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We present a bilinear matrix inequality (BMI) formulation of the conditions for a Lyapunov functions for

autonomous, linear stochastic differential equations (SDEs). We review and collect useful results from the
theory of stochastic stability of the null solution of an SDE. Further, we discuss the Itd- and Stratonovich
interpretation and linearizations and Lyapunov functions for linear SDEs. Then we discuss the construction
of Lyapunov functions for the damped pendulum, wihere the spring constant is modelled as a stochastic
process. We implement in Matlab the characterization of its canonical Lyapunov function as BMI constraints
and consider some practical implementation strategies. Further, we demonstrate that the general strategy is
applicable to general autonomous and linear SDEs. Finally, we verify our findings by comparing with results

from the literature.

1 INTRODUCTION

For a linear deterministic system X = Ax, A € R4*?,
with a globally asymptotically stable (GAS) equilib-
rium, one can compute a quadratic Lyapunov func-
tion V(x) = x’ Ox by solving a particular type of
the Sylvester equation (Sylvester, 1884), the so-called
continuous-time Lyapunov equation,

Q"A+AQ =P, (1)

for any given symmetric and (strictly) positive defi-
nite P. In the spirit of linear matrix inequalities (LMI)
(Boyd et al., 1994) this is sometimes written:

compute Q > 0, such that 0TA+AQ < 0,

although there is no need to solve an LMI problem be-
cause (1) is just a linear equation that has a symmetric
and positive definite solution Q for any given symmet-
ric and positive definite P, if and only if A is Hurwitz
(the real-parts of all eigenvalues are strictly less than
zero). For efficient algorithms to solve it cf. e.g. (Bar-
tels and Stewart, 1972; Mikkelsen, 2009). However, if
one wants to compute a common quadratic Lyapunov
function V(x) = x” Ox for a collection of linear sys-
tems X =A;x,i=1,2,...,m, cf. e.g. (Filippov, 1988;
Aubin and Cellina, 1984; Liberzon, 2003; Sun and
Ge, 2011), one must resort to solve the LMI:

Q> 0and QTA; +A;0 <0 fori=1,2,...,m.
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The stability theory of stochastic differential equa-
tions (SDEs) is a much less mature subject and al-
gorithms or general procedures to compute Lyapunov
functions, even for autonomous, linear SDEs, are not
available. In this paper we will show that there is a
canonical form for such functions and we will for-
mulate the conditions for a Lyapunov function as a
bilinear matrix inequality (BMI) feasibility problem
(VanAntwerp and Braatz, 2000).

The organization of the paper is as follows: after
fixing the notation we recall the basic theory of SDEs,
their stability, and Lyapunov functions for SDEs in
Section 2. In Section 3 we study the autonomous,
linear case in more detail, before we derive our BMI
problem in Section 4, both in general and, as a demon-
stration, for an important example from the literature.
In Section 5 we give a short verification of our re-
sults and then conclude the paper with some finish-
ing remarks on future research. We give several code
examples of how to efficiently define the BMI prob-
lem, but we do not consider in this paper how to solve
it. Computing a solution to a BMI problem is a chal-
lenging task, cf. e.g. (Kheirandishfard et al., 2018b;
Kheirandishfard et al., 2018a) that will be tackled for
our particular BMI problem in the future.

Notation: We denote by ||x|| the Euclidian norm of
a vector x € R, Vectors are assumed to be column
vectors. For a symmetric matrix Q € R?*? we write
Q> 0and Q > if Q is (strictly) positive definite and
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semi-positive definite, respectively, and similarly for
< and <. For a symmetric Q > 0 we define the ener-
getic norm |[|x||g := \/x” Ox. We write P and [E for
probability and expectation respectively. The under-
lying probability spaces should always be clear from
the context. The abbreviation a.s. stands for almost
surely, i.e. with probability one, and = means equal
a.s.

