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Abstract

Explicit step-truncation tensor methods have recently proven successful in integrating initial
value problems for high-dimensional partial differential equations. However, the combination
of non-linearity and stiffness may introduce time-step restrictions which could make explicit
integration computationally infeasible. To overcome this problem, we develop a new class of
implicit rank-adaptive algorithms for temporal integration of nonlinear evolution equations on
tensor manifolds. These algorithms are based on performing one time step with a conventional
time-stepping scheme, followed by an implicit fixed point iteration step involving a rank-
adaptive truncation operation onto a tensor manifold. Implicit step truncation methods are
straightforward to implement as they rely only on arithmetic operations between tensors,
which can be performed by efficient and scalable parallel algorithms. Numerical applications
demonstrating the effectiveness of implicit step-truncation tensor integrators are presented
and discussed for the Allen—Cahn equation, the Fokker—Planck equation, and the nonlinear
Schrodinger equation.

Keywords High-dimensional PDEs - Low-rank tensor manifolds - Dynamical tensor
approximation - Tensor train - Hierarchical Tucker format

1 Introduction

High-dimensional nonlinear evolution equations of the form

af(x,1)

Py =N(f(x.0,x),  [f(x.0)= folx), ey
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arise in many areas of mathematical physics, e.g., in statistical mechanics [7, 39], quantum
field theory [50], and in the approximation of functional differential equations (infinite-
dimensional PDEs) [47, 48] such as the Hopf equation of turbulence [28], or functional
equations modeling deep learning [21]. In Eq. (1), f : £2 x [0, T] — R is a d-dimensional
time-dependent scalar field defined on the domain £2 C R4 (d > 2), T isthe period of integra-
tion, and V' is a nonlinear operator which may depend on the variablesx = (xp, ..., x4) € £2,
and may incorporate boundary conditions. For simplicity, we assume that the domain §2 is a
Cartesian product of d one-dimensional domains £2;

2 =021 XX 824, 2)

and that f is an element of a Hilbert space H (£2; [0, T]). In these hypotheses, we can leverage
the isomorphism H (£2; [0, T]) >~ H([0,T]) ® H(£21) ® --- ® H(£24) and represent the
solution of (1) as

ny ng
Fo =Y Y fi g (O$i (x1) -+ iy (x1), ©)

i1=1 ig=1

where éi (x;) are one-dimensional orthonormal basis functions of H(§2;). Substituting (3)
into (1) and projecting onto an appropriate finite-dimensional subspace of H (£2) yields the
semi-discrete form

%:G(f), fO)=fo (4)
where f : [0, T] — R™">"2XX"d j5 g multivariate array with coefficients f;, ;,(¢), and G
is the finite-dimensional representation of the nonlinear operator N'. The number of degrees
of freedom associated with the solution to the Cauchy problem (4) is Ngof = nins - --ng
at each time r > 0, which can be extremely large even for moderately small dimension d.
For instance, the solution of the Boltzmann-BGK equation on a six-dimensional (d = 6)
flat torus [9, 18, 34] with n; = 128 basis functions in each position and momentum variable
yields Ngot = 128° = 4398046511104 degrees of freedom at each time 7. This requires
approximately 35.18 Terabytes per temporal snapshot if we store the solution tensor f
in a double precision IEEE 754 floating point format. Several general-purpose algorithms
have been developed to mitigate such an exponential growth of degrees of freedom, the
computational cost, and the memory requirements. These algorithms include, e.g., sparse
collocation methods [6, 10, 23, 36], high-dimensional model representation (HDMR) [5, 11,
33], and techniques based on deep neural networks [12, 37, 38, 49].

In a parallel research effort that has its roots in quantum field theory and quantum entan-
glement, researchers have recently developed a new generation of algorithms based on tensor
networks and low-rank tensor techniques to compute the solution of high-dimensional PDEs
[4, 8, 13, 30, 31]. Tensor networks are essentially factorizations of entangled objects such as
multivariate functions or operators, into networks of simpler objects which are amenable to
efficient representation and computation. The process of building a tensor network relies on
a hierarchical decomposition that can be visualized in terms of trees, and has its roots in the
spectral theory for linear operators. Such rigorous mathematical foundations can be lever-
aged to construct high-order methods to compute the numerical solution of high-dimensional
Cauchy problems of the form (4) at a cost that scales linearly with respect to the dimension
d, and polynomially with respect to the tensor rank.

In particular, a new class of algorithms to integrate (4) on a low-rank tensor manifold
was recently proposed in [15, 16, 31, 40, 41, 47]. These algorithms are known as explicit
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step-truncation methods and they are based on integrating the solution f(¢) off the tensor
manifold for a short time using any conventional explicit time-stepping scheme, and then
mapping it back onto the manifold using a tensor truncation operation (see Fig. 2). To briefly
describe these methods, let us discretize the ODE (4) in time with a one-step method on an
evenly-spaced temporal grid as

Siv1 =Ya(G, fr),  fo= f(0), Q)

where f denotes an approximation of f(kAtr) for k = 0,1, ..., and ¥ 4, is an increment
function. To obtain a step-truncation integrator, we simply apply a truncation operator T, (-),
i.e., a nonlinear projection onto a tensor manifold #, with multilinear rank r [46] to the
scheme (5). This yields

fk+1 =% ('I/A,(G, fk)) . (6)

The need for tensor rank-reduction when iterating (5) can be easily understood by noting that
tensor operations such as the application of an operator to a tensor and the addition between
two tensors naturally increase tensor rank [32]. Hence, iterating (6) with no rank reduction
can yield a fast increase in tensor rank, which, in turn, can tax computational resources
heavily.

Explicit step-truncation algorithms of the form (6) were studied extensively in [31, 40].
In particular, error estimates and convergence results were obtained for both fixed-rank and
rank-adaptive integrators, i.e., integrators in which the tensor rank r is selected at each time
step based on accuracy and stability constraints. Step-truncation methods are very simple
to implement as they rely only on arithmetic operations between tensors, which can be
performed by scalable parallel algorithms [3, 14, 25, 43].

While explicit step-truncation methods have proven successful in integrating a wide vari-
ety of high-dimensional initial value problems, their effectiveness for stiff problems is limited.
Indeed, the combination of non-linearity and stiffness may introduce time-step restrictions
which could make explicit step-truncation integration computationally infeasible. As an
example, in Fig.1 we show that the explicit step-truncation midpoint method applied to
the Allen—Cahn equation

8 —ear+r-po ©)
at
undergoes a numerical instability for Ar = 1073.

