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0 Kontakini dlohy a ulohy se skluzem
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Kontaktni Uloha linearni pruznosti s Trescovym tfenim

@ Elasticka télesa Q1,02 ¢ R3:

o0k =q U UFE, k=12

1
PR A A
7; Ei 1 S21 <
Dl e =1c / 7!27
D 2 _ &
2 D[ ’YC Ye QZ ]e
Yu > <

@ Lamého PDR + okrajové podm

—divek = fk
ok = pktr(ef)l + 2XKek
€: = J(Vuk+VTuk)
ut =0
oknk = pk
prok =1,2.

v QK
v QK
v QK
na vk

na &

@ Jednostranny kontakt na vc:

‘ Un—d <0, on <0, on(tn — d) = 0. ‘

@ Trescovo treni na vc:

mez skluzu g > 0

ot < g
ol <g =
lodl =9 =

u;=0
d¢>0: uy = —coy

us = (Uy, Uy), ot = (01,,01,) € R,

(Coulombuv, koeficient zavisly na feSenti, ...).
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Algebraicka uloha z MKP

@ Aproximace MKP:

.
> YV /LY «p @ Eliminace slozek posunuti:
v B AN oy
D " )\:(}\n;}q)eRsm, C=(N;T),
DU el = e 2
> ¢ b
> EEX Ve —_k-f_cT
, B L u=K-'(f-CTx)
Yu D ~ <
& J

@ Dualni uloha:

@ Primarné-dudlni Gloha:

(U, An, A¢) € R3 x R™ x R2™

1
A =arg min =ATFA—ATh,
XEA 2

Ku+NTXA,+TT A =f kde F= CK—'CT, je symetricka a pozitivné
T A

Nu—d<0, A,>0, AT (Nu—d)=0 definitni, h = CK~'f — (d; 0).

Ixeil < gi PFipustnd mnoZina mé tvar:

Al <gi=u; =0
IAeill = gi = 3¢ > 0: upj = ciXg
ieM={1,. .. m.

(A= 20>0 Al <giieM)
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Ulohy proudéni se skluzovou podminkou

@ Proudéni v kanéle Q C R?:

@ Skluzova podminka: mez skluzu g > 0,
adheze k > 0,

02 =7pUFyU7s

ot Tt ot K
g g
i, i ‘/

Navier Tresca Navier+Tresca
= (1826) (1994) (2013)
s g=0 k=0 g>0,k>0
@ Stokesovy PDR + okrajové podm.: @ Dualni Gloha pro A = (A¢; An; p) € R2Mp:
—vAu+Vp = f v Q 1
* . T 3T
vV-u = 0 v Q —arg)r\nely\ 2)\ F-A—X'h
u = UuUp na vp
o = ony hagy na pfipustné mnoziné
up = 0 na ve
u=0=logf < g na vs ‘A: AN <g.ieM ‘
ot + glug| + kU2 = 0 na vs O il < g1 T M)
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Algebraicka uloha z TFETI metody

@ Rozlozeni oblasti:

Au Au Au Au Ay Ay
Au Au Au Au Au Au
Ap
N Ap Ap Ap Ap
N[O
)\S§

@ Spojitost MKP aproximaci up, a p, mezi podoblastmi © vynucuji Lagrangevy multiplikatory:
Ay pro rychlost a Ap pro tlak.

@ Primarné-dudini tloha: (U, ¢, An, Au, Ap, P) € RZ7 x R™ x R™ x R2Ms x R™Mp x R

Au+TTA +NTA +BJ A +By A\p+BTp =1
Bu=0

Nu=0

Byu=uP Byp=0

(Tu)i=0=|Ail < g

(Tu)i >0= X =gi ieM

(Tu); <0 = X j = —gi
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Algebraicka uloha z metody TFETI

@ Eliminace rychlosti: A = (A; An; Aui Ap;P), C = (T;N;By;Bp; B)
u=Af-C"A)+Ra, 0=R"(f-CTX),
kde A} je zobecnénd inverze k A,; a R je baze nulového prostoru A,.

