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Abstract

CL_MATCONT is a MATLAB package for the study of dynamical
systems and their bifurcations. It uses a minimally augmented system for
continuation of the Hopf curve. The Continuation of Invariant Subspaces
(CIS) algorithm produces a smooth orthonormal basis for an invariant
subspace R(s) of a parameter-dependent matrix A(s). We extend a mini-
mally augmented system technique for location and continuation of Hopf
bifurcations to large-scale problems using the CIS algorithm, which has
been incorporated into CL_ MATCONT. We compare this approach with
using a standard augmented system and show that a minimally augmented
system technique is more suitable for large-scale problems. We also sug-
gest an improvement of a minimally augmented system technique for the
case of the torus continuation.

1 Introduction.

CL MATCONT is a MATLAB
Consider a parametrized dynamical system defined as a set of ODEs of the
form

du

E = f(u’ Oé), (1)

where u € R™ is a state variable, a € R is a parameter, and f(u,«) € R" is a
smooth function of v and . For a general background on numerical continuation
we refer to the existing literature; see e.g., [1], [15], [16], [21, Section 3.6], , [3],
[22].

*Mathematical Sciences Department, University of Alabama in Huntsville, Huntsville, AL
35899, friedman@math.uah.edu. The author was supported in part under NSF DMS-0209536
and NSF ATM-0417774.

fMathematical Sciences Department, University of Alabama in Huntsville, Huntsville,
AL 35899, frederick qiu@yahoo.com. The author was supported in part under NSF DMS-
0209536.



We are interested in locating generic codimension-1 Hopf bifurcation points
on branches z(s) = (u(s), a(s)) of steady states

fl@) = fu,0) =0 (2)

and in two parameter continuation of the Hopf curve. Specifically, we are in-
terested in the case of large stationary problems (2), when direct methods are
expensive. However, if we can multiply by the Jacobian matrix f, quickly, we
can use projection methods. A typical example comes from a spatial discretiza-
tion of elliptic partial differential equations, in which case f, will typically be
large and sparse. In this case, an invariant subspace R(s) corresponding to a
few eigenvalues near the imaginary axis provides information about stability
and bifurcations.

CL_MATCONT [13] and its GUI version MATCONT [12] are MATLAB
packages for the study of dynamical systems and their bifurcations for small
and moderate size problems. They use minimally augmented systems (see [21],
[13]) for continuation of the Hopf curve.

The CIS algorithm is an algorithm for computing a smooth orthonormal
basis for an invariant subspace R(s) of a parameter-dependent matrix A(s)
[10, 14, 19, 5], [6]. This allows for computation and continuation of a much
smaller restriction C(s) := A(s)|gr(s) of A(s) onto R(s). And C(s) provides all
the relevant information about bifurcations. The CIS algorithm uses projection
methods to deal with large problems. See also [4] for similar results.

We have incorporated the CIS algorithm (in this case A(z(s)) = fu(z(s)))
into CL_ MATCONT to extend its functionality to large-scale bifurcation com-
putations via subspace reduction, see [5], [7], [18] for some initial results. In
the present paper we extend the minimally augmented systems technique to
large-scale problems for location and continuation of Hopf bifurcations. We are
preparing a detailed paper which will have a complete description of the exten-
sion of the functionality of CL_ MATCONT to large-scale bifurcation problems.

For locating a Hopf bifurcation, we use both a minimally augmented system
and a standard augmented system, and compare the performance of these two
methods. We use the BED (Block Elimination Doolittle) algorithm to solve the
resulting linear systems. In addition, we use a modification of BED to construct
a well-conditioned minimally augmented system. Using the same approach, we
also suggest an improvement of a minimally augmented system technique in the
case of the torus continuation.

For continuation of a Hopf bifurcation, we use a minimally augmented system
only. A standard augmented system is not suitable in this case, since the number
of the equations there depends on the size of C(x) which may change during
continuation of a Hopf bifurcation, but not during location of a Hopf bifurcation.



2 Preliminaries.

2.1 Subspace reduction for large systems.

Let A(s) € R™" s € [0,1], be a C* parameter dependent matrix (in our case
A(s) is the Jacobian matrix f,(z(s))). For some m < n, let

A(s) ={Ni(8)}r,, Redm < ... <ReMyut1 <0< Red,, <...<Rel,
(3)
be a small set consisting of rightmost eigenvalues of A(s) and let Q4(s) € R**™
be an orthonormal basis for the invariant subspace R(s) corresponding to A;(s).

