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Abstrakt

Témou tejto prace je riesenie tloh na volny extrém metédami s ohra-
ni¢enym krokom. Je vysvetlend zakladna myslienka tychto metdd a ukazané
moznosti hladania lokélne ohrani¢eného kroku v pripade aproximdcie kvad-
ratickou funkciou. Vyuzitim kvazinewtonovskych formul na ziskavanie ap-
roximacie Hessovej matice si ukdzané moznosti transformécie podilohy
na ulohu mensich rozmerov. Na konci je realizovany numericky experi-
ment.
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Uvod

V tejto praci sa budeme zaoberat minimalizdciou funkcie f : R™ — R na

neohranicenej oblasti

min f(z)
Uloha sa zvicsa riesi niektorou z itera¢nych metdd, ktoré zac¢inajic startovacim
bodom zp sa snazia generovat postupnost bodov zg,z1,... konvergujicu k
optimdlnemu riegeniu #. Tato postupnost je dand vzorcom zp 1 = x + ps,
kde posun py je ziskany pomocou nejakého algoritmu.

Vacsinou sa posun py ziskava niektorou z metdd s reguldciou deky kroku,
t.j. takych, ktoré sa najprv snazia vyty¢it smer sj, a potom hladaji krok Ay tak,
aby ucelova funkcia v smere s nadobudla ¢o najmensiu hodnotu. Druhy mozny
sposob je najprv si zvolit maximalnu dizku kroku Ay, o ktory sa mézeme posuniit
a nésledne sa snazit n4jst posun py nepresahujtci zvolent oblast. Takéto metédy
sa nazyvajui metodami s ohrani¢enym krokom.

Metédy s ohrani¢enym krokom majd velmi dobré konvergenéné vlastnosti a
vdaka ohrani¢enosti kroku mozno za aproximéciu tcelovej funkeie volit aj nekon-
vexné funkcie. My sa budeme venovat metédam, v ktorych sa za aproximéciu
ucelovej funkcie voli kvadratickd funkcia

1
f(z) = v(p) = 5p" Bip + gip
V kazdej iterécii sa potom snazime hladat posun p; ako minimum aproximovanej
funkcie ¥ (p) na ohranicenej oblasti tak, aby platilo ||pklle < Ag.
Préca je ¢lenena nasledovne: v prvej casti si ukazeme zakladnt ideu metod s
ohrani¢enym krokom. V druhej ¢asti si ukdzeme rozne sposoby riesenia podilohy

. 1 T T
=p'B
min vi(p) = 5p" Bep + g p

Ipll2 < Ak

pricom si rozoberieme teoretické vlastnosti presného riesenia. Tieto vyuzijeme v
tretej casti prace, kde sa zameriame na moznost transformécie tlohy na tlohu s
podstatne mensim rozmerom a navrhneme mozny sposob ziskavania posunu py
v tomto podpriestore. Nakoniec si teoretické poznatky overime na numerickom
experimente.



1 Metdédy s ohranicenym krokom

1.1 Uloha na volny extrém

Budeme sa zaoberat tilohou matematického programovania na volny extrém

min f(x) (1.1)

pricom o ucelovej funkcii f(x) predpokladdme, zZe je spojite diferencovatelns a
zdola ohranicena.

Vicsina metdd rieSenia tlohy (1.1) su iteracné, t.j. zacinajic zo zadaného
Startovacieho bodu xp generuji postupnost bodov {z;}7°, dant itera¢nym
vZorcom

Th4+1 = Tk + Dk (1.2)

konvergujicu k optimalnemu rieseniu. Od jednotlivych iterdcii sa pritom ocakéva
pokles hodnoty uéelovej funkcie

f(xen) < flan) (1.3)
Vektor korekeie py, zo vzorca (1.2) mozno volit podla dvoch schém([4]

1. s requldciou dl/zvky kroku, kde v prvej faze sa zvoli spadovy smer s; a v
druhej dlzka kroku Ak, posun je potom dany prp = ArsSk a iteraény proces
VYZera Tpy1 = g + A\kSk

2. s reguldciou smeru, kde v prvej faze zvolime dizku kroku Ay, a v druhej
hladdme posun py, tak, aby platilo ||pk|] < Ak, teda proces je dany vzorcom
Tht1 = Tk + Dk

My sa budeme venovat druhej schéme, t.j. spaddovymi metédami s reguldciou
smeru, ktoré si zndme ako metédy s ohranicenym krokom[4](v angli¢tine Trust-
Region Methods alebo Restricted-step Methods).

Metody s ohranicenym krokom si relativne novsie oproti metédam zalozenym
na 1. schéme. Ich vznik sa datuje ku klasickej Levenberg-Marquardt metéde na
rieSenie sistavy nelinedrnych rovnic[3] F(z) = 0, kde F : R” — R™,m > n.
Ulohu

. 2
min [[F(2)[l3 (1.4)

riesi iteracne a v jednotlivych iteraciach voli krok
dr, = —(J(a?k)J(xk)T+/\kI)71J($k)F($k) (1.5)

kde J(zy) je Jacobiho matica funkcie F(z) a paramter A\p > 0 sa v jednot-
livych iterdciach vhodne voli tak, aby ||dg| bolo dostatoéne malé. Této tloha
je ekvivalentnd tlohe

. T 2
min [|F () + (@) dll2 (1.6)
l[dlla < Ay (1.7)

v ktorej namiesto A volime priamo pozadovanu dizku vektora dy pomocou
paramtera Ay.



1.2 Metddy s ohranicenym krokom

Metdédy s ohranicenym krokom si zalozené na lokdlnej aproximadcii tcelovej
funkcie f(z) vhodne zvolenou funkciou ¥(x), kde ©» : R® — R, v nejakom
okoli Ay, aktudlneho bodu xj. Najcastejsie sa za 1(x) voli kvadraticka funkcia.
Za najlepsiu aproximéciu f(x) sa v tomto pripade javi pouzit Taylorov rozvoj
2.radu

£(@) = fi+ glp+ 50" Gap (18)
kde fr = f(zr), gr = Vf(zr), Gk = V2f(zx) ap =z — 71 je posun.

V pripade velkého poctu premennych funkcie f(z) je ale vypocet Hessovej
matice Gy prili§ drahy, preto sa Castejsie pouziva aproximovand Hessova ma-
tica By = B € R™*" ziskan& pomocou niektorej z kvazinewtonovych formul.
Funkcia 9y (p) potom vyzera nasledovne

1
Uk(p) = 50" Bip + gip (1.9)
V kazdej iterdcii hladdme posun pp z okolia aktudlneho bodu z, v ktorom
sa predpokladd, ze ¥ (p) dobre aproximuje tcelovi funkciu f(x). Na ziskanie
posunu teda musime riesit podilohu

. 1
min 1 (p) = =p” Brp + g. p (1.10)

pER™ 2
Ipll2 < Ak (1.11)

kde Ay > 0 je polomer okolia. Tento polomer v jednotlivych iterdciach menime
podla tzv. stupna zhody 7

o _ Ared  f(oi) = Sz + pe) (1.12)

" Predy, Ui (0) — Y (pr)
ktory meria kvalitu aproximacie.

Kedze py, volime ako riesenie podilohy (1.10)-(1.11), vyraz Predy = ¢ (0) —
Vi (pr) je vzdy nezédporny. Vyraz Ared = f(xi) — f(xr + pr) predstavuje po-
kles tcelovej funkcie vzhladom na posun py a jeho kladnost zavisi od kvality
aproximécie a teda moze byt aj zdporny.

Stupen zhody 7y rozhoduje o prijati, resp. zamietnut{ posunu p; = p(Ag)
a o velkosti oblasti Apy1. Zvolime si preto parameter 7 > 0 rozhodujicom o
bode xk11

Tp+pr akrp > T
Tyl = { o ek (1.13)

a parametre 75 > 0,0 < a3 < 1 < an urcujtice velkost oblasti Api1

OélAk ak re < T1
Api1 =1 @A akrg > (1.14)
Ay, inak

ktorych hodnoty si na zac¢iatku algoritmu pevne zvolime. Od hodnét tychto
paramtetrov zavis{ kvalita konvergencie celkovej metédy/[5].

V idedlnom pripade rp ~ 1, ¢o znamend ze funkcia 1, (x) dobre aproximuje
icelovi funkciu f(z), preto parameter 73 je vhodné volit blizko 1. Za 7 sa javi



najidedlnejsie zvolit 7, = 0, t.j. v pripade akéhokolvek poklesu tcelovej funkcie
prijat posun. Désledkom takejto volby je vak slabsia konvergenéns vlastnost
metddy|[2]
liminf ||gx|l2 =0 (1.15)
k—o0

pricom v pripade volby 7 > 0 plati
i lgxflz =0 (1.16)

Zhrnutim predchadzajucich uvah dostdavame zakladny algoritmus metdd s ohra-
ni¢enym krokom.

Algorithm 1 Klasickd metéda s ohranicenym krokom

Vstup: 9 € R",Ag > 0,e > 0, By = Bl € R"*"
0§71§72,0<T2,0<041<1<042,/€=0

1) Vypocet gradientu gi, ak ||gx|| < ¢ STOP

2) Ziskanie posunu py, riesenim (1.10)-(1.11)

3) Vypocet r, = —ﬁ:gg’;

4) Zmena xp4q podla (1.13)

5) Zmena A1 podla (1.14)

6) k«— k+1GOTO 1)

1.3 Kvazinewtonovské formuly

Ako bolo spomenuté, v kazdej iterdcii sa budeme snazit hladaf posun pj ako
minimum kvadratickej funkcie

1
Vi(p) = §pTka +9ip

kde matica By = B,{ je aproximovana Hessova matica ucelovej funkcie f(x),

ktoru zlepsujeme pomocou niektorej z tzv. kvdzinewtonovskiyjch formail.
Kvazinewtonovské vzorce slizia na aproximéaciu Hessovej matice pomocou

prvych parcidlnych derivacii funkcie f(x) ziskanych v jednotlivych iterdcidch.

Novéa matica By sa ziska pomocou tzv. aditivnej korekcie ako Bx11 = By +

ABy.

O matici By, pritom predpokladdme splnenie istych podmienok[4]

1. matica By je symetricka, t.j. By = B,?, a kladne definitna
2. matica By musi spifmaf tzv. kvdzinewtonovsku podmienku
gk+1 — gk = Br(Tr41 — x1) (1.17)

kde gg, resp. gr+1 je gradient ucelovej funkcie f(x) v prislusnych bodoch
Tk, TESP. T4l

3. korekénd matica ABj, ma mald hodnost



Do triedy kvéazinewtonovskych formul patri tzv. Broydenova trieda

Bipept Be  yryi
pi Bipr pryk

Byy1 = By — + 0(pi Bepr)wrwi (1.18)

k = — = — — Yk — M Rn 1 7V.
de pr = Tp41 — Tk, Yk = Gk+1 — Gk, Wk oTor 2T Bpr @ 0 € je tzv

Broydenov parameter.