The main objective of this paper is to develop a new class of rank-adaptive implicit step-
truncation algorithms to integrate high-dimensional initial value problems of the form (4)
on low-rank tensor manifolds. The main idea of these new integrators is illustrated in Fig. 2.
Roughly speaking, implicit step-truncation method take f; € H, (H, is a HT or TT tensor
manifold with multilinear rank r) and ¥ 4, (G, f) asinput and generate a sequence of inexact
Newton iterates f/] converging to a point tensor manifold Hs. Once f1/1 is sufficiently close
to H; we project it onto the manifold via a standard truncation operation. This operation is also
known as “compression step” in the HT/TT-GMRES algorithm described in [20]. Of course
the computational cost of implicit step-truncation methods is higher than that of explicit
step truncation methods for one single step. However, implicit methods allow to integrate
stably with larger time-steps while retaining accuracy. Previous research on implicit tensor
integration leveraged the Alternating Least Squares (ALS) algorithm [8, 13, 19], which
essentially attempts to solve an optimization problem on a low-rank tensor manifold to
compute the solution of (4) at each time step. As is well-known, ALS is equivalent to the
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Fig. 1 Explicit and implicit step-truncation midpoint methods applied the Allen-Cahn equation (7) with
e = 0.1. It is seen that the explicit step-truncation midpoint method undergoes a numerical instability for
At = 1073 while the implicit step-truncation midpoint method retains accuracy and stability for At = 1073,
and even larger time steps. Stability implicit step-truncation midpoint is studied in Sect. 5

e ai(G, i)

Fig.2 Sketch of implicit and explicit step-truncation integration methods. Given a tensor f with multilinear
rank r on the tensor manifold -, we first perform an explicit time-step, e.g., with the conventional time-
stepping scheme (5). The explicit step-truncation integrator then projects ¥ 5;(G, f;) onto a new tensor
manifold Hs (solid red line). The multilinear rank s is chosen adaptively based on desired accuracy and
stability constraints [40]. On the other hand, the implicit step-truncation method takes ¥ A, (G, f) as input
and generates a sequence of fixed-point iterates f /] shown as dots connected with blue lines. The last iterate
is then projected onto a low rank tensor manifold, illustrated here also as a red line landing on Hy. This
operation is equivalent to the compression step in the HT/TT-GMRES algorithm described in [20]

(linear) block Gauss-Seidel iteration applied to the Hessian matrix of the residual, and can
have convergence issues [45].

The paper is organized as follows. In Sect. 2, we briefly review rank-adaptive explicit step-
truncation methods, and present a new convergence proof for these methods which applies
also to implicit step-truncation methods. In Sect. 3, we discuss the proposed new algorithms
for implicit step-truncation integration. In Sect. 4 we study convergence of particular implicit
step-truncation methods, namely the step-truncation implicit Euler and midpoint methods. In
Sect. 5 we prove that the stability region of an implicit step-truncation method is identical to
that of the implicit method without tensor truncation. Finally, in Sect. 6 we present numerical
applications of implicit step-truncation algoritihms to stiff PDEs. In particular, we study a
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two-dimensional Allen—Cahn equation, a four-dimensional Fokker—Planck equation, and a
six-dimensional nonlinear Schrodinger equation. We also include a brief appendix in which
we discuss numerical algorithms to solve linear and nonlinear algebraic equations on tensor
manifolds via the inexact Newton’s method with HT/TT-GMRES iterations.

2 Explicit Step-Truncation Methods

In this section we briefly review explicit step-truncation methods to integrate the tensor-
valued ODE (4) on tensor manifolds with variable rank. For a complete account of this
theory see [40]. We begin by first discretizing the ODE in time with any standard explicit
one-step method on an evenly-spaced temporal grid

Sir1 =Y a(G, fp). (®)

Here, f, denotes an approximation of the exact solution f(kAf) fork =1,2,..., N, and
¥ 4, is an increment function. For example, ¥ 4, can be the increment function corresponding
to the Euler forward method

Yai(G, 1) = fir+ AtG(f). (€))

In the interest of saving computational resources when iterating (8) we look for an approxi-
mation of f, on a low-rank tensor manifold H, [46] with multilinear rank r. H, is taken to
be the manifold of Hierarchical Tucker (HT) tensors. The easiest way for approximating (8)
on H, is to apply a nonlinear projection operator [24] (truncation operator)

(zr : Rnlxnzx~~~><nd > ﬁr’ (10)
where 7, denotes the closure of #,.. This yields the explicit step-truncation scheme
Fir1 =% (PG, f)). an

The rank r can vary with the time step based on appropriate error estimates as time integration
proceeds [40]. We can also project G(f) onto H, before applying ¥ 4,. With reference to
(9) this yields

Frr =%, (fr + A%, (G(fD))- (12)
Here r1 and r, are truncation ranks determined by the inequalities1
60 =% (U ser [Fisr =T (Fin))| = 2, (13)

where e; and e; are chosen error thresholds. As before, r1 and r, can change with every
time step. In particular, if we choose e; = KAt and e, = K> Ar? (with K and K> given
constants) then the step-tuncation method (12) is convergent (see [40] for details). More
generally, let

i1 =Pa(G, fr.e) (14)

be an explicit step-truncation method in which we project all G(f) appearing in the incre-
ment function ¥ 4,(G, f) onto tensor manifolds H,, by setting suitable error thresholds
e = (e, e2, ...). For instance, if ¥ 4, is defined by the explicit midpoint method, i.e.,

¥ A (G, fk):fk+G<fk+%G(fk)) (15)

1 Throughout the paper, ||-|| denotes the standard tensor 2-norm [24, 32], or a weighted version of it.
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then
A
DA(G, fr.e) =%, <fk + %, [G (fk + {%1 [G(fk)])D , (16)

where e = (eq, €2, €3) is a vector collecting the truncation error thresholds yielding the
multilinear ranks r, r, and r3. By construction, step-truncation methods of the form (14)
satisfy

¥ a(G, f) —Pai(G, f.e)l < R(e), arn

where R(e) is the error due to tensor truncation. We close this section with a reformulation
of the convergence theorem for explicit step-truncation methods in [40], which applies also
to implicit methods.

Theorem 1 (Convergence of step-truncation methods) Let ¢ 4, (G, f) be the one-step exact
Sflow map defined by (4), and @ A:(G, [, e) be the increment function of a step-truncation
method with local error of order p, i.e.,

lea(G. f) = ®ai(G. f.e)| < KAPT as At — 0. (18)

Ifthere exist truncation errors e = e(At) (function of At) and constants C, E > 0 (dependent
on G) so that the stability condition

|04(G. 7.0~ 006, F.o| <+ can|f—F|+Eamt q9)
holds as At — 0, then the step-truncation method is convergent with order z = min(m, p).

