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Abstract

In this work, a new global-in-time solution strategy for incompressible flow problems is presented,
which highly exploits the pressure Schur complement (PSC) approach for the construction of a space-
time multigrid algorithm. For linear problems like the incompressible Stokes equations discretized in
space using an inf-sup-stable finite element pair, the fundamental idea is to block the linear systems of
equations associated with individual time steps into a single all-at-once saddle point problem for all
velocity and pressure unknowns. Then the pressure Schur complement can be used to eliminate the
velocity fields and set up an implicitly defined linear system for all pressure variables only. This algebraic
manipulation allows the construction of parallel-in-time preconditioners for the corresponding all-at-once
Picard iteration by extending frequently used sequential PSC preconditioners in a straightforward
manner.

For the construction of efficient solution strategies, the so defined preconditioners are employed in
a GMRES method and then embedded as a smoother into a space-time multigrid algorithm, where
the computational complexity of the coarse grid problem highly depends on the coarsening strategy in
space and/or time. While commonly used finite element intergrid transfer operators are used in space,
tailor-made prolongation and restriction matrices in time are required due to a special treatment of
the pressure variable in the underlying time discretization. The so defined all-at-once multigrid solver
is extended to the solution of the nonlinear Navier-Stokes equations by using Newton’s method for
linearization of the global-in-time problem.

In summary, the presented multigrid solution strategy only requires the efficient solution of time-
dependent linear convection-diffusion-reaction equations and several independent Poisson-like problems.
In order to demonstrate the potential of the proposed solution strategy for viscous fluid simulations
with large time intervals, the convergence behavior is examined for various linear and nonlinear test
cases.

Keywords. incompressible Navier-Stokes equations; parallel-in-time; space-time multigrid; pressure Schur
complement; Newton’s method

1 Introduction

In recent decades, the demand for high resolution fluid simulations has become increasingly important to
understand complex physical rheologies or optimize the geometries in production processes. This numerical
prediction of the flow behavior is practically relevant only if computations can be performed in a reasonable
amount of time. In order to achieve the desired efficiency, parallelization techniques are essential, usually
performed in space only. Nowadays high-performance computing (HPC) architectures consist of a numerous
number of compute nodes and are designed to perform many computational tasks in parallel. To fully
exploit such massively parallel hardware architectures and minimize the total wall-clock time of the overall



simulation, parallelization techniques only utilizing the space dimension may fail to provide sufficient loads
for parallel tasks. Therefore, one might also want to use the temporal direction to further increase the
problem size and the scaling capabilities when spatial parallelization techniques saturate. Unfortunately,
the design of corresponding algorithms is not trivial due to the fact that the numerical solution should
evolve only forward in time to match the nature of the physical process to be approximated.

To satisfy this design criterion, two main categories can be found in the literature: The first set of
methods takes advantage of space-time concurrency by interpreting the temporal direction as another
coordinate in space and then applying special discretization techniques to the resulting space-only problem.
Other approaches exploit commonly used (sequential) time integrators and converge to the same numerical
solution for all time steps. This strategy has the advantage that the underlying discretization (in space
and time) is usually already well established and a detailed analysis is not required any more. An overview
of parallel-in-time methods and the historical development of those schemes can be found, e.g., in the
review articles by Gander [Ganl5] or Ong and Schroder [0S20]. One of the most famous representatives of
parallel-in-time methods is Parareal, which was first introduced by Lions, Maday, and Turinici [LMTO1].
In this scheme, the inherently sequential process of time stepping techniques is relaxed by performing time
stepping on temporal subintervals in parallel and then synchronizing the individual auxiliary solutions
in a sequential, but inexpensive corrector step. This methodology has proved itself already in various
test scenarios. For example, first results for the solution of the incompressible Navier-Stokes equations
were presented in [TP04; TPO06] using a first order finite volume scheme for discretization in space, while
Fischer, Hecht, and Maday [FHMO5] considered a finite element as well as a spectral approximation in
this context. For three-dimensional experiments, the authors of [CRK14] observed speedups up to 2.3
by exploiting the Parareal approach to accelerate a purely space-parallel method. Furthermore, they
noticed a decay in the convergence rate for turbulent flows. The affect of the Reynolds number on the
convergence behavior of Parareal was investigated more carefully in [Ste+15]. Finally, the application of
Parareal to non-isothermal flow problems was discussed in [CK09; MJY19]. But also other parallel-in-time
solution algorithms were extended to the simulation of viscous flow phenomena. While Kooij, Botchev, and
Geurts [KBG18] exploited Paraexp in case of fluid flows with rather low viscosity parameters, the MGRIT
algorithm was successfully applied to the simulation of the unsteady Reynolds-averaged Navier-Stokes
equations [Fal414] and in the context of an adaptively refined space-time mesh [Chr19; Chr+20].

The approach presented in this work for solution of the incompressible Navier-Stokes equations is inspired
by the parallel-in-time solution technique proposed in [DSW22]. Therein, the authors employ the Picard
iteration to first linearize the continuous problem at hand and apply commonly used sequential discretization
techniques in space and time to the resulting Oseen equations. Then several/all time steps are blocked
into a single linear system of equations and solved in an all-at-once manner to avoid efficiency bottlenecks
caused by the inherently sequential nature of common time integrators. For this purpose, the system
is transformed into a global pressure Schur complement (PSC) formulation by algebraically eliminating
the unknown velocity field. The resulting linear system of equations is only implicitly defined and each
application of the system matrix requires the solution of a vector-valued convection-diffusion(-reaction)
equation. In [DSW22], the GMRES method is finally applied to this PSC system using a global-in-time
preconditioner, which is mainly based on the solution of several independent Poisson-like problems and,
hence, provides a high degree of parallelism. Furthermore, the preconditioner can be interpreted as an
all-at-once extension of the well-known pressure convection diffusion (PCD) preconditioner proposed by
Kay, Loghin, and Wathen [KLWO02] and proved itself already in various practical applications for solution
of the incompressible Navier-Stokes equations in the range of moderate Reynolds numbers.

In this work, we present another type of a global-in-time preconditioner, which is inspired by the
least-squares commutator (LSC) preconditioner [EIm99; Elm+06; QV17]. By construction, it can be readily
applied to more general non-Newtonian fluid rheologies, which may be based on nonlinear diffusivities like
the Carreau-Yasuda model [YACS81]. Additionally, it turns out that this preconditioner is more robust
with respect to the length of the time interval than the PCD preconditioner. However, in both cases the
total number of iterations required to solve the problem at hand is not bounded above independently of
the spatial resolution and the number of blocked time steps. This observation calls for acceleration of



the solution procedure by embedding the preconditioned GMRES method as a smoother in a space-time
multigrid algorithm exploiting either space, time, or space-time coarsening.

Another crucial ingredient of the overall solution strategy is the linearization technique under investigation.
The Picard iteration seems to be very robust, but provides only a linear rate of convergence. Therefore, the
influence of Newton’s method for solution of the nonlinear problem is also discussed in this work. Although
this scheme converges quadratically, it requires sufficiently good initial guesses or a globalization technique.
As we will see, this fact becomes important especially when solving the incompressible Navier-Stokes
equations for a discretization of second order accuracy in space and time already at small Reynolds numbers.

This work is organized as follows: In Section 2, the unsteady incompressible Navier-Stokes equations
and some linearized model problems are introduced. Section 3 is concerned with the discretization of the
Stokes equations in space and time as well as the construction of the corresponding all-at-once saddle point
problem. The pressure Schur complement fixed point iteration for this global linear system of equations
and associated all-at-once preconditioners are presented in the next section. The proposed solution strategy
is embedded as a smoother in a parallel-in-time multigrid algorithm in Section 5, while the behavior of
nonlinear solution strategies is discussed in Section 6. Section 7 focuses on the numerical analysis of the
solution techniques under investigation applied to several linear and nonlinear test cases. Finally, open
challenges associated with extensions to convection dominated problems and the outcomes of the presented
research are discussed in Section 8 and Section 9, respectively.

2 Continuous setting

In this work, we focus on efficient solution strategies for the incompressible Navier-Stokes equations

o
Py 4 p(v- V)V — pAv + grad(p) = pg  in Qx (0,T),

ot .
div(v) = 0 in 2 x (0,7), (1b)

v(-,0) = vo on €, (1c)

v=vp onIpx(0,7), (1d)

—pn+ p(n-V)v = ph on I'y x (0,7), (le)

which govern the evolution of a velocity field v : Q x (0,T) — R? and a pressure p :  x (0,7) — R. Here,
the final time is denoted by 7' > 0 and Q C R?, d = 2,3, is a compact, time-independent domain with a
Lipschitz boundary 9Q = I'p U 'y decomposed into its Dirichlet and Neumann parts. Furthermore, the
initial velocity field is given by v : @ — R%, vp : T'p x (0,7) — R? denotes the Dirichlet boundary data,
g:Q x (0,T) — R? represents the body force density, and h : I'y x (0,7) — R? is the force acting on the
fluid in the outward normal direction n : 9Q — R? [KH14, Chapter 8]. Finally, the density p of the fluid is
set to unity for the sake of simplicity, while the dynamic viscosity of the fluid, denoted by pu, is a positive
constant for the time being. In the numerical examples presented below, we will also consider viscosity
parameters depending on the shear rate of the fluid and the Laplacian will be replaced by a viscosity
model based on the strain rate tensor. These changes require minor algorithmic adjustments, which will be
addressed when they come into play.

Due to the nonlinear behavior of the incompressible Navier-Stokes equations, there are hardly any direct
solvers for system (1) and iterative solution techniques are commonly used in practice. A prominent
representative is the classical Picard iteration

(V7p) = (V_‘_’»p_ﬁ)v (2)



where the initial guess (v,p) is assumed to satisfy the boundary conditions (1c)-(1le) and the solution
update (v, p) solves the Oseen equations

ov

5t + (v-V)v — pAv + grad(p) = r(v, p) in Qx (0,7), (3a)
div(v) = div(v) in Qx(0,7), (3b)

v(-,0)=0 on €, (3c)

v=0 on I'p x (0,7), (3d)

—pm+pun-V)jv=0 on I'y x (0,7) (3e)

using the residual r of the momentum equation
ov
r(v,p) = 5 + (v V)V — pAv + grad(p) —

For an improved convergence behavior, Newton’s method can be employed, where the solution update (v, p)
of the above fixed point iteration satisfies

ov

5 +(v-V)V+ (v-V)v — pAv + grad(p) = r(v,p) in Qx(0,7), (4a)
div(v) = div(v) in Qx(0,7), (4b)

v(-,0)=0 on , (4c)

v=0 on I'p x (0,7), (4d)

—pm+pun-V)v=0 on I'y x (0,7) (de)

corresponding to the Oseen equations involving some additional reactive term (v - V)v.

