ON THE ACCURACY OF MULTIGRID
TRUNCATION ERROR ESTIMATES ON STAGGERED GRIDS
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Abstract. Multigrid methods can provide computable estimates of the truncation error for a
discretized partial differential equation by comparing discretizations on grids of two different mesh
sizes. [11] studied the differences between the standard formulation and a more accurate formulation
for linear problems limited on non-staggered grids. This paper extends the accurate truncation error
estimates to non-linear problems on staggered grids and gives applications to the Cauchy-Riemann
equations, Stokes equations and Navier-Stokes equations.
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1. Introduction. Multigrid methods use approximations on grids of different
mesh sizes to obtain fast solvers for boundary value problems [2, 8]. Comparing the
approximations on different grids also provides computable estimates of the trunca-
tion error on the coarse grid, which can then be used in adaptive grid refinement
algorithms or in extrapolation to higher-order accuracy (r-extrapolation). The basic
procedures have been presented in many places, e.g., [6, 8, 14]. However, the stan-
dard formulation (e.g., [14]) includes an assumption (not always explicitly stated) on
the residual transfer operator; when this assumption is violated, the truncation error
estimates are inaccurate unless a high-order residual transfer is used. A more general
formulation [11] based on the approach of [12] which gives accurate truncation error
estimates in all cases without the need for high-order residual transfers. However, the
analysis in [11] was limited to linear differential operators on non-staggered grids.

The purpose of this paper is to extend the analysis to nonlinear partial differ-
ential equations on staggered grids. Bernert [1] has discussed T-extrapolation for
Navier-Stokes equations on staggered grids. According to [1], the only way to do
T-extrapolation (and presumably to compute accurate truncation error estimates) on
staggered grids is to use high-order restrictions from fine to coarse grid and high-order
averaging operators on the coarse grid. However, based on the analysis and numeri-
cal results presented here, a much simpler approach exists. The analysis follows [11]
by using pointwise asymptotic estimates (rather than bounds on error norms). The
presentation is organized as follows. Section 2 defines the problem and notation. In
section 3 we state and prove the main result relating the accuracy of the truncation
error estimates to the accuracy of the discretization and grid transfers. Numerical re-
sults for the Cauchy-Riemann equations are given in section 4 and applications to the
Stokes equations are written in section 5. The results for the nonlinear Navier-Stokes
equations are displayed in section 6. Discussion and conclusions are summarized in
section 7.

2. Problem formulation. A nonlinear partial differential equation is denoted
by
L(u)=0 (2.1)
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on a domain Q C R? where £ : C"(Q2) — C(f) is a nonlinear differential operator
and u € C™(R) is the solution. The boundary condition is ignored here since it has
no impact on the analysis presented in this paper. Note that a linear PDE Lu = f is
a special case of (2.1) with L(u) := Lu — f. If £ is C?, and if u +tw, 0 <t < 1, is
contained in C™(f2), by using the Taylor formula, we have

L(u+w) = L(u) + DL(w) + Olwl|?, (2.2)

where DL is the Fréchet derivative [4, 5].
The discretization of Equation (2.1) on a grid Q" indexed by a mesh size param-
eter h is of the form

L£huhy =0, (2.3)

where £" is the discrete form of the operator on grid Q", and u” is the correspond-
ing (exact) solution of the discrete equation. While we have in mind finite-difference
discretizations, this formulation could also describe finite element or other discretiza-
tions. Similarly, for the discrete equation, if £" is C?, and if u 4+ tw, 0 < t < 1, is
€ C™(§), we have

LM+ Thw) = £ (") + DL (M) + O[T w]|?, (2.4)

where DL" is Fréchet derivative [3] and I" represents linear restriction (e.g., pointwise
restriction) from € to grid Q".
The corresponding (local) truncation error is

= Th(u) = ,Ch(jhu). (2.5)

Comparing (2.2) with (2.4), when the truncation error is order of p, and w = O(hP),
by applying the Fréchet derivative for the truncation error term of order p, there exists
the approximation

DL (I"w) = I"DL(w) + O(hP+P), (2.6)

In addition to the discrete equation (2.3), a multigrid method also uses a corresponding
discrete equation on a coarser grid QY with mesh ratio p = h/H < 1 (usually
p =1/2). The coarse grid problem is denoted as

L7 Wy =o. (2.7)
Corresponding to the linear relative local truncation error in [11]
= LI ah) — 7 - (- ), (2.8)
we define the nonlinear relative local truncation error
il = cH(IHay — i ch(ah). (2.9)

Here %" is the current approximation to the true (discrete) solution u” of the fine-grid
equation (2.3), I H represents the fine-to-coarse transfer of the solution (which is not
necessary the same as the solution transfer used FAS because there is no connection
between these two solution restriction operators), and I ,fl is the fine-to-coarse residual
transfer operator (e.g., full weighting).
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3. Analysis. Our main result is the following.

