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Introduction and Motivation

Partitioned Fluid-Structure Simulations

two physical domains, i.e., fluid and solid, different models

coupling conditions at fluid-structure interface

partitioned approach: black-box field solvers

Coo e [

instabilities — coupling algorithms
coupling scheme =  coupling system (fixed-point formulation)
+  post processing method

implicit coupling scheme — iterative solution
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Introduction and Motivation

Coupling Schemes: Post Processing

accelerate and stabilize pure fixed-point iteration
— constant underrelaxation, Aitken, quasi-Newton methods.

KL gk _7’;1(Xk) (H(Xk) _ Xk)

@ low-rank update in each iteration based on input/output differences
Wi = [agf, axf, a5y, with AHK = A%K =K — &
Vi = [ARS,ARY, - ARE] with AR¥ = R(x*) — R(x').
@ secant equation for the inverse system Jacobian
T )Vie = Wi
@ add a minimization condition (to obtain uniqueness)

~_1 —~_

||j;~?71(5’<k)HF — min  or ||J,—? () — J;?prelv F min
Type I: TN = Wi (v[vk)f1 74 IQN-ILS
Type ;57 (%) = G, + (Wi = Tape i) (VWV) W7 1QN-IMVY

Klaudius Scheufele Efficient Implementation of Quasi-Newton Methods for Partitioned Fluid-St



Normal Equations
QR-Decomposition
Update QR-Decomposition
Update QR-Decomposition

Realization of the Jacobian Update

Jacobian Update - Solving the Normal Equations

Two types of update formulas:
T=wW (vTv)f1 v (matrix-free)

-1
T = Tprev + (W — Tprev V) (VTV) v’ (store Jacobian)

with 7 € R"™" V. W € R"™" and m < n
solving the normal equations:

(vTv)fl w (VIV)z=vTy

for arbitrary y and corresponding z.
Type I: a = ZR(x*), i.e.,y=R(x*)and a=z
Type Il: z = (vTv)f1 VI eR™" e, yie{e, -, e} and Z = (z)

usually V close to rank-deficient — product V7 V doubles (bad) condition number
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Normal Equations
QR-Decomposition
Update QR-Decomposition
Update QR-Decomposition

Realization of the Jacobian Update

Jacobian Update - QR-Decoposition

alternative problem formulation

mincgn||Vz — y|2

better condition number, numerically more stable
@ suffices to solve Vz =y — QR-dec of V, i.e.,, V = QU with
Q c IRan7 U € Rnxm
e compute z from lin. system Uz = QTy
Type I y=R(x*)and a =z
Type ll: z= (vTv)f1 VT eR™" Qe yic{e, e} and Z = (z)

solve Vz = y via QR-dec.

compute QU =V € 20(m?n) @ requires 2m*(n — 2) € O(m?n) flops
fori=1tondo @ recomputed in every iteration
backw. subst. Uz = Q" (i) ¢ 10(m?) P Y
Z(i)=z @ but Vi = [Vk_1,v],v = ARS_;
end
o

update QR-dec in O(mn) rather than re-compute
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Normal Equations
QR-Decomposition
Update QR-Decomposition
Update QR-Decomposition

Realization of the Jacobian Update

Update the QR-Decomposition

Vi = [Vk_l, v} — required functionality: insertColumn(vec v, index k)

deleteColumn(index k)
delete Column:
V= (V1,v,V2) = Q(Ri,r,R) and v = Qr, V = (V1, Vo) = Q(R1, R2) = QR
@ choose Givens matrices to annihilate subdiagonal elements of R

. . R
HR = Hy—1,n -+ Hi k2 Hi okl R = ( 0 N
R =

@ then QHT = QHk kg1 - -+ H,,,L,JA? = (Q, E]) orthonormal
@ - V=QR

coocoo0oOo *
CoOO0O0O0O % ¥
cococo( ¥ ¥ ¥
coo * % ¥ %

us Scheufele Efficient Implementation of Quasi-Newton Methods for Partitioned Fluid-St



Normal Equations
QR-Decomposition
Update QR-Decomposition
Update QR-Decomposition

Realization of the Jacobian Update

Update the QR-Decomposition

insert Column:
V=V, V) = Q(R,R) = QR c R™(m=D

7 R,
insert v € R" between V; and V5, i.e, (V) = (V1,v, Vo) = (Q, V) < 0 10T Ok >
@ step 1: apply Gram-Schmidt process to obtain
i
@v=(@a(§ ;) Qa=0 fal=1 cee e
0 * * x x
Vv Ri r R o 06 @ *x *
o = =
then V (Q,Q)<OT P 07’) QR . 060 & «
B R=1lo0c00a
@ choose Givens matrices so that R is upper triangular 0600 0
GR = Gk ks1---Gr1,nR=R
’ o 00000
@ then QH” = QHi k1 -+ Hoo1,nR = (Q, g) orthonormal 06000