Therefore, in each iteration of the nonlinear solution procedure, the generalized unsteady Oseen equations
as defined in (3) or (4) (involving ‘reactive’ terms or not) have to be solved. For this type of (linear) saddle
point problems, a wide range of iterative solution techniques can be found in the literature (cf. [GS98;
Joh16]). However, most methods have in common that they exploit sequential time-stepping by solving the
involved linear system of equations for each time step one after the other. One family of such schemes is
given by so called projection-like methods, where the pressure Schur complement is used to compute the
pressure unknowns iteratively while the velocity field only acts as an auxiliary variable.

In this work, we present a global-in-time counterpart of this technique, where the pressure solution of
the generalized Oseen equations is computed at all time instances simultaneously. For this purpose, we
first restrict our attention to the simplified case v = 0 leading to the linear unsteady Stokes equations with
nontrivial right hand sides and homogeneous boundary conditions. More precisely, our model problem
reads

ov

i pAV + grad(p) = g in Qx(0,7), (5a)
div(v) = f in Qx(0,7), (5b)

v(-,0)=0 on (5¢)

v=20 on I'p x (0,7), (5d)
—pm+pun-V)v=0 on I'y x (0,7), (5e)

where the right hand side f : Q x (0,7) — R is introduced due to the occurrence of a nontrivial right hand
side in the continuity equations (3b) and (4b). The generalized Oseen equations given by (3) or (4) can be
solved similarly. Necessary adjustments of the solution procedure are mentioned at appropriate places.

3 Global-in-time discrete Stokes problem

After introducing the nonlinear solution strategy and motivating our linear model problems, we now
discretize the system of partial differential equations in space and time and introduce the resulting global-



in-time problem, which is solved by the discrete velocity and pressure solutions at all time instances. In this
work, we restrict our attention to spatial discretizations using the stable Q2-Q1 Taylor-Hood [TH73] finite
element pair, where each component of the velocity field is approximated by a continuous and piecewise
multi-quadratic function, while the pressure space is given by all continuous functions which are multi-linear
in each element. Although many aspects of the solution strategy proposed in this work do not depend on
the spatial discretization technique per sé, there are a few ingredients which will highly exploit special
properties of the considered finite element spaces. We will emphasize these points whenever they will come
into play.

To obtain the global-in-time counterpart of our model problem (5), we first discretize the Stokes equations
in space using the above mentioned finite element pair. Then the system of ordinary differential equations
reads

M, i(t) + pDyu(t) +Bp(t) = g(t),  Blu(t) =f (6)

where u : (0,7) — RN« N, € N, and p : (0,7) — RM», N, € N, are the time-dependent vectors of
degrees of freedom corresponding to the velocity and pressure field, respectively. Furthermore, the matrices
M, € RN«xNu and D, € RN«*Nu denote the mass and diffusion matrices of the velocity field, while
B € RY«*No and BT € RV»*Nu are the discrete counterparts of the gradient and divergence operator,
respectively. Finally, the vectors g : (0,7) — RNe and f : 0, 7) — R™r represent the load vectors
corresponding to the right hand side functions g and f, while the Neumann boundary condition is also
incorporated in the former quantity. For the sake of simplicity, we further assume that the boundary
conditions prescribed on I'p and I'y are already enforced in system (6). Due to this fact, the matrices B
and BT are strictly speaking not adjoint to each other. However, this discrepancy is of minor relevance
and will be neglected in what follows. For a detailed description of the finite element approximation, the
interested reader is referred, e.g., to [GS98; Tur99].

To numerically approximate the solution of the Stokes problem (6), we eventually apply the 6-scheme,
0 € [0, 1], for time integration, where the time increment §t > 0 is assumed to be constant for the sake of
simplicity. Then the approximations u™*+? ~ u(t**1V) and p*+D ~ p(t(»+1), t(*+1) = (4 1)5t, solve
the linear system of equations

(M, + 05tuD, ) u™* 4 5tBp™* = 6t (g + (1 - 0)g™) — (—M, + (1 — 0)dtuD,)u™,  (7a)
BTu(nJrl) _ f(n+1) (7b)

at each time step n = 0,..., K, where K = Tt~ € N denotes the total number of time steps. Note that
the fully implicit treatment of the pressure approximation is common practice and does not affect the
accuracy if an appropriate post-processing step is performed (c.f. [Tur99]). We will come back to this
aspect in Section 5.2 when motivating temporal grid transfer operators for the pressure variable.

By introduction of the right hand side gV = §t(6g" ™V + (1 — )g(™) and the system matrices
A; =M, + 0tuD,, as well as A, := —M,, + (1 — 0)dtuD,, the velocity field u(™*t1 and the scaled pressure
unknown p**t1 := §tp(®*+1) solve the following saddle point problem:

A; B u(n+1) g("+1)—Aeu(")
(1 %) () = (b ). o g

The solution of system (8) is usually advanced in time step-by-step due to the fact that (u(®*+1), pn+1)
depends on the previous velocity field u(™). However, in this work we intend to circumvent this sequential
behavior and speed up the overall solution procedure of (8) by approximating the flow profile at all time



instances at once. For this purpose, we treat all K time steps simultaneously and introduce the all-at-once

system of equations
B BK) (u> (g>
- | = 9
<BIT( 0 P f (%2)

A. A, B u® g
A A, B || u® 5)
= | BT 50| T e (9b)
BT e £(2)
BT B )

Using the Kronecker product notation

1B ai2B -+ aixB
ang (122B (ZQKB

A®B:= . ) , , A e REXE B e RV*XN
ag1B ageB -+ aggB

the block matrices A € REN«XEN. By ¢ RENuXEN, "and Bj, € REN»*ENu can be written as

A; M, 6D,
A, A -M, M, (1-6)D, 6D,
Ak = S = . . + oty .
A, A -M, M, (1-6)b, 6D,
1 0
-1 1 1-60 0
= . . ®Mu + 5t,u . . ®D, =Ug ® Mu + 5t,UVK ® Dua
-1 1 1-6 0
=Ug =Vg
1 1
1 1
By = . @B=Ix®B, Bj = _ @BT =Ix ®@B'.
1 1

Note that upright variables equipped with the subscript K correspond to matrices that act only in the
temporal direction while global/space-time quantities are denoted by bold-faced letters.

Obviously, the global-in-time system of eqations (9) is equivalent to system (8) and, hence, leads to
the same velocity and pressure solution for all time instances. Especially, problem (9) collapses to the
sequential solution procedure in case of K = 1. Therefore, this reformulation might only yield algebraic
benefits for iterative solvers, while, for instance, the discretization error or stability of the solution is not
affected.

Due to the fact that time-dependent convective contributions to the momentum equation are omitted in
the Stokes equations and the spatial domain is fixed, the mass and diffusion matrices M,, and D,, do not
change in time and the global matrices A i, Bx, and BE can be written in terms of the Kronecker product
as mentioned above. In the next section, we will exploit this property to motivate the construction of



tailor-made solution strategies for the all-at-once system of equations (9). Although these schemes might be
more expensive than algorithms which readily solve (8) in a sequential manner, they provide a high degree
of parallelism and, hence, are designed to be efficiently applicable on modern massively parallel systems.
Unfortunately, the generalized Oseen equations given by (3) or (4) do not have this special structure of A g
for a time-dependent velocity field u. However, we will see that the solution techniques presented below
are still applicable after adequate modifications.

4 Basic pressure Schur complement iteration

In this section, an iterative solution algorithm for the global-in-time Stokes problem is presented, which
exploits the Schur complement of the underlying saddle point matrix and is readily extendable to the
treatment of the Oseen equations. The main idea behind the derivation of this scheme is to eliminate
the degrees of freedom associated with the velocity field and then solve the resulting linear system of
equations for the pressure unknowns in an iterative manner. For this purpose, two types of preconditioners
are derived which are motivated by their counterparts for the sequential problem at hand. Finally, some
remarks are made on how the solution strategy can be performed more efficiently in practice.

4.1 Sequential version

Before describing the pressure Schur complement (PSC) solution algorithm for the all-at-once problem (9),
we recall frequently used global PSC techniques for the sequential system of equations (8), which are very
efficient for moderate Reynolds numbers and have in common that they are exact for infinitely small time
increments dt. As the name already suggests, these schemes are based on the pressure Schur complement
of the saddle point problem (8) given by

BTAZ_lBIS(nJrl) — BTAZ—I(g(n+1) o Aeu(n)) o f(n+1)7 (10)
which is derived by substituting the velocity field
ulntl) — A;l(g(nﬁ-l) —Au™ — Bf>("+1))

into the discrete version of the continuity equation BT u(®*+1 = g(»+1)  Unfortunately, it is hardly possible
to explicitly determine the Schur complement matrix P; = BTA; 'B € RN»*N> due to the fact that A;l
is generally not sparse. Therefore, iterative solution techniques are commonly used to solve the PSC
equation (10). For instance, the pressure update of the preconditioned Richardson iteration is performed
using the formula

f)("+1) N f)("+1)—|-q("+1),

q(n+1) _ Crl(BTAfl(g(n+l) o Aeu(n) - Bﬁ(n+1)) o f(n-i—l)) _ C;l(BTﬁ(n—i-l) o f(n-i—l)) _ C;lr(n—i-l)7
(1)
where the preconditioner C; approximates the system matrix P; while r(**1) = BT+ — f(+1) jg the
PSC residual. As the approximation p("*+1) converges to the exact solution of (10), the update g1
vanishes and the auxiliary velocity field a1 = A7 (g*+D) — A u™ — Bp(*+1) tends to the velocity
solution u™+1) of (8).

