
PIPS : un système d’analyse, de transformation et de compila tion de
programmes scientifiques

Corinne Ancourt

Fabien Coelho

François Irigoin

Ronan Keryell



























@cri.ensmp.fr

et moult autres contributeurs

—

Centre de Recherche en Informatique de

l’École des Mines de Paris

22 février 2008



0-1



Introduction

PIPS = Paralléliseur Interprocédural de Programmes
Scientifiques

• Projet démarré en 1988 avec financement DRET, puis
ESPRIT, CNRS & École des Mines

• Faire avancer l’état de l’art

◮ Analyse sémantique

◮ Parallélisation & vectorisation automatique

 Effet de bord : contribution séminale à « l’école

française polyédrique »�
• Franchir le mur de l’interprocéduralité

• Travailler sur des programmes réels

◮  Fortran ,
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Aujourd’hui...

• Ouverture du cadre de la parallélisation

• Programmes complets

• Interprocédural

• Analyse rétro-ingéniérie & vérification

• Transformations

• Compilation

• Optimisation (parallélisation = cas particulier)

• Faciliter le développement d’outils et extensibilité
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Optimisation de code

Motivation économique

• Coût d’exécution, latence, taille des modèles 3D, faisabilité

ց coût d’exécution ⇒ ց coût de maintenance matériel, ց
coût d’administration,...

• Potentiel croissant : options de compilation, ILP, localité,

parallélisme gain de 1,2 en 1978, de 2 à 5 en 1998

• Accélération de 2 = 18 mois time-to-market

• Choix de l’architecture matérielle (PE, SoC, MP-SoC...)

• SAGEM, IBM, LMC, RP-RORER,...
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Exemples : l’expérience du CRI

À la main ou automatiquement :

• Codes industriels : SAGEM, Renault, KFA, IFP, CEA,

RP-RORER

• Académiques : ENSMP/CIG, CG

• Cell, GPGPU, IBM SP2, CRAY T3D, Suns, Maspar,

Convex MPP1200

Alliant, CRAY YMP, TMC CM5, IBM 3090...

• Gains de 2 à 50 en séquentiel

• Gains de 2 à 16 000 en parallèle (selon machine !)
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IFP : propagation d’ondes sismiques 2D

• IBM SP2, Power2

• Gain séq : 2,5 (= 110 Mflop/s)

◮ Re-parenthésage d’une

expression

◮ Déroulage d’une boucle (4)

◮ Ordonnancement des calculs

• HPF : gain de 2,5 (4 PE, avec

I/O)
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IFP : propagation d’ondes sismiques 2D

!hpf$ independent

DO J = 3,NP-2

!hpf$ independent

DO I = 3, NP-2

U(I,J,KP) =

(2. * U(I,J,KM) - U(I,J,KP))

- V(I,J) * ( 60. * U(I,J,KM)

+ (U(I+2,J,KM) + U(I-2,J,KM)

+ U(I,J-2,KM) + U(I,J+2,KM))

- 16. * (U(I+1,J,KM) + U(I-1,J,KM)

+ U(I,J-1,KM) + U(I,J+1,KM)))

ENDDO

ENDDO
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Comparaison d’empreintes digitales

• Traitement d’empreintes par logiciel

• Portage/optimisation : SUN, IBM, Maspar MP2, Convex,

MMX, SSE...

• Gain séquentiel : 10, parallèle 16 000

◮ Compactage des données, ILP, pipeline logiciel

◮ Ordonnancement et fusion de boucles
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Comment optimiser ?

1. Analyse de l’application : complexité,...

2. Changements d’algorithmes (en amont)

e.g. méthode directe → gradient conjugué

3. Utilisation de librairies optimisées

IMSL, Lapack, ESSL, ScaLapack, P-ESSL

4. Options de compilation

IBM xlf : +150 options et sous-options !

5. Transformations de programmes

◮ Selon langage, application, architecture

◮ Futurs pragma ou options de compilation
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Pourquoi de tels gains ?

• Processeurs : moult unités fonctionnelles, chargements

doubles ou SIMD, multicœurs...

• Hiérarchie mémoire : ordres de grandeur en temps d’accès

registre (0) ↔ cache 1 (3) ↔ cache 2 (10) ↔ mémoire (80)

↔ mémoire distante (1000) ↔ disque (1000000)...

• Multiprocesseurs : volumes de mémoire et de cache plus

grands parfois effets superlinéaires
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Techniques utilisées avec PIPS

Validité, décision, application

• Inversion, fusion, distribution... de boucles

• Tiling des itérations

• Restructuration du contrôle

• Restructuration d’expressions

• Annotations HPF pour le parallélisme : HPFC

• Annotation pour la distribution (PHRASE, SAFESCALE,

FREIA)
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Importance de l’automatisation

Problèmes :

• Connaissances très spécifiques nécessaires

• Dégradation de la qualité du source optimisé...

• Portabilité des optimisations ?

Conséquences :

• Coût de développement et coût de maintenance (KLOCs)

• Source à source (PIPS)

• Éventuellement assistée de conseils (pragma)

Conclusion : importance de l’automatisation
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Plan

� Rétro-ingéniérie

• Compréhension de code

• Simplification de code

• Spécialisation de code

• Vérification, test, preuve

� Synthèse de code & compilation de spécifications

� Optimisation d’expressions

� Environnement de développement
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Compréhension de code

Motivation économique

• Beaucoup de codes existent dans l’industrie

• Capital souvent important (100k-1M lignes)

• Coûts importants en maintenance et évolution

• Estimation des coûts de maintenance contre coûts de

développement

• Vérification de programme, certification, test

• Vérification de codes importés : parallélisme, débordement

de tableau

• Détections d’erreurs (allocation,...)
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Compréhension de code

• Utile pendant tout le cycle de vie : codage, mise au point,

optimisation, certification, maintenance, réingéniérie

• Bug de l’an 2000

• EDF, CEA-DAM

Outils de rétro-ingéniérie nécessaires
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Graphe d’appel

• Indispensable pour

appréhender un gros code

• Outil de navigation
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Signature — D

Détection de passage de paramètres cachés

C <T(PHI1,PHI2,PHI3)-IN-EXACT-{PHI1==J, PHI1==JP, KP<=PHI2+1,

C PHI2<=KP, L<=PHI3, PHI3<=2+L, K==KP-1, 2<=J, 3<=KP}>

REAL*4 FUNCTION D(J,K,JP,KP)

C*****************************************

C CALCULE D=DISTANCE

C*****************************************

C

INTEGER J,K,JP,KP,L

REAL*4 D,T(1:52,1:21,1:60)

COMMON /CNI/ L

COMMON /CT/ T

...
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Signature — CR2CNF
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Signature de INVFRO

• Aucune valeur de Z1, Z2 ou Z3 nécessaire (pas de région

IN)

• Aucune valeur de Z1, Z2 ou Z3 utilisé ultérieurement (pas

de région OUT)

• Utilisation localisée du COMMON /TOTO/ par rapport à

l’application complète CR2CNF
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Privatisation

• Cerner la durée de vie de variables scalaires ou tableaux

 structuration & modularité

• Transformation de programme sur scalaires, tableaux,
COMMONs

SUBROUTINE INVFRO(A,AF,Y,N,NC,X,Z,NP)

REAL*8 Z2_P(1:640) ,Z1_P(1:640) ,A(1:N,1:N,1:3),AF(1:N,1:N,1:

&Y(1:N,1:NC),X(1:N,1:NC),Z(1:N),Z1(1:640) ,Z2(1:640) ,Z3(1:640)

COMMON /TOTO/ Z1 ,Z2 ,Z3

Remplacement des références à Z1 & Z2 par Z1_P & Z2_P
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ICFG : Graphe d’appel décoré

EXTRMAIN

if

then

C <T(PHI1,PHI2,PHI3)-R-MAY-{J1<=PHI1, PHI1<=JA, 1<=PHI2, PHI2<=3+K1,

C PHI2<=21, J2==2JA-1, 2<=J1, 2<=K1}>

C <T(PHI1,PHI2,PHI3)-W-MAY-{PHI2==1, J1<=PHI1, PHI1+1<=2JA,

C 3+NC<=PHI3, PHI3<=5+NC, J2==2JA-1, 2<=J1, J1<=JA, 2<=K1}>

EXTR

do J

C <T(PHI1,PHI2,PHI3)-R-EXACT-{PHI1==J, PHI1==JP, KP<=PHI2+1,

C PHI2<=KP, L<=PHI3, PHI3<=2+L, K==KP-1, 2<=J, 3<=KP}>

D

C <T(PHI1,PHI2,PHI3)-R-EXACT-{PHI1==J, PHI1==JP, KP<=PHI2+1,

C PHI2<=KP, L<=PHI3, PHI3<=2+L, K==KP-1, 2<=J, 3<=KP}>

D

C <T(PHI1,PHI2,PHI3)-R-EXACT-{PHI1==J, PHI1==JP, KP<=PHI2+1,

C PHI2<=KP, L<=PHI3, PHI3<=2+L, K==KP-1, 2<=J, 3<=KP}>
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ICFG : Graphe d’appel décoré

D

enddo

endif
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Distribution & vectorisation

do i = ...

a(i) = ...

b(3*i + 4) = ...

enddo

 
a(1:1000) = ...

b(7:3004:3) = ...

