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A MINIMUM ACTION METHOD FOR DYNAMICAL SYSTEMS
WITH CONSTANT TIME DELAYS*
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Abstract. In this work, we construct a minimum action method for dynamical systems with
constant time delays. The minimum action method (MAM) plays an important role in seeking
the most probable transition pathway induced by small noise. There exist two formulations of the
minimum action method: one is the geometric formulation based on the Maupertuis principle, and
the other one is the temporal formulation. The geometric formulation relies on the conservation
of Hamiltonian corresponding to the Freidlin—-Wentzell action functional. For systems with time
delays, the Hamiltonian does not conserve due to the explicit dependence on the time delay, which
implies that the geometric MAM is not applicable. We work with the temporal formulation of MAM
for problems with time delays. By defining an auxiliary path, we remove the optimization with
respect to time through the optimal linear time scaling. The pointwise correspondence between the
auxiliary path and the delayed transition path is dealt with by a penalty term included into the action
functional. The action functional is then discretized by the finite element method, and strategies
for h-adaptive mesh refinement have been developed. Numerical examples have been presented to
demonstrate the effectiveness of our algorithm.
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1. Introduction. As differential equations are used to model the dynamics in
the real world, scientists and engineers want to make their models more realistic.
Noting that the imperfect environment makes random perturbations ubiquitous in
physical, chemical, biological, and engineering applications, we may consider stochas-
tic differential equations (SDEs) instead of deterministic ones by including random
noise. One critical phenomenon beyond the deterministic models is the transition
in the configuration space despite the small noise amplitude. Such a transition may
rarely occur but have extreme impact. Many important application problems can be
considered as a small-noise-induced transition, e.g., nonequilibrium interface growth
[7, 24], regime change in climate [35], switching in biophysical network [33], hydrody-
namic instability [30, 31], wetting transitions on patterned surfaces [36], etc. Another
way of model generalization is to include time delays into the system, which means
that the dynamics may depend on not only the current state but also the past ones.
A typical example is a mathematical model that regulates self-driving vehicles [18].
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Other applications include communication networks [3, 4], networked control systems
[15, 34], traffic model and control [19], etc. We also note that model reduction re-
sults in low-order time-delay systems [13, 14]. In this paper, we seek numerically
the most probable transition pathway induced by small noise in a time-delay system.
This technique can be applied to study phase transitions in physical and biological
applications. For example, experimental evidence of an absorbing phase transition
was given recently for a bistable semiconductor laser with long delayed optoelectronic
feedback and multiplicative noise [6].

To study the small-noise-induced transitions in dynamical systems, Freidlin and
Wentzell introduced the large deviations theory for differential equations [8]. It gives a
rigorous mathematical framework to quantify the probability of these rare events and
to find the most possible transition path, which correspond to the minimum and the
minimizer, respectively, of the so-called Freidlin—Wentzell (F-W) action functional.
Due to the lack of an analytical solution, minimizing the F-W action functional nu-
merically becomes critical from the application point of view. For a general dynamical
system perturbed by small noise,

(1.1) dX; = b(X;) dt + /e dWy,

where ¢ is a small positive number and W, is a standard Wiener process in R", we
have the following optimization problem:

(12) Sr-(#1) = faf, ,Jnf, Sr(d),
¢i>'1*=wz7
where
T .
(1.3) Sr(dn) = /0 e — bpo)[? dt

is the F-W action functional and ¢; defined on [0,7%] is the minimizer among all
transition paths ¢; connecting the two states x; and @2 on the time interval [0,T].
The optimization problem (1.2) corresponds to the quasi-potential defined in (2.2).
¢; is often called the minimal action path (MAP), and numerical algorithms that
approximate ¢; are in general called minimum action methods (MAMs) [5]. Available
MAMs include adaptive MAM (aMAM) [37, 26, 27, 25], geometric MAM (gMAM)
[16, 9, 10], and MAM with optimal linear time scaling (tMAM) [28, 29, 32].
Consider the following SDE with a discrete time delay 0 < 7 < oo:

(1.4) { dX, = b(X,, X,_,)dt + JedW,, e (0,T),

X; = (1), t € [—7,0].

Some results on large deviation of SDEs with constant time delays can be found in
[1, 20, 21]. The F-W action functional for (1.4) is defined as

T 2
(L5) Ser(90) = 5 /0 60— bl@r. 6—r)| .

In this work, we focus on the optimization problem (1.2) with respect to the F-W
action functional (1.5), i.e.,

(16) ST,T* (¢;‘k) = Ti€n]1£+ (5)0112121 ST,T(¢t)3
T=x3
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It is not straightforward to generalize the available MAMs to deal with the time-delay
systems. First of all, gMAM is not applicable. We note that gMAM is based on the
Maupertuis principle, which means that a geodesic metric on the surface of constant
Hamiltonian can be used to represent the action functional. However, the existence
of an explicit time delay implies that the Hamiltonian is not conservative anymore,
meaning that the assumption of gMAM is not valid. We then need to work with
time as the parameterization parameter. Both aMAM and tMAM can be employed.
Considering that tMAM is more general than aMAM in the sense that aMAM is not
able to deal with the case that T™* is finite, we focus on the generalization of tMAM
in this paper.

In addition to the numerical difficulties for systems without time delays (see [32]),
we need to pay attention to some extra difficulties induced by the time delay. First,
the dynamical behavior of a time-delay system can be significantly different compared
to a system without time delays. This implies that the initial guess of the optimization
problem (1.6) should also depend on 7. Second, the change in the regularity of the
solution of a time-delay system needs to be taken into account when we choose the
approximation space and adaptivity strategy. Third, the optimal linear time scaling
for time-delay systems is the root of a highly nonlinear equation, meaning that the
uniqueness of the solution is not guaranteed such that a straightforward application
of tMAM is not robust. Fourth, the time delay makes the problem nonlocal, meaning
that the efficiency deserves some attention.

The main trick we use is the introduction of an auxiliary path 1; such that we
can consider the minimization of

T 2
Srr(be, Y1) = %/o ‘¢t_b(¢tv¢t) dt

subject to the constraint ¥, = ¢;_,. With respect to ¢; and 1), the time delay
does not show explicitly in the F-W action functional, meaning that the procedure of
tMAM can be readily applied. To deal with the pointwise constraint ¢ = ¢¢_,, we
will include a penalty term in the action functional. Generally speaking, we decrease
the complexity of the problem by increasing the dimensionality, where the number of
unknowns is doubled. We then use finite elements to discretize the action functional
and an a posteriori error estimator based on the derivative-recovery technique to
guide the h-adaptivity. For now we do not look into the p-adaptivity because of the
possible low regularity of the MAP, although such a low regularity might be local.
Since the dynamical behavior may change significantly with respect to 7, we propose
to increase the time delay from zero, where we assume a good initial guess is known
for the minimization of S, with 7 = 0. Then the minimizer of S; 7 will be used as
the initial guess for the minimization of S5, r such that the algorithm will be more
robust. Furthermore, we will interweave the increment of 7 and the mesh refinement
to increase the efficiency.

The rest of this paper is organized as follows. We recall the tMAM in section
2. The penalty method for the time-delay systems combined with some analysis is
developed in section 3. In section 4, we provide a detailed discussion on the finite
element discretization and the adaptivity strategy. Numerical results are given in
section 5 followed by a discussion section.

2. tMAM. We briefly recall the tMAM for dynamical systems perturbed by
small noise [28]. Consider the following stochastic ODE:
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(2.1) dX; = b(X}) + VedW,,

where ¢ is a small positive number and W; € R™ is a standard Wiener process.
To address the most probable transition path from x; to x induced by the small
perturbations, we consider the quasi-potential

T>0 ¢po==1,
dr=x2.