Proof Under the assumption that Az is small enough for our stability and consistency to
hold, we proceed by induction on the number of steps. The one-step case coincides with the
consistency condition. Next, we assume that

lean—1)(G. fo) = Fn_1| < On-14F. (20)

Let T = N At be the final integration time. By applying triangle inequality and the semigroup
property of the flow map,

lor(G. fo) = @a(G. fy_1.0| < [04/(C. 02 n-1)(G. f0) — Pa(G. 0 n-1)(G. fo). e

+ H¢AI(GS O an-1)(G, fo),€) —Pa(G, fy_y,€) ” .
(21

Using the consistency condition (18) we can bound the first term at the right hand side of
(21) by K N_1 AP where Ky_; represents a local error coefficient. On the other hand,
using the stability condition (19) we can can bound the second term at the right hand side of
(21) as

|®4:(G. @ 21 v—1) (G, f0). & = Par(G, fy_1, 0
<A +CAN |@an-1)(G. fo) — Fn_i| + EArT! (22)
A substitution of (22) and (20) into (21) yields
ler(G. fo) = @ai(G, fy_1, )| < Ky1AtP* + (1 + CAN QN1 AFF + EA™T.

Recalling that z = min(m, p) completes the proof. O
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We remark that the above proof may be modified to include explicit step-truncation linear
multi-step methods, i.e., step-truncation Adams methods. To this end, it is sufficient to replace
S with the vector (fy_g, fr_s11,---, fr) and the stability condition (19) with

H¢Al(Gvflvf29~--afs7e)_¢AI(G7f~l’f~27--'9fsse)”

< Hf —fs

s
+3 ¢ Hf“j —fjH + EAMT, (23)
j=1
We then have an analogous theorem proven using an inductive argument based on the initial
conditions f(0), f(A?),..., f((s — 1)At).
3 Implicit Step-Truncation Methods

To introduce implicit step-truncation tensor methods, let us begin with the standard Euler
backward scheme

Siw1 =i +AtG(fr4q), (24)
and the associated root-finding problem
Hi(fiy1) = fiyr — fr — 416G (fr) =0. (25)

Equation (25) allows us to compute f;, as a zero of the function Hy. This can be done,
e.g., using the Netwon’s method with initial guess f ,[3]_1 = f. As is well-known, if the
Jacobian of H, is invertible within a neighborhood of f, then the implicit function theorem
guarantees the existence of a locally differentiable (in some neighborhood of f) nonlinear
map O 4, depending on G such that

Fie1 =04 (G, fi). (26)

In the setting of Newton’s method described above, the map @ 4, is computed iteratively.
An implicit step-truncation scheme can be then formulated by applying the tensor truncation
operator T, to the right hand side of (26), i.e.,

fii1 =% (@4 (G, f1))- @7
The tensor truncation rank r can be selected based on the inequality
I1T/(@ 4 (G. f1)) — ©ar(G. [l < AAL. (28)

It was shown in [40] that this yields an order one (in time) integration scheme. Of course, if
the Jacobian of Hy in Eq. (25) can be computed and stored in computer memory, then we
can approximate f; .| = @ 4,(G, f;) for any given f; and G using Newton’s iterations.
However, the exact Newton’s method is not available to us in the high-dimensional tensor
setting.

Hence, we look for an approximation of @ 4;(G, f) computed using the inexact Newton
method [17]. The inexact Newton method is an algorithm for optimization and root finding
which allows us to apply approximate inverses of the Jacobian of Hy in (25) in exchange
for weakening the convergence rate of the Cauchy sequence being produced. In practice,
convergence is either superlinear or linear rather than quadratic. To describe the inexact
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Newton’s method, consider the conventional Newton’s iteration for solving the system of
nonlinear equations Hy(f; ) =0, ie.,

. . . 1 .
[j+1] [j] [j] [j] .
fk]+1 :fijrl_l:JHk (fk]+1):| Hk(fk]Jrl), j=12 ...

where J g, ( fi +1) is the Jacobian of Hj evaluated at f %41+ The inexact version of this
iteration replaces the inverse Jacobian term with an approximate inverse Jacobian obtained
by solving a system of linear equations up to a specified relative error. It turns out that inac-
curacies generated by low rank tensor approximations of the inverse Jacobian are compatible
with the assumptions on inexactness outlined in [17]. Hence, to compute the inexact matrix
inverse, we evaluate J g, analytically and apply the relaxed TT-GMRES algorithm described
in [20] to the linear system

JH, (fk+1) St = —Hi (fk+1> (29)
and then update f 41 using f kj:]l = < f 1 T s,[ﬁ] ) TT-GMRES is an iterative method

for the solution of linear equations which makes use of an inexact matrix—vector product
defined by low-rank truncation. Though the algorithm was developed for TT tensors, it may
be also applied to HT tensors without significant changes.

In Appendix A we describe the proposed inexact Newton’s method with HT/TT-GMRES
iterations to solve an arbitrary algebraic equation of the form Hy(f; ;) = 0 (e.g., equation
(25)) on a tensor manifold with a given rank. The algorithm can be used to approximate
the mapping @ (G, f) corresponding to any implicit integrator, and it returns a tensor
which can be then truncated further as in (27). This operation is equivalent to the so-called
“compression step” in [20] and it is described in detail in the next section.

3.1 The Compression Step

While increasing the tensor rank may be necessary for convergence of the HT/TT-GMRES
iterations, it is possible that we raise the rank by more than is required for the desired order
of accuracy in a single time step. Therefore, it is convenient to apply an additional tensor
truncation after computing, say, j steps of the HT inexact Newton’s method which returns

f %41 This is the same as the “compression step” at the end of HT/TT-GMRES algorithm as
presented in [20]. This gives us our final estimate of f((k + 1) At) as

P =5 () |5 (P - sl s e (30)

Regarding the selection of the truncation error e, we proceed as follows. Suppose that
¥ A (G, f;) is an explicit integration scheme of the same order (or higher) than the implicit
scheme being considered. Then we can estimate the local error as

|2 = re+van| < | 7P = w a6 ro | + [# 4G 0 - £+ DAY
= | A= w6 ro| + ocar ), G1)

Thus, we may roughly estimate the local truncation error and set this as the chosen error for
approximation to HT or TT rank r using

e = £ —waiG. 1o (32)
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We may drop more singular values than needed, especially if the choice of At is outside
the region of stability of the explicit scheme ¥ 4, (G, f). However, this estimate guarantees
that we do not change the overall convergence rate. Moreover, it cannot impact stability of
the implicit step-truncation integrator since the compression step has operator norm equal to
one, regardless of the rank chosen. This statement is supported by the analysis presented in
[41] for step-truncation linear multi-step methods. In all our numerical experiments we use
the explicit step-truncation midpoint method to estimate local error, i.e., ¥ o, (G, f) in (32)
is set as in (15).

