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A FIBONACCI CONTROL SYSTEM WITH APPLICATION TO
HYPER-REDUNDANT MANIPULATORS

ANNA CHIARA LAI, PAOLA LORETI, AND PIERLUIGI VELLUCCI

ABSTRACT. We study a robot snake model based on a discrete linear control
system involving Fibonacci sequence and closely related to the theory of expan-
sions in non-integer bases. The present paper includes an investigation of the
reachable workspace, a more general analysis of the control system underlying
the model, its reachability and local controllability properties and the relation
with expansions in non-integer bases and with iterated function systems.

1. INTRODUCTION

The aim of this paper is to give a model of a planar hyper-redundant manipulator,
that is analogous in morphology to robotic snakes and tentacles, based on a discrete
linear dynamical system involving Fibonacci sequence. This approach is motivated
by the ubiquitous presence of Fibonacci numbers in nature (see [3] and [27]) and,
in particular, in human limbs [24].

The robot proposed in the present paper is a planar manipulator with rigid links
and with an arbitrarily large number of degrees of freedom, i.e., it belongs to the
class of so-called macroscopically-serial hyper-redundant manipulators — the term
was first introduced in [5]. The device is controlled by a sequence of couples of
discrete actuators on the junctions, ruling both the length of every link and the
rotation with respect to the previous link.

Hyper-redundant architecture was intensively studied back to the late 60’s, when
the first prototype of hyper-redundant robot arm was built [I].

The interest of researchers in devices with redundant controls is motivated by
their ability to avoid obstacles and to perform new forms of robot locomotion and
grasping — see for instance [2], [4] and [6].

Crucial as it is, effective control of hyper-redundant manipulator is difficult for
its redundancy; see, for example [23]. For instance, the number of points of the
reachable workspace increases exponentially with the number of degrees of free-
dom. In this paper, we employ the self-similarity of Fibonacci sequence in order to
provide alternative techniques of investigation of the reachable workspace based on
combinatorics and on fractal geometry.

The main purpose of the present paper is to provide a theoretical background
suitable for applications to inverse kinematic problems, in a fashion like [9], where
the analysis of the reachable workspace is used to design an algorithm solving the
inverse kinematic problem in linear time with respect the number of actuators. Fur-
thermore, in [I7], the design of a manipulator modeling human arm and with link
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lengths following the Fibonacci sequence, provides a method for the self-collision
avoidance problem. We believe that analogous geometrical properties can be ex-
tended to manipulators which are inspired by other biological forms, through the
self-similarity induced by Fibonacci numbers. We motivate the choice of discrete
controls via their precision with low cost compared to their continuous counterparts.

Hyper-redundant manipulators considered here are planar manipulators. This is
only a first step in exploring an approach that, to the best of our knowledge, could
add novelty to the existing literature in this field; therefore, for future work, its
extension to the three-dimensional case represents a natural progress of this paper.

We finally anticipate to the reader that the workspaces of planar manipulators
of above cited papers (e.g. [9]) are quite different from those depicted here. This
is mainly due to the fact that we represent only a subset of the workspace, cor-
responding to the particular subclass of full-rotation configurations whose relation
with fractal geometry is the most striking. Furthermore, unlike above mentioned
works, our robotic device has a telescopic structure modeled by the possibility of
ruling not only the angle between but also the length of each link: we believe this
additional feature to possibly affect the shape of the workspace.

The theoretical background relies on the theory of Iterated Function Systems
— see [11] for a general introduction on the topic. The approach proposed here is
inspired by the relation between robotics and theory of expansions in non-integer
bases, that was first introduced in [§] and later applied to planar manipulators in
[19], [20],[21] and [22]). For an overview on the expansions in non-integer bases
we refer to the Renyi’s seminal paper [26] and to the papers [25] and [10]. For
the geometrical aspects of the expansions in complex base, namely the arguments
that are more related to problem studied here, we refer to the papers [12],[13],[14]
and to [16]. The techniques developed in the present paper in order to study the
full-rotation configuration generalize previous results in [I8].

1.1. Brief description of the main results. A discrete dynamical system models
the position of the extremal junction of the manipulator. The model includes two
binary control parameters on every link. The first control parameter, denoted by
Uy, rules the length of the n-th link I,, := u, f,q~", where f, is the n-th Fibonacci
number and q is a constant scaling ratio, corresponding to the choice of u,, = 0 and
u, = 1, respectively. The other control, v,, rules the angle between the current
link and the previous one, denoted by w,, := (7 — w)v,, where w a fixed angle in
(0, 7). Therefore when v, = 0, the n-th link is collinear with the previous, and
when v, = 1, it forms a fixed angle 7 —w € (0,7) with the n — 1-th link. In
Section [2] we show that, under these assumptions, the position of the n-th junction,
Zn(u,v) is ruled by the relation

(1) n(10,9) = D1+t L

where u = (u;), v = (v;) € {0,1}*°. By assuming that the n-th junction is
positioned at time n (namely by reading the index n as a discrete time variable)
above equation may be reinterpreted as a discrete control system, whose trajectories
model the configurations of the manipulator. This is a stationary problem: indeed,
at this stage of the investigation we are interested on the reachable workspace of the
manipulator (namely a static feature of robot) rather than its kinematics. In this
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setting, if the number of the links is finite, say it is equal to N, then the position
of the end effector of the manipulator (i.e., the position of its extremal junction) is
represented by xx(u,v). We call reachable workspace the set

Wy gw = {zn(,v) [u,v e {0,1}V}.

By allowing an infinite number of the links, we also may introduce the definition of
asymptotic reachable workspace

Weo,qw i= {ngnoo xy(u,v) | u,ve{01}>}.