2 SDEs AND LYAPUNOV
STABILITY

In this section we describe the class of problems we
are concerned with and recall and collect some defini-
tions and useful results. For a more detailed descrip-
tion of the problems cf. (Gudmundsson and Hafstein,
2018, §2) and the books (Mao, 2008) and (Khasmin-
skii, 2012), to which we will frequently refer.
Stochastic differential equations (SDEs) are or-
dinary differential equations with some added ran-
dom distribution or noise. The noise is usually as-
sumed to be “white noise” and is modelled with a U-
dimensional Wiener process W = (W, Ws, ..., Wy)T,
where the W;, i = 1,2,...,U, are independent 1-
dimensional Wiener processes. The general au-
tonomous d-dimensional SDE of It6 type is given by

dX (1) = £(X(1))dr + g(X(¢)) - dW(z)

or equivalently
U
aX(1) = £(X())dr + Y. g"(X(1)-dW,(1) ()
u=1

for i = 1,2,...,d. Thus f = (f1,f5,....f2)7, g =
(g17g27 s 7gU)9 and gu = (gllt7g%7 s 7g‘uj)T’ Where
fi.gl: R? — R. We consider strong solutions to the
SDE (2), which are given by

XX(1) =x+ /O "H(X(s))ds + /O "a(X(s)) AW (s)

for deterministic initial value solutions X*(z) fulfill-
ing X*(0) = x € R? a.s., where the second integral is
interpreted in the It6 sense.

Another much used type of SDEs is given by the
Stratonovich approach

aX (1) = B(X(1))dr + &(X (1)) 0dW(r),  (3)

with strong solutions for deterministic initial values
X*(0) = x € R? as. given by

XX (1) :x+/0tf(X(s))ds+/0f g(X(5)) 0 AW (s),

where the second integral is interpreted in the
Stratonovich sense.
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It is adequate or even instrumental to use Itd’s
stochastic integral if the noise has no autocorrelation.
This is the case, for example, when modelling finan-
cial markets. When the noise is a model of some un-
known or complicated dynamic sub-system, then it is
more naturally represented using the Stratonovich ap-
proach. Fortunately, for our purposes it is enough to
study the SDE (2), because the Stratonovich SDE (3)
is equivalent to the 1t6 type SDE

aX () = FX()di+ ¥ X)) - W), &)
u=1

with
_ U
() := 10 + 5 ¥ Dg" ()8 (x),

u=1
where Dg" is the Jacobian of g“. The term added to
f(x) is often referred to as “noise-induced drift” for
obvious reasons.

Hence, we will in the following concentrate on the
1t6 SDE (2), but we will also interpret some of our re-
sults for the Stratonovich SDE (3) too. Further, we
will from now on assume that the origin is an equi-
librium of the system (2), i.e. f(0) = 0 and g"(0) =0
foru=1,2,...,U. Note that if the origin is an equi-
librium of the Stratonovich SDE (3), then it is also an
equilibrium of the equivalent It6 SDE (4). As shown
in (Mao, 2008) it suffices to consider deterministic
initial value solutions when studying the stability of
an equilibrium.

A great number of concepts are used for classi-
fying stability of equilibria of SDEs and the nomen-
clature is far from uniform. For our needs global
asymptotic stability in probability of the zero so-
lution (Khasminskii, 2012, (5.15)), also referred to
as stochastic asymptotic stability in the large (Mao,
2008, Definition 4.2.1 (iii)), is the most useful. How-
ever, we need many other concepts in intermediate
steps. For a more detailed discussion of the stability
of SDEs see the books by Khasminskii (Khasminskii,
2012) or Mao (Mao, 2008).

We recall a few definitions of stability that we use
later:

Definition 2.1 (Stability in Probability (SiP)). The

null solution X (1) = 0 to the SDE (2) is said to be sta-
ble in probability (SiP) if for everyr > 0and 0 < e < 1
there exists a & > 0 such that :

[x|| < & implies P {sup,~o | X*(1)|| < r} > 1—e¢.
O

Definition 2.2 (Asymptotic Stability in Probability
(ASiP)). The null solution X(t) 20 10 the SDE (2) is
said to be asymptotically stable in probability (ASiP)
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if it is SiP and in addition for every 0 < € < 1 there
exists a & > 0 such that :

Ix|| < & implies P {}Lm IXX(1)|| = o} >1_¢.

O

Definition 2.3 (Global Asymptotic Stability in Prob-
ability (GASiP)). The null solution X(t) = 0 to the

SDE (2) is said to be globally asymptotically stable in
probability (GASiP) if it is SiP and for any x € R we

have
. X _ _
P {tllmw”X = O} =1.
O

Definition 2.4 (Exponential p-Stability (p-ES)). The
null solution X(t) = 0 to the SDE (2) is said to be
exponentially p-stable (p-ES) for a constant p > 0, if
there exist constants A,o. > 0 such that

E{IX*0)[7} < Allx|[Pe™*
holds true for all x € R4 and all t > 0.