Then an application of the CIS algorithm [10, 14, 19, 5], [7], [6] to A(s) produces
C(s) = Tui(s) = Q1 (s)A(s)Qu(s) € R™™, (4)

which is the restriction of A(s) onto R(s). Here 711 comes from the block Schur
decomposition

e = @)Y e e’ o

Moreover, the CIS algorithm ensures that the only eigenvalues of A(s) that can
cross the imaginary axis come from Aj(s), and these are exactly the eigenvalues
of C(s). We use this result to construct new methods for detecting and locating
bifurcations. Note, that A;(s) is computed automatically whenever C(s) is
computed.

2.2 Solving bordered systems: BED algorithm.

Consider linear systems of the form (see [21, Section 3.6])

T f
M = , 6
[ Y } { 9 } (6)
where M has the bordered form

(7)

T

ct D
with A € R™*" is large and sparse, B,C € R"*F D € RF<F gz f € R,
y,9 € R* and k < n. In case when both M and A are well conditioned, (6) can

be solved accurately using a block LU factorization of M by the BED (block
elimination Doolittle) algorithm, based on the factorization

ER N ®

Algorithm 1 BED (Block Elimination Doolittle) algorithm.



Step 1 Solve

ATC =,
Step 2 Compute B B
D=D-C'B,
Step 3 Solve - ~
Dy=g-C'f, )
Step 4 Solve.
Ax = f — By.

Remark 1 We use SVD, which has better stability properties than LU factor-
ization, to solve small linear system (9).

Remark 2 We use the BED algorithm to solve linear systems arising in the
situation when o minimally augmented system is used for location of a Hopf
bifurcation and for continuation of a Hopf bifurcation. In both these cases, A is
usually well-conditioned, but D can be ill-conditioned if we are not careful with
our choice of the minimally augmented system. We hence consider matrices M;
with different borders and use Steps 1 and 2 of Algorithm 1 to choose the indez i
so that D; has the smallest condition number. This computation is summarized
in Algorithm 2.

Algorithm 2 Select a bordered matriz M; so that the corresponding D; has the
smallest condition number.

A
oT

1
Be Rk ¢, e Rk D, e RF*F gpd 1 <i < K.

Input: M,; = [ D. ] nonsingular where A € R™ ™ and nonsingular,
K3

Step 1 Solve the linear system:

AT[ G - Gk l=]C - Ok ] (10)

Step 2 Compute
(D - Dxl=[Di - Dgl-[CF - GL]B. (1)

Step 3 Compute the condition numbers of Dy,--- , Dg.

Output: M;, i, where D; has the smallest condition number.

Remark 3 At Step 1 we solve a linear system with k - K right hand sides,
where k- K < n. Specifically, k = 2 and K = 6 in the case of locating Hopf,
where M; are the Jacobian matrices (20) below; k = 3 and K = 6 in the case of
continuation of a Hopf bifurcation (the size of the border is increased by one).
Hence in both cases these computations are cheap.



3 Locating a Hopf bifurcation.

Let z(s) = (u(s),a(s)) € R™ x R be a smooth local parameterization of a
solution branch of the system (2). We write the Jacobian matrix along this
path as A(z(s)) = fu(z(s)). Let 29 = z(so) be a simple Hopf point on a branch
x(s) of the system (2). This means that A° = A(x() has an imaginary conjugate
eigenpair A = +iw, w > 0, k = w?, and that d (Re \) /ds # 0 at so.

We will also use the notation A = A(x), f, = f.(x), and, for restriction
C(z) of A onto R(s) defined by (4), C = C(x), C° = C(xy).

We use a standard augmented system only for locating a Hopf point, while we
use a minimally augmented system for locating a Hopf point and for continuation
of a Hopf point. We do not consider the case of continuation of Hopf points
separately, since the equations in this case are very similar to those used for
locating a Hopf point, the main difference being that o € R?, and an additional
scalar equations is added to (2).

3.1 Locating a Hopf bifurcation using a standard aug-
mented system.

A well known method to locate a Hopf point (see e.g. [21], [3], [22]) is by applying
Newton’s method to a standard augmented system of 3n + 2 scalar equations
for 3n + 2 components (z,p,q,w) € R x R® x R" x R, x = (u,a) € R" x R,

fu(2)q —wp =0, (12)
~@ ' P+p =0,

where pg, o € R™ are certain fixed vectors. The Jacobian matrix for the system
(12) is:

fz 0 0 0

N fuzﬁ fu wly, a

J = fuza —wly, fu _]/7\ S R(3"+2)X(3n+2). (13)
0T p“oTT @“; 0
o - P 0

Note, that (12) is the real form of the complex system for (x,7,w)

