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Low-rank Parareal: a low-rank parallel-in-time integrator
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Abstract In this work, the Parareal algorithm is applied to evolution problems that admit good low-rank approximations
and for which the dynamical low-rank approximation (DLRA) can be used as time stepper. Many discrete integrators
for DLRA have recently been proposed, based on splitting the projected vector field or by applying projected Runge—
Kutta methods. The cost and accuracy of these methods are mostly governed by the rank chosen for the approximation.
These properties are used in a new method, called low-rank Parareal, in order to obtain a time-parallel DLRA solver for
evolution problems. The algorithm is analyzed on affine linear problems and the results are illustrated numerically.
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1 Introduction

This work is concerned with the parallel-in-time integration of evolution problems for which the solution can be well
approximated by a time-dependent low-rank matrix. In particular, we aim to solve approximately the evolution problem

X(0)=F(t,X(1)), t€[0,T), o
X(0) = Xo,

where X (¢) is a matrix of size m x m. When the dimension m is large, the numerical solution of (T) can be very expensive

since the matrix X (¢) is usually dense. One way to alleviate this curse of dimensionality is to use low-rank approxima-

tions where, for every ¢, we approximate X (r) by Y (t) € R™*"™ such that rank(¥ (¢)) = r < m. The accuracy of this

approximation will depend on the choice of the rank r. Here, X (7) is assumed to be square for notational convenience

and all results can be easily formulated for rectangular X (7).

A popular paradigm to solve directly for the low-rank approximation Y (¢) is the dynamical low-rank algorithm
(DLRA), first proposed in [25]. As defined later in Def. [5] DLRA leads to an evolution problem that is a projected
version of (I). In the last decade, many discrete integrators for this projected problem have been proposed. One class
of integrators consists in a clever splitting of the projector so that the resulting splitting method can be implemented
efficiently. An influential example is the projector-splitting scheme proposed in [29]. Other methods that require inte-
grating parts of the vector field can be found in [22/4]. Another approach, proposed in [91241135]], is based on projecting
standard Runge—Kutta methods (sometimes including their intermediate stages). Most of these methods are formulated
for constant rank r. Rank adaptivity can be incorporated without much difficulty for splitting and for projected schemes;
see [9,6435L3]. Finally, given the importance of DLRA in problems from physics (like the Schrédinger and Vlasov
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equation), the integrators in [29.[7] also preserve certain invariants, like energy. However, none of these time integrators
consider a parallel-in-time scheme for DLRA, which is particularly interesting in the large-scale setting.

Parallel computing can be very effective and is even necessary to solve huge-scale problems. While parallelization in
space is well known, also the time direction can be parallelized to some extent when solving evolution problems. Over the
last decades, various parallel-in-time algorithms have been proposed; see, e.g., the overviews [12,[32]. Among these, the
Parareal algorithm from [28]] is one of the more popular algorithms for time parallelization. It is based on a Newton-like
iteration, with inaccurate but cheap corrections performed sequentially, and accurate but expensive solves performed
in parallel. This idea of solving in parallel an evolution problem as a nonlinear (discretized) system also appears in
related methods like PFASST [8]], MGRIT [11] and Space-Time Multi-Grid [[17]. Theoretical results and numerical
studies on a large numbers of cores, show that these parallel-in-time methods can have good parallel performance for
parabolic problems; see, e.g., [36L21116]. So far, these methods did not incorporate a low-rank compression of the space
dimension, which is the main topic of this work.

2 Preliminaries and contributions

2.1 The Parareal algorithm

The Parareal iteration in Def. E]below is given for constant time step & (hence T = Nh) and for autonomous F. Both
restrictions are not crucial but ease the presentation. The quantity X* is an approximation for X (z,) at time #, = nh and
iteration k. The accuracy of this approximation is expected to improve with increasing k. Here, and throughout the paper,

we denote dependency on the iteration index k as ¥, which should not be confused with the kth power.

Definition 1 (Parareal) The Parareal algorithm is defined by the following double iteration on k and n,

(Initial value) XK =Xy, 2)
(Initial approximation) X,? =9 h (X,? ), 3)
(Iteration) X = Fh (x5 + 9 (X -9 (x)). “)

Here, .7 " (X) represents a fine (accurate) time stepper applied to the initial value X and propagated until time 4. Similarly,
4" (X) represents a coarse (inaccurate) time stepper.

Given two time steppers, the Parareal algorithm is easy to implement. A remarkable property of Parareal is the
convergence in a finite number of steps for k = n. It is well known that Parareal works well on parabolic problems but
behaves worse on hyperbolic problems; see [[18]] for an analysis.