Volbou parametra § mézeme ziskat rézne kvizinewtonovské formuly, napr.
1. DFP: 6 =0
2. BFGS: =1

3. SR1: 6 = Lkl

P} yr—p} Brpr



2 Metody riesenia podiiloh
Vypocet posunu py vyzaduje v kazdej iterdcii riesit tilohu na viazany extrém

, 1
min ¢(p) = 50" Br+g"p (2.1)
[plla < A (2.2)

kde B = BT € R™™" p,g € R",A > 0. Efektivnost metéd s ohrani¢enym
krokom teda zavisi od schopnosti riesit dani podilohu. Existuju dva pristupy
k ziskaniu posunu p

1. Viypocet presného rieSenia - posun p nam zaruci maximalny mozny pokles,
aviak je v¥poctovo naroény, ¢o v pripade velkého poétu premennych moze
byt netinosné

2. Ziskanie priblizného rieSenia - posun p nam zaruCi postacujuci pokles,
ktory je sice menej efektivny ako v pripade presného rieSenia, avsak aj
menej narocny na vypocet

2.1 Presné riesenie

V pripade ze v tlohe (2.1)-(2.2) je pocet premennych n dostatotne mélo, oplati
sa nam hladat posun p ¢o najpresnejsie. Vlastnosti opimélneho riesenia popisuje
néasledovna lemal7].

Lema 2.1. Vektor p € R™ je globdlnym riesenim wlohy (2.1)-(2.2) vtedy a len
vtedy, ok ||pll2 < A a IX > 0 tak, Ze platd

(B+\)p=—g (2.3)
MA —pll2) =0 (2.4)
(B+AI) =0 (2.5)

Dékaz. Vztahy (2.3)-(2.4) vyplyvaji z nutnych podmienok prvého rddu pre
rieSenie tlohy (2.1)-(2.2). Ostédva ndm teda dokézaf, ze matica (B + ) je
kladne semi-definitnd. Predpokladajme, ze p # 0. Kedze p je rieSenim tlohy
(2.1)-(2.2), mus{ byt riesenfm aj tilohy

s v
lwll = 1Al

Je jasné, ze plati ¢ (w) > (p). Vyuzitim (2.3) teda dostdvame

1 1
—pT (B + X)w + 5wTBw > —pl (B4 N)p + 5gaTB;a (2.6)
z ¢oho dostdvame
1 . N A T A
§(w—p)T(B+M)(w—p) > §(wTw—pr) =0 (2.7)

pre vietky w pre ktoré plati ||w||2 = ||p||2. Kedze p # 0 tak z (2.7) vyplyva ze

matica (B + AI) je kladne semidefinitna.

V pripade p = 0z (2.5) vyplyva g = 0, t.j. p = 0 je rieSenfm tlohy min {{w” Bw : ||w|j; < A}
a teda matica B je kladne semidefinitnd. Kedze A > 0, tak aj (B 4+ AI) musi

byt kladne semidefinitnd matica. O



Lema 2.1 ndm teda bez explicitnej znalosti optimélneho riesenia tlohy (2.1)-
(2.2) hovorf o jeho vlastnostiach. Z podmienky (2.4) vyplyva, ze aspon jeden
7z virazov A resp. (A — ||pl|2) musf byt nulovy. Teda ak vektor p lez{ vniitri
oblasti, mus{ platit A = 0 z ¢oho dostdvame Bp = —g a matica B je kladne
semidefinitna. Naopak v pripade ||p|l2 = A plati A > 0 a z (2.3) dostdvame

Ap=—Bp—g=-Vi(p)
Z vyrazu (2.3) mozno definovat funkciu
p(\) = —(B+ )"y (2.8)

pre A > 0 dostatocne velké aby matica (B + AI) bola kladne semidefinitn4.
Ulohu (2.1)-(2.2) mozno teda previest na ekvivalentni tlohu

[p(Ml2 = A (2.9)

Funkcia ||p(A)]|2 je spojitd a klesajica, a v pripade g # 0 plati

Jimp()] =0 (2.10)

Z toho vyplyva, ze v pripade g # 0 a A > 0 musi maf rovnica (2.9) aspon jedno
rieSenie.

Riesenie tlohy (2.1)-(2.2) mozeme previest na hladanie takého parametra
A > 0, pre ktory plati rovnica (2.9). Teoreticky mozno na ||(B + AI)~1g|2 =
aplikoval Newtonovu metdédu. Vo vieobecnosti sa odportca hladat optlmalny
parameter A rieSenim ekvivalentnej, avsak numericky stabilnejsej, rovnice

d(A) = % — % =0 (2.11)

1(B+AI)~ g2
Zial ani riesenfm (2.11) nemusime zfskaf dostatocne presné riesenie. Problém
moéze totiz nastal v pripade, ze optimalna hodnota parametra A je rovnd A=
—A1, kde A1 je najmensia vlastna hodnota matice B. V tomto pripade je matica
(B + AI) singuldrna, a rieSenie (2.11) sa stdva numericky nestabilné, ako to
ilustruje ndsledovny priklad[7]

L+/1 0 (1
mne =3 (o )red ()
Ipll2 < A

kde n < 0 volime tak, aby platilo ﬁ < AZ. Riegenie p vyzerd

nésledovne p7 = — (= 5,0), kde = n)g + 6% = A% Pre malt zme-
nu hodnoty gT = (1,¢) dostdvame riesenia pl = (1_,1_A, n+A) kde
(1+)\)2 + (UH\)Q = A2, Zvolenim Iubovolej hodnoty pre 6 dostédvame
odchylku € éfm zmena v ”pH p”5H2 > 1. V pripade n < 0 mus{ platit

lll2 = A a s ohladom na chyby v zaokrihlovani mozeme dostat
nepresné rieSenia.



V pripade, Zze najmensia vlastnd hodnota matice B je nulova, A\; = 0, rieSenie
ulohy (2.1)-(2.2) m4a tvar
p=—Btg (2.12)

kde BT predstavuje pseudo-inverzni maticu k matici B. Skutoénym problémom
je teda pripad A\; < 0. Riegenie p tlohy (2.1)-(2.2) potom musi vyzerat nasledovne

p=—(B+A)"g+0q (2.13)

kde ¢ € S; = {¢ € R™ : Bq = \igq},|lqll2 = 1. Teda ak Ay < 0, potom v
pripade A > —\; sa aplikovanim Newtonovej metédy moze stat matica (B+AT1)
zéporne definitnd, takze je potrebné strazit dolnd hranicu hodnoty A. Druhou
moznostou je pouzitie Newtonovej metédy na rovnicu[3]

$(N) = d(5) =0 (2.14)

2.2 Priblizné rieSenie

V pripade tloh s velkym poé¢tom premennych sa stédva hladanie presného riesenia
tilohy (3.1)-(3.2) prilis ndroéné vzhladom na nutnost poéitania rozkladu matice
(B—AI). Preto sa vyvinuli rézne met6dy na hiadanie priblizného riesenia, ktoré
su menej vypoctovo naroéné oproti presnému rieSeniu , avSak vykazuju dosta-
tocny pokles funkcie 1(p). Medzi tieto patria napriklad dogleg, minimalizdcia v
2-rozmernom podpriestore, skrdtend metoda konjugovanych gradientov a iné.

Dogleg Metd6da dogleg sa snaz{ aproximovat trajektériu p(A) pomocou dvoch
gTg 979
9" By 9" Bg
predstavuje optimélny krok pre kvadraticki funkciu ¢ (p), a Newtonovho smeru
pa=—-B7g.

V pripade, ze matica B je kladne definitna, dé sa globdlne minimum funkcie
Y(p) = %pTBp + gTp explicitne vyjadrit (v pripade neohrani¢eného kroku)
vZorcom

smerov, Cauchyho smeru najvicsieho spidu py = — g, kde vyraz

pr=—B7lg (2.15)
Ak plati ||p2]l2 < A potom je aj riesenim tlohy (2.1)-(2.2). V opa¢nom pripade
optimélne riesenie musi lezat na hranici, t.j. |||z = A.
Trajektoriu p(A) potom odhadneme ako

_ D1 0<7r<1
R A A (2.16)
a teda hladdme parameter 7 € (0,2) tak, aby platilo
[p1+ (7 = 1)(p2 — p1)[l2 = A (2.17)
Skratena metéda konjugovanych gradientov Nevyhodou dogleg metody
je nutnost vypoétu Newtonovho smeru p; = —B~!g, kde potrebujeme poécitat
inverzni Hessovu maticu, resp. sustavu rovic Bps = —g, ¢o zvicsa vyzaduje

urobit Choleského rozklad matice B. Tejto potreby nds zbavuje prave metdda
zdruzZengch smerov.

Najprv uvedieme definiciu zdruzenych smerov a vetu o konvergencii metody
v pripade kvadratickej ticelovej funkcie, ktorej dokaz mozno néjst v [4]

10



Definicia 2.1. Nech B = B” je kladne definitnd matica typu n x n. Smery

(80,81, -+, 8n—1), t.j. nenulové vektory s; € R™, sa nazgvaji B-zdruZené (resp.
B-konjugované, B-ortogondine), ak pre kazdi dvojicu s;,s; (i # j) plati
sI'Bs; =0 (2.18)

Veta 2.1. Nech B = BT je kladne definitnd matica typu nxn, smery (so, 81, - -, Sn—1)
st B-zdruzené, p € R™ je bodom minima kvadratickej funkcie

Y(p) = %pTBp +9"p (2.19)

a po € R" je fubovolny’ Startovaci bod iteracného procesu pry1 = pr + A\iSk, kde
i je optimdlny krok.

Potom p, = p, t.j. iteracnyf proces uréi optimdlne riesenie v pripade kvadratickej
ucelovej funkcie za n krokov.

Na generovanie zdruzenych smerov vyuzijeme vzorce Fletchera-Reevesa, ktoré
definuju iterac¢ny proces nasledovne

Ph+1 = Pk + AiSk (2.20)
Sk+1 = — gk + PkSk—1 (2.21)
T
= kI (2.22)
9r_19k—-1

T
kde Ay = S%f’];,(’sk je optimalny krok, gr, = V4(pr) a so = —go-

Veta ndm hovori, ze v pripade tlohy na volny extrém s kvadratickou tcelovou
funkciou metéda zdruzenych smerov uré¢i minimum za n krokov. My vSak
riesime dlohu na viazany extrém. Preto do samotného algoritmu priddme este
podmienku ktord iteracny proces ukonéi v pripade, ak ||pk|l2 > A, a optimdlne
rieSenie zvolime tak, aby platilo ||p]|2 < A.

Algorithm 2 Skritend metéda konjugovanych gradientov
Vstup: pg € R", A > 0, ¢ > 0,matica B, vektor g, k =0
T
1) Cauchyho iteracia: go = Bpo + ¢, 50 = —go, Ao = %BL;
sT B
P1 = Dpo + AoSo
2) Ak ||gkll2 < e STOP
3) Ak szsk <0
N&ajdi 7 > 0 aby p = px + 7sx vyhovovalo ||p|l2 = A
STOP

4) Vypocet ay =

nggk-
skT_Bsk

Pk+1 = Pk + Qg Sk
5) Ak |lprtill > A

N&jdi 7 > 0 aby p = pj, + 75, vyhovovalo [|p|l2 = A

STOP
8) Vypocet gx+1 = Bpr. + ¢
T
_ 9k+19k+1
Pk = "4Tq,
Sk+1 = —gk+1 + UEkSk

9) k — k+1, GOTO 2

11



3 Transformacia do podpriestoru

Ukazali sme doteraz, ze metody s ohranicenym krokom sa v kazdej iterécii snazia
n4jst minimum téelovej funkcie f(z) pomocou lokalnej aproximéacie kvadratic-
kou funkciou v (p), pricom posun py musi byt z nejakého okolia Ay, t.j. rieSenim
podilohy

, 1
min ¢y, (p) = =p” Bep + g/ p (3.1)
peR” 2

[pll2 < Ay (3.2)

O riesieni py tejto podulohy sme zistili, ze musi spfﬁaf isté nutné podmienky
optimality, konkrétne musi existovat parameter A\ > 0 tak, aby platilo

(Br + M1 )pr = —gx (3.3)
Ae(Ak = |Ipxll2) = 0 .
(Bx+MI) =0 (3.5)

Pomocou tychto podmienok sme potom navrhli metédu na hladanie presného
riesenia podulohy (3.1)-(3.2).

