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Abstract: We study two nilpotent affine control systems derived from the dynamic and control of
a vertical rolling disc that is a simplification of a differential drive wheeled mobile robot. For both
systems, their controllable Lie algebras are calculated and optimal control problems are formulated,
and their Hamiltonian systems of ODEs are derived using the Pontryagin maximum principle. These
optimal control problems completely determine the energetically optimal trajectories between two
states. Then, a novel numerical algorithm based on optimisation for finding the Maxwell points
is presented and tested on these control systems. The results show that the use of such numerical
methods can be beneficial in cases where common analytical approaches fail or are impractical.

Keywords: differential drive wheeled mobile robot; geometric control theory; Lie algebra; non-
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1. Introduction

The apparatus of Lie groups is commonly used in the control theory of planar non-
holonomics mechanisms, such as kinematic cars, robotic snakes, etc. [1-8]. The control Lie
group derives a control Lie algebra as a tangent linear space of the group with operation
Lie bracket. The main advantage of the control on Lie groups is that everything derived for
one point of the mechanism’s configuration space can be easily generalised for all points of
the configuration space thanks to the group properties [9-11]. For computational reasons,
it is preferred that the corresponding Lie algebra be nilpotent. This property generally
does not apply, but the Lie algebra can be approximated, usually by an algorithm called
a nilpotent approximation or Bellaiche’s algorithm [12,13].

This paper is motivated by [14], where the authors study the Maxwell points of
a kinematics model of vertical rolling disk using numerical optimisation methods. The
Maxwell point concept is related to optimal control problems [11,15]. At the initial point,
the local solution of optimal control problems is the optimal trajectory (referred to as
a geodesic), that goes from the initial point and the corresponding control. Maxwell points
are points where the geodesics intersect each other for the first time and the corresponding
geodesic segments have equal length. For example, Maxwell points on the Heisenberg
group lie on the line (see [16]). This implies that Maxwell points are points where geodesics
lose optimality. In optimal control problems, there can be other points at which geodesics
lose their optimality, for example, conjugate points (see [11,15]).

The problem of existence and finding Maxwell points is an open problem [11,17].
There are only a few concrete situations where the problem is solvable analytically (e.g.,
the kinematics of a vertical rolling disc) [16,18]. The main goal of this paper is to design
a numerical algorithm to find the Maxwell points of the dynamics of a vertical rolling
disc. The rolling disk serves as a case study for the methods under development to be
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tested on, but it may be applicable to a much larger group of complex nonlinear dynamical
systems, real-life robots, or may include considerations or models of imperfections of a real
dynamical system, as demonstrated in [19].

Using numerical approaches to solve different nonlinear tasks was proven useful
in [20,21]. In Section 2 we describe a vertical rolling disc, including the derivation of
differential kinematics and dynamics. In particular, we derive the Lie algebra for the
differential kinematics and we indicate the shape of the Lie algebra for the dynamics.

In Sections 3 and 4 we study two different approximations of the Lie algebra for the
dynamics of the disc. Later, in Section 3, we use the Taylor polynomial and in Section 4
we use Bellaiche’s algorithm for the approximation of nonlinear expressions, while both
approximations give a nilpotent Lie algebra. For both approximated dynamic systems, the
optimal control problem is formulated, where the goal is to get an energetically optimal
trajectory between two points of the configuration space. We use the Pontryagin maximum
principle to derive the ODEs whose solutions give the optimal trajectories.

In Section 5 we show the description of the numerical algorithm developed for finding
the Maxwell points of the system. The input of the algorithm is the set of ODEs given by
the Pontryagin maximum principle.

Finally, in Section 6 we test the algorithm on both approximated dynamics systems
derived in Sections 3 and 4.

2. Description of the Mechanism

This paper discusses a differential drive wheeled mobile robot’s motion where there
are two independent motors and one/two auxiliary wheels (like TurtleBot 2 (Figure 1b),
Khepera robot, etc.). Let the mechanism be the homogeneous rolling disc of mass m = 1 and
radius r = 1 in plane xy. Assume that the disc moves without tilting and slipping. It can
change the acceleration in the forward or backward direction and the angular acceleration
in the vertical axis. The position of the disc can be described by the vector g = (x,y,6,v,w)T,
where 6 is its orientation, v its velocity in the forward direction, and w the angular velocity
(Figure 1a). It gives 5-dimensional configuration space C = {q = (x,y,0,v,w)"}.
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(a) Vertical rolling disc (b) TurtleBot 2
Figure 1. Differential drive wheeled mobile robot.