2.2 Dynamical low-rank approximation

Let .#, denote the set of m x m matrices of rank r, which is a smooth embedded submanifold in R™*™. Instead of
solving (T)), the DLRA solves the following projected problem:

Definition 2 (Dynamical low-rank approximation) For a rank r, the dynamical low-rank approximation of prob-
lem (T) is the solution of
Y1) = Py F Y (1),

)
Y(0)=Y € A,

where Py is the I,-orthogonal projection onto the tangent space Fy.#, of 4, atY € #,. In particular, Y (t) € .#, for
every t € [0,T].

To analyze the approximation error of DLRA, we need the following standard assumptions from [23]. Here, and
throughout the paper, || - || denotes the Frobenius norm.
Assumption 1 (DLRA assumptions) The function F satisfies the following properties for all X,Y € R™*™:

— Lipschitz with constant L: ||[F(X)—F(Y)|| <L||X —Y|.
— One-sided Lipschitz with constant 0: (X —Y,F(X)—F(Y)) < 0| X — Y|
— Maps almost to the tangent bundle of M,: ||F(Y) — PyF(Y)|| < &,.



In the analysis in Section [3] it is necessary to have ¢ < 0 for convergence. This holds when F is a discretization
of certain parabolic PDEs, like the heat equation. In particular, for an affine function of the form F(X) = A(X) + B, it
holds £ = %ﬂtmax (A+AT); see [20, Ch. 1.10]. The quantity &, is called the modeling error and decreases when the rank r
increases. For our problems of interest, this quantity is typically very small. Finally, the existence of L is only needed to
guarantee the uniqueness of (I but it will actually not appear in our analysis. We can therefore allow L to be large, as is
the case for discretized parabolic PDEs.

Standard theory for perturbations of ODEs allows us to obtain the following error bound from the assumptions
above:

Theorem 1 (Error of DLRA [23]) Under Assumption[I] the DLRA verifies
" (Yo) — 0" (Xo)|| < e ||Yo — X t“d 6
v (Yo) — 9" (Xo)|| <" [I¥o 0|\+8roe s, (6)

where ¢" is the flow of the original problem (T)) and ! is the flow of its DLRA @) for rank r.

The solution of DLRA (B) is quasi-optimal with the best rank approximation. This can be seen already in Theorem|[T]
for short time intervals. Similar estimates exist for parabolic problems [5] and for longer time when there is a sufficiently
large gap in the singular values and when their derivatives are bounded [25]].

2.3 Contributions

In this paper, we propose a new algorithm, called low-rank Parareal. As far as we know, this is the first parallel-in-time
integrator for low-rank approximations. We analyze the proposed algorithm when the function F in (I) is affine. To this
end, we extend the analysis of the classical Parareal algorithm in [14] to a more general setup where the coarse problem
is different from the fine problem. We can prove that the method converges for big steps (large /) on diffusive problems
(¢ < 0). In numerical experiments, we confirm this behavior. In addition, the method also performs well empirically with
a less strict condition on 4 and on a non-affine problem.

3 Low-rank Parareal

We now present our low-rank Parareal algorithm for solving (I). Since the cost of most discrete integrators for DLRA
scales quadraticall with the approximation rank, we take the coarse time stepper as DLRA with a small rank g.
Likewise, the fine time stepper is DLRA with a large rank r. We can even take r = m, which corresponds to computing
the exact solution as the fine time stepper since ¥ € R,

Definition 3 (Low-rank Parareal) Consider two ranks ¢ < r. The low-rank Parareal algorithm iterates

(Initial value) vt =, 0
(Initial approximation) v, = l//;' o T(Y) + &, (8)
(Iteration) YA =yl o ZL(YF) + ylo Ty (Vi) — il o T (¥, )

where l//f’ (Z) is the solution of (@) at time / with initial value ¥y = Z, and .7, is the orthogonal projection onto .#,. The
notations l[/;’ and .7 are similar but apply to rank g. The matrices &;, are small perturbations such that rank(YnOH) =r+2q

and can be chosen randomlyE]

Observe that the rank of Y* is at most r + 2¢ for all n,k. The low-rank structure is therefore preserved over the
iterations. The matrices &, insure that each iteration has a rank between r and r 4 2q. These matrices impact only the
initial error but do not have any role in the convergence of the algorithm as is shown later in the analysis. An efficient
implementation should store the low-rank matrices in a factorized manner. In this context, the truncated SVD can be
efficiently performed. The DLRA flows y/ and l//f] can only be computed for relatively small problems. For larger
problems, a suitable DLRA integrator must be used; see Section [4]for implementation details.