Z podmienok viak mozno ustdit este dalsie vlastnosti optimalneho posunu
Pr. Ak vezmeme prvi iterdciu, kde matica By = o, tak podmienka (3.3) vyzerd
nésledovne

(o 4+ Xo)po = —9go (3.6)
a teda vektor pg je ndsobkom gradientu gy funkcie f(x) v bode zp. O vlastnos-
tiach smerov p1, pe,... v pripade, Ze matica Bj je ziskand pomocou niektorej z

Broydenovych formiil, hovorf nésledovnd lema, ktorej dokaz mozno néjst v[1]

Lema 3.1. Nech By = o1, 0 > 0 a By, je k-ta matica ziskand pomocou niektorej
z Broydenovyjch alebo PSB formil. Nech py je riesenim dlohy (3.1)-(3.2), g =
Vi(xr), Gx = Span{go, g1,--., gk} a iteradny proces je dany vzorcom Tyyi =
Tk + pr so Startovacim bodom xy. Potom pre vsetky k > 0 plati py, € Gy.
Naviac pre lubovolné z € Gy, u € QkL platia vziahy

Bz € Gy, Byu = ou (3.7)

7 lemy vyplyva, ze Startujic z pociatocného bodu zg s maticou By = o,
kde o > 0, bud rieSenia pj podilohy (3.1)-(3.2), kde matica By je upravovand
pomocou niektorej z Broydenovskych formul, vzdy lezat v podpriestore gene-
rovanom vektormi go, g1, ...,9k. O vyuziti tejto vlastnosti hovori nasledovna
lema.

Lema 3.2. Nech Sy, je r-rozmerny podpriestor priestoru R™, 1 <r <n. Nech
Z € R™" je ortogondlna matica generujica podpriestor Sy, t.j.

Sy, = Span{Zy}, ZL Zy, = I, (3.8)
Predpokladajme, Ze g, € Sk a By, = B,{ je matica vyhovujiica vztahom
Bz € Sk,vz € Sk (3.9)

Bu = ou,Vu € Si (3.10)
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kde o > 0 je skaldr. Potom tloha (3.1)-(3.2) je ekvivalentnd tlohe

TN S L
min ¢ (p) = =p' Bep + gi. b (3.11)
PERT 2

[Pll2 < Ak (3.12)

kde gy = ZFgr a By, = ZIByZy. Teda ak py je riesenim dlohy (3.1)-(3.2),
potom Py = ZIF'py je riesenim (8.11)-(5.12). Naopak, ak py je riesenim ilohy
(5.11)-(3.12), potom py, = Zipy je riesenim (3.1)-(3.2).

Dékaz. Nech Uy € R**("=7) je matica také, ze [Uy, Z| je ortogondlna matica

typu n X n. Potom Vp € R" existuje jedind dvojica p € R",u € R"™" taka, ze
p = Zyp+ Ugu, t.).

1 1 1
Yr(p) = 91{P+§PTBI€P = 95ﬁ+95u+§I5TZkTBkZM5+§UTUchBkUkU+I5TZkTBkUkU
(3.13)
kde gz = Zggk,gU = U,zgk. Zo vztahov gr € Span{Z} a (3.9)-(3.10) do-
stavame

ByUi = 0Uk, Z} BeUy, = 0 Z] U, = 0,9u = U g = 0 (3.14)
a z (3.13)-(3.14) vyplyva
1 1
Uk(p) = (920 + 50" Zi BrZip) + 5ou'u (3.15)
Z ortonormality matic Z a Uy plati |[p||3 = ||p||3 + ||u||3. Dostdvame teda, 7e

uloha (3.1)-(3.2) je ekvivalentna tlohe

. 1 1
min (9P + =p" Zi BeZip) + s0u’u (3.16)
PERT uER T 2 2

1213 + lull3 < AR (3.17)

pricom p = Zpp+ Ugu. Kedze o > 0, potom tloha (3.16)-(3.17) je ekvivalentnd
dlohe (3.11)-(3.12) pre w = 0. Teda dloha (3.1)-(3.2) je ekvivalentnd tlohe
(3.11)-(3.12), kde p = Zyp a zo vztahu Z] Z), = I, dostdvame p = Z}'p. O

Vysledky zhrnieme v nésledujicej vete[1]

Veta 3.1. Nech Zj, je ortogondlna matica generujica podpriestor G, = Span{go, g1, -,k }-
Nech matica By = ol,0 > 0 a By je v poradi k-ta matica ziskand pomocou nie-

ktorej z Broydenovej alebo PSB triedy formil. Potom pre rieSenie py dlohy
(3.1)-(3.2) plati pr. € Gr a Pr. = ZrZk, kde Zx je rieSenim tulohy (3.11)-(3.12).

Ukézali sme teda, Ze pre riesenie tlohy (3.1)-(3.2) plati px. € Gy a teda mozno
hladaf posun riesenim tlohy v podpriestore generovanom vektormi go, g1, - - - , Gk,
t.j. ako rieSenie tlohy (3.11)-(3.12). T4to transformdcia ndm moze usetrit v
pripade k < n relativne vela ¢asu, naviac aproximovani Hessovu maticu mozno
ziskavat priamo v podpriestore G, o éom hovori nasledovna lemall].

Lema 3.3. Nech Z € R™ " je ortogondlna matica takd, e Z*Z = I.. Nech

pr € Span{Z} a matica B+ je ziskand z matice By, pomocou jednej z Broyde-
novej alebo PSB formiil vyuZitim vektorov py ayx. Oznaéme By = ZT¥ Byy1Z, By =
ZT By Z,pr. = Z" pr, . = Z" Y. -

Potom matica Bi41 je ziskand z matice By vyuzZitim vektorov py a .-
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Dékaz. 7 predpokladov pi, € Span{Z} a ZTZ = I, plati pp = ZZTp;, a

pryk = (Z7pi)" Zyi = Bi Uk (3.18)
i Bipr = (Z7pr) " ZT BrZ(Z" pr.) = Pt B (3.19)
ZTkak = ZTBkZ(ZTpk) = Bkﬁk (3.20)

Vyuzitim vzorcov (3.18)-(3.20) a vyndsobenim Broydenovej formule

Biprpt B + YkYL

Bry1 = By —
pi Bipi LYk

+ 01 (Pk Brpr)wrwy (3.21)

maticou Z7 zlava a Z zprava sa platnost lemy lahko overf (pre Broydenovu
triedu formul). O

Ostdva ndm navrhnit algoritmus ktorym by sme ziskavali transformaéni
maticu Z,,. Predpokladajme, ze v k-tej iterdcii pozndme maticu Z,, tvoriacu
ortogondlnu bazu ri-rozmerného priestoru G, = Span{gi,...,gr}. Nech D je
riesenie transformovanej podilohy (3.11)-(3.12), potom pre rieSenie podilohy
(3.1)-(3.2) pr mdme Py = Zppg. Potrebujeme ziskat maticu Zxi1 a hodnoty
Grt1 = Z gkt a By = ZL By Zigr.

Kvoli numerickej stabilite pouzijeme rozklad[1]

Gk+1 = ZrUk + Pkt12k+1 (3.22)

kde w, = 27 kit 21 L Span{Zi, Inslle = L pwss = (0 = ZeZD g o
Hodnota pj41 rohoduje o tvare matice Z;y1. Za tymto ti¢elom si pevne zvolime
hodnotu vy > 0. Ak prt+1 < va|lgk+1]|2 potom pouzijeme ”stari” maticu Zgy1 =
Z}, a polozime

Gr1 = ZiaGrr = uk (3.23)
Sk = ZiL 1Pk = Pk (3.24)
T = Zi Yk = uk — Gk (3.25)
By = ZkTHBkaH = By (3.26)

V opaénom pripade zvolime Zj11 = [Zg, zk+1], 7 = 7% + 1 a vyuzitim vztahov

Zg+1gk+1 = Pk+1, 2134_181@ =0, Z]?J,qﬂk =0 (327)
dostdvame

Gos1 = 27T = " 3.28
gk+1 k+19k+1 [ Dot ( )
o= 2= | 7 | 3.29
Pk = ZjpiPk = | (3.29)
g = ZT = | I 3.30
Yk k+1Yk [ Prit ( )

- [ B 0
By = Z}\BiZpy1 = 0 o1 } (3.31)

S vyuzitim lemy 3.3. mo6zeme novi aproximaciu Hessovej matice ziskat pomocou
matice By a vektorov S, Ug.
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Ako sme uz spominali, volbou hodnoty v > 0 sa snazime obist numerické
nastrahy sposobené zaokrihlovanim. Rovnaky vyznam plni aj parameter oy vo
vzorci (3.31). Za hodnotu v sa odporiica zvolit v = 1073, zatial ¢o v pripade
hodnoty oy méme hned niekolko moznosti[1]

rl __ ygyo r2 __ pgyk

o, =1,0." = ,0," = )
F F pgyo " pell3
23 = min { pz Yi } 4 ygyk
1<i<k - [|pil|3} AT
T
Po Yo 6 . Y; Yi
ord = ,0.0 = min

M pEpe’ F T isisk pfyi}

Efektivnost riesenia transformovanej tlohy spoé¢iva hlavne v pripade, ak
rg < n, t.j. rozmer podilohy (3.11)-(3.12) je podstatne mens{ ako rozmer
povodnej podilohy (3.1)-(3.2). Preto je vhodné nejakym spésobom zabranit
zbytoénému narastaniu rozmeru rp. Toto mozeme zabezpecit ndsledovnym
sposobom([1]. Predpokladajme, ze v predchddzajicej iterdcii sme rozsirili ma-
ticu Zy = [Zr_1, 2] a ziskali novy posun py riesenfm (3.11)-(3.12). Zvolme si
parametre p1, us tak, aby platilo 0 < g1 < 0.2 < g < 1. Potom v pripade, ze
| pkk |< w1||Dkl2, kde p ’T’“ predstavuje r-ty prvok vektora py, app < AR
mozno usudit, ze rozsu"eme matice Zj_1 o vektor z; nebolo velmi vyznamné a
v dalsej iter:icii uvazovat maticu Zy41 = [Zx_1].

Nage tivahy mozeme zhrnit do nésledovného algoritmu

Algorithm 3 Transformovana metéda s ohrani¢enym krokom
Vstup: 9 € R™®, Ag > 0,0 < Apin <1076, e > €3, >0
0<T <1, 0<,0< <1l<ak=0
0<v<1l,0>00<p <02<p<1,By=0
nastavenie k = 0,7 =1 1) Vypocet f(zo),g90 = Vf(20),go = |goll2, Zo = [Ilgiol\z}
2) Ziskanie py, rieSenim (3.11)-(3.12).
Ak | i(ﬁk) |< €M tak STOP
3) Vypocet pr = Zipk, Tk = M—’M
4) Ak i <1 a Ag < Apin tak STOP( zlyhanie algoritmu )
a1 akrp <7
5) Thy1 = Tk + Pr, A1 = § @A akrg > 7
Ay inak
6) Vypocet grr1 =V f(Tg41).
Ak ||gk+1]l2 < € tak STOP
7) Ak | pi¥ |< pua||Dl2, gr bolo prijaté v predoslej iterdcii a pr < ual|gkll2 zvol Zy = Zik—1
8) Ziskaj (3.22)
9) Ak prt1 > v||gk+1ll2 privad Zky1 = [Zk, 2k41],m =7+ 1
inak Zk+1 = Zk
10) Vypoéitaj Byy1 pomocou Bie, 31, Uk
k=k+1, GOTO 2
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4 Numerické experimenty

Na porovnanie efektivnosti jednotlivych algoritmov sme vytvorili program v
jazyku C. Porovnali sme klasicki metédu s ohrani¢enym krokom s modifiko-
vanou metddou, v ktorej sme vyuzili vlastnosti podpriestoru. Maticu By sme
upravovali v oboch pripadoch pomocou kvézinewtonovskej formule BFGS

BipkpEBe  yryl

BFGS) By.i = By, —
( ) Bitr = By pEBipe  pryk

Na testovanie sme vyuzili prostredie CUTEr na prikladoch so stredne velkym
poctom premennych ( okolo 1000 ).