The first main results, Theorem [3] and Theorem [§] deal with some asymptotic
controllability properties of the manipulator.
Indeed, the investigation begins with the study of the quantity

oo

L) = e

qn

n=1
namely of the total length of the manipulatorﬂ First of all we notice that the
condition g > ¢, where ¢ = (1+1/5)/2 is the Golden Ratio, ensures the convergence
of above series. Theorem [3] is a first investigation of the behaviour of the set of
possible total lengths

Leo,q :={L(u) |ue{0,1}*>}

as ¢ — oo. In particular we show that if ¢ is lower or equal to the value 1+ /3 then
Loo,q is an interval. This estimate is sharp, indeed we shall also prove that when
g > 1++/3 then Lo 4 is a disconnected set. In other words, Theorem |3|states that
we can arbitrarily set the length of manipulator within the range [0, L(1)] (where
we have set 1 := (1,1,...,1,...)) if and only if the scaling ratio ¢ belongs to the
range (i, 1++/3]. The proof of Theorem [3|is constructive and an explicit algorithm
is given.

Theorem [3] turns out to be also a useful tool in order to prove sufficient conditions
for the local asymptotic controllability of the control system underlying the model
(see Theorem, that is the possibility of place the end effector of the manipulator
arbitrarily close to any point belonging to a sufficiently small neighborhood of the
origin. More precisely, Theorem [§| states that, under some technical assumptions
(namely we assume the that the maximal rotation angle w is of the form 2dw/p
for some d,p € N), if ¢ belongs to a certain range, then the asymptotic reachable
workspace contains a neighborhood of the originf]

The approach in the investigation of Lo 4 and R 4.0, the latter defined as

- i o
Roo’q’w = ZUkm | uc {0, ].} s
k=0 ae

strongly relies on the particular choice of the lengths of the links, I, (uy,) = up frng™™,
and in particular, on the fact that, fixing u = (u,) the "backward” sequence
L,(u) = Z;‘L=1 l;(un—;) satisfies the recursive, contractive relation

(2) l_/n+1(u) _ Unp, +§/n(u) + Ln;;(u)

INotice that L(u) = L(u, v) for all v € {0,1}° where L(u,v) := S lzn(u,v)—zn_1(u,v)|
2Actually, we prove that such a neighborhood is indeed a polygon which is symmetric with
respect to the origin.
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A suitable generalization of (|2)) is interpreted as a discrete control dynamical sys-
tem, the Fibonacci control system, which is investigated by means of combinatorial
arguments.

We then use a generalization of above approach in order to study a suitable
subset of R, g, the set of full-rotation configurations (namely the configurations
corresponding to the choice v = 1). This approach is motivated by the fact that
the full-rotation configurations satisfy a contractive, recursive relation similar to
®.

The third main result of the present paper concerns the characterization of
Lo g, and the set of full-rotation configurations in terms of the attractor of a suit-
able Tterated Function System (IFS). This approach gives access to well-established
results in fractal geometry in order to further investigate the topological properties
of the reachable workspace, and to use known efficient algorithms for the gener-
ation of self-similar sets (e.g. Random Iteration Algorithm) to have a numerical
approximation of the asymptotic reachable set.

In what follows we show some numerical simulations approximating the asymp-
totic reachable set associated with full-rotation configurations. However a deeper
exploiting of these potential applications is beyond the purposes of present work.

We finally remark that for all NV > 0 we have the inclusion Wy .0 C Weo g,
and, consequently, the Hausdorff distance between Wy 4., and W 4., satisfies

Ar(Wn,gws Woeo,quw) = sup inf |Too — TN
Too EWeo,q,w ZNEWN,qw

— q
k
SN D L pu— E—
= E = o N(42 _ g _
W @ T dN (@ —g 1)

Above relation establishes a global error estimate for the approximation of W 4.
with Wy 4., hence every above mentioned asymptotic controllability property is
inherited by a practical implementable manipulator with a finite number of links
N by paying an explicitly given, exponential decaying cost in terms of precision.

1.2. Organization of the paper. In Section [2| we introduce the model and we
state the main results on the density of the reachable workspace. The remaining
part of the paper is devoted to the analysis of the dynamical system underlying the
model. Section [3]is devoted to the introduction of such Fibonacci control system
and to its preliminary properties. In Section [3.1] and Section we establish some
properties of reachability and local controllability. Finally in Section[4 we establish
a relation with the theory of Iterated Function Systems and we point out some
parallelisms with classical expansions in non-integer bases.
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2. A MODEL FOR A SNAKE-LIKE ROBOT.

Throughout this section we introduce a model for a snake-like robot. We assume
links and junctions to be thin, so to be respectively approximate with their middle
axes and barycentres. We also assume axes and barycentres to be coplanar and,
by employing the isometry between R?, we use the symbols zg, 21, ...,z, € C to
denote the position of the barycentres of the junctions, therefore the length [, of
the n-th link is

(3) l, = ‘xn - xn71|
We assume [,, to be ruled by a binary control u,, and in particular,
(4) Iy = un&
qn
where (f,) is Fibonacci sequence, namely fo = f1 := 1 and f,10 = foy1 + fn for

all n > 0.
Now, consider the quantity

= () with u= (u,) € {0,1}

representing the total length of the configuration of the snake-like robot correspond-
ing to the control u.

Remark 1. In order to simplify subsequent notations we shall fiz as the base of
the manipulator the point x_1 = 0, so that the 0-th link is well defined and it may
be of length either 0 or 1.

We shall also use the quantity

Jok+n
(5) S(gq,h,p) : z:qm~
k=0
The most general form of this definition will be used only in Section[3.2] At this
stage, it is useful to introduce for brevity the notation

q2

(6) S(g) = 5(q,0,1) = Zh: ¢ a1

nO

if ¢ > ¢;

+o0 if g € (0, ¢)
where ¢ := 1+T\/5 denotes the Golden Mean.

Remark 2. If ¢ > ¢ then for every u € {0,1}>°, one has L(u) € [L(0),L(1)] =
[0, 5(q)]-
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In what follows we show that if the scaling ratio ¢ belongs to a fixed interval
and if we allow the number of links to be infinite, then we may constraint the total
length of the snake-like robot L(u) to be any value in the interval [0, S(q)].

Theorem 3. If q € (¢, 1+ /3] then for every L € [0,5(q)] there exists a binary
control sequence u € {0,1}° such that

L(u) = L.
Remark 4. The proof of Theorem[3 is postponed to Section [3.]] below.