@ Dudlni tloha:

”
A*=arg min =AF.A—ATh
AEA 2

na pripustné mnoziné

A={X:[M\jl<gj, TeM, GA=e},

kde G ma plnou fadkovou hodnost, G=RTCT,e =Rf,
a F; je symetricka a pozitivné definitni na KerG.
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Jak vzniknou nerovnostni omezeniv A ?

@ Primarni tloha (v rychlostech):

*

u* = in J(u
*r8 geip, /)

kde J(u) = 7uTAKu—fTu+Zg,\u,,| Ao :=A+TTD,.T,
i=1
aVg={ucR?®: Bu=0, Nu=0}.

@ Regularizace nehladkého ¢&lenu:

Ve 2D pro u; j, At,i, g € R plati:

gilupil = max Aup;.
| t1|<g/

Ve 3D pro u; j, A € R?, g; € R plati (z Cauchyho nerovnosti):

u = Alug .
gillug il = ,|\<g t,iYt,i
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Jak vzniknou nerovnostni omezeniv A ?

@ Sedlobodova uloha:

(U™, X ):argmdn;\ngxﬁ(u,)\)

kde Lagrangian ma tvar  £(u,A) = JuTA;u—fTu+ATCu
pro X = (A; An;p), C=(T;N;B)
apfipustnou mnozinu A ={X: |\;;| <g;, i € M}.

@ Duadlni tloha: vznikne vyeliminovanim u podle  duL(u, A) = 0.
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e Formulace 1. ulohy (QCQP)
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Formulace ulohy 1

@ Minimalizaéni Uloha s omezenim (QCQP):

*

X" = arg min g(x),

kde

q(x) = %XTAX —x'b,

A € R™7" je symetrickd pozitivné definitni, b € R”,

x=(",x,%x] )T €R", n=38m, x; € R™, i =1,23,

Q={x€eR": x1; >}, x5, +x5,<g?, i=1,...,m},

I=(,....km)T,9=1(91,...,9m)", g > 0.

@ 3lteSeni x* € R” (minimum ostfe konvexni kvadratické funkce na konvexni mnozing).
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Karush—Kuhn—Tuckerovy podminky optimality

@ Lagrangeova funkce:

m m
Lx,v) = q(x) + > _vrilh = x1,) + > v2i(6E; + X2 ; — 9F),
i=1 i=1

v= (v v, )T €R2"jsou Lagrageovy multiplikatory.
@ 3! fedeni (x*,v*) € R x R2™ KKT systému:

OxL(x,v) =0, dL(x,v)<0, v'd,L(x,v)=0, v>0.

@ Pomocna proménna z = (27,2, )T € R®™:  z:= —9,L(x,v),

OxL(x,v) =0, O L(x,v)+z

0, v'z=0, v>0, z>0,

neboli

] BxL(x,v) =0, dyL(x,v) + 2z =0, NZesm =0, v >0, z >0, \

kde N = diag(v), Z = diag(z) € R2™*2M g5 = (1,...,1)T € R3™
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Newtonova funkce

@ Pro Newtonovu funkci F : R7H4m — RA+4m
OxL(x,v) X
Fvy=1| oLx,v)+z |, v=1| v |,
NZeop, z

|[Fv)=0, v>0, z>0]

dostavame ulohu:

@ Jlfeseni v = (x*T,v* T, 2¢T)T € RM4M,
@ Nejjedodussi metoda vnitiniho bodu = Newtonova metoda s tlumenim.
Generuje posloupnost {v(¥)}, kde v(¥) > 0, z(K > 0.

