LOCAL ERROR ESTIMATES FOR SUPG SOLUTIONS OF
ADVECTION-DOMINATED ELLIPTIC LINEAR-QUADRATIC
OPTIMAL CONTROL PROBLEMS *
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Abstract. We derive local error estimates for the discretization of optimal control problems
governed by linear advection-diffusion partial differential equations (PDESs) using the streamline up-
wind /Petrov Galerkin (SUPG) stabilized finite element method. We show that if the SUPG method
is used to solve optimization problems governed by an advection-dominated PDE the convergence
properties of the SUPG method is substantially different from the convergence properties of the
SUPG method applied for the solution of an advection-dominated PDE. The reason is that the solu-
tion of the optimal control problem involves another advection dominated PDE, the so-called adjoint
equation, whose advection field is just the negative of the advection of the governing PDEs. For the
solution of the optimal control problem, a coupled system involving both the original governing PDE
as well as the adjoint PDE must be solved.

We show that in the presence of a boundary layer, the local error between the solution of the
SUPG discretized optimal control problem and the solution of the infinite dimensional problem is
of first order even if the error is computed locally in a region away from the boundary layer. In
the presence of interior layers, we prove optimal convergence rates for the local error in a region
away from the layer between the solution of the SUPG discretized optimal control problems and the
solution of the infinite dimensional problem. Numerical examples are presented to illustrate some of
the theoretical results.
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1. Introduction. The streamline upwind/Petrov Galerkin (SUPG) stabilized
finite element method [5, 13] and other stabilized finite element methods are widely
used for the solution of advection-dominated partial differential equations (PDEs).
Unlike the standard Galerkin finite element method which produces strongly oscil-
latory solutions for mesh sizes that are larger than the ratio of diffusion and advec-
tion, stabilized finite elements generate ‘good’ solutions for moderately sized meshes
[15, 20, 21, 22, 23, 27, 29].

If the SUPG method is used to solve optimization problems governed by an
advection-dominated PDE, however, then the convergence properties of the SUPG
method can be substantially different from the convergence properties of the SUPG
method applied for the solution of an advection-dominated PDE. The reason is that
the solution of the optimal control problem involves another PDE, the so-called ad-
joint equation, in addition to the original governing PDE. Both PDEs are coupled
through the optimality conditions. The adjoint equation is also a linear advection-
diffusion equation, in which the advection is equal to the negative advection of the
governing PDE. The right hand side or the boundary data for the adjoint equation are
determined by the objective function of the optimal control problem. For the solution
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of the optimal control problem, both PDEs, the original governing PDE as well as
the adjoint PDE must be solved. The behavior of the SUPG method applied to these
coupled PDEs is different than that of the SUPG method applied to the governing
PDE only. The goal of this paper is to analyze the behavior of the SUPG method
applied to a simple elliptic linear quadratic optimal control problem. In particular,
we investigate the error between the solution of the optimal control problem and the
the solution of an SUPG discretization of the optimal control problem in subdomains
that do not contain interior or boundary layers.
Our model problem is given as follows.

(1.1a) Minimize %/Q(y(z) —y(x))%dr + %/ﬂzﬁ(az)dw

subject to

(1.1b) —eAy(z) +c(z) - Vy(z) + r(z)y(z) = f(z) + u(z), z €9,
(1.1c) y(z) =0, x € 08,

where ¢, f,r, 7 are given functions and €, > 0 are given scalars. We refer to u as
the control, to y as the state, and to (1.1b,c) as the state equation. Under suitable
assumptions, which will be specified in the next section, it can be shown that w, y solve
(1.1) if and only if there exists a function A such that the state equation (1.1b,c), the
adjoint equation

(1.2a) —eAM(x) — c(z) - VA(z) + (r(z) — V- c(x)A(z) = —(y(x) — §(z)), x€Q,
(1.2b) A(z) =0, T € 09,

and the equation
(1.3) Az) = au(x), x €

are satisfied. Like the original state equation (1.1b,c), the adjoint equation (1.2) is also
an advection-diffusion equation, but with advection —c instead of c¢. The goal of this
paper is to analyze the SUPG method applied to the coupled system (1.1b,c)—(1.3).
In particular we derive weighted error estimates for the error between the solution
y,u, A of (1.1) and the solution yp, up, A, of an SUPG discretization of (1.1). These
weighted estimates are used to derive error estimates on subdomains Qg C € that do
not contain interior or boundary layers of the solution.

Stabilized finite element methods for optimal control problems have been studied
in a number of papers [1, 3, 4, 8, 9, 12, 19, 28] and the research on this topic is still
very active. The paper [8] studies the SUPG method for the discretization of (1.1).
It shows that there is a difference between discretizing the optimal control problem
(1.1) using the SUPG method for the discretization of state equation (1.1b,c) (this is
the discretize-then-optimize approach) and the discretization of the optimality system
(1.1b,c), (1.2), (1.3) where the state equation (1.1b,c) and the adjoint equation (1.2)
are both discretized by applying the SUPG method to both (this the optimize-then-
discretize approach). Estimates for the global error between the solution of the original
and the discretized problems are derived for both approaches, discretize-then-optimize
and optimize-then-discretize. The paper [1] provides an analogous study for optimal
boundary control problems governed by the Oseen equations using finite element
methods with Galerkin/Least-Squares (GLS) stabilization. The paper [9] proposes
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stabilizing the optimality system (1.1b,c), (1.2), (1.3), i.e., it proposes an optimize-
then-discretize approach. The stabilization used in [9], however, is different from the
optimize-then-discretize SUPG approach discussed in [8]. In particular, the discrete
optimality system (1.1b,c), (1.2), (1.3) in [9] is symmetric, while the optimize-then-
discretize approach in [8] leads to nonsymmetric systems.

The stabilization methods applied in [1, 8, 9] are residual based. For example, the
SUPG stabilization for (1.1b,c) involves the residual —eAy+c-Vy+ry — f —u of the
state equation. This dependence on the residual is one reason why the discretize-then-
optimize approach and the optimize-then-discretize approach in [1, 8] lead to different
discrete problems. The papers [3, 4] study stabilizations based on local projection.
One advantage of these approaches is that the tasks of discretization and optimization
commute, i.e., the discretize-then-optimize approach and the optimize-then-discretize
approach lead to the same discrete problem. Like [8], the papers [3, 4, 12, 19, 28]
provide estimates for the error between the solution of the original and the discretized
optimal control problem over the entire domain 2. As a consequence, the constants
in these estimates of the global error depend on derivatives of the solution y, u, A of
(1.1) on all of Q. In the presence of interior or boundary layers these derivatives are
large and can render the theoretical bounds for the global error meaningless. More
informative for this kind of problems, the residual based a posteriori error estimates
are derived in [12, 28] with some promising numerical examples.

The goal of this paper is to derive a priori bounds for the error localized in
subdomains Qg C ) away from regions where layers occur. The right hand sides
of our error bounds involve derivatives of the solution y,u, A of (1.1) restricted to
Qo C €. Since interior or boundary layers of the solution are located outside (g, the
right hand sides of our bounds are independent of € and as a result these error bounds
are much more descriptive.

We show that the presence of boundary layers may pollute the numerical solution
everywhere. In particular, we prove that the error between the solution of the SUPG
discretized optimal control problem and the solution of the infinite dimensional prob-
lem is of first order even if the error is computed locally in a region away from the
boundary layer. This is in sharp contrast to the case of a single equation where it has
been shown analytically that the numerical layers do not pollute the SUPG solution
into domains of smoothness [15, 27]. In contrast, we show that the interior layers do
not pollute the solution away from the layers and we prove optimal error estimates
over the regions away from the layers. To summarize, the main message of this paper
is that as a rule, the SUPG solution to optimal control problems governed by linear
advection-diffusion partial differential behaves very differently than in the case of a
single equation. The boundary layers pollute the numerical solution everywhere in
the entire domain, even where the exact solution is smooth, but the interior layers do
not. Numerical examples in Section 5 illustrate some of the theoretical results.

The reason why the error between the SUPG solution and the solution of the
infinite dimensional optimal control problem is of first order is that the boundary
layers are not sufficiently resolved. The discretization errors in the boundary layers
are transported via the adjoint and the state equation into the domain. Thus the
source of this order reduction is not due to the fact that we use a residual based
stabilization. We expect this to happen also when other stabilizations, such as the
local projection based methods studied, e.g., in [3, 4, 12, 19, 28], are used. This was
already observed in [2] who studied finite difference methods for coupled systems of
singularly perturbed ordinary differential equations.
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The rest of the paper is organized as follows. In the next section we state the prob-
lem and the standard existence and regularity results. Section 3 is devoted to showing
optimal estimates in the case of interior layers and Section 4 studies one-dimensional
problems with boundary layers. In Section 5 we provide numerical illustration to our
theoretical findings. Finally, in the last section we conclude our paper with the brief
summary of our main results.

2. Problem Statement. For G C Q we define (f,g9)¢ = [, f(x)g(x)dz,

[[v]l0,00,¢ = €88 sup,cq|v(z)| or [|V]jo,00,c = €SS sup,eqy/2_; vi(x)? for vector valued
v, and

1/2 1/2

lollee = [ /G @ @] . he=| 3 /G (0°0(x))?dx

la|<k la|=k

If G =Q, we omit Q and write ||v||x,00 instead of ||v]|x 0,0, etc. If & = 0, we omit k
and write ||v||¢ instead of ||v]o,q, etc. If k =0 and G = Q we omit all subscripts and
write ||v|| instead of ||v||,q. Furthermore, we define the bilinear form

(2.1)

a(y,v) = /QeVy(x) -Vou(z) + c(z) - Vy(z)v(z) + r(z)y(z)v(x)de, y,v € Hi(Q).