Since we are concerned with autonomous SDEs
the concepts of SiP and GASiP automatically include
uniform stability in probability and stability in the
large uniformely in t > 0 respectively, cf. (Khasmin-
skii, 2012, Remark 5.3, §6.5). The conditions for SiP
and ASiP are more commonly stated

thm P {sup,-o |X*(#)| <r} =1 forallr>0

for SiP and additionally

thm P {hmsupr( )]l :O} =1

X

for ASiP. This is clearly equivalent to our definitions
as can be seen by fixing r > 0 and writing down the
definition of a limit: for every € > 0 there exists a
8 > 0. Our formulation is more natural when studying
the stochastic counterpart of the basin of attraction
(BOA) in the stability theory for deterministic sys-
tems, cf. (Gudmundsson and Hafstein, 2018). Instead
of the limit ||x|| — 0 we consider: Given some confi-
dence 0 <1y <1 how far from the origin can sample
paths start and still approach the equilibrium as t — oo
with probability greater than or equal to Y. The exact
definition is:

Definition 2.5 (y-Basin Of Attraction (y-BOA)).
Consider the system (2) and let 0 <7y < 1. The set

P {lim |X*()]| =0} v} (r-BOA)

is called the y-basin of attraction (y-BOA) of the equi-
librium at the origin. 0

{XERd:

Any sample path started in y-BOA will tend to-
wards the origin with probability y or greater.

Just as for deterministic differential equations, the
various stability properties for SDEs can be character-
ized by the existence of so-called Lyapunov functions.
The stochastic counterpart to the orbital derivative of
V : R? — R for deterministic systems, i.e. the deriva-
tive along solution trajectories of x = f(x), x(0) =&,
given by

is the generator, where one has to add a term account-
ing for the stochastic drift:

Definition 2.6 (Generator of an SDE). For the SDE
(2) the associated generator for some appropriately
differentiable V : U — R with U C RY is given by

LV (x) := VV(X) f(x)

+5 ZZ&

i,j=lu=

82V
axlax (). 0

Note that LV is the drift term in the expres-
sion for the stochastic differential of the process # —
V(XX*(#)). Accordingly, the Stratonovich SDE (3) has
the generator

U
V(%) = YV (x)+ f<x>+§ng"<x>g"<x> 5)
1 ¢ Y %V
+§i7jz:“ ; 8x,8x](

When defining Lyapunov functions for SDEs it
is convenient to introduce the function class % of
strictly increasing continuous functions g : R — R,
such that 4(0) = 0 and limy_, e p(x) = oo.

Definition 2.7 (Lyapunov function for a SDE). Con-
sider the system (2). A function

vV ec(uynct(u\{0}),

where 0 € U C R? is a domain, is called a (local)
Lyapunov function for the the system (2) if there are
Sfunctions uy, o, u3 € Ko, such thatV fulfills the prop-
erties :

(i) i (IX]) < V() < o(|X]) forallx € U
(ii) LV(x) < —s((Ix]l) for all x € U\ {0}

If U = R? the function V is said to be a global Lya-

punov function.

It is instrumental that one does not demand that
a Lyapunov function V for an SDE is differentiable
at the origin, cf. (Khasminskii, 2012, Remark 5.5);
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see also (Bjornsson and Hafstein, 2018) for similar re-
sults for almost sure exponential stability introduced
in (Mao, 2008, Def. 4.3.3.1).

We conclude this section with the following gen-
eral theorem:

Theorem 2.8. [fthere exists a Lyapunov functions for
the system (2), then the null solution is ASiP. Further,
let Vinax > 0 and assume that V="([0, Vinax]) is a com-
pact subset of the domain U of the Lyapunov function.
Then, for every 0 < B < 1 the set V"'([0,B Vmax]) is a
subset of the (1 — B)-BOA of the origin. In particular,
if the Lyapunov function is global, i.e. U =R, then
the origin is GASIP.

For these results see (Bjornsson et al., 2018,
Th. 2.6) and (Khasminskii, 2012, Th. 5.5, Cor. 5.1).

3 LINEAR AUTONOMOUS SDEs

We will now consider equations (2) and (3) assuming
that f and the g* are linear, i.e. there exists matrices
F,G* € R4 guch that f(x) = Fx and g*(x) = G“x
for all x € R? and u = 1,2,...,U. The SDE (2) can
then be written

dX(r) = FX( dt+ZG" )-dW,(¢)  (6)

u=1

and its generator, with F;; and G” as the components
of the matrices F" and G* respectlvely, as

Z F,x,a )
i,j=1
1 ¢ V.