For the construction of appropriate preconditioners, we first note that A; is dominated by M, for
sufficiently small time increments. In this case, the Schur complement matrix P; can be approximated
by the so called pressure Poisson matriz ﬁp = BTM; B, which is spectrally equivalent to the discrete
Laplacian acting on the pressure variable (cf. [ESW14]) and can be determined esplicitely if the velocity
mass matrix M,, is diagonal, e.g., by using an appropriate quadrature formula to perform mass lumping.
This observation calls for the definition of

—1 Tag—1 -1 A —1



which corresponds to a SIMPLE-like preconditioner as proposed by Patankar and Spalding [PS72] and
is exact in the limit of a vanishing time step size leading to an improved convergence behavior of the
fixed point iteration (11) as dt decreases. In what follows, we focus on the construction of more advanced
preconditioners, which can be classified into two main categories and have in common that they coincide
with the above mentioned definition of C; ! for infinitely small time increments.

4.1.1 Pressure convection-diffusion (PCD) preconditioner

The first approach to construct the preconditioner C; is motivated by assuming the commutativity of the
underlying differential operators [KLWO02]. In a discrete manner, this assumption means that the identity

A7'BM, ' = M, 'BA;) < A7'BaM,'BA; M, (13)

holds true, where the velocity and pressure mass matrices M,, € RY«*Nu and M,, € RN»*Ne guarantee
correct scalings. Furthermore, the matrix A; , € RV»*Ne approximates A; using the pressure FE space.
According to (13), the preconditioner C; can then be introduced as (cf. [KLW02])

Pl =(BTA;'B) ' &~ (BTM,'BA; )M,) " = (]A)pA;;Mp)_l =M, 'A;,Dt = CL

Note that the diffusion matrix D, € RN»*Ne involved in the definition of A; , := M, + 85tuD,, can only be
computed using the Galerkin discretization if the pressure FE space is H'-conforming, which is actually the
case for the considered Q2-QQ1 FE pair. Otherwise, a mixed formulation of Poisson’s equation can be used
to motivate the definition of D,, as the discrete pressure Poisson matrix ﬁp = B"M;!B. This formulation
is also employed in this work and leads to the so called Cahouet-Chabard preconditioner [CC88]

C; =M, 1 (M, + 05tuD,)D, * = D! + 05tuM, ! (14)

for the sequential Stokes problem (8), which is obviously exact for infinitely small time increments.

In case of moderate Reynolds numbers, preconditioner (14) also yields good convergence rates of the fixed
point iteration (11) for the generalized Oseen equations (3) and (4). However, convective contributions can
as well be considered in the definition of A; , by another additive term 66¢K,. Then the above mentioned
preconditioner extends to the so called pressure convection-diffusion (PCD) preconditioner

C;l =M MA; D =Dyt + 06tuM )t + 05tM KDY

where the unsplit form of CZ-_1 is more appropriate to apply in practice because only one discrete pressure
Poisson problem with system matrix D, has to be solved in each application of the preconditioner.

4.1.2 LSC preconditioner

The definition of the PCD preconditioner as presented in (14) can also be derived by assuming the regularity
of B and BT. However, this assumption is generally not true so that both inverses have to be replaced
by adequate approximations. The use of the Moore-Penrose inverse leads to the so called scaled BFBt
preconditioner as proposed by Elman et al. [Elm+06]
P_fl _ (BTAle)—l _ ((BTMI—Ll/Q)M’LlL/QAflM’[lL/Q(M’Zl/QB))—1

~ (M;l/zB)+M;1/2AiM;1/2(BTM;1/2)+

_ A-1pTy-1 “1pH-1 . 1

=D, B M, "A;M, ' BD," =C;, (15)
where we exploited the properties

(M;l/QB)+ — ((M;1/2B)T(M;1/2B))_l(M;l/QB)T — ﬁ;lBTM;1/2, (16&)

Tar—1/2v+ _ (pTar—1/2\T Tar—1/2 Tar—1/2yT\—1 _ ar—1/2p7—1
(BTM V)T =BM YA T(BTMVHBTM VAT =M, /2BD, (16b)



due to the fact that all columns of B and rows of BT are linearly independent. Originally, this preconditioner
was derived using a least-squares formulation and, hence, can also be called least-squares commutator
(LSC) preconditioner [QV17]. As in case of the PCD preconditioner, approximation (15) is exact in the
limit of a vanishing time increment, because A; then coincides with M,, and, hence,

C;'=D,'B'M,'M,M,'BD," =D, 'B"M,'BD,! =D, .

:Dp

Furthermore, this approach can be applied to any linear system of equations with a saddle point system
matrix and does not require special finite element pairs for discretization purposes. Therefore, the
preconditioner can be constructed in a straightforward manner for the generalized Oseen equations (3)
and (4) without special treatment of the convective and/or reactive term. On the other hand, application
of the LSC preconditioner requires solution of two discrete pressure Poisson problems and, hence, is
approximately twice as expensive as the PCD preconditioner.

4.2 Global-in-time version

After summarizing a commonly used solution strategy for the Stokes problem (8) in case of moderate
Reynolds numbers and reviewing adequate preconditioners, we now extend this approach to the all-at-once
system of equations (9), where all time steps are treated simultaneously. For this purpose, the corresponding
Schur complement can be constructed as before by expressing the velocity field u in terms of the unknown
pressure variable p, i.e., u = Al}l (g — BiD), and substituting the result into B}r(u = f. This procedure
leads to the system of equations

BiA'Bkp=BAL'g—f. (17)
Then the corresponding preconditioned Richardson iteration is given by
p ~ Pta,  a=Cy (BgAL (g Bxp)—f) = Cy'(Bru—f)=Cylr, (18)

where Cl}l is a suitable approximation to the inverse of the Schur complement matrix Py = B}—( Af}lB K, the
auxiliary velocity field u satisfies u = A}l (g—BxkpP), and the global-in-time PSC residual reads r = B j-u—f.

The crucial question now is how to extend the preconditioners C; presented in the previous section
to the global-in-time Schur complement equation (17) so that an adequate convergence behavior can be
achieved in an efficient manner and the all-at-once preconditioner is still exact in the limit of vanishing time
increments. For this purpose, it seems to be mandatory to also take into account the off-diagonal block
entries A, of the global-in-time matrix A . This requirement seems to imply that the sequential structure
of the Stokes problem (8) will directly carry over to the global preconditioner Cx and its application might
not be efficiently applicable at first glance. However, in what follows we will see that this actually does not
have to be true and the preconditioners considered in this work are indeed well suited for accelerating the
solution procedure on modern high-performance computing facilities.

4.2.1 PCD preconditioner

First, we focus on the PCD preconditioner as given by (14) in the sequential case and note that it was
motivated by assuming the commutativity of some underlying differential operators. In a discrete manner,
this assumption is given by the validity of (13), which is equivalent to

BM,'A;, ~ AM;'B
BM;I(MP + 0tubD,) ~ (M, + StubD, )M 'B
B(I, + 6tpoM, 'D,) ~ (I, + 5tuéD, M, ")B
BM,'D, ~ D,M,'B
BM, ' (—M,, + 6tp(1 — 6)Dy) &~ (=M, + dtpu(l — 6)D, )M, 'B
BM;'A., ~ AM,'B

[



for 8 ¢ {0,1}, where A, , approximates A, using the pressure FE space. This property can be exploited to
easily show a global-in-time version of assumption (13)

A Ik @ BM ') &~ (Ix ® M, 'B)AL, (19)
where A, is given by
Al A
e,p i,p
Ak, = '
Ao, A,

Therefore, the global-in-time version of the PCD preconditioner can be defined by (cf. [DSW22])
Py =BiAL'Bgx = BRAL By (Ix @ M ) (Ix © M) = B A (Ix ® BM ) (Ix ® M)
~Bi(Ix @ M,'B)AL, Ik @ M,) = (Ix ® D) AR (Ix ®M,) = Ck

and, hence, .
Ci! = (I © M, ) Ax,(Ix @ D} ), (20)
which is based on the same assumption as the sequential counterpart introduced in Section 4.1.1.
For the special case of the Stokes equations with a constant diffusion parameter p, the all-at-once
matrix Ak , can be written as

1 0
-1 1 1-60 0
Agp = S @M, + dtp . . ®Dp,

-1 1 1—-6 46

=Ug =V

where the diffusion matrix D, may be set to ﬁp as before. Then the global-in-time version of the
PCD preconditioner simplifies to

Cy' = (Ixk ®M, ") Ak, (Ixk ©D, ")
= (Ix @M ") (Ux @ M,) + 5tu(Vk ®D,) ) (Ix ® D, )
= (Ug @ DY) + 6tpu(Vie @ M)
= (Ig ®D,) YU @ 1) + dtu(lx @ M) "L (Vi @ Ix)
due to the fact that the Kronecker product satisfies
(A®B)(C®D) = (AC)® (BD), A,CecRE*K B DeRVN
AB) '=A"1eB! A e REXKE B e RVXN A B invertible.

Therefore, the preconditioner Cx can be applied to the global-in-time PSC residual r = Bt — f by first
computing the modified right hand sides

r 0
2 )

1 =Ug®Dr= |- : : (22a)
LK) H(K-1)
(M 0
e )

fo=(Vegohr=0| . |+a-0]| . (22b)
LK) H(K-1)
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before linear systems of equations with system matrices Ix ® f)p and Ix ® M, have to be solved, i.e.,
Ik ®Dy)q =+ and (Ix ® M,)qs = To.

According to the fact that Ix ® ]51, and Ix ® Mg are block diagonal matrices, each block entry of q; and
Qo can be computed independently of each other by solving local subproblems with system matrices ]3,,
and M, respectively. This solution procedure can be further simplified due to the fact that the system
matrix does not change, i.e.,

&V D! D
| - = (@ @) =py (5 e 19).
~gK) ]5;1 #5)
A 3
| = | o= (@ ) = () 69,
0 )\

Therefore, application of C}l to the residual r requires in total the solution of two separate spatial
subproblems with K (independent) right hand sides, which provides a much higher degree of parallelism.
The corresponding system matrices ﬁp and M,, are also incorporated in the sequential version of the
PCD preconditioner (14). Thus, a single application of the global-in-time preconditioner requires solution
of the same and as many linear systems of equations as in the sequential case if the preconditioner (14) is
applied once in each time step.