We now continue the building of the model. In view of , if xo = 0 one has for
every n

n
fr
(7) x”(u) = Z Uk qk}eiUJk ’
k=0
where —wy, € (—m, 7] is the argument of xp — x,_1 for £k = 1,...,n and, conse-

quently, it represents the orientation of the k-th link with respect to the global
reference system given by the real and imaginary axes.

Example 5. If the angle between two consecutive links is constantly equal to m—w €
[0,27), then w, = nw mod (—m,].

So far we introduced a control sequence ruling the length of each link. We now
endow the model with another binary control sequence v = (v,,), ruling the angle
between two consecutive links. In the model, the angle between two consecutive
links is either 7 or 7 —w for some fixed w € (0, 7). If v,, = 0 then the angle between
the n — 1-th link and the n-th link is 7, while if v, = 1 then the angle between the
n — 1-th link and the n-th link is 7 — w so that

(8)

1 rotation of the angle w of the n-th link;
v =
" 0 no rotation.

We notice that, under these assumptions, w;,, = wy, (v) in (|7) is indeed a controlled
quantity, while L(u) is yet independent from v.

Proposition 6. Let n >0 and u; =1 and v; € {0,1} for j=1,....n. Then
(9) Wy, = Z@jw mod (—, 7]
j=1

Proof. We adopt the notation Arg(z) € (—m, 7] to represent the principal value of
the argument function arg(z). In view of (7))

(10) W1 = —Arg(zn41(u) — 2 (0)).

On the other hand, x, is the vertex of the angle between the n-th link and the
n + 1-th link, therefore we have the relations

(11)  Arg(zp41(u) — 2n(u)) — Arg(zp—1(u) — 2,(u)) mod (-7, 7] = —vp 1w
By a comparison between and we get
(12) Wpt1 = Wy + Vppiw  mod (—m, 7).

and, consequently, the claim. (I
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Remark 7. We notice that if u,, = 0 then any choice of w,(v) satisfies [ So,
if the link is not extended, the rotation of the angle is meant as a rotation of the
reference frame of the link.

For example, if v, = Upy1 = Up—1 = Upt1 = 1 and u, = 0, one has that
Tp_1 = T but the angle formed by the n — 1-th junction and the n + 1-th junction
s T — 2w.

In view of Proposition [6| and of above Remark, we set wy(v) := Z?:o VW, SO
that the complete control system for the joints of manipulator reads:

S fk —iw kv,
(13) Tn(u,v) = Ug—e §=0"Y1

The second main result describes the topology of the asymptotic reachable
workspace when the rotation angle w is rational with respect to 7, namely it sat-
isfies w = 27r;i7 for some d,p € N. One has a local controllability result when the

scaling ratio ¢ is lower than a threshold depending on p, that we denote g(p). In
particular ¢(p) is defined as the greatest real solution of the equation

R
«gth
In Section below we give a closed formula for ¢(p).

Theorem 8. Ifw = 271'% for some d,p € N and if q € (¢, q(p)] then the asymptotic
reachable workspace

Weo,qw = { lim z,(u,v) | u,v € {0, 1}°°}
n—roo
contains a neighborhood of the origin.

The proof of Theorem [§]is postponed to Section [3:2.1] below.

3. A FIBONACCI CONTROL SYSTEM

Throughout this section we introduce an auxiliary control system, that we call
Fibonacci control system and we study its asymptotic reachable set.

We shall see that the reachability properties of the Fibonacci control system are
somehow inherited by manipulator (modeled in previous section as the sequence of
junctions z(u,v)) and that this relation provides an indirect proof of Theorem
and Theorem [8l

In order to gradually introduce Fibonacci control system, we begin with some
remarks on particular configurations of x(u, v).

We notice that for every u

=Y wdi -
k=0
and

E ukq ewk g uk k, where z = ge™*

k=0 k=0
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Then both Theorem [3] and Theorem [§ are related to the study of the set

Ry (z) := {Zukfz | ug € {O,l}}.
k=0

Indeed
Loo(q) ={L(u) [u € {0,1}*} = R (q)
and
Weorgw 2 {z(1,1) [u € {0,1}*} = Rm(qew)

In particular, the relation with Theorem [8| becomes clear by noticing that if we
are able to show that R..(ge™) is a neighborhood of the origin then the claim of
Theorem [§ follows.

Remark 9. Notice that if |z| > ¢ then R(z) is well defined and it is a compact set.
Indeed one has

lim | E uk&| < lim E |&| < lim E 1 =0.
n—00 2k n—»00 2k n— o0 ‘z|k

(for the proof of the estimate fr < *~! see Pmpositz'on below) and, consequently,
the convergence of the series > - ukf—ﬁ. Furthermore one has

s (1 )
up | <@ 1+ —
2wyl =9/l
thus R(z2) is a bounded set. Finally R(z) is closed by the continuity of the map
. Jx
u— I;)’U/k;sz

with respect to the topology on infinite sequences induced by the distance d(u,v) =
90— min{klup#ve}

In view of above reasoning, in what follows we shall focus on the study of Ry (2),
by constructing the theoretical background necessary to prove Theorem [3|and The-
orem [8| and by investigating further properties of R (2).

We finally introduce the Fibonacci control system

Ty = Ug
(F) Ty =ug+ 2

_ _ Znn
Tnt2 = Uny2 + 5= +

Ty
22"

and we denote by z,(u) the (discrete) trajectory corresponding to the control u €
{0,1}. We show that R..(z) is the asymptotic reachable set of (F).

