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Conditions on stability and unstability of quaternion linear dynamical systems, linear differential and
linear fractional equations are established.

3HaiiieHO YMOBH CTIKOCTI Ta HECTIMKOCTI KBaTepHIOHHUX JIIHIAHAX TUHAMIYHUX CUCTEM, JIIHIMHUX IU-
(depeHIiabHUX PIBHSIHD 1 TIHIAHAX PI3HUIIEBUX PIBHIHDL IPOOOBOrO MOPSIIKY.

1. Introduction. Quaternion-valued equations are a new kind of equation with many applications
in any life sciences, mainly in physics [1 — 15]. The concept of quaternions was originally invented
by Hamilton and started in 1843. It extends complex numbers to four-dimensional space.
Quaternions have shown advantages over real-valued vectors in physics and engineering
applications for their powerful modeling of rotation and orientation. Orientation can be defined
as a set of parameters that relates the angular position of a frame to another reference frame. The
complete rotation matrix for moving from the inertial frame to the body frame is given by the
multiplication of three matrices where the rotation matrix is moving from vehicle-2 frame to the
body frame, vehicle-1 frame to vehicle-2 frame, and inertial frame to vehicle-1 frame, respectively
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NOTE ON QUATERNION LINEAR DYNAMICAL SYSTEMS 23

(more details are in [7, 16]). Quaternions provide an alternative measurement technique that is
not limited by a gimbal lock phenomenon. The cause of such a phenomenon is when the pitch
angle is 90 degrees [16].

Therefore, all CH Robotics attitude sensors [7] use quaternions, so the output is always valid
even when Euler angles are not.

2. Problem formulation. We consider linear dynamical system

Tn4+1 = PTn + Inq, nec N07 (1)

with p, ¢, z,, x,41 are quaternions (see Definition 1), p, q, x,,, z,+1 € H. We denote the set of
quaternions by H.

The main goal of our investigations is find conditions on stability and unstability (see
Theorems 1, 2) also we establish that Eq. (1) is hyperbolic (see Theorem 3). Moreover we
study conditions on stability if ¢ and p € C (see Theorems 4). All this results are in Section 5.
Some properties of the elements in the space H are established in Section 4. We also consider
continuous case in Section 6, i.e., linear differential equations on H. More we discuss linear
fractional difference and differential equations on H as well in Section 7. Theory is numerically
illustrated on a concrete example in Section 8. Paper is finished with Section 9 by outlining a
possible father investigation.

3. Notations and definitions.

Definition 1 [7]. Quaternions are 4-vectors whose multiplication rules are governed by a
simple noncommutative division algebra. We denote the quaternion q = (qo, q1, q2,q3)" € R* by

q = qo+ qii + q2j + qsk, (2)
where qo, q1, q2, q3 are real numbers an i, j, k satisfy the multiplication table formed by
?==kK=ijk=-1, ij=-ji=k, ki=-ik=j, jk=-kj=i (3)
Let us define for the quaternions ¢ from (2) and
p = po + pii + paj + psk, 4)
the inner product

(g, p) = qopo + q1p1 + q2p2 + q3p3, &)
and the modulus, by

[N

lgll == (9, 9))? = (@3 + & + @& +¢3) 7. (6)

The above inner product makes H a four-dimensional real Hilbert space. Given (2), we introduce
the real part operator

Rq = qo (7)
as well as the vectorial or imaginary part by
Sq = qi+ q2j + gsk. (&)
And finally the conjugate is introduced by
q:=Rq—q=q0 — qi — ¢2j — g3k 9
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24 N.DILNA, M. FECKAN, J. WANG

Definition 2. A continuous linear system is exponentially stable if and only if the poles of
its transfer function lie strictly within the unit circle centered on the origin of the complex plane.
Exponential stability is a form of asymptotic stability.

Definition 3. If A: R" — R" is a Cy map and r is a fixed point then r is said to be a
hyperbolic fixed point when the Jacobian matrix D A(r) has no eigenvalues on the unit circle.

Definition 4 [9]. Neimark— Sacker bifurcation is the birth of a closed invariant curve from a
fixed point in dynamical systems with discrete time (iterated maps), when the fixed point changes
stability via a pair of complex eigenvalues with unit modulus. The bifurcation can be supercritical
or subcritical, resulting in a stable or unstable (within an invariant two-dimensional manifold)
closed invariant curve, respectively. When it happens in the Poincare map of a limit cycle, the
bifurcation generates an invariant two-dimensional torus in the corresponding ODE.