If convective and/or reactive contributions are included in the definition of the preconditioner, too, then
formulation (20) should be used. This version requires solution of the same linear systems of equations as
occurring in (21) while another all-at-once matrix-vector multiplication has to be performed.

Therefore, the global-in-time preconditioner (20) can be applied very efficiently on modern high-
performance computing facilities without the necessity of special solution techniques. On the other
hand, the preconditioner Cg coincides with the Schur complement matrix Py in the limit of vanishing
time increments leading to an improved convergence behavior of the fixed point iteration as the time step
size 0t goes to zero. This property stays valid even if only contributions of the mass matrix are considered
in the definition of A ), so that Cx corresponds to the SIMPLE-like preconditioner

Crl =Ux®D,' =(Ix®D,) (Ux ®1). (23)

4.2.2 LSC preconditioner

For the derivation of a global-in-time version of the preconditioner (15), we first note that
(IK ® M;l/ZB)-i- =Ix ® (]j;lBTMgl/Q), (IK ® BTM;1/2)+ =Ix ® (M;1/2BD;1)
by virtue of (16). Then the global-in-time LSC preconditioner can be defined by

Cx' = ((Ix @ M7 YV*)Bg) " (Ix ® My V/2) A (Ix @ M) 7T (B (Ix ® My /%)) "

= (Ix ® (D, 'BTM; ") A (Ix @ (M, 'BD, 1)) (24)

and provides an efficient application, because each system matrix of involved linear systems of equations
can be decomposed into independent local subproblems. Furthermore, the application of the global-in-time
LSC preconditioner is again approximately twice as expensive as applying the PCD preconditioner due to
the fact that two discrete pressure Poisson problems have to be solved for each blocked time step.

Both presented preconditioners Cy have in common that they exhibit a lower block triangular structure
because they can be written as the product of lower block triangular matrices as stated in (20) and (24).
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According to the fact that the global-in-time Schur complement matrix Py = BIEAI_(lB K is also a lower
block diagonal matrix, the iteration matrix of the fixed point iteration (18) given by Jx = Ix — Cl}lP K
possesses the same structure. Therefore, the asymptotic rate of convergence coincides with the largest
spectral radius of the block diagonal entries of J g, which is given by the asymptotic rate of convergence
of the corresponding sequential fixed point iteration (11) and, hence, does not depend on the number of
blocked time steps K. However, this property is of minor practical importance as we will see in Section 7.

4.3 Inexact solver for momentum equation

Currently, one key ingredient of the solution strategy described above is given by elimination of all velocity
unknowns leading to a fixed point iteration for the pressure variable only. Thus, in each application of the
implicitly defined system matrix, an auxiliary velocity field has to be calculated, which corresponds to the
(exact) solution of a vector-valued unsteady convection-diffusion-reaction equation. Although numerous
parallel-in-time solution techniques can be found in the literature for this test problem, the accurate
computation might be expensive and, hence, calls for more sophisticated and efficient alternatives.

If a suitable initial guess is also available for the velocity field, one possibility is to improve the accuracy
of this quantity iteratively and already accept intermediate solutions in the overall solution procedure. The
fixed point iteration given by

a — ua+w, w=A.(g-Bgp-Axn) (25)

converges to the exact auxiliary velocity field u = A;{I (g — Bkp) for a fixed pressure variable p if the
preconditioner A i =~ A, possibly depending on the current solution u, is chosen appropriately. If only a
single iteration of (25) is performed before calculation of the PSC residual, the update formula for 1 and p

reads
(E‘) — <“) + (W) : (26a)
p p q
< . - ~ -1, - -
w\ _ A (g —Bgp — Agu) _(Ax O g— Bgp— Axu (26b)
q Cx' (BL(a+w)—f) -B) Cx Bia—f ‘
Actually, this more general solution strategy is automatically performed in (18) whenever the old velocity
field is used as an initial guess in case of an iterative computation of u. However, the stopping criterion
of (26) should then take into account the residuals of the continuity and the momentum equation. Eventually,
the auxiliary variable @t converges as before to the velocity field u of the solution (u,p) of the discrete
Stokes (or Oseen) equations.
In the numerical examples presented in Section 7, we will not exploit the above mentioned approach
and will always compute exactly the auxiliary velocity field. In this way, we can evaluate the convergence

behavior more carefully without introducing any disturbing side effects, and a sensitive parameter tuning
for the velocity solver can be avoided at this point.

5 Multigrid acceleration

So far, the all-at-once system of equations (9) is solved by a global pressure Schur complement fixed
point iteration. It was introduced as a straightforward extension of the sequential counterpart, which has
proved its worth in numerous practical applications. Furthermore, both solution strategies yield the same
asymptotic rate of convergence due to the lower block triangular structure of the global-in-time iteration
matrix. However, the number of iterations for approximately reaching this asymptotic rate highly depends
on the number of blocked time steps and, unfortunately, the convergence behavior generally deteriorates
during the first iterations as the time horizon is enlarged. Therefore, this theoretical property is only of
minor practical interest and calls for the use of more sophisticated solution strategies.

12



In this section, we introduce a two-grid PSC algorithm using the above mentioned fixed point iteration
as a smoother. The key idea is to accelerate the convergence of the iterative solver by means of a so
called coarse grid correction. For this purpose, the global-in-time PSC residual is restricted to a coarser
space-time grid, where the Stokes problem can be solved more efficiently. Then the coarse grid solution is
used to update the pressure variable while the corresponding velocity field could be determined by another
solution of the momentum equation. In practice, this solution strategy is performed recursively leading to
a real multigrid algorithm.

5.1 Coarse grid correction

To introduce the coarse grid problem, we first notice that the global-in-time fixed point iteration (18)
is defined as a defect correction for the all-at-once Schur complement (17). This system of equations is
derived by algebraically manipulating the Galerkin discretization of the Stokes equations and, hence, is
uniquely determined by the triangulation 7, of the spatial domain 2 as well as the choice of the time
increment 0t. Thus, an approximation to the exact solution of (17) can be computed by solving the same
system for another discretization in space and time. By using either a coarser spatial triangulation 7 or a
larger time increment &, the resulting coarse grid problem has less degrees of freedom than the original
one so that solution can probably be performed more efficiently.

In the context of the two-grid algorithm, such a coarse grid problem is exploited to improve the quality
of an initial guess p by means of a corrector step. For this purpose, the global-in-time PSC residual

r=Bru—f=BrA (& Bkp) —f

is transferred to the coarse space-time grid using a restriction operator RE € RVeEXNoK " where K =

Tt € Nis the number of blocked time steps required to reach the final time 7" using the time increment ot
while V), denotes the number of degrees of freedom associated with the pressure FE space defined on 7j,.
Then the coarse grid Stokes problem reads in its primal form

(B ) () () (age) e

where all quantities furnished with a bar are defined as before, but now with respect to 7;, and 5t. Finally, the
pressure approximation p is projected to the original mesh using a prolongation operator PII—g € RNpEXNp K
and then added to the initial guess p.

In summary, the whole coarse grid correction reads

p — p+ta  aq=Cr'(BLAZ(g—Bgp)—f) =Cr'(Biu—f)=Cy'r,

where (Alf_(l = Pg(B}——(AI_—(lB %) 'RE can be interpreted as a coarse grid preconditioner for the fixed point
iteration (18). It is easy to verify that this coarse grid correction produces the exact solution to (17) for
Pfl—g = RE = I if both space-time grids coincide, i.e., 7; = T5, and §t = 6t. However, this choice obviously
does not reduce the computational complexity due to the fact that the original problem still has to be
solved, but now for another right hand side. Therefore, the space-time grid should be coarsened in the
spatial and/or temporal direction. In the former case, it is common practice to exploit grid hierarchies
based on uniform refinements of a coarse grid due the fact that the prolongation and restriction operators
P € RY»*No and R € RY»* e naturally induced by the pressure FE space can be computed efficiently
in this case. On the other hand, it seems to be convenient to enlarge the time increment d¢ by a factor
of 2 leading to a nested hierarchy of time levels. If corresponding temporal intergrid transfer operators
15% € REXE and f{lfg € REXE are given, the global-in-time prolongation and restriction operators can be
defined in terms of a Kronecker product as follows:

PE-PEgP, RE=RE®R
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5.2 Temporal prolongation and restriction operators

While the involved intergrid transfer operators in space are naturally induced by the pressure FE space,
the definition of temporal prolongation and restriction operators requires more sophisticated investigations
due to the fully implicit treatment of the pressure variable in (7a). For this purpose, we first note that the
finite element function associated with the degrees of freedom p™*t = §t =1 p("+1) can be interpreted as
an approximation to the exact pressure field p at the intermediate time level ¢t("+%) = ¢(") 4 g5¢ [Kosl1,
Appendix D]. Numerical experiments indicate that this approximation is second order accurate in case of
the Crank-Nicolson scheme for time integration, i.e., § = % According to this observation, we restrict our
attention to this special choice of # and introduce the temporal intergrid transfer operators in terms of a
tailor-made ‘linear interpolation’ in time. Using the symbols of Fig. 1, the restriction of the residual can be
outlined as follows:

1. oo r™1) agsociated with ¢(n+1/2) (") & (¢ +1/2)
2. o~ m linear interpolation r(t( D) = %(r(t(’“rg/z)) + r(t(”+1/2)))
3. m~m ™D associated with ¢(*+1/2) Tt g (FHL/2)) = (¢ 1)

The prolongation of a coarse grid pressure approximation exploits ‘interpolation forward in time’:

1. oo  ptY associated with ¢("*1/2) P p(H(H1/2)) = p(¢(nH1))

2. B~ o linear interpolation p(t(1/2)) = i(Sp(t("H)) —|—p(t("_1)))
/D) = (314D — p(tn)

3. oo p™ associated with ¢(+1/2) p( D) p(t(nH+1/2))

Therefore, the associated matrices read

— Ut W

if the time increment of the coarse grid problem is given by ot = 26t. Due to the fact that the pressure
solutions p and p of the Stokes problems (9) and (27) are scaled by dt and 6t = 24t, respectively, the
actual prolongation matrix has to be multiplied by % leading to the following transfer operators in time:

RE {IK Ot=0t, s {IK L6t = ot,

RE :ot=20t," K7 |1PE .gt=24

5.3 Smoothing operator

After the definition of the coarse grid problem, we now focus on the smoother of the two-grid algorithm.
As mentioned before, the preconditioned Richardson iteration as introduced in Section 4.2 can be employed
for this purpose. However, the convergence of the resulting two-grid algorithm is highly sensitive to the
choice of optional damping parameters involved in the smoother. To avoid the necessity of manually tuning
this value, the Richardson iteration is embedded into a GMRES solver, which automatically determines
‘optimal’ relaxation parameters in a nonlinear fashion (cf. [K6s11]).
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Figure 1: Illustration of temporal intergrid transfer operators for pressure variable based on linear interpo-
lation between neighboring degrees of freedom.