@ then QG” = QGy—1,n- - Gip1 = @and - A= QR
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Parallelization of Updated QR-dec
Parallelization of IQN-ILS
Parallelization Parallelization of IQN-IMVJ

Parallelization of Updated QR-dec

interface unknowns are decomposed and distributed on N processors, i, e.,
x = (proctl, proct2,- - - 7procﬁN)T eR"

Thus, matrices V, W, Q are decomposed and distributed block-row wise:

[ procA | [ procA |
" procB ! " procB !
L - L .
V,W = : eER™M Q= . e R™"
procX | proc X

@ each proc holds copy of R € R™*™ and local row-block of Q.

@ all procs compute the same Givens rotations and update R and their
part of @
— embarrassingly parallel
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Parallelization of Updated QR-dec
Parallelization of IQN-ILS
Parallelization Parallelization of IQN-IMVJ

Parallelization IQN-ILS

parallelize QN-update

T=wi (Vv) W

=KWy, (va vk) 7 (—R(xk))

o

compute Ra = Q7 (—R(x*)) via updated QR-dec in parallel:
@ every proc computes his part of rhs

o all-reduce (sum up) to master, master computes «, broadcast
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Parallelization of Updated QR-dec
Parallelization of IQN-ILS

Parallelization Parallelization of IQN-IMVJ

Parallelization IQN-IMVJ

parallelize QN-update

-1
T = Torew + We = T Vi) (VI Vi)~ VY

e (Jw + (We = Tpe Vi) (VT V) va> (-Rr(H)

compute Z = (z1,-++ ,2,) = (VkTVk)f1 V] from Rz; = Q7 (i) via
updated QR-dec in parallel

Rl
J

Z is decomposed block-column wise, i.e., z

kel el el
9 g g
(e] [e] [e]
> W x
[ L oJ
Problem:

=

4

@ J arbitrary structure, dense — decomposition/distribution unclear
@ expensive multiplications Jpre, Vi and Wz, W= (W — Tprev V)
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Parallelization of Updated QR-dec
Parallelization of IQN-ILS
Parallelization Parallelization of IQN-IMVJ

Parallelization IQN-IMVJ

first idea: Store old representations W,_, := (W — Ji_1 Vi), Vi—1 and Ze_;.

update Wk = Wy — Wk_le_l Vi
Tk—1—Tk—2

However, the addition of Jx_; induces some problems:
Jo=0,Wp=0,25 =0, Vo =0;

Whi= Wy — WoZoVy = W4 J1 =0+ W¥1 v

Wy = W, — %21 Voo To=T+Wa2r = WAZy + WhZ
Wi :=Ws — (WL Z1 + Wao)Vs T3 = T2+ WaZs

Wi = Wy — (Zf:_ll WZI) Vi Ji=3K, W,z

Hence, we need to store Wi, -, Wi_1, 21, -+ ,Zk—1 and Viu 3 Vi,---, V41 OVEr
all time steps
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Parallelization of Updated QR-dec
Parallelization of IQN-ILS
Parallelization Parallelization of IQN-IMVJ

Parallelization IQN-IMVJ

-1
T = Torew + We = T Vi) (VI Vi)~ VY

attempt for decomposition:
decompose and distribute J block-column wise

A A
(Al -] D)+ - CAL D) (Al --]1D)
, : A 7 A ——
Tprev b Tprev b z
N—— ——
w v
Al B || Dy A ALA + B1B + C;C + DD = A
. | Al e | 6| D B | | AA+BB+GC+DyD —~ B
multiply Jpre Vi | 32 1 g2 | & | O c | T | A3a+B3B+CGC+D3D > C
A | B | G | D2 D ALA + ByB + C4C + DaD -~ D
a0 | ag® | ac®) | ap®@
A B8A@ | ge() | Bc® | BD®)
multiply WZ: “g (A|B|C|D)= cA®) | 8@ | ccV) | cp®
¢ pA® | pg® | pc? | ppM
4 1 1 1
A B c D

cyclic send-receive operation: after step (1): A, — By, B, = Cy, C; — Dy, D, — A, usw. ...

Klaudius Scheufele nt Implementation of Quasi-Newton Methods for Par



	Introduction and Motivation
	Realization of the Jacobian Update
	Normal Equations
	QR-Decomposition
	Update QR-Decomposition
	Update QR-Decomposition

	Parallelization
	Parallelization of Updated QR-dec
	Parallelization of IQN-ILS
	Parallelization of IQN-IMVJ