Proposition 10. Let z € C be such that |z| > ¢, where ¢ = (1 +/5)/2 is the
Golden Ratio. Then x € Roo(2) if and only if

x = nl;rréo Zp(u)

for some u € {0,1}°°.
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Proof. In view of Remark [0 and, in particular, of the convergence of the series

it suffices to show by induction on n the equality
n+2

xn+2 § k un+2 k-

The case n = 0 follows by direct computation. Assume now as inductive hypothesis

n n+1
o e PR Tk
Tn = E kaun—k an Tn4+1 = E Zj“n-f-l—k
k=0 k=0
so that
Tn+1 fk+1
Z k+2 —r and = n+1+z R Un—k
and, finally,
n+2

— a_jn-&-l jn f
Tn+2 = Un42 + > + 272 = Un+42 + q —Unp+1 + Z kun+2 k

n+2

fo=f
= 1ziun+2 k-

O

3.1. Asymptotical reachable set in real case. Throughout this section we con-
sider a real number ¢ > ¢ and we show that R (¢) = [0,S5(¢)] if and only if
q < 1++/3 (namely we prove Theoremlﬂ) and we give a greedy algorithm steering
any reachable point of (F) to the origin. For brevity, we specialize the definition of
S(q, h,p) given in as follows:

s 2
" staun) = 3t = £ g

Last equality can be proved by a simple inductive argument. We also shall use
the following recursive relation

(15) S(qh) = q(S(q,h = 1) = fr-1).
Finally note that S(g,0) = S(q).

Lemma 11. Let ¢ > . For every h

S(g,h+1)
q

(16) Jn <

if and only if ¢ < 1+ /3.

3Indeed the claim immediately follows by recalling the equality {L(u) | u € {0,1}*°} = Roo(q)
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Proof. First of all note that for every h

Jht1 S1— f
In fo
and consequently ¢ < 14 /3 if and only if

1 ( far1 > \/1 (fh+1 )2
< = + 1) ++4/= +1] +2 for every h.
2 ( Fn 1\ fu Y

This, together with ¢ > ¢ > 0 implies that ¢ < 1+ /3 is equivalent to

< qfn1+ fr (: S(g,h+1)
T ?-q-1 q

) for every h.

O

Theorem 12. Let ¢ < 1++/3 and x € [0,5(q,0)] and consider the sequences (ry,)
and (up,) defined by

To =
1 4 h
(17) wy = if rn € b[fhvs(% )]
0 otherwise
Thi1 = q(rn — unfn)
Then
— [
(18) => il
k=0
and, consequently, Roo(q) = [0,5(q,0)]. Moreover if ¢ > 1+ /3 then Ry C
[0,5(q,0)].
Proof. Fix x € [0,5(q,0)] and first of all note that
(19) r = Z I ug + ZE for all h > 0.

Indeed above equality can be shown by induction on h. For h = 0 one has r; =
q(z — ugfo) and consequently x = foug + r1/q. Assume now as inductive
hypothesis. Then

h
Jr
rhe = ¢ <33 - Z q—kuk — qfnr1tng

and, consequently,

Tk The2
T = U + iz
s q q
Now we claim that if ¢ < 1 + /3 then
(20) ry €[0,S(q,h)] for every h.

We show the above inclusion by induction. If h = 0 then the claim follows by the
definition of 7y and by the fact that = € [0, S(g,0)]. Assume now as inductive
hypothesis. One has r, € [0,5(¢g,h)] = [0, fn) U [fn, S(g,h)]. If 7, € [0, f) then
The1 = qrn € [0,¢fn] € [0,S(q, h+ 1)] - where the last inclusion follows by Lemma
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If otherwise 4 € [fi,S(q. h)] then rhsn = alrn — /i) € [0, q(S(q. ) — fi)] =
[0,5(g, h +1)] - see (15).

Recalling f,, ~ ¢™ as n — oo, one has

h—1
19 o, (20 . S(g,h
E —uk— hm E f—:ukx— lim —Z > x — lim (qh )
k:Oq h—o0 q h—o0 q
™ o Pl tafn
= x — lim =

h—oo ¢"(¢> —q—1)
On the other hand

Z—uk:xf lim —hgx

h—oo q

and this proves . It follows by the arbitrariness of x that if ¢ < 1+ v/3 then
R =10,5(q,0)].

Finally assume ¢ > 1+ /3. By Lemma [11] there exists 2 € (S(q,1)/q, f1). In
order to find a contradiction, assume x € R,.. Then

1= fit1
ﬂ?:Uofo-i-*Z T Uk41
= q
Note that ug # 1 because z < f; = 1. Then ug = 0 and
1 & s S(g,1
:7szz1uk+lgiszz1 _ (¢,1)
Q= aq 1= q q

but this contradicts = € (S(1,q)/q, f1). Then z € [0,.5(q, 0)]\ Roo and this concludes
the proof. 0

3.2. Asymptotical reachable set in complex case. Throughtout this section
we investigate Ry (z) with z = ¢e* and w = %2%; d,p € N. First of all we notice
that 2P = ¢P and consequently

(21) Zuk% Z Zup k+h Tp +h
k=0

h=0

Above equality implies that if p > 2 and if

- Upk hfk: h
RZO = {ZW |upk+h€{0,l}}

k=0

is an interval (and not a disconnected set) then

0o f p—1
k _
Roo(2) = {Z s | uk, € {Oal}} = ZZ "RL,

k=0 §=0
is a polygon containing the origin in its interior - note that min Rgo = 0. In what
follows we show that if ¢ is small enough, then such a local controllability condition
is satisfied.

By definition |5} so that R" c [0, S(q, h,p)] for every h =0,...,p — 1 and from

simple inductive arguments, we have the following recursive relation

(22) S(Qa hvp) = fh—lS(Q7 ]-ap) + fh—QS(qaovp)
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FIGURE 1. By Theorem [18] R..(2¢*2™/P) with p = 3,4 is a polygon.

Moreover one has

(23) S(q,p,p) = ¢"(5(¢,0,p) — fo)
and, more generally,

(25) S(q,p+h,p) = ¢"(S(a,h,p) — fn)-
Example 13. Let ¢ =2 and p = 4. In view of @,

RY, C[0,5(2,0,4)]

RL, C[0,5(2,1,4)]

R%, C[0,5(2,0,4) + S(2,1,4)]
R C[0,5(2,0,4) +25(2,1,4)].

See Sectionfor the explicit calculation of S(q,h,p). In Theorem below, we
show that above inclusions are actually equalities, so that

0 ) Lo i3
Roo =R, — §ROO — ZROO + éRoo
is a rectangle in the complex plane - see Figure[1].