2.1. Differential Kinematics of the Mechanism

In this section we want to describe differential kinematics of the mechanism [22-24].
The non-slip condition gives us following equation, referred to as the Pfaffian constraint:

(%,9) -n=—xsinf +ycosh = 0. (1)
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This equation holds if
X = ujcosb,
Yy = uysiné, )
6 =1,
where iy = v, i = w are control parameters for the kinematics. Note that any movement
back and forth can be expressed by ¥ = u; cos6, y = u;sinf, and § = 0 and any change

of the orientation can be expressed as ¥ = 0, y = 0, and § = 1. It is obvious that we obtain

two vector fields .
V1 = cos 0y +sinfdy,

_ 3
Vy = 0y, ®

yielding a first-order control system

g=mVi+mV,, (4)
whereq = (x,y, 0)T. The vector fields V] and V, generate 3-dimensional Lie algebra, where
V3 = [V1, V2] = sinf0y — cos §9,. The operation Lie bracket on the algebra is shown in

multiplicative Table 1.

Table 1. Lie bracket of Lie algebra for differential kinematics.

[] Vi Va Vs
7! 0 V3 0
V) -V3 0 i
V3 0 -V 0

2.2. Dynamics of the Mechanism
The dynamics of the mechanism with respect to movement without tilting and slip-

ping is
Mﬁ:fB—AA,
where
m 0 0 F 0 O cosf —sin@
M=|0 m O0)],f=(0 F O |,B=|sinf|, A= cosf |,
0 0 I 0 0 M 1 0

m is the mass of the disk, [ = %mrz = % is the moment of inertia about the vertical axis, r is

the radius, F is the force that causes forward and backward movement, M5 is the moment
that causes the rotation around the vertical axis, and A is the friction force [25].
For the first derivation of the position the following holds:

ﬁ:SW
where
cosf O o
S=|sinf 0 ’V:(w>’
0 1

v is the velocity in the direction of the movement and w is the angular velocity around the
vertical axis. It gives

g = SV+3vV,
STMSV +STmMSV = STfB,
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and it can be derived that

= wvcoso,
y = wvsinb,
0 = o, ®)
R I
m omr
o L M
= T
The configuration space is C, dim C = 5. The system (5) can be written as
v cos 0 0 0
vsinf 0 0
=W+uV1+upVp = w | 4+u|0] +ux|0f, (6)
0 1 0
0 0 4

.
I
S a o wr

where uy = M, up = M), are control parameters for the dynamics. The vector fields
W, V1, V2 generate infinitely dimensional Lie algebra, so for a discussion of controllability,
the vector fields need to be approximated appropriately.

3. Approximation of Vector Fields Using Taylor Polynomial

An approximation by the Taylor polynomial is offered as one of the possibilities. Using
a Taylor polynomial of the first order at point § = 0 we get cos 6 ~ 1, sinf ~ 6. Then the
dynamics of the mechanism is

Ky
Il
S a o wr

=Vo+uVi+uVp =

v 0 0

06 0 0

w | +u |0 +uf0 (7)
0 1 0

0 0 4

The vector fields V;, V1, V, generate 8-dimensional nilpotent Lie algebra, where

SN
[

Vo, Vi] = —0x — 60y,
[Vo, Vo] = —49y,

Vo, V3] = —wdy,
Vo, Vi] = 400y,

[V3, Vy] = —40,

The operation Lie bracket on the algebra is shown in multiplicative Table 2.

Table 2. Lie algebra of approximated vector fields using Taylor polynomial.