• Effet de bord de la vectorisation

• Casser des grosses boucles en instructions élémentaires

• Retrouver formalisme mathématique à base de vecteurs &

matrices
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Parallélisation & Détection des conflits

• Code parallélisé ≡ manipulation point à point de champs

de données

• Parallélisation ≡ slicing par indépendance des itérations...

• Détection des conflicts entre itération : régions Read &

Write, AILE :EXTR
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Parallélisation & Détection des conflits

DO 300 J = J1, JA

C <T(PHI1,PHI2,PHI3)-R-EXACT-{J==PHI1, PHI1<=52, K<=PHI2, PHI2<=1+K,

C PHI2<=21, L<=PHI3, 1<=PHI3, PHI3<=2+L, PHI3<=60, J2==2JA-1,

C K==K1, L==NI, J1<=J, J<=JA, 2<=J1, 2<=K}>

S1 = D(J, K, J, K+1)

...

C <T(PHI1,PHI2,PHI3)-W-EXACT-{PHI1==J, PHI2==1, PHI3==NC+3,

C J2==2JA-1, K==K1, L==NI, J1<=J, J<=JA, 2<=J1, 2<=K1}>

T(J,1,NC+3) = S2*S3/((S1-S2)*(S1-S3))

...

C <T(PHI1,PHI2,PHI3)-R-EXACT-{PHI1==J, PHI2==1, PHI3==NC+3,

C J+JH==J1+2JA-1, J2==2JA-1, K==K1, L==NI, J1<=J, J<=JA, 2<=J1,

C 2<=K1}>

C <T(PHI1,PHI2,PHI3)-W-EXACT-{PHI1==JH, PHI2==1, PHI3==NC+3,

C J+JH==J1+2JA-1, J2==2JA-1, K==K1, L==NI, J1<=J, J<=JA, 2<=J1,

C 2<=K1}>

T(JH,1,NC+3) = T(J,1,NC+3)
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Parallélisation & Détection des conflits

300 CONTINUE
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Parallélisation & Détection des conflits

• Privatisation dans une itération (régions In/Out) +
parallélisation à gros grain (régions Read/Write). OA118

CHPF$ INDEPENDENT, NEW(JI,JE,I,O(1:NFAC),PHW(1:NFAC))

DO 998 J = 1, NKJ

CALL PHWAK(PHW, J)

CALL GRAD1(PHW, O)

CHPF$ INDEPENDENT, NEW(JI,JE)

DO 116 I = 1, NKJ

JE = JEX(I)

JI = JIX(I)

IF (1.LE.JE.AND.JE.LE.NFAC.AND.1.LE.JI.AND.JI.LE.NFAC)

& CC(J,I) = O(JE)-O(JI)

116 CONTINUE

998 CONTINUE
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Vérification, preuve, génération de tests

Motivation économique

• Coût des tests (Ariane 4 Ariane 5)

• Coût de développement

• Aérospatiale, Dassault-Aviation, EDF, ESA,...
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Calculs d’invariants

• Compréhension avec expressions symboliques

• Préconditions sur les variables scalaires entières

• Détection des variables inductives

• Complexité : O(N2M) 2 boucles en N & 1 en M

imbriquées, preuve de terminaison
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Invariants

• Compréhension

• Extraction d’invariants

• Bornes sur variables

• Preuves de propriétés

• Optimisation & spécialisation : élimination de code mort,

évaluation partielle,...

Exemple de système de transition : 1 producteur (b) & 2

consommateurs (o1 & o2)
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Espace d’états pour producteur consommateur

Invariant

A = O1 + O2 + B + I

O1 O2 B I

A

Consommé Consommé Produit À produire
par O1 par O2

Bonne terminaison quand tout a été produit et que le buffer est

vide

A = O1 + O2
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Producteur consommateur — PCPUGH
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Producteur consommateur — PCPUGH

program pcpugh

c producer-consumer algorithm

integer a, i, b, o1, o2

real x

data b, o1, o2 /0, 0, 0/

c Ask for the production amount

read *, a

if (a.lt.1) then

stop

endif

i = a

do k = 1, n

c External event: 0,1,2

read *, x

if (x.gt.1.) then

c Producer

if (i.gt.0) then

i = i - 1

b = b + 1

endif

else if (x.lt.1.) then

c Consumer 1

if (b.gt.0) then

o1 = o1 + 1

b = b - 1

endif

else

c Consumer 2

if (b.gt.0) then

o2 = o2 + 1

b = b - 1

endif

endif

if (i.eq.0 .and. b.eq.0) then

print *,’The End’,o1,o2,a

endif

enddo

end
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Terminaison producteur/consommateur

PROGRAM PCPUGH

...

DO K = 1, N

C P(A,B,I,K,O1,O2) {B+I+O1+O2==A, 1<=A,

C B+2O1+2O2+1<=K, 0<=B+O1+O2,

C 1<=K, K<=N, 0<=O1, 0<=O2}

...

IF (I.EQ.0.AND.B.EQ.0) THEN

C P(A,B,I,K,O1,O2) {O1+O2==A, B==0, I==0,

C 1<=A, A+O1+O2<=K, K<=N,

C O1+O2+1<=K, 0<=O1, 0<=O2}

PRINT *, ’The End’, O1, O2, A

ENDIF

ENDDO

Les invariants peuvent être

réinterprétés :

• 0 ≤ B+O1+O2 ⇐⇒ I ≤ A

• 0 ≤ O1, 0 ≤ O2 ⇐⇒
B + I ≤ A

• B+2×O1+2×O2+1 ≤ K :

nombre de transitions

effectuées < nombre de

transitions essayées
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Simplification de code

• Élimination des « scories » de mise au point dans les vieux

codes

• Renormalisation (graphe de contrôle, détection de

boucles)

• Adaptation du logiciel à son utilisation réelle

• Facilite la rétro-ingéniérie
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Restructuration du graphe de contrôle

d
a
V
in
ci

V
2.