Lemma 14. If g < q(p) then for every h € N
(26) S(a,p,p+h) = ¢" fn
Proof. The case h = 0 follows by the definition of ¢(p) and by . If h =1 then

S(g.p,p+1) > S(q,p.p) > 4" fo = ¢" f1.

Fix now h > 2 and now as inductive hypothesis for every integer lower than
h. It follows by

S(¢,p,p+h) = fr15(q,1,p) + fn—25(¢,0,p) > 2(frn—1 + frn—2) = 2fn
therefore, by , we finally get
S(q,p,p+h) = ¢"(S(a,h,p) = fn) = ¢" fn-
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10F
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FIGURE 2. ¢(p) for p =1,...,10. Note that ¢(p) tends to ¢ as p —
oo. Indeed it suffices to recall f, ~ ¢P to have lim, .o, ¢(p)/¢ = 1.

Finally let us define ¢(p) as the greatest solution of the equation
S(q707p) = 2f0 =2
Note that if ¢ < g(p) then S(q,0,p) > 2.

Remark 15. The value q(p) is explicitly calculated in Sectz’on below. Among
other results, we shall show

=

(%(fp—z +2fp) + 2/ (fo—2 +2fp)? — 8> p even;
(27) a(p) =

p

(%(fp—z +2f) + 2/ (foa +2f)2 + 8> p odd.

We notice that above equality implies q(p) ~ f(p)/? ~ ¢ as p — cc.
Example 16. ¢(1) = 1+V/3, ¢(2) = /2 (5+V17), ¢(3) = {/% (T+V57), q(4) =
V6 + /34

Lemma 17. Let p,h € N and let ¢ < q(p). For x € [0,5(q,h,p)] consider the
sequences (ry) and (uy) defined by

ro =
1 ifrn, €[fn,S(g,np+h
(28) v — f7n € [fn S(g,mp+ 1))
0 otherwise
Tn+1 = qp(rn - Unfnp—i—h)'
Then
_ N Sokn
(29) :z:fz o Uk

k=0 a

and, consequently, R". =[0,5(q,0,p)]. Moreover if ¢ > q(p) then Rs, < [0, S(q,0, p)].
Proof. Fix h € N and z € [0,5(q,0,p)]. First of all note that

(30) T = Z le;—’:h ug + qZT(I:il for all n.
k=0
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Indeed for h = 0 one has 1 = ¢P(x — ugfp) and consequently = = frug + r1/q".
Assume now as inductive hypothesis. Then

Tn+2 = qp(rn+1 - u7l+1fp n+1) +h)

= qp("+2 ( Z fkp+h > - qp(n+2)fp(n+1)+hun+1

and, consequently,
n+1

kp+h Th+2
m_pr-‘r +

qP(”+2) )

Now, we claim that for every n 1f q < q(p) then
(31) o € [0,S(q,pn + h,p)].

We show the above inclusion by induction. If A = 0 then the claim follows by the
definition of ry and by the fact that « € [0,.5(q, h,p)]. Assume now as inductive
hypothesis. One has 7, € [0, S(q,pn + h,p)] = [0, fontr) U [fontn, S(¢, pn + h, p)].
If r,, € [0, fpn+tn) then rpyq = ¢Pry, € [O @ fon+n) € [0,S(q, (n+1)p+h,p)] - where
the last inclusion follows by Lemma If otherwise ry, € [fpntn, S(g,pn + h,p)]
then rpi1 = ¢7(rn— fap+n) C [O»Q(S(Qapn+h»p)_fpn+h)] =[0,5(¢, p(n+1)+h, p)]
- see (125)).

Recalling f,, ~ ¢™ as n — oo, one has

Tn S h
prk+huk_ lim prlc+h B,y > o lim 2Pt hp)
n—oo

o n—oo qP™ n—o00 qr™

! 7 — lim fpn-‘rh—ls(qa 17p) + fpn+h—25(Q7Oap) _

n—o00 qph

On the other hand

E pkzhu =z— lim =<z
qp
0

n—oo gP"

and this proves . It follows by the arbitrariness of = that if ¢ < ¢(p) then
Rh = 10,5(q,0,p)]. Finally assume ¢ > ¢(p). By Lemma [l1] there exists = €
(S(q,h,p)/q", fr). In order to find a contradiction, assume z € R . Then

fk‘ h
-T_Uofh“"q Zwuk 1

pk
k=0 q

Note that ug # 1 because = < fj,. Then ug = 0 and

I o 1 o S(q,h
pr(k+1)+huk+1§qufp(k+1) _ S(g,h,p)

qp P qpk o qpk qp

but this contradicts x € (S(q, h,p)/q?, fr). Then x € [0,5(q,0,p)] \ R% and this
concludes the proof. O

Theorem 18. If ¢ < |z| < ¢(p) then R (z) is a polygon on the complex plane
containing the origin.
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%

(A) h=0 (B) h=04 (c) h=0.5

FIGURE 3. Approximations of Ry, (2) with z = (¢(p) +h)e’™/* and
h = 0,0.4,0.5. Note that, by Theorem if h = 0 then R (z)
is indeed an octagon. See Section 4] and, in particular, Remark
for a description of the approximation techniques.

Proof. Tt follows by Lemma [T7] and by

e p—1
Ry (z) = {Z %uk | ug, € {0, 1}} = Zz_hR};o.
h=0

k=0

3.2.1. Proof of Theorem[§ Theorem [§ immediately follows by
Roo(q") = {z(u,1) [u € {0,1}°} € W g0
and by Theorem

15

3.2.2. Ezplicit calculus of ¢(p). By a comparison between , and , S(g,0,p)

and S(gq,1,p) are solution of the following system of equations

(32) qp(S((J7 Oap) - fO) = fp*lS((L 17p) + fp*QS(Qa Ovp)
qp(s(qa 17]7) - fl) = fps(q’ 1,]9) + fP*IS((LOap)
(33) (qp_fp*Z)S(q707p) _fpfls(q:]wp) :qup
—fp-1 8(¢,0,p) + (¢ — fp)S(q,1,p) = frg”

whose solution is

qup _fp—l
fq? ¢ —fp
S -
(34) (¢,0,p) ‘ P e —
_fp—l q° — fp
’ @ — fo—2  fod®
—fp—1 fid?
35 S(q,1,p) =
( ) (q p) ‘ qp - fpf2 _fpfl
_fpfl q° — fp

We now show that the solutions in and are well defined.
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Proposition 19. Let

A= | C 2 St e - ) - 12

—fo-1 =Sy
Then
(36) Dp(a) = ¢ = (fpz + fp)a® + (~1)7
and the real roots of Ap(q) are £ and £(¢ — 1) if p is even and —¢ and ¢ — 1 if

p is odd.
In particular if ¢ > ¢ then A, # 0.

