ..., U, } lin. indep. (a basis) s.t. V = Span = (v1,...,9;)

< Vbasis is a n- basis

< Vif {vi,...,0,} lin. indep. then {«,v1,...,v,} is lin. dep. V&

Exercise: Find a basis and establish the dimension of:

e The vector space of rotations with axes through a point O:

This is a vector space of dim = 2 because it can be generated by two rotations passing through the
point (as already seen). So, a base can be {p1, p2} with p1, p2 passing through the point O.

e The vector space of translations with axes through a point O:

This is a vector space of dim = 2 because it can be generated by two translations passing through
the point. So, a base can be {71, 72} with 71, 75 passing through the point O.

e The “/ rotations plus L translation” vector space:

This is a vector space of dim = 2 because it can be generated by two parallel rotations (as already
seen). So, a base can be {p1, p2} with p1, po parallels, but we have already seen that it can also be
generated by a rotation and a L translations, so other equivalent base will be {p1, 72} and {71, p2}

with p L 7.
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2 Screw theory 2.8 Basis, dimension & singularities

1

In fact, all these are equivalent manipulators:

A

3

Be carefull When we go in 3D is not the same:

LT

f>

e The planar motions se(2):

This is a vector space of dim[se(2)] = 3 because it can be generated by two translations passing
through a point O and a rotation L to the plane defined by the two translations. So, a base can
be {71, 72, ps} with 71, 72 passing through the point O and p3 L 71 0.

But how can we really generate any rotation around P in the plane xy defined by the two transla-
tions, given only a rotation along the z axis?

v yp

T

As seen in figure, we need a translation 7 L to the position vector of P (from p, to pp) and the
rotation p in order to generate the “/rotations plus L translation” vector space to which pp belongs.
Since we have 7, and 7,, we can create any 7 on the plane, so that we will be able to generate any
rotation L to this plane:

pp € Span(p,,T), T = sin(#) 7, — cos(8)7,

Another way to generate it is the following one:

— - — - -

op = (k,7), v_('):Ode)':OPxE:ypifxpj

-, -,
)

pp = (k,ypi —zp)),  7=1(0,9), 7,=(0,5), p.=(k,0)

From this last expression we can clearly see how may times we have to take them in the linear
combination:
PP = Pz + YrPTy — TpTy

A possible physical realization will be:

n Figure only RR and 3 RP, but also PR are equivalent, they just need L joint axis.
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2 Screw theory 2.8 Basis, dimension & singularities

Following what we said in this last point, we can notice that a planar PPP chain will result in a
singularity because we cannot have a planar motion base with 3 planar translations:

{Txa Ty TESpan(Tm,Ty)} — dim = 2

But before starting the singularity analysis introducing the Jacobian, let’s see some standard bases:

e The Pliicker bases for a frame Oxyz is the standard bases for a 3D space.

— For the twists, and has the 3 unit rotations about the axes and the 3 unit translations directed
as the axes:

{pOa:a POys POz, Txy Ty, Tz}

— with this class of coordinates the twist will be expressed like this:

-,

5 = ((Ij, 'U_é) = (Wz;"_ wxj"‘ UJIE-F ,UOIZ+ UOyj—’_ 'UOzk) =
= Wz POz T Wz POy + W POz + VOx T + VOyTy + V02T2

— Same for the wrenches, is composed by the 3 unit forces along the axes and by the 3 unit
couples directed as the axes:

{90z, woy, POzs Hay Hy, pe}
— with this class of coordinates the twist will be expressed like this:
¢ = (fi00) = (fol + fod + fok +m0ui +moyj +mo:k) =
= fapoz + [apoy + fopoz + Mostta + Moypy + Moz s

[beware of unit problems! Are, for example, fz, mz dimensioned? Later we will talk about it]

e Another bases that can be used is the Ball bases for a frame Oxyz. In this case, instead of talking
about 0-pitch screws and oo-pitch screws along the axis (Pliicker) we can take +1-pitch screws
along the three axis:

{&bar by €62 E0ur €0y E02)

Exercise: The directed axis ¢ is along the segment from point (1,0, 0) to point (0,1,1). Find the Pliicker
coordinates of these twists:

1. A unit pure clockwise rotation about /.

2. A unit pure counter-clockwise rotation about /.

3. A unit translation directed as £.

4. A twist on ¢ with pitch —1/2m and amplitude 2rad/s.
DO THEM!
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2 Screw theory 2.8 Basis, dimension & singularities

So, we noticed that a planar PPP chain will result in a singularity because of the impossibility to
have a planar motion base with 3 planar translations:

{Txa Ty TESpan(Tm,Ty)} — dim = 2

But can we have three joints in a planar chain in order to obtain a space which dimension is 3 (and so it
has three screws as basis)? Let’s consider the following example:

QY
{p1,p2, 73}

Is this ok? Does it form a sound basis (a.k.a. are they linearly independent)? In general “yes”, but
consider the following three cases:

e Case 1:

The translation 73 is L to the axis passing through the points of p; and ps — it’s a singular
configuration: there is a */ rotations plus | translation” vector space generated by p; and pa,
but the same is also generated by p; and 73 and p2 and 73:

X

[T

, possible base:{p1, p2} or{p1, 73} or{ps, 73}

dim = 2

e Case 2:
\/(5 f\ <,
ﬁo\(}/ﬂ

The translation 73 is not L to the axis passing through the points of p; and py; — it’s not a
singular configuration: there is a “/ rotations plus | translation” vector space generated by p;
and p2 and another, different one generated by ps and 73, and together they form se(2) (see

later about sum of vector spaces):

e

dim =3 | possible base:{p1, p2, T3}

e Case 3 (if you notice, is the same as case 2):

26



2 Screw theory 2.9 Jacobian matrix

C@*f?\
=
¢

So, in a singular configuration, the chain loses one instantaneous DoF or, better, the motion space
loses one dimension.

With a RRP/PRR/RPP planar chain we will have a singular configuration only when:

OTQO

p P

)

like in these situations:

)
Can we have a basis formed by three rotations {p1, ps, p3}? Yes, the only “bad” configuration is:

O—0O O

p p p

So, the following serial planar manipulator’s motion space is se(2) (dim = 3):

but its singular configuration’s motion space is only the “/ rotations plus L translation” vector space
(dim = 2):

2.9 Jacobian matrix

So, now, let’s consider the following RRPRRRR serial chain:

{pla P2, T3, P4, P55, P6, p7}
&= A1p1+ Aapa + N33 + Aaps + Asps + Aeps + Arpr (A dimensionless)
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2 Screw theory

2.9 Jacobian matrix

—

— —

SRV ARG YRS PN SRS I
T X eq T2 X €9 €3 T4 X €4 Ts X €5 Te X €g r7 X ey
fZJB 0: (wl,WQ,T3,0J4,W5,UJ6,w7) (5(6><1)7 J(6><7)7 9(7><1)>

111 be careful! 0’s elements are the joint speeds, they are not dimensionless, they are expressed in units
of measure, wile the columns of the Jacobian J are not twists, they are not vectors in the same vector
space. This because, since \; are dimensionless (note: rad are dimensionless as well):

rad/s rad/s
rad/s rad/s .
0], €; : if twists rad/s rad/s no.t dimen-
N |2 0i+XNi| -7 L]0; — [] [rad/s] + [ -] [m/s] =  sionally
é; i X € m/s m/s )
m/s m/s sound !
m/s m/s

That is because, in linear algebra we don’t care about the units of measure of 9, and we can consider
them as simple numbers, and the vectors € will be the velocities:

rad/s rad/s rad/s
rad/s rad/s rad/s
Linear algebra approach: [ -] Tsj{s diEa T::LC%S []= T;:;%;S
m/s m/s m/s
m/s m/s m/s

But since we are interested in the physical meaning of 0 (the joint speeds vector), then we cannot
consider the J columns as twists. Then the vectors € will be the simple directions, and the units of
measure will have to be adapted with a conversion matrix, that has the values of the identity matrix
but appropriated units of measure:

] [rad/s] 1s/rad
rad/s 1s/rad
: N Nz _|rad/s é | 1s/rad
Physical appr. (p;): A [ﬁ » 63] 0; =[] m/rad [rad/s] = m/s {7‘: » e}} pi |4 s/rad
m/rad m/s 1s/rad
|m/rad| | m/s | 1s/rad
[rad/m’] [rad/s] 1s/m
rad/m rad/s 1s/m
. N 4 0 ) _ rad/m _|rad/s 0] 1s/m
Physical appr. (13) : A L_Z,} 0; =[] [m/s] = m/s — [é;] =Ti |y s/m
m/s 1s/m
L i | m/s | 1s/m
Our conversion matrix for our RRPRRRR will be then:
(1 s/rad 0 0 0 0 0 0 ]

0 1s/rad 0 0 0 0 0

0 0  ls/m 0 0 0 0

0 0 0 1s/rad 0 0 0

0 0 0 0 1s/rad 0 0

0 0 0 0 0 1s/rad 0

| 0 0 0 0 0 0 1 s/rad|
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2 Screw theory 2.10 Sums and direct sums of subspaces

And the Jacobian units of measure will be:

rad/m

rad/m

] = rad/m
m/rad m/rad . m/rad m/rad m/rad m/rad
m/rad m/rad . m/rad m/rad m/rad m/rad
m/rad m/rad . m/rad m/rad m/rad m/rad

Then, treat the Jacobian matrix with care! Also for an operation like J.J, we are not allowed to do it
if we don’t interpose a conversion matrix, because (we got rid of rad since are dimensionless):

m m m 1 /m
. . . m m m 1/m
1/m 1/m 1/m
1/m
J'Tg = | - : - m m m| T
mom m m m - m m m
mom m m m m m m
mom m m m m m m

3 33

So, be careful: when you will search the singular values of JJT, they will have a meaning only w.r.t
their zero or non-zero value (in order to identify a singularity), but their value is inconsistent, because of
the units of measure differences between elements (— it is not true that “the more it is high, the more
we’re far from the singularity”, or better, it is true, but we don’t know the scale, so it could be instead

ridiculously near!).

2.10 Sums and direct sums of subspaces
Definition of + : let U, W C V (subspaces). Then:

U+W={v=utw|uel weW}

From this we can deduce that:
U+ W = Span(UUW)

| dim(U + W) = dim(U) + dim(W) — dim(U N W) | « (important!!)

Definition of @ : let U, W two vector spaces. Then:

V=UasW < [(V=U+W)ANUNW)={(]
Some examples :

e Two planes in 3D: @ if they are parallel
e A line and a plane in 3D: @ if there is no intersection point (they are parallel)

e Two motion spaces: @ if there is no motion in common (see below)

Sometimes is useful to split the motion space analysis in parts, and then sum the subspaces in order to

have the full motion space of the manipulator:

>y
92(% %@e
B 1

|7Ar4
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2 Screw theory 2.11 Dual spaces and reciprocal products

V = Span{pi, p2, 73} + Span{ps} + Span{ps, ps, p7}

Considering an easier or example, we can have spherical translations subset and a spherical rotations
subset like the following one:

e

" spherical wrist M

In this case, there is no intersection, no simplification, and the singularities will be the ones of the
two parts:
Total Span = Span{r1, 2,73} ® Span{pa, ps, pe}

We can also have planar motions (se(2)) combined with spherical rotations like in the following case:

- -
'~ .
el
- v "
- " |—
)
‘\

spherical wrist

this is the intersection

In this case, the p, spanned by the spherical joint is the same motion in se(3) spanned by the PPR
subsystem, so we have an intersection:

Total Span = Span{r1, 2,73} + Span{pa, ps, pe} Total dim=3+3—1

This is very useful in constraint analysis of serial chains — in it you’ll have planar and spherical subchains,
and you will just have to keep in mind their basis.

Some subspaces are easier, some aren’t: 3 randomly chosen rotations makes a subspace but it is very
difficult to understand what they generate — in 6 dimensions is a plane, but squeezed in our 3-dimensional
world it is not as intuitive as the other subsets already seen (— no intersection of the basis)

2.11 Dual spaces and reciprocal products

The dual space V* of V is the space of linear functions on V'
V*={f:V = R|f linear} dim(V) =n <= dim(V*) =n
V basis {e1,...,e,} of V' 3! dual basis {ej,...,e; } defined by e} (e;) = 0; ;

An example is the space of forces acting on a particle, that is the dual to the space of particle
velocities:

—

fo)y=r-v
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2 Screw theory 2.11 Dual spaces and reciprocal products

The wrenches, se*(3), are dual to the twists, se(3), and for them a specific scalar product called recip-
rocal product is defined: this application of a wrench on a twist measures the power exerted by the
system of forces for the instantaneous motion:

Pow =((§) =Cob=Cob= [ vo+nip+d

Consider a V = R with a orthogonal basis {e1, e2}:

€1

As seen in the Figure, the dual space basis {e}, e5} of Vi is identical for the orthogonal basis, invariant
to any change of base with another orthogonal basis:

e;(ej) =di;

Now consider again V' = R with a non orthogonal basis {e;, ez}:

= @2 el

In this case, in order to respect e} (e;) = ¢; ;, the basis are not identical, but isomorphic and invariant
to change of base (maintaining the angle o between ey, e3)

Some notes:

e It is important to notice that | (V*)* = V| and this identity is completely canonical and true.

e It is important also to note that, for the Pliicker twist basis {pozpoyP0-T+TyT-} the dual wrench
basis is {fizy 11200z POy PO}

e When dual bases are used — interpreting as column coordinate vectors ¢ o & = ¢T¢ — hence, the
notation ¢ - £ is also used.

Why the reciprocal product is important? Because it gives us the P: you can’t measure the magnitude
in an intrinsic way, you need the dual — you can’t identify the twists, the motions, without the dual
wrenches, the forces. To understand it better, think about the following metaphor: £ are the elements
of a supermarket, and ( are the associated prices. When you have to compute the total value of your
merchandise, you need the reciprocal product in order to get the “total magnitude”:

Potatoes 100 Potatoes
Oranges 150 Oranges
Basis: Beer Total value: [0.3€/Pot. 0.2€/Or. 1.6€/Beer ---]- 77 Beer

Consider the following reciprocal product between two screws applied on the same point O:
Co(éo) =Cooto = (f2,hf2) o (w2, hw?) = 2wfh

For rotations (h = 0) it does not give us any information about rotation. What? So the power is null?
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2 Screw theory 2.12  Reciprocity and annihilators

Considering a 2-dimensional space, the planar motions se(2), the rotations are points, while in the dual
space se*(2) they are lines (you can think of lines as a function of the point):

Do ﬂ

2.12 Reciprocity and annihilators

Considering the group of rigid motions of Euclidean space, a screw is an element of the Lie
algebra of this group (see later for advanced screw theory w.r.t differential geometry). Because
of the properties of the Euclidean group (see Section 4.5), we are allowed to define Lie algebras
as tangent bundled to the group, so then the twists and the wrenches will “live” on hyperplanes
tangent to the manifold M of rigid motions of Euclidean space:

cotg(M)

tg(M)

tangent to the manifold M

When a dual vector maps a vector into zero, the two are said to be orthogonal.

eg.: P=C¢& =Co0&=0=(1LE& <+ reciprocal (null power)

Considering a vector space U C V, U+ C V* and it will be:

={({(eV*|( & V¢ eU)+ orthogonal annihilator of U

U+ is a subspace.

In Euclidean spaces V and Vx are identified, and we have U @ UL+ =V — If U C se(3) then dimU +
dim U+ = 6.

For U being a twist subspace, U~ is a wrench subspace composed of all wrenches that exert no power on
any motion in U — U+ is a constraint system allowing only motions in U.