THEOREM 3.1 (Truncation Error Estimate). Assume that there exists p > 1 and
q > 1 such that if u € C"*P+9(Q), and L is C?, the truncation error (2.5) satisfies
(A1) 7" = hPT"0 + O(hPH9) with v e C"I(R),
that the approzimate solution @" of the discrete problem (2.3) satisfies
(A2) @' = I"(u+w), w=O(h?),
and that there exists r > 1 and t > lsuch that for any ¢ € C"(2), and ¢ € C*(),
(A3) 1H[M¢=1"¢p+ O(h")
(A4) [ = T4 + O(Rt).
Then

™ —yrfl = O(h%) (3.1)

where v = (1 — p?)~1 = HP /(HP — hP) and o = min(p + q,t,p +7,p + p).
Proof. Following [11] we use (Al) and (A3) to estimate the truncation error
difference between grids Q" and Q7 as

(AT)hH =7 Ifrh
= HP[Hy — w1 [y + O(hPT9)
= HP(1 — pP)Iw + O(hP*7) 4+ O(hP*9)
= (1—p°) 7 + O(hP*7) + O(hPF9). (3.2)

We then use (A2), (A3), (A4), (2.4), and (2.6) relate (AT)hH to 7! via

i = (ar)h = [ - Rt @) - [ (1) - e ()
= [EH (fffh(u + w)) —Ifch (fh(u + w))} - [EH(fHu) — 7 ch(1")
= DL (IMw) — ITDL I"w) + O(h) + O(hPTP)

= I"DL(w) — IFI"DL(w) + O(R) + O(hPFP)
= O(hP*") + O(h') + O(hPFP). (3.3)

Combining (3.2) and (3.3) yields the desired result. O

Similarly to the linear case, a higher-order extrapolation is obtained by choosing
t > 3 to calculate the truncation error estimate:

COROLLARY 3.2 (7-Extrapolation). Under the assumptions of Theorem 3.1, the
extrapolated discretization

Lyl = i .= ’)/T]{{ (3.4)

has accuracy O(h®).
Proof. Using (3.1) the associated truncation error is

o= cH[Hy — fH = 70 pl — O(h®). 0 (3.5)

As noted by Schaffer [12] and Hackbusch [16], at convergence on grid Q", the
extrapolated equation (3.4) gives the same result as Richardson extrapolation for u”
when £"(ul) := Lhu" — f" is affine.
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4. Cauchy-Riemann equations. As a first example of solving a system of par-
tial differential equations on staggered grid consider the Cauchy-Riemann equations

uw+vy:F1, (41&)
Uy — vy = Fy, (4.1b)

on a domain Q = [0,1] x [0,1] with Dirichlet boundary conditions: specifying the
true solution value of u on east and west boundary and the true solution value of v
on north and south boundary, where u = u(z,y) and v = v(x,y) are the unknown
functions, the subscripts denote partial derivative, and F; and F5 are given functions
of z and y.
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Fia. 4.1. Sizteen fine and four coarse staggered grid cells and corresponding unknowns. For
the Cauchy-Reimann equations, the first equation is defined at the cell centers and second equation
is defined at cell vertices. For the Stokes and Navier-Stokes equations, the first momentum equation
is defined at u points, the second momentum is defined at v points, and the third continuity equation
s defined at the cell centers. This figure is after [15]).

We approximate equations (4.1) by central difference on staggered grid (shown in
Fig. 4.1 in the following form

ol + afjvh = Fi(z,y) at cell centers, (4.2a)

afjuh — MM = Fy(x,y) at interior vertices, (4.2b)

where O ¢ = L (p(z+2,y) —p(z— L2, y)) and % is defined similarly. The truncation
error is O(h?), and (A1) holds with p = 2 and ¢ = 2.