1 [T,
(2.2) V(xy, @) = inf inf [ST = 5/ | —b(¢t)|2dt] ,
0

where St is called the F-W action functional and the minimizer of St is called the
MAP. According to the large deviation principle, we know that

V(eq,®2)
(2.3) Pr(transition from @, to the vicinity of @;) ~ Ce™— =

when ¢ is small enough. The Large deviation Principle also implies that the MAP is
the most probable transition pathway, which is also called the maximum likelihood
transition pathway. The tMAM was introduced in [28] to deal with the optimization
problem in (2.2) required by the quasi-potential. The basic idea of tMAM is to remove
the optimization parameter T by replacing it with an optimal linear time scaling,

N A T
2.4 T(¢s) = 10z, o
(2.4) @) = M@z

where ¢, = ¢, i.e., the time is mapped linearly from I'z = [0, 7] to T'; = [0, 1],
and ’ indicates the derivative with respect to the rescaled parameterization parameter
s. The most straightforward way to obtain T(d;s) is to solve the following subproblem
for any given ¢, with s € [0, 1]:

1
T(Bs) = argmin = / T2, — b($s) 2ds,
>0 2 Jo

which admits a unique solution given by T(QZ)S) Another way to obtain T is the
zero-Hamiltonian constraint used in gMAM. Taking the Legendre transform of the
integrand of St with respect to ¢;, we obtain the Hamiltonian

(2.5) H(¢,p)=b'p+ %pr-

The conservation H = 0 yields the following pointwise constraint on the transition
path [16]:

(2.6) |be| = [b(pr)| VL.
In terms of the variable s, the zero-Hamiltonian constraint becomes
QLT = [b(¢s)| Vs € [0,1].
Integrating the above equation, we also obtain (2.4). The zero-Hamiltonian constraint

(2.6) actually defines a nonlinear mapping between time and the geodesic metric on
the surface H = 0.
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Replacing T in (2.2) with the optimal linear time scaling T((ﬁ;), the optimization
problem for the quasi-potential is reformulated as

(2.7) _min [ 5= / 1T~ ¢, — b(s)[*ds
$o==1,
P1=x2.
If the optimal transition time is finite, this rescaled optimization problem is equivalent
to the original one. If the optimal transition time is infinite, the rescaled optimiza-
tion problem can still be used in the sense that the discrete version of the rescaled
optimization problem is always well-posed. When there exists at least one critical
point on the MAP, the optimal transition time is co. However, the discretization of
the action functional can introduce a natural regularization such that the optimal
transition time for the discrete action functional is always finite. Then an optimal
linear time scaling always exists for the discrete action functional. The convergence
analysis of a finite element discretization of Sj; can be found in [32].
The main numerical difficulty for the optimization problem (2.7) can be explained
by the Euler-Lagrange equation associated with Sp:

(2.8) T72($o)d) +T7(¢s) (V,0)" = V5.b) & — (V5,0)Tb=0.

When the optimal transition time is large, the euler-hagrange equation can be re-
garded as a singularly perturbed problem. In other words, the solution has bound-
ary/internal layers, which means that adaptive discretization is necessary for numeri-
cal approximation. We have developed an hp-adaptive MAM based on an a posteriori
error estimate in [29] to approximate the optimization problem (2.7), where the opti-
mal convergence rate of the finite element approximation has been recovered.

3. Penalty method for a dynamical system with time delays. We now
consider the following stochastic ODE subject to a constant time delay:

3.1) { dX; = b(Xy, X, )dt + JedW,, e (0,T),

X = So(t)v te [_T’ 0]7

where 0 < 7 < oo indicates the time delay. The solution of a time-delay system
is not uniquely defined by the sole knowledge of the pointwise initial condition at
t = 0 but also depends on a functional initial condition ¢(-) defined over the interval
[—7,0] [12]. In some literature, this is also referred to as a memory effect. Due to
the dependence on a function instead of a point, (1.4) is not a finite-dimensional
system but an infinite-dimensional one. The F-W action functional for problem (1.4)
is defined as [20, 21]

(32) Sexton =3 [ |6 bigus )|
We intend to consider the double-layered optimization problem
3.3 inf inf S,
(3.3) Anf it 1(Pt)
P(T)=z2

to seek the most probable transition in the sense of large deviation. Due to the explicit
dependence on 7, the Hamiltonian will not be conservative, implying that the gMAM
is not applicable for this problem.
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We work with the temporal formulation of MAM. In particular, we intend to
generalize the tMAM described in the previous section to deal with the optimization
problem (3.3). Letting ¢t = sT', we rewrite S. r as

_ T 1 _ o
B4 5@ = S0 = 5 [ T8~ b by

We will use (v, w) to indicate the inner product of vectors v,w €R"™ and (g;(s),
g2(s))s to indicate the inner product of vector functions g;(s), g2(s) € R™ defined for
s € [0, 1]. More specifically,

1
(91(5), 9a(5))s = / (01(5), g (5))ds.

For any given ¢,, the optimization of S, (T, ¢,) with respect to T, i.e., 07 S, (T, p,) =
0, yields that

(35) 8TS'r(Tv J)s) = %<b7 b>s - %T_2<J)/57 $;>s - <§b€£/§T_17—7 T_la); - b>s = 07

where we write ¢,_, /T = ¢ and let Vb indicate the gradient with respect to obs.
It is seen that this is a nonlinear equation of T" for any given ¢5. In particular, the
subscript § is a function of 7. In contrast to the systems without time delays, the
optimal linear time scaling given by (3.5) might not be unique. Although a root-
finding algorithm is always possible, it is difficult to clarify the robustness of such a
strategy.

To define a unique optimal linear time scaling for time-delay systems, we introduce
an auxiliary path 1, which is also defined on [0, 1] and satisfies the following point-
wise constraint:

(36) 1/38 = ¢;§ = &)sfr/T-
The action functional is rewritten as
(3.7) S, ($ars) = / T2, — b(b,b,)|2ds.

Assuming that ¢, and 1/_15 are independent, there exists a unique optimal linear time
scaling satisfying 0rS;(¢s, ¥s) =0, i.e.,

(. $1)s"”
(b(ss s), b, )"

for any given ¢, and ), which actually shares the same form as 7" defined in (2.4)
for dynamical systems without time delays. To deal with the constraint (3.6), we add
a penalty term into the action functional and define

(38) T(&’sa"ﬁs) =

(39) Qbsv'l;bs — / |T _b ¢37¢s | ds"‘i/ "d"s ¢s| dS

where 0 # 8 € R and ¢; = d)sz/Tm Instead of minimizing the original action

functional, we will work with its penalized form S’T(¢>S, 1s). More specifically, we will
consider the following optimization problem:

(3.10) ~ min - S:(¢s, ).
¢SEH1"1a'¢’s€LF1’
Po=x1, P1=x2
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3.1. Calculus of variation for 5'.,.. For convenience, we split ST into two parts,
ST((i;s, J’s) = Ja(d_)sa (,'lB;., "/_)s) + Jp(d_)sa (,'l_ﬁg, "/_)s)v

corresponding to the two integrals, respectively, in (3.9), i.e
a T [ fo1 77 T2 g%t 792
Ji=g T~ ¢ — bops, ps)|"ds, J' = > [9s — @3l ds,
0 0

where the dependence of J? on ¢, is reflected through the relation § = s — T/T
Consider two test functions d¢, € H%l, with 6s|s—0 = 6s|s—1 = 0, and Jap, € L%l

We first look at J% Note that we can treat 7' in J® as a constant because
07J% = 0 by the definition of T. Then §J% can be easily obtained as

0Je . _
< ¢> (1§, — b,58.).,

(59{)’7
<“a 5¢> = (V)T (T, — b).66)
§¢S S 4)5 s bl S/8»y
6J" T _ Tp—1727 7
(5709) = ~TUTeb (@5~ )59,