Let’s see now the geometric conditions for the following screws to be reciprocal:

wrench twist reciprocity condition
Force F = (s, r1 X s) | Rotation (u, r2 x u) | coplanar axes

Force F = (s, ry x s) | Translation (0, t) slt w

Moment M = (0, m) | Rotation (u, r2 xu) | m_Lu

Moment M = (0, m) | Translation (0, t) always

e.g. A pure force perpendicular to t cannot
produce any translation along t
—> They are reciprocal, so the
power exerted by the force
for the instantaneous motion
is null
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2 Screw theory 2.12  Reciprocity and annihilators

Let’s compute now the general case. Consider a twist and a wrench applied respectively on Pr and P
(remind: in the following Figure v and nip are going out from the page, since it is considered h > 0):

Co& = (fimip)o (@,v0) = (fihef +7¢ x f) o (&, he@ + ¢ x &) =
—fvo+no - S=F he@+f-xd+hf S+ixf-d=0

Now, considering 6 the angle between the two 3D vectors:

%hgfwcos(Q)Jrf_’w_é><(Ii+hgfwcos(0)+c3'r2><f% (using @-bx é— b-Zx @)

— Cofz(h5+hg)fwcos(9)+(r2+r2)-fo:O

1. If they pass through the same point (P; = P;):

< <
>
S
|
|
=
o~

1l
\
&l

(F+TZ:f')%(h5+h¢)fwcos(9)+f’-f><{320 — {

then:
— & 1 ¢ and passing both through O
— ¢ and ( passing both through O with opposite pitches h, —h
— £//¢ passing both through P with opposite pitches h, —h

2. If they are perpendicular (0§ = 0):
Cof:O—F(rZ—FrZ)-fX(E:O — {r}z—rz

then:
— £ L ¢ and passing both through O (id. Case 1)
— ¢ L ¢ and passing through opposite points (P, P,) and (—P,, —P,)

-,

3. If they are parallel (6 = 1, f x & = 0)
(ot =(he+ho)fw=0 = {he=—hc

then:

— £//¢ with opposite pitches h, —h
(then, for the one in Case 1, the “passing through the same point P” condition is not necessary)

o consider now the case with infinite pitches screws:
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2 Screw theory 2.12  Reciprocity and annihilators

4. If one is a translation £ = 7 (h,; = o0):
Cor = (f,mp)o (0,10) = fvocos(8) =0 V¢ LT
5. If one is a couple ¢ = p (h, = 00):
poé = (0,mp) o (3,v0) = mowcos(f) =0 YV L€
6. If one is a translation £ = 7 (hg = 00) and the other one is a couple ¢ = p (h¢ = 00):

— —

por=(0,mp)o(0,v0) =0  Vu,7
Let’s now make some practical examples:
Ex. Describe U+ when U is the planar motions:

The planar motions group se(2) is composed by the translations L z and by the rotations L to the
plane Oy (//z). A basis of se(2) is {74, Ty, po-} (2 dim space):

It spans two types of planar twists: either rotation //z axis or translation L to plane O,. As we saw,
looking from above (the (%) in the picture) se(2) rotations “look like points”, and the reciprocal
wrenches are lines on the plane:

Now we know why. In fact, if we search the span of the reciprocal space set(2):

dim(set(2)) = 6 — dim(se(2)) = 3 — Span(set(2)) = {?,7,?

We have to find three wrenches ( s.t.:

(ot =0
oty =0
COPOZZO

The procedure is the following one:

1. Find all the linearly independent oo-pitch screw of se*(2) (couples 1)

— Can be done without computing any equation, just searching for the one L
to the nonoo-pitch screws of the basis (normally, if we have a basis with only 7 and
p, this means | to all the p)

2. Then find all the linearly independent O-pitch screw of se*(2) (pure forces ()

— Normally, you just have to find a force coplanar to all the p and L 7. If
necessary, compute it from the equations shown above
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2 Screw theory 2.12  Reciprocity and annihilators

So, applying the procedure:

1. The moments L p, are the ones on the O, plane
— we take two independent ones: p, and piy

2. The force that is coplanar to the p. and L 7cogy is only ¢o. (passing through O)

Then, we have the following possible base:
basis(se™ (2)) = {Has 1y 902}

— Span{pz, pby, o~} = are the vertical constraining force along z and the constraining moments
that constraints the rotations along any axis different from z (— this keeps the body on the plane
Oy defining the motion as “planar”).

Be careful! The forces are not exercising any power on the body (reciprocity = null power), that
is why they are constraints and not active forces!

Ex. Describe UL when U is the system spanned by the rotations in a plane:

This system can be spanned by three rotations {p; € se(2)}, two with parallel axis and two with
intersecting axis. A manipulator with this kind of rotations could be one of the two here:

e,

-

Vi adi

Why we choose these characteristics? Let’s try to see if they are a sound basis for U:

basis(U) =7 {powx; poy, PPz}

POz, POy generate while poy, pp, generate
X

Jii

So, another possible basis for the second generated space would be po,, pp, would be po,, 7,. Then,
another possible basis for U, if {poz, poy, ppsz} is a basis for it, would be {poq, poy, 7.}, but this
for sure is a basis for it (they are all linearly independent):

basis(U) = {pow, poy, T=} = {p0x: poy, ppz} ~ dim(U) =3

Then, dim(U+) = 6 — 3, then we have two find 3 linearly independent (:

35



2 Screw theory 2.12  Reciprocity and annihilators

e Starting from the 1, the only L peowy is ft-

e Regarding them ¢, the ones € O, plane are the only one L to the translations 7, and coplanar
to PeO0xy

= base(Ut) = {vow, voy, 1=}

Ex. Describe UL when U is the system spanned by the rotations shown:

One basis can be found following some basic geometrical rules about pencils and their intersection:

ot
v
’/-)co/]wrfwf'
»V
2 ()?QALL L lerceck
[l - S ZAT (GM\:\AD\.
bo hwo pemca Ce

g\\\

X // / / }/"» V(U!"Prrlt'ha/E &u-e_, ofF havo F\LL%S

A4S 2 Une on hwg pen cals

Peuuf, o Cnes = 4 bJu,\wF—Jmal pek of Crnes

Sﬁ*’ one by one (zopomtﬂ'f'_f

In fact, every pencil is a mono-dimensional projective space, then is projection of a 2 dimensional
vector space — every pencil’s vector space is a dim = 2 vector space. In this case, we have also an
intersection between the first pencil (the one with parallel rotations) and the second one (the one
with concurrent rotations), then the intersection is a projective point, “a monodimensional line in
vector spaces’ world” — the intersection has dimension one, then the total dimension is 3:

basis(U) = {poy,pL, 7=} — basis(U*) = {p1,?,7}

The p as seen in the picture is easy to find. Regarding the ¢ (remind: they have to be orthogonal
to 7!1):

basis(UJ‘) = {111, You, @Oy}
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2 Screw theory 2.13 Screw Systems

Ex. Describe U+ when U is the system spanned by the rotations shown:
no!

In this case there is no intersection!! The intersection line is not a line common to the two pencils,
then the rotation of the concurrent ones on the plane of the parallel ones generates the span of
all the rotations in the plane — dimU = 4, dim U+ = 2

Ex. Describe UL when U is the system spanned by the rotations shown:

it’s mot an intersection line!l!

In this case, again there is no intersection — dim U = 4, dim U+ = 2

2.13 Screw Systems

The projective space underlying a twist or wrench subspace is called a screw system. An n-system
underlies an n-dimensional subspace.

— Two screw systems are reciprocal when any wrench acting on a screw in one system exerts no
power on any twist on a screw in the other system.

— A screw system can be self-reciprocal.

— Two systems are classified as equivalent when there is a rigid body displacement that can make
them coincide.

— For classification purposes it is sufficient to consider only systems underlying subspaces of dimension
2 or 3. (If higher, study the reciprocal.)

Consider Span(p1,¢2) C se*(3) with ¢1, 2 concurrent:

Span(py,p2) = “forces with line of action in the plane through the point”

This vector space has dimension dim = 2. The underneath projective space is the space of lines of
dimension n — 1 (in this case dim = 1, i.e. the parameter is just one angle):
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2 Screw theory 2.13 Screw Systems

These are the lines through a point (this is RP, the “Real Projective space 1”), they are a line pencil
of dimension 1. But we consider the vector space, not the linear space — vectorially, it has dimension 2,
it’s a 2-system. what the heck???

All the screw systems are projective spaces, then let’s analyze what does it mean to projectivize some-
thing like:
R? dim(R*) =2  P(R?*) ~ RP*

Projectivize se(3) is removing the 0 (R?/{0}) and parametrize the others for example, for RP!, that is
P(R?), we have:

R {x:y},(5,1)

For a vector © € R?, we have a line passing through the origin and intersecting a line in y = 1 (see figure
up here). Then, this line will be uniquely identified by an angle (two same lines to be fair), and on the
line (z,1) there will be an unique point for each line — that’s the projective space. In the projective
space (in this case just a line), the two dimensions are “wrapped”: (z/y) is the only coordinate.