Proof. The equality in follows by Cassini identity for p > 2
fp—2fp - ;3—1 = (_1)p-
Now, we notice that A,(¢) = 0 if and only if

z=qP
= (fp2+ fo)z+ (1P =
We first discuss the case of an even p. When p is even then A,(g) has exactly 4

real solutions
o1 1
q;j,v2€n = i\/2(fp2 + fp) ) \/ (fp*2 + fp)2 +4,

1 1
qsu" = i\/z(fp2 + fp) + B (fp—2+ fp)? +4.
Now, for every p € N one has that the Golden Mean ¢ satisfies
SDp = fpflﬁp + fp72

and, consequently,
(PQP = (fpflw + fp72)2
= f;?—l‘PQ +2fp-1fp—2p+ f§—2
= ( 5—1 +2fp-1fp2)p + f§71 + fp2,2-
This, together with A(q) = A(—¢) and Cassini identity, implies
Ap(p) = Ap(=¢) = fp—1(fp—1 + fp—2 — fp)o + fp271 — fpfp—2+1=0.
Moreover, since ¢ — 1 =1/¢ and A(q) = A(—q),

Bylo=1) = A1 =) = ,(1/) = TUE —o.

This concludes the proof for the even case.
Now, if p is odd then A,(¢) = 0 has exactly 2 real solutions

QT?Qd = {/;(fp—Q + fp) - %\/ (fp—2 + fp>2 —4.

Again by Cassini identity
Ap(@) = 9021) - (fp—2 + fp)‘P +1
= fo—1(fp—1+ fp—2 — fp)o + f,?_l = fpfp—2—(=1)P =0.
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Since 1 — ¢ = —1/¢ we finally obtain

Ap(p)
By1-9) = (1) = =25 =0,
O
By Proposition [I9]
Example 20. For p =1 we already showed
2 2
q q° +q
S5(q,0,1) =85(q) = —— S(¢,1,1)=85(q9) = ———
(¢,0,1) = S(q) pR—— (¢,1,1) = S(q) e —
For p =2, namely when z = —q,
2/ 2 4
¢ (¢" —1) q
S(q,0,2) = S(g,1,2) =
For p =3, namely when z is a rescaled cubic root of unity,
3 (.3 6 3
¢ (¢*-1) ¢° +4q
S(q,0,3) = ———*= 5(¢,1,3) = ———
Forp=4
404 8 4 A
q(¢" —2) ¢ +4q
S5(q,0,4) = ———F1—— S(¢,1,4) = ———F—

We now give a closed formula for ¢(p).

Proposition 21. For every p € N

(%(fp2+2fp)+;\/(fp2+2fp)2_8>p p even,;

(37) q(p) =

(%Ea2+2@)+;V4ﬁ,2+2ﬂg2+8>p p odd.

Proof. We recall that g(p) is defined as the greatest solution of Y .-, % =2
namely of

2p _ P
a7 — fp—2q
S q70ap = - 2
(@O = o+ e+ 1
Solving above equation one gets
q2p + (_fp—2 - 2fp)qp +2(=1)P =0
and finally . O

4. A CHARACTERIZATION OF THE REACHABLE SET VIA ITERATED FUNCTION
SYSTEMS

4.1. Some basic facts about IFSs. An iterated function system (IFS) is a set of
contractive functions G : X — X, where (X,d) is a metric space. We recall that
a function if for every z,y € X

d(f(%), f(y)) <c- d(x’y)
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for some ¢ < 1. In [I5] Hutchinson showed that every finite IFS, namely every IFS
with finitely many contractions, admits a unique non-empty compact fixed point Q
with respect to the Hutchinson operator

J
G: 5~ JGi9).
j=1
Moreover for every non-empty compact set S C C
lim GF(S) = Q.
k—o0
The attractor Q is a self-similar set and it is the only bounded set satisfying F(Q) =
Q.

4.2. The reachable set is a projection of the attractor of an IFS. Let ¢ > ¢,
v € R? and consider the linear map from R? onto itself

Fyv(x) = v+ Alg)x

where L
- 2
aw=(1 %)
One has L
)=o)+ w) ()
Tn+1 0 1 0 T
namely

(38) (xn+27 $n+1)T = Fq,(un+270) (mn+17 xn)T~

We now introduce the concept at the base of the symbolic dynamics, which is a
particular application from u € {0,1}* into itself that iterates in a natural way.

Definition 22. The application o : {0,1}°° — {0,1}°° defined by
(39) o(u) = o(ug,uy,us,...) = (ur, us,...)
it is said unit shift.
Set
Qoo = {(x(u),z(c(n)) [u € {0,137}

- { (Z L:“k’ > f:“kH) | u € {0, 1}°°} :
i g

Proposition 23. For every g > ¢
U Fo1,0)(Qoo) = Qoo

ue{0,1}
Proof. Let u = (ug,u1,...) € {0,1}. One has
Fyyuo0y (20 (w)), 2(0%(w)) = (z(u), z(0(w)))
and this implies Qoo € Uy,e(0,11 Fo,(u,0)(@oc). Now let u € {0,1} and d € {0, 1}*.
Define u = (¢,d) = (¢, do, d1, .. .) and note that o(u) = d. One has
Fy (w0 (2(d), 2(0(d)) = (z(u), 2(d)) = (z(u), z(a(u)))
and this implies the inclusion U, ¢ (o 1} £4,(1,0) (@) € Qoc- O
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Note that in general Fy y is not a contractive map. However the spectral radius
of A(q), say p(q), satisfies

p(q) = L1 for every ¢ > ¢
q

Then
lim A*(¢) =0
k—oo
In particular there exists k(q) such that for every k > k(q)

AX(g)x|
A = max O
1A% (9)l| X x|
Example 24. Let k = 2. One has
4 2
1A%(q)||2 = B S

- see Section below for a detailed computation of ||A¥(q)||. Therefore ||A%(q)|| <
1 if and only if
6 4 2
q —q —5¢°—1>0,
namely k(q) = 2 for every q > q ~ 1.69299 where q is the unique positive solution
of equation ¢® —¢* —5¢2 —1=0.