4 Convergence Analysis of Implicit Step-Truncation Methods

In this section we show that applying the inexact Newton iterations with HT/TT-GMRES
to the implicit Euler and the implicit midpoint methods result in implicit step-truncation
schemes that fit into the framework of Theorem 1, and therefore are convergent.

4.1 Implicit Step-Truncation Euler Method

Consider the implicit Euler scheme (25), and suppose that the solution of the nonlinear
equation Hy (f;;) = 0is computed using the inexact Newton method with HT/TT-GMRES
iterations as discussed in Appendix A. Let f ,[{]Ji 1 (G =1,2,...,) be the sequence of tensors
generated by the algorithm and approximating f | (exact solution of Hy(f;, ) = 0). We

set a stopping criterion for terminating Newton’s iterations based on the residual, i.e.,

o (722

This allows us to adjust the rank of f %41 from one time step to the next, depending on
the desired accuracy &yo). Our goal is to analyze convergence of such rank-adaptive implicit
method when a finite number of contraction mapping steps is taken. To this end, we will fit
the method into the framework of Theorem 1. We begin by noticing that

[ fier = 2L = B ( (f)) - 17 (B (1)

<Ly | B ()] = Laoean (34)

where L ;-1 is the local Lipschitz constant of the smooth inverse map kal, the existence of

which is granted by the inverse function theorem. This allows us to write the local truncation
error as

Hf(At)—fE”H < |ran - £ + Hf1 —f[]”H <KiIAP + Ly e, (39)

where K is a local error coefficient. In order to maintain order one convergence, we require
that &) < K A2 for some constant K > 0.

Next, we discuss the stability condition (19) in the context of the implicit step-truncation
Euler scheme, assuming that f, ., can be found exactly by the inexact Newton’s method,

eventually after an infinite number of iterations. Denote by f 0> f o two different initial
conditions. Performing one step of the standard implicit Euler’s method yields the following
bound
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HfA1 —f~1” = H(fAO‘f‘AtG(fAl)) - <f0+AtG(f~1))” = Hfo—fOH + AtLg ”fA1 —f~1H-

where Lg is the Lipschitz constant of G. By collecting like terms, we obtain

A ~ 1 a ~ N ~

=0 === |fo-Fo| sar2aia | fo- Fo| - @0

1— AtLg

The last inequality comes by noting that 1/(1 — AtLg) < 14+2AtL g when At is sufficiently
small,i.e., At < 1/(2Lg). This s zero-stability condition, i.e., a stability condition that holds
for small Az, which will be used for convergence analysis. Regarding the behavior of the
scheme for finite At we will show in Sect. 5 that the implicit step-truncation Euler scheme
is unconditionally stable. Next, we derive a stability condition of the form (36) when the
root of Hy(f;,1) = 0is computed with the inexact Newton’s method with HT/TT-GMRES
iterations. In this case we have

A i)
fi = fi

~loo]

20 A - 7
N N

< (142LgAD Hfo ~ fo H +2L 18101, 37)

Thus, the stability condition is satisfied by the same condition on &, that satisfies the first-
order consistency condition (35), i.e., o] < K Af>. At this point we apply Theorem 1
with consistency and stability conditions (18)—(19) replaced by (35) and (37), respectively,
and conclude that the implicit step-truncation Euler scheme is convergent with order one if
ol < K A%

Remark 1 When G is linear, i.e., when the tensor ODE (4) is linear, then we may apply
HT/TT-GMRES algorithm in Appendix A without invoking Newton’s method. In this case,
the local error coefficient L ! can be exchanged for the coefficient of ¢ at the right side of

inequality (79).

4.2 Implicit Step-Truncation Midpoint Method
The implicit midpoint rule [26],

1
fk+1:fk+AtG<§(fk+fk+l))v (38)

is a symmetric and symplectic method of order 2. By introducing

1
Hk(fk+1)=fk+1—fk—AfG<§(fk+fk+1)>:0 (39

we again see the implicit method as a root finding problem at each time step. To prove con-
vergence of the implicit step-truncation midpoint method we follow the same steps described
in the previous section. To this end, consider the sequence of tensors f ,[(j_il_l generated by the
inexact Newton method with HT/TT-GMRES iterations (see Appendix A) applied to (39).
The sequence of tensors f ,[(g]_ | approximates f . satisfying (39). As before, we terminate
the inexact Newton’s iterations as soon as condition (33) is satisfied. By repeating the same

steps that led us to inequality (34), we have

Hf(At) — gl H < KiAr + Lyis. (40)
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Hence, setting the stopping tolerance as e,] < K At we get second-order consistency. We
use this to determine the stability condition (19). As before, we derive the condition for when
the zero of (39) is exact. Denote by f 0> f o two different initial conditions. Performing one
step of the standard implicit midpoint method yields the following bound

o qil = (14 852 [ o ol v a2 | i 7

By collecting like terms we see that when At <2/(3Lg),

24 AtLg || » ~
< - —
< 2" arLg 1o Jo

()l

The zero-stability condition for the implicit step-truncation midpoint method can now be
found by repeating the arguments of inequality (37). This gives

fi—r

fol - (41)

Aljl

=l
fi =1

< (1 + Atﬂ) Hfo — Fy H 2Ly 160 W)

Thus, the stability condition is satisfied by the same condition on & that satisfies the second-
order consistency condition (40), i.e., £o] < K Ar3. At this point we apply Theorem 1 with
consistency and stability conditions (18)—(19) replaced by (40) and (42), respectively, and
conclude that the implicit step-truncation midpoint scheme is convergent with order two if
ol < K AP,