! While the actual cost can be larger, at the very least the methods typically compute compact QR factorizations to normalize the approxi-
mations. This costs O(mr? +r3) flops in our setting.

2 One could even take all initial Yn0+| random, as is sometimes also done in standard Parareal. The important property is rank(l/',?_*_I )=r+2q
so that the low-rank Parareal iterations (J) are performed on the correct manifold.



3.1 Convergence analysis

Let X,, = X (#,) be the solution of the full problem (II[) at time #,,. Let Y,f be the corresponding low-rank Parareal solution
at iteration k. We are interested in bounding the error of the algorithm,

Ef =X, -1k (10)
for all relevant n and k. To this end, we make the following assumption:
Assumption 2 (Affine vector field) The function F is affine linear and autonomous, that is,
F(X)=AX)+B
with A: R™" — R™ ™ g linear operator and B € R™*"™.

The following lemma gives us a recursion for the Frobenius norm of the error. This recursion will be fundamental
in deriving our convergence bounds later on when we generalize the proof for standard Parareal from [14].

Lemma 1 (Iteration of the error) Under the Assumptionsmand the error of low-rank Parareal verifies

The constants {, €, €, are defined in Assumption Moreover, C., and C, are the Lipschitz constants of I, — I, and .

) ) h
EX|| +ec, HE,’;“ H e max |, — 7, (%) || + (2, + »3,)/0 =) gs. (11
n>

k+1 ‘h
E H <e'Cy

Proof Our proof is similar to the one in [24] where first the continuous version of the approximation error of DLRA is
studied. Denote by (Z)h(Z) the solution of (T) at time /& with initial value ¥y = Z. By definition, the discrete error is

E 1= 9" (Xa) = i 0 Z,(Y)) = wyg 0 TV ™) + w0 Ty(Y)).

n+1 =

We can interpret each term above as a flow from #, to 11 = f,, + h. Denote these flows by X (r),Z(t),W(t), and V(z)
with the initial values

X(tn) = X, Z(ta) = T1(Yy), Wta) = Zy(4,1), V(1) = Z(,). (12)
Defining the continuous error as
E@)=X(t)—Z()—W()+V(),

we then get the identity EXT| = E(t, +h).

We proceed by bounding ||E(7)||. By definition of the flows above, we have (omitting the dependence on ¢ in the
notation)

E=F(X)— P,F(Z)— PwF(W)+ PyF(V)
=FX—-Z-W+4V)+F(Z)— PzF(Z)— PwFW)+FW)—F(V)+ P F(V),
where the last equality holds since the function F is affine. Using Assurnptionm and Cauchy—Schwarz, we compute
1d

S @I = (E.E)

= (E,F(E)) +(E,F(Z2) = ZzF(Z)) +(E,F(W) = ZwF(W)) = (E,F(V) = ZvF(V))
< C|E| +& | E|| +2¢ |E]

Since % IE@)|* =2||E()| % IE(2)|l, we therefore obtain the differential inequality
d
o7 [E@I < LIE]| + &+ 2.

Gronwall’s lemma allows us to conclude

'tn+h
IE (@t +h)|| < [1E ()| ™" + (22, +8r)/ ¢ ds. (13)
1

n

From (12)), we get
E(t) = Xy = Z2(Y,) = Zy(,1) + Z4(4)).



Denoting 7,* =1— 7, and I, = J; — 7, we get after rearranging terms

E(tn) = T (Xa) + Tr(Xa) = Ty(Xa) = Tr(Vy) + Ty(Vy) + Ty(Xa) = Zy (V1)
= T2 (Xa) + Trg(Xa) = Trg(0) + Zy(Xa) = Ty (X;H).

Taking norms gives

IE@)I < [ 74 (x)

ra(X0) = Zrg(00)]| = || 7% = 70|

o]

where C., and C, are the Lipschitz constants of .7, and 7, respectively. Combining inequalities (I3) and (T4) gives
the statement of the lemma.

(14)

< max Hﬂ
n>0

nq

We now study the error recursion (TT) in more detail. To this end, let us slightly rewrite it as

a:eZhqu, ﬁ:efhcq, }/:maXHE,?,
n>0

k1 k
£t < e

H+x, IE|| < v, 15)

with the non-negative constants

h (16)
K=c max||X,1 T(X )||+(28q+€,)/ "= gs.
0

Our first result is a linear convergence bound, up to the DLRA approximation error. It is similar to the linear bound
for standard Parareal.