4. Auxiliary properties. In this section in Lemma 1 we introduce some well-known general
properties of quaternions on the space H [3, 7].

Lemma 1. The following statements are true:

@ (S9)* = 14|l

(i) qp =pg;

(i) qg = gq = [lql*;

@) lgpll = llpall = llallllpll;

V) {0,9) = 5 (9 + ) = R(ap) = R(ap);

vi) {q,pq) = [lal*Rp.
Proof. Forreaders convenience we present also the proof. To prove Lemma 1 we use (2) — (9).

)
(S9)? = (q1i+ @i + ¢sk)’ = ¢} — 63 — & + q2ij + qasik+
+ @oq1ji + q2q3ik + gz ki + q3q2ki = —qf — 63 — a3+
+ g2k — 13§ — ek + qaqsi — g3q1j — @32l = —af — @5 — @3,
—19q|” = —=({3¢,39)) = — (& + &5 + 63);
(i1)
ap = (qo + q1i + q2j + q3k)(po + p1i + p2j + psk) =
= qopo + qop1i + qop2j + qopsk + @poi + up1i® + qpaij + qupsik+
+ q2poj + qap1Ji + @pai” + q2psik + g3pok + gzpiki + gspakij + gzpsk® =
= qopo + qop1i + qop2j + qopsk + qipoi — qip1 + qip2k — qipsj+
+ g2poj — q2p1k — q2p2 + q2psi + qzpok + q3p1j — g3p2i — g3ps =
= qoPo — q1P1 — @2P2 — q3p3 + (qop1 + q1po + G2ps — q3p2)i+
+ (qop2 — q1p3 + q2po + q3p1)j + (qops + q1p2 — g2p1 + q3po)k,

qp = qopo — q1p1 — 22 — q3p3 — (qop1 + q1po + G2p3 — q3p2)i—
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NOTE ON QUATERNION LINEAR DYNAMICAL SYSTEMS 25

— (q0p2 — q1p3 + q2po + q3p1)j — (qops3 + q1p2 — q2p1 + g3po)k,
Pq = (po — p1i — p2j — p3k)(qo — 1i — q2j — q3k) =
= podo — Podq1i — Pogaj — Pogsk — praoi + p1i® + praaij + prgsik+
+ p2qoj + Paquii + pagai® + p2qsik + p3qok + psqiKi + p3qokj + gapsk® =
= pogo — Poqil — pog2j — pogsk — p1goi — p1g1 + p1gek + p1gsj—
— p29oj — P21k — p2g2 + p2gsi+ p3qok — p3qij — p3gel — qsps =
= pogo — P1q1 — P2G2 — P3q3 — (P1go + Poq1 + P3g2 — P2g3)i—
— (p2g0 — P3q1 + Pog2 + P1g3)j — (P3qo + P2q1 — P1g2 + Pogs)k;
(iif)
qq = (qo + q1i + q2j + q3k)(q0 — @1i — q2j — @zk) =
= 5 — qoqui — qoq2) — qoask + qraoi — Gi° — q1g2ij — quasik+
+ 200 — 2q1Ji — 02025° — q2q35K + g3q0k — gsqiki — g3q2Kj — g3psk” =
= 4§ — ol — q0q2) — qoask + @10l — ¢ — qraek — qugsi+
+ q2q0) + @21k + @3 + q2q31 + g3q0k + @3q1) + @321 + G5 =
=5 +ai + a5 + a3,
79 = (q0 — q1i — q2j — q3k)(qo + q1i + q2j + qzk) =
= @ + Q@i+ qa2) + qoask — q1goi — q1i’ + qugij — qugsik—
— ¢2q0j — 20131 — 2q2§° — 2035k — g3q0k — g3q1ki — gaqokj — 3k* =
= 3 + qoqui + qoq2i + qoask — qraoi + @ — q1a2k — q1gzi—
— @2q0) + @21k + @ — q2q31 — q3q0k + @3q1i + 432l + @5 =
= g5 + a1 + &5 + 63;

@iv)

N|=

lapll = ({gp,ap))? = ((qopo — @11 — G2p2 — a3p3)* + (qop1 + quPo + G2p3 — qsp2)*+

[NIES

+ (qop2 — q1p3 + q2po + Q3p1)2 + (qop3 + q1p2 — q2p1 + (J3p0)2)
= <q§p3<—-qopoq1p1<—-qopoq2p2 — q0P0gsP3 — Q1P1gopo + GV + QLp1gepat+