5 Stability Analysis

We now address absolute stability of the proposed implicit step-truncation methods. The
study on absolute stability allows us to determine whether the timing stepping scheme is
robust to perturbations due finite A and finite tensor truncation tolerance. As is well-known,
absolute stability analysis of classical time integration schemes allows us to claim stability
over a large number iterations for finite At and for specific linear prototype problems. For
step-truncation integration on tensor manifolds, we have additional perturbations due to the
tensor truncation induced by nonzero HT/TT-GMRES stopping tolerance. To study absolute
stability of implicit step-truncation schemes we consider the following linear initial value
problem

d

where L is a linear operator with eigenvalues in in the left half complex plane. After applying
any standard implicit time stepping scheme, we end up with a system of linear equations of
the form

Afs1 = WS (44)

Specifically, for the implicit Euler we have A = I — AtL, W = I while for the implicit
midpoint method we have A = I — 0.5A¢tL, W = I + 0.5A¢L. As is well known, both
implicit Euler and Implicit midpoint are unconditionally stable, in the sense that for any
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At > 0, || frll = 0as k — oo. One way of proving this is by noting that whenever the
eigenvalues of L have negative real part, we get

IA™'W <1, 45)

and therefore the mapping A~!W is contractive. This implies the sequence f, defined
by (44) converges to zero. The following theorem characterizes what happens when we
exchange exact matrix inverse A~! with an inexact inverse computed by tensor HT/TT-
GMRES iterations.

Theorem 2 (Absolute stability of implicit step-truncation methods) Consider an implicit
time stepping scheme of the form (44), and suppose that |A~'W| < 1. Denote by fk the
solution of A}k = Wfk_l (k =1,2,...) obtained with the HT/TT-GMRES tensor solver
described in Appendix A, with m Krylov iterations and stopping tolerance n. If

|47 = W] = mianati, 46)

then the distance between }k and the exact solution f, = A~'"W f,_, can be bounded as

—12
_ mllAlA—

. 47
Siojawy” “n

7= 1]

Note that (47) implies that H }k H = O(n) as k — oo. In the context of HT/TT-GMRES

iterations, the number 1 can be controlled by setting the stopping tolerance in Lemma 1
(Appendix A) as

o= (48)

|7l
at each time step k.

Proof The proof follows from a straightforward inductive argument. For £ = 1 we have
fi—fi=A""Af —AT'W S,
e (Ajvl - Wf0> . (49)
By using (46), we can bound H}l - fi H as
[ 71— 1] = mianna=tiy. (50)
For k = 2 we have
[am = [fam w4 w7 -1
= |fo-am Wi+ [ Wi - atwy|
< mlAIIA™ Py + 147 W 7y - 1]
< (L+ 1A W) mlAlIA™ P,
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where the last inequality follows from (50). More generally,

k=2

Feor = i | = miAlA= 2y Y 14~ Wi 51
Jj=0

Repeating the string of inequalities above and replacing the right sum with the inductive
hypothesis, we obtain

k—1
[ 7= 1] < mianna=izn - 14wy
j=0

_ mlApA~?
= 7_17],
L= awi|

which completes the proof. O

(52)

Recall that the stability region of an explicit step-truncation method is the same as the
corresponding method without truncation [40, 41]. Similarly, Theorem 2 shows that the
stability region of an implicit step-truncation method is identical to the corresponding method
without truncation, though by relaxing accuracy we see that instead our iterates decay to
within the solver tolerance of zero rather than converging to zero in an infinite time horizon.
In other words, both implicit step-truncation Euler and implicit step-truncation midpoint
methods are unconditionally stable. However, if the tolerance of HT/TT-GMRES is set too
large, then we could see poor stability behavior akin to an explicit method.

6 Numerical Results

In this section we study the performance of the proposed implicit step-truncation methods
in three numerical applications involving time-dependent PDEs. Specifically, we study the
Allen—Cahn equation [35] in two spatial dimensions, the Fokker—Planck equation [39] in
four dimensions, and the nonlinear Schrodinger equation [44] in six dimensions. Our code
was built on the backbone of the HTucker Matlab package [32]. All tensor operations for the
step-truncation schemes described in Sects. 2 and 3 use function calls to the HTucker Matlab
library.

6.1 Allen-Cahn Equation

The Allen—Cahn equation is a reaction-diffusion equation that describes the process of phase
separation in multi-component alloy systems [1, 2]. In its simplest form, the equation has a
cubic polynomial non-linearity (reaction term) and a diffusion term [29], i.e.,

0

a—{:sAf—}—f—ﬂ. (53)

In our application, we set ¢ = 0.1, and solve (53) on the two-dimensional flat torus

2 =[0,27]%. We employ a second order splitting [22] method to solve the Laplacian Af
as a fixed rank temporal integration and and cubic f — f3 term using our rank adaptive
integration. The initial condition is set as

fo(x,y) =ulx,y) —u(x,2y)+u@Bx + 7,3y +m) —2u(dx,4y) + 2u(5x,5y), (54)
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Fig. 3 Error versus time for step-truncation numerical solutions of Allen—Cahn equation (58) in dimension
d = 2 with initial condition (54)
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Fig. 4 Rank versus time for step-truncation numerical solutions of Allen—Cahn equation (58) in dimension
d = 2 with initial condition (54)

where
[emam® 4 e=%0) ] sin(x) sin(y)

1 4 elese(=x/D)| 4 plesc(=y/2)| (55)

u(x,y) =

We discretize (53) in space using the two-dimensional Fourier pseudospectral collocation
method [27] with 257 x 257 points in 2 = [0, 2712, This results in a matrix ODE in the
form of (4). We truncate the initial condition to absolute and relative SVD tolerances of
10~, which yields an initial condition represented by a 257 x 257 matrix of rank 90. We
also computed a benchmark solution of the matrix ODE using a variable step RK4 method
with absolute tolerance set to 10~!4. We denote the benchmark solution as Jret- In Fig.3
we observe the transient accuracy of our order one and order two implicit methods. The
stopping tolerance for inexact Newton’s iterations is set to g, = 2.2 x 1078, while and
HT/TT-GMRES relative error is chosen as 7 = 1073, Time integration was halted at 7 = 14.
After this time, the system is close to steady state and the errors stay bounded near the final
values plotted in Fig.3. Similarly, the rank also levels out around ¢+ = 14. In Fig.4, we
plot temporal evolution of the rank for both the implicit step-truncation Euler and midpoint
methods.
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Fig. 5 Allen—Cahn equation (53). Comparison between the L2(£2) errors of explicit and implicit step-
truncation midpoint methods for different Az

Due to the smoothing properties of the Laplacian, the high frequencies in the initial
condition quickly decay and, correspondingly, the rank drops significantly within the first
few time steps. Due to the rapidly decaying rank for this problem, we have plotted it in log
scale. In Fig. 5, we provide a comparison between the rank-adaptive implicit step-truncation
midpoint method we propose here and the rank-adaptive explicit step-truncation midpoint
method