4.1 CUTEr

CUTEr(Constrainded and Unconstrained Testing Environment, revisited) je
testovacie prostredie uréené na porovnavanie efektivnosti réznych numerickych
algoritmov. Ide o vylepSent verziu pdévodného testovacie prostredia CUTE|[8] a
mozno ho ziskat na adrese http://hsl.rl.ac.uk/cuter-www/.

Stcastou CUTEr-u si rozne nastroje sliziace pre meranie efektivnosti jed-
notlivych optimaliza¢nych balikov. Je napisany v jazyku fortran, avsak ponika
rozhranie pre vytvorenie novych rutin aj pre jazyky C/C++ alebo Matlab. Je-
ho sticastou st aj predvytvorené rozhrania pre existujice optimalizaéné néstroje
ako loqo, LANCELOT a inych.

Zakladny balik samotnych prikladov sa d4 ziskat na samotnej domovskej
stranke CUTEr-u. Kazdy priklad je ’zabaleny’ do samostatného suboru s
priponou .STF, ¢o je skratka pre Standard Imput Format. Ide o Standardny
formét urceny pre ukladanie 1loh nelinearneho programovania, tak ako format
MPS je standardom pre linedrne tlohy.

Na dekédovanie informécie ulozenej v tychto stiboroch je potrebné doinstalovat
k samotnému CUTEr-u balik SifDec ktory je vyvijany ako samostatny nastroj.
Postup instalacie jednotlivych programov je popisany v prislusnych dokumentaciach
[9], resp.[10].
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4.2 Experiment

Experimenty sme previedli na 20 prikladoch s rozmermi medzi 999 a 2000 pre-
mennych. Ulohy sme riegili s presnostou double. Klasickd metéda s ohrani¢enym
krokom bola realizovana rovnako ako popisuje Algoritmus 1 na strane 6 s tym
rozdielom, ze po ziskani posunu pi v kroku 2) sme pridali test ||pg|l2 < € teda
samotny algoritmus vyzerd nasledovne v nasom pripade vyzera nasledovne

Algorithm 4 Klasickd metéda s ohranicenym krokom
Vstup: 79 € R",Ag > 0,e > 0, By = Bl € R™*"
0<T1 <m,0<m0<a; <l<ayk=0
1) Vypocet gradientu g, ak ||gx|| < € STOP
2) Ziskanie posunu py, riesenim (1.10)-(1.11)
Ak ||px|l2 < € tak STOP
3) Vypocet r, = %
4) Zmena x41 podla (1.13)
5) Zmena Ay podla (1.14)
6) k<— k+1GOTO 1)

Vzhladom na rozmer tlohy sme ako metédu na ziskanie posunu pi v oboch
metodach zvolili skratent metédu konjugovanych gradientov. Prave kvoli tejto
volbe rieenia podilohy bolo potrebné pridat spominany test v kroku 2). To-
tiz skratend metdéda konjugovanych gradientov nam dava iba priblizné riesenie
podilohy a v pripade Ze xj, je blizko optimalneho bodu & dostdvame prilis slabé
zlepSenia, ¢o viedlo k stavom, ze aj po dalsich 1000 iteracidch bolo zlepsenie
skoro nulové. Pridanim testu na velkost py, sa d4 tymto stavom do znacnej mie-
ry zabrénit.

Modifikovana metdda s vyuzitim transformécie do podpriestoru bola realizovand
tak ako to popisuje Algoritmus 3 s vynechanim testu 4) a pozmenenym testom
v kroku 2) tak ako v pripade klasickej metddy bez pouZzitia transformaécie.

Pri testovani oboch metéd sme nastavili maximalny pocet iteracii na 2000.
Ulohu sme pokladali za tspesne vyrieSenti ak ||gi| < ¢ = 1073, Dalsie hodnoty
volené v jednotlivych algoritmoch vyzerali nasledovne

Ao = 1,7’1 = 0.0,7’2 = 0.95,(11 = 0.25,(12 = 3.5,1/ = 10_3;”1 = O.l,,ug =0.3

BIGGSBI1 1000 || NONDIA 1000
CURLY10 1000 || NNODQUAR | 1000
CURLY20 1000 || PENALTY1 1000
CURLY30 1000 || POWER 1000
EDENSCH 2000 || QUARTC 1000
FREUROTH | 1000 || SINQUAD 1000
LINVERSE 999 SPARSINE 1000
MSQRTALS | 1024 || VAREIGVL 999

MSQRTBLS | 1024 || WOODS 1000

Riesené tlohy
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Na zaciatok si ukazeme vystup v pripade klasickej metédy s ohrani¢enym

krokom:
| Uloha | #n | #k | #f | llgll2 | f(x) | CPU(seconds) |

BIGGSB1 1000 | 2000 | 2001 | 0.005862891 0.0038579 2558.58
CURLY10 1000 | 2000 | 2001 | 4.375568 -100307.6 483.42
CURLY20 1000 | 2000 | 2001 | 9.990423 -100309.5 685.05
CURLY30 1000 | 2000 | 2001 | 20.41177 -100310.4 839.16
EDENSCH 2000 | 116 117 | 0.0007017997 | 12003.28 207.09
FREUROTH | 1000 | 2000 | 2001 | 0.03897664 121469.7 413.98
LINVERSE 999 | 223 | 224 | 0.0009646448 | 340 52.23

MSQRTALS 1024 | 2000 | 2001 | 0.01442517 0.003945274 | 494.51
MSQRTBLS 1024 | 2000 | 2001 | 0.01978044 0.004093463 | 496.57
NONCVXU2 | 1000 | 2000 | 2001 | 0.2345664 2321.191 482.75
NONDIA 1000 | 10 11 0.0006568108 | 1.852891e-10 | 2.60

NONDQUAR | 1000 | 143 144 | 0.000989382 0.0001225794 | 420.20
PENALTY1 1000 | 82 83 0.0008346289 | 0.009994345 | 256.35
POWER 1000 | 644 | 645 | 0.0009619512 | 1.431674e-06 | 327.15
QUARTC 1000 | 280 | 281 0.0009984431 | 4.343821e-05 | 1310.49
SINQUAD 1000 | 25 26 0.0008996637 | -294250.5 6.32

SPARSINE 1000 | 2000 | 2001 | 0.166625 0.001132461 | 526.06
SPMSRTLS 1000 | 209 | 210 | 0.0008177106 | 3.490781e-06 | 48.54

VAREIGVL 1000 | 145 146 | 0.0009012548 | 3.754552e-06 | 35.42

WOODS 1000 | 2000 | 2001 | 0.005143096 | 2.821286e-06 | 445.64

Z tabulky vidno, ze vo vii¢sine pripadov bola klasickd metéda s ohrani¢enym

krokom schopné najst minimum behom prvych 2000 iterdcii.

Vsetky tieto

priklady sme vybrali na zaklade ¢lanku Sensitivity of Trust-Region Algorithms
to Their Parameters[5] od autorov N.Gould, D.Orban, A.Sartenaer, Ph.L.Toint.
Vsetky boli klasifikované ako dostatocne naro¢né tlohy.
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Vystup modifikovanej metédy s ohrani¢enym krokom vyuzitim transformacie:

| Uloha | #n | #k | #f | llgll2 | f(z) | CPU(seconds) |
BIGGSBL1 1000 | 2000 | 2001 | 0.005449575 0.01196696 644.84
CURLY10 1000 | 2000 | 2001 | 5.394511 -100306.6 590.14
CURLY20 1000 | 2000 | 2001 | 7.270081 -100308.4 812.64
CURLY30 1000 | 2000 | 2001 | 7.219919 -100309.1 949.58
EDENSCH 2000 | 137 | 138 | 0.003231751 12003.28 434.90
FREUROTH | 1000 | 2000 | 2001 | 0.1884448 121356.5 563.01
LINVERSE 999 | 370 | 371 | 0.0008759012 340 200.38
MSQRTALS | 1024 | 2000 | 2001 | 0.01973053 0.004371747 | 601.97
MSQRTBLS 1024 | 2000 | 2001 | 0.02782957 0.004627756 605.32
NONCVXU2 | 1000 | 2000 | 2001 | 0.2683008 2322.041 969.39
NONDIA 1000 | 7 8 0.0002090829 3.755451e-13 | 0.37
NONDQUAR | 1000 | 102 | 103 | 0.0009568876 0.0002844302 | 48.05
PENALTY1 1000 | 16 17 1.550027e410 | 6.086568e+12 | 1.19
POWER 1000 | 819 | 820 | 0.0006260868 5.130644e-06 | 379.03
QUARTC 1000 | 117 118 | 0.1602396 0.03805523 136.01
SINQUAD 1000 | 36 37 0.0002266703 -294250.5 2.70
SPARSINE 1000 | 2000 | 2001 | 0.2315292 0.001570675 | 692.71
SPMSRTLS 1000 | 274 | 275 | 0.0007488716 2.162306e-06 | 176.65
VAREIGVL 1000 | 244 | 245 | 0.000997246 1.754596e-06 | 166.75
WOODS 1000 | 110 111 107.5507 320.2307 10.68

Tu treba poznamenat, ze transformécia tloh sa vyuzivala iba do uréitej
hodnosti transformaénej matice Zy. Konkrétne v tomto pripade sa riesila tloha
v podpriestore iba pokial tento bol mensi ako 100. Teda v pripade, ze rozmer
podpriestoru dosiahol hodnotu 100, tak sa transformécia dalej nevyuzivala.

Z tabulky vidno, ze v tomto pripade riesenie tlohy PENALTY1 tplne zly-

halo.

To isté sa da povedat aj o aplikovani na tlohu WOODS. Tento jav

pripisujeme numerickym chybam spobenych pripisujeme numerickym chybam
sposobenych pri transformaciach.
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V nasledujiicej tabulke vidno rozdiely v ¢asovej nirocnosti medzi tymito
metodami, pricom nalavo je klasickd metdda a napravo metdda s vyuzitim trans-

formécie
| Uloha | llgll2 || CPU(seconds) ||| CPU(seconds) || llgll2 | Uloha
BIGGSBL1 0.005862891 | 2558.58 644.84 0.005449575 | BIGGSB1
CURLY10 4.375568 483.42 590.14 5.394511 CURLY10
CURLY20 9.990423 685.05 812.64 7.270081 CURLY20
CURLY30 20.41177 839.16 949.58 7.219919 CURLY30
EDENSCH 0.0007017997 | 207.09 434.90 0.003231751 | EDENSCH
FREUROTH | 0.03897664 413.98 563.01 0.1884448 FREUROTH
LINVERSE 0.0009646448 || 52.23 200.38 0.0008759012 | LINVERSE
MSQRTALS | 0.01442517 494.51 601.97 0.01973053 MSQRTALS
MSQRTBLS | 0.01978044 496.57 605.32 0.02782957 MSQRTBLS
NONCVXU2 | 0.2345664 482.75 569.39 0.2683008 NONCVXU2
NONDIA 0.0006568108 || 2.60 0.37 0.0002090829 | NONDIA
NONDQUAR | 0.000989382 | 420.20 48.05 0.0009568876 | NONDQUAR
PENALTY1 0.0008346289 | 256.35 1.19 1.550027e+10 | PENALTY1
POWER 0.0009619512 || 327.15 379.03 0.0006260868 | POWER
QUARTC 0.0009984431 | 1310.49 136.01 0.1602396 QUARTC
SINQUAD 0.0008996637 || 6.32 2.70 0.0002266703 | SINQUAD
SPARSINE 0.166625 526.06 692.71 0.2315292 SPARSINE
SPMSRTLS 0.0008177106 || 48.54 176.65 0.0007488716 | SPMSRTLS
VAREIGVL | 0.0009012548 || 35.42 166.75 0.000997246 | VAREIGVL
WOODS 0.005143096 | 445.64 10.68 107.5507 WOODS

Této tabulka poukazuje na znaéné uskalia v implementécii metédy s vyuzitim

transformaécie.