For screws is different, because we have also the h, so:

dim(se(2)) =3 <« (E*,h)  P(se(3)) ~ RP? < (P(E?),h) = (RP",h)

on this part up here i’'m not sure at all

The Gibson-Hunt Classification Screw systems are labelled by:

20r3 Dimension

Torll Contains or not screws of more than one finite pitch

A, ...D The number from 0 to 3 of the independent 1-screws in the system
angle, pitch | Additional parameters where needed

From Geometric Fundamentals of Robotics — J.M. Selig, Springer we have these tables, were screws are
generally indicated with s; and their pitches with p:
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2 Screw theory 2.13

Screw Systems

Let’s see some of these systems:
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Now let’s consider a more general case:
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2.13 Screw Systems
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2 Screw theory 2.13 Screw Systems

Other examples of screw systems are:

3-1A(h,, h, h,) the general three-system

The pitch
b

Screw axes pass through every point in space. E%&%@ Phillips 1984
The same-pitch quadrics are hyperboloids of one sheet. o
2 Qnes p Ay akes ou L\\f pel Loto'd Generically: constraints/freedoms of 3 contacts/3 revolutes.

3-1B(h.y)

The Exechon PKM
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3 Constraint analysis
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4 Advanced Screw Theory

4 Advanced Screw Theory

4.1 Differential geometry (recall)

Groups, rings and fields:

e Binary operation x on set S

let S be a non-empty set. A map
*:Sx S =S (a,b)—axbd

is called a binary operation on S. So % takes 2 inputs a,b from S and produces a single output
a*b € S. In this situation we may say that ‘S is closed under *’

— unary operation: x: S — S (e.g. a — —a)
— x is commutative if, Va,b,€ S, axb=bx*a
— * is associative if, Va,b,€ S, ax(b*xc)=(axb)xc

— scalar product is NOT a binary operation on R3

e Group (G;*)

let G be a non-empty set and let x be a binary operation on G:
*:GxG—=G, (a,b)—axb

Then (G;*) is a group if the following axioms are satisfied:
— associativity: ax (bxc) = (axb)xc, Va,b,ce GxG
— identity element: de € G st.axe=exa=a, VYa€GG

— jnverses: Ya € G Ja~ € G st. axa"1l=a" !

*a=e

|G| = order of G = number of elements in it (|G| = co for infinite groups)

If in addition holds commutativity (a xb =b*a, Va,b € G) then (G;*) is an abelian group
e.g.: (Z;4),(Q;4), (R;+), (C; +), (Q\{0}, -), (R\{0}, ), (C\{0}, -) are abelian groups.

e Ring (R;+,")

a structure (R, +,-) is a ring if R is a non-empty set and + and - are binary operations:
+:GxG—=G, (a,b)—~a+b GxG—=G, (a,b)—a-b

such that
— for +, (R,+) is an abelian group
— for - associativity holds: Va,b,c€ R a-(b-¢)=(a-b)-c
— for +, - associativity holds Va,b,c€ R, a-(b+c¢)=a-b+a-¢, (a+b)-c=a-b+b-c
1! We do NOT demand - in R commutative — 2 laws, one not follows from the other
Assume (R;+,-) is a ring:
— R is commutative if Va,be R, a-b=10b-a
— R is with identity if Va € R, 1-a=ua
e.g.: Z,Q,R,C are commutative rings with identity (identity is number 1)

e.g.: Nis NOT a ring for the usual addition and multiplication(existence of additive inverses fails)

o Calculational rules for rings
—if (R;+, ) commutative ring (a,b,c € R):

a+b=a+c=>b=c
at+ta=a=a=0
—(—a)=a
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O0a =0
—(ab) = (=a)b = a(-d)
—if (R; +, -) commutative ring with identity:
(—la=—-a
if @ € R has a multiplicative identity a=! = [ab =0 = b = (]

Field (F,+,")

a structure (F,+,-) is a field if
— (F,4+) is an abelian group;
- (F\{0},-) is an abelian group
— the distributive laws hold
e.g. Q,R,C are fields

o A commutative ring with identity (R, +,-) is “almost a field” without inverses for - operation
— (R\{0},-) is not a group
e.g. Z fails to be a field

o In a commutative ring we call an element a # 0 a zero divisor if I #0 s.t. a-b=0

o A comm. ring with identity in which 1 # 0 is an integral domain (ID) if has no zero divisors
— cancellation property: inaID ab=acAa#0=b=c
— Fis a field = F' is an integral domain
— R is a field ¢ R is an integral domain (e.g. Z)
— Fis a field < F' is an finite integral domain

Units u

—let R be a commutative ring with identity
—0Fu€ceRisaunitif v e R sit. wwv=vu=1
— we write v = u~! — units are those non-zero elements which have multiplicative inverses

—e.g. in a field F, every non-zero element is a unit. In Z, the units are £1.

Relations and partitions:

¢ Relation ~
— fix a non-empty set . A binary relation on Q is (officially) a subset ~ of  x Q
— so the elements of ~ are certain pairs (a,b) € Q x Q.
— ~ gives a true/false split: true if (a,b) €~ and false if (a,b) &~
— we use a ~ b instead of (a,b) €~

We say ~ is

(R) reflexive if a ~a  Va € Q

(S) symmetricif a~b=b~a Va,be
(T) transitiveifa~b=0b~c Va,b,ce

Examples

ik ~ (R) (S) (T)

R < Y N Y

R < N | N | Y

lines in R? “is parallel to” Y Y Y

lines in R? “is orthogonal to” N Y N

VA a ~ biff 3|(a—b) Y Y %

N~ {0} “divides” Y N %

any ) — Y v Y

any §) a~ bVa,b Y Y Y
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e Equivalence relation ~
— let Q2 be a non-empty set and ~ a relation on €2
— ~ is an equivalence relation if satisfies (R), (S) and (T)

— when ~ is an equivalence relation have an equivalence class [a] of a that is

[a] :== {b € Qla ~ b}

e Partition U
—let ~ equiv. rel. on a non-empty set  and U = {U; };c; a non-empty family of subsets of Q
— each element in €2 belongs to only one equivalence class
— U is a partition of Q if  is the disjoint union of the non-empty sets U; (in Figure I = [1,11])

— one-to-one correspondence between equivalence relations on §2 and partitions of €2

o (2/ ~) is the set of equiv. classes for a equiv. rel. ~ on a set w (a.k.a “the quotient of Q2 by ~”)
— if we do not want to distinguish between elements which are related:

— the map x — [z] (z € Q) allows us to pass from  to £/ ~

Algebras and vector spaces:

e Algebraic structure (A, {w}) on a set K
— contains operations {w} on K of finite arity (= number of arguments a function takes)
— contains finite set of identities (azioms of the structure) that the operations must satisfy

— term “algebra” is for specific structures (e.g. if A is a vector space over K, and K is a field)

o Algebraic structures can be
Group-like (Group, Semigroup , Abelian group, Lie group ...),
Ring-like (Ring, Semiring, Near-ring, Commutative ring, ID, Field ...),
Lattice-like (Lattice, Semilattice, Total order, Heyting algebra, Boolean algebra ...),
Module-like (Module, Group with operators, Vector space ...)
Algebra-like (Algebra, Associative, Non-associative, Composition algebra, Lie algebra ...)

e Module (M;+,-) over a ring R
— R is aring and 1p is its multiplicative identity
— a left R-module rpM is an abelian group (grM,+) and an operation (SM) that is not a

binary operation:

-t RX gM — gM, (r,z)—r-x
st. Vr,se R x,y € M we have:
—r-(z+y)=r-z+r-y

— (r+s)z=r-ax+s-zx

— (rs)-x=r-(s-x)

— lgrz=2

48



4 Advanced Screw Theory 4.1 Differential geometry (recall)

— for right R-module Mg the ring acts on the right, i.e. SM is defined as

- :MpxR— Mg, (r,x)—z-r

1'1: SM (not binary operation) is different from the ring multiplication operation (binary operation):

— the ring multiplication (e.g. rs) is a mult. of two elements of the set producing an element of
the set (i.e. M x M — M or R x R — R)

— the scalar multiplication (e.g r-x or x-r) is a mult. of an element of the set with an element of

the underlying ring producing an element of the set (i.e. R x gM — gM or Mr x R — MEg)

e Vector space (V;+,-) over a field F'
set V with two operations (VA,SM) that satisfy eight axioms 2
— vector addition (VA) +: V xV =2V, (v,w)—»v+weV
— scalar multiplication (SM) - : F x V =V, (a,v)—av €V
!111: Rings, fields, and IDs all require two binary operations. SM is not a binary operation