A
Sir1 =% (fk + A%y, (G <f/< + Ttgrl(G(fk))>>> ; (56)

which was recently studied in [40]. The truncation ranks r1, r;, and r3 time-dependent and
satisfy the order conditions

ery < AAL, &, < BA?, &, < GAL (57)

Such conditions guarantee that the scheme (56) is second-order convergent (see [40]). Figure 5
shows that the explicit step-truncation midpoint method undergoes a numerical instability for
At = 1073, Indeed it is a conditionally stable method. The explicit step-truncation midpoint
method also has other issues. In particular, in the rank-adaptive setting we consider here, we
have that in the limit Az — 0 the parameters ¢,,, &, and &,, all go to zero (see Eq. (57)).
This implies that the truncation operators may retain all singular values, henceforth maxing
out the rank and thereby giving up all computational gains of low-rank tensor compression.
On the other hand, if Az is too large, then one we have stability issues as discussed above.
Indeed, we see both these problems with the explicit step-truncation midpoint method, giving
only a relatively narrow region of acceptable time step sizes in which the method is effective.

In Table 1 we provide a comparison between explicit and implicit step-truncation midpoint
methods in terms of computational cost (CPU-time on an Intel Core 19-7980XE workstation)
and accuracy at time ¢+ = 1. It is seen that the implicit step-truncation midpoint method
is roughly 20 to 30 times faster than the explicit step-truncation midpoint method for a
comparable error. Moreover, solutions with a large time step (> 1073) are impossible to
achieve with the explicit step-truncation method due to time step restrictions associated with
conditional stability.
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Table 1 Allen—Cahn equation
(53). Comparison between
explicit and implicit
step-truncation (ST) midpoint
methods in terms of
computational cost (CPU-time on
an Intel Core 19-7980XE
workstation) and accuracy at final
time ¢ = 1. It is seen that the
implicit step-truncation midpoint
method is roughly 20 to 30 times
faster than the explicit
step-truncation midpoint method
for a comparable error

ST Explicit Midpoint
At Runtime (seconds) If = Fretll
1.0x 1073 Did not finish Unstable
5.0x 1074 2.2946 x 102 6.0713 x 1073
25x 1074 4.7828 x 10% 5.2628 x 10~4
1.0 x 10~4 1.2619 x 103 5.3648 x 1079
5.0 x 1073 2.7354 x 103 1.1723 x 1073
ST Implicit Midpoint
At Runtime (seconds) If = Frefll
1.0 x 107! 5.3097 2.5652 x 1072
5.0 x 1072 1.0495 x 10! 7.7248 x 1073
25x 1072 1.8987 x 10! 2.0977 x 1073
1.0 x 1072 3.8025 x 10! 6.7477 x 1075
5.0x 1073 7.6183 x 10! 3.6012 x 1070
ST implicit midpoint Reference

ST implicit Euler
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Fig. 6 Marginal probability density function (65) obtained by integrating numerically the Fokker—Planck
equation (58) in dimension d = 4 with ¢ = 5 and initial condition (64) with two methods: i) rank-adaptive
implicit step-truncation Euler and ii) rank-adaptive implicit step-truncation midpoint. The reference solution
is a variable time step RK4 method with absolute tolerance of 10~ !4, These solutions are computed on a grid
with 20 x 20 x 20 x 20 interior points (evenly spaced). The steady state is determined for this computation by
halting execution when |0 fief/01]|» is below a numerical threshold of 10~8. This happens at approximately

t =~ 10 for the initial condition (64)
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6.2 Fokker-Planck Equation

Consider the Fokker—Planck equation

d

2
=D Z i) f e, 0) + 2 Zm (58)

2
—1 iz O

on a four-dimensional (d = 4) flat torus £2 = [0, 27]*. The components of the drift are
chosen as

wi(x) = (y(xig1) —y(xi2)é(xi—1) —¢(xi), i=1,....d, (59)
where y (x) = sin(x), £(x) = exp(sin(x))+1, and ¢ (x) = cos(x) are 27 -periodic functions.
In (59) we set x;+4 = x;. For this particular drift field, the right side of (58) can be split into
a component tangential to the tensor manifold H, and a component that is non-tangential as

3f(x N _ 9f(x,1) af(x f))

( y(xip)Exi—1)——F——— 9 +y(xi—2)&(xi—1)

1 i

||M&

Not tangential

9 o232 f(x,1)
(aximx,-)f( t)+ai2>. (60)

tangential

We solve (60) using an operator splitting method. To this end, we notice that there are 3d
many terms in the summation above, and therefore we first solve the first d time dependent
PDEs which are tangential to the tensor manifold H,, i.e.,

2 9%

2 8xi2

agi

ot

a
= —¢o(xi)g + , i=1,...,d. 61)
ax,'

Then we solve the non-tangential equations in two batches,

ouj

_ i=1,....d 62
o j (62)
ouy
Uk _ k=2,...,2d. (63)
at

This yields the first-order (Lie-Trotter) approximation f (x, At) = uaq(x, At)+O( At?). We
also use these same list of PDEs for the second-order (Strang) splitting integrator. For each
time step in both first- and second-order splitting methods, we terminate the HT/TT-GMRES
iterations by setting the stopping tolerance &io] = 10~°. We set the initial probability density
function (PDF) as

M 4 . . 4 .
fo(x1, x2, X3, x4) = 1 Z ( 1—[ sin((2j — l)xl,- —m/2)+1 n l—[ exp(cos(Z.jxi + n))) ,

2G-1) 2=
Fo =1 \i=1 2 i=1 2

(64)

where Fj is a normalization constant. This gives an HTucker tensor with rank bounded by
2M. We set M = 10 to give ranks bounded by 20. We discretize (58)—(64) in §2 with the
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Fig.7 L2 (£2) error and rank versus time for numerical solutions of Fokker—Planck equation (58) in dimension
d = 4 with initial condition (64). The rank plotted here is the largest rank for all tensors being used to represent
the solution in HT format. Rank of the reference solution is in HT format

1072 ; , - o 1072
101 104
2 2
s 10-6 L 3 10-61L
£ 10 £ 10
| |
= =
108 ] 105
Implicit Midpoint
10-10 10-10
9-12 9-10 9-8 9-6 9-12 9-10 9-8 9-6
At At

Fig. 8 L2(£2) errors at 1 = 0.1 for the implicit rank-adaptive step-truncation implicit Euler and midpoint
methods versus At. The reference solution of (58) if computed using a variable time step RK4 method with
absolute tolerance of 1014

Fourier pseudospectral collocation method [27] on a tensor product grid with N = 20 evenly-
spaced points along each coordinate x;, giving the total number of points (N +1)* = 194481.
This number corresponds to the number of entries in the tensor f(¢) appearing in equation
(4). Also, we set 0 = 5 in (58).