Konverguije k feSeni v* lezicimu na hranici prvniho (hyper)kvadrantu vzhledem k v a z.
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Newtonova metoda s tlumenim (DNM)

@ lteracni schéma:

J(V(k))Av(k+1) = —F(v(k)),

V1) = y(R) 4 o, Ak

Jacobiho matice J : R™4m — R(n+4m)x (n+4m) i funkci F.
Vyfesenim soustavy vypoéitame Newtonovsky smér Ay (k1)
Cely Newtonovsky krok dostaneme pro délku:  ay, = 1.
Zkréacenim kroku, oy € (0, 1), zajistime v(k+1) > 0, z(k+1) > 0:

L/ AT <o, =1, am),

ak = min{1, 75Vn+/

kde § € (0, 1) je tlumeni.
@ Pocateni aproximaci volime ,uvnitt“ prvniho kvadrantu:

x© =0, 9 =c e, 29 =00, cv,0:>0.
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e Metoda sledovani centralni cesty (Path-Following)
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Hlavni idea

DNM:

l/,‘Z,'ZO I/,'Z,':T>0

Posloupnost {v(K)} se snazime drzet ,hluboko* v prvnim kvadrantu, abychom mohli
vykonavat dlouhé kroky a dostali rychlou konvergenci.

Zavedeme pomocné Ulohy s parametrem 7 > 0:

0
F(v)( 0 ), v>0,z>0. (1)

TE€xm

Centralni cesta: ‘C(T) ={vT e R™*7" . y7 iedi (1) pro 7 € (0, T]}. ‘

Plati: vT — v*, jestlize 7 — 0+.
Newtonovské iterace kombinujeme s poklesem: 7 = 7.
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@ Mira duality:
vz
9 =9(v) = —.
V) 2m

@ Okoli centralni cesty Sitky v € (0,1], 8 > 1:

N(v,B8) ={veR™m: v>0,z>0,
vizi>~9, i=1,...,2m,

18xL(x, )| < B9, 9, L(x, ) + 2I| < B0}

@ Plati: C(r) CN(v,B), C(r) =N(1,0).

Necht v = (xT,v7,zT)T € N(v,B) av; = 0 nebo z = 0 pro aspon jedno i € {1,...,2m}.
Potom v = v*.
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Okoli centralni cesty graficky

@ m=1
VZ1 +ve2o
M Zﬁf <~ M Zq 2[(1/222 k='y/(27'y)
Z Z:
VpZy > ’Y% = 1z > kinz k€ (0,1]
222 c(r)

1404

@ 2m-stranny kuzel v prvnim 2m-kvadrantu uréeny smérnici k.
@ Centralni cesta je zde jeho osa.
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Algoritmus PF

Necht v € (0,1], 8> 1,w € (0,1) ae > 0. Necht v(%) € (v, ) a k := 0.
(1°) Zvol centruijici parametr o € [0, 3] @ 7 = k.
(2°) Vyfres:
0
JvI)avtk+t) — _FvlR)y ( 0 > .

Tk€2m

(3°) Vyposti vkt = v(k) 4 o Av(K+1) pomoci nejvétsiho oy € (0, 1] takového, aby
vk+1) e A/ (v, B) a aby byla spinéna Armijova podminka:

Y1 < (1 — agw(1 — ok)) k-

(4°) Je-li err®) .= ||v(k+1) — (0| /|| vK)|| < ¢, odedli v(K+1) ~ v*, jinak k := k4 1 adi na (1°)

v
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Konvergence

@ Krok ay splfiujici (3°) je odrazeny od nuly.

Necht~ € (0,1], 8> 1,w € (0,1) a ¥ € N(v, B), ¥ # v*. Pak existuje § > 0aa c (0, 1]
takové, e pro ay splfiujici (3°) plati ayx > & pro libovolné viK) e N (v, 8) N B(1, ).

@ Dukaz neni konstruktivni, ve vypoétu se pouziva "backtracking”.

Necht v € (0,1], 8 > 1, w € (0,1) a e = 0. Necht posloupnost {v{¥)} poitdna ALGORITMEM PF
je omezena. Limitni bod této posloupnosti je feSeni v*.