0.
1

THEN

      WRITE (6, 1010) TXXXIN, TXXOUT, TXXRCS, TXXCSR, TXSCSC, TXACAC    0615
     &, TFTVMT, TXSHUF, TUSHUF, TXPRNT, TXLOG2                          0615
      WRITE (6, 1012) EXXRCS, EXXCSR, EXSCSC, EXACAC, EFTVMT            0616
      WRITE (6, 1020) NXXXIN, NXXOUT, NXXRCS, NXXCSR, NXSCSC, NXACAC    0617
     &, NFTVMT, NXSHUF, NUSHUF, NXPRNT, NXLOG2                          0617
C                                                                       
      CALL BUG(’AFTER  ALL’)                                            0618
1010  FORMAT(/2X,’SUBROUTINE    IN, EX−TIME FOR FIRST CALL =’,1PE13.6,’ 
     &SECONDS’/2X,’SUBROUTINE   OUT, EX−TIME FOR FIRST CALL =’,1PE13.6/2
     &X,’SUBROUTINE   RCS, EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUT
     &INE   CSR, EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE  SCSC,
     & EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE  ACAC, EX−TIME F
     &OR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE FTRVMT EX−TIME FOR FIRST C
     &ALL =’,1PE13.6/2X,’SUBROUTINE  SHUF, EX−TIME FOR FIRST CALL =’,1PE
     &13.6/2X,’SUBROUTINE UNSHUF EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’S
     &UBROUTINE RPRINT EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE 
     &XLOG2, EX−TIME FOR FIRST CALL =’,1PE13.6)                         0619
1012  FORMAT(/2X,’SUBROUTINE   RCS, EX−TIME LAST TIMESTEP  =’,1PE13.6,’ 
     &SECONDS’/2X,’SUBROUTINE   CSR, EX−TIME LAST TIMESTEP  =’,1PE13.6/2
     &X,’SUBROUTINE  SCSC, EX−TIME LAST TIMESTEP  =’,1PE13.6/2X,’SUBROUT
     &INE  ACAC, EX−TIME LAST TIMESTEP  =’,1PE13.6/2X,’SUBROUTINE FTRVMT
     & EX−TIME LAST TIMESTEP  =’,1PE13.6)                               0620
1020  FORMAT(/2X,’SUBROUTINE    IN, CUMULATIVE CALLS TO    =’,I12/2X,’SU
     &BROUTINE   OUT, CUMULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE   RCS
     &, CUMULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE   CSR, CUMULATIVE C
     &ALLS TO    =’,I12/2X,’SUBROUTINE  SCSC, CUMULATIVE CALLS TO    =’,
     &I12/2X,’SUBROUTINE  ACAC, CUMULATIVE CALLS TO    =’,I12/2X,’SUBROU
     &TINE FTRVMT CUMULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE  SHUF, CU
     &MULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE UNSHUF CUMULATIVE CALLS
     & TO    =’,I12/2X,’SUBROUTINE RPRINT CUMULATIVE CALLS TO    =’,I12/
     &2X,’SUBROUTINE XLOG2, CUMULATIVE CALLS TO    =’,I12)              0621
C                                                                       
      CALL CPUTIM(CPU2)                                                 0622
      CALL ELAPSE(TCLCK2)                                               0623
C                                                                       
      TWALL = MOD(TCLCK2−TCLCK1+1000000.0, 1000000.0)                   0624
      WRITE (6, 1040) TWALL                                             0625
1040  FORMAT(/2X,’MEASURE OF WALL−CLOCK TIME (ENVIRONMENT SENSITIVE)’/2X
     &,’FOR EXECUTION ONLY =’,1PE13.6,1X,’SECONDS’)                     0626
      WRITE (1, *)                                                      0627
      WRITE (1, *) ’ELAPSED CPU TIME IN SECONDS: ’, CPU2−CPU1           0628
C MFLOPS RATE = MFLOP 1 CPU CRAY X−MP/CPU TIME                          
      WRITE (1, *) ’MFLOPS RATE: ’, 1657.863/(CPU2−CPU1)                0629
      WRITE (1, *) ’ELAPSED WALLCLOCK TIME IN SECONDS: ’, TWALL         0630
      WRITE (1, 9992)                                                   0631
      WRITE (1, 9995) (CDAT(I), I = 1, 15)                              0632
      VALID = 1                                                         0633
      DO 7 I = 1, 15                                                    0634
         IF (I.EQ.3.OR.I.EQ.13) THEN                                    0635
            IF (ABS(CDAT(I)).GT.ABS(VDAT(I))) VALID = 0                 0636
         ELSEIF (ABS(VDAT(I)−CDAT(I)).GT.ABS(.01*VDAT(I))) THEN         0635
            VALID = 0                                                   0639
         ENDIF
7        CONTINUE                                                       0640
C                                                                       
      IF (VALID.EQ.1) THEN                                              0641
         WRITE (1, 9993)                                                0642
      ELSE
         WRITE (1, 9994)                                                0643
      ENDIF
C                                                                       
9992  FORMAT(/1X,’VALIDATION PARAMETERS:’/)                             0644
9993  FORMAT(//1X,’RESULTS FOR THIS RUN ARE:   VALID’)                  0645
9994  FORMAT(//1X,’RESULTS FOR THIS RUN ARE: INVALID’)                  0646
9995  FORMAT(5E15.5)                                                    0647
      STOP                                                              0648
      END

ELSE

      IF (NUMBER.GE.NSTEPS) THEN                                        0613
      ENDIF

C                                                                       
C AT LAST, THE END OF THE TIME STEP:                                    
C                                                                       
501   DTT = DT+DT                                                       0610
      T = T+DT                                                          0611
      NSTEPS = NSTEPS+1                                                 0612

C                                                                       
C UPDATE TEMPERATURE:                                                   
C                                                                       
      IF (NOALS.EQ.1) CALL IN(EVAL, LEIG, NWEIG)                        0594
      KTN = LTN                                                         0596
      F1 = RKAPA*DTT                                                    0597
      DO 500 J = 1, N1H                                                 0598
         CALL IN(CWORK, KTN, N2PD)                                      0599
         F = REAL((J−1)*(J−1))*FXSQ                                     0600
         DO 490 I = 2, N2                                               0601
            CWORK(I) = CWORK(I)*F2/(1.0−F1*(EVAL(I−1)−F))               0602
490         CONTINUE                                                    0603
         CWORK(1) = CWORK(1)*F2/(1.0+F1*F)                              0604
         CWORK(N2P) = 0.0                                               0605
         CALL OUT(CWORK, KTN, N2PD)                                     0606
500      KTN = KTN+N2PD                                                 0607
C                                                                       
C DE−ALIASE IF REQUESTED:                                               
C                                                                       
      IF (NOALS.EQ.1) CALL DEALSE(CA, N2P, N1H, LTN)                    0608

ELSETHEN

      IF (NOTEMP.EQ.1) THEN                                             0592
      ENDIF

461   KZN = LZN                                                         0561
      KPN = LPN                                                         0562
      F2 = 1./(4.*REAL(N2))                                             0563
      F1 = RNU*DTT                                                      0564
C                                                                       
C FIND PRESSURE NOW OR NEVER (IF REQUIRED...)                           
C                                                                       
      CALL IN(EVAL, LEIG, NWEIG)                                        0565
      LVECT = N2M                                                       0566
      LSKIP = 2                                                         0567
      NVECT = 2                                                         0568
      NVSKIP = 1                                                        0569
      FXSQ = FX*FX                                                      0570
C                                                                       
C UPDATE VORTICITY AND FIND THE NEW STREAMFUNCTION:                     
C                                                                       
      DO 480 J = 1, N1H                                                 0571
         CALL IN(CWORK, KZN, N2PD)                                      0572
         F = REAL((J−1)*(J−1))*FXSQ                                     0573
         DO 470 I = 2, N2                                               0574
            CWORK(I) = CWORK(I)*F2/(1.0−F1*(EVAL(I−1)−F))               0575
            CWORK2(I) = CWORK(I)/(EVAL(I−1)−F)                          0576
470         CONTINUE                                                    0577
         CWORK(1) = CWORK(1)*F2/(1.0+F1*F)                              0578
         CWORK2(1) = 0.0                                                0579
         IF (F.NE.0.0) CWORK2(1) = −CWORK(1)/F                          0580
         CWORK(N2P) = 0.0                                               0582
         CWORK2(N2P) = 0.0                                              0583
         CALL OUT(CWORK, KZN, N2PD)                                     0584
         CALL OUT(CWORK2, KPN, N2PD)                                    0585
         KPN = KPN+N2PD                                                 0586
480      KZN = KZN+N2PD                                                 0587
C                                                                       
C DE−ALIASE UPDATED FIELDS IF REQUESTED:                                
C                                                                       
      IF (NOALS.EQ.1) CALL DEALSE(CA, N2P, N1H, LZN)                    0588
      IF (NOALS.EQ.1) CALL DEALSE(CA, N2P, N1H, LPN)                    0590

      CALL IN(A, LTN, NW)                                               0558
      CALL ACAC(A, EX, WORK)                                            0559
      CALL OUT(A, LTN, NW)                                              0560

ELSETHEN

      IF (NOTEMP.EQ.1) THEN                                             0556
      ENDIF

            DO 450 I = 1, N2P                                           0537
               WORK(I) = F*U(I)                                         0538
               CA(I,K2QJ) = CMPLX(1.0, −WORK(I))*CA(I,K2QJ)/(1.0+WORK   0539
     &         (I)*WORK(I))                                             0539
450            CONTINUE                                                 0540
         IF (NOTEMP.NE.1) CALL OUT(CA, KTN, NWH)                        0541
         CALL OUT(CA(1,K2Q), KZN, NWH)                                  0543
         KTN = KTN+NWH                                                  0544
460      KZN = KZN+NWH                                                  0545
      NPTS = 2*N2                                                       0546
      NSKIP = 1                                                         0547
      MTRN = N1H                                                        0548
      MSKIP = N2P                                                       0549
      ISIGN = −1                                                        0550
      IEXSHF = NMAX2/NPTS                                               0551
      CALL XLOG2(NPTS, LOG)                                             0552
      CALL IN(A, LZN, NW)                                               0553
      CALL ACAC(A, EX, WORK)                                            0554
      CALL OUT(A, LZN, NW)                                              0555

449         CONTINUE                                                    0536

            DO 448 I = 1, N2P                                           0532
               WORK(I) = F*U(I)                                         0533
               CA(I,J) = CMPLX(1.0, −WORK(I))*CA(I,J)/(1.0+WORK(I)*     0534
     &         WORK(I))                                                 0534
448            CONTINUE                                                 0535