The optimal control problem (1.1) is given by
N | N !
(2.2a) m1n1m12e§||y —JI* + §||u||27

(2.2b) subject toa(y,v) — (u,v) = (f,v) Yo € Hy(Q),
y € Hy(Q),u € L*(Q).

We assume that

(2.3a) £,7e L*(Q),ce (Whe(Q)",r € L¥(Q),a > 0,e >0,
and
(2.3b) r(z) — 3V - c(z) > rg > 0 ae. in €.

For the well-posedness of the optimal control problem it is sufficient to impose fewer
regularity requirements on the coefficient functions than those stated in (2.3a). The
assumptions (2.3a) imply stronger regularity properties of the solution, which will be
stated in Theorem 2.2 below.

Under the assumptions (2.3), the bilinear form af(-,-) is continuous on H} () x
H}(2) and HE(Q)-elliptic. In fact, a(y,y) > €||[Vy||® + rolly||? for all y € H}(Q)
(e.g., [22, p. 165] or [20, Sec. 2.5]). Hence the theory in [18, Sec. II.1] guarantees the
existence of a unique solution (y,u) € H}(Q) x L*(Q) of (2.2).

THEOREM 2.1. If (2.3) are satisfied, the optimal control problem (2.2) has a
unique solution (y,u) € HE(Q) x L?(Q). Furthermore, (y,u) € HL(Q) x L?(Q) solves
(2.2) if and only if there exists X € H}(Q) such that (y,u,\) solve

(243‘) a('l;[}a A) = _<y - ga 1/J> V"l/) S H&(Q)7
(2.4b) —(w, A) + a{u,w) =0 Yuw € L*(Q),
(2.4c) a(y,v) — (u,v) = (f,v) Vv € HY(Q).



The optimality system (2.4) is the weak form of (1.1b,c)-(1.3). Under our regu-
larity assumptions (2.3a) on the data we can apply [10, Thm. 2.4.2.5] to (1.1b,c) and
(1.2) to deduce the following regularity properties of the solution.

THEOREM 2.2. Let Q be a bounded open subset of R™ with a C*' boundary. If
the assumption (2.3a) is satisfied and r > 19 > 0 a.e., then the unique solution of
the optimal control problem (2.2) and the associated adjoint satisfy y,u, A € H2(2) N
H(Q).

Since a > 0, we can use (2.4b) to eliminate u from the optimality system. The
continuous optimality system can be reduced to the following coupled system of two
equations,

(2.52) a(¥, A) + (y,¥) = (9, ¥) Vi € Hy(Q),
(2.5b) aa(y,v) — (\v) = af,v) Yo € Hy(Q).

We apply the SUPG method to (2.5). Let {75, }r~0 be a family of quasi-uniform
triangulations of  [7]. To approximate the state equation we use the spaces

(2.6) Vi = {v, € HYQ) : vp|r € Po(T) for all T € T}, k> 1.
The SUPG discretization of (2.5) is given by

(2.7a) ap (¥, An) + (yn, )" = (G, ¥)* Vip € Vi,
(2.7b) aay,(Yn,v) — (An,v)° = a(f,v)}, Yo € Vi,
where

ap (Y, An) =a(, An)

(2.8a) + > Te(—€eAN, = VAu+ (r— V- c)Ay, —c- Vi)r,,
T.€Th
(28b) <yha 7/}>a :<yha 7/}> + Z Te<yh7 —C- vq/}>Tev
Te€Tn
(2.8¢) aj (yn,v) =a(yn,v) + Z Te(—€Ayp + ¢ - Vyp, + 1yn, ¢ - Vo)1,
Te€Tn
(2.8d) Mo v)* =, v) + Y TelAn e Vo),
Teeq—h

We note that the SUPG discretization of the reduced system (2.5) leads to a fi-
nite dimensional system that is equivalent to that obtained from applying the SUPG
discretization to the optimality system (2.4) (this is the optimize-then-discretize ap-
proach in [8]).

We define a bilinear form ASUPE(. ) on (V}, x V3,) x (Vi x V3,) for the reduced
system (2.8) by

ASUFC Ly MY, {dn, on})
(2.9) = aay, (Yn, on) — (Ans @n)° + af, (@ns An) + (Yns on) "

Since the SUPG method is strongly consistent, we have the following orthogonality
relation

(2.10) ASUPC (Ly —yp X = Mo} s on}) =0, V{én, o} € Vi x V.
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3. The Case of Interior Layers. We restrict the discussion of this section to

a bounded domain € C R2. According to the continuous theory, see [26, p. 473] or
[27, L. 23.1], the exact solution to an advection-diffusion problem at any fixed point
xo € 2 is influenced by the force term only from within an elog (1/¢)-neighborhood
in the streamline (downwind) direction and within a y/elog(1/e)-neighborhood in
the crosswind direction. The same behavior can be observed from the properties
of the corresponding Green’s function. In the presence of interior layers only, the
exact solution may vary strongly in the crosswind direction, but not in the streamline
direction. Since the adjoint equation has similar properties, the same behavior of the
solution can be expected from the coupled system. Our main goal of this section is
to show that similarly to the single equation (cf. [15, 27]), the interior layers do not
pollute the numerical solution to the coupled system. We will accomplish that by
weighted error estimates, where the purpose of the weighting function is essentially
to isolate the domains of smoothness from the layers. The analysis is rather technical
and in order to avoid unnecessary technicalities we will make several simplifications:

e ¢ < h, i.e. we consider only the advection-dominating case.

e The advection c is a constant vector.

e The reaction term = 1. This simplification is not essential, the same analysis

can be applied to r(z) > rg > 0.
o 7. := 7 = C1h, for some fixed constant C';. This assumption is logical since
we are in advection-dominating regime and the mesh is quasi-uniform.

To state the main result of this section we introduce a weight function w, which is
O(1) on

(31) QO = {Al < (X X C) < AQ} N

for some constants A; and A, and decays exponentially outside of a slightly larger
subdomain. More precisely, the weight w is a positive function with the following
properties:

w(x) = O(l), for x € €,
lw(x)| < Ce(Gxe)= A2)/K VR for (x x ¢) > Aa,
lw(x)] < C'<2_(Al_(xxc))/K‘m for (x x ¢) < A;.

Here K is a sufficiently large number and v/h is potentially the size of the numerical
crosswind layer.

REMARK 3.1. FEstimating the actual size of the numerical crosswind layer is a
delicate process. Generally, for the standard SUPG method on unstructured quasi-
uniform meshes, like in our case, it is only known that the size of the numerical
crosswind layer is at most of order h'/2. In [15], the authors modified the SUPG
method by adding extra crosswind diffusion to the method and showed analytically
that it is at most of order h®/* for piece linear elements. In [29], in the case of
aligned meshes and bilinear elements, the authors showed that it is of size h. The
numerical investigations by Semper, [24, 25], suggest that for linear elements on the
meshes not aligned with the advection it is about of order h®" and of order h on the
aligned meshes. To the best of our knowledge there is no theoretical or numerical
results for higher order elements. Now we state our weighted result. Notice that we
have precise dependence of the error on the stabilization parameter «.

THEOREM 3.2. Let {y, A\} and {yn, An} satisfy (2 10). In addition to the assump-

tions at the beginning of Section 3 assume eT < W and h < Csa, for constants

inv W
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Ciny and C,, defined below and some fized constant Cy. Then there exists a constant
C independent of h, €, y, \, a such that

aQ2(y —yn) + Q4 (A — Ap) < C(a min Li(y—X1)+Xmei§ LZ(A = x2)).
2 h

X1EVh
where
Q% (v) = ellwVol* + [lwol|* + lwe - Vo7
(3.2) 2 (v) == ¢l|wVwv wv 7|lwe - Vol|7.
Tee,r'h
and
(3.3) L2 (v) := h™H|wo|® + h||lwVo|? + h3||lwAv|?.

The proof of Theorem 3.2 goes along the lines of [14] and [15], where the corre-
sponding result was established for a single equation. Since in the above mentioned
papers only piecewise linear elements were treated, high order stabilizations terms
were meaningless. In our situation we have to deal with those high order stabilization
terms in addition to the coupled terms. Consequently, the proof is more technical.
Furthermore, in the course of the proof we also need to trace the dependence of the
error on the parameter o. This adds additional technical difficulties. Theorem 3.2
will be proven in Section 77.

To give an application of Theorem 3.2 , let g be as in (3.1) and define

Q, ={ A, — sKVh|logh| < (x x ¢) < Ay + sKVh|logh| } NQ, s>0.

COROLLARY 3.3. Under the assumptions of Theorem 3.2 and assuming y, A €
H?(Q), there exists a constant C independent of y, A\, €, and h such that for any
s> 0,

a <€IIV(y —yld, +ly = wnlld, + D 7Tlle- Viy—yn)l %)
T.€71NQ0

e[ V= X)lE, +IA =Ml + D Tle- VO =)l
Te€ThNQo

< Ca (K|lyl3 0, + h*Tllyl3.0) + C (RIINIZ o, +h* T IA5 ) -

The right hand side in the error estimate of Corollary 3.3 depends on local and
global norms of the state and the adjoint. The local norms associated with h3 are
independent of € if 25 does not contain interior layers. The global norms may depend
on negative powers of e. However, they are associated with the higher order terms
h25+3. Thus negative powers of € can be compensated by h%® for sufficiently large s,
provided that for these values of s the subdomain §2; does not contain interior layers.
In this case the local convergence rates are optimal for H? regular solutions.