f(z) =0,
fu(x)T —iwr =0, (14)
Ty —1=0,
which defines a necessary condition for Hopf bifurcation, and a Hopf point =
corresponds to a regular solution of (12). Here 7 = p + iq, 7o = po + i¢p € C™.
Using the CIS algorithm, the equations (12) are replaced, [5] and [6], by only
n+2m+2 equations for n+2m+2 components (z, p, ¢,w) € R* 1 xR™ xR™ xR,



where m is the size of C(x):

f(z) =0,
C(z)p+wq =0,
C(z)g —wp =0, (15)

pop+aq—1=0,
—@p+pig=0,

where pg, go € R™ are certain fixed vectors. The Jacobian matrix for the system
(15) is:

f 0 0 0 A fa 0 0 0
Cyp C wly, g Cup Cup C wly, q
J=1|Cwq —wl, C —p|=|Cug Coq —-wl, C —p | eROF2mEx(n+2m+2)
0" p g O o 0 p g O
0" —¢ p O o 0 —g py O

(16)
where f, € RN C (z)p, Cp(z)g € R™* (D To reduce the cost of
computing J, we use an approximation

Cap = (Q1 (2)A (2) Q1(2)) . p = Q1 () Aa(2)Q1p,

which is accurate when the subspace R(s) does not vary much at z : (Q:(z)),
is ‘small’ and a first order finite difference approximation

Ap(@)o = (f)uv = T “50‘ Yol +00) vern.

Combining the above two equations, we get

folut o)~ /o
ooy~ QBT 2 2 L

lv]], v=QipeR™ (17)

Similarly,

fz(u + 6%7 a) - fx(ua a)
Culw)g ~ Qf . loll, ©v=Qi.  (18)
The system (15) with the Jacobian matrix J (16), (17), (18), is solved by the
Newton method. And at each Newton step linear systems with the matrix J
are solved by BED, since both J and A € R™*™ are well conditioned.

3.2 Locating Hopf using a minimally augmented system.

The minimally augmented system (see [21], [12], [13]) to locate z( consists of
n + 2 scalar equations for n 4+ 2 components (z,k) = (u,a,k) € R" x R x R,
(i1, 41,12, J2) € {1,2}:

=0, (19)
0

[=p}



The Jacobian matrix of system (19) is:

fu fa 0n><1 5 9
(giljl)u (gi1j1)a (gi1j1)ﬁ € R(nJr )x(nt )v (20)
(gi2j2)u (gizjz)a (gizjz)ﬁ

where g;; = gi; (¢, K).

Remark 4 Depending on possible choices of g, j,, Ginj, from the set {gi1, g12, g21, g22}.
see below, there are K = 6 different Jacobian matrices (20).

3.2.1 Motivation: locating Hopf using a minimally augmented sys-
tem in Cl_matcont.

The two g;; in (19) are selected from four g;;, the entries of the solution matrix
U1 V2
g1 giz |, v1,v2 € R, g;; € R, to the (n+2)-dimensional bordered system:
921 g22

A2 + kI, W1,bor W2 bor U1 V2 Onx1 Opxi
U;bor 1 0 gin 912 = 1 0 R (21)
U2, bor 0 1 21 g22 0 1

where v1 por, V2,por € R™ are close to an orthonormal basis of A/ ((A0)2 + f-dn>,

T
and w1 por, Wa,por € R™ are close to an orthonormal basis of N (( AO)2 + fi]n) >

(which ensures that the matrix in (21) is nonsingular).
Here the entries of the Jacobian matrix (20) are computed as follows: (gi, j, )u
and (gi,;,)u are computed as

(giljl)u = _w;{ (A2)uvj17 (gizjz)u = _wiTz (A2)uvj27 (22)

with w; obtained by solving

(A2 + k:[n)T Ulbor U2,bor wy Wz Onx1 Onx1
WY por 1 0 hir hix | = 1 0 ;o (23)
W3 hor 0 1 har  hao 0 1

(9irj1)a and (gi,j,)o are computed as
(9inji)o = —wi (A1) avjys (Ginga)a = —wi (A%)av),; (24)

(9irj1)w and (gipj,)w are computed as
(Ginji ) = =005, (Ginga)w = —W},Vj,- (25)

The primary motivation for this paper is to extend and improve results
summarized in the following Remark.



Remark 5 The system (19) is not unique, since there are K = 6 possible
choices of the set {i1, j1,42,72}. CL_MATCONT uses QR decomposition of A to
construct a minimally augmented system for Hopf continuation [11, pp. 185,186]).
This method guarantees that the Jacobian matrix of (19) is nonsingular at the
starting point, and it is suitable for small systems only.