@ Dukaz sporem: 3 {vK) K €T} — V£ v*
~ 1 ~
0<Y+— 19k’+1 < 19/(’ — ak/w(1 — O'k/)’ﬁk/ < ’19kl — 56&0.}19

|

—00 +— V41 <
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© Implementacni detaily a feseni linearnich soustav
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Implementacni detaily

@ Adaptivni presnot pro feseni vnitfnich soustav PCGM:

‘ tol®) .= min{riy x err®=1 cpe; x tolk=11, ‘

kde 0 < rip), Coact < 1. (Mot = 0.01, Gt = 0.9)

@ Adaptivni centrovani pomoci bariérové strategie: oy € [0, %], Ccs >0,

3
oK = min{%,max{o,cg X (125“) }}

. K) (k) /.0
S = ,-e{1’7?,'.”2m}{”f )Z’( '}/

kde

Plati: & € [, 1].
Je-i g =1, v € (1) = ok = 0 (=~ newtonovsky smér).
Je-li & = v, v € AN (v, 8) = ok = 1/2 (centrujici smér).

(co =1.25 x 1079)
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Implementacni detaily

@ vypocet délky kroku oy s tlumenim a "backtrackingem”:

= min{1,76V£’i)i/AV,gfir1) : Avfﬂ” <0,i=1,...,4m},

"Backtrackingem” testujeme nerovnosti z A'(, 8) a Armijovu podminku, podm(«):

(a) Zvol p € (0,1), &2 € (0,1] aj :=0.
(b) Pokud podm(o/,'() neplati, poloz a{f = pal, j =]+ 1aopakuj.
(c) Odesli ay = o,.

"Backtracking”’musi skongit (viz Lemma).
(6 =0.999, py = pp = 0.9, pg = 0.5)

@ zbyvajici parametry: ~ = 0.001, 3 = 10%, w = 0.1.
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Experiment: délka kroku oy versus centrovani o

@ jsme-li blizko centralni cesty, pak si mizeme dovolit dlouhy (newtonovsky) krok: a ~ 1
@ jsme-li blizko hranice okoli centralni cesty, pak centrujeme: o) = 1/2

05
04
03
02 04
H
0.1 02 °
——PF(cond(A)',0.99) ——PF(cond(A).0.99)
o -+ -PF(0.001,099) 0 -+ -PF(0.001,0.99)
o PF(0.01,.9) ° PF(0.01,0.9)
o 5 10 15 20 25 30 o 5 10 15 20 25 30
Ok Qg
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Sestaveni linearnich soustav

@ Lagrangian:

1 m m
L(X, l/) = §XTAX — XTb+ ZI/L/(/,' — X1’,') + ZV2*i(X227i + Xél- — g,2)
i=1 i=1

@ Newtonova funkce F(v):

—N;
Ax—b+ | 2MoXo | em N; = diag(vj), j = 1,2,
2Nx X3 Zj = diag(z), j = 1,2,
F(v) = L—Xy+ 2 , kde § X; = diag(x), j=1,2,3,
X2+ X2-G+2Z, )Om G = diag(g. - - . gm),

L = diag(h,. .., In).
NZesp,

@ Jacobiho matice je regularni na okoli centralni cesty:

Jin | Jiz 0
J( V) = J21 0 / )
0 Z N

0 o0 0 -1 0
Ji=A+[ 0 2N O , Ju=di=| 0 2X
0 0 2N, 02X
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Schurtiv doplnék pro (2,2)-blok

Jit | L0 AXx ry
Jo1 0 I Av = ro
0 Z N Az r3
i 1
@ Schuriv dopinék:  Jsg = Jis 7(J2T1,0)( T )( i )

@ Redukovana soustava: JscAx =T,

se symetrickou, pozitivné definitni, ale Spatné podminénou matici:

0 0 0
JSC:J11+J2T12—1NJ21:A+B,‘ B=( 0 2N, 0 | +dpz "N,
0 0 2N

kde B je symetricka, obecné pozitivné semidefinitni a "levna”.

Psc = Da + B, Dy = diag(A).

@ Pfedpodminovac:



Odhad polohy vlastnich Cisel

Necht 0 < amin, @max, r€SP. 0 < dmin, dmax jSOU Nejmensi a nejvétsi vi. Eislo matice A, resp. Dj.