3.1. Preliminary Results. First we recall the standard inverse inequality and
the approximation property of the finite dimensional subspaces. The proofs can be
found in many textbooks on finite elements (cf. [6]).

3.1.1. Inverse inequalities. For T' € 7, and v € V},, there exists a constant
Cinv independent of T and v, such that

(3-4) IVollop.r < Cinoh™ vllopr, 1<p< oo
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3.1.2. Local approximation. There exists a local interpolant operator I :
H'(Q) — V}, such that for any T € Ty,

(3.5) RV (0 = I()z + v = I()ll7 < Ch*ulpi1r.

3.1.3. The weight function. In addition to the properties of w described
above, we assume that w satisfies,

(3.6) Dew(x) =0, forallx €, i.e. wis constant in the direction c,
(3.7) |Derw| < CK~1h120,

(3.8) RO(S,w) < C,, for any ball S of radius Kh,

where

D.=c-V, Dg =ct-V, and RO(S,v) = max |v(x)|/rnelg lv(x)].

The explicit construction of such function is given in [15].

3.1.4. Superapproximation. Next we will need the superapproximation re-
sult. The proof of this result is essentially contained in [15], Lemma 2.2, or [27],
Lemma 25.1, where piecewise linear elements were treated. The extension to higher
order elements is straightforward.

LEMMA 3.4. Let v € Vj,. Set E,(v) = w?v — I(w?v), where I is the interpolant
from above. There exists a constant C independent of h and v, such that for any
triangle T € Ty,

lw™ E (v)llz + hllw™ VE (0) |l < CRY2 K |wo| 1.

3.2. Lemmas. As we have mentioned above the proof of Theorem 3.2 follows
from the following three lemmas. The proofs of these lemmas are rather standard, al-
though technical. The notation for @, and L, is defined in the statement of Theorem
3.2, (3.2) and (3.3) respectively.

LEMMA 3.5. Let {yn, An} € Vi, x V), and assume eT < ﬁ Then

inv

aQ? (yn) + Q% (A\n) < 24YFC (Lyp, A}, {wPyn, w?An}).

Proof. Consider
ASUPG({ny )‘h}a {w2yh7 WQ)\h})
= aaj, (yn, wyn) — (An, wyn)" + af (W An, An) + (Y, w0 An) "
Since D.w = 0, we have the following identity for any Q C €,
(3.9) / (c- Vo)wt = —/ (c- Vp)w?v + / (c-n)w?vyp, V,ve HY(Q).
Q Q 0Q
Using that V}, is the space of continuous functions, from (3.9) we have,

> e VW) = Y —T<<yh,c V(@A) 7, + (Y, w?Ane- n)an)

Te€Tn Te€Tn

= > —rlyn,w’c V),
Te€Th
8



and as a result
(A, w?yn)® = (yn, w? ).

From (3.9) with Q = Q, it also follows that (c - Vv,w?v) = 0 for any v € V},. Hence,
(3.10)
aQZ (yn) + QL (An) = ASTTE ({yn, An}, {w?yn, w?An})
— a2e(Vyn, wVwyp) — 26(VAp, wVwAy)

+a Z 7(eAyn, w?c - Vyp)r, — Z T(eANy, wc - V)T, -
Te€Tn Te€Ty

Partial derivatives of w can be expressed in terms of D..w as follows,

1 C2

Wy = W (ClDCUJ — CQDCLW) = 7@DCLW,

&1

coDew + CchLw) = WDCLW,

= o
where ¢ = (c1,¢2), ¢t = (—c2,¢1). Thus, by the properties of w from Section 3.1.3,

Cauchy-Schwarz inequality, arithmetic-geometric mean inequality, and the assump-
tion € < h, we have

e/ wvVw - Vv = e/ W (WyVy + wyvy) = %/ wo(—cgDerwvy + c1Dgrwuy)
Q Q lc? Ja
€ 1, —
< KTl (el vl +fer] - vy )

< CK 2 (v + e|wVo|?).

Thus, we can show
e/ wyrVw - Vy, < CK2Q2 (yn)
Q

and

e/ WARVW - VA, < CK2Q2 (\p).
Q

%, on each T, € 7Ty, for Vv € V},, we obtain

inv - w

Similarly, using the assumption er <

T(eAv,w’c - Vo)1, < Te||wAuv||7, ||we - Vo,

,
< 7€|lwAvlz, + 7 llwe - Vollz,

(3.11) ch? , T )
< MHWAUHTE + ZHWC -Vol|z,
<

€ T
- v 2 o v 2

lwVellz, + Jllwe - Voliz,,

where in the last step we used property of w and the inverse inequality. Thus com-
bining the above estimates with (3.10) we have

0Q3(un) + @) < (5 + CK )@@ () + Q2(W)).
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By taking K large enough we establish

aQZ (yn) + Q2 (An) < 2A5YPC ({yn, M}, {wPyn, wAn}).

O
LEMMA 3.6. In addition to the assumptions of Lemma 3.5, assume h < Coa for

some fixed constant Cy. Then, there exists a constant C independent of h and K such
that

ASUPCG Ly, M b Aw?yn — T(w?yn), w? A — T(w?An)}) < CK 1 (aQ2 (yn) + Q2 (An)) -

Proof. Put
E,(v) = w?v — I(w?v).
In this lemma we want to estimate

ASUPC Ly MY A B (yn), BEu(Mn)}) =aas,(yn, Eo(yn)) — (Any Eu(yn))*
+ aj, (Ew(An), An) + (Yn, Bo(An))"

We start with
s Bo(yn))® = s Bu(yn)) + > 7(Ane - VEL(yn))1,-
Te€Ty,

Using the Cauchy-Schwarz inequality together with the superapproximation result,
Lemma 3.4, and using the assumption 72h~! < CCs0r, we have
Ty € VE,(yn))r. < Tllwdnllr. lw™te - VE, (yn) |z,

< TllwAnliz.lelllw™ VE, (yn)llz.

< CTh™ 2K wAnllr. lwynllr.,

< CK ([lwAnllz, + ellwynlz,) -

(3.12)

Similarly, using the Cauchy-Schwarz inequality, the superapproximation result, and
the assumption h < Coa, we have

s Bo(yn)) < llwdnllllo™ o (yn) |
(3.13) < ChMP K |wAnll|wynll
< CK ™M (lwAnl? + allwyn®)-

(Yn, E(An))® can be estimated similarly. Thus we obtain,

— (M Bo(yn))® + (yns Bo(An))* < CK 1 (wAnl® + allwynl®)
(3.14) < CKHQL () + QX (yn))-

The terms a} (yn, B (yn)) and af (E,(An), An) can be estimates similarly. We give an
illustration. Recall,

ah (Yn, Ew(yn)) = alyn, Eu(yn)) + Z T(—€Ayn + ¢ Vyn + yn, ¢ - VE,(yn)).
Te€Thn
10



Proceeding similarly to (3.11), using the inverse inequality, the superapproximation
result, Lemma 3.4, and the assumptions ¢ < h and 7 = C1h, we obtain,

T(—eAyp, ¢ VE,(yn)) < TellwAyn|lr. |w™ e VEu(yn) 7.
< Creh™ M|wVynllr.Ch™ 2K~ wyn |z,
< CK 7! (elwVynllz, + lwynllz,) -
Using the superapproximation result, Lemma 3.4, and the assumption 7 = C1h,
(¢ Vyn,c- VE,(yn)) < Tewe - Vyur, |w™ e - VE,(yn)
< rllwe - Vynllz, Ch= 2K wyslr,
<CK™! (Tch -V

Te

7. +lloyalz,) -
Thus, summing the above two estimates over all elements we obtain
Z T(—€eAyn + ¢ - Vyn + yn, ¢ - VE,(yn)) < CK Q2 (yn)-
TeeTh

The terms in a(yp, E,, (yn)) can be treated similarly. Thus, we can show

aa (yn, Bu(yn)) + af (Bu(An), An) < CK~H(aQ2 (yn) + Q2 (An)).

Together with (3.14) we establishe the lemma. 0
LEMMA 3.7. In addition to the assumptions of Lemma 3.5 and Lemma 3.6, let
{y, A} and {yn, A\n} satisfy (2.10). Then there exist constants C' and § independent of
h and K, the later one is arbitrary small, such that
ASUEC ({y, A} AT (WPyn), T An)})
< O ((6+ K1) (aQ2 (yn) + Q% (M) + aLi(y) + LE(N)) -

Proof. We have

ASUPE Ly, N AT(WPyn), L@ An)}) = aai (y, 1(@?yn)) + (A L(w?yn))®
+al (T M), ) — (g, T An)™.

The treatment of a; (y, I(w?yp)) and af (I(w?Ay), A) is similar to the one presented in
the proof of Lemma 3.6. Thus, we can show

aj, (y, I(w?yn)) < CLZ(y) + CK Q2 (yn) + COQ2 (yn)

and
afy(I(wW?Xn), An) < CLE(A) + CK Q2 (M) + COQ2 (An).