ELSETHEN

            IF (NOTEMP.EQ.1) THEN                                       0530
            ENDIF

441   DTF = 0.25*DTT*FX                                                 0519
      F = −DTF                                                          0520
      KZN = LZN                                                         0521
      KTN = LTN                                                         0522
      DO 460 K = 1, 2                                                   0523
         IF (NOTEMP.NE.1) CALL IN(CA, KTN, NWH)                         0524
         CALL IN(CA(1,K2Q), KZN, NWH)                                   0526
         DO 450 J = 1, N1Q                                              0527
            K2QJ = J+K2QM                                               0528
            F = F+DTF                                                   0529

C                                                                       
C FIND DT/DY:                                                           
C                                                                       
      NPTS = 2*N2                                                       0421
      NSKIP = 1                                                         0422
      MTRN = N1H                                                        0423
      MSKIP = N2P                                                       0424
      ISIGN = 1                                                         0425
      CALL XLOG2(NPTS, LOG)                                             0426
      IEXSHF = NMAX2/NPTS                                               0427
      CALL IN(CA, LTN, NW)                                              0428
      F = 0.                                                            0429
      DO 380 I = 1, N2                                                  0430
         DO 370 J = 1, N1H                                              0431
370         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0432
380      F = F+1.                                                       0433
      DO 385 J = 1, N1H                                                 0434
385      CA(N2P,J) = 0.                                                 0435
      CALL SCSC(CA, EX, WORK)                                           0436
      CALL OUT(CA, LZY, NW)                                             0437
      CALL IN(CA, LTN, NW)                                              0438
      CALL ACAC(CA, EX, WORK)                                           0439
      CALL OUT(CA, LTN, NW)                                             0440
      NPTS = N1                                                         0441
      NSKIP = N2P                                                       0442
      MTRN = N2P                                                        0443
      MSKIP = 1                                                         0444
      CALL XLOG2(NPTS, LOG)                                             0445
      IEXSHF = NMAX2/NPTS                                               0446
      IF (NSTEPS.EQ.1) THEN                                             0447
         CALL TEMPHY(A, N2PD, N1H, EX, WORK, 0)                         0448
      ELSEIF (MOD(NSTEPS, KTP).EQ.1.OR.MOD(NSTEPS, KPP).EQ.1) THEN      0447
         CALL TEMPHY(A, N2PD, N1H, EX, WORK, −1)                        0450
      ENDIF
C                                                                       
C TEMPERATURE INFLUENCE:                                                
C                                                                       
      F = −FX                                                           0451
      KZN = LZN                                                         0452
      KZX = LZX                                                         0453
      KTN = LTN                                                         0454
      DTA = 0.5*ALPHA*DTT                                               0455
      DO 400 K = 1, 2                                                   0456
         CALL IN(CA, KZN, NWH)                                          0457
         CALL IN(CA(1,K2Q), KTN, NWH)                                   0458
         DO 390 J = 1, N1Q                                              0459
            K2QJ = J+K2QM                                               0460
            F = F+FX                                                    0461
            DO 390 I = 1, N2P                                           0462
               CA(I,K2QJ) = CMPLX(−F*AIMAG(CA(I,K2QJ)), F*REAL(CA(I,    0463
     &         K2QJ)))                                                  0463
390            CA(I,J) = CA(I,J)+DTA*CA(I,K2QJ)                         0464
         CALL OUT(CA, KZN, NWH)                                         0465
         CALL OUT(CA(1,K2Q), KZX, NWH)                                  0466
         KZX = KZX+NWH                                                  0467
         KTN = KTN+NWH                                                  0468
400      KZN = KZN+NWH                                                  0469
      CALL IN(A, LZX, NW)                                               0470
      CALL CSR(A, EX)                                                   0471
      CALL OUT(A, LZX, NW)                                              0472
      CALL IN(A, LZY, NW)                                               0473
      CALL CSR(A, EX)                                                   0474
      CALL OUT(A, LZY, NW)                                              0475
      KPN = LPN                                                         0476
      KPY = LPY                                                         0477
      KZX = LZX                                                         0478
      KZY = LZY                                                         0479
C                                                                       
C IN PHYSICAL SPACE − FIND  (U,V).GRAD(T):                              
C                                                                       
      DO 420 K = 1, 4                                                   0480
         CALL IN(A, KPY, NWQ)                                           0481
         CALL IN(A(1,K1Q), KPN, NWQ)                                    0482
         CALL IN(A(1,K2Q), KZY, NWQ)                                    0483
         CALL IN(A(1,K3Q), KZX, NWQ)                                    0484
         DO 410 I = 1, N2PD                                             0485
            IPH = (I+1)/2                                               0486
            GG = G(IPH)                                                 0487
            DO 410 J = 1, N1E                                           0488
               A(I,J) = A(I,J)*A(I,K3QM+J)−A(I,K1QM+J)*A(I,K2QM+J)*GG   0489
410            CONTINUE                                                 0490
         CALL OUT(A, KZY, NWQ)                                          0491
         KPN = KPN+NWQ                                                  0492
         KPY = KPY+NWQ                                                  0493
         KZX = KZX+NWQ                                                  0494
420      KZY = KZY+NWQ                                                  0495
      ISIGN = −1                                                        0496
      CALL IN(A, LZY, NW)                                               0497
      CALL RCS(A, EX)                                                   0498
      CALL OUT(A, LZY, NW)                                              0499
      KTN = LTN                                                         0500
      KTO = LTO                                                         0501
      KZY = LZY                                                         0502
      DO 440 K = 1, 2                                                   0503
         CALL IN(CA, KTO, NWH)                                          0504
         CALL IN(A(1,K2Q), KTN, NWH)                                    0505
         DO 425 J = K2Q, N1H                                            0506
            DO 425 I = 1, N2PD                                          0507
425            A(I,J) = 0.5*A(I,J)                                      0508
         CALL OUT(A(1,K2Q), KTO, NWH)                                   0509
         CALL IN(CA(1,K2Q), KZY, NWH)                                   0510
         DO 430 J = 1, N1Q                                              0511
            K2QJ = J+K2QM                                               0512
            DO 430 I = 1, N2P                                           0513
430            CA(I,J) = CA(I,J)+DTFAC*CA(I,K2QJ)                       0514
         CALL OUT(CA, KTN, NWH)                                         0515
         KTN = KTN+NWH                                                  0516
         KTO = KTO+NWH                                                  0517
440      KZY = KZY+NWH                                                  0518