3.2.2 Locating Hopf using a minimally augmented system for large
systems.

We modify (21) by replacing A(z(s)) by its restriction C(x(s)) onto R(z(s)). We
solve linear systems with the Jacobian matrix (20), which has the bordered form
(7), using Algorithm 1, where we use Algorithm 2 to select the set {i1, j1,42,j2}
so that the matrix D in (9) has the smallest condition number.

The two g;; in (19) are selected from four g;;, the entries of the solution

U1 V2
matrix | g1 g12 |,v1,v2 € R™, g;; € R, to the (m+2)-dimensional bordered
g21 G922
system:
C? + kI, W1,bor W2 bor (%1 V2 Omx1 Omx1
Ui por 1 0 g1 g12 | = 1 0 ,  (26)
U3 por 0 1 g21 922 0 1

where v1 por, V2,por € R are close to an orthonormal basis of N ((00)2 + fdm) ,

T
and w1 por, Wa,por € R™ are close to an orthonormal basis of N (((00)2 + KJIm> )

(which ensures that the matrix in (26) is nonsingular). For g = 0, system (26)
implies

[C? 4+ kInv] [ 11 02 | =Omxas [ Vipor V2por | [ 01 w2 | = Do

Thus (19) and (26) hold at x = xg, which is a regular zero of (19).

Setting up the Jacobian matrix (20). Similarly to (22), (gs,4,). and
(Ginj»)u are computed as

(giljl )u = _w;I; (CQ)UUJ'U (gi2j2)u = _w;l; (02)7”]]'2’ (27)

with w;, analogously to (23), obtained by solving

C?+hIn) Voor 1|, 0 7 O
( +¥ ) ’ hii hig | = 2 (28)
Wyor O2x2 hot T I,



where (C?),v; is computed as

fulu+ 074, ) — fulu,
() = QT '“5) ) (29)

fu +5%7 _fu )
rower T TR

z= Qv y=@Q1C(x)v; € R™

Similarly to (24), (¢i,j,)a and (gi,j,)a are computed as
(giljl)a = _w;{ (02)an1, (gizjz)a = _wiT2 (02)04vj27 (30)

where (C?),v; is computed as

fu(u705+5) — fu(u’a)
5 y
o)y et ) St ) )

z=Qi, y=@Q1C(x)v; € R™

(C(2)*)avi = Q1 [

Finally, (gi,;, )« and (gi,j,)r are computed in the same way as in (25):
(gi1j1)ﬁ = _wiT1Uj1, (gizjz)ﬁ = _wiTgvjz' (32)

Algorithm 3 One step of the Newton’s method for locating Hopf using the
system (19) with the Jacobian matrices (20).

Input: Initial point x = (u, @), k, the matrices f,, C, and the matrices Vo, =
[ Vl,bor U2,bor ] ) Wbor = [ W1, bor W2,bor ]

2 U1 V2
Step 1 Solve ¢ ‘—/’_Tkjm ngOT g1 g2 | = { O”I”LXQ } .
bor 2 921 goo 2

Step 2 Denote by M;, 1 < i < K = 6, the Jacobian matrices (20). Note, that
M; has the bordered form (7). Use Algorithm 2 to select M; and compute
the corresponding D;

Au f
Step 3 Solve M; | Aa | =— | gij | for (Au,Aa, Ak) € R™*2 using Steps
Ak Gizja
Unew u Auy
3 and 4 of the BED algorithm 1. Then set | new | = | a |+ | Ac
Enew K Ak

Step 4 Compute fr = fo(Tnew) and then C = C(Xypew) using the CIS algo-
rithm.

OUtPUt: Tnew = (unew,anew)y Rnew, fm; C.



4 Torus Continuation

The minimally augmented system for the Torus continuation, (see [13], [17])
consists of 2n + 3 scalar equations for n + 4 components (u, T, a, k) € R™ x R x
R? X R, (i1, 71,12, J2) € {1,2}.

dt
u(0) —u(1) =0,
Jo (u®), tioa(t)) dt =0, (33)
Giljl (U,T, a) =0,
Gl2j2 (U,T, Oé) = 07
where G; j, and Gj,j, are selected from four G;;, the entries of the solution
(%1 (%)
matrix | G111 Gi2 | ,v1,v2 € R?, Gy € R, to the (n+2)-dimensional bordered
Ga1 Gao
system: )
V1 V2 0
N3 | Gnn G2 | = [ 7};2 } . (34)
| G211 G2
Here ~
D —Tfu(u,a) winr wiz
. 0o — 2k01 + 02 wo1  Waa
Ns = Int,,, 0 0 (35)
i Inty,, 0 0

where D is the time differentiation operator acting from C([0, 1], R") to C°([0, 1], R");
the bordering functions vg1, vo2, w11, W12, vectors wey and wag are chosen so that
N3 is nonsingular; dg, d1, d2 are the Dirac operators defined by 6;(f) = f(i) for
f € CH[0,1],R"). Int,, is the operator defined by Int,,, f = fol vdy () f(t)dt
for f € C1([0,1],R").