Now, for every binary sequence of length k, say uy, define the vector

v(u) = iziAh(q) ().

Then for every k let

k—1
G () = vlue) + A apx = Y- A% () + A4 (o)x
h=0
One has that for k =1
(40) GQ»ul = Fq,(uz’o)
and, more generally,
(41) G = Fo uii1,0) © Fo(ur 0) © 0 Fy (us,0)-

Remark 25. If up = (Upi2, * ,Unt14+k) then
(xn-‘rl-‘rk:a xn—i—k)T = Gq7uk (xn—i-la mn)T-

Theorem 26. For k > k(q) and for every u; € {0,1}* the map Gy, is a con-
traction and
(42) U Goul@x) = Q.

u,€{0,1}k

Moreover Qoo (q) is the attractor of a two-dimensional linear Iterated Function Sys-
tem (IFS)

g%k = {G(Lllk ‘ uy € {Ov l}k}v
namely for every compact set X C R? one has

Tim G (X) = Quola):
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FIGURE 4. An approximation of Q. (q), with ¢ = 2,3, and of its
projection on z-axis R (¢). It is obtained by 4 iterations of the
IFS G, 2 with initial datum [0, S(q)] x [0, S(¢)]-

Proof. By the definition of k(g), G is a contractive map. The equality follows
by Proposition 23 and by (41)). The second part of the statement follows by the
fact that in general the attractor of an IFS is its unique invariant compact set, see
for instance [11]. O

Remark 27 (Some remarks on the approximation of R, in the complex case.).
Theorem gives an operative way to approzimate Qoo (q) and, consequently, Ro(q),

see Figure [{)
Above reasonings clearly apply when considering as a base a complex number z =

qe’, so that Qs (2z) C C x C. Note that
Qoo (2) C H(z) := {(21,22) € Cx C | max{|R(zs)], [S(zn)[} < S(|2]), h=1,2}

and limy, .0 G, (H(2)) = Qoo (2). Then one may approzimate Qoo (2) by iteratively
applying G, . to H(z). To this end, it is possible to employ the isometry between
C and R? in order to set the problem on R*. Then the real-valued counterpart of
H(z) is the hypercube

ﬁ(z) = {X S R4 | |X‘max < S(|Z|)}

while we denote by QNZJC and by ézﬂ, the real-valued counterparts of G, and of
G u, respectively, so that

L@ = U Gaal).
u€{071}nk
We then may get a bidimensional representation of an approzimation of Rso(2)
by projecting G7, (H(z)) on R2. However this yields some complexity issues in
numerical simulations. Indeed a brute force attack consists in applying sz to a

four-dimensional grid rastering H (2) and then projecting the result on R%. Thus
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(A)n=1 B)n=2 (c) n=3
D) n=4 (E)n=5 (F)n=6

FIGURE 5. Various iterations of G, (H(z)) with z = g(8)ei™/4.

the generation of an image with5 N x N pizels involves the computation of 28" N*
points.

In order to restrain the computational cost, we employed the geometric properties
oféq’uk. Indeed for every u, éz,u is an affine map, thus it preserves parallelism and
convezity. In view of these properties we considered only the 16 vertices ofﬁ(z), say
x;, with j =1,...,16. Our method consists in computing the éz,u(xj) ’s separately,
in projecting the result (namely 25" points) on R? and finally on computing their
convez hull, employing the fact that this projection, say w, preserves convexity, too.
In other words we employed the identity

W(éz,u(]:](z))) = W(GZ7U(CO({XJ}))) = CO(T"(G%U(XJ)))v
so that
R HE) = | co(m(Gau(x))))-
ue{0,1}kn

With this method we need to compute 2*™ - 16 points and we may possibly store the
result on a vectorial format, instead of a raster one. See Figure[6] and Figure[3 for
some examples.

Remark 28 (Some remarks on the analogies with expansions in non-integer bases).
We notice that the G4y, s share the same scaling factor, Ak(q), and they differ for
the translation component v(uy). A similar structure also emerges for the one-step
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(A)n=1 B)n=2 (c) n=3
D) n=4 (E)n=5 (F)n=6

FIGURE 6. Various iterations of G7,(H(2)) with z = (q(8) +
0.3)e’™/%. Notice the similarity with the twin-dragon curve, gener-
ated by expansions in complex base with argument again /4.

recursion case, generating power series with coefficients in {0,1}. Indeed

(43) ra =3 Mk {x v

Tpt+1l = Unt1 + %

and setting

R = {iz; | uy € {0,1}}

one has that

where
- T
Gq,c(x) =c+ g

The differences and analogies between the two systems can be summarized as follows

(1) both systems converge to power series;
(2) Rs can be generated by a one-step recursive algorithm and it is the attractor
of a one-dimensional IF'S, the radius of convergence is 1. The buffer needed

(i.e. the number of digits the IFS depends on) is constantly equal to 1;
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(3) Rs can be generated by a two-steps recursive algorithm and it is the attrac-
tor of a two-dimensional IFS, the radius of convergence is w. The buffer
needed, k(q), depends on q and it goes to infinity as q tends to ¢ from above.

4.3. A sufficient contractivity condition. In what follows we provide an upper
estimate for k(q).

Proposition 29 (An upper estimate for the Fibonacci sequence). For everyn € N

fn+1 S Sﬁn

Proof. By induction on n. First, as base cases, we will consider the cases when
n =1and n = 2. Note that 1 < ¢ < 2. By adding 1 to each term in the inequality,
we obtain 2 < ¢ + 1 < 3. The two inequalities together yield

l<p<2<e+1<3.