ELSETHEN

      IF (NOTEMP.EQ.1) THEN                                             0419
      ENDIF

271   CALL IN(CA, LZN, NW)                                              0324
C                                                                       
C FIND DZ/DY:                                                           
C                                                                       
      F = 0.                                                            0325
      DO 290 I = 1, N2                                                  0326
         DO 280 J = 1, N1H                                              0327
280         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0328
290      F = F+1.                                                       0329
      DO 295 J = 1, N1H                                                 0330
295      CA(N2P,J) = 0.                                                 0331
      CALL SCSC(CA, EX, WORK)                                           0332
      CALL OUT(CA, LZY, NW)                                             0333
      CALL IN(CA, LZN, NW)                                              0334
      CALL ACAC(CA, EX, WORK)                                           0335
      DO 300 J = 1, N1H                                                 0336
         DO 300 I = 1, N2P                                              0337
300         CA(I,J) = CA(I,J)*0.5                                       0338
      CALL OUT(CA, LZN, NW)                                             0339
      NPTS = N1                                                         0340
      NSKIP = N2P                                                       0341
      MTRN = N2P                                                        0342
      MSKIP = 1                                                         0343
      ISIGN = 1                                                         0344
      CALL XLOG2(NPTS, LOG)                                             0345
      IEXSHF = NMAX2/NPTS                                               0346
      IF (MOD(NSTEPS, KZP).EQ.1) CALL ZETAPH(CA, N2PD, N1H, EX, WORK    0347
     &, −1)                                                             0347
      IF (MOD(NSTEPS, KZP).EQ.1) CALL IN(CA, LZN, NW)                   0349
C                                                                       
C FIND DZ/DX:                                                           
C                                                                       
      F = 0.                                                            0351
      DO 320 J = 1, N1H                                                 0352
         DO 310 I = 1, N2P                                              0353
310         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0354
320      F = F+FX2                                                      0355
      CALL CSR(CA, EX)                                                  0356
      CALL OUT(CA, LZX, NW)                                             0357
      CALL IN(CA, LZY, NW)                                              0358
      CALL CSR(CA, EX)                                                  0359
      CALL OUT(CA, LZY, NW)                                             0360
      CALL IN(CA, LPN, NW)                                              0361
      CALL CSR(CA, EX)                                                  0362
      CALL OUT(CA, LPN, NW)                                             0363
      CALL IN(CA, LPY, NW)                                              0364
      CALL CSR(CA, EX)                                                  0365
      CALL OUT(CA, LPY, NW)                                             0366
C                                                                       
C WE ARE IN PHYSICAL SPACE NOW − FIND  (U,V).GRAD (Z):                  
C                                                                       
      IF (MOD(NSTEPS, KUP).EQ.1) CALL UVELPH(A, N2PD, N1H, WORK, −1)    0367
      IF (MOD(NSTEPS, KVP).EQ.1) CALL VVELPH(A, N2PD, N1H, WORK, −1)    0369
      KPY = LPY                                                         0371
      KPN = LPN                                                         0372
      KZY = LZY                                                         0373
      KZX = LZX                                                         0374
      UKSM1F = REAL(2−KSM)                                              0375
      DO 340 K = 1, 4                                                   0376
         CALL IN(A, KPY, NWQ)                                           0377
         CALL IN(A(1,K1Q), KPN, NWQ)                                    0378
         CALL IN(A(1,K2Q), KZY, NWQ)                                    0379
         CALL IN(A(1,K3Q), KZX, NWQ)                                    0380
         DO 330 I = 1, N2PD                                             0381
            IPH = (I+1)/2                                               0382
            GG = G(IPH)                                                 0383
            UU = U(IPH)*UKSM1F                                          0384
            DO 330 J = 1, N1E                                           0385
               A(I,J) = A(I,J)*GG+UU                                    0386
               A(I,K2QM+J) = A(I,J)*A(I,K3QM+J)−A(I,K1QM+J)*A(I,K2QM+   0387
     &         J)*GG                                                    0387
330            CONTINUE                                                 0388
         CALL OUT(A, KPY, NWQ)                                          0389
         CALL OUT(A(1,K2Q), KZY, NWQ)                                   0390
         KPN = KPN+NWQ                                                  0391
         KPY = KPY+NWQ                                                  0392
         KZX = KZX+NWQ                                                  0393
340      KZY = KZY+NWQ                                                  0394
C                                                                       
C [Z(OLD) + (MEAN −U) * (−DZ(OLD)/DX)] + (U,V).GRAD(Z)                  
C                                                                       
      ISIGN = −1                                                        0395
      CALL IN(A, LZY, NW)                                               0396
      CALL RCS(A, EX)                                                   0397
      CALL OUT(A, LZY, NW)                                              0398
      KZO = LZO                                                         0399
      KZN = LZN                                                         0400
      KZY = LZY                                                         0401
      DTFAC = 0.125*DTT/REAL(N1)                                        0402
      F1 = DTT*FX*0.25                                                  0403
      F = F1                                                            0404
      DO 360 K = 1, 2                                                   0405
         CALL IN(CA, KZO, NWH)                                          0406
         CALL IN(CA(1,K2Q), KZN, NWH)                                   0407
         CALL OUT(CA(1,K2Q), KZO, NWH)                                  0408
         CALL IN(CA(1,K2Q), KZY, NWH)                                   0409
         DO 350 J = 1, N1Q                                              0410
            K2QJ = J+K2QM                                               0411
            F = F−F1                                                    0412
            DO 350 I = 1, N2P                                           0413
350            CA(I,J) = CA(I,J)*CMPLX(1., F*U(I))+DTFAC*CA(I,K2QJ)     0414
         CALL OUT(CA, KZN, NWH)                                         0415
         KZN = KZN+NWH                                                  0416
         KZO = KZO+NWH                                                  0417
360      KZY = KZY+NWH                                                  0418

C                                                                       
C T(TOTAL) = T−BETA*Y                                                   
C WHERE BETA < 0 MEANS   STABLE STRATIFICATION AND                      
C       BETA > 0 MEANS UNSTABLE STRATIFICATION                          
C                                                                       
      KTO = LTO                                                         0315
      DTB = 0.5*BETA*DTT                                                0316
      DO 270 J = 1, N1H                                                 0317
         CALL IN(CWORK, KTO, N2PD)                                      0318
         F = −REAL(J−1)*FX*DTT*0.25                                     0319
         DO 260 I = 1, N2P                                              0320
260         CWORK(I) = CWORK(I)*CMPLX(1., U(I)*F)+DTB*CA(I,J)           0321
         CALL OUT(CWORK, KTO, N2PD)                                     0322
270      KTO = KTO+N2PD                                                 0323

ELSETHEN

      IF (NOTEMP.EQ.1) THEN                                             0313
      ENDIF

C                                                                       
C THE BEGINING OF A NORMAL TIME STEP                                    
C (U IS X VELOCITY AND V IS Y VELOCITY)                                 
C FIND (−U) = D(PSI)/DY                                                 
C                                                                       
211   CONTINUE                                                          0268
C                                                                       
      IF (NSTEPS.LT.3) THEN                                             0269
         CALL IN(CA, LPN, NW)                                           0270
         CALL PSIPHY(CA, N2P, N1H, EX, G, U, WORK, CWORK3, 1)           0271
      ELSE
         CALL IN(CA, LPN, NW)                                           0272
         IF (MOD(NSTEPS, KPP).EQ.1) CALL PSIPHY(CA, N2P, N1H, EX, G,    0273
     &   U, WORK, CWORK3, −1)                                           0273
      ENDIF
C                                                                       
      NPTS = 2*N2                                                       0275
      NSKIP = 1                                                         0276
      MTRN = N1H                                                        0277
      MSKIP = N2P                                                       0278
      ISIGN = 1                                                         0279
      CALL XLOG2(NPTS, LOG)                                             0280
      IEXSHF = NMAX2/NPTS                                               0281
      CALL IN(CA, LPN, NW)                                              0282
      F = 0.                                                            0283
      DO 230 I = 1, N2                                                  0284
         DO 220 J = 1, N1H                                              0285
220         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0286
230      F = F+1.                                                       0287
      DO 235 J = 1, N1H                                                 0288
235      CA(N2P,J) = 0.                                                 0289
      CALL SCSC(CA, EX, WORK)                                           0290
      CALL OUT(CA, LPY, NW)                                             0291
      IF (KSM.EQ.1) CALL MEAN(CA, U, G)                                 0292
      IF (MOD(NSTEPS, KUF).EQ.1) CALL UVELFO(CA, N2P, N1H, G, EX,       0294
     &CWORK)                                                            0294
      CALL IN(CA, LPN, NW)                                              0296
C                                                                       
C FIND  V = D(PSI)/DX                                                   
C                                                                       
      F = 0.                                                            0297
      DO 250 J = 1, N1H                                                 0298
         DO 240 I = 1, N2P                                              0299
240         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0300
250      F = F+FX                                                       0301
      CALL ACAC(CA, EX, WORK)                                           0302
      CALL OUT(CA, LPN, NW)                                             0303
      IF (MOD(NSTEPS, KPP).EQ.1.AND.NOTEMP.NE.1) CALL IN(CA, LPN, NW)   0304
      NPTS = 2*N2                                                       0306
      NSKIP = 1                                                         0307
      MTRN = N1H                                                        0308
      MSKIP = N2P                                                       0309
      ISIGN = 1                                                         0310
      CALL XLOG2(NPTS, LOG)                                             0311
      IEXSHF = NMAX2/NPTS                                               0312

C                                                                       
C TIME AVERAGE TEMPERATURE:                                             
C                                                                       
      ISIGN = −1                                                        0240
      MTRN = N1H                                                        0241
      CALL IN(A, LTO, NW)                                               0242
      CALL ACAC(A, EX, WORK)                                            0243
      F = 0.125/REAL(N2)                                                0244
      DO 190 J = 1, N1H                                                 0245
         DO 190 I = 1, N2PD                                             0246
190         A(I,J) = F*A(I,J)                                           0247
      CALL OUT(A, LTO, NW)                                              0248
      ISIGN = 1                                                         0249
      MTRN = N1Q                                                        0250
      KTO = LTO                                                         0251
      KTN = LTN                                                         0252
      DO 210 K = 1, 2                                                   0253
         CALL IN(A, KTO, NWH)                                           0254
         CALL IN(A(1,K2Q), KTN, NWH)                                    0255
         DO 200 J = 1, N1Q                                              0256
            K2QJ = J+K2QM                                               0257
            DO 200 I = 1, N2PD                                          0258
200            A(I,J) = A(I,J)+0.5*A(I,K2QJ)                            0259
         CALL OUT(A, KTN, NWH)                                          0260
         CALL ACAC(A, EX, WORK)                                         0261
         DO 205 J = 1, N1Q                                              0262
            DO 205 I = 1, N2PD                                          0263
205            A(I,J) = 0.5*A(I,J)                                      0264
         CALL OUT(A, KTO, NWH)                                          0265
         KTO = KTO+NWH                                                  0266
210      KTN = KTN+NWH                                                  0267