The system (33) is discretized by orthogonal collocation (see [13], [17]). Let
N be the number of subintervals and m be the order of the interpolating poly-
nomial at each subinterval. Then we have a discretized system of n(Nm+1)+3
equations for n(Nm+1)+4 components (ug, T, o, k) € R*N™+1D w R x R2 x R):

F(udaTa a) = 0,
Giljl (ud,T7 a) = 0, (36)
Gi2j2 (ud,T, a) =0.

From (34) we get four equations G;; = 0,((¢,7) € {1,2}) in case of Torus
bifurcation. But we use Algorithm 2 to select the set {i1,J1, %2, J2} so that the
matrix D in (9) has the smallest condition number. In this case, k¥ = 3 and
K =6.

And we use Algorithm 1 to solve the linear system. In this case, k = 3.

10



n Minimally augmented system | Standard augmented system
16,384 | 6.7 s 10.2 s
32,768 | 189 s 20.7 s

3 Newton iterations 4 Newton iterations

Table 1: The 1-D Brusselator problem (locating Hopf point)

5 Examples.

All computations below are done using MATLAB 7.0 on a 3.0 GHz Pentium 4
PC.

Example 1 The 1D Brusselator [23] is a well known model system for auto-
catalytic chemical reactions with diffusion:

%u”—(b—!—l)u—&—uQv—l—a:O, ‘li—gv”—i-bu—u%zo, in = (0,1),
u(0) = u(1) = a, v(0) =v(1) =2

a’

(37)

This problem exhibits a rich bifurcation scenario and has been used in the lit-
erature as a standard model for bifurcation analysis [25, 20, 9, 2, 8, 24]. We
utilize the second order central difference discretization with uniform grid of N
grid points. Since there are two unknowns per grid point, the dimension of the
resulting discrete problem, which can be written in the form (2), is n = 2N.
This discretization of the Brusselator is used in a CL_MATCONT ezample [13].
A constant solution to (2) is continued in parameter b, and a Hopf point is lo-
cated for b =17.2056. Table 1 shows a comparison between the amount of work
required to locate the Hopf point using a minimally augmented system and a
standard augmented system. As we can see, a standard augmented system takes
more time than a minimally augmented system.

Example 2 The 2D Brusselator

‘;—%Au— (b+1u+u*v+a=0, %Av—&—bu—u%z& in Q=(0,1) x (0,1),
u|an =a, vlaq = L.
(38)
We wutilize the second order central difference discretization with uniform grid of
N grid points in each of two directions. The dimension of the resulting discrete
problem, which can be written in the form (2), is n = 2N?. A constant solution
to (2) is continued in b, and a Hopf point is located for b = 22.0926. Table
2 shows a comparison between the amount of work required to locate the Hopf
point using a minimally augmented system and a standard augmented system.
As we can see, a standard augmented system takes more time than a minimally
augmented system.

Example 3 The 1D Brusselator. The Hopf branch is continued in two pa-
rameters a and b starting at (a,b) = (1.00000,17.2056) and terminating at
(a,b) = (1.00228,17.2443). See Table 3.

11



n Minimally augmented system | Standard augmented system
5,000 | 149s 22.5s
20,000 | 91.2s 134.1s

3 Newton iterations 4 Newton iterations

Table 2: The 2-D Brusselator problem (locating Hopf point)

n total points | total time
32,768 | 12 414.7 s

Table 3: The 1-D Brusselator problem (continuation of the Hopf branch)

Remark 6 The effect of choice of gi; is illustrated for 1D Brusselator with
n = 512. If we choose (gi, j, ; 9inj») = (g11,922) to construct the system (19), the
condition number of the Jacobian matriz (20) at the starting point is over 2 X
10?2, so no continuation is possible. However, if we choose g;; using Algorithm
2, we get (Giyj1, Yinjn) = (911,921). In this case the condition number of (20) at

the starting point is 6.9 x 10°, and Newton iteration converges.
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