Pl
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A multigrid method with Distributive Gauss-Seidel (DGS) relaxation ([6, 18]) as
its smoother on each grid is used to solve this system. The coarse grid correction
consists of geometric transfer operators and direct coarse-grid discretization which
is the analog of (4.2). The assumption (A3) is satisfied by averaging restriction for
center residuals and injection for vertex residuals. By using Taylor expansion for the
averaging restriction

n hd ’ (43)

for any function ¢ € C?(Q), we have

2 2 2
I = g+ [8 ¢, 99

—I" | 5 + 55| +o(h? 4.4
e G (1.4
which leads to 7 = 2. The assumption (A4) for the fine-to-coarse solution transfer
IF to calculate the truncation error estimate is fulfilled by a fourth-order (t = 4)
interpolation in one dimension: at the interior points this is given by

%[—1 9 ¢« 9 -1], (4.5)

and adjacent to the boundaries the stencil is modified to

1

1
175[5.15 -5 1]orﬁ[1—5 15 o 5. (4.6)

The right hand sides of the system and the boundary data are chosen to match
the analytical solutions u(x,y) = e!8% cos(3.7y) and v(z,y) = — cos(1.8z) sin(3.7y).
The discrete problem is solved by enough multigrid V-cycles that the solutions have
effectively converged on the fine grid, thus satisfying assumption (A2). Consequently,
according to (3.5), the 7-extrapolation (3.4) produces an approximation which is
O(h%).

Figure. 4.2 shows results for the uw equation, which verify the conclusion of the
theorem; results for the v equation (not shown) are similar. In the figure, various
measures of the error in the truncation error estimates, i.e., the left-hand side of (3.1)
are plotted as functions of N. The truncation error is about O(h?) and the error
in the truncation error estimates is about O(h*) except the maximum error over the
whole domain which is about O(h3). This is due to the large error of the points near
the boundary. The relative poor performance near the boundary does not invalidate
the analysis in section 3: pointwise, the errors are O(h*) as expected.

5. Stokes equations. As a prelude to nonlinear Navier-Stokes equations, we
first consider the linear Stokes equations,

—Au+p, = F, (5.1a)
—Av +p, = I, (5.1b)
ug + vy = F3, (5.1c)

on a domain Q = [0, 1] x [0, 1] with Dirichlet boundary conditions: specifying the true
solution for u on east and west boundary, and the true solution of v on north and
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Cauchy-Riemann problem (p=2) for component u
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F1G. 4.2. Error in the truncation error estimates (solid lines) and true truncation error (dashed
lines) for the Cauchy-Riemann equation (4.1a). The curves give the mazimum error over the
domain, the mazimum errors with strips of widths 1/16 and 1/8 adjacent to the boundaries omitted,
and the errors at the point (1/2,1/4). Dotted lines give slopes for orders p = 2,3 and 4.

south boundary, where A is the Laplacian operator, (u,v) represents the velocity of
a fluid, p represents the pressure, and F; are given forcing functions. The discrete
approximation for (5.1) on a staggered grid (Fig. 4.1) is,

— Al 9 = F at u-face centers, (5.2a)
—Ahyh 4 afjph =Fy at v-face centers, (5.2b)
Opul + 00" = FP at cell centers, (5.2¢)

where A" is the usual 5-point approximation for Laplace operator. For a point near
a boundary, this approximation may involve a ghost point, which is obtained by a
quadratic extrapolation from the boundary value and the first two nearby interior
points. The other operators are the same as described in the Cauchy-Reimann equa-
tions. The order of the truncation errors in Stokes equations are also O(h?), and (A1)
holds with p =2 and ¢ = 2.

Since the Stokes equations are linear partial differential equations, we still use a
linear multigrid correction scheme, in which the smoother is DGS. We use bilinear
interpolation for w,v,p. The residual restriction for the u— and v— face centers is
given by

1 2
i N
2

1

1 1
-2 e 2 |. (5.3)
811 1
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The residual restriction for cell centers is the same as (4.3) which is second order.
Using the Taylor expansions we can show that for any function ¢ € C?(Q),
h? ¢  0%¢

IEre=r"¢+ —1% |2 — + — h?). 5.4

h,u ¢ ¢+ ] Ox2 + ayg +0( ) ( )
Similarly, I f{{v is also second-order restriction. Thus, (A3) is satisfied with r = 2. For
assumption (A4) with higher-order ¢ can be satisfied by a fourth-order full weight-
ing restriction for u,v via the tensor product between (4.5-4.6) and a fourth-order
interpolation the in other direction, i.e.,

1

El-1 484 1], (5.5)

and for p via the tensor product among (4.5-4.6).

Stokes problem (p=2) for velocity v
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F1G. 5.1. Error in the truncation error estimates (solid lines) and true truncation error (dashed
lines) for the Stokes second momentum equation (5.2b). The curves give the mazimum errors with
strips of widths 1/4 and 1/8 adjacent to the boundaries omitted, and the errors at the point (1/2,1/4).