ELSETHEN

      IF (NOTEMP.EQ.1) THEN                                             0238
      ENDIF

C                                                                       
C TIME AVERAGE VORTICITY:                                               
C                                                                       
      DTT = DT                                                          0203
      T = T−0.5*DT                                                      0204
      CALL IN(A, LZO, NW)                                               0205
      NPTS = 2*N2                                                       0206
      NSKIP = 1                                                         0207
      MTRN = N1H                                                        0208
      MSKIP = N2P                                                       0209
      ISIGN = −1                                                        0210
      IEXSHF = NMAX2/NPTS                                               0211
      CALL XLOG2(NPTS, LOG)                                             0212
      CALL ACAC(A, EX, WORK)                                            0213
      F = 0.125/REAL(N2)                                                0214
      DO 160 J = 1, N1H                                                 0215
         DO 160 I = 1, N2PD                                             0216
160         A(I,J) = A(I,J)*F                                           0217
      CALL OUT(A, LZO, NW)                                              0218
      ISIGN = 1                                                         0219
      MTRN = N1Q                                                        0220
      KZN = LZN                                                         0221
      KZO = LZO                                                         0222
      DO 180 K = 1, 2                                                   0223
         CALL IN(A, KZO, NWH)                                           0224
         CALL IN(A(1,K2Q), KZN, NWH)                                    0225
         DO 170 J = 1, N1Q                                              0226
            K2QJ = J+K2QM                                               0227
            DO 170 I = 1, N2PD                                          0228
170            A(I,J) = A(I,J)+0.5*A(I,K2QJ)                            0229
         CALL OUT(A, KZN, NWH)                                          0230
         CALL ACAC(A, EX, WORK)                                         0231
         DO 175 J = 1, N1Q                                              0232
            DO 175 I = 1, N2PD                                          0233
175            A(I,J) = 0.5*A(I,J)                                      0234
         CALL OUT(A, KZO, NWH)                                          0235
         KZO = KZO+NWH                                                  0236
180      KZN = KZN+NWH                                                  0237

ELSETHEN

      IF (MOD(NSTEPS+1, KTA).NE.1) THEN                                 0201
      ENDIF

150   IF (MOD(NSTEPS, KTF).EQ.1.AND.NOTEMP.NE.1) CALL TEMPFO(CA, N2P    0193
     &, N1H, CWORK)                                                     0193
      IF (MOD(NSTEPS, KPF).EQ.1) CALL PSIFOU(CA, N2P, N1H, CWORK)       0195
      IF (MOD(NSTEPS, KZF).EQ.1) CALL ZETAFO(CA, N2P, N1H, CWORK)       0197
      IF (MOD(NSTEPS, KVF).EQ.1) CALL VVELFO(CA, N2P, N1H, FX, CWORK)   0199

145   CALL RUNINF                                                       0191
      CALL BUG(’AFT INITAL’)                                            0192

140   T = 0.                                                            0188
      DTT = DT                                                          0189
      NSTEPS = 1                                                        0190

C                                                                       
C TEMPERATURE IS SUPPLIED IN PHYSICAL SPACE − SHUFFLE THE DATA AND      
C GO TO FOURIER REPRESENTATION:                                         
C                                                                       
      CALL IN(A, LTN, NW)                                               0147
      CALL SHUF(A, N2P, N1, WORK)                                       0148
      NPTS = N1                                                         0149
      NSKIP = N2P                                                       0150
      MTRN = N2P                                                        0151
      MSKIP = 1                                                         0152
      ISIGN = −1                                                        0153
      CALL XLOG2(NPTS, LOG)                                             0154
      IEXSHF = NMAX2/NPTS                                               0155
      CALL RCS(A, EX)                                                   0156
      F = 0.5/REAL(N1)                                                  0157
      DO 100 J = 1, N1H                                                 0158
         DO 100 I = 1, N2PD                                             0159
100         A(I,J) = F*A(I,J)                                           0160
      CALL OUT(A, LTO, NW)                                              0161
      NPTS = 2*N2                                                       0162
      NSKIP = 1                                                         0163
      MTRN = N1H                                                        0164
      MSKIP = N2P                                                       0165
      ISIGN = −1                                                        0166
      CALL XLOG2(NPTS, LOG)                                             0167
      IEXSHF = NMAX2/NPTS                                               0168
      CALL ACAC(A, EX, WORK)                                            0169
C           F = 0.25/REAL(N2)                                           
      F = 0.125/REAL(N2)                                                0170
      DO 110 J = 1, N1H                                                 0171
         DO 110 I = 1, N2PD                                             0172
110         A(I,J) = F*A(I,J)                                           0173
      CALL OUT(A, LTN, NW)                                              0174

ELSE

120   CALL IN(A, LTN, NW)                                               0175
C                                                                       
C NEW TEMPERATURE KNOWN − SET UP T(OLD):                                
C                                                                       
      NPTS = 2*N2                                                       0176
      NSKIP = 1                                                         0177
      MTRN = N1H                                                        0178
      MSKIP = N2P                                                       0179
      ISIGN = 1                                                         0180
      CALL XLOG2(NPTS, LOG)                                             0181
      IEXSHF = NMAX2/NPTS                                               0182
      CALL ACAC(A, EX, WORK)                                            0183
      DO 130 J = 1, N1H                                                 0184
         DO 130 I = 1, N2PD                                             0185
130         A(I,J) = A(I,J)*0.5                                         0186
      CALL OUT(A, LTO, NW)                                              0187

THEN

      IF (KDATA.NE.1) THEN                                              0145
      ENDIF

ELSETHEN

      IF (NOTEMP.EQ.1) THEN                                             0143
      ENDIF

C                                                     2                 
C STREAMFUNCTION KNOWN − FIND THE VORTICITY:  Z =  DEL  (PSI):          
C                                                                       
      CALL IN(EVAL, LEIG, NWEIG)                                        0115
      KZN = LZN                                                         0116
      LVECT = N2M                                                       0117
      LSKIP = 2                                                         0118
      NVECT = 2                                                         0119
      NVSKIP = 1                                                        0120
      DO 60 J = 1, N1H                                                  0121
         CALL IN(CWORK, KZN, N2PD)                                      0122
         F = REAL((J−1)*(J−1))*FX*FX                                    0123
         DO 50 I = 2, N2                                                0124
50          CWORK(I) = (EVAL(I−1)−F)*CWORK(I)                           0125
         CWORK(1) = −F*CWORK(1)                                         0126
         CWORK(N2P) = 0.0                                               0127
         CALL OUT(CWORK, KZN, N2PD)                                     0128
60       KZN = KZN+N2PD                                                 0129
      NPTS = 2*N2                                                       0130
      NSKIP = 1                                                         0131
      MTRN = N1H                                                        0132
      MSKIP = N2P                                                       0133
      ISIGN = 1                                                         0134
      CALL XLOG2(NPTS, LOG)                                             0135
      IEXSHF = NMAX2/NPTS                                               0136
      CALL IN(A, LZN, NW)                                               0137
      CALL ACAC(A, EX, WORK)                                            0138
      DO 70 J = 1, N1H                                                  0139
         DO 70 I = 1, N2PD                                              0140
70          A(I,J) = 0.5*A(I,J)                                         0141
      CALL OUT(A, LZO, NW)                                              0142

ELSETHEN

C                                                                       
CC*****C H E C K   F O U R I E R   C O E F F I C I E N T S**************
C                                                                       
C         WRITE (6,7010) A(1,1),A(1,2),A(1,3)                           
C         WRITE (6,7020) A(2,1),A(2,2),A(2,3)                           
C         WRITE (6,7030) A(3,1),A(3,2),A(3,3)                           
C 7010    FORMAT(/2X,26HCHECK FOURIER COEFFICIENTS/4X,8HA(1,1) =,1PE13.6
C     1   2X,8HA(1,2) =,1PE13.6,2X,8HA(1,3) =,1PE13.6)                  
C 7020    FORMAT(4X,8HA(2,1) =,1PE13.6,2X,8HA(2,2) =,1PE13.6,2X,        
C     1   8HA(2,3) =,1PE13.6)                                           
C 7030    FORMAT(4X,8HA(3,1) =,1PE13.6,2X,8HA(3,2) =,1PE13.6,2X,        
C     1   8HA(3,3) =,1PE13.6/)                                          
C                                                                       
C                                                                       
40    IF (KDATA.EQ.3) THEN                                              0113
      ENDIF