5.4 Sketch of solution algorithm

In this section, we briefly summarize the linear solution technique as described so far and highlight important
aspects that could be useful in practical implementations. The algorithm at hand is then used in Section 7
to solve several numerical test problems and illustrate the potential of a global-in-time pressure Schur
complement solution strategy.

The global-in-time multigrid method for the linear Oseen equations, as sketched in Fig. 2, is designed in
such a way that an implicitly defined problem for the pressure unknown only is solved iteratively, while
the velocity field serves merely as an auxiliary variable. In this approach, high-frequency error modes of
the unknown solution are damped by performing a few iterations of a GMRES method using one of the
global-in-time preconditioners as introduced in Section 4.2. This smoothing procedure is preferred to a
(preconditioned) damped Richardson iteration because relaxation parameters are determined automatically
to improve and stabilize the convergence behavior. However, the performance of the GMRES method
might still deteriorate as the spatial resolution increases or the time interval is enlarged and, hence, calls
for a coarse grid acceleration. The underlying coarse grid problem can be constructed in a very general
manner and might exploit space and/or time coarsening. While full coarsening in space and time reduces
the total number of degrees of freedom most rapidly, we will see that most promising results are observed
if coarsening is performed in time only, especially for convection dominated problems.

This solution technique for the Oseen equations just requires an initial guess for the all-at-once pressure
variable p, while the right hand side vectors g and f are provided by the problem under consideration and
correspond to the discrete counterparts of g and f, respectively. Furthermore, boundary conditions of
Neumann and Dirichlet type are already involved in the definition of Ak, Bk, and g and do not have to
be imposed explicitly in the solution procedure. However, this strategy is not mandatory and just simplifies
the notation in this work.

In the coarse grid problem, a homogeneous right hand side vector g is used for the momentum equation
while the restricted residual T occurs in the definition of f. According to this design criterion, the coarse
grid correction just requires the restriction of a single all-at-once quantity, that is, the PSC residual r, and
provides the exact pressure correction if the coarse space-time grid coincides with the original one. In this
case, the iterative solution process is terminated after a single iteration and a stopping criterion, e.g., based
on the Euclidean norm of the PSC residual, is met. If boundary conditions are not incorporated in the
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 —— Input —_— Pre-smoother

— initial guess p p — GMRES(p):
— right hand sides g, f — PSC equation B;A;Bxf) = B;A}lg —f
— preconditioner Cg
T — vy iterations

Stopping criterion l
|

Post-smoother —— Coarse grid solver

p — GMRES(p):

— PSC equation BYAZ'Bxp =BLA'g —f
— preconditioner Cg

— vy iterations

. PSC residual r = B;Al_{l(g —Bgp)—f

. restriction ¥ = REr

. coarse grid solution q using g§ =0, f = —F
. prolongation q = qu

. coarse grid correction p — p +q

Ot W N =

Figure 2: Outline of two-grid solver for generalized Oseen equations.

all-at-once system at hand, homogeneous initial and boundary conditions have to be strongly enforced for
the coarse grid velocity field to achieve a consistent solution strategy.

6 Solution techniques for nonlinear problems

So far, we solely focused on the design of an efficient solution strategy for the generalized Oseen equations.
The proposed solver highly exploits the pressure Schur complement of the linear problem at hand and only
uses components that can be performed in a highly parallelizable manner on modern computer architectures.
Practically more relevant are the incompressible Navier-Stokes equations, which are characterized by
nonlinear convective and/or viscosity terms possibly resulting in very complex flow rheologies. Therefore,
robust and fast nonlinear solution strategies are mandatory to achieve reduced run times compared to
simulations based on a sequential time stepping scheme. This problem is especially relevant for global-
in-time solution strategies, because nonlinear solvers perform much better in the sequential case due to
smaller problem sizes and the existence of good initial guesses.

In [DSW22], the authors applied a Picard iteration to the incompressible Navier-Stokes equations as
described in Section 2. This nonlinear solver provides a linear rate of convergence and the total number
of iterations required to solve the nonlinear problem stays approximately constant when considering a
fixed time interval for varying time increments and mesh resolutions. However, in the numerical examples
presented in Section 7, we will observe that the number of nonlinear iterations can be quite large so that
the Picard iteration might not be optimal.

Another candidate commonly used for linearization is Newton’s method, which converges at least
quadratically if the root has multiplicity 1. Applied to the continuous problem as discussed in Section 2, the
nonlinear solution procedure requires in each iteration solution of the Oseen equations including a reactive
term. This computation can be performed using the multigrid algorithm proposed above without further
modifications. However, convergence of Newton’s method can generally only be guaranteed for sufficiently
good initial guesses, which can be a major issue in practical applications. Therefore, so called globalization
techniques are required to make the scheme more robust and guarantee convergence even for arbitrary
initial guesses. Lemoine and Miinch [LM21] construct a minimizing sequence for a least-squares functional
so that overall convergence can be guaranteed at the expense of solving two additional unsteady and 2K
steady Stokes problems in each nonlinear iteration when K time steps are blocked into an all-at-once
system.

This significant increase of complexity can be avoided by providing sufficiently good initial guesses, which
might be constructed by using a coarser spatial discretization and/or larger time increments. However,
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e Input —_— Computation of residuals

— initial guesses u, p satisfying (1c)-(1e) — update of system matrix Ax = Ax(u)
— body force density g without reactive terms
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Stopping criterion
| |

Correction of iterate — Oseen solver

(u,p) = (u,p) — (w,q) 1. extension of Ax = Ak (u) by reactive terms
2. (inexact) solution q of Oseen equations
using right hand sides ry, rp
3. computation of w = A (ru — Bxq)
—
Relaxation of solution update

Figure 3: Outline of global-in-time (quasi-)Newton method.

this strategy does not guarantee convergence of Newton’s method without relaxing the solution update
and, hence, has to be used with caution.

As mentioned in the road map of the nonlinear solution strategy (cf. Fig. 3), the overall solution time
can be further reduced by using an inexact solver for the discrete Oseen problem. In most cases, it seems
sufficient to gain only a few digits in accuracy in each iteration to achieve overall convergence without a
significant increase in the total number of nonlinear iterations. When the multigrid solver proposed in
Section 5 is employed to solve the linear problem, a vanishing pressure approximation should be used as
an initial guess due to the fact that eventually the norm of the solution update (w,q) tends to zero as
Newton’s method converges. In case of this nonlinear fixed point iteration, a stopping criterion based on
the Euclidean norm of the PSC residual can again be used.

7 Numerical examples

The sequential pressure Schur complement iteration as summarized in Section 4.1 already proved itself
in numerous practical applications to solve the incompressible Navier-Stokes equations for small up to
moderate Reynolds numbers. The global-in-time solution strategy proposed in this work is introduced as a
straightforward extension of this methodology and, hence, should perform properly for the same range of
flow fields. For an in-depth analysis of its solution behavior, we consider several linear and nonlinear test
cases in this section. All of them are highly related to practically relevant scenarios and, hence, illustrate
the advantages and difficulties of the involved solver components for real-life applications.

To solely focus on the influence of the solver at hand and minimize the impact of other factors, we
consider flows around a circular obstacle in all test cases, where the geometry is given by the well-known
‘flow around a cylinder’ domain (cf. Fig. 4). Here, all external forces are set to zero, i.e., g = 0 and h = 0,
and the boundary condition vp = 0 is strongly enforced on I'y.. Furthermore, the flow starts at rest,
that is, vo = 0, and is then smoothly accelerated on the inflow boundary part 'y, as prescribed by the
parabolic boundary data (cf. [Sch+96])

0.41 —y)

vp = U(t) 4‘”(0.412 (é) ., U(t) = Uplsin(5t)|, Up=0.3. (28)

Due to the varying magnitude of the velocity field, different time scalings are involved in the flow behavior
and a von Karman vortex street occurs behind the cylinder if the viscosity parameter p is sufficiently small.
In the numerical examples presented below, we especially focus on flow simulations for lower Reynolds
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Figure 4: Compuational domain with boundary conditions as well as triangulation on mesh levels 0 to 3.

(a) Stokes, = 1072 (b) Oseen, p = 1072 (c) Oseen, = 107%. (d) Carreau-Yasuda.

Figure 5: Velocity magnitude and streamlines for laminar flows under investigation illustrated on mesh
level 4 and at t = 4.

numbers, possibly with a nonlinear viscosity model involved (cf. Section 7.4). The resulting laminar flow
does not exhibit recirculating vortices, but significantly depends on the amount of diffusivity (cf. Fig. 5).

Although the solution strategy under investigation can be applied to various spatial discretizations,
all numerical results exploit the isoparametric Q2-@Q1 Taylor-Hood finite element pair [TH73]. The two
dimensional Simpson’s rule is used to compute a diagonal velocity mass matrix (cf. Table 1). The underlying
triangulation consists of convex quadrilaterals only and is uniformly refined to generate a hierarchy of
different mesh levels vl € {0,1,...,5}. Furthermore, the Crank-Nicolson scheme, i.e., § = %, is applied for
time integration, while §t¢ is chosen as commonly used for those benchmark configurations. However, the
accuracy of the numerical approximation is only of minor interest due to the fact that it is not affected by
the iterative solution strategy at hand.