[-] Vo vy V V3 Vs Vs Ve vy
Vo 0 V3 V4 Vs Vs 0 0 0
1 -V 0 0 0 0 0 -V 0
V, VA 0 0 0 0 \z 0 0
V3 —Vs 0 0 0 vy 0 0 0
1A —Vs 0 0 -V 0 0 0 0
Vs 0 0 -V 0 0 0 0 0
Vs 0 \Z 0 0 0 0 0 0
vy 0 0 0 0 0 0 0 0
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We can see that the Lie algebra is nilpotent but the dimension of the algebra is higher
than the dimension of the configuration space C. However, at point g9 = (0,0,0, 0,0)T
we get nilpotent sub-algebra of dimension 5, so the mechanism is locally controllable.
In Section 4 we compute the approximation of vector fields Vj, V4, V3 using Bellaiche’s
algorithm to get nilpotent algebra of dimension 5.

3.1. Optimal Control Problem
The dynamics (7) with conditions

9(0) = g0, 90 = (0,0,0,0,0)", ®
q(T) = 4qr,
and optimality condition
L= /OT(M% + u3)dt — min )

gives the optimal control problem whose solution gives an energetically optimal trajectory
between two points qg, g7 € C, where uy, u; are control parameters and T is the end time.
The Hamiltonian of the optimal control problem is

H = max {(u% + u%)ho + vhy + v0hy + whs + u1hy + 4u2h5}.

ug,upeR

Using PMP we get the optimality conditions gTHl =0, E?THZ = 0. This gives
hy
Ui = -
2hyg
10
by 25 i
2 o’
so the Hamiltonian is in the form
hy  4h?
=———-——40h 6h hs.
g o + vhy + vbhy + whg

The adjoint system and the dynamics of the mechanism (7) with respect to (10) gives
the following system of differential equations:

hi::__gfi,i €{0,1,...,5},

xzh 8h (1)
N A U 7 A
q=W 2h0V1 s Vo,

where x; € {x,y,0,v,w}. The solution of the system with respect to (8) gives the optimal
curve between points g, g7 € C. The corresponding control 11, up can be found from (10).

4. Nilpotent Approximation Using Bellaiche’s Algorithm

In this section we would like to find 5-dimensional nilpotent algebra that approximates
the algebra generated by vector fields Vg, V4, V» derived in (6). Let us introduce some
notions. Define A! to be the linear subspace generated by X, ..., Xy,

Al = span{Xy,..., X}

For s > 1, define A**1 = A% + [Al, A%]. Set n;(p) = dimA!(p). We define weights at
p,w; = wi(p),i=1,...,nby setting w; = sif n,_1(p) < j < ns(p), where ng = 0.
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In the construction of a nilpotent approximation of the given Lie algebra we will

first proceed with the construction of privileged coordinates according to Bellaiche’s
algorithm [12].

1.

Choose an adapted frame Y3,...,Y, at p.

In our case we choose frame (Y7 := V, Yo := V1, Y3 := V,, Yy := V3, Y5 := V) at
p = (0,0,0,1,0).

Choose coordinates (v, .. .,yx) centered at p such that 9|, = Yi(p).

For our adapted frame we choose the coordinates

a1 0 0 010 X
Y2 0 0 0 0 4 Y
y3|=(1 0 0 0 O 0
Y4 0 0 400 v
Y5 0 -4 0 0 0/ \w
Forj=1,...,nset
wj—1

- 2 hk(yl/- . ~/yj—l)/
k=2

where,fork:2,...,w]-—1

nq IX];l
lX 1 yl y]—l
hk(yll---/]/j 1 ZYl ] ( th > 71'”04]‘—1,

( )<w]

with || = a1 + - - - 4 a,. First notice that for coordinates of degree w; < 3 the trans-
formation z; = h(yj,...,y;) degenerates [12]. Thus, we will focus on the evaluation
of z5s. The sum yields

wjfl

Y (s yio1) = ha(ya,- - . va)
k=2

= Y1Ya(ys)(P)y1y2 + Y1Ya(ys) (p)y1ys+
+ Y1Ya(ys) (p)y1ya + Y2 Ya(ys) (p)yays+
+ Y3Ya(y5) (p)ysya + YaYa(ys) (p)yaya+
+YE (ys) (P)vi + Y3 (y5) ()3 + Y3 (y5) (p)y3.