Hoci v tlohach ktoré boli ¢asovo najnérocnejcie pre klasickid

tlohu sa metéda transformdcie ukézala byt velmi opodstatnend( konkrétne tilohy
BIGGSB1 a QUARTC ), v tlohdch ktoré boli menej ¢asovo ndroéné pre kla-
sickii metédu vyrazne zaostdvala. Toto sa dd pripisat istej ¢asovej ndroénosti
vyzadovanej na rozsirenie transformacénej matice a ziskanie posunu vyuzitim
riesenia transformovanej tlohy, ¢o sa moze stat relativne drahym v pripade ze
samotna netransformovand tloha je rychlo riesitelnd. V neposlednom rade to

v8ak moéze poukazovat na nedostatky pri ndavrhu rutin v programe.

Kazdopadne by bolo potrebné vykonat experimenty na tilohdch vaésich rozme-
rov, aby sa dali povedat jednoznaéné zévery.
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5 Zaver

V tejto préaci sme sa venovali ilohdm s ohranicenym krokom. Vyuzijic kvadra-
ticku aproximéciu tcelovej funkcie sme rozobrali rozne metédy riesenia podulohy,
ktorej efektivnost mé znaény vplyv na rychlost a kvalitu konvergencie metéd s
ohrani¢enym krokom.

Skimanim vlastnosti presného riesenia tilohy s lokalne ohrani¢enym krokom
sme si ukazali moznosti transformacie tlohy do podpriestoru a moznosti riesenia
povodnej dlohy pomocou tlohy s podstatne mensim rozmerom. Rovnako sme
si nacrtli hlavné numerické uskalia, ktoré tato transformécia prinasa a navrhli
zédkladné metédy ako sa im vyhntf.

Na konkrétnom priklade so stredne velkym poétom premennych sme potom
realizovali experiment a ukazali efektivitu a uskalia vyuzitia transformécie v
pripade ziskavania priblizného rieSenia podilohy skratenou metédou konjugo-
vanych gradientov.

Bolo by vhodné urobit este testy v pripade vyuZitia presného riesenia podilohy,
¢im by sa v prvych iterdciach lepsie vyuzil rozmer transformovanej tlohy.
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Program

/*********************************************************************/
VAL L) TRUSTREG.H *%%/
/*********************************************************************/

#include <stdio.h>

#ifndef TRUSTREG_H
#define TRUSTREG_H

#include "trsubproblem.h"

typedef struct tr_param {

double taul; /* new point acceptation criterion */
double tau2; /* delta resize criterion */
double al; /* reduction ratio criterion for TR */
double a2; /* trusted rgion reduction */
double eps; /* stopping condition */
int kwn; /* type of kwasi-newton formulae
* 0 - BFGS
* 1 - SR1
*/
int subsp; /* boolean - use subspace transformation?
* 0 - NO
* 1 - YES
*/
int k_max; /* maximum number of iterations, 0 = infinite */
} TR_PARAM;

typedef struct trustreg {

int n; /* number of variables */
double *x0; /* starting point x0 */
double *x; /* current iterate */
double *g; /* current gradient */
double *s; /* current step */

double *x_new; /* new point */
double *g_new; /* gradient in new point */

TRS *trs;

double cur_objval; /#* current value of object fction */
double new_objval; /* new value of object fction */
double aprval; /* approximation fction value */

double g_norm; /* current gradient norm */

double (xobjvalues) ( double*, doublex );

double (*objval) ( doublex );
void (*objgrad) ( double*, doublex* );
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void (*solve_trs) ( TRS* );
int (*update_Hessian) ( TRS* );

TR_PARAM param; /* trust region parameters */
int iter; /* number of iterations */
} TRUSTREG;

extern int solvetr( TRUSTREG *tr );

extern int adjust_TR( TRUSTREG *tr );

extern int update_Hessian_BFGS( TRS *trs );
extern int update_Hessian_SR1( TRS *trs );
extern void get_newpoint_values( TRUSTREG *tr );
extern TRUSTREG *inittr( void );

extern void freetr( TRUSTREG *tr );

extern int opentr( TRUSTREG *tr, double *x0 );

#endif

/*********************************************************************/

VAR TRUSTREG.C K%k /
/3 oKk sk sk ok ok ok ok sk sk sk ok ok ok ok ok ok sk sk Kk ok ok ok ok ok ok sk sk ks ko ok ok ok ok sk sk sk sk ko ok ok ok ok sk ok k sk sk ok sk ok ok ok ok ki ok /

#include <stdio.h>
#include <math.h>
#include "trustreg.h"
#include "trsubproblem.h"
#include "myalloc.h"

/* Trust Region algorithm */
int solvetr( TRUSTREG *tr )
{

int retval;

/* main Algorithm */
retval = 0;
while( retval == 0 && (tr->param.k_max == 0 || tr->iter < tr->param.k_max)
&& tr->g_norm >= tr->param.eps ) {

/* solve Trust Region Subproblem */

tr->solve_trs( tr->trs );

if ( tr->trs->s_norm < tr->trs->eps * tr->trs->eps )

return -1;

/* obtain information about new point */
get_newpoint_values( tr );

/* trasform to subspace if wanted */
if ( tr->trs->r < tr->param.subsp )
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transform2subspace( tr->trs, tr->n, tr->g_new );

/* adjust Trust Region and update Hessian matrix aproximation */
retval = adjust_TR( tr );

tr->iter++;

return retval;

}

/* adjust Trust Region radius, point, etc... */
int adjust_TR( TRUSTREG *tr )
{

double Pred, Ared;

double *x_new;

double r, retval;

Pred = -1 * tr->aprval;
Ared = tr->cur_objval - tr->new_objval;

r = Ared / Pred;

/* adjust TR and Hessian matrix */
retval = tr->update_Hessian( tr->trs );
if( retval != 0 )

return 1;

tr->trs->s_norm_prev = tr->trs->s_norm;
tr->trs->g_norm_prev = tr->g_norm;
if( r > tr->param.taul ) {

int 1i;

X_new = tr—->x;
tr->x = tr->x_new;
tr->xX_new = X_new;

X_new = tr->g;

tr->g = tr->g_new,;

tr->g_new = x_new;

if ( tr->trs->r >= tr->param.subsp )
tr->trs->g = tr->g;

tr->cur_objval = tr->new_objval;

tr->g_norm = 0;

for( i =0; 1 < tr->n; i++)
tr->g_norm += tr->gl[i] * tr->g[il;

tr->g_norm = sqrt( tr->g_norm );
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if( r < tr->param.taul ) {

tr->trs->delta = tr->param.al * tr->trs->delta;
} else if( r >= tr->param.tau2 )

tr->trs->delta = tr->param.a2 * tr->trs->delta;
return O;

}

/* Update Hessian using BFGS formulae */
int update_Hessian_BFGS( TRS *trs )
{

int i, j;

double cl1, c2;

double *Bs;

MYMALLOC( Bs, trs->r, double );

cl = c2 = 0;
for( i =0; i < trs->r; i++ ) {
Bs[i]l = 0;
for( j = 0; j < trs->r; j++ ) {
if( j <1i)
Bs[i] += trs->B[i][j] * trs->s[j];
else

Bs[i] += trs->B[jI1[i] * trs->s[jl;
}
c2 += trs->s[i] * trs->y[il;
cl += trs->s[i] * Bs[il;

3

/* small cl or c2 => Hessian matrix reinitialization */
if(cl '=cl || c2 1=c2) {
MYFREE( Bs );
return 1;
} else if( fabs(cl) > MYZERO && fabs(c2) > MYZERD ) {
for( i =0; i < trs->r; i++ )
for( j = 0; j <= 1i; j++ ) {
trs->B[i] [j] -= Bs[i] * Bs[j] / cl - trs->y[i] * trs->y[j] / c2;
if ( trs->B[i] [j]1 != trs->B[i]l[j] )
return 1;

b
MYFREE( Bs );

return O;

}
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/* Update Hessian using SR1 formulae */
int update_Hessian_SR1( TRS *trs )

{

/* compute values for new point candidate */

int i, j;
double *y_Bs;
double c;

MYMALLOC( y_Bs, trs->r, double );

/* calculate y - B * s %/

c = 0;

for( i = 0; i < trs->r; i++ )
y_Bs[i] = trs->y[il;

for( j = 0; j < trs->r; j++
if( j <1i)
y_Bs[i] -= trs->B[i] [j]
else

y_Bs[i] -= trs->B[j][i]
}
c += y_Bs[i] * trs->s[il;

3

ifC(c!=c) {
MYFREE( y_Bs );
return 1;

} else if( fabs(c) > MYZERO )
for( i = 0; i < trs->r; i++
for( j = 0; j <= 1i; j++ )
trs->B[i] [j] += y_Bs[i]

{

)

*

{
)
{

*

{
trs->s[j];

trs->s[j];

y_Bs[jl /

if ( trs->B[i] [j]1 != trs->B[i]l[j] )

return 1;

3

MYFREE( y_Bs );
return O;

void get_newpoint_values( TRUSTREG *tr )

{

double v;
int i, j;

cs

/* calculate Aproximation function value */
if ( tr->param.subsp != 0 && tr->trs->r ==
&& tr->trs->r < tr->n ) {
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MYREALLOC( tr->trs->B, tr->n, doublex );
}

if ( tr->trs->r == tr->n )
tr->s = tr->trs->s;

tr->aprval = 0.0;
for( i =0; i < tr->n; i++ ) {

v = 0;
if ( tr->trs->r < tr->param.subsp
|| (tr->param.subsp != 0 && tr->trs->r == tr->param.subsp) )
tr->s[i] = 0;
if ( tr->param.subsp != 0 && tr->trs->r == tr->param.subsp

&& tr->trs->r <= i ) {
MYMALLOC( tr->trs->B[i], i+1, double );
for( j = 0; j < i; j++)
tr->trs->B[i] [j] = 0.0;
tr->trs->B[i] [i] = 1.0;
}

for( j = 0; j < tr->trs->r; j++ ) {
if (i < tr->trs->r ) {

if(§ <i)
v += tr->trs->B[i] [j] * tr->trs->s[j];
else

v += tr->trs->B[j][i] * tr->trs->s[j];
}
if ( tr->trs->r < tr->param.subsp
|| (tr->param.subsp != 0 && tr->trs->r == tr->param.subsp) )
tr->s[i] += tr->trs->Z[i] [j] * tr->trs->s[j];
}
if( i < tr->trs->r ) {
tr->aprval += 0.5 * v * tr->trs->s[i];
tr->aprval += tr->trs->gl[i] * tr->trs->s[i];
}
if ( tr->param.subsp != 0 && tr->trs->r == tr->param.subsp )
MYFREE( tr->trs->Z[i] );
/* new point */
tr->x_new[i] = tr->x[i] + tr->s[il;