We give an illustration. On any element T € 75, by the Cauchy-Schwarz inequality,
the triangle inequality, and the geometric-arithmetic mean inequality, we have
(3.15)

e/ Vy - VI(W?yn) = —e/ Vy - V(w?ys) — e/ Vy - VE,(yn)
T T

T
< ellwVyllr (o™ VW yn)llr + lw™ VE. (yn) I 7)
< CsellwVyllt + €d (o™ VEL ()17 + lw™' V(w?yn)l17) -
11



By the superapproximation result and the assumption € < h
ellw™ VEL (yn)l7 < CK~2[|lwyn|7-
By the properties of w and the triangle inequality,
o™ V(P B < loVanlB -+ 4 Ve

<NwVynlF + HlwaynllF + 4llwyynll7
< wVynllF + Cl| D wynll7
< wVynllF + Ch™ K2 |lwyn |7

Summing over all elements we obtain

(3.16) e(Vy, VI(Wyn)) < CLE (y) + CK Q% (yn) + CQ2 (yn)-

Adding and subtracting w?y, integrating by parts, using the properties of w, namely
c - Vw = 0, the superapproximation result, and the assumption 7 = C1h, we have

<C : Vy7 I(w2yh)> = 7<C : Vya w2yh> - <C ' Vyv Ew(yh)>
(y,w?e - Vyn) + (y, ¢ - VEu(yn))

> lwyllz (lwe - Vynllz, + llo™" e VE(yn)|7.)
Te€Th

< Y (CshH|wyl3, + brlwe - Tyl
Teeq—h
<Chl oyl +6 3 rlwe Vinlg, + K2 |wynl?)
Te€Th
< OLE() + CO+ K)QEwn)-

IN

7, + CK ™ |lwynllZ,)

For the stabilization term we can similarly obtain

> m(—eAy+c-Vy+y,c- VIwyn))r, < CLE(y) + CO+ K2Q%(yn)).
TEEIZ—}L

For example, using properties of w, the superapproximation result, and the assump-
tions € < h and 7 = C1h, we have

T(—eAy,c- VI(Wyn))1, = T(eAy,w’c- V)1, + 7(cAy,c - VE,(yn))r.
< rellwAyllz, (lwe - Vynliz, + | e VE ()
< relwiylir, (lwe: Vonliz, +Ch=2K " fwynl

7.)
")

< CRP|wAyl7, + o7llwe - Vynllz, + CK =2 |lwynl7, -

Again, by using properties of w, the superapproximation result, and the assumption
7 = C1h, we have

7(c-Vy,c- VI(wah»Te =—7{c- Vy,wic - Vyr)r, — 7{c - Vy,c-VE,(yn))T.
< 7lwVylr, (lwe- Vyulr, + lo e VEL(yn)l1.)
< 7|wVylz, (lwe - Vynllz, + Ch= 2K oyl )

< Ch|lwVyllF, + o7llwe - Vyull7, + CK~?|lwynlF,.
12




Thus we only need to estimate (X, I(w?yp))® — (y, I(w?\,))*. We start with
A I@Py))* = A I@Py) + >0 7\ e VI )z,
Te€Th

Using the Cauchy-Schwarz inequality and the superapproximation results, the as-
sumption h < Cya, we have
A\ I(@Pyn)) = =N w?yn) — (A Bu(yn))
< Al (lwynll + llw™ Eu (yn)D)
< Ch™HwA|I? + dallwyn|® + CaK 2wy
< CL2(\) + Cals + K2)Q? (yn).
Finally, using the Cauchy-Schwarz and the geometric-arithmetic inequalities, the

properties of w, the superapproximation result, and the assumptions 7 = C1h and
h < Cya we have

T\ - VI(Wyn))r, = =1\ w?c- V)1, — 7\, c- VE,(yn))1.
< rlwAllz. (lwe - Voullz, +Ch™2 K |wynllz, )
< ClloAlE, +a (rlwe - Vyull3, + CK2loyl3,)
< CLEZ(A) + (6+ CK %) aQZ (yn).

Thus, we have shown

N I(w?yn))* < CLEN) + (8 + K—2)aQ (yn)-
Similarly we can obtain

{y, I(w? )" < CaLd(y) + (0 + K~2)Q% (An).

Thus the proof of Lemma 3.7 is complete. 0

REMARK 3.8. Global analysis of the SUPG method for a single equation with high
order stabilization terms is presented in [16], Chapter 9.2. Similar to our analysis,
their argument also requires the corresponding restrictions on € and T.

3.3. Proof of Theorem 3.2 and Corollary 3.3. Assuming Lemmas 3.5-3.7,
we are ready to present a proof of Theorem 3.2.

Proof. By the triangle inequality, we have
(3.17)

Q% (y—yn)+ QL A=) < aQ (yn—x1)+Q% (A —x2) +C (L (y—x1) +LE (A= x2)),
where we have used that
Qv —x) < CLE(v - x),
which follows from the properties of w and the assumption € < h. Hence, it is enough
to show that for any x1, x2 € V4,
aQ% (yn = x1) + Q5 (A — x2) < ClaLi(y — x1) + LE(A = x2)).

Notice, the SUPG method is invariant on V},, i.e. if the exact solution {y, A} € Vj, xV},,
then {yn, An} = {y,A}. Consequently, for x1, x2 € Vi, we can replace {yp, \p} with

13



{yn — x1,\n — x2} and {y, A\} with {y — x1, A — x2}. Therefore, it is sufficient to
establish

aQ (yn) + QL (M) < CaLi(y) + LL(N),

whenever (2.10) holds. By Lemma 3.5,

aQ% (yn) + Q% (An) < 24%77C ({yn, An}, {wyn, w?An}).

Since w?v is not in Vj, even if v € Vj, to treat ASUVPC ({yn, An}, {w?yn, w? A, }) we add
and subtract ASUPE {yn, A}, {I(w?yr), [(w?A,)}) and use the orthogonality prop-
erty (2.10). Thus,

ASUPE Ly, A} Aw?yn, w?An )
= ASUPC (Lyn, M} Awyn — T(w?yn), w?An — I(w?An)})
(3.18) +ASPE ({y A} AL (WPyn), I An)}).
Applying Lemma 3.6 and Lemma 3.7 to the right hand side of (3.18) and choosing
K large enough and § small enough, we complete the proof of Theorem 3.2. 0
Next we prove Corollary 3.3.

Proof. By Theorem 3.2, taking x1 = I(y) and x2 = I()), where I is the inter-
polant defined in Section 3.1.2, we obtain

a(elV(y —yn)lld, + ly = walld, + D 7lle- V(v —wn)ll7.)
Te€TrNQ

el VO = A)lE, +IIA=Mld, + Do 7lle VO =),
TeE,]‘thU

< aQi(y —yn) + QLA =) < C(aLiy — I(y)) + LE(A = I(N)) -
Let v denote either y or A\. By the triangle inequality
Li(v —I(v))
< h 7o = I, + V(0 = I()[§, + kA~ 1),
+ 0 Hw(w = 1(v)) g, + hllwV (v = 1(v)[[Gq, +h* el — 1) a.-

Using the approximation theory, we have
h=Hlw = I()I[%, + RV (v = I@)I§, + B A = I(0)[I§, < CR?|lv]l3q,-
For the remaining terms we use the fact that w = O(h®) on Q\Q and as a result,

h™Hw(o = I(0)[da, + MllwV (v = 1) G q, + P llwA(o = 1(0)) 30,
< CP* 305 o, -

The last two estimates establish the corollary. ]

4. The Case of Boundary Layers. The presence of boundary layers makes
the estimates from the previous section rather meaningless. For example, ||y| g2 is
typically of order e 3/2 and dominates h%/? for ¢ < h. The numerical results of
Section 5 show that the presence of boundary layers pollutes the numerical solution
everywhere, even into the subdomains where the exact solution is very smooth. The
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numerical examples suggest that the first order convergence rates are the best possible
in L2, L, or H' norms even over subdomains that are far away from the layers
regardless the degree of polynomials used. This is in sharp contrast to the case of a
single equation, where it has been shown analytically that the SUPG method does
not pollute the solution into domain of smoothness and the error is nearly optimal
there (cf. [15, 21]). A rough explanation of this phenomena is the following. Assume
we can solve one equation directly. Then we know that the error is nearly optimal in
the interior of the domain. On the other hand without any special mesh adaptation
the SUPG method can not resolve the boundary layer and the error is of order one
over such layer (cf. Figures 5.1). The size of the numerical boundary layer is typically
of order hllogh|. Thus even if the error is consistent for one equation it will not
be for the second one. In other words, the error equation will have a perturbation
term which will be the source of the pollution. Of course, for the coupled system,
the argument is more complicated. The main result of this section is to prove the
first order error estimates in local L? norm (cf. Theorem 4.7) for the coupled system,
and as a result for the advection-dominated optimal control problems. The numerical
illustrations of Section 5 show the first order convergence rate is sharp. We will also
show that the global L? error for the coupled system converges at the rate h'/2 (cf.
Theorem 4.11). This rate is sharp even for a single equation.

We will present a proof only in the one dimensional setting for piecewise linear
elements. Throughout this section we assume that

a=1, ¢=1, r=1 and Q=(0,1).

Even in this simple setting, the errors measured in a local L? norm away from the
boundary layer only exhibit first order convergence. Therefore, for more general
problems in higher dimensions better convergence rates can not be expected. This is
confirmed by our numerical experiments. Our numerical experiments also show that
in general not much can be gained from using higher order finite elements.