+ q1P193P3 — q2P2P0q0 + G2P2q1P1 + Q%p% + q2p293P3 — q3P390P0 + q3P3q1P1+
+ g3paqep2 + G303 + @i + QP1aiPo + qop19aps — qop193P2 + q1Pogopr +
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+ ¢ PG + @LP0q2Ps — q1PodsP2 + q2P3qop1 + ¢2P3qiPo + 45P3 — q2P3q3p2—
— g3P2qoP1 — G3P2q1P0 — G3D2¢2P3 + 43D5 + 4GP — dop2q1p3 + Qop2q2po+
+ qop2g3p1 — Q1P3q0P2 + GP3 — QLP3¢2P0 — q1P3q3P1 + G2P0qoP2—

— @poqips + G3Ph + 42P0a3P1 + 3P1G0P2 — 43P2q1P3 + G3P1G2Po+

+g3p7 + 433 + qopsqip2 — qoPsgap1 + Qopsqspo + q1p2qops + qips—

— 1P2@2P1 + Q1P2G3P0 — Q2P190P3 — G2P1G1P2 + G3P; — Q2P143Po+
+ q3Poqop3 + 43PodLp2 — 43Podap1 + q;?]?%)é =
= (qu?) +qipi + 03 + GP3 + @pt + 65 + 63 + é3ps+
+ q3p5 + 4iP3 + 45PG + G3PL + GoP3 + 4ips + Gpi + Q§p3) %,
lallipll = ({a,))? ((p. )

= (quﬁ + @3pi + a3p3 + aop3 + aivg + GipT + aips+

VI

1 1
= (@ +ai+%+a3)2(p5+pi +p5+p3)2 =

[NIES

+ ¢iP3 + a3p% + GBPi + 43P + G55 + 43p] + a3pT + @3ps + Q§p§) ;
(v)
(P, q) = qopo + q1p1 + q2p2 + @3p3,

1 B 1 . . . .
§(qp +pq) = 5 <(QO + qii+ g2j + ¢3k)(po — p1i — p2j — psk)+

+ (po + p1i+ p2j + p3k) (g0 — q1i — q2j — Q3k)) =

1 ) . ) )
=3 <QOp0 — qop1i — qop2j — qopsk + qipoi + qip1 — qip2k + qip3j+

+ q2p0j + g2p1k + qap2 — qop3i + qzpok — g3p1j + g3p2i + qzp3+
+ pogo — Poqii — poq2j — pogzk + p1goi + P11 — p1gek + p1gaj+

+ p2qoj + p2q1k + p2g2 — p2q3i + p3qok + p3qij + p3gei + p3613> =

= gopo + q1p1 + q2P2 + q3P3,
R(qp) = N((q0 + @1i + q2j + g3k) (po — p1i — p2j — p3k)) = qopo + q1p1 + G2p2 + 4303,
R(pq) = R((po + p1i+ paj + psk)(qo — q1i — ¢2J — g3k)) = poqo + P11 + P2g2 + P3g3;
(vi)
pq = (po + p1i+ p2j + psk)(qo + q1i + qoj + q3k) =

= poqo + Poqii + Pogej + pogsk + p1goi + praii® + p1geij + prgsik+
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+ p2qoj + P2quji + p2g2i® + pagsik + psqok + psqiki + psgoki + psgsk® =

= pogo — P1q1 — P2G2 — P3q3 + (Poq1 + P1go + P2g3 — P3qe)i+
+ (Pog2 + p1g3 + p2qo — P3q1)j + (Pog3 + P1g2 — P2q1 + P3qo)kK,
(¢,q) = g3Po — qoq1P1 — Goq2P2 — Q043P3 + qiPo + Qoq1P1 + q1g3P2 — G1q2ps+
+ ¢3D0 + Q243P1 + Q0@2p2 — QL@2P3 + B3P0 + 42431 — q143P2 + G0g3P3 =
= (4§ + ai + a3 + a3)po = llal*Rp.
5. Linear difference equations. Let us consider (1). The associated linear map is
Ax = pr + xq.
If p,q, xpn, xn+1 € C, then (1) is reducing to
Tnt1 = P+ q)xn, n € Np.
It is known, that (11) is stable if and only if
p+ql <1
and asymptotically stable if and only if
lp+aql <1.