Viastni &isla P, Jsc lezi v intervalu:

[amin dn?;X, ame)><(171 ]

min

Dikaz: Uloha na viastni &isla, ||x|| = 1:

(A+ B)x = X(Dp + B)x,
kde A, D4 jsou symetrické, definitni, B je symetricka, semidefinitni. Rayleightv podil:
xTAx+x"Bx a+¢ a—d

= = =1 = A a,d).
XTDax+xTBx d+¢ +d+§ (& a,d)

Posledni vyraz chapeme jako hyperbolu s proménou ¢ a parametry a, d.
Protoze a € [@min, @max], d € [Amin, Omax] @ @min < Amin < Omax < @max:

Nower(§) = A(&: @min, Omax),  Aupper(§) = A(&; @max; Omin)-
Pro libovolné viastni ¢islo dostavame:

A € [Mower(0), Aupper (0)]- 0 7
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Poznamky

@ Hruby odhad spektralniho ¢isla podminénosti:

amaxd |
ZTEmin — (Dga) x K(A).

min dmax

K(Pgadsc) <

@ Odhady nezavisi na iteraci ALGORITMU PF, ale pouze na A.
@ Limitni Jacobiho matice J(v*) mize byt singularni (napf. vy ; = z§ ; = 0, slaby kontakt).

@ r(Jsc(vH))) = oo vivem Z=" (napf. vy, > 0az,; = 0).

@ Experiment: &isla podminénosti v jednotlivych iteracich:

[=—PF(x(a)"20.99) P
1|+ - PF(0.001,0.99) o o®
o PF(0.01,0.9)




© Formulace a feseni 2. tlohy (s rovnostnim omezenim)
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Formulace ulohy

@ Minimalizaéni Gloha s omezenim:

*

X" = arg min g(x),

kde

q(x) = %XTAX —xTh,

prox = (x;',x) )T € R", m< n, x; € R™,

Q={xeR": x| < g, Cx=d},

g=(g1,--.,gm)". g > 0.

@ C € RPX" p < n, ma plnou fadkovou hodnost,
@ A< R"™7" je symetricka, pozitivné definitni na Ker C.
@ Struktura ALGORITMU PF i teorie je stejna, jinak se fesi linearni soustavy.

31/47



Sestaveni linearnich soustav

@ Lagrangian:

1
L, ,v) = X TAX =X b+ i (Ox = o)+ (=31 = g) + 1] (31 = 9).

@ Newtonova funkce:

F(v) =

@ Soustava s

Axfb+CTu+<

Cx—d
X1 — G+ 2
Xi—G+2

ﬁiZegm

Jacobiho matici:

A CT|Jds 0
c 00 0
g0 [0 1
0 0|z N
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—N; + N>
0

Jen

Ax
Ap

Az

)

kde

Xy = diag(x;),
G = diag(gy, - - -
-1
, Jig =gy = ( 0

N; = d{'ag(u,-), j
Z; = diag(z), j

1,2
1,2

7gm)7

o)

)

)



Schurtiv doplnék pro (2,2)-blok

@ Eliminujeme Av a Az:

A+B CT Ax T . 1 _q
( c 0 )(A#>:< 6 >,B=dlavg(N1Z1 +NoZ; ', 0),

kde B je symetricka, pozitivné semidefinitni.
@ Pouzijeme projektor: P: R" — KerC, P=1—-C"(ccT)-'C.
@ Dostaneme projektovanou rovnici:

P(A+ B)Ax = Pry, Ax <€ KerC.

@ Po vypoctu Ax dopocitdme ostatni slozky Newtonova sméru, napr.:

Ap=(CCTY'C(F — (A+ B)Ax).

P(A+ B) : KerC — Ker C je symmetricky, pozitivné definitni operator (invertovatelny na Ker C).

Dukaz: x € KerC, x'P(A+ B)x = (Px)T (A+ B)(Px). ]
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Reseni projektované rovnice

@ Predpodminovaé potladujici rast Z—1:
PD:KerC— KerC, D= Dj+ B, Dj= diagA.

Je symetricky, pozitivné definitni na Ker C (a invertovatelny).