Similarly, for the Stratonovich SDE (3) the generator
is given by

d av
LV(X) = Z Fijxj+ 5 Z Z Glj /k ( )
i,j=1 Xi
1 ¢ ER%
+ 5 J% luzxkxészGﬂa ax ( ) ¥

For the autonomous linear SDE with constant co-
efficients (6) the relations between the stability con-
cepts in the last section are much simpler than in the
nonlinear case; for a proof of the following theorem
see (Hafstein et al., 2018, Prop. 1).

Theorem 3.1. The following relations hold for the
null solution of system (6) :

i) ASiP is equivalent to GASIP.
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ii) p-ES for some p > 0 implies GASiP.
iii) ASiP/GASIP implies p-ES for all small enough
p>0.

Unsurprisingly, the GASiP of the null solution of
the linearization of the SDE (2) implies the ASiP of
the null solution of the original system. Just as for de-
terministic systems, this can be shown by construct-
ing a global Lyapunov function for the linearized sys-
tem, which then is a local Lyapunov function for
the original nonlinear system. In the stochastic case
cf. e.g. (Bjornsson et al., 2018, Th. 3.4), where ex-
plicit bounds are given on the area where the Lya-
punov function is valid for the original nonlinear sys-
tem.

Just as quadratic Lyapunov functions V(x) =
xTQx, Q > 0, are a natural candidate for determinis-
tic, linear, autonomous systems, Lyapunov functions
of the algebraic form V (x) = ||x\|’é = (x7Qx) %, with
0O > 0and p > 0, are the natural candidate for stochas-
tic, linear, autonomous systems (6). This is justified
by the following theorem, where Q € R?*? is an arbi-
trary symmetric and positive definite matrix.

Theorem 3.2. The origin is GASiP for the linear sys-
tem (6), if and only if for all small enough p > 0 there
exist constants c1,c2,c3,c4,¢5 > 0 and a (Lyapunov)
function V € C(RY) NC?(RY\ {0Y) such that :

i) ¢ ||pr <V(x) < c2||x||gf0r allx € RY.
ii) LV (x) < —03Hx|| for all x € R4\ {0}.
iii) V is positively homogenous of degree p.
am
ox,
x € RY\ {0}.
0%V
0,0 (x)
and all x € R\ {0}.

Proof. Follows by (Bjornsson et al., 2018, Thms. 3.2,
3.3) and the fact that for all x € R we have

iv) §C4Hx||’éflf0rallr:l,2,...,dandall

V) < C5||X||‘g2 for all r,s =1,2,....d

Il < [0 < A s x|

Q min ,max

where Ag min > 0 and Ag max > 0 are the smallest and
largest eigenvalues of Q respectively. U

The function V (x) = [[x]|7, := (xTQx)? automati-
cally fulfills the condition i) of the last theorem with
c1 =c2 =1 and with & > 0 we have V (0x) = o’V (x),
i.e. condition iii) is fulfilled. Further, routine calcula-
tions give

e\%

d
aTCr(X) :P||X||272;Qirxi ©)
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and
0%V (x) =
ox,0x, .
—4 2 d
plxlly " | QwllxlIg+(P—2) ). QisQjrxix; |,
ij=1
which together with |x;| < [|x]| < kQ mmHX”Q deliver
conditions iv) and v) with
c4 - p}\’Q min Z |er|
and
L
Cs=p |er‘ + |P 72|}\‘_,min Z |Qistr| .
ij=1

Hence, the only condition for a Lyapunov function re-
maining for V(x) = ||pr is condition ii), i.e. whether
LV (x) < —c3][x||). Note that this is the case for both
the It6 and the Stratonowch interpretation of the solu-
tions, only the generator LV is defined differently.

In (Hafstein et al., 2018) this problem was stud-
ied and a linear matrix inequality (LMI) was derived,
which verified condition ii) for a given and fixed
QO > 0. This essentially implies that one has to “guess”
an appropriate Q > 0 for a Lyapunov function candi-
date and then verify if the candidate actually is a Lya-
punov function. Even in this quite restrictive setup the
authors were able to obtain considerably better results
for the interesting example of a damped harmonic os-
cillator with noise (Khasminskii, 2012, Example 6.6)
than previous attempts.