Theorem 2 (Linear convergence) Under the Assumptions|l|and|2| and if o+ B < 1, low-rank Parareal verifies for all
k € N the linear bound

Ek

n

max ‘
n>0

k
<(v%5) mlels g a
where &, B, K are defined in (16).
Proof Define ek = max,>¢ HE,’,‘ H Taking the maximum for n > 0 of both sides of (T3], we obtain

& < ek + ek 4 k.
By assumption, 0 < 8 < 1 and we can therefore obtain the recursion

k+1 o K
€*+ Sliﬁe*Jrq,

k< (lfﬁ)ke%l_s—ﬁ {1_(13[3)1'

By assumption, we also have 0 < = 13 < 1, which allows us to obtain the statement of the theorem.

with solution

Next, we present a more refined superlinear bound. To this end, we require the following technical lemma that solves
the equality version of the double iteration (I3)). A similar result, but without the x term and only as an upper bound,
already appeared in [14, Thm. 1]. Our proof is therefore similar but more elaborate.

Lemma 2 Let o, 3,7, kK € R be any non-negative constants such that ot < 1 and B < 1. Let elfl be a sequence depending
on n,k € N such that

&l = el + Bekt +x, L= ek =0. (18)
Then,
Il iy ifn<k
_ o/ - 19
; X ( ) l”{ Ly () BT iz kL. ()



Proof The idea is to use the generating function pi () = Yoo, ekE" for k > 1. Multiplying (T8) by £"*! and summing
over n, we obtain

Zel;lillgnﬁ-l Z aekgnﬂ + Zﬁ€k+]§n+l + Z K‘f”“, Z 82+1€n+1 _ Z ¥ n-H.
n=0 n=0 n=0 n=0

Since e](‘) = 0 for all &, this gives the relations

pkmé)=aépk<é>+ﬁ5pk+l<e:>+1<%, po@zy%_

‘We can therefore obtain the linear recurrence

_ __ws i
pi+1(8) = apr(§) +b, Where“*mJ*W'

Its solution satisfies
k—1
oakER yE alEi 194

O R T IS M e T s

It remains to compute the coefﬁcients in the power series of the above formula since by definition of pi(&) =
Yoo | ekE™ they equal the unknowns eX. The binomial series formula for |z| < 1,

1 2 (i4k)
gt —ZO( ; )zv 20)

=

together with the Cauchy product gives

e L (e e £ (£ (75 ))e

1 L v (iti\gisivei_ v nf‘*’]
(1;3&)/“1&‘,.20(1')“2‘5 Z<Z ¢ )

i=0 n=0 \/=0

Hence, the first term in p; (&) satisfies

ket g O+k— 0 > (& k-1 .
T peri 7“k2<2< ‘ )ﬁé)wﬂ §<4Zo< )e )5’

while the second term can be written as

. l+j ol BleEmtitl — (" (DN iae) ent
iy B R (e B X (B (1 )en e

j=0n=0(=0

M

Putting everything together, we have
oo oo n—k—1 — m—1
l+k—1 +7\ ;
faeom § (L) )e £ X (T()en e
n=0 n=k+1 =0 m=1 j=0

Finally, we can identify the coefficient e’,‘l in front of £" with those on the right-hand side. The coefficient for £" in the
first term is clearly nonzero only when n > k+ 1. In the second term, there is only one m for every j such that m+ j = n.
Substituting m = n — j allows us to identify the coefficient of £".

Using the previous lemma, we can obtain a convergence bound that is superlinear in k.

Theorem 3 (Superlinear convergence) Under the Assumptions (Il and [2| and if o« + B < 1, the error of low-rank
Parareal satisfies for all n,k € N the bound

|

where ., 3, K are defined in (16).

ok H§:2<n—j>maXHEo”+ K

S I-p e “a—p @b




Proof Define e = ||EkH By Lemma' the terms e verify the relation described in Lemmalw1th = replaced by <
in (I8). Hence, the solution (19) from Lemmalwﬂl be an upper bound for e
Since0 < a+f <1 and using the binomial series formula , we bound the first term in (19)) as

2 L () LE ()b - e R

j=0i=0

. K “( o >’ K 1 B K
“1-BA\1-B 1-Bl1-1% 1-a—p

For0<i<n—k—1andn > k+ 1, observe that

(i+k—1)!

Since 0 < B < 1, we can therefore bound the second term as

n—k—1 i _ ) n —k— 1 l _ k k n—k—l )

i=0 !
ock HJ 2(”_ J)

ST 1-8

The conclusion now follows by the definition of y.

The proof above can be modified to obtain a simple linear bound that is similar but different to the one from
Theorem 2}

Theorem 4 (Another linear convergence bound) Under Assumptions|l|and[2} and if a+ B < 1, the error of low-rank
Parareal satisfies for all n,k € N the bound

K

HEkH<a (1+p)"~ maxHE ||+T_ﬁ,

(22)

where o, B, K are defined in (16).