For solution of the involved linear problems, we distinguish between three main classes of iterative
solvers. The most involved solution strategy is given by the proposed multigrid technique as summarized
in Section 5.4, which is denoted by MG(e, p). In this work, no post-smoothing is performed, while four
iterations of the preconditioned GMRES method serve as a pre-smoother. For this purpose, the global-
in-time pressure Schur complement equation is preconditioned using the PCD preconditioner (20) or the
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Table 1: Properties of nested meshes with element mesh size h, = diam(x¢) = sup{||z — y|| : =,y € k°} for
element x¢ and total number of degrees of freedom for K blocked time steps.

lvl max.h. min.h, mean.h, nodes edges elements Fdofs(v) #dofs(p) total #dofs

0 46-107' 54-107%2 2.2-107! 65 113 48 452K 65K 517K
1 23-100! 24-1072 1.1-107! 226 418 192 1672K 226K 1898 K
2 12-100' 1.1-1072 5.5-1072 836 1604 768 6416 K 836K 252K
3 58-1072 54-107% 2.8-1072 3208 6280 3072 25120K 3208 K 28328 K
4 29-1072 2.7-107% 1.4-1072 12560 24848 12288  99392K  12560K 111952K

LSC preconditioner (24), as indicated by the quantity p € {PCD,LSC}. If not mentioned otherwise, the
multigrid algorithm is based on a V-cycle using the entire hierarchy of space-time grids, where coarsening
is performed in space and/or time as indicated by the parameter ¢ € {s,t,ts}. In case of ¢ = ts, pure
space/time coarsening is also allowed on the coarsest levels if the number of blocked time steps becomes
odd or the spatial mesh level is zero already. If the (finest) coarse grid problem is solved exactly, the
algorithm corresponds to a two-grid solution strategy denoted by TG(c, p).

By neglecting the coarse grid correction, the multigrid algorithm simplifies to the GMRES method
referred to as GMRES(p). It is restarted after four iterations and the total number of restarts is counted
to ensure that the numerical complexity per iteration is comparable to the total effort of the multigrid
method on the finest mesh level.

Finally, the most simple solution technique considered in the numerical examples is given by the
preconditioned Richardson iteration (18), which is labeled by RI(p). As in case of the GMRES method, we
only count every fourth iteration so that in each ‘macro iteration’ the involved preconditioner is called as
many times as in case of the other solution strategies.

However, note that application of the LSC preconditioner is approximately twice as expensive as in
case of the PCD preconditioner, because twice as many discrete pressure Poisson problems have to be
solved. Furthermore, only the contributions of the mass, diffusion, and convection matrices are considered
in the definition of the PCD preconditioner, while reactive terms are also involved in the definition of the
LSC preconditioner. Finally, a vanishing initial guess is used for all linear test cases and the iterative solver
terminates if the Euclidean norm of the pressure Schur complement residual is lower than 10~'!, if not
mentioned otherwise.

7.1 Stokes problem

We start our investigations by considering the Stokes problem for = 10~2. This choice of the viscosity
parameter is actually not a restriction due to the fact that the global-in-time system matrix depends just
on the product pdt and only the input boundary data vp need to be transformed accordingly to achieve
the same numerical results for another combination of 1 and d¢t. On the other hand, the system matrix
of the all-at-once linear system of equations does not depend on the magnitude of the velocity field and,
hence, the (asymptotic) rate of convergence should not be sensitive to the choice of U(t) for this problem.
Due to the fact that there is no convection or nonlinearity involved, this setup acts as a model problem for
our solution strategy and a fast and uniform convergence behavior is desirable.

If the global-in-time linear system of equations is solved by the Richardson iteration using the PCD pre-
conditioner, the total number of iterations highly depends on the length of the time horizon (cf. Fig. 6).
Especially for large time increments, the solution strategy becomes more and more expensive as the number
of blocked time steps increases and a reduction of the solution time compared to a sequential solver is hardly
possible. Although the convergence behavior can be drastically improved by using the GMRES method,
the total number of iterations is still proportional to the square root of the number of blocked time steps.
For this preconditioner, uniform convergence not depending on the final time T' can only be observed, when
a coarse grid correction is employed, as in case of the considered two-grid algorithm using time coarsening.
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Figure 6: Stokes problem: Behavior of different iterative solvers on mesh level 0 using dt = %

Table 2: Stokes problem: Total number of iterations for different iterative solvers.

(a) PCD preconditioner

Wl st GMRES(PCD) TG(t, PCD) MG(t, PCD) MG(ts, PCD)
K 800 3200 12800 800 3200 12800 800 3200 12800 800 3200 12800

0 25 27 43 7 6 6 6 6 7 10 — — —

0 100 15 28 44 4 5 5 5 5 6 — — —

2 25 28 43 86 6 7 7 7 8 11 8 8 11
2 100 17 28 45 4 5 5 5 5 6 7 8 8
(b) LSC preconditioner

Wl 51 GMRES(LSC) TG(t,LSC) MG(t,LSC) MG(ts, LSC)
K 800 3200 12800 800 3200 12800 800 3200 12800 800 3200 12800

0 25 11 11 11 7 7 7 7 7 7 — — —

0 100 9 11 11 5 5 6 5 6 6 — — —

2 25 29 31 32 18 19 19 19 20 21 19 19 20

2 100 25 30 32 10 10 11 12 13 14 12 12 13

In contrast to this, the use of the LSC preconditioner results in a highly unstable Richardson iteration,
but in combination with the GMRES method, the solution strategy becomes very robust and the rate of
convergence does not depend on the final time 7. As a consequence, the additional coarse grid correction
of the two-grid algorithm has only a minor influence on the convergence behavior and seems not to be
worth the numerical effort for this configuration.

By construction, both preconditioners have in common that they are exact in the limit of a vanishing
time increment. Therefore, they become more and more accurate as dt tends to zero and, hence, the
convergence behavior of all iterative solution strategies improves for a fixed number of blocked time steps
(cf. Table 2). Due to the fact that this strategy reduces the length of the time interval under investigation,
several global-in-time linear systems of equations would have to be solved one after the other to reach the
same final time 7. This sequential process can be avoided by choosing the total number of blocked time
steps proportional to 6t~ '. In this case, a reduction of the total number of iterations required to solve
the resulting all-at-once problem for smaller time increments can be observed only if a two-grid solution
strategy is employed.

The involved coarse grid problem can basically be constructed by performing coarsening either in space,
in time, or in both directions. While pure time coarsening leads to very accurate coarse grid problems, the
total number of degrees of freedom is only reduced by a factor of 2 and the ratio between temporal and
spatial resolution increases accordingly. On the other hand, simultaneous coarsening in space and time
can be used to keep this ratio fixed and preserves the structure of the problem at hand. In this case, the
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Table 3: Stokes problem: Total number of iterations for different iterative solvers and K = 800.

PCD preconditioner LSC preconditioner

method ott

M 0 1 2 3 4 5 0o 1 2 3 4 5

GMRES(-) 25 27 27 28 28 27 27 11 17 29 49 86 154
GMRES(:) 800 T 7T 8 8 8 8 7 11 16 25 36 59
GMRES() 25-2M 27 20 17 13 10 8 11 16 25 36 47 59
TG(t,-) 25 6 6 6 7 7 6 7 10 18 31 56 105

TG(t,-) 800 3 3 3 3 3 3 3 5 6 8 10 16

TG(t,-) 25-2M 6 5 4 4 4 3 7 8 10 11 13 16

TG(ts,-) 25 — 8 7 7T T 6 - 10 18 31 57 105

TG(ts,-) 800 - 7 6 5 4 4 - 79 9 11 17

TG(ts,-) 25-2M - 8 7 6 5 4 — 9 10 12 14 17

resulting coarse grid problem is 8 times smaller in two space dimensions, but might not be accurate enough
for the design of a robust two-grid algorithm.

For the Stokes equations under investigation, activation of space coarsening has hardly any effect on the
convergence behavior of the multigrid algorithm that performs time coarsening. Therefore, the solution
strategy based on space-time coarsening is most efficient for this setup. Compared to the corresponding
two-grid solution strategy under investigation, the total number of iterations only slightly increases for the
multigrid scheme.

As the spatial resolution of the discretization improves, the LSC preconditioner becomes less accurate
and the total number of iterations required to solve the problem at hand increases for the GMRES method
employing this preconditioner (cf. Table 3). This adverse effect in performance can not be compensated
even if a coarse grid correction is involved in the solution strategy and the time step size is simultaneously
reduced by a factor of two to keep the ratio between the spatial and temporal resolution fixed.

The iterative solvers using the PCD preconditioner are much more stable with respect to the spatial
resolution and the rate of convergence is uniformly bounded above even if the time increment stays constant
and the GMRES method without any coarse grid correction is employed to solve the global-in-time system
of equations. Due to the fact that the preconditioner becomes more accurate as 0t goes to zero, the
performance of this solution strategy improves for a uniform refinement in space and time if the number of
blocked time steps stays constant. In combination with the coarse grid correction, the convergence behavior
of the multigrid algorithm does not depend on the number of blocked time steps and, hence, improves on
finer space-time meshes even if a fixed time interval is considered. Therefore, this solution technique is the
only approach, that provides convergence rates independent of the spatial mesh size and the length of the
time horizon and, hence, is the method of choice for the following multigrid investigations on the Oseen
equations.

7.2 Oseen problem

In this section, we focus on the convergence behavior of the linear solution strategies under investigation
when an additional convective term contributes to the conservation law of momentum. As a consequence,
non-symmetric spatial operators occur in the definition of the system matrix and the characteristics of
the flow change noticeably even if the viscosity is dominant. Under these conditions, the preconditioners
presented in Section 4.2 become less accurate as the viscosity parameter goes to zero and cause an inferior
convergence behavior of the iterative solution techniques especially for large time intervals. Therefore, the

21



crucial question is how significant this loss of accuracy is and whether or not the coarse grid correction can
rectify the resulting reduction in the convergence rate.

To analyse realistic flow behaviors and avoid convergence issues caused by artificially constructed solutions,
we set the velocity field of the convective term to the velocity solution of the associated incompressible
Navier-Stokes equations and prescribe the boundary conditions as well as the right hand sides in such
a way that the numerical solution also solves the underlying nonlinear problem at hand. The resulting
global-in-time linear system of equations then coincides with the one occurring in the Picard iteration for
the nonlinear Navier-Stokes equations if the exact solution is used as an initial guess.