Notice that Y2(ys) = 0, Ya(ys) = 0 and furthermore Y?(ys) = 0, Y2(ys) = O,
Y>Y3(ys) = 0. So, the transformations z; are of the form

21 = VY1,
Z2 =2,
Z3 = Y3,
Z4 = Y4,

z5=Ys+ 7 Sm(yz) (P)y1ys,

in original coordinates (x,y,6,v, w)

Z1 =0,
zp = 4w,
z3 = X,
Z4 = 49,

1
z5 = —4y + 1 sin(0) (p)vx.
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We can see that for the choice of § = 0 the transformation degenerates, and hence
from now on let us introduce a substitution C = % sin(0)|,. Now, express the base of
tangent bundle of old coordinates in terms of new coordinates

ax = 823 + CzlaZ5/

9y = —40.,
dp = 40z,,
0y = 0z, + Cz30,
Do = 40,,.

Finally, let us express original vector fields in algebraic privileged coordinates.

No = 219z, + C230;, — 212402, + 162202,
N1 = 09;, + Cz30z,,

N, = 169.,,

N; = 1602,

Ny = 212492, + (Cz3z4 + 1621) 0.

The second step of nilpotent approximation is the approximation of the vector fields’
elements (from a function viewpoint). First let us define a weighted degree of monomial.
Given a sequence of integers & = (aq,...,a,), we define the weighted degree of the
monomial z% = z’i‘l ...Zy" tobe w(a) = wiag + ...+ wyay, and the weighted degree of the
monomial vector field z9;; to be w(a) — w;.

For vector field X with a Taylor expansion

X(Z) ~ E aﬂl,]'zaaZj/
&

the order of X is the least weighted degree of a monomial vector field having a nonzero
coefficient in the Taylor series. Grouping together the monomial vector fields of the same
weighted degree we can express each vector field as a series of monomial vector fields.
A monomial vector field with the least weighted degree gives us nilpotent approximation
of the Lie algebra [13], thus

Ny = 823 — z4825 + 1622824,

Ny = ale

N, = 169.,,
N3 = 1695,
Ny = 169s;.

The operation Lie bracket on the algebra is shown in multiplicative Table 3.

Table 3. Lie bracket of nilpotent Lie algebra found by Bellaiche’s algorithm.

[ ] No Ny N, N3 Ny
No 0 0 —16N; N, 0
N 0 0 0 0 0
N» 16Nj3 0 0 0 0
N3 _N, 0 0 0 0
N, 0 0 0 0 0
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4.1. Optimal Control Problem
The dynamics of the mechanism
21 0 1 0
Zy 0 0 16
qg=123 = No+uiNi+uyNp = 1 +u |0 +ux| 01, (12)
24 1622 0 0
Z5 —Z4 0 0

and conditions (8) and (9) define a different approximation of the same optimal control
problem as in Section 3. Like in Section 3 we get that for the control the following hold:

u n
1= 77/
2hg
1
B (13)
2 ho *
The Hamiltonian is in the form
hy  64h3
H= —M — TO + h3 + 1625hy — z4h5,
and the system of differential equations is in the form
; H
h=—2" ici01,.,5),
Bzi
h 8h (14)
i — Np— —L Ny — =2
q= N() 2h0 N1 h() Nz.

The solution of the system with respect to (8) gives the optimal curve between points

qo, 9T € C.

5. Numerical Analysis

As stated in the previous sections, obtaining the Maxwell points of the system is crucial
if our goal is to solve the optimal control problem. However, finding them analytically is
not always possible, and even if an analytical solution is technically reachable it may not
be a practically feasible one.

In practice, a viable alternative to analytical methods is a numerical solution to the
problem. Therefore, we developed a numerical apparatus to help discover the approximate
location of these Maxwell points of a dynamical system, and to be able to validate any
Maxwell point candidates.

The numerical approach proposed throughout this section utilises the Maxwell point
definition in the form: a Maxwell point (MP) is any state of an autonomous dynamical
system such that it is the end point of (at least) two different trajectories equal in both length
in the state space and time, starting at any given state. Generally, there is no guarantee
that Maxwell points exist in any given case. However, when presented with a specific
system, we can attempt to find them using this definition, and if the attempt fails it can be
presumed that the Maxwell points do not exist.