Since we assume a =1, ¢ =1, r =1 and ©Q = (0,1), our problem is

(4.1a) ag (¥, An) + (yn, ) = (G, )" Vi) € Vi,

(4.1b) aj, (Yn,v) — (A, 0)° = (f,v)} Yo € Vy,,

where

(423') a{}ll(i/)a )‘h) = €<’l/1/, )‘Ih> + <¢l7 )‘h> + <ql)u )‘h> + Z T<_)\Ih + >\h7 _¢/>Te7
T.€Th

(4.2b) (yn, ) = (gno V) + Y Ty~

Te€Thn
(420) @i (yn,v) = €W, V) + Ghov) + (o v) + Y T(Wh + yne V)7L
T.€Th
(4.2d) Ao v)* = vy + Y (A, )1,
T.eTh

4.1. Estimates of Discrete Green’s Functions. Our proof makes heavy use
of the discrete Green’s function G = G, € Vj,, which for any point zp € = (0,1) is
the unique solution of

(43) aZ(X7G) = X(.’L'()), VX € Vh'
15



Define

(4.4) O ={xeQ:x—x9 <sKhly,}, s>0,

for some constant K sufficiently large. Here and in the rest of the paper we put
£y, = |log h.

The next result shows that the discrete Green’s function is small outside of €2 .

LEMMA 4.1. There exists s > 0 such that HG”W;(Q\Q.?) < Ch¥, for v sufficiently
large. The proof of these result in two dimensions is given in [21, L. 2.1]. The same
argument can easily be adapted to one dimensional setting.

REMARK 4.2. Since G € V}, and v is arbitrary, by the inverse estimates we also
have |G|| < ChY in almost any other norm over Q\Q); .

Following the ideas of [21], we can show the following result.

LEMMA 4.3. Let G = Gy, be the one dimensional discrete Green’s function
defined by (4.3). Then there is a constant C independent of h such that the following
estimates hold:

G| < Ch=Y 20, |Gl < Cl?, |Glao)| < Chy.

Proof. Let x,, be the first meshpoint in Q\Q to the right of xg. Then by the
Fundamental Theorem of Calculus

(4.5) Gl =X [ @ 6)ds — o),
i=1 @i

where z; are the meshpoints. Now since |z, — zo| < Ch¥{},
G(zo) < ChM20)/%| G| + Ch”.
On the other hand

G(z0) = a;(G.G) = (G, G') + (G",G) + (G.G) + > 7(G'+G.,G")1,.

T.€Tn

Using that (G',G) =0 and > _p. . 7(G,G’)r, =0, we have

a;(G,G) = e|G'IP+IGI*+ Y 7lGF = (e+ DG+ G|
T-€Th

Thus using that € < h and 7 = C1h, we have for v sufficiently large,

RIG'? + IGI? < Ca; (G, G) = CGlxo) < CHY?4,/%| G| + Ch” <

o | >

G| + Cty
and we can conclude that
|G| < Ch= Y20 and |G| < Cr/2.

Using the estimate for [|G’|| in (4.5) we see that G(zg) < C¥,. d
Later in the analysis we will be interested in the case when x is near the boundary.
In the case when x is near the boundary that has no layer, we can show that the L2
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norm of the corresponding discrete Green’s function is small. More precisely, we have
the following result.

COROLLARY 4.4. Assume Q = (0,1) and let G = G, be the one dimensional
discrete Green’s function with xg € D™, where D™ = {x € Q:0 < x < Mhly}, for
some M > 0. Then there exists a constant C independent of h such that

|G| < cr'26,.

Proof. Define
D ={zeQ:0<ax<sMhlp}, s>0.

Then, |G| < [|Gllg\p- + [Gllp- - By Remark 4.2 for some s we have that [|G||q, p-
is small. Thus, we only need to estimate [|G|| -
For any z € D, by the Fundamental Theorem of Calculus

m—1 g, T
G(x) = Z / G’(s)ds—l—/ G'(s)ds,
i=0 YT Tm

where 0 = ¢ < 21 < - -+ < T, < x. Since the mesh is quasi-uniform z;1 —z; = O(h)
and m = O(M{},). By the Cauchy-Schwartz inequality

m—1

G ()] < IG'[| p- (Z (i1 — )2 + (2 — xm)1/2> )
i=0

Squaring both sides we obtain,

m—1
G(x)|* < ClIG"|13,- <Z($z‘+1 — ) + (z — xm)> = C||G"||*x.
i=0
Integrating over D and using the estimates form Lemma 4.3, we obtain

IG@)II5,- < CIG'I*h2E, < Ches,.

|
In the following section we will also require the adjoint discrete Green’s function
G* = G}, € Vj, which is the unique solution of

(4.6) at (G*,x) = x(xo), Vx € V.

Analogously to Lemma 4.1 one can show the following estimate.
LEMMA 4.5. If

(4.7 QF ={xeQ:z—x9) >sKhlp,}, s>0,
then there exists s > 0 such that
”G*”Wolo(fz\ﬂi) < Ch”,

for v sufficiently large.
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We can also show that G* satisfies the same global estimates as G in Lemma 4.3
and we can establish the following result which corresponds to Corollary 4.4.

COROLLARY 4.6. Assume Q = (0,1) and let G = G, be the one dimensional
discrete Green’s function with xo € DT, where DT ={z € Q:1— Mhéy, <z < 1},
for some M > 0. Then there exists a constant C independent of h such that

G| < cni/26)?.

4.2. Local error estimates. To describe the main theorem of this section, the
weighted error estimates, we need the following domain decomposition Q = Q~UQ°U
QF, where

Q ={zeQ:0<z< Khi}
(4.8) QA ={recQ:Khl), <x<1-Khi}
Ot ={rcQ:1-Khl), <z <1},

with constant K sufficiently large. In addition we define two weight functions wy > 0
and w_ > 0 with the following properties:

(4.9) wy(z) =1, forz € Q- UQY,
(4.10) wy(z) < Celz=D/ER for z € QF,
(4.11) wi(z) <0.

and w_(r) = wy (1 — z). Note that by construction w_ = w, on Q.
THEOREM 4.7. Let {yn, A\n} be the SUPG solution of (4.1) and let y, A, f, and
Y satisfy

(4.12a) [yl Lo @+ + Yl 2 (2-ua0) + [[Yllwi @+ < C
(4.12b) Mz @) + Al 22 @000+ + [Mlwi@-) £ C
(4.12¢) £l Lo -y + [ fllz2oua+) + Ul 2 @-uaoy + 19l e @+) < C.

Then there exists a constant C' independent of y, A\, h, and €, such that

2 -~ 2 _ < 72 _ 72 _ 296
w4 (y yh) + Qw, ()‘ )‘h) = C (XIlnelI‘}h Luur (y Xl) + XIfanlI‘}h Lw, (/\ XQ) +h £h> )

where this time
Q% (v) = (e + ) [lwv'||* + %Il(w\w'l)mvll2 + [Jlwv]?
and
LE(v) = h™ wo||* + hllwv'|%.

The proof of Theorem 4.7 will be given later.

REMARK 4.8. The assumptions on the data and the exact solution are natural,
since according to Theorem 2, in [17], the exact solution {y, A} satisfies the following
estimates,

[y @) <€ (1+eme /) 0,1

|)\(")(x)‘ <C (1 + e_"e_z/s) , n=0,1.
18



REMARK 4.9. In the proof we did not try to obtain sharp estimates in terms of
the power of the logarithmic terms. In the case of € < h this power can be reduced.
Furthermore, the numerical results suggest that the estimates in this case should be
log free.

Theorem 4.7 implies the following local error estimate.

COROLLARY 4.10. Under the assumptions of Theorem 4.7 there exists a constant
C independent of y, A, €, and h such that,

1y = ynllo-uao + [IA = Anllaoua+ < Chey.

The proof is similar to that of Corollary 3.3. The numerical results in Section 5 show
that the above estimates, modulo logarithmic terms, are sharp.

4.3. Outline of the proof. The proof of Theorem 4.7 is more technical and
complicated than in the case of the interior layers (cf. Section 3 ) or in the case of a
single equation (cf. [15, 21]). The main difficulty is due to the presence of the coupled
terms of the form

(4.13) (A =X wiyn) = (yn — v, w2 An).
All other terms are similar to the single equation case and of almost optimal order
over the domains of smoothness. In the interior layer case w; = w_ = w and since we

use the same finite dimensional subspaces for both A\, and
(Answiyn) — (Yn,w? Ap) = 0.

In the presence of boundary layers there is no such cancelation. Numerical results
presented in Section 5 show the first order convergence rates in L? or H! norms even
over the subdomains of smoothness. Thus, the observed order reduction is due to the
presence of the coupling terms similar to the ones in (4.13). Hence the main challenge
is to show that these terms are if fact of order h.