In the next section we will show how the prob-
lem of generating a Lyapunov function of the form
V(x) = ||x\|‘é for this system can be formulated as a
BMI and how the long and tedious routine compu-
tations can be considerably simplified by using the
Symbolic Math Toolbox in Matlab. Further, we use
the results obtained to verify some of the results ob-
tained in (Hafstein et al., 2018). The important step,
however, of solving the BMI, will be dealt with later.

4 BMI FOR THE LYAPUNOV
FUNCTION

To derive a bilinear matrix inequality (BMI) feasibil-
ity problem for the conditions of a Lyapunov function
for an autonomous, linear SDE, we will consider a
concrete example, namely, the damped harmonic os-
cillator

itki+oix=0

from (Khasminskii, 2012, Ex. 6.6) and (Hafstein
et al., 2018, Ex. 5.1). Setting x; = @x and x, = X we
get the linear system of equations

X = Fx, with x:(x1> and F:<0 (D).
X2 -0 —k

The eigenvalues of F are Ay = (—k+ Vk? —4w?)/2
and the origin is globally asymptotically stable for k >
0.

We add white noise to the damping and consider
the SDE

dX(t)

(X 1 (0 0
X_(X2> andG—(O _6>.

Here W is a one-dimensional Wiener-process and ¢
quantifies the noise.

As show in (Hafstein et al., 2018, Lemma 4.1)
the generator from Definition 2.6 using the Lyapunov
functions candidate V (x) = ||x|\’é and for the system
(6) interpreted in the Itd sense, can be written

= FX(t)dt +G'X(t)dw,(¢),  (10)

where

(0 =25 *H(x) an

U
H(x) = —x' (FTQ+QF+ Z (G“)TQG“> x||x||2Q

u=1
g 2
Z 06"+ (G Q)x)".

Similarly, by comparing (7) and (8) and taking for-
mula (9) into account, one sees that by adding the fol-
lowing term on the right-hand-side of (11), one gets
the generator (8) for the system (6) interpreted in the

Stratonovich sense:

d 1%

£ (3£ Lo ) oo
1

=
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In the preceding computations [QG"];; denotes the
(¢, j)-entry of the matrix QG" etc. Alternatively, one
can add

Q) x|Ix|g

=—*ZX

to H(x) in (11), i.e. the generator in the Stratonovich
interpretation can be written

Ixlg* (H0+HX).  (12)

+[(e)Pe

wx)=-%

Note that both the H(x) and H(x) are homogenous

polynomials in x € R? of degree 4. In the following

we will consider the It6 interpretation, but note that

the adaptation to the Stratonovich is straight forward.
The condition ii) from Theorem 3.2 becomes

p —4
LV (x) = =5 [Ixllg "H(x) < —es]Ixllg

or

H(x) > 22

= el (13)
We need to fix the parameter p>0in H(x) and (13)
to proceed. If c¢3 > 0 is now also fixed we can work
further with inequality (13) directly. If, however, we
want ¢3 > 0 to be a parameter in our BMI problem,
it is preferable to take advantage of the norm equiv-

alence of || -|| and || - || and consider the stricter in-
equality
2637»2
H(x) > c||x||* with ¢ = &M% (14)
p

that implies (13) and we will do this in the following.

Now we are ready to write the conditions for a
Lyapunov function for our ansatz V (x) = ||ng for our
equation (10) as a BMI. First we fix p > 0 and define

Pc(x’y) = H(xvy) _c(x2 +y2)2-

Note that P.(x,y) > 0 for all x,y € R is equivalent to
(14).

The objective is to find a parameter ¢ > 0, a sym-
metric and positive definite matrix Q € R?*?, and
a symmetric and positive semi-definite matrix P €
R3*3, such that for Z = (x> xy y?)T we have

}%(xay)

More detailed, we want to determine values for the
variables

=7'pPz=:P,. (15)

CaQl7Q23Q37P1;P23P37P47P5;P6

such that ¢ > 0,
_ (01 O
Q= (Qz Q3> =0
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P P P
P=|Ph P Ps| >0,
Py Ps P

and, additionally, such that P, is the same polynomial,
in x and y, as the expression P; := Z” PZ. If we suc-
ceed in doing this, then V(x) = ||x||’é automatically
fulfills all the conditions in Theorem 3.2, except pos-
sibly condition ii), just because Q > 0. Further, the
condition 1ii) is also fulfilled because P. = Pz, as a
polynomial in x and y, is easily seen to be the sum of
squared polynomials and thus nonnegative; namely

P.(x i\ﬁ[oz

where P = OT DO is the factorization of P using an
orthogonal matrix O € R3*3 and diagonal matrix D €
R3*3, the D; > 0 are the eigenvalues of P, or equiva-
lently the diagonal elements of D, and [OZ]; is the ith
element in the vector OZ, a polynomial in x and y.