To describe the methods used in further subsections a basic nomenclature will be
described here. First, we assume that we deal with an autonomous system of ODEs—the
control system, which was created by expanding the original system using the PMP as
described in Sections 3.1 and 4.1, resulting in the explicit form (15)

y=f(qh)=f(y), (15)
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where y € R?" is the state space of the control system, g € R" is the state space of the
original system, and h € R" is the extended space generated by the PMP with respect to
a minimisation functional L(y, t) described by Equation (9).

These spaces are related as

q1 hy

_ |9 . .
y= |:h:|/q_ . rh_ : (16)

an hy

Additionally, we denote a specific state at a given time instant as g(t) = q;, for
example, g(0) = qo representing the initial state or g(T) = gr the final state, if t € (0; T).
If more than one state trajectory is being described, the respective states are marked
qi(t) = g, with i being the trajectory index. The same notation is used for vectors y, g,
and h.

Given this formulation, the task of looking for a Maxwell point in the g space corre-
sponds to solving the boundary value problem for a system described by (15) with the
boundary values given by any g and g1 = g representing the Maxwell point. Note that
we only trace the position of Maxwell points in the state space of the original system g, not
in the whole state space of the control system y.

Further, given an initial condition yo = [g¢, h{] = [q10 . .. hno]" we can simulate the
system numerically and produce a trajectory using numerical integration methods such
as Runge—Kutta [26]. This allows us to acquire trajectory end points. Different system
trajectories can be generated using different initial conditions. These properties allow
us to effectively convert the BVP solution, which is generally a very difficult task, to
an IVP coupled with an optimisation algorithm (commonly referred to as the shooting
method) [27].

As stated earlier, if a point is a Maxwell point of the system, then two different
trajectories from the same initial point g will intersect at time T at this point. Based on
this assumption we can now reformulate our problem as a shooting problem, where we
have a fixed initial state of the system q¢ and we are looking for two different vectors hyg
and hyo which generate trajectories leading to the same point 11 = gor.

Finally, viewing the trajectory end point position in the state space as a function of its
initial condition gt = q1(qo, ho) will allow us to formulate an optimisation task for both
finding and validating the MPs. To solve these tasks we implement an interior point search
algorithm. This constrained nonlinear optimisation algorithm is used to solve problems of
the form

axgmin(B), t.9(5) =0 A 7(p) <0 a7

where J(B) is the cost function, ¢(p) is the equality constraint function (which is meant
to match the length of multiple trajectories if necessary), y(B) is the inequality constraint
function (which is meant to penalise multiple similar trajectories), and g is the vector of
parameters that are being optimised. The optimisation algorithm itself is well-described
in the literature (e.g., [28]), and we employ it using a standardised implementation in the
Matlab environment [29]. The optimisation tasks utilised in later sections follow the same
formulation.

5.1. Finding Trajectories Leading to Known MPs

If the position of a Maxwell point is known we may want to verify that this point is
truly the Maxwell point of the system. This may seem counter-intuitive but proves to be
useful when we only assume the property and need to validate it. This method will be
used in the following sections to validate our assumptions made about a subset of the state
space which we had assumed the MPs to lay on.
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As per our previous definition, assuming a known position of an MP, we need to

find two trajectories of the same length which intersect at the point at time instant T. We
can look for the trajectories one at a time, adding constraints to prevent the optimisation
algorithm from converging to the same solution repeatedly.

1.

q2

Find the first trajectory

Assuming the MP position is invariant to the actual trajectory length in time, we can
fix the initial configuration of the system to the origin (g1p = 0) and choose a final
time T € R* as any positive real number (affecting only how fast the system passes
through the optimal trajectory). We can now optimise the end point of the trajectory
to be equal to the suspected Maxwell point 11 ~ gp1. This means we choose such hyg
that drives the system to g in time T. This is a straightforward convex minimisation
task deduced from (17), since g1 now depends only on the choice of hjy and no
constraints are required. The cost function will take the form of a euclidean distance
result in an optimisation task defined as

K}y = argmin [ (hy9) = argmin ||qy — g17(710) |3 (18)
hypeR" hypeR?

where hj, is the optimal solution. The whole situation is depicted in Figure 2.

am

q1

Figure 2. Tllustration of the iterations for the optimisation task described by Equation (18). g¢ depicts

the initial condition, g,s the assumed Maxwell point, and r distance to the actual iteration final
point g7.