Here we have an interest to study problem (1), where p, ¢, and = € H.
Let us consider ¢ and p defined by (2) and (4) respectively and

T = x0+ 211 + T2 + 23k.
Then the right part of the Eq. (1) is
(po + p1i + p2j + p3k)(wo + w11 + 22§ + 23k) ¥
X (qo + q1i + q2j + q3k) (zo + 211 + x2j + 23k) =
= poo + pox1i+ pox2] + poxsk + xoqo + 190l + 2290j + 3g0k+
+ prwoi + pra1i® + pragij + prasik + zoqii + 210182 + zoquji + waq kit

+ paxoj + p2r1ji + pawaj? + paxsjk + Togej + T10ij + T2g0j® + v3geki+

27

(10)

1D

+ pszok + paziki + p3zakj + p3wsk® + vogsk + r1grik + z2gsjk + 23qk? =

= (po + q0)xo — (p1 + q1)x1 — (P2 + q2)x2 — (P3 + q3) T3+
+ (p1zo + pox1 — p3z2 + paxe + Toq1 + 1o + T2q3 — T3¢2)i+

+ (p2xo + p3x1 + por2 — P13 + Tog2 — 193 + T2q0 + T3¢1)j+
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+ (P30 — P21 + P172 + PoT3 + Togs + T1q2 — T2q1 + T3g0)k =
= (po + qo)wo — (p1 + q1)z1 — (p2 + @2)x2 — (P3 + g3)T3+
+ ((po + qo0)wo — (p1 + q1)z1 + (—=p3 + g3) 22 + (P2 — @2)73)i+
+ ((p2 + g2)w0 + (p3 — qo)w1 + (po + qo) w2 + (—p1 + q1)3)j+
+ ((p3 + g3)w0 + (—=p2 + q2)71 + (1 — q1) 2 + (Po + qo)z3)k.
The map A from (10) has the form
Po+q —P1—q@u —P2—G2 —P3—G
p1+4q1 po+qo q3 — P3 D2 — G2

D2+ q2 D3 — 43 Po + qo q1 — p1
p3+qs q2 — P2 P1—q1 Po+ qo

Then, A have eigenvalues

/\1=po+qo—\/—2\/(p%+p§+p§)(q%+q§+q§) —pi—p3—p3— ¢ — a4k — a3,

A22290+<10+\/—2\/(29?+19%+P§)(<ﬁJrqg+q§) -M-m-r-d-aé-da

A3:PO+QO—\/2\/(17?er%Jrz??a)(q%Jrq%Jrqg,) -P-P-r-d-aé-d

A4=P0+CI0+\/2\/(P?+P§+P§)(qf+qg+qg) -P-P - - g g

Clearly \; and A2 are complex conjugated numbers. By using

A(pt+p3+03)(dd + 3 +a3) — (=i —p3 — 15 —ai —¢f — @3%)* =
= -+ +p3—df -6 —d3)’
we see that A\3 and A4 are complex conjugated numbers for
Pl DL~ — 65 — 45 A0,
and they are real A3 = \4 for
PP +pi—ai— ¢ —g;=0.
Thus,

IA1? = [A2]* = (po + q0)*+

+20/ (0 + 0B+ 13) (6 + B+ aB) + 0} + 03+ PR+ f +aF + b

(12)
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As]? = [M]® = (po + q0)*—

2/ (@B R) TR BB Erdrd. (13)

and this gives

p(A) = \/(po+qo)2+2\/(p%+p§+p§)(q%+q§+q§) +pi P33+ e +a3 (14)

Returning back to the complex case for ps = ps = g2 = g3 = 0, we have

p(A) = \/(po +q0)2 +2¢/pig} + 3+ aF =V (po + )2 + (Ip1] + |a1])? > |p + 4.

Theorem 1. If p(A) < 1 in (14), then solution of the Eq. (1) is asymptotically stable.
Theorem 2. If p(A) > 1 in (14), then solution of the Eq. (1) is unstable.

Theorem 3. If |\;| # 1 in (12) and (13) then the Eq. (1) is hyperbolic (see Definition 3).
Theorem 4. If p and q € C satisfy

V(o + )2+ (Ip1] +]a1)2 > 1> [p+4l,

then solution of the Eq. (1) is asymptotically stable in the space C, where A: C — C and
unstable in H.

Remark 1. 1f some of |\;| =1 and p and ¢ depend from some parameters and |\;| = 1, then
we may have bifurcation in the equation (1).

Remark 2. If |A\;| = |X\2] = 1 and simultaneously |A3] = |\4] # 1 then we may have
Neimark — Sacker bifurcation (see Definition 4) for certain nonlinear parametric perturbations.

Remark 3. 1f p = —q € C, then (11) reduce to equation z,, = 0, n € N, while A # 0 with
p(A) = 2|pa|.