— a vector space is a g M module over a ring that is a field F'

e Notation (from now on):
— scalar multiplication R x M — M: av
— bilinear product M x M — M: u -v

e Note: - operator “overloading”. In definitions:
- (a,b) = a-bwith a € R and b € M — scalar multiplication
—(a,b) = a-bwith a € M and b € M — bilinear multiplication
~ (a,b) = a-bwith a € R and b € R — bilinear form (e.g. dot/inner/scalar product)

e Algebra (4;+,-) over a field F

— is a vector space equipped with a bilinear product

Ax A=A (w,v)—v-v

— multiplication may or may not be associative (— associative and nonassociative algebras)
— is unital (or unitary) if it has an identity element with respect to the multiplication

11 Algebras are not to be confused with vector spaces equipped with a bilinear form (M x M — R)
like inner product spaces, as, for such a space, the result of a product is not in the space, but rather
in the field of coefficients.

o Sometimes we can consider the more general concept of an algebra over a ring, where a commutative
unital ring R replaces the field K. The only part of the definition that changes is that A is assumed
to be an R-module (instead of a vector space over K).

e Associative algebra (A4;+,-) over a field F (F-algebra)

— has bilinear addition and multip. (assumed associative) and SM by elements on a field F'
— addition 4+ multiplication: A is a ring
— addition + SM: A is a vector space over F’

e.g.: aring of square matrices over a field F' (elements € F) with the usual matrix multiplication

2They are the same for the module, adapted to F:

Field addition (FA): a + b Vector addition (VA): u + v
Field multiplication (FM): a-b  Scalar multiplication (SA): a - u
For VA: (1) associativity (2) commutativity (3) identity element (4) inverse elements

For SM:  (5) compatibility of SM with FM  (6) id. element of SM  (7) distributiv. of SM w.r.t. VA and (8) to FA
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e Lie algebra (g;[,-]) over a field F'
— is vector space g over F' with a binary operation called Lie braket:

[,-]:gxg—g such that:
az + by, 2] = alz, 2] + by, ]

E

[ o1 .
Va,beV V bil t

[z,ax-l—by}_a[z z] + b[z, y] a,0 € x,y,z € g (bilinearity)

-

- [z

x,x] = Va,b €V Vx,y,z € g (alternativity)
[y, ]] [z, [z,y]] + [y, [2,2]] =0 Va,b €V Va,y,z € g (Jacobi identity)
— bilinearity 4 alternativity imply anticommutativity ([z,y] = —[y,z] Vz,y € g

— if the field’s characteristic is not 2 then anticommutativity implies alternativity.

— normally Lie algebra denoted by a lower-case fraktur letter g, h, b, n or with lower case letters
e.g. if associated with a Lie group (for SU(n), then the algebra is su(n) or su(n))

x Topology parenthesis:

+ Topological space: set of points, along with a set of neighborhoods for each point, satisfying
a set of axioms relating points and neighborhoods

x Metric space: set together with a metric on the set. The metric is a function that defines
a concept of distance between any two members of the set, which are usually called points.
Formally:
A metric space is an ordered pair (M, d) M is a set and d is a metric on M, i.e., a function

d: M x M — R such that:

— dz,y) =0 2=y (identity of indiscernibles)
= d(z,y) = d(y,z) (symmetry)
— d(z,z) < d(z,y) + d(y, z) (subadditivity or triangle inequality)

from these we obtain d(z,y) >0 Va,y e M

e Normed vector space (V.| -||) on a field F

—is a pair (V|| - ||) where V is a vector space and || - || a norm on V'

e Inner product space (V, (-, -)) over the field F’

— is a vector space V over F' together with an inner product:

(,-y: VxV — F such that:

(z,y) = (y, ) Vx,y,z € V(conjugate symmetry)
{az, y) = alz,y) Va,y, z € V(linearity in the first argument)
(+y,2) =(z,2)+(y2)

(z,z) >0, ze€V\{0} Vz,y, z € V(positive-definite)

e Complete metric space (or Cauchy space)

— every Cauchy sequence of points in the space converges to a point in the space
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e Banach space (V| - ||) on a field F
— is is a complete normed vector space

— it has a metric that allows the computation of vector length and distance between vectors,
and it is also complete in the sense that a Cauchy sequence of vectors always converges to a well
defined limit that is within the space

Classical Banach spaces

weakly
Dual
Reflexive  sequentially Norm Notes
space
complete
n 1/2
K" K" Yes Yes |lz]l2 = Z \1-,12 Euclidean space

i=1

1
n n o v
[ G Yes ves lll, = (Z £y
i=1

(i [’17 Yes Yes |z]loc = max;<icy |2
4
Y
b o [ Yes Izl = (Z 21 \”)
i=1
=
{ = No Yes [l[ly = Z|-"3é\
i=1
Lo ba | No No izl = stps |
w
P
o | o [ve | e 111 = ( [ 17 au)
S
Dw 7w | N Yes I = [ 1f1dn e cuel s E s

e Banach algebra A over F
— F is the real or complex numbers field (or a non-Archimedean complete normed field)

— is an associative algebra and a Banach space (— multiplication is continuous)

is called unital if it has an identity element for the multiplication whose norm is 1

— is called commutative if its multiplication is commutative.

—any A can be embedded isometrically into a unital one A, (A forms a closed ideal of A.) 3
e *ring (Ri+,-)")

— is a ring with an operation * : R — R that is an antiautomorphism and an involution, that
is, it satisfies these properties:

(c+s) =r"+s" Vr,s € R
(r-s)*=s"-r* Vr,s € R
1" =1

(r* )y =r Vr € R

— also called involutive ring, involutory ring, or ring with involution
— elements s.t. * = x are called self-adjoint

— examples: fields of complex or algebraic numbers with complex conjugation as involution

e *.algebra A over a ring R
— consider commutative *-ring R

— A is a *-ring that is an associative algebra over R, such that:
(r-z)*=r"-2* VreRzeA
— R is often C (* is the complex conjugation) then * on A is conjugate-linear in R:

Az + py)* = Na* + 'y Y\ueC z,ye A

3 You can often assume a priori that A is unital: you develop the theory considering A, and then you apply the outcome
in A. However, this is not the case all the time. For example, one cannot define all the trigonometric functions in a Banach
algebra without identity.
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o *-homomorphism f: A — B
— algebra homomorphism compatible with the involutions of A and B, i.e., f(a*)=f(a)* Va € A
e Banach *-algebra A over field C

— is a Banach algebra over the C field with an involution operation (* : A — A) such that:

(x+y) =2 +y* Vo,y € A
(Az)* = A\z* YAeC Vze A
(x-y) =y" - " Vr,s € A
(") ==z VreA

— is a *-algebra over field C!

— in most natural examples, the involution is isometric:
2™ = [l

e Banach B*-algebra A on field C

— is a Banach *-algebra that satisfy the condition:

|zz*| = ||=||* Vz€ A (B*-condition)

e Banach C*-algebra A over field C

— is a Banach *-algebra that satisfy the condition (adjoint property):

lzz*|| = ||z|| ||z*|| Yz € A (C*-condition)

— B*-algebra is also a C*-algebra and C*-condition implies the B*-condition:

B*-algebra has been replaced by the term “C*-algebra”

Projective spaces:

e Projective spaces
perspective: can be seen as a central projection of 3D space onto a plane

pinhole camera model: pinhole = center of projection, image formed on the proj plane

the center of projection is O

the projection plane P» is a plane not passing through O (often chosen as the plane z = 1)
consider a point ) which line OQ intersects P5 in the point M

the central projection (the “perspective”) maps @ (in the “world”) to M € P, (the “image”)

MeQden
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so we have two disjoint subsets:
(1) lines € P; s.t. one-to-one correspondence with points € P,

(2) lines € Py s.t. no correspondence with points € P,

so we can define:
— projective points of P, = the lines passing through O

— projective line = all projective points (which are lines) € a plane passing through O

the intersection of two planes passing through O = line passing through O

— intersection of two distinct projective lines = single projective point

(2) P, = projective line (line at infinity of Ps)
(1) projective plane is the disjoint union of P, and the (projective) line at infinity

o Projective space as an affine space (2"¢ definition)

— an affine space is like an FEuclidean spaces but independent from the concepts of distance
and measure of angles, keeping only the properties related to parallelism and ratio of lengths for
parallel line segments.