3

if ( tr->param.subsp !=0 && tr->trs->r == tr->param.subsp ) {
MYFREE( tr->trs->Z );
MYFREE( tr->trs->y );
tr->trs->s = tr->s;
tr->trs->r = tr->n;
MYMALLOC( tr->trs->y, tr->n, double );
}

/* objective function value and gradient */
tr->new_objval = tr->objvalues( tr->x_new, tr->g_new );
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if ( tr->trs->r >= tr->param.subsp ) {
for( i =0; i < tr->n; i++ )
tr->trs->y[i] = tr->g_new[i] - tr->glil;
if ( tr->param.subsp != 0 )
tr->param.subsp = 0;

/* Init problem */
TRUSTREG *inittr( void )
{

TRUSTREG *1tr;

MYMALLOC( 1tr, 1, TRUSTREG );
/* Null tr parameters */

ltr->n = 0;

1tr->x0 = NULL;
1ltr->x = NULL;
ltr->g = NULL;
1tr->s = NULL;

1ltr->x_new = NULL;
1tr->g_new = NULL;

MYMALLOC( 1ltr->trs, 1, TRS );

ltr->trs->r = 1ltr->n;

ltr->trs->Z = NULL;

ltr->trs->B = NULL;

ltr->trs->g = NULL;

ltr->trs->s = NULL;

ltr->trs->y = NULL;

ltr->trs->delta = ltr->trs->eps = ltr->trs->k = 0;
ltr->trs—>prev_accept = > 7;

ltr->cur_objval = ltr->new_objval = ltr->aprval = ltr->g_norm = O;
1tr->objval = NULL;

ltr->objgrad = NULL;

ltr->solve_trs = NULL;

ltr->update_Hessian = NULL;

ltr->trs->delta = 1.0;

ltr->param.taul = 0.0001;
ltr->param.tau2 = 0.99;
ltr->param.al = 0.25;
ltr->param.a2 = 3.5;

ltr->param.eps = 0.00001;
ltr->param.kwn = 0; /* use BFGS */
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ltr->param.subsp = O; /* don’t use subspace tranformation */
ltr->param.k_max 1000;
ltr->iter = 0;

return ltr;

/* Free tr memory */
void freetr( TRUSTREG *tr )
{

int i;

if ( tr == NULL )
return;

if( tr->trs != NULL ) {
if ( tr->trs->B != NULL ) {
for( i =0; i < tr->n; i++ ) {
if( i < tr->trs->r )
MYFREE( tr->trs->B[i] );
if ( tr->trs->Z != NULL )
MYFREE( tr->trs->Z[i] );
}
MYFREE( tr->trs->B );
if ( tr->param.subsp > tr->trs->r ) {
if( tr->trs->Z '= NULL )
MYFREE( tr->trs->Z );
if( tr->trs->g != NULL )
MYFREE( tr->trs->g );
if( tr->trs->s != NULL )
MYFREE( tr->trs->s );
}
}
}
MYFREE( tr->trs );

if( tr->g != NULL )
MYFREE( tr->g );

if( tr->x != NULL )
MYFREE( tr->x );

if( tr->iter < tr->param.subsp &% tr->s != NULL )
MYFREE( tr->s );

if( tr->x_new != NULL )
MYFREE( tr->x_new );

if ( tr->g_new != NULL )
MYFREE( tr->g_new );

MYFREE( tr );
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/* TR initialization */
int opentr( TRUSTREG *tr, double *xO )
{

int i, j;

if( tr == NULL || tr->n == 0 ) {
printf ("opentr: tr is not correctly defined...\n");
return 1;

}

/* Memory allocation for starting, current and gradient vector */
tr->x0 = x0;

MYMALLOC( tr->x, tr->n, double );

MYMALLOC( tr->g, tr->n, double );

MYMALLOC( tr->x_new, tr->n, double );

MYMALLOC( tr->g_new, tr->n, double );

/* gradient, gradient norm, set up ’iterating’ point x */
tr->cur_objval = tr->objvalues( tr->x0, tr->g );
tr->g_norm = O;
for( i =0; 1 < tr->n; i++ ) {
tr->g_norm += tr->gli] * tr->glil;
tr->x[i] = tr->x0[i];
X
tr->g_norm = sqrt( tr->g_norm );
if( tr->g_norm < tr->param.eps ) {
printf("Already in stationary point, g_norm = %.71f\n", tr->g_norm);
exit(1);
X

/* Hessian matrix aproximation initialization */
if ( tr->trs != NULL ) {
if ( tr->param.subsp > 0 ) {
tr->trs->r = 1;
/* transformation matrix Z, transformed g */
MYMALLOC( tr->trs->Z, tr->n, double * );
MYMALLOC( tr->trs->g, tr->trs->r, double );
*xtr->trs->g = tr->g_norm;
MYMALLOC( tr->s, tr->n, double );
} else {
tr->trs->r = tr->n;
tr->trs->g = tr->g;
tr->trs->Z = NULL;
tr->s = NULL;
}

MYMALLOC( tr->trs->B, tr->trs->r, double * );
for(i=0; i < tr->n; i++ ) {
if( i < tr->trs->r )
MYMALLOC( tr->trs—->B[i], tr->trs->r, double );
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/* Hessian matrix */
for( j = 0; j < tr->trs->r; j++ ) {
if( i < tr->trs->r && j <= 1i ) {

if(i==13)
tr->trs->B[i] [i] = 1.0;
else
tr->trs->B[i] [j] = 0.0;
}
}
/* transformation matrix Z */
if ( tr->param.subsp > 0 ) {
MYMALLOC( tr->trs—>Z[i], tr->trs->r, double );
tr->trs->Z[i] [0] = tr->g[i] / tr->g_norm;
}
}
MYMALLOC( tr->trs->s, tr->trs->r, double );
MYMALLOC( tr->trs->y, tr->trs->r, double );
} else

return 1;

/* Trust Region Algorithm initializations */
if ( tr->param.kwn == 0 )

tr->update_Hessian = update_Hessian_BFGS;
else

tr->update_Hessian = update_Hessian_SR1;

tr->solve_trs = truncated_CG;

return O;

}

/*********************************************************************/

VALL TRSUBPROBLEM. H *xk/
/*********************************************************************/

#include <stdio.h>

#ifndef TRSUBPROBLEM_H
#define TRSUBPROBLEM_H

#define MYZERO 0.00000001

#define MAX(x,y) ( (x) > (y) ? () : (¥ )
#define MIN(x,y) ( (x) < (y) ? () : (y¥) )
#define ABS(x) ( (x) >0 7 (x) : -(x) )

#define SGN(x) ( (x) > 0 7 (1.0) : (-1.0) )

typedef struct trs {

int r;
double **Z; /* subspace transformation matrix */
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double *xB; /* aproximation of Hessian matrix */

double *g; /* current gradient */
double *s; /* trial step solving TR subproblem */
double *y; /* y = g_new - g */

double s_norm; /* trial step norm */
double s_norm_prev;
double g_norm_prev;

int k; /* iterations counter */
double delta; /* initial size of trusted region */
double eps; /* stopping condition */
double v; /* subspace transformation condition */
double mul;
double mu2;
char prev_accept; /* previous acceptation for Z_ k... */

double rho_prev;
} TRS;

extern void truncated_CG( TRS *trs );
extern double get_tau( double *p, double *d, double delta, int n );
extern void transform2subspace( TRS *trs, int n, double *g_new );

#endif

/*********************************************************************/

/xxx TRSUBPROBLEM. C *x%/
/*********************************************************************/

#include <stdio.h>
#include <math.h>

#include "trsubproblem.h"
#include "myalloc.h"

/* Truncated Conjugate Gradient method for TRS */
void truncated_CG( TRS *trs )
{

double *s, *g, *p, *Bs;

double alfa, mu, g_g, gn_gn, sBs, t;

int i, j;

MYMALLOC( s, trs->r, double );
MYMALLOC( p, trs->r, double );
MYMALLOC( g, trs->r, double );
MYMALLOC( Bs, trs->r, double );

/* Cauchy iteration */
trs->k = 0;
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sBs = g_g = 0;

for( i =0; i < trs->r; i++ ) {
trs->s[i] = 0;
g_g += trs->gl[i] * trs->glil;

Bs[i] = 0;
for( j = 0; j < trs->r; j++ ) {
if(i==0)
s[j] = -trs->gljl;
if( j <1i)
Bs[i] += trs->B[i][j] * s[j];
else
Bs[i] += trs->B[j1[i] * s[j];
¥
sBs += s[i] * Bs[il;

}

/* test of solution */
if( sBs <= 0 ) {
trs->s_norm = 0;
t = get_tau( trs->s, s, trs->delta, trs->r );
for( i = 0; i < trs->r; i++ ) {
trs->s[i] += t * s[i];
trs->s_norm += trs->s[i] * trs->s[i];
}

trs->s_norm = sqrt( trs->s_norm );

MYFREE( g );
MYFREE( s );
MYFREE( Bs );
return;

alfa = g_g / sBs;

trs->s_norm = 0;

for( i =0; i < trs->r; i++ ) {
pli]l = alfa * s[i];
trs->s_norm += p[i] * pl[i];

}

trs->s_norm = sqrt( trs->s_norm );

trs->k++;

/* start real iterating */
while( trs->s_norm < trs->delta ) {
/* calculate gradient */

gn_gn = 0;
for( i =0; 1 < trs->r; i++ ) {
gli]l = 0;
for( j = 0; j < trs->r; j++ ) {
if(j <i)
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gli]l += trs->B[i]l[j] * p[jl;
else
gli]l += trs->B[j]1[i] * p[jl;
}
gli]l += trs—>glil;
gn_gn += g[i] * g[il;
}

/* test of end */
if( sqrt(gn_gn) < trs->eps * trs->eps ) {
MYFREE( trs->s );
trs->s = p;
MYFREE( g ) ;
MYFREE( Bs );
return;

}

/* get new point */
mu = gn_gn / g_g;

sBs = 0;
for( i =0; 1 < trs->r; i++ ) {
Bs[i] = 0;
for( j = 0; j < trs->r; j++ ) {
if( i ==0)
s[j] = -glj] + mu * s[j];
if( j <i)
Bs[i] += trs->B[il[j] * s[j];
else

Bs[i] += trs->B[j]1[i] * s[j];
}
sBs += s[i] * Bs[il;

}

/* test of solution */
if( sBs <= 0 ) {
trs->s_norm = 0;
t = get_tau( trs->s, s, trs->delta, trs->r );
for( i =0; i < trs->r; i++ ) {
trs->s[i] +=t * s[i];
trs->s_norm += trs->s[i] * trs->s[i];
}

trs->s_norm = sqrt( trs->s_norm );
MYFREE( g ) ;
MYFREE( s );

MYFREE( Bs );
return;

alfa = gn_gn / sBs;
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trs—->s_norm 0;

for( i = 0; i < trs->r; i++ ) {
trs->s[i] = plil;
plil = p[i] + alfa * s[il;
trs->s_norm += p[i] * p[il;

}

trs->s_norm = sqrt( trs->s_norm );
g-g = gn_gn;

trs->k++;

}

t = get_tau( trs->s, s, trs->delta, trs->r );
trs->s_norm = 0;
for( i =0; i < trs->r; i++ ) {
trs->s[i] += t * s[i];
trs->s_norm += trs->s[i] * trs->s[i];
}

trs->s_norm = sqrt( trs->s_norm );