The conclusion is illustrated by the numerical results in Fig. 5.1-5.2. Here, the
forcing f and boundary data are chosen to match the analytical u = sin(3z + 3y),
v = —sin(3z + 3y), and p = 6cos(3z + 3y) as used in [17]. Various measures of
the error in the truncation error estimates, i.e., the left side of (3.1), are plotted as
functions of N. Fig. 5.1 corresponds to the second momentum equation (the results
corresponding to the first momentum equation are similar). The truncation error
for the second momentum equation is O(h?), and the error in the truncation error
estimates, if a narrow boundary strip (width 1/8 or 1/4) is omitted, is asymptotically
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Stokes problem (p=2) for continuity equation
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F1G. 5.2. Error in the truncation error estimates for Stokes continuity equation (5.2c). Omit
1/4 or 1/8 is the mazimum norm for a domain whose boundary strip (width 1/4 or 1/8) is omitted,
and point (1/2,1/4) is the error evaluated at the point. Mazimum is the mazimum norm over the
whole domain.

O(h*)—as it is at a typical point (z,y) = (%, i) as well. Fig. 5.2 shows the continuity

equation. Since we chose the true solution which gives zero truncation error for the
continuity equation, the truncation error is not included. However, the errors in the
truncation error estimates also appear to be O(h%).

6. Navier-Stokes equations. An example of nonlinear system is given by
Navier-Stokes equations

1
(u?)z + (uv), — ﬁAu + p. = F, (6.1a)
1
(w0)e + (v*)y = -Av +py = F, (6.1Db)
Uy + Uy = FS, (61C)

on a domain Q = [0, 1] x [0, 1] with Dirichlet boundary condition which is specified
as for the Stokes equations, where Re is the Reynolds number. We discretize (6.1)
on a staggered grid (Fig. 4.1) by using central differences for the nonlinear parts for
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a comparably slow flow, i.e.,

1
Re

1
8!;(,uguh,uivh) + 8£(u2vh)2 - EAhvh +0yp" = Fy at v-face centers  (6.2b)

Ol (phu)? + 8;}(u2uh,u1vh) Aryt +o,p" = Fy at u-face centers (6.2a)

ohul + 851}" = F3, (6.2c)

where p? = 1(¢(z + %,y) + ¢z — %,y)), and ,uZ is defined similarly. After this
discretization, the truncation error is p = 2. (A3) is satisfied with » = 2 by a second-
order residual transfer operator. Because of the nonlinearity, a FAS multigrid method
is applied here. The smoothing operator is still DGS and when updating p" for the
continuity equation, we only consider the linear part with Laplace operator (which
restricts big Reynolds number in this solver). The other multigrid components are
the same as those used in Stokes system. The restriction for solution inside the FAS
is the same as the restriction for the residual (4.3) and (5.3). Note that this does not
have to be high order. For I H we use the same fourth-order full weighting restriction
as for the Stokes equations. Thus, (A4) is satisfied by ¢ = 4. In this numerical

Navier—Stokes problem (p=2) for velocity u
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F1G. 6.1. Error in the truncation error estimates (solid lines) and truncation error (dash line)
for Navier-Stokes first momentum equation (6.2). Omit 1/4 or 1/8 is the mazimum norm for
a domain whose boundary strip (width 1/4 or 1/8) is omitted, and point (1/2,1/4) is the error
evaluated at the point.

test, the Reynolds number is Re = 1 and the right hand side is chosen to fit for the
exact solution u = sin(27x) cos(27wy), v = — cos(2mx) sin(27y), and p = 0. Similar
results are obtained for other Reynolds number (e.g. Re = 5,10) when the values
are good for the central difference scheme and designed multigrid solver. Fig. 6.1
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also demonstrates a high order a = 4 is obtained in the error in the truncation error
estimates.

7. Discussion and Conclusions. In [11], Fulton gave a proper definition of the
relative truncation error on a non-staggered grid which eliminates the requirement of
I1f = THI"f. However, [11] and other papers [1, 14, 16] also requires THy = fffhu
in the truncation error estimates, which leads to a dilemma: using injection on non-
staggered grid [11] or using both high-order restriction and high-order discretization on
coarse grid [1]. In our study, high-order truncation error estimates can be obtained by
a high-order I f without requiring the condition THy=1] ,{{ I"u. Thus, the truncation
error estimates in [11] are extended to nonlinear problems on staggered grids with
general multigrid components (simple discretizations on the coarse grid and second-
order restrictions for both residue and solution). The only extra work we need to add
is to use a high-order solution transfer in calculating the truncation error estimates.
All three numerical examples verify the results.
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