Remark 4. 1t clear that the solution of (1) is given by

n
n . .
Ty = Z <i>p’a:0q"_z, n € Np.

=0

Note when p, g, z¢g € C, then

n
n .
Ty = Z (i)plq" ‘zo = (p + ¢)" o,
1=0
which, of course, gives the solution of (11).
6. Linear differential equations. Now we consider a linear differential equation

2'(t) = px(t) + x(t)q, t€Ry=10,00), (15)

on H. By using the spectrum results of A in Section 5, we have the following results.

Theorem 5. If pg + qo < 0, then solution of the Eq. (15) is asymptotically stable and 0 is a
sink.

Theorem 6. If po+qo > 0, then solution of the Eq. (15) is unstable and 0 is a source/repeller.

Theorem 7. If py + qo = 0 then solution of the Eq. (15) is stable and 0 is a center.

We see that the dynamics of (1) is different than of (15). The Eq. (15) is never saddle
hyperbolic, opposite to (1).
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7. Linear fractional equations. Let v € (0,1), Ny_, ={1-a,2—,3—q,...}, 0 <a < 1.
A linear fractional difference equation on H is given by

ANu(k) =pulk —1+a)+ulk—1+a)g keN_,, (16)

where A%v(k) is the Caputo delta fractional difference [17]. By using [18], we have the following
observation.
Theorem 8. The Eq. (16) is asymptotically stable if and only if

|larg A\| — 7\ “
Qa ?

A 2
H<<cos 5

|arg \| > O;i YA € o(A). (17)

The conditions (17) are difficult to express for our concrete forms of A\, so we do not go in
details.
Finally, we consider a linear fractional differential equation

°Dfx(t) = px(t) + z(t)q, te€ Ry=][0,00), (18)

on H, where “D§xz(t) is the Caputo fractional derivative with a lower limit at 0 [19]. Applying
[20], we obtain the following result.
Theorem 9. The Eq. (18) is asymptotically stable if and only if

|arg \| > 0‘7” YA € o(A). (19)

Again, the condition (19) is difficult to express for our concrete forms of A\, so we do not go
in details.
8. Example. To illustrate the theory, we consider the following simple example for

p=1+2i+3j+4k, q¢=5+6i+7j+8k (20)

Then A from (10) has a form

8 6 4 —4
A=

10 -4 6 4

12 4 —4 6

We have

o(A) = {Gi \/2(\/M+89)z,6i \/2(89 - @>z} ~

~ {6 £ 17.59172,6 £+ 6.8213%:},

p(A) = max{\/2<107+ \/M), \/2(107— @)} -

_ \/2(107 n \/M) ~ 18.5868,
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NOTE ON QUATERNION LINEAR DYNAMICAL SYSTEMS 31

min |o(A)| = \/2(107 - \/4321> ~ 0.08468,

argo(A) = {:l:arctan(é \/é(\/ﬁ—i—%)), :l:arctan(é\/; (89 - \/M))} ~

~ {+1.2421, +£0.849375}.

By Theorem 2, (1) with (20) is unstable, and now 0 is a source/repeller. By Theorem 6, (15) with
(20) is unstable and 0 is a source/repeller. Since

)\ _ «
min [o(A)| ~ 9.08468 > 2 > (2 cos ‘arg’”> ’

22—«

condition (17) is not satisfied, by Theorem 8, (16) with (20) is not stable. By Theorem 9, (18)
with (20) is asymptotically stable if and only if

2 arctan (;\/; (89 — \/4321)>

™

a < ~ (0.540729.

We see that as « € (0, 1] varies, the stability of (18) with (20) is changing: 0 is asymptotically
stable for

2 arctan <;\/ % (89 — \/4321)>

a€ |0, - ,

and 0 is unstable for

2 arctan(é\/; (89 — \/4321)>

™

o €

, 1

9. Conclusions. The next possible direction could be the study the nonhomogenous case
Tn+l = PTp + Tnq + 1, n € Ny,
for p, q, xpn, xp+1, T, € H. Then a general, higher dimensional case on H™*™ given by
Tp+1 = Pxyp + (xZQ)T +7r,, n € Np, 2n
for P,QQ € H™ ™ and x,,r, € H™. So we have
Ax = Pr + (:UTQ)T.

Note it does not hold (:pTQ)T = Q" x since H is noncommutative. We see that (21) is a general
(real) quaternion linear difference equation. Extensions of the above hints can be studied to linear
differential and fractional equations mentioned above.
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