MYFREE( s );
MYFREE( p );
MYFREE( g );
MYFREE( Bs );

void transform2subspace( TRS *trs, int n, double *g_new )
{

double *u, *z, ro;

double cl1, c2, gnorm;

int i, j, k;

/* reducing Z_k... */
if( fabs(trs->s[trs->r-1]) <= trs->mul * trs->s_norm_prev

&& trs->prev_accept == X’
&& trs->rho_prev < trs->mu2 * trs->g_norm_prev ) {
trs->r -= 1;

}
MYMALLOC( u, trs->r, double );

/* initialize vectors u and z */
gnorm = ro = 0.0;

for( i =0; i < n; i++ ) {
cl = 0.0;
if( i < trs->r )
uli] = 0.0;

for( j =0; j <m; j++ ) A
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if( i < trs->r ) {
ulil += trs—>Z[j]1[i] * g_new[j];

}
/* calculate ro */
if(i==3j)
c2 = 1.0;
else
c2 = 0.0;

for( k = 0; k < trs->r; k++ )
c2 -= trs->Z[i] [k] * trs->Z[j][k];

cl += c2 x g_new[j];

}

ro += cl1 * ci;

gnorm += g_new[i] * g_new[i];

if( i < trs->r ) {
trs->y[i] = uli] - trs->glil;
trs->gli] = ulil;

}

}

ro = sqrt( ro );
gnorm = sqrt( gnorm );

if( ro < trs->v * gnorm ) {

trs->prev_accept = ’ ’;
/* g_new is in subspace defined by Z, nothing happend */
MYFREE( u );

return;

} else {
trs->rho_prev = ro;
trs->prev_accept = ’X’;

3

/* obtain vector z_new = (g_new - Zu) / ro_new */
MYREALLOC( trs->B, trs->r+1, double * );
MYMALLOC( trs->B[trs->r], trs->r+1, double );
for( i =0; i <mn; i++ ) {
/* calculate B */
if( i < trs->r )
trs->B[trs->r] [i] = 0.0;
/* calculate z */
MYREALLOC( trs->Z[i], trs->r+1, double );
z = &trs—>Z[i] [trs->r];
¥z = 0.0;
for( j = 0; j < trs->r; j++ )
*xz += trs->Z[i][j]1 * uljl;
*z = (g_new[i] - *z) / ro;
}

trs->B[trs->r] [trs->r] = 1.0;
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trs->r++;

/* update vectors g and s */
MYREALLOC( trs->g, trs->r, double );
trs->gltrs->r-1] = ro;

MYREALLOC( trs->s, trs->r, double );
trs->s[trs->r-1] = 0;

MYREALLOC( trs->y, trs->r, double );
trs->y[trs->r-1] = ro;

MYFREE( u );

double get_tau( double *p, double *d, double delta, int n )

{
double a, b, ¢, D, v;
double retval;

int i;

a=b=c=0;

for(i=0; i <mn; i++ ) {
a += d[i] * 4[i];
b += p[i] * d[i];
c += pli] * plil;

}

b x= 2;

2
c —= delta * delta;

D=Db*xb -4 % a x c;
v = sqrt( D) - b;
if(v<0)

v *= -1;
retval = v / (2 * a);

return retval;

}
Makefile:

trustregionma.o: trustregionma.c cuter.h libtrustregion.a myalloc.h trustreg.h trsubproblem.h
gcc $(CFLAGS) -c trustregionma.c

trustreg.o: trustreg.c trustreg.h trsubproblem.h myalloc.h
gcc $(CFLAGS) -c trustreg.c

trsubproblem.o: trsubproblem.c trsubproblem.h myalloc.h
gcc $(CFLAGS) -c trsubproblem.c

libtrustregion.a: trustreg.o trsubproblem.o
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ar rcvu libtrustregion.a trustreg.o trsubproblem.o
ranlib libtrustregion.a

clean:
rm -f *.0 *.a trustregion
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trustregionma.c:

/%

CUTEr interface for TRUSTREGION package Jul.22, 2007

* X X X X X *

*/

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#define TRUSTREGION

#ifdef __cplusplus

extern "C" {  /* To prevent C++ compilers from mangling symbols */
#endif

#include "cuter.h"
#include "trustreg.h"
#include "myalloc.h"

/* global data */

typedef struct keyword keyword;

struct keyword {
char *name;
int type; /* types: O - double, 1 - integer, 2 - boolean */
double value;

};

#define KW(a,b,c) {a,b,c}
#define KW_NUMBER 12 /* number of keywords in keyword structure */

static keyword keywds[] = {
Kw("delta", 0, 1.0),
Kw("taul", 0, 0.0001),
Kw("tau2", 0, 0.5),
KWw("al", 0, 0.25),
Kw("a2", 0, 3.5),
KW("eps", 0, 0.00001),
KW("kwn", 1, 0),
KW("subsp", 1, 0),
Kw("v", 0, 0.001),
KW("mul", 0, 0.1),
KW("mu2", 0, 0.3),
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KW("k_max", 1, 10000)
};

static int bad_opns = 0;
static int spec = 0;

/* prototypes */

double objval( double *x );

void objgrad( double *c, double *x );

double objvalues( double *x, double *g );

int read_spc( char *spec_name );

int set_opns( TRUSTREG *tr ) ;

keyword *get_kwtype( char *opt );

void getinfo( integer, integer, doublereal*, doublerealx,
doublereal*, doublereal*, logical*, logicalx,
VarTypes* ) ;

/*
* Global variables used by auxilliary library in ccuter.c

*/

integer CUTEr_nvar; /* number of variables */
integer CUTEr_ncon; /* number of constraints */
/*  part of the Hessian of the Lagrangian */

/* Counters for number of function and derivative evaluations */

int count_f = 0;

int count_g = 0;
Y ettt */
/* ============ */
/* Main program */
/* ============ */

int main( void ) {
TRUSTREG *tr; /* TRUSTREGION data structure */
double *x_new;
int retval;

char *fname = "QUTSDIF.d"; /* CUTEr data file */

integer funit = 42; /* FORTRAN unit number for OUTSDIF.d */
integer iout = 6; /* FORTRAN unit number for error output */
integer ierr; /* Exit flag from OPEN and CLOSE */

VarTypes vtypes;

integer *indvar = NULL, *indfun = NULL, ncon_dummy, nnzj;
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doublereal *x, *bl, *bu, *dummyl, *dummy2;
doublereal *v = NULL, *cl = NULL, *cu = NULL, *c = NULL, *cjac = NULL;
logical *equatn = NULL, *linear = NULL;

char *pname, *vnames, *gnames;

logical efirst = FALSE_, 1lfirst = FALSE_, nvfrst = FALSE_, grad;
logical constrained = FALSE_;

real calls[7], cpul2];

integer nlin = 0, nbnds = 0, neq = 0;

doublereal dummy;

integer status;

int i;

/* Open problem description file OUTSDIF.d */

ierr = 0;

FORTRAN_QOPEN( &funit, fname, &ierr );

if( ierr ) {
printf ("Error opening file OUTSDIF.d.\nAborting.\n");
exit(1);

}

/* Determine problem size */
CDIMEN( &funit, &CUTEr_nvar, &CUTEr_ncon );

/* Determine whether to call constrained or unconstrained tools */

if ( CUTEr_ncon ) {
constrained = TRUE_;
printf ("TRUSTREGION solve only unconstrained problems...\nAborting\n");
exit(1);

}

/* Seems to be needed for some Solaris C compilers */
ncon_dummy = CUTEr_ncon + 1;

/* Reserve memory for variables, bounds, and multipliers */
/* and call appropriate initialization routine for CUTEr x*/

MALLOC( x, CUTEr_nvar, doublereal );
MALLOC( bl, CUTEr_nvar, doublereal );
MALLOC( bu, CUTEr_nvar, doublereal );

MALLOC( equatn, 1, logical )

MALLOC( linear, 1, logical )

MALLOC( cl, 1, doublereal );

MALLOC( cu, 1, doublereal );

USETUP( &funit, &iout, &CUTEr_nvar, x, bl, bu, &CUTEr_nvar );

/* now we can start to define the problem for TRUSTREGION */
tr = inittr();
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tr->n = CUTEr_nvar;

bad_opns = read_spc( "TRUSTREGION.SPC" );

if( bad_opns != 0 ) {
printf ("Error in TRUSTREGION.SPC, line %d\n", bad_opns);
return O;

3

retval = set_opns( tr );

if( retval !'= 0 ) {
printf ("TRUSTREG.SPC not correctly defined( check out numbers... ).\n");
return O;

X
tr->objvalues = objvalues;

/* TR parameters description */
printf ("parameters: \n");

printf (" delta = %.81f\n", tr->trs->delta);
printf (" taul = %.81f\n", tr->param.taul);
printf (" tau2 = %.81f\n", tr->param.tau2);
printf (" al = %.81f\n", tr->param.al);
printf (" a2 = %.81f\n", tr->param.a2?);
printf (" eps = %.81f\n", tr->param.eps);
if( tr->param.kwn == 0 )

printf (" kwn = BFGS\n");
else

printf (" kwn = SRi\n");
printf (" subsp = %d\n", tr->param.subsp);
printf (" k_max = %d\n\n", tr->param.k_max);

/* SOLVE TR PROBLEM */

retval = opentr( tr, x );

if( retval !'= 0 ) {
printf ("Error in opentr...\n");
exit(1);

}

status = solvetr( tr );

/* 0Obtain basic info on problem */
/* Output some TRUSTREGION info */
printf( "# Iterations\t)-5d\n", tr->iter );
printf( "# Eval f(x) \t%-6d\n", count_f );
printf( "# Eval g(x) \t%-6d\n", count_g );

/* Get problem name */
MALLOC( pname, FSTRING_LEN+1, char );
MALLOC( vnames, CUTEr_nvar*(FSTRING_LEN+1), char );
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if( constrained ) {
MALLOC( gnames, CUTEr_ncon*(FSTRING_LEN+1), char );
CNAMES( &CUTEr_nvar, &CUTEr_ncon, pname, vnames, gnames );
FREE( gnames ) ;

} else {
UNAMES( &CUTEr_nvar, pname, vnames ) ;

}

FREE( vnames );

/* Make sure to null-terminate problem name */
pname [FSTRING_LEN] = ’\0’;
i = FSTRING_LEN - 1;
while( i-- > 0 && pname[i] == > ’) {
pname[i] = ’\0’;
}

equatn[0] = FALSE_;

linear[0] = FALSE_;

getinfo( CUTEr_nvar, 1, bl, bu, cl, cu, equatn,
linear, &vtypes );

/* Get CUTEr statistics */
CREPRT( calls, cpu );

printf ("\n\n sskskkskskksxkkkxkkkkkkkkx CUTEr statistics sxskksxskkkskkkkkkkkkkkkkx\n\n") ;

printf (" Code used : TRUSTREGION\n");

printf (" Problem : %-s\n", pname);

printf (" # variables = %-10d\n", CUTEr_nvar);
printf (" # constraints = %-10d\n", CUTEr_ncon);
printf (" # linear constraints = %-10d\n", vtypes.nlin);
printf (" # equality constraints = %-10d\n", vtypes.neq);
printf (" # inequality constraints= %-10d\n", vtypes.nineq);
printf (" # bound constraints = %-10d\n", vtypes.nbnds) ;
printf (" # objective functions = %-15.7g\n", calls[0]);
printf (" # objective gradients = %-15.7g\n", calls[1]);
printf (" # objective Hessians = %-15.7g\n", calls[2]);
printf (" # Hessian-vector prdct = %-15.7g\n", calls[3]);
printf (" # constraints functions = %-15.7g\n", calls[4]);
printf(" # constraints gradients = %-15.7g\n", calls[5]);
printf (" # constraints Hessians = %-15.7g\n", calls[6]);
printf (" Exit code = %-10d\n", status);

printf (" Final f = %-15.7g\n",tr->cur_objval);
printf(" Final g_norm = %-15.7g\n", tr->g_norm);
printf (" Set up time = %-10.2f seconds\n", cpul[0]);
printf (" Solve time = %-10.2f seconds\n", cpul1]);