Using the relation ¢ + 1 = ¢? and the first few Fibonacci numbers, we can rewrite
this as

fa <o < f3 <@ < fa
which shows that the statement is true for n = 1 and n = 2. Now, as the induction
hypothesis, suppose that f; 11 < ¢; < fiyo for all ¢ such that 0 <7 <k + 1.
frra <@ < frys
and
frr1 < 9" < frya
Adding each term of the two inequalities, we obtain

Frr2 4 forr <"+ 08 < fris + froio.

Using the relation ¢t 4+ pF = ©F*+2 and the first few Fibonacci numbers, we can
rewrite this inequality as

fras <@ < frya
which shows that the inequality holds for n = k + 2. (I

Lemma 30 (Explicit computation of A¥(q)). For every q > ¢ and for every k € N
1 Te+1a  fx )

44 AR (q) = + :

(44) (a) gkt ( fed®  fr-1q

Proof. By induction on k. Base step, k = 1, is trivially satisfied. Assume now
as inductive hypothesis. For k£ + 1 we have

AR (q) = AF(g)A(q) = 1 <(fk+1+fk)q fk+1) _ 1 (fk+2q fk+1>'

2 \(fr + fem1)d®  fx 2 \fo1@®  frq

and this concludes the proof. ([l

Proposition 31. For every g > ¢

n (@21q2 (q4 +3¢7 + 1)>
(45) Ho) < — 5
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Proof. Fix k and set

ferria fa
B(q) :=
(@) ( fe@®  fr-1q
so that, by Lemma one has
1
Ak(CI) = WB(Q)-

Denote by Apaz(A) the greatest eigenvalue of A in modulus. One has that the
matrix norm consistent with Euclidean norm satisfies the following identity

[|4]] := max [|Ax|| = \/ Amaz (AT A).
x#(0,0)

14¥(g)]| = "f(f)” — e (BT (0)B(a)).

The product matrix BT (¢)B(q) has the form:

T _ R+ figt Frefes1q + frufeo1q® )
B (a)B(a) = ( folina+ fofiad PP )

The characteristic polynomial p()\) associated to BT (¢)B(q) is hence

p(A) = A=A (f;quQ + f}?q4 + f]? + f;?,qu) +
+q* (fRo i + i = 2finr fear f7) -

The free term of characteristic polynomial is linked to algebraic identities involving
the Fibonacci numbers,

foifi + fe = 2fk frooi fi = 1.

Then

In fact
2
e fi + fe = 2fesifomifi = (f2 = fom1futr)
involving Cassini’s identity
fn—1f7z+1 - fyzL = (71)n+1,
Then, the characteristic polynomial becomes:
p(A) =A% = A (f13+1q2 + fRdt+ R+ fl?—ﬂ]z) +q*
Set Amaz = fRq* + (fiy1 + f2_1)@* + f7 and note that

1 /< _
Mnae(BT(@)B(@)) = 5 (Mas + VR = 38) < A
Furthermore by Proposition [29 we have
Amas < @24+ (02 + 22 1 2R = 224 1 342 1 1)

and finally
)\maa: 5\m,am 902}672
1A% ()|l = < <

4 2
22 = Rt S R (" +3¢" +1).

Consequently if
k2

W(q4+3q2+1) <1
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then ||A¥(q)|| < 1. To solve above inequality with respect to k we apply the
logarithm, requiring that the final report is less than 0:

1
2% In (w) +ln< . 2(q4+3q2+l)> <.
q ®Y-q

We finally obtain that if

1n< Lo (g* +3¢% + 1))

252
A ©%q
” 2(Ing —Inyp)
then ||A*(q)|| < 1 and hence the claim. O

It is well-known that fj is the closest integer to :‘}—kg. Therefore it can be found

by rounding in terms of the nearest integer function: fi = [:‘;’;] , k> 0. That gives
a very sharp inequality. In fact, if £ is an even number, then f = [f’/kg} < % ie.

2k

® ©?* : ©" k—1 .
for = < . We notice that £= < ¢©"~". By the same procedure applied

V5 V5
previously, we get

S

Amaz < % (9?2 4 *2) 4+ (g + 1)
We have
A o 2 2.2, 4
qﬂigg(%) W(%+qu +q +1 Sl
2 2
@2k (£) +in (g + 5+ +g) <0
whence
2 2
In (5% +E +L 4 5—5)
46 k> ¥ q S
16) - 2(Ing —Inyp) (2> ¢)
for k even.

Remark 32. Now we want to compare the values of k(q), and suppose that k(q)

of (@) is greater than .

2 2
ln(ﬁ %+%+5—;2) 1n(1+ﬁ+%+q21¢2)
>
) 2(Ing —Inp)

Y

1.€.
g*(p* —5¢%) + @* (> + ©° — 5" —5) — 5% + ' >0

which doesn’t admit solution. Then

h(sh+E+L+35k) m(l+k+S+ i)
2(Ing—Ingp) 2
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5. CONCLUSIONS

We studied the workspace of a hyper-redundant manipulator, modeling a robot
tentacle. We give a formal proof of the results, highlighted by numerical simulations
based on a fractal geometry approach. The novelty of the paper consist to associate
a linear control system involving Fibonacci sequence to the workspace of robot
tentacle. We finally notice that, by the arbitrariness of the number of links, the
asymptotic properties of the model (e.g. the possibility of setting an arbitrary
global length for the manipulator) extend by approximation to the case with a
finite number of links with arbitrary small tolerance.

Chirikjian and Burdick’s seminal report, [5], presented a kinematic algorithms
for implementing planar hyper-redundant manipulator obstacle avoidance, and it
suggests to us a further extension of this paper. In [23] one has proposed to control
the modularized hyper-redundant manipulators, obtaining the inverse kinematics
solution of the planar hyper-redundant at the position and velocity levels; herein
we can observe, for instance, the manipulator’s configuration when the number of
links is 4 or 6 and its length is 1. Still we observe how, in this work, the length of
the links is fixed, unlike approach showed here, where the lengths are controllable
according to Fibonacci sequence.
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