Finally, different laminar flow behaviors are considered by varying the viscosity parameter p. While the
solution profile for ;1 = 1072 only slightly deviates from the one of the Stokes equations, the convective term
significantly changes the flow characteristics near the obstacle if the viscosity parameter is set to g = 1073
(cf. Fig. 5). However, even in this case no vortex shedding is to be expected behind the cylinder due to the
low value of the Reynolds number [Sch+96]

which is defined in terms of the characteristic length L of the geometry and the mean magnitude U(t) of
the velocity field prescribed on the inflow boundary part of the domain, that is, the diameter of the circular
obstacle L = 0.1 and U(t) = 2Up|sin(%1)|.

For ;o = 1072, the convergence behavior of the iterative solution procedures is only slightly affected by
the non-symmetric contribution to the system matrix and the total number of iterations fits remarkably
well with the results for the Stokes equations (cf. Table 4). Especially, all considered solution strategies
employing the PCD preconditioner improve as the time increment goes to zero and the two-grid algorithms
exhibit a rate of convergence that depends only marginally on the total number of blocked time steps or
the spatial mesh level. When considering the impact of the coarsening strategies under investigation, the
two-grid algorithm using time-only coarsening minimizes the total number of iterations, while the solver
based on space-time coarsening converges as fast as the slowest solution method employing either space or
time coarsening. However, the use of full coarsening might still be most efficient due to the fact that the
ratio between spatial and temporal resolution stays fixed and the size of the coarse grid problem reduces
most rapidly. Both facts are of special interest when it comes to an underresolved solution of the coarse
grid problem following the multigrid methodology. Then a coarse grid problem with up to 4% - 25 = 8192
times less degrees of freedom has to be solved while nearly as many iterations are required as in case of the
two-grid solution technique. However, the GMRES method might still outperform the multigrid solvers
when the time interval under investigation is sufficiently small.

As the viscosity parameter p decreases, the convective contribution becomes more dominant and not only
influences the flow behavior around the circular obstacle, but also deteriorates the convergence behavior
of most iterative solution techniques (cf. Table 4). Especially for large time intervals, the total number
of iterations required to solve the all-at-once linear system of equations grows significantly. Only the
convergence rate of the two-grid algorithm employing pure time coarsening does not depend on the length
of the time interval and the number of iterations stays bounded above. Unfortunately, the corresponding
multigrid scheme using the V-cycle cannot reproduce this behavior and an F-cycle is mandatory in this
case (not shown here). For mesh level 2, the coarse grid correction exploiting space(-time) coarsening seems
to be very inaccurate and does not reduce the total number of iterations compared to the GMRES method.
However, as the spatial resolution increases, the coarse grid problem becomes more accurate and reduces
the total number of iterations no matter how many time steps are blocked into a single global-in-time
problem.

For both considered values of the viscosity parameter, similar convergence results can also be observed
when the LSC preconditioner is exploited (cf. Fig. 7). While the total number of iterations to solve the
global system asymptotically does not depend on the length of the time interval for ;1 = 1072 and the
GMRES method, the performance of the algorithm significantly deteriorates as more and more time steps
are blocked if the viscosity parameter is reduced to u = 10~3. Furthermore, only the two-grid algorithm
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Table 4: Oseen problem: Total number of iterations for different iterative solvers using PCD preconditioner.

Wl 6t p=10" p=10"
K 200 400 800 200 400 800 200 400 800 200 400 800
RI(PCD) GMRES(PCD) RI(PCD) GMRES(PCD)
2 100 70 8 99 10 12 19 56 140 229 10 30 44
2 400 53 64 73 7 9 10 22 32 58 5 6 10
4 100 71 8 98 10 14 17 57 121 217 15 43 46
4 400 62 69 74 8 9 11 48 56 60 6 8 15
TG(t,PCD) MG(t, PCD) TG(t, PCD) MG(t, PCD)
2 100 4 5 5 4 5 5 4 5 7 47 9
2 400 3 3 4 3 3 4 3 3 4 3 3 4
4 100 5 5 5 5 5 6 5 5 5 5 8 11
4 400 3 3 4 3 3 4 3 3 4 3 3 4
TG(s, PCD) MG(s, PCD) TG(s, PCD) MG(s, PCD)
2 100 7 8 8 7 8 9 10 26 55 10 27 48
2 400 6 7 7 6 7 7 5 6 11 5 6 11
4 100 6 6 6 6 6 6 7 14 20 7 18 4
4 400 5 6 6 5 6 6 5 6 8 5 6 8
TG(ts,PCD)  MG(ts,PCD)  TG(ts,PCD)  MG(ts, PCD)
2 100 7 8 8 7 8 9 10 26 55 10 27 49
2 400 6 7 7 6 7 7 5 6 11 5 6 11
4100 6 6 6 6 6 7 8 14 20 716 22
4 400 5 6 6 5 6 6 5 6 8 5 6 8
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Figure 7: Oseen problem: Behavior of different iterative solvers on mesh level 2 using dt = ﬁ.

provides a uniform rate of convergence for the problem at hand and, again, the multigrid procedure using
the V-cycle and time-only coarsening cannot recover this behavior. However, for small number of blocked
time steps, the GMRES method exploiting one of the preconditioners under investigation even improves as
the viscosity parameter goes to zero (cf. Fig. 7). Therefore, the loss of accuracy for large time intervals is
(mainly) caused by the simultaneous treatment of many time steps so that further improvements might be
achievable by using more advanced preconditioners.

7.3 Nonlinear fluid model

After the convergence behavior of the (multigrid) PSC solvers was analyzed for linear test cases, we now
focus on the performance of the nonlinear solution strategy, which is of high practical interest for the
simulation of real life flow fields. In the first problem, we solve the nonlinear Navier-Stokes equations
as summarized in (1). The viscosity parameter is fixed to u = 1072, For this configuration, we already
observed that the linear multigrid scheme performs well (cf. Section 7.2), so similar results are desirable for
the nonlinear test case, too. The crucial ingredient responsible for the overall performance is the nonlinear
solution strategy, which should guarantee a fast, uniform, and robust convergence to the exact solution of
the nonlinear problem under investigation.

In this work, we focus on two different nonlinear solvers, the Picard iteration and Newton’s method.
While the former one might be more robust with respect to the initial guess, the latter one requires a
sufficiently good starting value, but then converges much faster. However, in the test problem considered
in this section, even the vanishing solution seems to be an adequate initial guess because the nonlinearity
has only a minor influence on the solution profile (cf. Fig. 5).

Due to the fact that the linearization techniques are applied on a continuous level, the total number of
nonlinear iterations required to reach the absolute stopping criterion is not sensitive to the spatial and
temporal discretization per sé. Thus, the convergence behavior depends asymptotically only on the final
time T" and, especially, does not worsen when more accurate results are computed. For the problem under
consideration, the iterates of both schemes converge even uniformly with respect to time and the number
of nonlinear iterations is bounded above independently of the length of the time horizon (cf. Fig. 8). It
takes only four Newton steps to bring the Euclidean norm of the pressure Schur complement residual below
10719, no matter how the final time T is chosen. The Picard iteration requires more than twice as many
iterations, which makes the scheme less efficient than Newton’s method, as long as the computational effort
for the involved linear iterations is comparable.

Since it is not practical to solve the linear Oseen equations exactly in each nonlinear iteration, we now
replace the direct solver by one of the iterative (multigrid) PSC solution strategies using the PCD pre-
conditioner. In this case, the linear solver stops not only when the Euclidean norm of the PSC residual
is less than 107! as before, but also after gaining four digits. The numerical effort required to solve the
nonlinear system at hand is then given by the total number of linear iterations. Furthermore, the ratio
between spatial and temporal resolution is fixed by the choice of 5t~ =252 for the sake of simplicity
in all nonlinear test cases. This guarantees second order of convergence in space and time for the error in
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Figure 8: Navier-Stokes problem for x4 = 10~2: Evolving norm of PSC residual for nonlinear iterations.
Picard iteration vs. Newton’s method for §t = %, Ivl = 0, and T = 64, linear problems are
solved exactly.

the pressure variable, while the total number of blocked time steps required to reach the same final time
doubles as the space-time mesh is refined.

As observed for the corresponding linear test problem in Section 7.2, the convergence behavior of the
GMRES method depends only on the length of the time horizon for this nonlinear test problem and
deteriorates as the final time T increases (cf. Table 5). Therefore, the solution strategy has to be augmented
by a coarse grid correction for achieving a uniform rate of convergence with respect to the space-time
resolution as well as the final time. Especially, the total number of iterations is bounded above by a
value independent of the length of the time interval for the two-grid solution algorithms. This result can
be reproduced by the multigrid methods only if the F-cycle is employed. However, the V-cycle might
still be more efficient for these configurations though due to the fact that the solution of the coarse grid
problem is approximated in a less expensive way. When comparing different coarsening strategies, pure
time coarsening results again in the least number of iterations, whereas the convergence behavior slightly
improves as the space-time resolution increases if space coarsening is involved in the construction of the
coarse grid problem.

For the different nonlinear solution strategies, the total number of linear iterations is approximately two
times larger in case of the Picard iteration. This behavior perfectly reflects the observation made for the
nonlinear solution behavior when an exact linear solver is employed. Therefore, Newton’s method indeed
outperforms the Picard iteration and is worth to be applied whenever the initial guess is sufficiently good
or an appropriate globalization technique is applied to guarantee convergence of the all-at-once iterates.