@ Predpodminéna projektovana rovnice:

[PD]"'P(A+ B)Ax = [PD)"'PF;, Ax € KerC,

kde [PD]~" je inverze na Ker C (standardni inverzni matice neexistuje).
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Akce [PD] " na KerC

Necht D nema nuly na diagonale. Pak plati:

[PD]~' = Py D71,

kde Pp_1 : R" — KerC je Sikmy projector:

Py-1=1-D"'cT(cD~'cT)~"cC.

Dlkaz: x,y € KerC. Pro x = [PD]~'y analyzujeme inverzi PDx = y odpovidajici soustavé:

D CT x\_[(vy
cC 0 w )0 )
Z prvni rovnice: x = D~ '(y — CT ). Zdruhé: u = (CD~'CT)~"'CD~'y a vyeliminujeme p:

x=D""Yy-cTep-'chy'eoy)=(1-D"'cT(cp"'cT)"'Cc)D~ 1y

(]
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Pfedpodminéné projektované CGM

X = PPCGM(M, D, P, P, 1,7, Xo, tol)

(1) x=Pxo ort. projektor

(2)  r=P(FH — Mx) ort. projektor @ x=Ax

(8) z=PyD'r pfedpodminéni @ M=A+B,D=D,+B

ggg i’z sz @ projektovana rovnice:

(6.)  while ||r]|/||F1]| > to! [PD]—'PMx = [PD]~'PFy, x € KerC
(7.) w = PMp ort. projektor

(8.) a=p/(p"w) @ ortogonalni projektor:

9.) X=X+ap

(10)  r=r—aw P=i-cT(cchH)'c

(11.)  z=Pp1D7'r predpodminéni
(12)  p1=p

(18) p=rTz

(14) B =p/p1

(15.)  p=z+pp

(16.) endwhile

@ Sikmy projektor:

Ppoi =1-D'CcT(cD~'cT)~'C




Odhad polohy vlastnich Cisel na Ker C

Necht 0 < @min, @max, 1€SP. 0 < dmin, Gmax jSOU Nejmensi a nejvétsi vl. Gislo A, resp. D, na Ker C.

Vlastni &isla operatoru [P(Dy + B)]~1P(A + B) : KerC — KerC leZi v intervalu:

[amin dr;;w amaxdi1 ]

min

Diikaz: Uloha na vlastni &isla, ||x|| = 1, x € KerC:

P(A+ B)x = AP(Da + B)x, N
Rayleightiv podil:
\ xTP(A+B)x  xTAx+x"Bx _ Aupper
T XTP(Da+B)x  XTDax+XTBx ~ 777 1
P/)\wr_—
Déle je vSechno stejné. VEetné disledku: 0—’I° . ¢

@ Odhad spektralniho &isla podminénosti na Ker C:
([PD]~"PM, Ker C) < k(Dy, KerC) x r(A, KerC).

@ Odhady nezavisi na iteraci ALGORITMU PF, ale pouze na Aa C.
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@ Numerické experimenty

38/47



Experiment 1: 3D kontaktni Uloha s Trescovym tfenim

@ linearni pruznost: téleso na tuhé podlozce

@ sféricka omezeni, pozitivné definitni pfipad a~b

PF(0.3,0.99) PF(0.1,0.9) PF(0.01,0.99) AS
m iter/na time | iter/na time | iter/na time na time
180 15/87 0.28 14/92 0.28 | 14/119 0.36 | 187 0.48
378 13/85 1.61 13/96 1.78 | 12/105 1.89 | 181 2.70
648 15/91 6.43 | 14/104 7.11 15/130 8.47 | 187 10.14
990 17120  23.20 | 15/116 2217 | 17/166 29.72 | 203  30.64
1404 | 16/106  48.22 | 15/116 51.51 | 15/147  62.04 | 230 78.13
1890 | 17121 11118 | 16/125 113.40 | 16/151 131.90 | 254 177.31
2448 | 18/130 226.19 | 17/130 22411 | 17175 28551 | 259 344.97
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ALGORITMUS PF(ri/, Ciact)
AS: algoritmus zaloZeny na aktivnich mnozinach
iter: pocet vnéjSich (Newtonovskych) iteraci
nu: pocet nasobeni matice-vektor