2.

Find the second trajectory

Now we need to find k3, for a second trajectory, which is different from hj, and drives
the system towards the same point gy, as shown in Figure 3. We can formulate our
constrained minimisation problem as (19) with constraints (20) and (21). The equality
constraint (20) is meant to satisfy the same functional (9) for both trajectories.

3y = argmin ||qm — g1 (h20)|[3, st (Y1, y2) =0 A y(h1o,ho) <0 (19)

hyeR"
¢(y1(h1o),y2(h20)) = L(y1, T) — L(y2, T) (20)
h1o hyo
hig, hyo) = — — 21
vl ) = |t — | D

The parameter p is a tuning parameter which specifies the minimal distance between
the vectors hyy and hyp, which are normalized so that the choice of this parameter is
independent of their respective scales.
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3. Review results
There are multiple termination conditions to the interior point algorithm. These
include:
¢  First-order optimality;
e [teration step size;
¢ Number of iterations.

Any of these can cause the algorithm to stop, but the main concern is the case where
the termination occurs due to a local minimum (first-order optimality reached). If
this happens, we may need to return to step 2 and restart the algorithm, giving it
a different initial guess.

To decide whether our result is valid, or if we need to restart the optimisation with
a different initial guess, we can compare the value of the optimisation cost function
J(hyp) with a numerical tolerance parameter. If the value is smaller than our chosen
numerical tolerance, the result is valid and the Maxwell point has been confirmed.

qiT = qum

qi1

Figure 3. Illustration on optimisation steps for the task (19), similar to Figure 2, searching for
a second trajectory leading to the same end-point. c represents the constraint function promoting
new solutions.

5.2. Finding MPs

In the previous section we described how to verify assumed Maxwell points, now we
will describe how to find them using a similar approach. We experimented with various
combinations of optimisation and random shooting and found that typical approaches
such as Monte Carlo or grid search are not viable in this case because it is quite difficult to
“hit” the Maxwell point exactly using shooting from random initial guesses. To overcome
this issue, the task needs to be formulated as a convex optimisation problem which can
converge with arbitrary precision if left iterating.

The proposed process itself is very similar to the one described in the previous section.
However, in this case the location of the end point where the two trajectories intersect
is unknown, so we need to optimise both hjy and hyg at the same time to make the end
points g1 and g7 converge to a single point. This means that the dimensionality of the
problem increases twofold because the number of unknown parameters is 21 instead of #.
The whole process is shown in Figure 4, and can be described as looking for two different
trajectories which start and end at the same points and have the same lengths. Based on the
MP definition described earlier, if the end points do converge, we can take the end point
for a Maxwell point. Formally, the optimisation task is then defined as (22), also with the
constraints (20) and (21).

[ }p] = argmin ||qi7(h10) — gor(h20)|[3, st @(y1,y2) =0 A (g, ) <0 (22)
20 h1g,hp0 €R"
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Similar to the previous section, we also need to perform an evaluation of the results
through the cost function value and check whether the found minimum is truly the Maxwell
point or if it is a local minimum.

q2
]

q0

q1

Figure 4. Illustration of the simultaneous numerical optimisation search for two different trajectories,
defined by the task (22).

After a Maxwell point is found we can restart the method with a different initial
guess and repeat the process to obtain more Maxwell points. Initial guesses can be chosen
randomly. It is important to note that the search process appears stochastic, and not all
initial guesses are guaranteed to converge to an MP, even if they do exist. Naturally, the
more initial guesses that are tried, the higher the chance of finding an MP.

When a sufficient number of Maxwell points is found, we can formulate a hypothesis
about the set they form. Generally, the MPs form a subset of the full space, often a hyper-
plane in linear cases. The form of the set can be analysed using standard data analysis
tools such as principal component analysis or proper orthogonal decomposition (PCA) [30].
Afterwards, our hypothesis can be verified using the algorithm from the previous section
applied on a new MP predicted by the hypothesis.

6. Numerical Experiments

In Sections 3 and 4 we described the optimal control problems developed from two
different approximations of the rolling disc dynamics, and in Section 5 we proposed
numerical tools based on previous research [14] for analysing these control problems and
finding the Maxwell points of the systems. In this section, we apply the numerical tools on
both systems as case studies.