We now look at J¥. In contrast to J, we need to take into account the contribution
from the first-order variation of T for JP, which is

0JP0T = Tff (1hs — s, @) 0T = BOT,
where
2
(3.11) B= Tﬁ (Be — Ba, B,

and 0T can be obtained from (3.8) as

L (PLdl)s  T((Ve.B)Tb,3¢s)s  T((Vy,5) b, 5%,)s
12 T ), (b,b)s (5,5)

oJr -
(55.:5%:)
(i7),
Combining all the above information, we obtain the first-order variation of S, as
(3.13)
05, (55, 1bs)
= (7', — b,0¢)s + -

Fixing T, we have

= ﬁ2<1ﬁs - q3§751z5>s’j~ ’

T

= - /32<1Z)S - J)§75¢;§>s|ff

T

BT((V.b)Tb,d¢s)s
(b,b)s

—T((Vg.b)" (T7'¢, — b),56s)s —

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/16/21 to 96.125.26.100. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

A548 XIAOLIANG WAN AND JIAYU ZHAI

BT((V5.b)Tb,64,),

— (Y, b)T (T ¢ — b), 0%ps)s ) + B (s — s, 59pu)s

- B2<I‘1ES - é§75$§>3'

Choosing the test functions é¢, and 61, from a finite element space, we will develop
a numerical solver for problem (3.10) in section 4.

3.2. Change of variable. Although the constraint that the Hamiltonian is con-
servative does not hold for time-delay systems, a related constraint can be found
through the change of variable. We look at the following formulation of the action
functional:

1T
(314) . (i) = 5 [ 1= bl

subject to the constraint ¢; = ¢;_,. Consider a change of variable a« = «(t). We
have

S (b, ) = !

a(T) . . .
Q/Q |pLt (@)™ — b(Pa, Vo)t (a)dax

(0)

1 ) 247 11204\ —1 (T) !

T R R A R T R X AT
a(0) (0)

a(T)

a(T)
(3.19 2 [, 1o@aplighide [ b6 e

a(0)

where ’ indicates the derivative with respect to a. To achieve the lower bound of S,
the equality in the last step will hold when

(3.16) |po| =t'(a)[b(da, ¥a)| Vo

or

(3.17) @] = [b(dr, 9pi)| Vi

Taking into account the constraint t¢p; = ¢;_,, the function t(a) is given by the

following differential equation:

dt |¢;(t)‘
da |b(@a); Pai—m)|

Without loss of generality, we assume that « indicates the arc length. Starting from
¢, there exist many different ways to define t(«), since a particle can travel along
the curve at a varying speed. However, the condition (3.17) yields a particular way to
parameterize the path with respect to time such that the action functional can reach
its lower bound in (3.15). Let

(3.18)

(3.19) a(t) = /to eldt it € [—7,0).

The initial condition of (3.18) can be defined as

t=a"1(a)
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for a € [— fET |@|dt,0]. Note that for any oy > ag, t1 = & 1(a1) > & 1(ag) = ta,
which implies that

alt — 1) < aft).
Thus in terms of «, (3.18) is a delayed differential equation when 7 > 0. The delay
given by a(t) — a(t — 7) is time dependent although 7 is a constant.

The constraint (3.17) is a necessary condition satisfied by the minimizer of the
action functional, which specifies the relation between the time and a more effective
parameterization for the MAP. With respect to «, there also exist infinitely many
curves connecting &1 and xo, among which the MAP will be sought. However, due
to the existence of time delay 7, we are not able to obtain a closed formulation of
the action functional with respect to a. This is the main reason that gMAM is not
applicable.

4. Finite element approximation. For dynamical systems without time de-
lays, we provided in [32] a finite element approximation framework for the discretiza-
tion of the action functional, where the well-posedness of optimizing Sp and the
convergence of the linear finite element approximation of the MAP have been ana-
lyzed. We also showed in [29] that the tMAM based on the adaptive finite element
approximation is able to recover the optimal convergence rate for both h-refinement
and hp-refinement (see section 4.3) no matter whether the optimal transition time is
finite or infinite. In this work, we will use finite elements to discretize S'T, where we
pay particular attention to the effectiveness of the penalty method that deals with
the time delays.

4.1. Approximation spaces. Consider a partition of the interval I'y = [0, 1]:

Tn:0=59<s1 <---<sy=1.

Let R = [—1,1] be a reference element and F,, an affine mapping from the element

e; = [8i,8i41], 1 =0,1,..., N — 1, to the reference element R. Then in each element

ei, we can define a linear space spanned by polynomials

(4.1) WP ={v:voF, '€ Z,R)},

where Z,(R) denotes the set of polynomials of degree up to p over R. In particular,

we choose &(R) = span{0;(3)}7~,, where

1= i =0,
(4.2) 0:(3) = 2, i=1,
SEEEPLLG), 2<i<m,

where Pi1’1(§) denotes orthogonal Jacobi polynomials of degree i with respect to the
weight function (1 — 3)(1+ 3) [17]. The polynomial order of 6; is equal to i for i > 2.
Let us call , the left boundary mode and 6, the right boundary mode. All interior
modes with ¢ > 2 are equal to zero at the element boundaries.

With the partition 7, we define the following finite element approximation space
for ¢,:

W ={viveR", v € H'(T), vile, € W, 0(0) = @1, v(1) = @s ) CH'(Ty; R"),

where i = 1,...,n,and j =0,..., N — 1. For 1, we use the same approximate space
by removing the constraints at the starting and ending points:

VP = {v ‘v R, v; € L2(TY), vile, € W§f>} C L2(Iy; R™).
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We then discretize problem (3.10) as

(43) _ _ min ST,h = SYT((EIL,S7 '&h,s)
(Pn,s,%n,s) EWSRVY

Let us order the finite element basis functions defined on 7}, from 0 to M +1, and
let ¢p, s and ¥y, s have the following representations in W} and VP, respectively:

M M+1
Ph,s = E DiOw,is + 10w, + 20w ari1,s, VYus = g Vibv,i s,

=1 =0

where Oy 0,5 and Oy ar41,s for (;_Sh’s indicate the left boundary mode in element eq
and the right boundary mode in element ey _1, respectively. Although we use the
same finite element basis functions to define W} and V), we still differentiate them

for clarity by adding subscripts -y and -y. The first-order variation of S, given in
(3.13) gives the gradient of the discrete action functional S; ;. More specifically,

aS‘r,h
0

aST,h

(4.4) o
I

= 6§T(0W,i,seja 0)7 - 5ST(0a ev,i,sej)v

where 69, is given in (3.13), and e; is the unit vector in R™ with its jth component
being 1 and the rest being 0. To this end, we obtain an unconstrained optimization
problem, for which a gradient-type optimization algorithm such as L-BFGS, nonlinear
conjugate gradient method, etc., can be employed to seek the approximate MAP.

Remark 4.1. One popular strategy to reduce the possibility of ill conditioning
induced by the penalty term in (3.9) is the augmented Lagrangian method, which
introduces explicit Lagrange multiplier estimates for the constraint [22]. In this work,
we do not employ the augmented Lagrangian method not only for simplicity but also
due to the observation that the pointwise constraint (3.6) cannot be achieved exactly
in the finite element space W} @ VP, where the same mesh is used for both W} and
VP,

Remark 4.2. We include more details about (4.4):

8§T,h M1 T B
8¢)i,j = <T 1¢;L,S - b, 6{/V,i,seJ'>S - m<¢%757 {/V,i,sej>s
- 1 g BT((Vg, ,b)Tb, 0w, ce;)s
Tp—1 Dh,s ’ 11,57
_ T<(vq3h,sb) (T d);L,S - b)7 QW,i,sej>s - <b, b>s
(4.5) - 52 <'(/;h,s - Clgh,g, 9W,i,56j>s, i=1,..., M,
and
as"rh A T/iv—1 71 BT«V'J;h Sb)Tb, GV,i,sej>s
ho_ - (T —b),Oye;)s — ,
awiJ <(V1,l)hg ) ( ¢h,s ), Vi, e]> <b, b>s
(4.6) + 52@}1,5 - qgh,éa Ovisej)s, 1=0,....,M+1,

where B is given in (3.11).
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Remark 4.3. From the optimization point of view, we should increase the value
of the penalty parameter gradually to achieve a better approximation. Since the
pointwise constraint (3.6) cannot be exactly satisfied in the approximation space,
the penalty parameter cannot be too large; otherwise, the action term may be over-
whelmed by the penalty term. In other words, a lower bound of the penalty parameter
is expected to achieve the convergence of the numerical solution. This problem will be
left for future study. In this work we simply increase the penalty parameter to exam-
ine the possible improvement. See Remark 4.6 and more discussions about adaptivity
in section 4.4.2.