We examine the coupling terms more closely. Consider for example,

n =N wiyn) = On = A\ wlyn)a- + O — A\ wiyn)aouat-

Since A is smooth on Q° U QF, we expect ||\ — \y|lgoua+ to be of optimal order
and as a result the term (A\y, — A, wiyn)qoun+ should not pose much trouble. On
the other hand, in general, A has a boundary layer over 2~ and since the SUPG
method does not resolve the layer, [[A — Ap||pe@-) = O(1) . If for example we use
the Cauchy-Schwartz inequality and use that wy =1 on 2~ we obtain

An = A wiynda- < [IA = Anllo-llynlle--

The size of Q~ is of order hfy and we expect ||A — Apllo- = O(h1/2€,11/2). This
result we in fact establish in Theorem 4.11. Hence the main problem is to show
lynlla- = O(h*?). Looking at the exact solution y we can see that such estimate
is feasible. For example, by the Mean Value Theorem, [|y|| 5@~y = O(h) and using
that the size of of Q™ is of order hf), we do obtain ||ly|lq- = O(h%/?). For y; the
analysis is more complicated due to the fact that it is not clear to us how to establish
directly that ||yp|r~ < C or even ||yp|lp= < C¢,. In Proposition 4.12 we prove the
somewhat weaker result

1
lynllpoe(a-) < Chly + T6||Ah||2'
19



Still, this result is sufficient to derive the desired estimates. In fact, it implies that

lynllLe < CE?/Q . The rest of this section is devoted to provide the technical details
following the above outline.

4.4. Global L? error estimates.. The following result, which has an indepen-
dent interest, shows that even if the exact solution has boundary layers, the error in
the global L? norm converges almost at the rate h!'/2. This result is sharp even in the
case of a single equation.

THEOREM 4.11. Let {yn, A\n} be the SUPG solution of (4.1) and lety, A, f, and
y satisfy the assumption of Theorem 4.7. Then there exists a constant C independent
of y, A, h, and €, such that

ly = nll + 1A = Ml < CRY262.

Proof. From (2.10) for any ¢y, ¢ € Vi,
ASUPG({yha )\h}a {¢h7 Sph}) = ASUPG({y7 )‘}a {¢)h7 @h})
Choosing ¢, = —Ap, and ¢, = y,, we obtain,

ASUPE Ly, A b {=An un})

= (Any An)" + (Yns Un)® + ap (Y, —An) + afy (Yns An)

= [IAnl1? + llynll?

= ASUPC ({y, A}, {=An, un})

= (A AR)* + (Wyn)® + ag(y, —An) + ag (Y, A)
(4.14) =L +L+ 13+ 1.

We start with

Li=AM) =M+ Y TN
T.€Th

By the Cauchy-Schwarz and the arithmetic-geometric mean inequalities,
1
() < CIAIAI < CIAIE + Z6 1Al

By the Cauchy-Schwarz, the inverse, and the arithmetic-geometric mean inequalities
and the assumption 7 = Ch,

X7, < CCanl Al Iz, < CINB, + 15l
Thus summing over all elements we obtain,
(115) I < NP + AP,
Very similarly we can obtain

1
(4.16) L < Cllyll* + 2yl
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The analysis of I3 and I is more involved and we require the following result.
PROPOSITION 4.12. Under the assumptions of Theorem 4.11, there exists a con-
stant C independent of h, y, and \ such that

1 1
ARl Lo (@) < Cht; + EHyh”2 and  ||ynl|L>~@-) < Cht; + T6||Ah||2'
Assuming the proposition for now, we give an estimate for I3. Recall,

Is = aj(y, =) = €{y', =) + (s =) + (0, =dn) + D T +y, =N
Te€Th

By the assumptions of the theorem, y is smooth on Q= U Q°, but is rather rough on
OF only in Wi. Thus initially we split the first term on the right hand side as

6<y/7 7>\;L> = €<y,7 7/\/h>Q*UQU + €<y/7 7>\;L>Q+ = Jl + J2-

By the Cauchy-Schwarz, the inverse, and the arithmetic-geometric mean inequalities
and the assumption € < h

T < CCimall la-ueo Ml < Clly I + 75wl
By the Holder and the inverse inequalities, (4.12a), and Proposition 4.12,
T2 < CCimally Isan Mall @y < Clwll=qaey < ORES + c lunl™
Thus, we can we conclude,
(117) efy/, M) < e+ oMl + 1l

Very similarly we can treat the second and the third terms (y', —An) + (y, —An). To
treat the stabilization terms we split the sum,

oWy N

Te€Th

= Y WAy -MNn+ Y, TW Ay —Nn
TQGThﬂ(QfUQO) T.€T,NQT

=51 + 5.

To treat S;, we use the Cauchy-Schwarz inequality, the assumption 7 = Cih, the
inverse and the arithmetic-geometric mean inequalities to obtain

S < > +ylln il Al

T.€T,N(2~UNO)

1
< > Cly +uld gl
T, €T, N (2~ UNO)

1
< Clly" +yllg-uao + EII/\hll2~
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To treat S5, we use the Holder inequality, the assumption 7 = C1h, the inverse, and
(4.12a),

Sy < Z 19" + yllo,1,7.C1 Cinv | Anll0,00,T.
T.€TH,NOQ+

<ClMnllosecr >, I +ullorr
T.€T,NOQT

= ClIMnllo,o0,0+ 1Y + wllo,1,0+ < CliArllo,c0,0+
1

< Che3 + —|lynl?

< Ché + Ll
where in the last step we used the result of Proposition 4.12. Thus, we have shown,

. 1 1
(418) T < C(ht+ Iy I ugn + Iwl-uao) + 7IAl? + 5 lnll®.
Similarly we can obtain
1 1

(419) 1< C(h + [N ooas + INooae) + 510l + 3 lon
Using (4.14), (4.15), (4.16), (4.18), and (4.19) we obtain

I+ llynl* < C (N 1Gouar + 1A + 1y G- oo + Iyl + 263) -

Using the triangle inequality, assumptions of the theorem and that diam(Q2~) and
diam(2T) are of order hép,

M+ Tyl < IMBoua+ + lulla-ugo + IAIG- + lIylId+
< IM&ouar + lylE-uao + CREIME s 0 + Iy
< MEoua+ + 19l1E-uao + Chln.

3,00,9*)

Thus,
(420) Il + lonl? < € (83 + IAIR oo + Iyl a-one ) -
Since the SUPG method is invariant on V3, (4.20) imply

IAn = IOV + llyn — I()|I? < C(RLE + X — I()‘)H%,QOUQJF +lly - I(?/)H%,qum),

where I(v) denotes the interpolant of v. Hence by the triangle inequality and the
estimate above we have,

I = M+ llyn =yl < A = IOV + llyn — L) + 11X = IV + lly = )]
<IA=INIP + Iy = I
+C (Rt + I = IVF govar + 1y = IW)1T - o)
<IIN=IVG- + vy = IW)l&+
+ C(ht; + X = IVT govar + Iy = IW)1T - uao)-

Using the local approximation properties of the interpolant, Section 3.1.2 and the
assumptions of the theorem on A and y and the assumption € < h, we conclude

1Ak = A+ llyn = ylI* < ChE; + Chn (NG 0.0~ + [19115,00,04)

+ Ch2 (‘)\|§,QOUQ+ + |y|§yﬂ,um) < Chg%
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Taking the square root we conclude the proof of the theorem. 0
REMARK 4.13. The case a # 1 can be handled similarly. One just needs to take
on = —aA, and pp = yy at the beginning of the proof.
REMARK 4.14. The proof of the above result could be significantly simplified if

(4.21) [ynllo,co + [[An]

were known for some C, that may depend on €. Using the Green’s function estimates
of Lemma 4.3, such estimate is easy to obtain for a single equation. It is not obvious
to us how to obtain such estimate for the coupled system directly. However, the result
of Theorem 4.11 does imply (4.21), whenever the assumptions of Theorem 4.11 hold.
This can easily be established by the inverse inequality, the triangle inequality, and the
approximation theory. Thus,

0,00 < C,

yallo.co.- + lynllo.co.r < Cinoh™ 2 (lynlla- + llynllor)

< Ch 2 (ly = wall + lylla- + llylla+)
< ChY2(CRVPE + V20 yllo.so) < CL?

and similarly,

lynllo,00,.00 < 1Y = Ynllo,00,00 + [[Yll0,00,00
<1y = I(y)llo,00.20 + lvn — I(¥)]l0,00,00 + |||
<1y = I(W)l0,00.00 + Cinoh™[lyn — I(®) oo + [¥]l0,00,00
< Clyllo,co.2 + Cinoh™*(lyn = yllao + lly — I(y)llao)
< Cllylloo. + Cinoh™/2(CR26? + CR2|lyla,00) < CG2.

0,00,00

Estimates for A\, are very similar.

In two dimensions, even for a single equation, such estimates are not known.
On general quasi-uniform meshes, the sharpest result so far was obtained by Niijima,
[21], which says that |[ynlo.co < Ch™Y34y, for e < 32, On structured meshes some
improvements are possible (cf. [29]).

REMARK 4.15. The above argument does not require r = 1 or even r > 0. The
same proof works for any r(x) > 0.

4.5. Proof of Proposition 4.12. We will only provide a proof for ||Ax][,c0.0+-
The proof for ||ynllo.co.0- is very similar. Let zg € QT be such that [|Az]lo.00.0+r =
|An(20)] and G* = G% € Vj, be the discrete Green’s function defined in (4.6). Then
using the Green’s function representation we have

An(z0) = aj(G*, An) = (U, G")" — (yn, G7)°.
Define
(4.22) O ={ze€Q:1-sKh), <z <1}, fors>0.