— a projective space can be seen as the associated vector space the preceding construction is
generally done by starting from a vector space and is called projectivization.

o Projective space P(V) over K (3" definition)

— the set of equivalence classes of V\{0} under the equivalence relation ~ that is:

v~w when IA#0€ K st.  v=J\w
— the equivalence classes for the relation ~ are also called (projective) rays

Representation theory (RT)*:

I. RT studies algebraic struct (A, {w}) representing their elements as lin. maps L of vector spaces®
IT. Then RT studies modules M over these (4, {w})

o A representation makes (A, {w}) more concrete by describing:
— elements by matrices

— algebraic operations as matrix addition and multiplication

o (A,{w}) can be groups, associative algebras and Lie algebras.
The most prominent of these is the representation theory of groups:
— elements of (G, ) are represented by invertible matrices s.t. % is a matrix multiplication

o The vector space V on which (4, {w}) is represented can be co-dimensional e.g. a Hilbert space so
that , methods of analysis can be applied to the theory of groups

o RT is important in physics because, for example, describes how the symmetry group of a physical
system affects the solutions of equations describing that system.

o RT led to numerous generalizations, as the category theory (CT): (A, {w}) as particular kinds of
categories, and the representations as functors from the object category to the category of vector
spaces.

4Theory of representations of algebraic structures by linear transformations and matrices (not to be confused with the
presentation of a group).

5 Linear map/transformation: a mapping V — W between two modules that preserves addition and scalar multiplica-
tion.
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o Consider V a vector space over a field F. For FF = R™ or C™ we can represent the elements with
n X n matrices of real or complex numbers. This can be done with (1) groups, (2) associative
algebras and (3) Lie algebras:

(1) for the general linear group GL,(R) (= all invertible n x n matrices) that is closed under
matrix multiplication, the elements are represented as invertible matrices — RT of groups

(2) matrix addition + multiplication make GL,(R) an R-algebra — RT of associative algebras

(3) if in this R-algebra we replace matrix multiplication M N by the matrix commutator MN—NM,
it become a Lie algebra — RT of Lie algebras

This can be generalized to any F' and any V over F, with linear maps instead of matrices and
composition instead matrix multiplication:

(1) group GL(V, F) of automorphisms of V'
(2) associative algebra Endp (V') of all endomorphisms of V'
(3) corresponding Lie algebra gl(V, F')

e Representation ® of G (15! definition)®
the representation of G (group, F-algebra or Lie algebra) G on V is a map

O:GxV =V (g,v)— D(g,v)
such that it sends ¢ to this map, that has to be is linear over F' Vg € G:
D(g): VoV v ®(g,v)i=g-v

and such that, for groups:

(1) ecv=w Yv €V, e = identity element of G
(2) 91-(92-v) = (9192)-v V91,92 € G, g1g2 = product in G

For F-algebras, they don’t always have an identity element, in which case equation (1) is ignored.
Equation (2) is an abstract expression of the associativity of matrix multiplication. This doesn’t
hold for the matrix commutator and also there is no identity element for the commutator. Hence
for Lie algebras:

(2) g1-(92-v) —g2-(91-v) = [91,92] v Yg1,92€ G, YveV
where [g1, g2] is the Lie bracket, which generalizes the matrix commutator MN — NM

e Representation ¢ of G (2"? definition)
the map ¢ sends g in G to a linear map ¢(g) : V — V, which satisfies

©(9192) = p(g1) o v(g2) VYg1,92 € G

From this point of view:
— for a group, ¢ is a group homomorphism ¢ : G — GL(V, F)
— for a F-algebra, ¢ is an algebra homomorphism ¢ : G — Endpr(V)
— for a Lie algebra, ¢ is a Lie algebra homomorphism ¢ : G — gl(V, F)

Suse the idea of action, generalizing how matrices act on column vectors during multiplication
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4.2 Affine spaces

From a geometrical or a mechanical point of view, it is important to distinguish the
affine Enclidian space E2 from the underlying 3-dimensional linear space R3. An affine
space is a linear space without a fixed origin. The elements of E? are points, while the
elements of R? are vectors. While £ is a bijective image of R?, it is not a vector space, and
the elements of an affine space are not subject to the lnear operations {vector addition and
scalar muldplication).

An affine space is rigorously defined as follows, (Porteous 1981, Amold 1979):

Definition. Ler X be a non-empry set and V a vegtor space. An affine structure
on X with vector space V is @ map

c:XxX o V,c(x,v)=x -v,
which satisfies wo axioms:
{f) foralloinX the mopcy : X = V, cplx) =x — 0, is bijective,
(i) forallx,y,einX,x-y={(x-0)—(y—-0o).

The set X. equipped with the affine structure is an affine space.

E3 will denote a three-dimensional affine space over the linear space R,

The inverse of the map c, is denoted by x = 0 + x, where X = x — o. This defines
the sum of a point, x, and a vector, v. The result, x + v, is the unique point y in £3, suck
that v =5 — .

By the use of reference frames (coordinate systems) the elements of both > and R? can
be described by triples of real numbers. A coordinate system in £3 is given by a poiat, o,
in E% and a basis, (e, e,, €;) in R, For a fixed choice of the reference frame, oe e.e,,
every point, x, in E is described by the coordinates of the vector x =x — o in the basis
(e,. Ba. EJ) .

E3 is referred to us n affine Euclidean space when its vector space, R3, 5 o eal
_orthogonal space with a positive-definite scalar product. The scalar product in R defines a
distance function, d. on E°.

Definition.
(1) The distance between nwo points in E? is the function:
d:E3x E? = R,d(x,y) =Vx-y)ix~y).
where “-" is the standard scalar product in R5.
(2} The orientation function, o, is defined on frames (x,y. z) in R3 (or E3), or,
equivalently, an arrays of four points in B3 (0, x, ¥, 7):
1 if det(x,¥,2)>0

o(x.Y.Z}={ 0 if dei(x.y.z)=0
~1 if dey{x.y.z)<0

The so-defined distance and orcntation functions are, in general, dependant on the
choice of a reference frame. This is so, since the scelar product and the determinant
function are not invariant with respect to an arbitrary change of basis in R, To ensure that
both distance and odientation are invariant with respect to reference frame it is sufficient to
restrict the choice of bases in R3 to only such triples (8, &4, e;} for which e;.¢;= S,j and
det(e,, e,. €;) = 1 {J, is the Kronecker symbol). This assumption restricts the allowable
coordinate systems in E3. While the origin can be arbitrary, the coordinate vectors must
satisfy the above conditions. Such reference frarnes are referred to as Cartesian.
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4.3 The Euclidean group

It is assumed that a three-dimensional affine Euclidian spacet, £3, is given.

* All statemenss in this chapter can be made for a Euclidinn space of arbitrary dimension. OF practical
importance ars mainfy the cases = 2 and o £ 3. The theoty for the plane (n = 2) can be derived from the
spatial case (7= 3), sinca planar displacements are a subgroup of spatial displacements.

Definition. A displacement of E? is a rransformation of E? (ie, a map
g: E* — E3), which preserves thte distance and the orientation in E3. The ser of all
displacements in three-dimensional space is denoted by SE{3) and is known as the

Euclidian group in three dimensions.

It can be shown that a displacement is a bijective affine map and an astomorphism (i.e.,
a homeomorphism of E3 onto itself). The set SE(3} is, indeed, a group. The group product
of two displacements is defined as their composition as maps, g,g.{x) = gy9g,{x) =
£:(g2(x)). The unit element of the group is the identity map on E?, & = idg:. The inverse
element of g is given by the inverse map, g-'.

Example. A simple cxample of a displacement is the traaslation wmap,
g,(x) =x +t, where t is a constant vector in R. [t maps a point x into the unique point
¥ in E3 such that y — x = t. Since a translation is defined uniquely by a vector t the set
of zll translations, Tr(E>), can be identified with R? by means of the bijective map

r: TH(E?) = R, g =t. @.1)

The addition of vectors in R? ums the space of translations into an additive group. The
unit element of this group is the transistion by the zero vector, o. In fact, Tis a group

isomosphism between Tr(E?} and R3, It can be seen that the group operation and the unit
element in Tr(E>) are identical with those in SE(3), and therefore the group of translations
is 4 sub-group of SE(3).