C                                                                       
C THE INPUT WAS STREAMFUNCTION IN PHYSICAL SPACE − SHUFFLE THE DATA AND 
C GO TO FOURIER SPACE:                                                  
C                                                                       
      CALL IN(A, LPN, NW)                                               0089
      CALL SHUF(A, N2P, N1, WORK)                                       0090
      NPTS = N1                                                         0091
      NSKIP = N2P                                                       0092
      MTRN = N2P                                                        0093
      MSKIP = 1                                                         0094
      ISIGN = −1                                                        0095
      CALL XLOG2(NPTS, LOG)                                             0096
      IEXSHF = NMAX2/NPTS                                               0097
      CALL RCS(A, EX)                                                   0098
      NPTS = 2*N2                                                       0099
      NSKIP = 1                                                         0100
      MTRN = N1H                                                        0101
      MSKIP = N2P                                                       0102
      ISIGN = −1                                                        0103
      CALL XLOG2(NPTS, LOG)                                             0104
      IEXSHF = NMAX2/NPTS                                               0105
      CALL ACAC(A, EX, WORK)                                            0106
C           F = 0.125/REAL(N1*N2)                                       
      F = 0.0625/REAL(N1*N2)                                            0107
      DO 30 J = 1, N1H                                                  0108
         DO 30 I = 1, N2PD                                              0109
30          A(I,J) = A(I,J)*F                                           0110
      CALL OUT(A, LPN, NW)                                              0111
      CALL OUT(A, LZN, NW)                                              0112

ELSETHEN

C                                                                       
C PREPARE THE INPUT FOR PROCESSING:                                     
C                                                                       
      IF (KDATA.NE.1) THEN                                              0087
      ENDIF

13    CONTINUE                                                          0083
14    CONTINUE                                                          0084
      FX = 2.0*PI/BOXX                                                  0085
      FX2 = 2.*FX                                                       0086

      CALL DATAST(A, N2P, N1, GMAPP)                                    0082

ELSETHEN

C                                                                       
C READ THE DATA:                                                        
C                                                                       
      IF (KDATA.NE.1.AND.KDATA.NE.2) THEN                               0080
      ENDIF

C                                                                       
C LINEAR MAPPING − EIGENVALUES KNOWN, EIGENFUNCTIONS ARE SIMPLY SINES   
C AND COSINES, SO THAT NO MATRICES ARE NEEDED:                          
C                                                                       
      F = H/REAL(N2)                                                    0064
      FZ = PI/H                                                         0065
      FZSQ = FZ*FZ                                                      0066
      GMAPP(1) = 0.                                                     0067
      G(1) = FZ                                                         0068
      DO 1 I = 1, N2M                                                   0069
         GMAPP(I+1) = F*REAL(I)                                         0070
         G(I+1) = FZ                                                    0071
1        EVAL(I) = −REAL(I)**2*FZSQ                                     0072
      GMAPP(N2P) = H                                                    0073
      G(N2P) = FZ                                                       0074
      CALL OUT(EVAL, LEIG, NWEIG)                                       0075

ELSE

ELSETHEN

2     IF (LMAPP.NE.2) THEN                                              0076
      ENDIF

THEN

C                                                                       
C SET UP ARRAYS ASSOCIATED WITH THE MAPPING FUNCTION:                   
C                                                                       
      IF (LMAPP.NE.1) THEN                                              0062
      ENDIF

C                                                                       
67    LZN = LCMREQ(LARGE)                                               0040
      LTN = LZN+NW                                                      0041
      IF (NOTEMP.EQ.1) LTN = LZN                                        0042
      LPN = LTN+NW                                                      0044
      LZO = LPN+NW                                                      0045
      LTO = LZO+NW                                                      0046
      IF (NOTEMP.EQ.1) LTO = LZO                                        0047
      LPY = LTO+NW                                                      0049
      LZX = LPY+NW                                                      0050
      LZY = LZX+NW                                                      0051
      LPRESS = LZN+LARGE−NWEIG                                          0052
      LEIG = LPRESS                                                     0053
      IF (KPRESS.GT.1.AND.LMAPP.NE.1) LEIG = LPRESS−NWEIG               0054
C                                                                       
C THESE LCM ADDRESSES ARE USED BY EIGSET AND LCMRQR                     
C                                                                       
      LE = LZN                                                          0056
      LH = LE+N2M*N2M                                                   0057
      LEV = LH+N2M*N2M                                                  0058
C                                                                       
      CALL EXSET(EX, NMAX2)                                             0059
C                                                                       
C SET ALL  U(I) TO 0. TO AVOID TROUBLE IF NO MEAN FLOW IS DESIRED       
C                                                                       
      DO 11 I = 1, N2P                                                  0060
11       U(I) = 0.                                                      0061

C                                                                       
      IF (KPRESS.GT.1) LARGE = MAX(LARGE, 3*N2M*N2M)+NWEIG+NWEIG        0035
      IF (KPRESS.LE.1) LARGE = MAX(LARGE+NWEIG, 3*N2M*N2M)              0037

ELSE

C                                                                       
66    LARGE = LARGE+NWEIG                                               0039