To obtain the relations between the variables we
have to equate the coefficients of the polynomials P,
and Pz. This can be done by equating all fourth-order
partial derivatives of P, and Pz with respect to x and
y, i.e.

o*P. 9*P, o'P.  9*P, 9P ‘P,
ox*  oxt ox3dy  ox39dy’ 9x20y2  0x20y?

‘P,  o*P, 9P, ‘P,

oxdy?  oxdy3’ 9yt oyt
This is most conveniently achieved by using a com-
puter algebra system (CAS). In the following Listing
1 we use Matlab’s Symbolic Toolbox to set up the
problem as explained above. Note that we keep p as
well as the constants ® = w,k,6 = s of our example
SDE (10) as parameters:

Listing 1: Setting up the problem.

syms Q1 02 Q3 P1 P2 P3 P4 P5 P6 c
syms w k s p
0=[Q1l 02;02 Q3]
G=[0 0;0 -s]
F=[0 w;-w -k]
syms X y
v=[x yl]."
Pc=-xv. "*(F."*Q+Q*F+G. "*Q*G) *xv
*xv. "*QFxv. ..
+(2-p) /4% (xv. '*(Q*G+G. '*Q) *xv) "2
—c*(xv. "*xv) "2
P=[P1 P2 P3; P2 P4 P5;
Z=[x"2 x*y y~2]."
PZ= Z.'*P*Z

P3 P5 P6]

Obtaining the relations between the vari-
ables is now easy using symbolic differentiation,
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e.g. diff(PzZ,x,4) gives 24*P1 and diff (Pc,x,4)
gives 48*01*Q2*w - 24*c and we obtain the relation
P = 20100 — ¢ from 0*P./ox* = 0*P;/ox*.
This procedure, however, becomes tedious for
obtaining the coefficients for 0101, 020>, 0303,
0107, 0103, 0>03, ¢ from P, ; in terms of
the parameters p,®,k,G. A more automated
process is given in Listing 2 and one can imme-
diately read from its output diff(P_2Z,x,4)=P1
and Q1*Q1 Q2*Q2 Q3*Q3 Q1*Q2 Q1*03 Q2*Q3 c =
0, 0, 0, 2*w, 0, 0, -1 the same information,
ie. Py =20-0102+(—-1)-¢

Listing 2: Obtaining the relations: o* /dx*.

eq=diff
fprintf
egq=diff
fprintf
eql=diff
eq2=diff
eq3=diff
eqd=diff
eq5=diff (eq,03,2)/2;
eqb=diff (diff (eq,Q1),03);
eq7=diff (diff (eq,Q2),0Q3);
fprintf ('Q1*Q1 Q2*Q2 Q3*Q3 Q1*Q2
Q1*Q3 Q2*Q3 ¢ = %s, %s, %s, %s,

PZ,x,4)/factorial (4);
\ndiff(P_7,x,4)=%s\n',char (eq))

Pc,x,4)/factorial (4);

diff (P_c,x,4)=%s\n',char (eq))

eq,01,2)/2;

diff (eq,Q1l),02);

eq,02,2)/2;

eq,c);

(
('
(
('

%$s, %s, %s\n\n',char (eql),
char (eq3), char(egb), char(eq2),
char (eq6), char(eq7),char (eqd))

The other cases are similar and can be im-
plemented by adapting the code in Listing 2,
e.g. for the case 0*P./dx?0y* = 9*P;/0x’dy’
just change eq=diff (PZ,x,4)/factorial (4);
to eq=diff (diff (PZ,x,2),v,2)/(2*2); and
similarly eq=diff (Pc,x,4)/factorial (4); to
eq=diff (diff (Pc,x,2),vy,2)/(2*2);

The results from this procedure are the following
relations between the variables:

Variable Relations:

P =20010,—c¢
Py = —007 + 2005 + k010> + ©01 03
2P + Py = (4k — pc® +26%) 03 — 6001 0>
+(2k—06%)Q103 + 600203 —
Ps = 2003 + 003 — 001 Qs
+(3k— po® +06%)020s
Ps = (2k— po® +6°) 03 — 200203 — c.
We now come to writing our BMI problem.
One formulation of a BMI feasibility problem is

to determine values for the variables g1,q2,...,qum,
given symmetric matrices A;;,B;,C € RN*N - j =

1,2,...,M, such that

M M

ZZM/ z/+2q,B +C>0. (16)

i=1j=i i=1

Our problem has the variables

q1=01,92=

because the original variables P, P>, P5, Ps can be
written in terms of g1 = Q1, g2 = 02, g3 = 03, g6 = .