4.2. The computation of gradient. The time delay introduces some com-
plexities for the computation of the gradient V.S, ;. Tt is seen in (4.5) and (4.6) that
there exist some terms, such as <<;Bh 5,0v,i s€;j)s, that may not be achieved within one
element due to the existence of time delay no matter whether the mesh is uniform
or not. Among all the inner products needed for the gradient, we only look at two
cases that are related to time delay: (1) the time delay is in the transition path ¢y,
or P s, e.g., (Pn.s,0v.isej)s, and (2) the time delay is in the basis functions, e.g.,
<1ﬁh78, 0w s€;)s. For these two cases, information from different regions is requested
for integration. These two cases are illustrated by Figures 4.1 and 4.2, where we use
two identical horizontal lines to indicate the mesh shared by the transition path (],T)hys
and the basis function 0y ;.

Let us first assume that the delay exists in the transition path and consider
<§£h7g, 0v.i.se;)s. The basis function 6y ; s is defined on a certain element, say, ej. For
integration, we need the information of the path on [sy —7/T", sp1 —7/T]. First of all,
T depends on ®n.s and Py, 5, meaning that interval [sk—T/T, Ska1 —T/T] varies at each
optimization iteration. Second, the boundaries of the interval [s; — T/T, Sk41 — T/T]
are, in general, not grid points; see the illustration in Figure 4.1. To achieve the
integration, we need to know how the interval [sy — 7/T, sp41 — 7/T) overlaps with

ev,i,s

| Phs L———T/TA——J
Fic. 4.1. The inner product of a basis function and a delayed path.

(Z)h‘,s

Fic. 4.2. The inner product of a delayed basis function and the path.
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previous elements. For the scenario in Figure 4.1, it is seen that the interval has
overlap with three elements. In contrast to the case without time delays, the inner
product involves three elements instead of one. This means on each element, we may
need to compute the Gauss-type quadrature points for a subinterval, one of whose
boundaries is an interior point of this element. This information cannot be pre-
computed on the reference element. In reality, we can maintain a list for each element
[sk, Sk+1], which contains all the elements that have overlap with [sk — T/T Skl —
T/T] and will be updated for each optimization iteration after T is updated. For
example, suppose that fy; s is located in element e;. Let s_backward[il[j] be a
two-dimensional array, where ¢ = 0,..., N — 1 indicates the element index and j
indicates the elements that have overlap with [s; — 7/T", 5,41 — 7/T]. In Figure 4.1,
we have s_backward[k] [j1=k-1-j, 7 = 0,1, 2, such that

(Ph.s,0vise;)s = <(z)h,§70V,i,sej>s|§€ek71 + (Ph.s, Ovis€j)s
+ (Pn.s,0v.is€5)s|

S€ep_2
s€ep_3°

We now assume that delay exists in the basis function, illustrated by Figure 4.2,
and consider the inner product <¢3;L,s, Ov.izsej)s. We let Oy, s be a bubble function,
i.e., nonzero on one element and zero elsewhere. It is seen that although 0y,; s = 0 on
the element [sg, sk+1] in which we take information of (ﬁhﬁs, the inner product is not
zero due to the time delay, i.e., Oy, s # 0 on [s — 7/T, sp41—7/T). In particular, due
to the compact support of fy; 5, the valid part for integration, given by the thicker
line in Figure 4.2, is the only part of the element on which the nonzero part of 8y 5 is
defined. If we use 0y s as a reference instead of &)h,sa we need to know what elements
have overlap with [s, +T, spp1+T" ]. Similar to the previous case, we can maintain a list
for each element and update it as soon as T is updated. We still assume that 0y ; 5 is
located in element ej. This time we define a two-dimensional array s_forward[i] [j]
where ¢ indicates the element index while j indicates the elements that have overlap
with [s; +7 /T, s;41+7/T]. In Figure 4.2, we have s_forward [k] [j1=k+2+j, j = 0, 1.
Thus

(Bh,s,0v.i5€)s = (Phs,0vi5€5)s] + (bn.s, Ov.is€5)s|

s€ept2 s€ep43

Remark 4.4. It is seen that due to the variation and the time delay, the computa-
tion of the gradient is much more complicated than in the cases without time delays
[28]. On the other hand, we note that the finite element basis 6y ; s is much more
flexible to deal with the time delay than other types of discretization, such as the
finite difference method, in the sense that the basis function itself is able to carry the
effect of time delay.

4.3. Mesh refinement. Mesh refinement is an important issue for MAM for-
mulated with respect to time. Due to the existence of both slow and fast dynamics,
the nonuniform mesh is a necessity for an accurate approximation. Simply speaking,
the mesh for the transition path ¢, should be consistent with the dynamics [28]. In
the region of slow dynamics, the element size can be larger, while in the region of fast
dynamics, the element size should be small. For problems without time delays, this
physically based adaptivity criterion was further refined by a regularity-consistent a
posteriori error estimator in [29].

In our penalized action functional for time-delay systems, we define an auxiliary
path ¢, = (bs:s_T s From the approximation point of view, the mesh for ¢, on
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(0,1 — 7/T] should be comparable to the mesh of 4, on [r/T",1]. If one nonuniform
mesh is used for both ¢, and 1, it is difficult to achieve such a translation invari-
ance. The simplest solution is to use different meshes for ¢, and b, which certainly
introduces more computation cost. We note that if 7 < T, it may still be reasonable
to use the same mesh for both ¢, and 1.

4.3.1. A posteriori error estimator. We have two choices here for mesh re-
finement: (1) ¢y s and 4y, 5 use the same mesh and (2) ¢y s and 1y, 5 use different
meshes. For both choices, we can use the derivative-recovery technique, which was
developed in [29] for tMAM and dynamical systems without time delays, to obtain
an a posteriori error estimate for J)h,s. The reason we can achieve this is that the
a posteriori error estimator in [29] only depends on the regularity of the path; in
other words, it does not depend explicitly on the problem itself. For the first choice,
we can construct an elementwise error indicator as follows. Suppose that we have
an estimated solution éh,s given by the derivative-recovery technique, which is more
accurate than ¢_)h,s in a certain sense. We define an error estimator 7., on element
€ = [Sk,sk+1]:

(4.7) Moer = |Pns — Gh.s| o1 (D) . + [Yn.s — (z;h’S,T/T‘L2(D) "

where the first term in 7., is the estimated error of gZ)h,S on e; and the second term
measures the deviation from the pointwise constraint (3.6). For the second choice, we
first update the mesh for ¢y, s using the error indicator

(4.8) N2,er = |@h,s — n,s|ur(p) o
where we only keep the first term in n; ., , and then generate the mesh for @Eh,s(s)
according to the constraint 1, = ¢;. More specifically, we can use the mesh of
(0,1 — 7/T] for ¢y as the mesh of [r/T,1] for 4 .(s). The mesh of [0,7/T] for
1,5;,,73 can be easily generated according to the initial condition. Compared to the
first choice, the second choice is more expensive since a global operation is needed to
project 1/71;1’5 from the old mesh to the new one. In this work, we will only consider
the first choice, where only local projection is needed after the mesh is refined.