Proof We repeat the proof for the superlinear bound but this time, the second term is bounded as

yob Y

-1 (i+k— 1
i=0

JLEY kz( Dp et aipy o

i

Remark 1 In the proof above, yet another bound based on is

yak"fl (,'+l;—1) k2<z+k ) Bi—yat (1—1ﬁ)k'

i=0

This time we recover the linear bound from Theorem [l

3.2 Summary of the convergence bounds

In the previous section, we have proven four upper bounds for the error of low-rank Parareal. The first is directly obtained
from Lemma[2] It is the tightest bound but its expression is too unwieldy for practical use. The other three bounds can

be summarized as
K

l—a—p’

kA |EQ|| + (23)

with



Bk rate of ink

ak(1—pB)*k linear
ak(1+p)—! linear

k s
ak(1-p)~! % superlinear

Each of these practical bounds describes different phases of the convergence, and none is always better than the others.
In Figure |1} we have plotted all four bounds for realistic values of o and . We took k = 10715 & £, since it only
determines the stagnation of the error and would interfere with judging the transient behavior of the convergence plot.
Furthermore, the errors 62 =y =1 at the start of the iteration kK = 0 were chosen arbitrarily since they have little influence
on the results.

The bounds above depend on & = e""C,, and B = ¢/"C,, where C, and C,, are the Lipschitz constants of .7, and
T4 respectively; see (I6). While it seems difficult to give a priori results on the size C; and C,.4, we can bound them up
to first order in the theorem below. Note also that in the important case of £ < 0, the constants & and  can be made as
small as desired by taking A sufficiently large.

Theorem 5 (Lipschitz constants) Let A,A € R"™*". Then

- c - -
174(4) = (M) < 72 lA—A| +o(|lA—A|]), (24
q q+1
where 6, is the qth singular value of A. Moreover,
17:0(0) = Tog@)] < (52— %Y A=Al + 0(1 - AIP) @5)
" e - Gq - Gq+l Oy — GH—I '

Proof For the first inequality, we refer to [2, Theorem 2] and [10, Theorem 24]. The second inequality follows from the
first by the triangle inequality,

1 74(A4) = ZrgA)llr < [|74(4) = Z4(A) ||+ || Z:(A) = Z:(A) .0

In many applications with low-rank matrices, the singular values of the underlying matrix are rapidly decaying. In
particular, when the singular values decay exponentially like 6} ~ e~ for some ¢ > 0, we have

o, 1 1
= ~ —. (26)
Oy —0gt1  l—oyp1/o, 1—e

This last quantity decreases quickly to 1 when ¢ grows. Even for ¢ = 1, it is less than 1.6. We therefore see that the
constants in Theorem [5are not too large in this case.

Remark 2 In the analysis, a sufficiently large gap in the singular values is required at both the coarse rank and the fine
rank. In our experiments, we observed that such a gap is indeed required at the coarse rank, but not at the fine rank. It
suggests that the bound can therefore probably be improved.

4 Numerical experiments

‘We now show numerical experiments for our low-rank Parareal algorithm. We implemented the algorithm in Python 3.10
and all computations were performed on a MacBook Pro with a M1 processor and 16GB of RAM. The complete code
is available at GitHub) so that all the experiments can be reproduced. The DLRA steps are solved by the second-order
projector-splitting integrator from [29]. Since the problems considered are stiff, we used sufficiently many substeps of
this integrator so that the coarse and fine solvers within low-rank Parareal can be considered exact.


https://github.com/BenjaminCarrel/Low-rank-Parareal
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Fig. 1: Bounds derived for several values of o and B. In all panels n =30, y=1, and k = 1015,

4.1 Lyapunov equation

Consider the differential Lyapunov equation,
X(t) = AX (1) + X (1)A+CCT,  X(0) = Xo, e))

where A € R™*™ is a symmetric matrix, and C € R™*K is a tall matrix for some k < m. This initial value problem admits
a unique solution for 7 € [0,T] for any 7 > 0. The most typical example of Z7) is the heat equation on a square with
separable source term. Other applications can be found in .

Assumption 3 The matrix A € R™*™ s symmetric and strictly negative definite.

Under Assumption[3] the one-sided Lipschitz constant ¢ for (27)) is strictly negative. Indeed, the linear Lyapunov operator
o/ (X) = AX 4+ XA has the symmetric matrix representation A ® 141 ®A with eigenvalues A;(A) +A;(A) for 1 <i,j <m;
see [19l Ch. 12.3]. As in Ch. 1.10], we therefore get immediately that £ = 2max; A;(A) < 0. Moreover, since < is
invertible, we can write the closed-form solution of (]7_7[) as

X(t) =" (Xo) +.2/ 7' ("7 (CCT) —CCT), (28)

which can be easily verified by differentiation using properties of the matrix exponential ' (Z) = e’ Ze'.