PTAntE (" skxskkokkokkokkokkokkokkokokokkokkokkokokookokok ok kokok o okokokkok ok ok skokok ok ok ok bRk ok ok kokkokk \n \n" ) ;

ierr = 0;
FORTRAN_CLOSE( &funit, &ierr );
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if( ierr ) {
printf( "Error closing %s on unit %d.\n", fname, funit );
printf( "Trying not to abort.\n" );

}

/* Free workspace */

FREE( pname ) ;

FREE( x ); FREE( bl ); FREE( bu );
FREE( v ); FREE( cl1 ); FREE( cu );
/* Free unneeded arrays */

FREE( equatn );

FREE( linear );

freetr( tr );

return O;
}
[k mm *x/
/* Interface-specific functions x/
K *x/

#ifdef __FUNCT__

#undef __FUNCT__

#endif

#define __FUNCT__ "objval"

double objval( double *x ) {
logical grad = FALSE_;

doublereal *dummy, f;
count_f++;

UFN( &CUTEr_nvar, x, &f );
return f;

}

#ifdef __FUNCT__

#undef __FUNCT__

#endif

#define __FUNCT__ "objgrad"

void objgrad( double *c, double *x ) {
logical grad = TRUE_;
doublereal fdummy;

count_g++;

UGR( &CUTEr_nvar, x, C );
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return;

}

#ifdef __FUNCT__

#undef __FUNCT__

#endif

#define __FUNCT__ "objvalues"

double objvalues( double *x, double *g ) {
logical grad = TRUE_;

doublereal f£f;
count_f++; count_g++;

UOFG( &CUTEr_nvar, x, &f, g, &grad );
return f;

#ifdef __FUNCT__
#undef __FUNCT__
#endif
#define __FUNCT__ "read_spc"
int read_spc( char *spec_name )
{
keyword *kw;
char *CUTEr_loc;
char *Spec_loc;
char specline[80];
char option[15], val[15], comment [50];
char *valptr, *si;
int i, j;
FILE *specfile;
int s;

spec = 1;

/* open the specs file */
specfile = fopen(spec_name, "r");
if ( specfile == NULL ) {
printf("File %s does not exist... \n", spec_name);
exit(1);
}
fgets( specline, 80, specfile );
s sscanf (specline, "Ysls%s", option, val, comment);
i=0;

/* read the specs file by lines */
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while( s && !'feof(specfile) ) {
i++;

if ( (option[0] >= ’a’ && option[0] <= ’z’)
[l Coption[0] >= ’A’ && option[0] <= °Z°) ) {
kw = get_kwtype( option );
if( kw == NULL ) { /* bad option */
bad_opns++;
fclose( specfile );
return i;

}

switch( kw->type ) {
case O:
valptr = val+0;
kw->value = strtod(sl=valptr, &valptr);
if( valptr == s1 ) {
fclose( specfile );
return i;
}
break;
case 1:
valptr = val+0;
kw->value = atoi(sl=valptr);

break;
}
} else {
if( option[0] != ’x’ ) { /* comment */
fclose( specfile );
return i;
}
}

fgets( specline, 80, specfile );
s = sscanf (specline, "¥sY%s%s", option, val, comment);

3

fclose(specfile);
return 0;

}

#ifdef __FUNCT__
#undef __FUNCT__
#endif
#define __FUNCT__ "get_kwtype"
keyword *get_kwtype( char *opt )
{

keyword *kw = keywds;

keyword *kwl;
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int i, retval;

for( i = 0; i < KW_NUMBER; i++ ) {
retval = strcmp( opt, kw[i].name );
if ( retval == 0 ) {
kwl = kw+i;
return kwi;
}
}

return NULL;

#ifdef __FUNCT__
#undef __FUNCT__
#endif

#define __FUNCT "set_opns"
int set_opns( TRUSTREG *tr )
{

keyword *kw = keywds;

tr->trs->delta = kw->value;

if ( kw->value <= 0 ) /* delta */
return 3;

kw++;

tr->param.taul = kw->value;

if ( kw->value < 0 ) /* trusted region extension */
return 4;

kw++;

tr->param.tau2 = kw->value;

if ( kw—>value <= 0 ) /* reduction ratio criterion for TR */
return 5;

kw++;

tr->param.al = kw->value;

if ( kw->value <= 0 ) /* TR reduction */
return 6;

kw++t;

tr->param.a2 = kw->value;

if ( kw->value <= 0 ) /* TR reduction */
return 7;

kw++;

tr->trs->eps = tr->param.eps = kw->value;
if ( kw->value <= 0 ) /* TR reduction */
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return 8;
kw++;

tr->param.kwn = kw->value;

if ( kw->value < 0 || kw->value > 1 ) /* kwn algorithm */
return 9;

kw++;

tr->param.subsp = MIN( kw->value, tr->n );

if ( kw->value < 0 ) /* ratio of subspace transformation */
return 10;

kw++;

tr->trs->v = kw->value;

if ( kw->value < 0 ) /* trasnformation criterion parameter */
return 11;

kw++;

tr->trs->mul = kw->value;

if ( kw->value < 0.0 || kw->value >= 0.2 ) /* trasnformation criterion parameter */
return 12;

kw++;

tr->trs->mu2 = kw->value;

if ( kw->value < 0.2 || kw->value >= 1.0 ) /* trasnformation criterion parameter */
return 13;

kw++;

tr->param.k_max = kw->value;
if ( kw—>value < 0 ) /* maximum number of iterations */
return 12;

return O;

}

void getinfo( integer n, integer m, doublereal *bl, doublereal *bu,
doublereal *cl, doublereal *cu, logical *equatn, logical *linear,
VarTypes *vartypes )

int i;

vartypes->nlin = 0; vartypes->neq = 0; vartypes—->nbnds = 0; vartypes—->nrange = 0;
vartypes->nlower = 0; vartypes->nupper = 0; vartypes->nineq = 0;
vartypes->nineq_lin = 0; vartypes->nineq_nlin = O;

vartypes—->neq_lin = 0; vartypes->neq_nlin = 0;

for( i = 0; i < nj; i++ )
if ( bl[i] > -CUTE_INF || bu[i] < CUTE_INF ) vartypes->nbnds++;
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for( i = 0; i < mj i++ ) {
if( linear[i] ) vartypes->nlin++;
if( equatn([i] ) {
vartypes—->neqt+;
if( linear[i] )
vartypes—>neq_lin++;
else
vartypes—->neq_nlint++;
} else {
if( c1[i] > -CUTE_INF ) {
if( culi] < CUTE_INF )
vartypes->nrange++;
else
vartypes—>nlower++; vartypes->nineq++;
} else {
if ( culi] < CUTE_INF )
vartypes—->nupper++; vartypes—->nineqt+;
X
if( tequatn[i] && linear[i] ) {
vartypes—->nineq_lin++;
} else {
vartypes—>nineq_nlin++;
X
3
}
return;

}

#ifdef __cplusplus

} /* Closing brace for extern "C" block */
#endif

trustreg:

#!/bin/csh -f

# ( Last modified on 23 Dec 2000 at 17:29:56 )

#

# trustreg: apply TRUSTREGION to a problem and delete the executable after use.
#

#{version}

#

#{args}

#{cmds}

#

# Environment check

#

envcheck
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if ( $status !'= 0 ) exit $status

#
# define a short acronym for the package to which you wish to make an interface
#

setenv caller trustreg
setenv PAC trustregion

define the name of the subdirectory of $CUTER/common/src/pkg
in which the package lies

H OH H

setenv PACKAGE trustregion

#
# Check the arguments
#

set PRECISION = "double"
@ decode_problem = 0

@ last=$#argv

Q i=1

while ($i <= $last)
set opt=$argv[$il

if ("$opt" == ’-s’)then
set PRECISION = "single"

else if ("$opt" == ’-decode’ ) then
@ decode_problem = 1

else if ("$opt" == ’-h’ || "$opt" == ’--help’ )then
$MYCUTER/bin/helpmsg
exit O

endif

Q i++

end

define the system libraries needed by the package
using the format -lrary to include library.a

H OH H H

setenv SYSLIBS "-ltrustregion"

# define the name(s) of the object file(s) (files of the form *.0)

# and/or shared-object libraries (files of the form lib*.so)

# and/or libraries (files of the form lib*.a) for the TRUSTREGION package.
# Object files must lie in

# $MYCUTER/ (precision) /bin
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while libraries and/or shared-object libraries must be in

$MYCUTER/ (precision) /1ib
where (precision) is either single (when the -s flag is present) or
double (when there is no -s flag)

H OH H B H

setenv PACKOBJ ""

define the name of the package specification file (if any)
(this possibly precision-dependent file must either lie in
the current directory or in $MYCUTER/common/src/pkg/$PACKAGE/ )

H O HF

setenv SPECS "TRUSTREGION.SPC"

# this is where package-dependent commands (using the commands defined
# in the current system. (your system) file) may be inserted prior to
# decoding the problem file

# decode the problem file

#{sifdecode}
if ( $decode_problem == 1 ) then
if ( $?MYSIFDEC ) then
$MYSIFDEC/bin/sifdecode $argv
if ( $status != 0 ) exit $status

else
echo " ${caller} : environment variable MYSIFDEC not set"
echo " Either SifDec is not installed or you"
echo " should properly set MYSIFDEC"
exit 7
endif
endif

# this is where package-dependent commands (using the commands defined
# in the current system.(your system) file) may be inserted prior to
# running the package

# run the package, removing -decode option if present

if ( $decode_problem == 1 ) then
@ n = ${#targv} - 1
ei=1
set arguments = ’’
while( $i <= $n )
if ( "$argv[$i]" != ’>-decode’ ) then
set arguments = ( "$arguments" "$argv[$i]" )
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endif
Q i++
end
else
set arguments = "$argv"
endif

$MYCUTER/bin/runpackage $arguments -n -c
if ( $status != 0 ) exit $status

# this is where package-dependent commands (using the commands defined
# in the current system.(your system) file) may be inserted to clean
# wup after running the package

sdtrustreg:

#!/bin/csh -f

# sdtrustreg: script to decode a sif file and then run TRUSTREGION on the output
# ( Last modified on 22 Jul 2007 at 16:31:52 )

#

#{version}

#

#{args}
#{cmds}

#
# define a short acronym for the package to which you wish to make an interface
#

setenv caller sdtrustreg
setenv PAC trustreg

#
# Check the arguments
#

set PRECISION = "double"
@ decode_problem = 0

Q@ last=$#argv

Q i=1

while ($i <= $last)
set opt=$argv[$il

if ("$opt" == ’-s’)then
set PRECISION = "single"
else if ("$opt" == ’-decode’ ) then
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@ decode_problem = 1

else if ("$opt" == ’-h’ || "$opt" == ’--help’ )then
$MYCUTER/bin/helpmsg
exit O
endif
Q i++
end

if ( $decode_problem == 0 ) then

set arguments = (’-decode’ "$argv[1-$last]")
else

set arguments = ("$argv[1-$last]")
endif

# call main script

${PAC} ${arguments}

o4