To define the appropriate matrices let us first de-
fine the matrices E; = e;e! and E;; := eieJT» +e;e! for

02,93 = 03,94 = P3,q5 = P4,q6 = c,

i < j. Here e; is the usual ith unit vector in R®.
The constraints of our BMI feasibility problem for
the SDE (10) can be written

ZZq,q, ,,+Zq,B +C=0 (17)
i=1j=i i=1

with the following nonzero matrices and where € > 0

is a small parameter.

Matrix Definitions:
Al = —0F),
A =20E | +kE12 — 60(E44 — Ess)
A3 = OEy + (2k — 6%)(E4q — Ess) — 0E)3
20 = 20E 1 + (4k — p6® +26%) (Es4 — Ess) — 20Ea;
23 = 60(E44 — Ess) + (3k — po” +67) Ezz — 20Es3
A3z = 0E3 + (2k — p6* + 62)Ess

B1 = Ege
By = Eg7
B; =E7;

By =E13+2(Ess — Eaa)

Bs = Exy +Ess —Ey4

Bg = —E11 —2(E44 — Es5)
C = —¢(Egs + E77 + Egs)

— E33 + Egg

All other matrices are set to the zero 8 x 8 matrix.
Note that one can also consider the left-hand-side of
(17) as matrix M € R3*8, whose entries are quadratic
functions in the variables g;.

A few comments are in order. First, since the BMI
problem (16) is written in terms of semi-definiteness,
i.e. > rather than >, conditions like ¢ > 0 and Q > 0
must be written as ¢ —€ > 0 and Q — €l > 0 respec-
tively, for a fixed, small parameter € > 0.

Second, the constraints P > 0 are implemented in
the principal submatrix M3 1.3 1= (Mij)i,j:1,2,3’ the
constraints Q > 0 in the principal submatrix Mg.7 6.7,
and the constraints ¢ > 0 in the principal submatrix (or

153



ICINCO 2019 - 16th International Conference on Informatics in Control, Automation and Robotics

element) Mg g. The principal submatrices (elements)
M4 4 and Ms 5 are used to force the equality

2P; + Py = (4k — po” +26°)05 — 6001 Q> (18)
+ (2k — 6%) Q103 + 600,03 — 2c.

Apart from these principal submatrices the entries of
M are zero. Lets go through the constraints in more
detail:

Principal Submatrix M3 1.3:
From the Matrix Definitions and (17) we see, by look-
ing for Eq; in the Matrix Definitions, that

My =20q192 — gs-

From the definitions of the variables ¢; and the Vari-
able Relations this implies M | = 20Q10> —c = Py.
In exactly the same way we get My | = M, = P,
M213 = M3’2 = P5, M3,3 = P6, where Pz, P5, P6,
just as Pj, are written in terms of the ¢ = Qj,
q» = Oz, g3 = 03, g6 = ¢. The variables g4 = P3
and g5 = P4 cannot be written directly in terms of
the other variables, and are thus put into Mj.3 1.3 as
My3=M31 =qs=Psand My, = g5 = P4.

Principal Submatrices M4 4,Ms 5, Mg g:
Since we only have > and not = in the BMI feasi-
bility problem (17) at our service, we implement the
equality (18) through

My4=r1hs—1lhs >0 and Mss5=1lhs—rhs >0,
where “lhs” and “rhs” denote the left-hand-side and
the right-hand-side of equation (18), respectively.
Further,

c=qe=Msgg—¢€>0.

Principal Submatrix Me.76.7:
The implementation is obvious:

_(a1i—¢& q@ \_ (O O\
M6:7,6:7< o q3€>(Q2 Q3) el >~ 0.