The following result shows that the solution of can be well approximated by low rank. It is the analogue to a
similar result for the algebraic Lyapunov equation <7 (X) = CCT . The latter result is well known, but we did not find a
proof for the former in the literature.

Lemma 3 (Low-rank approximability of Lyapunov ODE) Let 6;(Xy) be the ith singular value of Xo and likewise for
0;(CCT). Under Assumption EI the solution X (t) of 27) has an approximation

Y (t) of rank at most ro+2rp
forany 0 < ro,r,p < m with error

et —1

74 2
X0 -0, < 000+ (S ) (4o (g2 ) Iec o+ o (€CT)).

where Ky = || A, ||[A™" |2 and £ = 2max; A;(A).



Proof The aim is to approximate the following two terms that make up the closed-form solution X (¢) in (28):
X (1) =7 (Xo), Xp(t) ="' (" (CCT)—cCT).
The first term X) (¢) can be treated directly. By the truncated SVD, the initial value satisfies
Xo =Yy + Eo where rank(Yy) = ro and || Eol|2 = 041 (Xo)-
By Assumption@ the operator .o/ is full rank. We therefore obtain
X1 (1) = 7 (Xo) = e Ype + M Eoge™ =Y, (1) + Er (1), (29)

where rank (Y (¢)) = rank(Yp) = ro and ||E; ()||2 < e 6,,+1(Xo) since £ = 2max; A;(A).
Next, we focus on the second term X, (¢). Like above, the source term can be decomposed as

CCT = D+ F where rank(D) = r and ||F||; = 6,41 (CCT).
By linearity of the Lyapunov operator, we therefore obtain
X(t) = ("’ D—D)+ .o/ (! F—F). (30)
Denote M = ¢" D — D. By definition of the Lyapunov operator .7, we have
S=o/ Y M) < AS+SA=M.

As studied in [34] and then improved in [1], the singular values of the solution S are bounded as

Grank(M)p-H (S) *ﬂfzp
PP N <4 _— 1
oi(s) =P loglay) ) @b

where k4 = ||A||, [|A7||]2 and 0 < p < m. Since rank(M) < 2rank(D) = 2r by assumption on D, the bound (3T)) then
implies that
S=Y(t)+85(),

where rank(Y>(¢)) < 2rp and

7n2p . 77r2p e‘té*l
< R —1/td y < A R T
||5S(t)\|274exp<log(4KA)>HJZ% (¢“D D)H274exp(log(4KA)) — D2,

where the last inequality holds by properties of the logarithmic norm u of .7 which equals /; see [37} Proposition 2.2].
Moreover, we can bound the last term in (30) as

er(’,

-1
171,

|E2(t)ll2 = |7~ (" F = F)|l2 < 7

Putting (29) and (30) together, we obtained
X(t)=Y(@)+E({F), Y(@)=Y1(t)+Y2(t), E(t)=E(t)+3S(t)+Ex(t),
which proves the statement of the lemma.

The lemma shows that if Xy and CCT have good low-rank approximations, then the solution X (¢) of the differential
Lyapunov equation has comparable low-rank approximations as well on [0, T]. Since ¢ < 0, we can even take T — oo and
recover essentially the low-rank approximability of the Lyapunov equation X (o) = &/ ~I(cCT). This is clearly visible
when Xy and CCT are exactly of low rank, which we state as a simple corollary for convenience.

Corollary 1 Under Assumption and assuming that rank(Xo) = ro, rank(CCT) = r, the solution X (t) of 28) has an
approximation
Y (t) of rank at most ro+2rp

for any 0 < p < m with error

1 —n’p T
7o (fogtans ) 167

10

X0 Y ()]l <45
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Fig. 2: Solution over time of the Lyapunov ODE (27) for the heat equation. Note the change of scale between ¢ = 0.0
andt = 1.0.

The corollary clearly shows that the approximation error decreases exponentially when the approximation rank
increases linearly via p. Furthermore, we see that the condition number of the matrix A has only a mild influence due to

log(ka).