Example. A displacement which maps at least one point, 0 € E3, into itself is
called a rotarion. The set of all sotations about an arbitrary fixed point o, Rot,(E%), is a

subgroup of SE(3). The group Rot(E3) can be identified with SO(3), the Special
Onthogonal Group. SO(3) consists of the so-called orthogonal linear maps in R3, ie., the
maps which preserve the scalar product and the determinant function. (When a Cartesian

basis is fixed in R3. each element of S0(3) is given by an orthogonal matrix with a positive
determinant).
The isomorphism berween Rot,(E”) and SO(3) is given by the map
p: Rot,(E?) = S0(3), plg) =G, (2.2)
where G : R? - R7 is defined by
Gx =gl{o +x)—o0. {2.3)
The inverse map is p-*(F) =f, where fis given by fix) =0 + F{x —0).

To show that p is indeed an isomorphism, consider two rotations about @, fand g, and
denote fg = I, p(f) = F, p{g) = G, pth) = H. We need to show that p{fg) = p(Np(g).
i.e., H=FG. From the definition of p (Equations 2.2 and 2.3}, we have:

FGx=F{glo+x)-0)=flo+ (glo +x}-0))—-0 =
flegto +x)~o0=fglo +x)—0 = h{e +x)—a = Hx.

The third equality in (2.4) follows From the definition of the operations “+” and "= in the
space E*

(24
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Consider the set R* x S0(3), which bas as its elements the pairs of the type (v, F).
We dafine a product operation by

(¥;. F)(v,. G) = (F¥, +v,, FG). (2.5)

It can be shown that with this product R3 x SO(3) is a group with unit element (o, I),

where I s the 3 % 3 unit linear map. This group will be denated by R? x, SO(3). (Nota:

the symbol G x H, where G and H are groups, denotes a group with a product operation
different from the one in Equation (2.5), namely, (g,, 5,}(g5, k) = (2,82 M) )

Theorem. (Arnold, 1980). The Euclidian group of all displacements in E3, SE(3),
is isomorphic to the group R %, 50(3).

Proof. We will construct a map, ¢ : SE(3) = R3 x_ 50(3). and show that it is
a group isomorphism.
First, for every dispacement, £ and an arbitary fixed point. . we define. a translation.
f» and a ratation, £, as:

fi(x) =x + (flo) - 0}, flx)=fix) + {8 - flo)). (2.6)
The second equation in (2.6} defines a rotation, since f(a) = o,
We naw define the map ¢ by:
BN = (), A, 27N

The maps tand p are the ones defined in Examples 2.1 and 2.2 (Eguation (2.1) and
Equations (2.2-3)), respectively. We denote

t=1(f)=fle)—a, F=p{)- (2.8)
We also consider the map y: R3 x 80(3) — SE(3), defined as
vt F) = t'(t)p (F). (2.9)

The image of y is a displacement, £, which is a composition of the wranslaion, £, = T'(t,),

given by the vector t,, and the rotation, f, = p~'(¥), which corresponds to the orthogonal
linear map F.

It can be checked that ¢-= y(t,, F) = (t,. F) and y=¢(f) =1, ie, y= ¢~". Thus,
it is established that ¢ is bijective. This implies that every displacemet, f, can be writlen as
the product of a transiation, f, and a rotation, f, which are obtained from fas shown in
Equations (2.6).

It remains to show that the map ¢ preserves the group product, i.e., for any £, g in
SE(3), ¢(fz) = ¢(Ne(g).

We denotz & = fg and {t, , H) = ¢{fg). By the definition of the group product in
R3 x, §0(3) (Equation 2.5), we have: ¢()¢i{g) = (. FYE, G) = (Ft,+t, FG). It
must be proven that: (i) t, = Ft +t, and (i} H = FG:

() The definition of the translation vector, t,, and the orthogonal map of a displacement f

(Equation 2.8) and the fact that f= f,f, for every f, allow us to wrile the following
sequence of equalities:

t,=h(o) -0 =/g(0) -0 =fgg,0)~0=Fglo)-0= ffegla)-o0=(fgflo)+ 1} -0 = oo
(frg o) ~2) +t,= {((o+ F(gfo}-2a}) -8)+ L= {{o+ le) -—e)+t=Ft, +1t
In (2.10), we also use the definitions of f, and f, in Equations (2.6).
(ii} Similarly to the proof of {i) above, we write:
Hx=(h(o+x)—o=(lo+x)+{~t,))—0 = (fg(o +x}+(-t)} -0 ={flgglo+x))+(-t,))—
flo+Gx+t)—(~t)) -0 = (flo+Gx+t)+t)—(-1))—a =0+ FIGX+1))+{t-1,))~
((0+FGx + Ft)+ (L, —Ft, ~t)) -0 =(0 + FGx) -0 = FGx. (2.11)
In the third-last equality in (2.11) we use the result of (i) (Eg. 2.10).
Thus, by proving (i} and (i), it is established that ¢is an isomorphism and the theorem  is proven. [
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4.4 Final remarks on SE(3)

E> Theorem (Arnald, 1980) % for a fixed choice of the oripin, o, every displacemeat. g, of
E? can be achieved in a upique way as a composition of a tvansiation, g, and a rotation, g,,

g = £, Moreover, every g is described by a pair (t,, G), where G is an orthogonal linear
map and 1, is a vecior. The image of each point x with coordinates x =x — o is the point
géx) with coordinates Gx + t. Furthermore, it follows (hat each displocement is uniquely
defiped by a Cartzsian coordinate system, 0,2,,€,,¢t,, Which is the image of the inidal
reference frame, oe,e.e,. The new origin, o, is the image of ¢ under g, 2, = gle) =
o + t,, while the new coordinate vectors, ;. €, and e,,, are the images of e,, &, and &,
under the orthogonal map G, e, = Ge,.

Eb ‘The clements of SE(3) are conveniently described by bomogeneous 4 X 4 matrices of
the :
e H.= G !'F .
10 ¥

The imsge of o point in £? under n displacement, g, with matrix H,, is obtained by pre-
multiplying the column vector of the homogeneous coordinates of the point x, (x, 1)T, by

the mazrix: Hx[ ’; ] The composition of two displacements is given by the matrix product.

CyBaththe sets R and SO(3)  are at the same  Lime three-dimensional
stooth manifolds and groups under vector addition and matrix muldplication, respectively.
The proop R? x, 50(3) is. therelore, a smooth manifold of dimension six. The group
aperarions in SE(3) are smooth, since they are given by matrix multiplication of 4 x 4
matrices. Therefore, SE(3} is a 6-dimcosional Lie group which is a subgroup of GL(4)
(The group of nonsingular 4 x 4 matrices). Tr(E?) and Rot,(E%) are 3-dimensional Lic
subgroups of SE(3).

4.5 A fast overview on Screw Theory (article)

Any rigid motion of 3d Euclidean space has a screw axis: a line mapped to itself (the fact that every
element of the Euclidean group has at least one screw axis is called Chasles’ theorem). We translate
along this axis, and rotate about it.

Screw theory is about the Euclidean group: the group of rigid motions of Euclidean space. A screw is an
element of the Lie algebra of this group. It’s a 6d vector built from a pair of 3d vectors: an infinitesimal
translation and an infinitesimal rotation.

An object moving through space and rotating has a velocity and an angular velocity. These combine to
form a screw. When you push on this object you exert a force and a torque on it. These also combine to
form a screw. The screw combining velocity and angular velocity was called the twist, while the screw
combining force and torque was called the wrench.

The Euclidean group is the semidirect product of the 3d rotation group SO(3) and the translation group
R3. Thus, we can write it as SO(3) x R3. It’s isomorphic to SO(3) x so(3), where we use the fact that
any Lie group acts on its Lie algebra — which we can treat as a vector space, and thus an abelian Lie
group. In fact any Lie group G acts on its Lie algebra g and gives a Lie group G x g. This is isomorphic
to the tangent bundle T'G. So the tangent bundle of a Lie group is again a Lie group!

Putting all this together, the Euclidean group is isomorphic to the tangent bundle TSO(3). A screw is
an element of the Lie algebra of this! A less fancy way to say it: screws live in so(3) x R3.