6.1. Rolling Disc—Nilpotent Approximation with Drift

Using the approximation from Section 4, based on (14), in the form of (15), the optimal
control problem gives us the system of ODEs of the form

71 hy hy 0
i 256h, hy —~16
g=lg|=| 1 |,h=|m3| =] 0 (23)
qa 0 hy 1
Js 0 H5 0

This is the starting point of our numerical algorithm. We can use one more simplifica-
tion based on our system of equations. The optimality functional (9) is dependent on the
optimal control inputs (13). However, by calculating this we see that the resulting value
of the functional is only dependent on /1, hp, which are decoupled states (states which
are not dependent on any other states, only on time). This means that it is not necessary
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to compute the value of the resulting integral (9). If the norm of our states hy, hyg is the
same for both trajectories, the resulting integral value will be the same. This simplifies the
constraint condition (20) into (24), where G = [0,0,0,1,0], H = [0,0,0,0, 1].

(Ghig)? + (Ghig)* — (Hha)* — (Hha)* =0 (24)

The algorithm was able to find some results, but the found points were not the true
Maxwell points of the system. The system (23) has too many decoupled states and so there
are infinitely many solutions to the minimisation problem (22) that satisfy the constraints—
two trajectories have different initial vectors h(0) and converge to the same point, but the
trajectories themselves are the same. An example of such trajectories is shown in Figure 5.

T —=0
=k~ |—© —Traj1
H57 *——e_*__.e-* — % —Traj2 |7
(p e.’_*,e—’*'”o—
—

O ,—/B”*?— | | |

0 0.2 0.4 0.6 0.8 1
1 T T T T

—© -Trgj1
~ — % —Traj 2
o OB —— 90— — — %0 — % O— — % O— #— O — % —O % — —O% — —Ck ——— — — 0

_l | | | |
0 0.2 0.4 0.6 0.8 1
5 T T T T =0
=k |—© —Traj1
™ ,*,_e—*”‘o'* — % —Traj2
O e__*_.e——*’—o—
o-— %
O —"B’— | | | |
0 0.2 0.4 0.6 0.8 1
1
—© —-Traj1
DST oqb-——-:lo———*-o——-*-o——*—e—-*—e—*——e-*——e—*———or—:tw_—TB'—zw
_1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
1 T T T T
—© -Trgjl
7o) — % —Traj2
o 0 ——H0- ——#0-— % O— % O—¥— O ¥ —O ¥ ——O¥% ——Ck———w—— 0
_l 1 1 1 1
0 0.2 0.4 0.6 0.8 1

t(s)
Figure 5. Trajectories of the nilpotent approximated system.

6.2. Rolling Disc—Approximation Based on Taylor Linearisation

The second approximation leads us to a different set of equations (based on (11)) of
the form (15).

1 94 hy 0
G2 asqa| |2 0
g=|g3| = | g5 |, h=|h3| =| —hogs (25)
qa hy hy —h1 — haq3
qs 16h5 hs —h3

Deriving a simplification to the calculation of the optimality functional as seen in the
previous section is not trivial in the case of the system (25). The final value is dependent on
h4, hs, which are not decoupled, and is also dependent on other states. Therefore, in this
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case there is no choice but to compute the final value of the optimality functional (9) at
each iteration, which increases the computational complexity.

This time, after running the optimisation, we obtain different trajectories leading to
the same points (example trajectory shown in Figure 6).

%1073
OF—===""""__ =TT =~ ~L Traj1| |
CTH :% T ——-Traj2| |
3+ | 4
0 0.2 0.4 0.6 0.8 1
1
Traj 1
UN 0 ———Traj2
1 I I I I
0 0.2 0.4 0.6 0.8 1
0 =
Traj 1
Um -0.01F R ———Traj2 |+
-0.02 ‘ ‘ TTm——e ]
0 0.2 0.4 0.6 0.8 1
x1073
- Al T T T
0 T~a_ Traj 1|
c; 5- T~~~ _ ———IrajZf
-10 | | \\T —————— r"/
0 0.2 0.4 0.6 0.8 1
_—Trajl ]
——-Traj2| |

t(s)

Figure 6. Trajectories of a Taylor approximated system.