Remark 3 Corollary [T can be compared to a similar result in [26]]. In that work, the authors solve (27) with exact low-
rank Xo = ZZ" and CCT using a Krylov subspace method. More specifically, with Uy an orthonormal matrix that spans
the block Krylov space K (A, [C Z]), the projected Lyapunov equation

Y = (U AU Yy + Yo (UF AU + UL CCT U, Yi(0) = UT XoUs,

is used to define the approximation X (z) = UkYk(t)UkT . The approximation error of X (¢) is studied in [26, Theorem
4.2]. Since rank(X; (1)) < k(rank(Z) + rank(C)), we therefore also get a result on the low-rank approximability of (27).
This bound is, however, worse than ours since it does not give zero error for t = 0 and k = 1, for example. On the other
hand, it is a bound for a discrete method whereas our Lemma|§| and Corollarym are statements about the exact solution.

We now apply the low-rank Parareal algorithm to the differential Lyapunov equation (Z7). Let A = Ay, be the n x n
discrete Laplacian with zero Dirichlet boundary conditions obtained by standard centered differences on [—1,1]. The
Lyapunov equation is therefore a model for the 2D heat equation on £ = [—1,1]?. In the experiments, we used n = 100
spatial points and the time interval [0, 7] = [0, 2]. The matrix C for the source is generated randomly with singular values
0; = 107501 where i = 1,2, ... so that its numerical rank is 4. In order to have a realistic initial value, Xy is obtained as
the exact solution at time t = 0.01 of the same ODE but with a random initial value X, with singular values ¢; = 10-G-1D),

Figure2]is a 3D plot of the solution over time on £ with its corresponding singular values. As we can see, the solu-
tion becomes almost stationary at ¢ = 1.0. In addition, it stays low-rank over time in agreement to Lemma 3] Moreover,
the singular values suggest to take the fine rank r = 16 for an error of the fine solver of order 1012,

The convergence of the error of the low-rank Parareal algorithm is shown in Figure @ The algorithm converges
linearly from the coarse rank solution to the fine rank solution. Figure[3a]suggests that the coarse rank does not influence
the convergence rate and it only reduces the initial error. This is consistent with our analysis. Indeed, since the singular
values are exponentially decaying, the singular gap is approximately constant; see (26). Hence, the constants & and
B from (T6) that determine the convergence rate do not depend on the coarse rank g; as is shown up to first order in
Theorem [5 Figure [3b] shows that, similarly, the convergence rate does not depend on the fine rank either, although it
limits the final error.

In Figure a] we investigate the convergence for several sizes n. Even though the problem is stiff, the convergence
does not seem influenced by the size of the problem. Figure @l shows the error of the algorithm applied to the problem
with several step sizes. According to our analysis, the convergence is faster when the stepsize £ is large; see (T6).
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Fig. 3: Convergence of the error of low-rank Parareal for the Lyapunov ODE (27)) with n = 100 and T = 2.0. Influence
of the coarse and fine ranks.
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Fig. 4: Convergence of the error of low-rank Parareal for the Lyapunov ODE (27) with coarse rank ¢ = 4 and fine rank
r = 16. Influence of size and final time.

4.2 Parametric cookie problem

We now solve a simplified version of the parametric cookie problem from [27]]. Consider the ODE
Y =AY —AYC +b17, Y (0) =Y, (32)

where the sparse matrices Ag,A; € R1380%1580 ' ¢ R1380 and C) = diag(c!,c?,...,c7) are given in [27]. The aim of this
problem is to solve a heat problem simultaneously with several heat coefficients, denoted by c} yeen ,c’l’ .

In our experiments, we used p = 101 parameters with c% =0, c% =1,... ,c%m = 100. The initial value X, is obtained
after computing the exact solution of (32) at time ¢ = 0.01 with the zero matrix as initial value. The time interval is
[0,T] =[0,0.1].

The singular values of the reference solution are shown in Figure [5] The stationary solution has good low-rank
approximations, as was proved in Thm. 2.4]. The singular value decay suggests that a fine rank r = 16 leads to full
numerical accuracy.

In Figure [6] we applied the low-rank Parareal algorithm with several coarse ranks ¢ and fine ranks r. Like for
the Lyapunov equation, it seems that the convergence rate does not depend on the coarse rank ¢. In agreement to our
analysis (see Figure m) the convergence is linear in the first iterations and superlinear in the last iterations. In addition,
the convergence is not influenced by the fine rank 7.
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Fig. 5: Singular values of the solution over time of the parametric cookie problem (32).
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Fig. 6: Convergence of the error of low-rank Parareal for the parametric cookie problem (32). Influence of the coarse
and fine ranks.