In Fig. 6 we compare a few time snapshots of the marginal PDF

21 2
fia(x1, x2) = / f(x1, x2, X3, X4)dx3d x4, (65)
o Jo

we obtained with the rank-adaptive implicit step-truncation Euler and midpoint methods, as
well as the reference marginal PDF. The solution very quickly relaxes to nearly uniform by
t = 0.1, then slowly rises to its steady state distribution by ¢ = 10.

In Fig. 7 we study accuracy and rank of the proposed implicit step-truncation methods in
comparison with the rank-adaptive explicit Adams-Bashforth (AB) method of order 2 (see
[40]). The implicit step-truncation methods use a time step size of Ar = 1073, while step-
truncation AB2 uses a step size of A7 = 10™*. The highest error and lowest rank come from
the implicit step-truncation midpoint method with Ar = 1072, The highest rank and second
highest error go to the step-truncation AB2 method, which runs with time step size 10~* for
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Fig.9 Double-well potential (68)—(69) for different values of 6. It is seen that as & — 0, the potential barrier
at x = 0 and x = 7 becomes infinitely high. This is identical to the well-known homogeneous boundary
conditions for particles trapped in a box

stability. This causes a penalty in the rank, since the as the time step is made small, the rank
must increase to maintain convergence order (see, e.g., (57) for similar conditions on explicit
step-truncation midpoint method) The implicit step-truncation midpoint method performs the
best, with error of approximately 10~¢ and rank lower than the step-truncation AB2 method
at steady state. Overall, the proposed implicit step-truncation methods perform extremely
well on linear problems of this form, especially when the right hand side is explicitly written
as a sum of tensor products of one dimensional operators. In Fig. (8) we show a plot of the
convergence rate of implicit step-truncation Euler and midpoint methods. For this figure,
we set 0 = 2. The convergence rates are order one and order two respectively, verifying
Theorem 1.

6.3 Nonlinear Schrodinger Equation

The nonlinear Schrédinger equation is complex-valued PDE whose main applications are
wave propagation in nonlinear optical fibers and Bose-Einstein condensates [42, 44]. The
equation can be written as?

WD = L ApGe ) — IV @ (x, 1) — islg (e, DD ). 67)

where V(x) is the particle interaction potential. In our example, we consider 6 particles
trapped on a line segment in the presence of a double-well potential defined as

6
V(x)= 50 Z W), W) = [1  eCOSw” % (1 + eSi"("k)z)} ne(xk). (68)
k=1

2 As is well-known, the nonlinear Schrodinger equation (67) is a Hamiltonian PDE which can be derived as
a stationary point of the energy density (Hamilton’s functional)

1 1
H($) =/ (Z“V"’“2+ 5V(x)|¢|2 + Z\aﬂ“) dx. (66)
2
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Fig. 10 Marginal probability density functions representing particle positions generated by the nonlinear
Schrodinger equation (67) with & = 10~4, interaction potential (68) and initial condition (70)
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Fig. 11 a Maximum tensor rank versus time, and b relative error in the the solution mass and Hamiltonian
(66) for nonlinear Schrodinger equation (67) in dimension d = 6, with ¢ = ]0*4, interaction potential (68)
and initial condition (70)

Here, W (xx) is a potential with barriers at x; = 0 and x;z = 7 (see Fig.9). The function
ng (x;) is a mollifier which converges weakly to 1 + §(x;) + §(x; — ) as & — 0. One such
mollifier is

1 x2 (x —m)?
ng(x) =1+ NerT: <exp [_ﬁ] + exp [—T]> . (69)
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As 6 — 0, the weak limit of 7y translates to zero Dirichlet boundary conditions on the domain
£ = [0, 71°. The Dirichlet conditions naturally allow us to use a discrete sine transform to
compute the Laplacian’s differentiation matrices. We discretize the domain £2 on a uniform
grid with 35 points per dimension. This gives us a tensor with 35° = 838265625 entries,
or 14.7 Gigabytes per temporal solution snapshot if we store the uncompressed tensor in a
double precision IEEE 754 floating point format. We choose a product of pure states for our
initial condition, i.e.,

6 1/6
¢(x,0) = ]_[ O ntkp), (70)

kmr — sin(2wk)

The normalizing constant 61/64k /(2km — sin(2wk)) guarantees that the wavefunction has an
initial mass of 6 particles. We now apply an operator splitting method to solve (67). The linear
components are all tangential to the tensor manifold 7, and have a physical interpretation.
Specifically,

d 82
ﬁ—iﬁ— 50iW (g, k=1,...,6, 1)
ot 2 Bxk
is a sequence of one-dimensional linear Schrodinger equations. The non-tangential part
reduces to

du_ ielul*u, (72)
dt

which may be interpreted as an ODE describing all pointwise interactions of the particles.
Here we set ¢ = 10~* to model weak iteractions. Clearly, the linear terms in (67) have purely
imaginary eigenvalues. Therefore to integrate the semi-discrete form of (67) in time we need
anumerical scheme that has the imaginary axis within its stability region. Since implicit step-
truncation Euler method introduces a significant damping, thereby exacerbating inaccuracy
due to discrete time stepping, we apply the implicit step-truncation midpoint method. For
this problem, we set Ar =5 x 10~2 and the tensor truncation error to be constant in time at
100A#3 to maintain second-order consistency. Tolerance of the inexact Newton method was
set to 5 x 107> and the HT/TT-GMRES relative error to 5 x = 10~*. In Fig. 10 we plot
the time-dependent marginal probability density functions for the joint position variables
(X%, Xk+1), k = 1, 3, 5. Such probability densities are defined as

1
p(x1,x2,1) = 8/ ¢ (x, 1) (x, )dx3dxsdxsdxe, (73)
[0,11*

and analogously for p(x3, x4, t) and p(xs, x¢, t). It is seen that the lower energy pure states
(position variables (x1, x2)) quickly get trapped in the two wells, oscillating at their bottoms.
Interestingly, at + = 2.5 it appears that particle x3 is most likely to be observed in between
the two wells whenever the particle x4 is in a well bottom.