By Lemma 4.5, G* is small on Q\QF, for some s. Hence by the assumption of the
theorem and using that the diameter of QF is of order i}, Lemma 4.3, and Corollary
4.6,

,G") = U, G )avar +U:G)ar
< ¥llavor 16" lovar + 191l 00 0

< ChY + ChY?0?|G* || g+ < Ch” + Ch} < Chi3.
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Similarly, using that 7 = C1h,

S 15 ~(E)r,

Teeq—h

= > @-GE)n+ Y, TG -G

T, eTh,N(Q\QT) T.eThnNQT

< > B GEY I + D TlEllose s (G oz
T.eTnN(Q\QT) T.eT;,NQT

<on Y i+ Cllgen: Yo BPIGE |,
T.€T,N(Q\QT) T.eTh,NQT

< OW|gllgngr + Clilloor D (ARG IE,)
T €TpnQd
< ChY + Chty, + Ch?||(G*)'||* < ChY + Chey, + Ch*h™1 0y, < Chly,.
By the Cauchy-Schwarz inequality and Corollary 4.6,

1
{n, G*) < lynlllG7Il < CRY2E72 |y < 35 lvnll® + Chi.

Similarly, using inverse inequality and Corollary 4.6,

> =G < Y Tl 1@l <C Yyl 1GT
Te€Ty, Te€Th Te€eTh
1 * 1 *
<o > lwellf +C >0 NG IE = g5 llwnl® + ClIG™?
T.€Th Te€Th

1
< — 2,
< Chtp + 32Hyhll

Thus,

1
(4.23) [Anll0.00.0+ < Ch; + EH?MHQ-

The analysis for ||y4/o,00,0- is very similar.

4.6. Proof of Theorem 4.7. Step 1: Initial estimate for the uncoupled
terms.

From arguments in [15] or [21] it follows that for some constant Cy

Q2. (yn) < Coaj,(yn,wiyn) and Q2 (An) < Coafh(w? An, An).

Thus

)

1
o ( 2. (yn) + Qi@\h)) — (A, R yn)® + (yn, w2 An)?
< aj,(yn, wiyn) — An, wiyn)® + af (W2 An, An) + (Yn, w> Ap)®
= ASUPG({yh7 >‘h}7 {wiyh’ w%)‘h})'
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Adding and subtracting ASYVFY ({y,, Ap}, {I(w?yn), I(w2 Ap)}) and using the orthog-
onality relation (2.10), we have

ASYEE (Lyn, A} {Awlyn, w2 An}) = ASTPC ({y, AL, {T(@iyn), (@2 An)})
+ ASUPE Ly, An}s (B (yn)s Bl (An)})
= a(y, (Wiyn)) — (A L(wiyn))® + af (LW An), A) + (y, T(w )
+ap,(Yn, B, (yn)) — Ay Boy (yn)* + ag (Eu_ (An)s An) + (yn, Ew_ (An))",

where E,, (v) = w?v — I(w?v). Similarly to Lemma 3.6 and Lemma 3.7, we can show

@5 (s B, () + @ (B (W) An) < CK 1 (Q2, () + Q2_ (W)
and

@iy T@yn) + o (12 M), A)
<CO+ K (Q () + Q2 (W) + C(I2, (v) + I2_ ()

Thus, for é small enough and K large enough we have

3;+ (yn) +QZ%_(An)
(4.24) < C(L2,(0) + L2 + (= A T@2u)" = (o — 9, T(@2 M)

Thus, we only need to estimate the coupling terms,

(4.25) A=A L(Wiyn))® = (yn =y, LW )

Step 2: Estimating coupled terms (4.25)

We split (A, — A, I(w3yp))® and (yn — y, (w2 \y))* over three subdomains Q~, QY
and Q7 which are defined at the beginning of Section 4.4. Using that w* =1 on Q™
and Q° and I(yp) = yn, we have

A=A I(@iyn))® = A=A un)o- +An =X, yndio+ (A=A L(Wiyn)er = Li+1+I15.
We start with

L= —Awe-+ Y. 7Ow=Ah)r.
Te€ThNQ™

By the Holder inequality, diam(Q~) = Khf;,, Theorem 4.11, and Proposition 4.12,

Oh =N unda- < 1A = Moo llvallo.coa-
< (Khep)' 2N, — X[ (Ches + A ]|?)
< ChE;(Che; + [[Xn]l?) < C(R2E5 + || A1)

By the inverse inequality and the estimates above,

Yoot =Aun < D I = Moz Cinollyn
T.eTn0- T.eTn0-

< Cllynllocon- A0 = Allo,,0- < C(R%E, + [ An]*).
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Thus,
(4.26) I < C(R26 + Al
We postpone the estimate of I for now and proceed with

i< (A= MNI(lyn)ar + > 7= MNI(wiyn) )7,
T.€T,NOQT

Notice that by the Mean Value Theorem and the assumption of the theorem,

(4.27) A

0,00,0+ < Chly|[N 0,000+ < Chly,.

Using the Holder, the triangle, and the Cauchy-Schwarz inequalities, the stability of
the interpolant, Proposition 4.12, and (4.27), we have,
An = A T(Wiyn)) o+ < A = Anllo,co.0+ 1 (w3 yn)llo,1,0+
< (Moot + IAnllo,co.0t )CR26,/ | (w2 yn)lla+
< C(h8 + [ynll?)CR262 yn]l < C(R2E, + ynll®)-

The other term in I3 can be estimated similarly to obtain Thus,
(4.28) Iy < C(h26 + llynllh).
Similarly, using that w_ =1 on QT and Q° and I(\;) = A, we have
(yn—y, I X)) = (Yn—y, T(W2A)) G- +(un—y, Ao +(Un—y, M) = Jit+JatJs.
The estimates for the terms J; and J3 are very similar to I; and I3 and we can obtain
(4.29) Ty < C(h°G, + llynll") and  J3 < C(R2E, + (x|
Thus, we are only left to estimate Iy — Jy. Using that (yn, Ap)® = (yn, An)®, we have
Iy = Jo = (An,yn)do — (N Un)do — (Yns Ar)éo + (U, An)ho = — (A yn)do + (U An) o
By the Cauchy-Schwarz and the arithmetic-geometric mean inequalities
Mmoo = Nundao + Y TN upn
Te€TnNOQO

T.€T,NOQO

< Ch Ao + Chllyalle < C (Z2_(0) + B2 + [lyall*)

7. |ynllT.

Similarly,
. Mo < € (L2, () + 12+ Il -

Step 3: Combining all estimates and using consistency of the method.
Taking the above estimates into account we obtain,

(430) @2, () + Q2 (W) < C (L2, (9) + L2_ (N + CH6 + gl + Il
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Now proceeding exactly like at the end of the proof of Theorem 4.11, the last estimate
(4.30) implies

2 =y + Q5 (A=)
<O (L2, (= x0) + L2 (A= x2) + Ch26 + ly — wnll* + A = M)

for any x1,x2 € Vi. The global L? error estimates of Theorem 4.11 finish the proof
of Theorem 4.7.

5. Numerical Results. We illustrate our theoretical findings of the previous
sections with a few simple examples.

5.1. Example 1. To contrast the convergence behavior of SUPG stabilized finite
element methods for single PDE solves with those for optimal control problems, our
first example applies the SUPG method to the solution of the single PDE

(5.1a) —ey’(x) +y'(x) = f(x) on (0,1), y(0)=y(1)=0.
We set
(5.1b) e=10"°

and we select the function f(z) such that the exact solution is

z—1 1
(5.1c) yla)=a3 - "¢ °

I
1—e"¢

We compute the L? and H' error between the computed solution and the exact
solution over the subdomain

(5.1d) Qo = (0.2,0.8).

For small € the exact solution has a boundary layer at x = 1. Without any special
mesh design, the SUPG method fails to resolve the boundary layer for meshes with
h > e. The left plot in Figure 5.1 shows the exact solution (5.1c) and the solutions
computed using SUPG and piecewise linear and piecewise quadratic elements on a uni-
form mesh with mesh size h = 1/20. Note that, in contrast to the standard Galerkin
methods, when SUPG is used, the error in the boundary layer does not pollute the
numerical solution outside the boundary layer. The right plot in Figure 5.1 shows
the L?- and H'-errors between the exact and computed solution on the subdomain
Qo = (0.2,0.8), where the computed solution is obtained using SUPG with piecewise
linear and piecewise quadratic elements. The numerical results confirm that these
errors are of optimal order.

27



1 : . . . ]
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F1G. 5.1. Results for Example 1. The left plot show the exact solution (5.1c) and the solutions
computed using SUPG and piecewise linear (P1) and piecewise quadratic (P2) elements on a uniform
mesh with mesh size h = 1/20. The right plot shows the L?- and H'-errors between the ezact and
computed solution of the PDE (5.1a) on the subdomain Qg = (0.2,0.8), when the computed solution
s obtained using SUPG with piecewise linear (P1) and piecewise quadratic (P2) elements.

5.2. Example 2. In our second example we apply SUPG to the solution of the
optimal control problem (1.1) on = (0,1). The right hand side f and the desired
solution ¥ are selected such that the optimal state y and adjoint A\ are given by

(5.22) y@) = — T T @) = 22(1 —a).

We set the diffusion and regularization parameters to
(5.2b) e=10"% a=1.

Note that with this choice of a, the optimal control « is identical to the optimal
adjoint.