4.3 Riccati equation

The Riccati differential equation is given by
X()=A"X(t) +X()A+CTC—X(1)SX(t), X(0)=Xo, (33)

where X € R™™ A € R™™ C € RF™ and § € R™ ™. We note that this is no longer an ODE with an affine vector
field and hence our theoretical results do not apply here. As already studied in [33]], we take S = I and A is the spatial
discretization of the diffusion operator

P = de(at(x)0x(+)) — A1
on the spatial domain Q = [0, 1]. Furthermore, we take o/(x) = 2+ 2cos(27x) and A = 1. The discretization is done
by the finite volume method, as described in [I3]. The tall matrix C € R¥*™ is obtained from k independent vectors

{Let,...;eq—1)/2: 1, fik—1) /2 }» Where
ei(x) = V2cos(2mkx) and fi(x) = V2sin(2mkx), i=1,...,(qg—1)/2, (34)

are evaluated at the grid points {x;}"_; with x; = m+r1 The time interval is [0, 7] = [0,0.1].

As for the other problems, the singular values of the solution (shown in Figure[7) indicate that we can expect good
low-rank approximations on [0,7]. We choose the fine rank r = 18. The convergence of low-rank Parareal is shown
in Figure [§] Unlike the previous problems, the coarse rank ¢ has a more pronounced influence on the behavior of the
convergence. While our theoretical results do not hold for this nonlinear problem, we still see that low-rank Parareal
converges linearly when the coarse rank g is sufficiently large (¢ = 6, ¢ = 8). The convergence is slower (but still
superlinear) when g = 4. This could be due to the non-constant gaps in the singular values. The influence of the fine

rank r is more like for the linear problems.

4.4 Rank-adaptive algorithm

Since the approximation rank of the solution is usually not known a priori, it is more convenient for the user to supply
an approximation tolerance than an approximation rank. Even though the rank can change to satisfy the tolerance during
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Fig. 7: Singular values of the solution over time of the Riccati ODE (33).
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Fig. 8: Convergence of the error of low-rank Parareal for the Riccati problem (33). Influence of the coarse and fine ranks.

the truncation steps, Algorithm [3]can be easily reformulated for such a rank adaptive setting. The key idea is to fix the
coarse rank to keep the cost of the coarse solver low, while the fine rank is determined by a fine tolerance.

Definition 4 (Adaptive low-rank Parareal) Consider a small fixed rank ¢ and a fine tolerance 7. The adaptive low-rank
Parareal algorithm iterates

(Initial value) Y& =Y, (35)
(Initial approximation) Y, = u/g 0 F,(Y0) + &, (36)
(Iteration) Y = W © Ze W) v o T4 w0 Z(v), (3T)

where the notation is similar to that of the previous Def.[3] except for .7; which represents the rank-adaptive truncation.
In particular, 7;(Y) is the best rank g approximation of ¥ so that the (g + 1)th singular value of ¥ equals the tolerance 7.
The matrices &, are small perturbations, randomly generated such that rank(Y,?H) = rank(Y) and its smallest singular

value is larger than the fine tolerance 7.

Figure 9 shows the numerical behavior of this rank-adaptive algorithm. As we can see, the algorithm behaves as
desired. Figure@ shows the algorithm applied with several tolerances and is comparable to Figure |’§_5| with several fine
ranks. Figure@ shows the rank of the solution over time. Already after two iterations, the rank is reduced to almost the
numerical rank of the exact solution and the rank does not change much for the rest of the iterations.

5 Conclusion and future work

We proposed the first parallel-in-time algorithm for integrating a dynamical low-rank approximation (DLRA) of a matrix
evolution equation. The algorithm follows the traditional Parareal scheme but it uses DLRA with a low rank as coarse
integrator, whereas the fine integrator is DLRA with a higher rank. Taking into account the modeling error of DLRA, we
presented an analysis of the algorithm and showed linear convergence as well as superlinear convergence under common
assumptions and for affine linear vector fields, up to the modeling error.

In our numerical experiments, the algorithm behaved well on diffusive problems, which is similar to the original
Parareal algorithm. Due to the significant difference in computational cost for the fine and coarse integrators, it is
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Fig. 9: Adaptive low-rank Parareal. On the left, the algorithm is applied with several tolerances. On the right, the rank
of the solution over time is shown for several iterations.

reasonable to expect good speed-up in actual parallel implementations. A proper parallel implementation to verify this
claim is a natural future work. It may however be more appropriate to first generalize more efficient parallel-in-time
algorithms, like Schwarz waveform relaxation and multigrid methods [13]], to DLRA.

Since DLRA can also be used to obtain low-rank tensor approximations [30]], another future work is to extend low-
rank Parareal to tensor DLRA. Finally, our theoretical analysis assumes that the ODE has an affine vector field. Since
this assumption was only needed in one step of the proof of Lemma [T} it might be possible that it can be relaxed to
include certain non-linear vector fields.
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