The cross product of screws is the Lie bracket in so(3) x R3. The dot product is the obvious invariant
inner product on this Lie algebra.
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tangent
bundle

ona
2-sphere

Screw theory was developed in the 1800s, and its terminology is charmingly mechanical. But in the 1800s,
people preferred quaternions! So they had a different story.

We can think of so(3) as the imaginary quaternions ai + bj + ck. Thus, we can think of so(3) x R? as the
imaginary quaternions tensored with the dual numbers R[e]/(¢?). (Later, Grothenedieck and Lawvere
thought of the dual numbers as the algebra of functions on an ‘infinitesimal arrow’.)

Using these ideas, Clifford thought of screws as sitting inside the algebra of quaternions tensored with
the algebra of dual numbers. He called this 8-dimensional algebra the dual quaternions (see Wikipedia,
Dual quaternions). In other words, the dual quaternions are the algebra generated by i, 7, k obeying the
usual quaternion relations together with an element e commuting with i, j, £ and squaring to 0.

In the dual quaternions, the infinitesimal rotations are guys like ai + bj + ck, while the infinitesimal
translations are guys like e(ai + bj + ck). Together these form the ‘screws’.

The screws are closed under commutators! They form the Lie algebra of the Euclidean group.

The dual quaternions can also be seen as the Clifford algebra of a real vector space with a quadratic form
of signature + + 0, if we use the convention that the Clifford algebra on a vector space V with quadratic
form @ is generated by v € V with relations vo = —Q(v). The three generators are i,j and ek. But
this is annoying asymmetricall A better description is that the dual quaternions are the even part of
the Clifford algebra of a vector space with quadratic form of signature + + 40 (see Wikipedia, Clifford
algebra: dual quaternions). I really like this, because the vector space with quadratic form of signature
+ + +0 can be seen as the dual of Minkowski spacetime in the ¢ — oo limit.

Dual quaternions are still used in engineering, especially robotics. There will be even be a workshop about
applications of dual quaternions to robotics at ICAR 2019, the International Conference on Advanced
Robotics. Dan Piponi writes:

They’re also used in movie visual effects to simulate rigid-body dynamics. E.g. if you want
to simulate a body thrown off a building without putting a stuntperson at risk.

I like the idea of the dual quaternions as an ‘infinitesimal thickening’ of the quaternions, and the Euclidean
group T'SO(3) as an ‘infinitesimal thickening’ of the rotation group. Rogier Brussee writes:

In algebraic geometry what you would do is consider the affine algebraic group SO(V,g) x
V' which is defined by polynomial equations inside End(V) x V i.e. by an algebra H =
k[X,;,T;]/I. The group structure is equivalent to a commutative but not cocommutative
Hopf algebra structure A: A - A® Aand S: A — A.

Let m be the maximal ideal of the identity. Then we can consider the Hopf algebra A/m?.

This construction works for all algebraic groups, and gives an algebraic group Spec(A4/m2)
with only one point and a non reduced structure (i.e. one that has nilpotent ‘functions’).
Apparently if V is 3-dimensional and we take the algebraic group SO(V,g) x V the algebra
of ‘functions’ splits over kle]/(e?)!

— from The n-Category Café (https://golem.ph.utexas.edu/category/2019/10/screw_theory.html)
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4.6 Rigid Body Motion

Summary from Chapter 2 of A Mathematical Introduction to Robotic Manipulation by
Richard M. Murray, Zexiang Li & S. Shankar Sastry

1. The configuration of a rigid body is represented as an element g €
SE(3). An element g € SE(3) may also be viewed as a mapping
g : B* — B* which preserves distances and angles between points.
In homogeneous coordinates, we write

R p R SO(3)
9= 10 1 3
pe R

The same representation can also be used for a rigid body transfor-
mation between two coordinate frames.

2. Rigid body transformations can be represented as the exponentials
of twists:

R - 5w W € so(3),
sme@ €= [0 TR L

The twist coordinates of Eare &= (v,w) € RS

3. A twist £ = (v,w) is associated with a screw motion having at-

tributes
TF
pitch: h:ﬁ;
axis: o MR+ w:AeR) ifw#0
' {0+ :AeR},  ifw=0;

, [wll, ifwz#0
tude: M=
S {”v”.- ifw=0.

Conversely, given a screw we can write the associated twist. Two
special cases are pure rotation about an axis [ = {g + Aw} by an
amount # and pure translation along an axis I = {0 + Av}:

£= {—w >< q} # (pure rotation) E= {5] ## (pure translation).
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4. The velocity of a rigid motion g(t) € SE(3) can be specified in two
ways. The spatial velocity,

Ve =gg7!,

15 a twist which gives the velocity of the rigid body as measured by
an observer at the origin of the reference frame. The body velocity,

i}b = g—lg,
1s the velocity of the object in the instantaneous body frame. These

velocities are related by the adjoint transformation

Ve=Ad, V*  Ad, = [H pR] :

0 R

which maps E® — R®. To transform velocities between coordinate
frames, we use the relations

Vie = Vi + Adyg,, Vit
Vv = Ad s R LN

where V3 is the spatial velocity of coordinate frame B relative to
frame A and V:b is the body velocity.

[

. Wrenches are represented as a force, moment pair
F=(fr7)eR".

If B is a coordinate frame attached to a rigid body, then we write
Fy = (fv, ) for a wrench applied at the origin of B, with f; and
specified with respect to the B coordinate frame. If C is a second
coordinate frame, then we can write Fy as an eguivalent wrench
applied at C:

F.=Ad]_F..

LT

For a rigid body with configuration g,;,, F* = F, is called the
spatial wrench and F? := F, is called the body wrench.

6. A wrench F = (f,7) is associated with a screw having attributes

fTr

h="—x;
1%

I {ﬁ}+;\f:)«e]ﬂ}, 0
{0+ Ar: A e R}, if f=0

Ifll. £ #0
I, i £ =o.

pitch:

axis:
magnitude: M= {

7. A wrench F and a twist V' are reciprocal it F -V = (. Two screws
5, and S, are reciprocal if the twist V; about S, and the wrench F,
along S; are reciprocal. The reciprocal product between two screws
is given by

5108 =W -FK=VoV=n 'wz+l’gw1

where V; = (v;,w;) represents the twist associated with the screw
5;. Two screws are reciprocal if the reciprocal product between the
SCTEWS 1S Zero.

8. A system of screws {S1,..., 5} describes the vector space of all
linear combinations of the screws {Sy,...,S.}. A reciprocal screw
system 1s the set of all screws which are reciprocal to S;. The
dimensions of a screw system and its reciprocal system sum to 6
(in SE(3)).

All of the concepts presented in this chapter can also be applied to planar

rigid body motions (see Exercises 10 and 11).
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Related Bibliography The treatment of rigid motion described here, particularly the geometry of
twists, was inspired by the work B. Paden (Kinematics and Control Robot Manipulators. PhD thesis, De-
partment of Electrical Engineering and Computer Sciences, University of California, Berkeley, 1986). The
use of exponential coordinates for representing robotic motion was introduced by R. W. Brockett(“Robotic
manipulators and the product of exponentials formula. In P. A. Fuhrman, editor, Mathematical Theory
of Networks and Systems, pages 1207129. Springer-Verlag, 1984). Brockett?s derivation also forms the
basis of the next chapter.

Related treatments can be found in the classical work by R. S. Ball (A Treatise on the Theory of Screws.
Cambridge University Press, 1900) and the more recent texts by K. H. Hunt (Kinematic Geometry of
Mechanisms. Oxford University Press, 1978), O. Bottema and B. Roth ( Theoretical Kinematics. North-
Holland, 1979), J. Dufty (Analysis of Mechanisms and Robot Manipulators. Edward Arnold Ltd., London,
1980), J. Angeles (Rational Kinematics. Springer-Verlag, 1988), and J. M. McCarthy (An Introduction to
Theoretical Kinematics. MIT Press, 1990). A more abstract version of the developments of this chapter
can be made in the framework of matrix Lie groups and is presented in Appendix A of this book (A
Mathematical Introduction to Robotic Manipulation — Murray, Li, Sastry).
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5.1 Planar twists and wrenches
5.2 Input/Output velocity equations
5.3 Statics & Principle of Virtual Work

5.4 Singularities
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