S VERIFICATION

We verified numerically our construction of the BMI
feasibility problem (17) for the SDE (10) for some
sets of parameters k, ®, G, p, ¢, Q that were used in the
sum-of-squared (SOS) approach in (Hafstein et al.,
2018, Ex. 5.1). For example, with

one can fix

q1:3a 612:1/37 6]3:3; C]6:O~05:C»

154

and find values for the variables g4 and g5 such that
the BMI feasibility problem (17) has a solution; in-
deed, with g4 = —12.126111 and g5 = 5.596667 the
minimum eigenvalue of M;.3 1.3 is greater than 0.02.

If o is changed from ® = 2.75 to ® = 2.5 it is not
possible to find values for g4 and g5 such that the BMI
feasibility problem (17) has a solution; even with g =
¢ = 0 the minimum eigenvalue of M3 1.3 is always
negative (less than —0.15), see Figure 1.

o —

/ “
=10 / -
o
5’ -20 , /

5 /
o /
E] /
2 /
€ 30 /
5 /
j=) /
[5] /
E 40 /
=2 /
E /
£ /
Z sof /

t’l

60
2 E 0 1 2 3 4 5

scan through parameter space: P3 and P4

Figure 1: The minimum eigenvalue of M.3 1.3 = P for a
scan through values for the variables g4 = P and g5 = Py.
For no admissible values for g4 and g5 is the minimum pos-
itive.

These results fully conform to the findings ob-
tained in (Hafstein et al., 2018, Ex. 5.1). The code
for producing these results is given in Listing 3.

Listing 3: Verification.

[

¥ make the Eij
E=eye (8);

E11=E(:,1)*E(1,:);
E22=E(:,2)*E(2,:);
E33=E(:,3)*E(3,:);
E44=E(:,4)*E(4,:);

E55=E (:,5)*E(5,:);
E66=E(:,6)*E(6,:);

E77=E (:,7)*E(7,:);
E88=E(:,8)*E(8,:);
E12=E(:,1)*E(2,:)+E(:,2)*E(1,:);
E13=E(:,1)*E(3,:)+E(:,3)*E(Ll,:);
E23=E(:,2)*E(3,:)+E(:,3)*E(2,:);
E6T=E(:,6)*E(7,:)+E(:,7)*E(6,:);

% works

w=2.75; k=0.9; s=2.0; p=0.1; c=0.05;
ql=3.0; g2=1/3.0; 93=3.0; gb6=c;

$ w=2.5; ¢c=0.05; gb=c; % does not work

V=(4*k-p*s"242%s"2)*q2"2-6*w*ql*qg2
+(2*k-s"2)*ql*q3+6*w*q2*g3-2*c;
eps=0.05;

$ make A, B, C as possible
All=-w*E12;

Al2=2*w*E11+k*E12-6*w* (E44-E55);
Al3=w*E12+(2*k-s"2)* (E44-E55)-w*E23;
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A22=2*w*E12+ (4*k-p*s " 2+2%s"2)
*(E44-E55) -2*w*E23;

A23=6*w* (E44-E55)+ (3*k-p*s " 2+s72)
*E23-2*w*E33;

A33=w*E23+ (2*k-p*s"2+s"2) *E33;

B1=E66;B2=E67;B3=E77;

B4=E13+2* (E55-E44);

B5=E22+E55-E44;

B6=-E11-2* (E44-E55)-E33+E88;

C=-eps* (E66+ET77+E88);

% 2*P3+P4=V
xmin=-2; xmax=5; steps=1000;
x=zeros (steps,1);
me=zeros (steps,1);
for i=1:steps
x(1)=xmin+i/steps* (xmax-xmin) ;
qd=x(1)*V/2; gb5=V-2*qg4;
M=ql 2*All+ql*qg2*Al2+ql*q3*Al3
+92"2*A22+q2*q3*A23+93"2*A33
+ql*B1+g2*B2+q3*B3+q4 *B4

+g5*B5+g6*B6+C;
me (i)=min(eig(M(1:3,1:3)));
end
fprintf ('max-min eig = %d\n',max (me))
hold on

plot (x, me)
plot (x, zeros (length(x),1),'r")

6 CONCLUSIONS

We presented a bilinear matrix inequality (BMI) ap-
proach for the computation of Lyapunov functions for
autonomous, linear stochastic differential equations
(SDE). For a concrete example we showed how to
derive the BMI problem and we verified the results
of our approach by comparing with previous findings.
Future work will be aimed at writing software to gen-
erate the BMI problem automatically for a general au-
tonomous, linear SDE and solving the BMI problem
numerically.
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