We now outline the computation of 7y ¢,, and more details can be found in [29].
For robustness, we only consider h-refinement, meaning that we split one element
into two equal elements if it is associated with a relatively large error estimate n; ¢, .
Assume that ¢y, 5 € W}. Then the pth-order derivative (;SELP i € R" is a piecewise

constant vector. The derivative recovery with respect to éép Z consists of two steps.

The first step is a projection step, where we define a projection operator Qj, such that
(4~9) <Qh¢§§ﬁv¢h,8> = <¢7’;:2795h,8> V‘Ph,s € Wf}
S S

In other words, we project a piecewise constant function onto the linear finite element
space for each component of q_bgbp 2 The second step is a smoothing step using the
operator S, = Z — A\"' A, where 7 is an identity operator, A, : W} — W}l is

uniquely determined by

(410) <Ah¢h,s7éh,s>s = <¢%,57é§z,s>s + <‘15h7s7£h,s>s V(/_’h,svéh,s S W}%a

and A = p(An) ~ h™2 with h being the element size. We then have the recovered
pth-order derivative Rq_bgbp i =87 th_bzp l, where m is the number of smoothing steps.
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(p)
h

yS

Roughly speaking, we will use R¢p,"” to replace the p-th order derivative q_b:(p ) of the

exact or reference solution ¢¥.

We now use Rdsgf i to construct a piecewise polynomial q:bh,S of degree p + 1 such
that

_ _ enptl
(4.11) Phs — Pns| = diag(e)(Z — Po)ei

k
where ¢ € R", ¢Z’js’p+1 = Opp10F, 1 (s)[1,1,...,1]T € R, and f,410F_}(s) is the local
polynomial basis of degree p+1 defined on element e, and P, indicates a Ly projection
operator onto the space span{f,41 0 F_ ! (s)}!_, since the local basis functions are not

mutually orthogonal. We then use the approximation 5555’ :1) ~ (R(ﬁﬁf i)’ to determine

the coefficient vector ¢. To this end, we can define the error indicator
2 2 15 Z2 2.7 iy 2
(4-12) Moe, = aek|¢h,s - ¢h,s|H1(D)Lk + p |¢h,s - ¢h,s—7—/T|L2(D) e

where the coeflicient a., satisfies

T—-R 7 (p)

H( ) h,s L2(D) o
Qe,, = :
(0 ()

H¢h,s h,s L2(D) o

The total error is defined as

N-1 1/2
(4.13) m= (Z n§k> :

Let J = {i[0 <i < N — 1} be the set of indices of all finite elements. We look for a
subset J C J such that for r, € (0, 1],

(4.14) Y M, <Y e

i€ icJ

To uniquely specify J , we choose the elements that have the largest estimated error,
ie.,

mn} Ne; 2 max 7e, -

icJ ieJ\J
This is sometimes referred to as Dorfler’s marking strategy. Then all elements whose
indices belong to J will be refined to two equidistant elements, i.e., h-refinement.
Let Moq be the number of degrees of freedom (DOFs) of the old mesh and Mp the
number of DOFs after h-refinement based on Dorfler’s marking strategy.

4.3.2. Maintaining constraint (3.17). The constraint (3.17) is a necessary
condition satisfied by the MAP. To measure the deviation from this constraint, we
define the following elementwise indicator as in [29]:

TS'iJrl .
2= [l - plar

Tsi

P N _
(4.15) :T/ (T}l = 1b)?ds, i=0,1,...,N—1.

i
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Algorithm 1. h-adaptive tMAM for time-delay systems.

Solve problem (3.10) to obtain cﬁzg and 1&;2 on the initial partition 7,°.
while € > ¢, do
Compute 1, , ;.
Define the set .J in (4.14).
for e; with i € J do
Refine element e; to two equidistant elements.
end for
if Omax/Omin > 0. then
while M — Mp < ry(Mp — Mog) do
Do h-refinement for the element with largest 6.,.
Set the local indicator ., = 0 for child elements.
end while
end if

Solve problem (3.10) using the new partition 771’”1 to obtain MAP J)Z’zﬂ and
Tk k+1
h,s °

Txk Tk k Zxk+1 7ok k+1 Zxk+1 gk k41
€< (ST (¢h,s’¢h,s> _S"'< h,s ' 7h,s )) /ST ( h,s  *Yh,s >

end while

Let Omax and Oy be the maximum and minimum values of 6.,, respectively. If
the ratio Opax/Omin is larger than a threshold 6., we will implement h-refinement
in elements with large 6; such that the deviation from the constraint (3.17) is not
too skewed. More specifically, we will refine the element with the largest 6., until
(M — Mp) > ryy(Mp — Mgg). In other words, after refining the mesh according to
Ne;» we add ra(Mp — Moig) more DOFs by refining the mesh according to 6.,. We
usually choose 7y = 10% [29].

To this end, we can define an h-adaptive tMAM for time-delay systems; see
Algorithm 1.

4.4. The delay parameter. Intuitively, when the memory goes further to the
past, i.e., 7 is larger, the problem itself will become more nonlinear. One obvious
effect of a larger 7 on the computation is that the computation of gradient is more ex-
pensive since one element is correlated to more other elements. More importantly, the
delay can significantly change the dynamical behavior, which makes the optimization
problem (3.10) more ill-conditioned.

4.4.1. The effect of delay on stability. We illustrate the effect of delay on
stability using the following linear system:

(4 16) { .’.bt = Awt + Ba:t,T, t e [O,T],

x, =0(), te[-7,0]

where we assume that the linear system is stable when the time delay 7 = 0. In other
words, we assume that (A + B) is normal and (A + B) + (A+ B)T is negative definite
such that when 7 = 0,

|z |? = <eth0,eCtm0> = <e(C+CT)tm0,w0> < |xo] ’e(C+CT)tm0’ —0 ast— oo,

where C = A + B. Equation (4.16) can be solved by the method of steps, where
the solution is obtained on the time intervals [iT, (i + 1)7] with ¢ = 0,1, ... using the
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information in the previous interval as the initial condition. For example, for ¢ € [0, 7],
we can integrate (4.16) to obtain

¢
(4.17) x; = el +/ At=D By, dg.
0

Once we obtain a; with ¢ € [0, 7], we can use the same formula to compute x; with
t € [, 27]. This process can be repeated to obtain x; with ¢ € [—7,00). Consider the
Laplace transform of (4.16):

0

5X;—0(0)=AX;+ B {egffcg + e§<q+7>o(q)dq} ,

—T

where X5 is the Laplace transform of @;. We have

(4.18) X;=GI-A—eB)"! {0(0) +B /0

-7

e 3@t g(q) dq} .

We define the following characteristic function:

(4.19) g(3;e7 ™) = (831 - A—e ¥ B).
For a certain delay T, if

(4.20) g(3;e7 ™ #£0 V5eCy,

where C, is the closed right half complex plane, we say the system is stable (see
Definition 2.1 in [11]). When 7 is beyond a certain threshold, the condition (4.20)
may fail and the system loses its stability. Although the main numerical difficulties
for approximation remain similar no matter that the system is stable nor not, the dy-
namics may change significantly as 7 increases, which makes it challenging to propose
a good initial path for the optimization iteration. Let us illustrate this issue using an
example.

Ezxample 4.5. Consider

-2 0 -1 0
A[ 0 —0.9]’ B[—l —1}
Apparently when 7 = 0, the system is stable. We now increase the time delay with
the following initial conditions:

1y =12 4+01, x5, =—t>+0.1.