In Fig.11a, we plot the rank over time for this problem. The rank also has physical
meaning. A higher rank HT tensor is equivalent to a wavefunction with many entangled
states, regardless of which L2(£2) basis we choose. In the example discussed in this section,
the particles interacting over time monotonically increase the rank. We emphasize that the
nonlinearity in (67) poses a significant challenge to tensor methods. In fact, in a single
application of the function ig|u|?u, we may end up cubing the rank. This can be mitigated
somewhat by using the approximate element-wise tensor multiplication routine. Even so, if
the inexact Newton Method requires many dozens of iterations to halt, the rank may grow
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very rapidly in a single time step, causing a slowing due to large array storage. This problem
is particularly apparent when & &~ 1 or if Az is made significantly smaller, e.g. At = 1074,
A more effective way of evaluating nonlinear functions on tensors decompositions would
certainly mitigate this issue. In Fig. 11b, we plot the relative error of the solution mass and the
Hamiltonian (66) over time. The relative errors hover around 10~!! and 1079, respectively.
It is remarkable that even though the additional tensor truncation done after the inner loop
of the implicit solver in principle destroys the symplectic properties of the midpoint method,
the mass and Hamiltonian are still preserved with high accuracy.
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A Solving Algebraic Equations On Tensor Manifolds

We have seen in Sect. 3 that a large class of implicit step-truncation methods can be equiv-
alently formulated as a root-finding problem for a nonlinear system algebraic equations of
the form

H(f)=0 (74)

at each time step. In this appendix we develop numerical algorithms to compute an approx-
imate solution of (74) on a tensor manifold H, with a given rank r. In other words, we
are interested in finding f € H, that solves (74) with controlled accuracy. To this end, we
combine the inexact inexact Newton method [17, Theorem 2.3 and Corollary 3.5] with the
TT-GMRES linear solver proposed in [20].

Theorem 3 (Inexact Newton method [17]) Ler H : RN — RY be continuously dif-
ferentiable in a neighborhood of a zero f*, and suppose that the Jacobian of H, i.e.,
Ju(f)=0H(f)/df, is invertible at f*. Given f'% € RN, consider the sequence

FUH Z plil gl 201 (75)
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where each s solves the Newton iteration up to relative error nl, i.e., it satisfies
HJH <f[,-]) sVl | (f[j]> H < ”H (ﬂj]) ” i, (76)

If nU1 < 1 for all j, then there exists ¢ > 0 so that for any initial guess satisfying
||f[0] - f* H < & the sequence {f[f]} converges linearly to f*. If BVl — 0as j — oo,
then the convergence speed is superlinear.

The next question is how to compute an approximate solution of the linear system
Ju (ﬂj]) sl — _ g (ﬂj]) 17)

satisfying the bound (76), without inverting the Jacobian J g ( fu ]) and assuming that
sUl e Hr;, ie., that sU1 is a tensor with rank r;j. To this end we utilize the relaxed
HT/TT-GMRES method discussed in [20] HT/TT-GMRES is an adapted tensor-structured
generalized minimal residual (GMRES) method to solve linear systems in a tensor format.
The solver employs an indirect accuracy check and a stagnation restart check in its halting
criterion which we summarize in the following Lemma.

Lemma 1 (Accuracy of HT/TT-GMRES [20]) Let J f = b be a linear system where f, b
are tensors in HT or TT format, and J is a bounded linear operator on f. Let {f[O], f“], .
be the sequence of approximate solutions generated by HT/TT-GMRES algorithm in [20],
and & > 0 be the stopping tolerance for the iterations. Then

|75 = < musina="nsie. (78)

where m is the number of Krylov iterations performed before restart. Similarly, the distance
between f U and the exact solution f can be bounded as

|7 = £ | < mianna="i2 b 9

We can now combine the HT/TT-GMRES linear solver with the inexact Newton method, to
obtain an algorithm that allows us to solve nonlinear algebraic equations of the form (74) on
a tensor manifold.

Theorem 4 (HT/TT Newton method) Ler H : R"1>*72XXd . RUXNM2XXNd he g con-
tinuously differentiable nonlinear map which operates on HT or TT tensor formats, and let
f* be a zero of H. Suppose that the Jacobian of H, denoted as J g (f), is invertible at f*.
Given an initial guess f 01" consider the iteration

FUH — g, (f[j] + s[ﬂ) (80)
where sU1 is the HT/TT-GMRES solution of J g (f[j]) slil=_—H (f[j]) satisfying
n(ey () S n (e w

where U1 is the relative error, which can be any value in the range 0 < nlil < 1. Then the
Newton iteration converges linearly so long as the rank r of the truncation operator <, is
chosen to satisfy

ng <f[j] n s[j]) ) i) H - mnm. &2
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Proof Let f1°! be an initial guess. Consider the sequence

~lj+1

AR BV S T (83)
where sl/! is the HT/TT-GMRES solution of J g ( fu ]) sl = —H ( fu ]) obtained with
tolerance

[l
L (84)

£j < : TN
2m | Ju (£ |15 (4]
[l . ~lj+11
and 0 < nY! < 1. The next step is to truncate f to a tensor
. i1
f[]+1] =g, (f[j+ ]) (85)
with rank r chosen so that

» ] A
[,/+1]H 17 (N (86)

Hfmu —f <3775 (7T [T GO URAR
Then the error in solving the Newton iteration this step is
L= g (S) [0 = FT T (), (87)
which we constructed to satisfy the bound
1 o ) () () ) < )
(88)

Hence, the inexact HT/TT-GMRES Newton method converges linearly. This completes the
proof.
O

An Example

Let us provide a brief numerical demonstration of the inexact Newton method with HT/TT-
GMRES iteration. To this end, consider the cubic function

H(f)=15f+0.5f+0.125(f + f,)’ (89)

where all products are computed using the approximate element-wise Hadamard tensor prod-
uct with accuracies set to 107!, and f o 1s a given tensor which corresponds to the initial
condition used in Sect. 6.1 truncated to an absolute tolerance of 10™*. The Jacobian operator
is easily obtained as

Jua(f)s = 1.55 +0.375(f + fo)’s. (90)

We set the relative error of the matrix inverse to be 7 = 1073, In Fig. 12 we plot the results
of the proposed inexact Newton method with HT/TT-GMRES iterations. We see that that the
target tolerance of 2.2 x 1078 is hit in just 12 iterations.
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Fig. 12 Error versus iteration 10° ‘ ‘ ‘ ; ;
count of inexact Newton’s
method in the HT format 10!

,_.
<)
L

IH ()]

107 L — : : : :
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