Experiment 2: 2D proudéni se skluzovou podminkou

@ modelova tloha: obtékani prekazky v kanalu
@ Stokeslv model nestlacitelné kapaliny

@ jednoducha omezeni, pozitivné semi-definitni pfipad bez projektort

g=230
m | AS PF AS PF
30 | 6867(7.2) 208(0.6) 682(1.2) 181(0.2)
60 | 22579(118.6) 283(12.4) | 1060(8.4) 268(1.2)
120 | 130615(4110.4) 374(12.4) | 1816(59.2)  389(12.7)
240 | >200000 459(135.4) | 3083(849.1) 454(130.7)

@ ALGORITMUS PF
@ AS: algoritmus zaloZeny na aktivnich mnozinach
@ tucné: pocet nasobeni matice-vektor
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Experiment 3: 2D proudéni se skluz. podm. + TFETI

@ modelova dloha: jednoducha geometrie (Ctverec déleny na Ctverce)
@ jednoducha omezeni, pozitivné definitni pripad s projektory
@ tucné: pocet nasobeni matice-vektor

pocet podoblasti primal/dual - I+B Ds+B
100(10 x 10) 24300/5099 3847 1260 303
144(12 x 12) 34992/7343 4214 1257 302
196(14 x 14) 47628/9995 4139 1160 295
256(16 x 16) 62208/13055 4336 1132 295
324(18 x 18) 78732/16523 4349 1149 295
400(20 x 20) 97200/20399 4781 1147 294
484(22 x 22) 117612/24683 4959 1143 294

41/47



Experiment 4: rozvétvena oblast

@ geometrie  na obrazku: vp = in, Yv = Moutt U Nourz U Mouss 75 = 92\ 70 U
@ v =1, f=0, parabolicky vtok up, volny vytok oy = 0, x = 0.3

primal/dual g=0.01 ¢g=005 g=01 g=015 g=0.2
164481/16240 9068 9273 7763 7214 7445
636498/32442 8377 8277 8583 7219 6516
1746822/54048 7761 8936 7866 7261 6613
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Experiment 4: teCna rychlost podél vs

@ pro g =0.01

Velocity Magnitude

0.00 0.06 0.25 0.56 1.00

@ prog=0.2

} ( Velocity Magnitude
0.00 0.06 025 056 100




Experiment 4: detaily




Experiment 5: Casova uloha

N’

UNSTEADY Dirichlet -Neumann-Slip STOKES EQUATION IN 2D (PF-IPM)

L |t |CPUt| pf/n.A | resl | res2 | res2 | A/l/7] | res_ss
1 10.1|4.6e0| 21/1051 |5.1e-14|6.2e-6|3.3e-7|180/176/0| 1.3e-4
2 |0.2|6.9e0| 17/1529 |1.8e-15|4.8e-7|2.2e-8|198/158/0| 2.4e-5
3 |0.3]|6.1e0| 20/1430 |1.0e-15|4.5e-7|1.9¢-8|196/160/0| 1.8e-5
4 |0.4|5.3e0| 20/1360 |8.6e-16|7.4e-7|2.9e-8|188/168/0| 3.6e-5
5 |0.5|6.6e0| 21/1416 |8.0e-16|3.9e—7|1.7e-8|180/176/0| 2.3e-5
6 |0.6|7.4e0| 25/1626 |7.7e-16]1.2e-7|5.8e-9]/168/188/0| 7.5e-6
7 |0.7|6.5e0| 24/1243 |7.9e-16/6.7e-7|2.8e-8|158/198/0| 4.9e-5
8 |0.8]5.9e0| 25/1283 |7.5e-16|8.0e-7|3.2e-8|148/208/0| 5.0e-5
9 |0.9|4.1e0| 22/1025 |7.4e-16|1.2e-7|4.3e-9|133/223/0| 7.8e-6
10]1.0|5.6e0| 23/1261 |7.3e-16|9.9¢-8|3.7e-9]103/253/0| 6.5¢-6
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Dékuji za pozornost!
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