It can be verified through (4.20) that (0,0) will lose its stability when 7 Z 6.1725.
In Figure 4.3, we compared the dynamics given by different time delays. It is seen
that as 7 increases the trajectory of the delayed system changes significantly. If we
use the points (0.1,0.1) and (0,0) as the starting and ending points for the MAM,
the minimizer should be consistent with the trajectory. For the case 7 = 0, we can
use a linear path as the initial guess to obtain the trajectory. However, for the case
7 = 0.8, we are not able to obtain the trajectory starting from a linear initial guess.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/16/21 to 96.125.26.100. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

MAM FOR TIME-DELAY DYNAMICAL SYSTEMS A557

4.4.2. Growing the MAP. To alleviate the possible difficulties in the initial-
ization of tMAM for time-delay systems, we propose a simple strategy: growing the
MAP of a time-delay system from the case that 7 = 0. The strategy is illustrated
in Figure 4.3. Let (0,0) indicate the coarsest mesh with zero time delay and (1,1)
indicate the finest mesh with the desired time delay, where the coordinates are un-
derstood as a degree for the corresponding task. We then need to select a pathway
from (0,0) to (1,1). There exist many choices for such a purpose. The two simplest
choices include (1) fully refining the mesh first for 7 = 0 and then increasing the time
delay from 0 to 7 and (2) increasing the time delay from 0 to 7 on the coarse mesh
and then implementing mesh refinement. Both choices are not effective. For the first
choice, we do not know if the fine mesh for 7 = 0 is sufficient for 7 # 0. For the
second choice, a coarse mesh is obviously not able to handle the possible complexity
induced by the time delay (see Figure 4.3). In this work, we pick a zigzag pathway
close to the straight line from (0,0) to (1,1), which interweaves the mesh refinement
and the increasing of the time delay; see Figure 4.4 and Algorithm 2.

0.1

0.08

0.06

0.04

0.02

-0.02

—=0

—=0.1
006 | =0.4
—7=0.8

-0.04

-0.08 L L L
-0.1 -0.05 0 0.05 0.1

Fic. 4.3. The comparison of dynamics given by different time delays for the problem defined
in Example 4.5.

(1.1

Time delay

Mesh quality

Fic. 4.4. Our adaptivity strategy is illustrated by the “stairs,” where each mesh refinement is

followed by an increase of time delay. The starting point (0,0) indicates a coarse mesh with zero
time delay, and the ending point (1,1) indicates the finest mesh with the desired time delay.
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Algorithm 2. Adaptive tMAM for time-delay systems by interweaving h-refinement
and the increment in time delay.

Choose an initial partition 7,°*¢ = 72" and a step size A7. Let N = Tgina1 /AT,
7=0,and e = 1.
for k< 1to N do
T+ T+ AT
Solve problem (3.10) to obtain d)Z’;ld
if € > €] then
Refine the partition using Algorithm 1 to obtain new partition 7,7P%**°,

*

Solve problem (3.10) using the partition 7,7%*® to obtain ¢,"?**** and
7.*,update

h,s
S 7 *,update 7 x,update S 7 *,0ld _7.*x,0ld S ~*,update 7 x,update
T h,s > “h,s T h,s * Th,s T h,s » Ph,s .

7;:)1d — 7;Lnew_
7‘}‘{1ew — ,77lupdate.

else - -
Solve problem (3.10) using the new partition 72" to obtain ¢, and 1, 3%

h,s
Zk,New yok.new )\ 7k,0ld 7.x,0ld
ST( h,s * *Th,s ) ST( h,s * *Th,s )

Tk,new 7ok,new
/S"'< h,s * Th,s )

Tx,01d .
and ;2" on partition 7,2.

€

€ <

end if
end for
while € > ¢, do

Implement Algorithm 1 to refine the mesh.
end while

Remark 4.6. The idea of Algorithm 2 can also be applied to the penalty parameter
[ such that we can interweave the mesh refinement and the increment of 8 to obtain
more accuracy and efficiency.

5. Numerical experiments. In this section, we present some numerical exper-
iments to demonstrate the effectiveness of our algorithm. For verification, we mainly
use the MAM to approximate the trajectory of an unperturbed system, along which
the action functional is zero. Considering the regularity of the solution of ODEs with
constant time delays [2], the main characteristic is the propagation of discontinuities
at time it, i = 0,1,2,.... At t = 0, we usually have 6(0)~ # & (see (4.16)), where
~ and T indicate the left and right derivative, respectively. At ¢t = 7, the jump in &g
will induce a jump in &, although @, is continuous. In general, the derivative jump
at t = 0 will propagate along the integration interval and give rise to subsequent
discontinuity points at ¢ = i7 where the solution is smoothed out more and more. As
a consequence, even the force term is C'°; the solution x; is simply C'-continuous.
Based on such an observation, we only consider linear finite elements in the numerical
experiments if the convergence rate is needed. However, since the regularity of the
solution is improved as the evolution time ¢ increases, high-order finite elements are
in general more efficient. In MATLAB, the trajectory ¢¢ can be computed by the
subroutine dde23() [23].

5.1. Adaptivity behavior. We consider a simple linear system with time

delays:

5.) { dX; = AX, + BX,_,dt + \/edW,, te€[0,T],

X, =0(t), tel-0.
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_la =bl (M Of]|a b -1 0
e s 1 A | S - e
with a = 1/3, b= v/8/3, A = —5, and Ay = —1. We use the MATLAB solver dde23
to compute a trajectory ¢¢ for the unperturbed system.

Let

5.1.1. Small time delay. We first look at the case that the time delay is rela-
tively small using Algorithm 1. We consider (5.1) with the following initial conditions:

(5.2) 0(t) = [0.5¢",0.5¢]T.

Let 7 = 0.05. Let the starting point be ¢¢_, = (0.5,0.5)7 and the ending point be
#9_10 ~ (9.5 x 1078,2.5 x 10~7)T such that the minimizer of the action function is
#¢ with t € [0,7* = 10]. Note that ¢¢__ = (0,0) is a stable fixed point for the
unperturbed system. Due to the fact that ¢¢_;, ~ ¢9__, seeking the minimizer ¢¢
with t € [0,7* = 10] shares similar difficulties to the case that T* = co. For this case,
we simply use a linear path as the initial guess. In Figure 5.1, we plot the convergence
behavior of tMAM with adaptive h-refinement and uniform h-refinement on the left,
and the distribution of element size of the adaptive mesh on the right. First, the
uniform refinement achieves algebraic convergence with a rate that is smaller than
the optimal one O(N~2P). Since x; is C''-continuous, the optimal convergence rate
is achievable for p = 1. This is similar to the results for systems without time delays
[32]. More specifically, (2.8) becomes degenerate as the optimal integration time goes
to infinity, and uniform refinement is not able to achieve the optimal convergence rate
for this kind of problem. Note that this issue is independent of the time delay. Second,
the adaptive h-refinement based on the a posteriori error estimate can significantly
improve the convergence rate. For the problem studied, the optimal rate has actually
been recovered. Third, the element size |e;| = |s; — s;—1| becomes larger as the
path approaches the stable fixed point (0,0), which means that the a posteriori error
estimator effectively captures the fact that the regularity is low in the region of fast
dynamics [29].

107! T T 0.18
—a— Adaptive h-refinement
—e— Uniform h-refinement 0.16 |
slope N 2 044 +
102 - -1.6 E :
slope N
012
5 o
© @ 01
510°% 5
5 E 0.08
8 W o.06
a4l
10 0.04
002t e .
105 . . P PRy .
10" 102 10° 0 20 40 60 80
# of elements Element index

Fic. 5.1. The convergence of tMAM with adaptive h-refinement and uniform h-refinement.
Linear finite elements are used for discretization. The penalty parameter is fized as § = 1.0. The
bulk parameter for adaptivity is r, = 0.4. The optimal convergence rate is N~2. The initial coarse
mesh is given by six equidistant linear finite elements. Left: Convergence rates of adaptive tMAMs.
Right: The distribution of element size of the adaptive mesh.
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FIG. 5.2. The trajectories ¢$ for (5.1) subject to initial condition (5.2). Left: ¢$ on t € [0,10]
for 7 =0.05,1. Right: Close-up view of the region enclosed by the rectangle in the previous plot.