In Figure 7 we can clearly see that the found points span a subspace of the original
configuration space. Some dimensions in the data are numerically insignificant, forming
planes or lines in specific views, see Figure 8.

To further analyse the form of the subset formed by these points, PCA analysis was
performed on the data to discover the principal components in the data along with their
specific latent variables which specify the amount of variance each specific component
encapsulates. We can then calculated the cumulative sum of this variance for each specific
number to see how many of them are needed to describe our data. This is shown in
Figure 9. The calculated principal components Q = [4 ... 45"] form an orthonormal basis
which can be further reduced using our latent values and cumulative sum. In our case, the
first 3 components describe 99.9 % of the variance in our data. So we take only the first
3 columns of the matrix Q which forms a basis for our set of Maxwell points.

—0.0081 —0.0361 —0.8345
0.0019 —0.0028 —0.0021

O,i= | 06192 07844  0.0354 (26)
0.0026 —0.0194  0.5494
07852 —0.6188 —0.0211
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Note that this basis is valid only for the range of the space where the data points
are available. Hypothesis based on extrapolating the data is possible but needs to be

verified further.
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Figure 7. The found Maxwell points.
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Figure 8. The found Maxwell points (adjusted views).
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Figure 9. C, represents the cumulative sum of normalised variance of the individual PCA components
when ordered according to their significance, and 7 is the number of components involved in the
respective sum.

7. Conclusions

In this paper, a numerical algorithm for finding and validating the Maxwell points of
an affine control system was proposed in Section 5. The algorithm was applied to two dif-
ferent affine control systems, which were derived by different approximations of dynamics
of the vertical rolling disc, as described in Section 6. Both of the approximations serve two
purposes, that is, as a case study for the proposed numerical approach and to evaluate
the effect of different approximations on the whole process of optimal control design.
These numerical algorithms are the result of continuing research based on preliminary
results published in [14], which proved that the Maxwell points found using numerical
optimisation comply with analytical solutions.

As can be seen from the results, there are advantages and disadvantages of both
derived systems. In the nilpotent-based approximation the numerical algorithm collapses
to a trivial solution, as the state space trajectories are not dependent on some of the
expanded states, so the optimality of the control system is lost in points different from the
Maxwells ones. The problem of finding these points is much more complicated and will be
part of our next research.

In opposition to this result, the common linearisation based on Taylor approximation,
while still being nilpotent, yields quite different results. In this case, the numerical algo-
rithm is able to locate a set of Maxwell points suitable for further system analyses and
optimal control design. Unfortunately, the dimension of the control Lie algebra is higher
than the dimension of the configuration space.

The proposed algorithms allow us, in theory, to find or validate assumed Maxwell
points on any affine control system. This applies mainly in situations when analytical
solutions are not available, with the only limitations being the computation power and
numerical accuracy of the optimisation task. This paper only demonstrates its function on
relatively simple examples, but all of the algorithm’s steps should extend well to more com-
plicated cases, as it does not impose any insurmountable conditions on the systems being
analysed. The optimisation algorithm can reach arbitrary accuracy (within reason), limited
mainly by the numerical accuracy of 64-bit double precision data type. However, increasing
the accuracy slows down the computation, and obtaining even a reasonable number of
points can take a very long time. The task is by definition suitable for parallelisation on
multiple cores of the system to reduce the computation time if needed.
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Inaccuracies can also be introduced into the algorithm via integration steps of the
numerical ODE solver. This is especially so if the system is stiff. For linear systems we can
overcome this issue using an analytical solution to the system of ODEs, but with nonlinear
systems only choosing a specialised solver or reducing the step size can solve this problem,
which again trades off the computation time.

As seen in Section 6.1 there is a risk of false positives—either the system is ill defined
and the constraints specified in (22) are insufficient, or a local minimum occurs when
converging towards the Maxwell point. Both of these instances result in false positives and
can be eliminated by checking that the point we obtained is truly a Maxwell point of the
system. In the future research this problem will be addressed more concretely.

While the numerical algorithm presented in this paper is not perfect and requires
understanding and interaction with the user, the results are promising and form a basis for
future research.
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