7.4 Carreau-Yasuda viscosity model

In the final example, we focus on the behavior of the global-in-time solution algorithm at hand when a
nonlinear viscosity model is involved in the definition of the Navier-Stokes equations. More precisely, the
Newtonian fluid rheology exploiting a constant viscosity parameter p is replaced by a non-Newtonian one
as described by the Carreau-Yasuda model [YACS81]

B(3) = oo + (10 — proe) (1 + (A3)2) "D (29)

where 4 = \/iHD(V)HF is the effective shear rate of the strain rate tensor D(v) = 1(Vv + Vv') and
loos H0, A, M, and a are nonnegative material coefficients. In the special case of a = 2, formula (29)
corresponds to the well-known Carreau-model [Car72] simulating shear thinning effects for n < 1, which
are typically used for predicting the flow behavior of materials like polyetilen. The other parameters for the
configuration to be studied are set to oo = 0, pto = 1072, A = 1, and n = 0.31, which leads to an effective
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Table 5: Navier-Stokes problem: Total number of linear iterations for different iterative solvers, PCD pre-
conditioner, and 8t ! = 25 - 21,

mesh level mesh level mesh level
1 2 3 4 1 2 3 4 1 2 3 4

GMRES(PCD) TG(t,PCD) TG(s,PCD)
< K = 800 63 47 30 19 17 16 13 8 26 18 16 12
_S K = 1600 155 63 47 30 18 16 15 9 27 19 17 14
A K = 3200 2908 166 65 48 18 17 16 10 27 19 17 16
g K= 800 35 28 18 12 8 8 7 5 15 11 8 7
£ K =1600 74 37 28 18 8 8 8 6 15 11 9 8
é K = 3200 125 80 38 28 8 8 8 8 15 10 9 8
TG(ts, PCD) MG(ts, PCD); V-cy. MG(ts, PCD); F-cy.
o K = 800 26 18 16 12 26 21 16 12 26 18 16 12
.S K = 1600 27 19 17 14 31 24 18 14 27 19 17 14
A K = 3200 27 20 17 16 37 29 19 17 27 20 17 16
g K= 800 14 12 8 7 14 12 8 7 14 12 8 7
T K =1600 15 11 9 8 15 12 10 8 15 11 9 8
% K = 3200 15 11 10 9 18 13 12 9 15 11 9 9

viscosity parameter (%) € [0.0004,0.01] for the inflow boundary condition (28). Finally, a formulation of
the momentum equation based on the deformation tensor is considered

ov

Py + PV V)V =2V (u(4)D(v)) + grad(p) = pe,

which provides the possibility to describe even more complex flows and introduces an explicit coupling
between both velocity components. Obviously, these modifications affect the definition of the system
matrix A; for the velocity field, which cannot be readily approximated using the pressure finite element
space any more. Therefore, the PCD preconditioner is no longer defined for this problem and only iterative
solvers using the LSC preconditioner are employed in this section.

By virtue of the large range of involved viscosity parameters, the flow rheology changes significantly
compared to the Newtonian test cases and, for instance, exhibits less pronounced velocity peaks in the
vicinity of the circular obstacle (cf. Fig. 5). This observation indicates that the nonlinearity of the
momentum equation indeed becomes more dominant and makes solution of the discrete problem under
investigation more challenging. When the vanishing approximation is used as an initial guess for the
nonlinear solution procedure, about 9 Newton steps are required to reach the stopping criterion, while about
4 times more Picard iterations are mandatory, no matter how the final time is chosen (not shown here).
In Table 6, the total number of linear iterations is summarized for different iterative solution strategies,
where the Newton’s method is used for linearization. Although this value might to be bounded above
independently of the length of the time interval even for the GMRES method, incorporating a coarse
grid correction significantly improves the convergence behavior. However, the performance of all solution
strategies under investigation deteriorates as the spatial resolution increases and, hence, is unsatisfactory
especially in the case when accurate solutions on highly resolved (spatial) meshes have to be computed.
These observations are in good agreement with the results for the Stokes equations as considered in
Section 7.1.
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Table 6: Carreau-Yasuda viscosity model: Total number of linear iterations for different iterative solvers
using Newton’s method for linearization and 6t~ = 25 - 2V,

i« GMRES(LSC) TG(t,LSC) TG(s, LSC) MGi(ts, LSC)

WM 2 3 4 2 3 4 2 3 4 2 3 4

K = 800 50 65 63 18 20 17 28 32 24 28 33 26
K = 1600 56 96 119 18 21 28 29 39 40 30 41 45
K = 3200 50 106 189 18 22 31 30 40 50 30 41 51

8 Challenge of simulating convection-dominated problems

In the previous section, the performance of the proposed global-in-time solution strategy was analyzed
for different linear and nonlinear test cases. Although good convergence behaviors illustrate the potential
of the all-at-once method for many flow problems, difficulties were observed especially for low viscosity
parameters (cf. Table 4). In this case, it is well known that the Galerkin discretization should be stabilized
to produce reliable and non-oscillatory numerical solutions [TO00; JK05; TO07]. These modifications also
affect the (global-in-time) iterative solver, which may become more robust and provide a uniform rate of
convergence. However, in this work, we focus solely on the unstabilized finite element discretization, where
several components of the (nonlinear) solution procedure become less efficient or even fail to converge for
higher Reynolds numbers.

One crucial ingredient of the overall solution procedure is the use of Newton’s method to linearize
the problem at hand. As the viscosity parameter decreases, the nonlinear convective contribution of the
Navier-Stokes equations becomes dominant and more accurate initial guesses are commonly required to
guarantee convergence. In some cases, even a hierarchical starting procedure, that is, using the numerical
solution on a coarser space(-time) mesh as an initial guess, might not suffice. The Picard iteration seems
to be more robust and might even converge for inaccurate starting values, as illustrated in Fig. 10 for the
third test case of the well-known flow around a cylinder benchmark [Sch+96]. In this case, the viscosity
parameter of the problem analyzed in Section 7.3 is set to u = 1073, while the velocity magnitude of
the inflow boundary data reads Uy = 1.5. Therefore, the maximum Reynolds number attains the value
Re =100 at t = 4 and a typical von Kéarman vortex street occurs behind the circular obstacle (cf. Fig. 9).
While the numerical approximation on level 3 is close to the solution on the next finer mesh, a phase
error can be observed in the lift values for mesh level 2. Thus, this approximation is not an appropriate
initial guess for Newton’s method and the nonlinear solution procedure must be modified for stabilization
purposes. Instead of using an adaptive damping strategy as considered in [LM21], convergence can also be
achieved by reducing the amount of reactivity during the first nonlinear iterations [MOT16]. This is due to
the fact that the Picard iteration is nothing but Newton’s method without any reactivity (see Section 2)
and the former method seems to be sufficiently robust to guarantee convergence, no matter how the initial
guess is chosen.

On the other hand, we already observed in Section 7.2 that the convergence behavior of the global-
in-time (multigrid) PSC solver deteriorates for the linear Oseen problem as the convective contribution
to the momentum equation becomes dominant. One reason for this are the PSC preconditioners under
investigation, which are not accurate enough to guarantee a robust overall convergence behavior for large
time intervals. This calls for further investigations and the design of more sophisticated approximations C}l
which can handle convection-dominated problems more efficiently.

Finally, we emphasize that computation of the auxiliary velocity field for determining the PSC residual is
another crucial ingredient of the solution procedure for high Reynolds numbers. Although these problems
were solved exactly throughout this work, it is well known that the construction of corresponding parallel-
in-time solvers is still a challenging task and requires further investigations [De 4+20; De +21; SFK22]. At
this point, it is worth mentioning that those velocity problems should not be solved exactly in practice and
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underresolved computations following the idea presented in Section 4.3 might significantly improve the
performance of the overall solution strategy.

9 Conclusions

In this work, we presented a global-in-time pressure Schur complement (PSC) solution strategy for the
incompressible Navier-Stokes equations, which exploits Newton’s method for linearization of the all-at-once
problem and the multigrid methodology to construct a robust and highly parallelizable linear solver. The
numerical scheme can be applied to commonly used (sequential) discretization techniques, but requires
the fully implicit treatment of the pressure variable as well as a diagonal velocity mass matrix for the
construction of efficient preconditioners. While the former requirement can be satisfied by interpreting the
pressure variable as a Lagrange multiplier to enforce a solenoidal velocity field, the latter condition holds
true, e.g., for the Galerkin discretization using quadrature-based mass lumping.

For this configuration, various numerical examples illustrate the robustness of the presented parallel-
in-time multigrid solver. Especially the use of the PCD preconditioner, as first proposed by Danieli,
Southworth, and Wathen [DSW22], results in convergence rates which seem to be independent of the
spatial and temporal resolution. However, in the absence of the coarse grid correction, the performance
of the single-grid algorithm deteriorates as the length of the time interval increases. This adverse effect
cannot be observed for the GMRES method employing the global-in-time LSC preconditioner as introduced
in Section 4.2.2, at least for sufficiently large viscosity parameters. This preconditioner is even readily
applicable when more complex fluid rheologies are simulated, but the associated solution techniques
become less efficient as the spatial mesh is refined. This calls for the construction of more sophisticated
preconditioners combining the benefits of both candidates under investigation. Even the design of a solution
strategy which does not require a multigrid acceleration might be possible. Otherwise, the development of
global-in-time coarse grid solvers, which do not iterate sequentially through all time steps, should also be
pursued.

In summary, the most expensive parts of the multigrid scheme are given by the solution of several
independent Poisson-like problems in the application of the preconditioner as well as the computation of the
auxiliary velocity field to determine the pressure Schur complement residual. While the set of independent
Poisson problems provides capabilities for naive parallelism, the latter subproblem corresponds to the
solution of a (vector-valued) convection-diffusion-reaction equation and, hence, acts as a model problem
for many parallel-in-time solution techniques per sé. Unfortunately, it occurs in each application of the
all-at-once PSC system matrix and has to be solved ezactly to guarantee convergence of the GMRES method.
This makes the solution procedure very expensive in practical applications and calls for a solution technique
defined in terms of the primal formulation as considered in Section 4.3. In this case, the exact solution of
the momentum equation is not required any more due to the fact that only an approximation to the inverse
of the velocity system matrix occurs in the definition of the preconditioner. Eventually, it might even be
worthwhile to exploit this formulation for transferring the residual and solution update between different
mesh hierarchies due to the fact that another calculation of the pressure Schur complement residual then
becomes redundant.

From a theoretical point of view, the global-in-time preconditioned Richardson iteration applied to
solution of the incompressible Stokes equations should be analyzed in the first place. This linear algorithm
behaves similarly to the GMRES method and, hence, is most suitable to investigate the impact of different
preconditioners.
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