The solution is constructed in such a way that the optimal state y has a boundary
layer at x = 1, but the optimal adjoint A is smooth and has no boundary layers.
See also Figure 5.2. However, the failure to resolve the boundary layer in the state
pollutes the numerical solution in the entire domain 2 = (0, 1). As a consequence, the
error between the exact solution of the optimal control problem and the numerical
solution of the optimal control problem using SUPG on the subinterval 2y = (0.2, 0.8)
behaves like O(h) for both the L? and the H! norm and for both piecewise linear
and piecewise quadratic elements. See Figure 5.3. This convergence behavior of the
SUPG method for the optimal control problem is significantly different from that of
the SUPG method for a single equation, as illustrated in Example 1.
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Fi1G. 5.2. Ezact and computed states (left plot) and adjoints (right plot) for Example 2. The
computed states and adjoint are obtained using SUPG with piecewise linear (P1) or piecewise
quadratic (P2) elements, respectively, on a uniform mesh with mesh size h = 1/20.

error in the state
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——H' error, P1
-2 error, P2
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error in the adjoint
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p -2 error, P2
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h

FIG. 5.3. The left [right] plot shows the L?- and H'-errors between the exact and computed state
[adjoint] for Example 2 on the subdomain Qo = (0.2,0.8), when the computed solution is obtained
using SUPG with piecewise linear (P1) and piecewise quadratic (P2) elements.

One way to recover the optimal convergence rates is to consider special meshes.
We rerun the same problem on a Shishkin mesh, which is uniform on each interval
[0, o] and [o, 1], where we take o = b5e|logh|. We observe the optimal order of
convergence for both the state and the adjoint in L? and H' norms in the interior for
piecewise linear as well as piecewise quadratic elements. See Figure 5.4.
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FIG. 5.4. The left [right] plot shows the L?- and H'-errors between the exact and computed state
[adjoint] for Example 2 on the subdomain Qo = (0.2,0.8), when the computed solution is obtained
using SUPG with piecewise linear (P1) and piecewise quadratic (P2) elements on a Shishkin mesh.

5.3. Example 3. The third example also applies the SUPG to the solution of
an optimal control problem. In the previous example, we selected the optimal control
and adjoint and constructed the other problem data from the optimality conditions.
This may seem artificial. Therefore, we now specify right hand side f and desired
control g rather than the solution of the optimal control problem. We consider the
optimal control problem (1.1) on © = (0,1) with data

f=1, g=1, e=10"% a=10"2%

The optimal state, control, and adjoint for this problem are not known analytically.
Instead we compute the solution of the optimal control problem using SUPG on a fine
grid with mesh size h = 1/(5 * 219). We refer to this solution as the ‘exact’ solution.
We compare this ‘exact’ solution with the computed solution on meshes with mesh
sizes h = 1/5 to h = 1/(5 % 2%).

We note that the solution of the state equation with v = 0 exhibits a boundary
layer at = 1. The control tries to move the state as close as possible to the desired
state ¥ = 1, while obeying the homogeneous Dirichlet boundary conditions. Fur-
thermore, the control regularization penalizes excessively large (measured in the L2
norm) control inputs. The exact and computed states (left plot) and adjoints (right
plot) for Example 3 are shown in Figure 5.5. The ‘exact’ solution is computed using
SUPG on a grid with mesh size h = 1/(5 » 21°) and piecewise quadratic elements.
The computed solutions are obtained using SUPG with piecewise linear or piecewise
quadratic elements, respectively on a uniform mesh with mesh size h = 1/20.

As a consequence, the error between the exact solution of the optimal control
problem and the numerical solution of the optimal control problem using SUPG on
the subinterval Qy = (0.2,0.8) behaves like O(h) for both the L? and the H' norm
and for both piecewise linear and piecewise quadratic elements. Since the optimal
control ad adjoint are related via au = A\, we do not show the controls.

Figure 5.6 shows the L? and the H' errors between the exact and the computed
states and adjoints on the subinterval Qy = (0.2,0.8) for various mesh sizes. Although
the states, controls and adjoints a smooth on €y = (0.2,0.8), the errors again behave
like O(h) for both the L? and the H! norm and for both piecewise linear and piecewise
quadratic elements. Again, this convergence behavior of the SUPG method for the
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optimal control problem is significantly different from that of the SUPG method for
a single equation, as illustrated in Example 1.

exact and computed states

- - exact
1.ol{ ——computed, P1
- - -computed, P2
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0.4t 1
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0.1
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0

003, 0.2 0.4 0.6 0.8 1

Fi1G. 5.5. Ezact and computed states (left plot) and adjoints (right plot) for Example 3. The
computed states and adjoint are obtained using SUPG with piecewise linear (P1) or piecewise
quadratic (P2) elements, respectively, on a uniform mesh with mesh size h = 1/20.
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FI1G. 5.6. The left [right] plot shows the L2- and H-errors between the exact and computed state
[adjoint] for Ezample 3 on the subdomain Qo = (0.2,0.8), when the computed solution is obtained
using SUPG with piecewise linear (P1) and piecewise quadratic (P2) elements.

5.4. Example 4. Theorem 3.2 among other things shows that interior layers
do not pollute the solution. To illustrate this statement numerically we consider the

system (2.5) with

Q=(0,1)2,

e=10"%a=1,

c=(1,0)T.

The functions f and ¥ are computed such that the exact solution is

(5.3)

(5.4)

y(r1,22) = (1 — xl)?’ tan~! <

€

AMz1,x2) = 21(1 — 21)z2(1 — 22).
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state adjoint

Fi1c. 5.7. Ezact state and adjoint for Example 4.

For small € the exact state has an interior layer along the line z3 = 0.5. The
SUPG method without special treatment does not resolve the interior layer even in
the case of a single equation. Because of the coupling the computed adjoint is not
resolved along the location of the interior layer, the line x5 = 0.5, despite the fact
that the exact adjoint is smooth (cf. Figures 5.8-5.8). On the other hand Theorem 3.2
says that the interior layers do not pollute the SUPG solutions into the subdomains
of smoothness. This fact we observe numerically in Figure 5.9.

state adjoint

Fi1c. 5.8. Computed state and adjoint for Example 4 using SUPG with piecewise linear elements
on a uniform mesh with mesh size h = 1/40.
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FIG. 5.9. The left [right] plot shows the L?- and H'-errors between the exact and computed
state [adjoint] for Example 4 on the subdomain Qo = [0.8, 1] x [0, 1], when the computed solution
s obtained using SUPG with piecewise linear (P1) and piecewise quadratic (P2) elements.

5.5. Example 5. For our final numerical example we consider the problem (1.1)
with

Q=(0,1)% e=10"a=10"% c=(cosf, sinf)” with = 47.3°

The boundary conditions for the state are shown in Figure 5.10. The coarsest grid is
obtained by subdividing € into squares of size h x h with h = 1/40, and then sub-
dividing (southwest to northeast) each square into two triangles. Subsequent meshes
are obtained by regularly refining each triangle into four triangles. We refer to the
coarse grid as the level 1 grid and to the fine grid as the level 7 grid.

Boundary layers

y=0 /

7

.
- Internal layer ‘
y=0 ver v

d 5] y=0

c=(cosb,sin6)

y=1

y=1

F1a. 5.10. Left plot: Problem set-up for Example 5. Right plot: Computed solution of the state
equation with u = 0 using SUPG on a uniform mesh with mesh size h = 1/40 and piecewise linear
elements.

The analytical solution for this control problem is not available. Therefore we
refine our coarse grid six times and use the computed solution on the fine grid as our
exact solution. We compute the errors between the computed solution on the grids
with level 1 to 6 with the ‘exact’ solution on the fine grid (level 7). We compute
the L?(Qo) and H'(£) errors, where Qg = (0.5,0.7) x (0.2,0.8). The right plot in
Figure 5.10 indicates that the solution of the optimal control problem is smooth in
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0. The observed convergence rates for the local L? and H* errors are close to linear
(cf., Figure 5.11) for both linear and quadratic finite elements.

error in states error in adjoints

10 10°
2 2
——L* error, P1 ——L* error, P1
——H' error, P1 ——H! error, P1
_10 N error, P2 107 -2 error, P2
10 -=-H' error P2 -=-H' error P2
107 10" 107 107
h h

FiG. 5.11. The left [right] plot shows the L?- and H'-errors between the exact and computed
state [adjoint] for Exzample 5 on the subdomain Qo = (0.5,0.7) x (0.2,0.8), when the computed
solution is obtained using SUPG with piecewise linear (P1) elements.

6. Conclusion. In this paper we have shown that the behavior of the SUPG
method applied to PDE constrained optimal control problems can be very different
than the behavior of SUPG method applied to a single equation. In particular we
have shown that when the governing PDE is an advection dominated second order
elliptic equation, then the presence of the boundary layers pollutes the numerical so-
lution everywhere even into subdomains where the exact solution is very smooth. In
general in such situations the first order convergence rates are the best possible on
unstructured quasi-uniform meshes regardless the order of approximating polynomi-
als. Hence, for such problems, it does not payoff to use high order elements. This is
in sharp contrast to a case of a single equation.

Our numerical examples strongly support the conjecture that the reason for the
reduction of the error between the SUPG solution and the solution of the infinite
dimensional optimal control problem to first order is that the boundary layers are not
sufficiently resolved. The discretization errors in the boundary layers are transported
via the adjoint equation and the state equation into the domain. Hence, we expect
that this order reduction cannot be avoided by using other stabilizations than SUPG,
such as local projection based stabilizations. To regain the optimal convergence rates
one must resolve the layers, typically by using special meshes, as indicated by one of
our numerical examples.
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