5.1.2. Large time delay. We now look at the application of Algorithm 2 to the
case that the time delay is relatively large. The initial condition 6(¢) is the same as the
previous case except that the time delay changes from 7 = 0.05 to 7 = 1. In Figure
5.2, we plot the trajectories ¢¢ for 7 = 0.05,1. Compared to a small time delay, the
large time delay 7 = 1 introduces dramatic oscillations when the trajectory converges
to (0,0), which makes the linear path not effective as an initial guess for the MAM. In
other words, starting from the linear path, the optimization solver will converge to a
local minimizer that is not the solution. Let ¢¢_,, be the ending point. Starting from
7 = 0.05 and an initial linear path, we increase 7 by % = 0.095 after each mesh
refinement. After 7 = 1 is reached, we keep refining the mesh until the prescribed
tolerance in action function is achieved. In Figure 5.3, we compare the exact solution
and the approximate solution given by Algorithm 2. It is seen that Algorithm 2 works
effectively, which captures not only the overall path but also the details around (0, 0).
From plot (a) to plot (d), the characteristic scale of the path decays approximately
from O(1) to O(1073), where all abrupt turns in the path, except the last one shown
in plot (d), have been well captured.

5.2. Phase transition problem. We add a pair of time-delay terms to a classi-
cal physical model to look at the effect of time delay on phase transition. We consider
the following modified Maier—Stein model [16]:

(5.3) dX, = (X — X} = BX, Y72 — 3(X4—r — Xy)) dt + /dWE,
' dVy = — (Yo + XPYi + 3(Yier = Y2)) dt + v/2dW/,

where W and W} are independent Wiener processes and 8 > 0 is a parameter.
When 7 = 0, the original Maier—Stein (MS) model will be recovered. In this work, the
delayed terms are only added for numerical purpose without any physical motivations.

The original MS model has two stable fixed points, a; = (—1,0)T and ay =
(1,0)7, and one saddle point asz = (0,0)T. We choose 7 such that the stability of a;,
i = 1,2,3, remains the same. For numerical experiments, we set § = 10. We start
with a coarse mesh with 6 quadratic elements, increase the time delay 7 from 0.05
to 1, increase the penalty parameter 8 from 10 to 200. We increase 7 and (3 at the
same time for each mesh refinement, where the maximum values of both 7 and 3 are
reached in 10 steps. Let us write S, (¢s, ¥s) = Sy action + Sr penalty, Where

& T (" T2 A pr ot T2
S‘r,action = 5/ |T_ d)s - b(¢57 ’l/’s)| ds, S‘r,penalty = 7 / |'¢s - ¢§| ds.
0 0
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F1G. 5.3. The approximate solution is computed by Algorithm 2, where the value of the action
function is 1.34 x 10~8. The final mesh has 79 quadratic finite elements, and the grid points for
the finite element mesh are indicated by the red dots. B = 1. (a): Compare the exact solution and
the approzimate one. (b)—(d): Close-up view of the region enclosed by the rectangle in the previous
plot.
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F1G. 5.4. The MAP has been computed by Algorithm 2. The final mesh has 56 quadratic finite
elements with 8 = 200. The ratio between the penalty term and the action term is about 10~%. Left:
The comparison between the MAPs of the MS model without time delay and the modified MS model
with 7 = 1. Right: Close-up view of the region enclosed by the rectangle in the previous plot.

For the approximated MAP, we have Sropenaty o 104, meaning that the constraint

T,action

is sufficiently enforced. In Figure 5.4, we compare the most probable transition paths
of the MS model and the modified MS model with 7 = 1, where the grid points
correspond to the finite element mesh. On the one hand, the transition mechanism
is similar for both cases, where both MAPs approach the saddle point first and then
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follow the unstable manifold to the other fixed point; on the other hand, the effect
of the time delay is substantial, where the actions of the MAPs are 0.34 and 0.18,
respectively, for the cases without and with time delays, although it seems that the
MAPs do not differentiate that much. It is seen that in the right plot of Figure
5.4, the MAP does not exactly reach the saddle point (0,0), which is mainly due to
the fact that the number of finite elements is relatively small. The saddle point will
be captured better by setting the tolerance € in Algorithms 1 and 2 smaller such
that more elements will be constructed around the saddle point. More discussions
about the approximation around unknown critical points can be found in [25, 29).
The relation between the action of the MAP and the time delay has been plotted
in Figure 5.5. For the problem studied, as the time delay increases, the action of
the MAP decreases, meaning that the time delay makes the transition easier for the
problem studied; see (2.3). The relation between different forms of time delay and
the action of the MAP is in general an open question, which deserves further study.

0.34

0.18

F1G. 5.5. The time delay versus the action of the MAP for the modified MS model.

1072

—&— h-adaptive tMAM with p=1
slope: N -2

error of action functional

10°° L
102 103
# of elements

Fic. 5.6. The convergence behavior of the h-adaptive tMAM with linear finite elements for
the MS model. The penalty parameter is B = 300. The bulk parameter for adaptivity is v = 0.5.
Starting from T = 0 and 8 = 10, we increase T by % and B by % before each mesh refinement

until the desired T = 1 and 8 = 300 are achieved.
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In Figure 5.6, we plotted the convergence behavior of h-adaptive tMAM with
linear elements, i.e., p = 1, for the MS model. The reference solution is computed by
h-adaptive tMAM with 2584 linear elements. The initial coarse mesh has 3 elements.
Starting from 7 = 0 and 8 = 10, we increase 7 by % and 8 by % before each
mesh refinement until the desired values 7 = 1 and 8 = 300 are reached. The bulk
parameter is 7, = 0.5 for mesh refinement. Data have been collected when 7 =1 and
B = 300. It is seen in Figure 5.6 that the overall convergence rate agrees well with
the optimal rate O(N~2) in terms of the error of the action functional.

6. Summary and discussions. In this work, we have developed an MAM to
seek the most probable transition path in systems with constant time delays. Since
the Hamiltonian is not conservative anymore, the Maupertuis principle does not ap-
ply, and we need to work with the action functional formulated with respect to time.
We define an auxiliary path 1, = ¢;_, such that the action functional will not depend
on 7 explicitly, which means that we can use a simple optimal linear scaling to re-
move the optimization with respect to T'. The constraints ¥y = ¢;_, will be enforced
through a quadratic penalty term included in the original action functional. Adaptive
discretization is necessary for the MAM formulated with respect to time. We have
adapted an a posteriori error estimate, developed in [29] for systems without time
delays, for our problem by including the difference 1y — ¢;_, into the error indicator.
Another difficulty comes from large time delays, which may significantly change the
dynamics. For the optimization iteration in the MAM, the initial guess that is valid
for the systems without time delays may not work anymore. To deal with this issue,
we consider a sequence of time delays, where the time delay increases gradually. More
specifically, we interweave the mesh refinement and the increment of time delay such
that the MAP will grow from a coarse mesh for a system without time delays to a fine
adaptive mesh for a system with a desired time delay. Preliminary numerical results
have verified the effectiveness of the proposed strategy. Many possible improvements
can be made, e.g., the augmented Lagrangian method can be employed for the opti-
mization, and different meshes can be used for ¢; and v, etc. Theoretical issues, such
as the convergence of the approximated solution and choice of the penalty parameter,
etc., need to be analyzed. The study on these issues will be reported elsewhere.

REFERENCES

[1] R. AzencoTT, B. GEIGER, AND W. OTT, Large deviations for Gaussian diffusions with delay,
J. Stat. Phys., 170 (2018), pp. 254-285.

[2] A. BELLEN AND M. ZENNARO, Numerical Methods for Delay Differential Equations, Oxford
University Press, Oxford, 2003.

[3] C. Briat, H. HiaALMARSSON, K. H. JOHANSSON, G. KARLSsON, U. T. JONSSON, AND H. SAND-
BERG, Nonlinear state-dependent delay modeling and stability analysis of internet conges-
tion control, in Proceedings of the 49th IEEE Conference on Decision and Control, Atlanta,
GA, 2010, pp. 1484-1491.

[4] C. BriaT, E. A. YAVUZ, AND G. KARLSSON, A conservation-law-based modular fluid-flow model
for network congestion modeling, in Proceedings of the 31st IEEE International Conference
on Computer Communications (INFOCOM), Orlando, FL, 2012, pp. 2050-2058.

[5] W.E. W. REN AND E. VANDEN-EIINDEN, Minimum action method for the study of rare events,
Comm. Pure Appl. Math., 57 (2004), pp. 637-565.

[6] M. FAGGIAN, F. GINELLI, F. MARINO, AND G. GIACOMELLI, Evidence of a critical phase tran-
sition in a purely temporal dynamics with long-delayed feedback, Phys. Rev. Lett., 120
(2018), 173901.

[7] H. C. FOGEDBY AND W. REN, Minimum action method for the Kardar-Parisi-Zhang equation,
Phys. Rev. E, 80 (2009), 041116.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/16/21 to 96.125.26.100. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

A564 XIAOLIANG WAN AND JIAYU ZHAI

(8]
[9]

[10]

(31]
32]
(33]

34]

M. FREIDLIN AND A. WENTZELL, Random Perturbations of Dynamical Systems, 2nd, Springer-
Verlag, New York, 1998.

T. GRAFKE, R. GRAUER, T. SCHAFER, AND E. VANDEN-ELINDEN, Arclength parametrized
Hamilton’s equations for the calculation of instantons, Multiscale Model. Simul., 12 (2014),
pp. 566-580.

T. GRAFKE, T. SCHAFER, AND E. VANDEN-EIINDEN, Long-term effects of small random pertur-
bations on dynamical systems: Theoretical and computational tools, in: Recent Progress
and Modern Challenges in Applied Mathematics, Modeling and Computational Science,
R. Melnik, R. Makarov, and J. Belair, eds., Fields Inst. Commun. 79. Springer, New York,

NY.
K. Gu, V. L. KHARITONOV, AND J. CHEN, Stability of Time-Delay Systems, Birkh&user,
Basel, 2003.

J. K. HALE AND S. M. VERDUYN LUNEL, Introduction to Functional Differential Equations,
Springer, New York, 1991.

Y. HALEVI, Optimal reduced order models with delay, in Proceedings of the 30th Conference
on Decision and Control, Brighton, UK, 1991, pp. 602—-607.

Y. HALEVI, Reduced-order models with delay, Internat. J. Control, 64 (1996), 733-744.

J. P. HESPANHA, P. NAGHSHTABRIZI, AND Y. XU, A survey of recent results in networked control
systems, Proc. IEEE, 95 (2007), pp. 138-162.

M. HEYMANN AND E. VANDEN-EILINDEN, The geometric minimum action method: A least action
principle on the space of curves, Comm. Pure Appl. Math., 61 (2008), pp. 1052-1117.

G. KARNIADAKIS AND S. SHERWIN, Spectral/hp Element Methods for Computational Fluid Dy-
namics, 2nd ed., Oxford University Press, Oxford, 2005.

C. KATRAKAZA, M. QUDDUS, W.-H. CHEN, AND L. DEKA, Real-time motion planning methods
for autonomous on-road driving: State-of-the-art and future research directions, Transp.
Res. Part C Emerg. Technol., 60 (2015), pp. 416-442.

W. MicHIELS, C.-I. MORARESCU, AND S.-I. NIcULESCU, Consensus problems with distributed
delays, with application to traffic flow models, SIAM J. Control Optim., 48 (2009), pp.
77-101.

C. Mo aND J. Luo, Large deviations for stochastic differential delay equations, Nonlinear
Anal., 80 (2013), pp. 202-210.

S.-E. A. MOHAMMED AND T. ZHANG, Large deviations for stochastic systems with memory.
Discrete Contin. Dyn. Syst. Ser. B, 6(4) (2006), pp. 881-893.

J. NOCEDAL AND S. WRIGHT, Numerical Optimization, Springer Ser. Oper. Res., Springer, New
York, 1999.

L. F. SHAMPINE AND S. THOMPSON, Solving DDEs in MATLAB, Appl. Numer. Math., 37

(2001), pp. 441-458.

. R. SmiTH, B. MEERSON, AND P. V. SASOROV, Local average height distribution of fluctuating

interfaces, Phys. Rev. E, 95 (2017), 012134.

. SUN AND X. ZHOU, An improved adaptive minimum action method for the calculation of

transition path in non-gradient systems, Commun. Comput. Phys., 24 (2017), pp. 44-68.

WAN, An adaptive high-order minimum action method, J. Comput. Phys., 230 (2011), pp.

8669-8682.

. WAN AND G. LIN, Hybrid parallel computing of minimum action method, Parallel Comput.,

39 (2013), pp. 638-651.

. WAN, A minimum action method with optimal linear time scaling, Commun. Comput. Phys.,

18 (2015), pp. 1352-1379.

. WAN, B. ZHENG, AND G. LIN, An hp adaptive minimum action method based on a posteriori

error estimate, Commun. Comput. Phys., 23 (2018), pp. 408-439.

. WaN, H. Yu, anD W. E, Model the nonlinear instability of wall-bouned shear flows as
a rare event: A study on two-dimensional Poiseuille flows, Nonlinearity, 28 (2015), pp.
1409-1440.

X. WAN AND H. Yu, A dynamic-solver-consistent minimum action method: With an applica-

tion to 2D Navier-Stokes equations, J. Comput. Phys., 331 (2017), pp. 209-226.

X. WaAN, H. Yu, anND J. ZHAI, Convergence analysis of a finite element approrimation of
minimum action method, SIAM J. Numer. Anal., 56 (2018), pp. 1597-1620.

D. K. WELLS, W. L. KaTH, AND A. E. MOTTER, Control of stochastic and induced switching
in biophysical networks, Phys. Rev. X, 5 (2015), 031036.

E. WITRANT, C. CANUDAS-DE-WIT, D. GERORGES, AND M. ALAMIR, Remote stabilization via
commumnication networkswith a distributed control law, IEEE Trans. Automat. Control, 52
(2007), pp. 1480-1485.

MM R % X < 2

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/16/21 to 96.125.26.100. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

MAM FOR TIME-DELAY DYNAMICAL SYSTEMS A565

[35] W. Yao aAND W. REN, Noise-induced transition in barotropic flow over topography and appli-
cation to Kuroshio, J. Comput. Phys., 300 (2015), pp. 352—-364.

[36] W. YAao AND W. REN, Liquid-vapor transition on patterned solid surfaces in a shear flow, J.
Chem. Phys., 143 (2015), 244701.

[37] X. Znou, W. REN, AND W. E, Adaptive minimum action method for the study of rare events,
J. Chem. Phys., 128 (2008), 104111.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



	Introduction
	tMAM
	Penalty method for a dynamical system with time delays
	Calculus of variation for 
	Change of variable

	Finite element approximation
	Approximation spaces
	The computation of gradient
	Mesh refinement
	A posteriori error estimator
	blackMaintaining constraint (3.17)

	The delay parameter
	The effect of delay on stability
	blackGrowing the MAP


	Numerical experiments
	Adaptivity behavior
	Small time delay
	Large time delay

	Phase transition problem

	Summary and discussions
	References