THEN

      IF (LMAPP.NE.2) THEN                                              0033
      ENDIF

C     1993 version − Modified by Beatrice Creusillet for PIPS −
C
C     MODIFICATIONS:
C
C     − CXxxxxx and CYyyyyy commentaries removed for clarity.
C     − CPUTIM and ELAPSE subroutines uncommented.
C     − BLOCK DATA moved in main procedure. 
C     − Macro definition LSTMOD(MODEHI) in module DEALSE replaced where
C       it is used.
C     − (1.,0.) replaced by CMPLX(1.,0.) wherever needed
C     − in RUNINF, computed GOTO’s are replaced by block if’s
C
C#
C#
C#      BLOCK DATA
C#      COMMON /TIMING/ TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC,TXACAC,TFTVMT, 
C#     1                TXSHUF,TUSHUF,TXPRNT,TXLOG2,                      
C#     2                EXXRCS,EXXCSR,EXSCSC,EXACAC,EFTVMT,               
C#     3                NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,NXACAC,NFTVMT, 
C#     4                NXSHUF,NUSHUF,NXPRNT,NXLOG2                       
C#      COMMON /VERIFY/ VDAT(15),CDAT(15)                                 
C#      COMMON /PI/ PI                                                    
C#      COMMON /DEBUG/ NUMBER,TLAST                                       
C#C                                                                       
C#      DATA            TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC,TXACAC,TFTVMT  
C#     1              /     0.,    0.,    0.,    0.,    0.,    0.,    0./ 
C#      DATA            TXSHUF,TUSHUF,TXPRNT,TXLOG2                       
C#     1              /     0.,    0.,    0.,    0./                      
C#      DATA            EXXRCS,EXXCSR,EXSCSC,EXACAC,EFTVMT                
C#     1              /     0.,    0.,    0.,    0.,    0./               
C#      DATA            NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,NXACAC,NFTVMT  
C#     1              /     0 ,    0 ,    0 ,    0 ,    0 ,    0 ,    0 / 
C#      DATA            NXSHUF,NUSHUF,NXPRNT,NXLOG2                       
C#     1              /     0 ,    0 ,    0 ,    0 /                      
C#      DATA VDAT/                                                        
C#     * 0.10000E+03,−0.10000E+03, 0.10000E−04,−0.10000E+03,−0.15708E+01, 
C#     * 0.99983E+02,−0.18147E+01,−0.20427E+01,−0.22452E+01,−0.24181E+01, 
C#     * 0.95976E+02,−0.95977E+02, 0.10000E−04,−0.95978E+02,−0.25589E+01/ 
C#C                                                                       
C#C PI IS A USEFULL CONSTANT                                              
C#C                                                                       
C#      DATA  PI /3.141592653589793/                                      
C#      DATA NUMBER /1/, TLAST /0.0/                                      
C#      END                                                               
C#
C#
C                                                                       
C                                                                       
C******NOTE: USE OF MACHINE−DEPENDENT CONSTANT: ZERO IN SUBROUTINE RUNIN
C                                                                       
C            ZERO = 1.0E−200 (MAY HAVE TO REPLACE WITH YOUR MACHINES    
C                             RELATIVE PRECISION FOR REAL DATA TYPE)    
C                                                                       
      PROGRAM OCEAN
C***********************************************************************
C                        OCEAN FORTRAN PROGRAMS                         
C                        CREATION DATE: 3/22/81                         
C***********************************************************************
C                                                                       
C  D(Z)/DT + (U,V).GRAD(Z) = RNU*DELSQ(Z) + ALPHA*D(TEMP)/DX            
C                                                                       
C  D(TEMP)/DT + (U,V).GRAD(TEMP) = RKAPA*DELSQ(TEMP) + BETA*V           
C                                                                       
C                                                                       
C                                                                       
C THIS PROGRAM SIMULATES TWO−DIMENSIONAL FLUID FLOW ON A   (N2+1) * N1  
C GRID. IT IS POSSIBLE TO SPECIFY NON−LINEAR DISTRIBUTION OF DATA POINTS
C THE Y−DIRECTION (THE FIRST INDEX CORRESPONDS TO Y DIRECTION, SECOND TO
C X DIRECTION). N1 AND N2 HAVE TO BE POWERS OF TWO GREATER OR EQUAL TO 8
C                                                                       
C THE PROGRAM USES LARGE CORE MEMORY. IT REQUIRES 8*(N2+1)*N1+(N2−1)*(N2
C WORDS OF IT. IF NOTEMP = 1 IT IS POSSIBLE TO SAVE 2*(N2+1)*N1 WORDS,  
C IF LMAPP = 1 YOU SAVE ADDITIONAL (N2−1)*(N2+1) WORDS.                 
C                                                                       
C IF  LMAPP = 2 , LCM REQUIREMENTS ARE AT LEAST  3 * (N2−1) * (N2−1)    
C MORE MEMORY COULD BE NEEDED IN THIS CASE BECAUSE OF EIGSET AND LCMRQR.
C                                                                       
C                                                                       
C FOR CDC7600 RUNS: DELETE ROUTINES LCMREQ, IN AND OUT FROM THE END OF  
C                   THIS PACKAGE. ON CDC7600 THE LCM IS USED THROUGH    
C                   THE ASSEMBLY ROUTINES.                              
C                                                                       
C                   LIBRARY.                                            
C FOR CRAY−1 RUNS : DELETE ROUTINES SECOND, DATE, TIME, EXSET AND       
C                   LOG2 FROM THE END OF THIS PACKAGE. THEY ARE         
C                   OBTAINED AT LOAD TIME FROM CRAY LIBRARIES AND       
C                   FFTLIB.                                             
C                   ALSO, ADJUST THE SIZE OF PARAMETER LCMSIZ IN        
C                   THE ROUTINE LCMREQ SO THAT THE COMMON IS LARGE      
C                   ENOUGH TO EMULATE CDC7600 LCM REQUIRED FOR THE RUN. 
C                                                                       
C THE FOLLOWING PARAMETERS DEFINE THE SIZE OF THE RUN:                  
C                                                                       
C                                                                       
C PLEASE REFER TO THE DIMENSIONING AND EQUIVALENCING INSTRUCTIONS IN    
C THE CASE YOUR COMPILER CANNOT HANDLE PARAMETER STATEMENTS...          
C COMMON BLOCKS:                                                        
C                                                                       
C                                                                       
C THE DIMENSION OF  GSOLV  HAS TO BE AT LEAST (N2−1)                    
C                                                                       
C                                                                       
C THE DIMENSIONS OF  GMAPP  AND  G  HAVE TO BE AT LEAST (N2+1)          
C                                                                       
C                                                                       
C                                                                       
C COMPLEX ARRAYS HAVE TO BE DIMENSIONED EXACTLY AS THE FORMULAS SAY:    
C            CA        (N2+1) X N1/2                                    
C            CWORK     N2+1                                             
C            CWORK2    N2+1                                             
C            CWORK3    N2+1                                             
C            EX        MAX(2*N2, N1)                                    
C                                                                       
C EX ARRAY MUST NOT BE THE FIRST ARRAY IN THE MEMORY.                   
C                                                                       
C                                                                       
C REAL ARRAYS HAVE TO BE DIMENSIONED EXACTLY AS THE FORMULAS SAY:       
C            A      2*(N2+1) X N1/2                                     
C            E      (N2−1)   X (N2−1)                                   
C            WORK   N2+1     X MAX(6, 2*MIN(64, N1/2))   (AT LEAST)     
C            EVAL   N2−1                                                
C            IR     N2−1                                                
C            IC     N2−1                                                
C                                                                       
C                                                                       
C EQUIVALENCE STATEMENTS ARE SAVING MEMORY SPACE. THE FOLLOWING PATTERN 
C HAS TO BE FOLLOWED EXACTLY:                                           
C                                                                       
C     A−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+           
C     CA+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+           
C     EVAL+−+IR−+−+−IC+−+−+E+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+             
C                                                                       
C                                                                       
C     WORK+−+−+−+−+−+−+−+−+−+−+−+−+−+−+                                 
C     CWORK−+−+−+CWORK2−+−+−CWORK3+−+−+                                 
C                                                                       
C      EQUIVALENCE (A,CA,EVAL), (A(NY),IR), (A(NI),IC), A(NEQ),E) − ORGI
C      EQUIVALENCE (A,CA,EVAL), (EVAL(NY),IR), (EVAL(NI),IC),           
C     *             (EVAL(NEQ),E) − MACFARLANE’S FIX. BAD.              
C POINTER’S FIX. ANSI REQUIRES THAT THE NUMBER OF SUBSCRIPTS MATCH      
C THE NUMBER OF DIMENSIONS OF THE ARRAY. THAT WAS THE PROBLEM WITH      
C THE ORGINAL STATEMENT. THE PROBLEM WITH MACFARLANE’S FIX IS THAT      
C NY,NI,NEQ>NE (THE DIMENSION OF EVAL). HERE 3*NE+1−NA1 IS THE 3*NE+1TH 
C ELEMENT OF A AND 3*NE+1 = NEQ.                                        
C
C     former BLOCK DATA                                     
C                                                                       
C
C                                                                       
C PI IS A USEFULL CONSTANT                                              
C                                                                       
C
C
C                                                                       
C NOW WE CAN START WITH THE PROGRAM...                                  
C SUBROUTINE START TELLS OCEAN WHAT TO DO:                              
C                                                                       
      INTEGER*4 NX
      PARAMETER (NX = 128)
      INTEGER*4 NY
      PARAMETER (NY = 128)
      INTEGER*4 NA1
      PARAMETER (NA1 = 2*(NY+1))
      INTEGER*4 NA2
      PARAMETER (NA2 = NX/2)
      INTEGER*4 NE
      PARAMETER (NE = NY−1)
      INTEGER*4 NW1
      PARAMETER (NW1 = NY+1)
      INTEGER*4 NW2
      PARAMETER (NW2 = 128)
      INTEGER*4 NEX
      PARAMETER (NEX = 256)
      INTEGER*4 NI
      PARAMETER (NI = 2*NY−1)
      INTEGER*4 NEQ
      PARAMETER (NEQ = 3*NY−2)
      INTEGER*4 NCW2
      PARAMETER (NCW2 = 2*NW1+1)
      INTEGER*4 NCW3
      PARAMETER (NCW3 = 4*NW1+1)
      INTEGER NPTS,NSKIP,MTRN,MSKIP,ISIGN,LOG,IEXSHF,LVECT,LSKIP,
     &NVECT,NVSKIP,NSTEPS,N1,N2,NUMBER,KDATA,LMAPP,NOTEMP,KTA,KTAPE,
     &KSM,KPP,KZP,KTP,KUP,KVP,KPF,KZF,KTF,KUF,KVF,KPRESS,NOALS,N1H,
     &N1Q,N1E,N2M,N2P,N2DP,N2DM,N2PD,NMAX2,LZN,LTN,LPN,LZO,LTO,LPY,
     &LZX,LZY,LEIG,LE,LH,LEV,NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,
     &NXACAC,NFTVMT,NXSHUF,NUSHUF,NXPRNT,NXLOG2,VALID,NW,NWH,NWQ,
     &NWEIG,K1Q,K2Q,K3Q,K1QM,K2QM,K3QM,LARGE,LPRESS,I,J,KZN,KZO,K,
     &K2QJ,KTO,KTN,KPY,KPN,KZY,KZX,IPH
      REAL*4 GSOLV(1:127),GMAPP(1:129),G(1:129),U(1:129),ALPHA,BETA,
     &BOXX,H,RNU,RKAPA,DT,DTT,T,PI,TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC
     &,TXACAC,TFTVMT,TXSHUF,TUSHUF,TXPRNT,TXLOG2,EXXRCS,EXXCSR,EXSCSC
     &,EXACAC,EFTVMT,A(1:NA1,1:NA2),E(1:NE,1:NE),WORK(1:NW1*NW2),EVAL
     &(1:NE),IR(1:NE),IC(1:NE),VDAT(1:15),CDAT(1:15),TLAST,CPU1,
     &TCLCK1,F,FZ,FZSQ,FX,FX2,DTB,UKSM1F,GG,UU,DTFAC,F1,DTA,DTF,F2,
     &FXSQ,CPU2,TCLCK2,TWALL
      COMPLEX CA(1:NW1,1:NA2),CWORK(1:NW1),CWORK2(1:NW1),CWORK3(1:NW1
     &),EX(1:NEX),CF
      COMMON /VERIFY/ VDAT,CDAT
      COMMON /TIMING/ TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC,TXACAC,
     &TFTVMT,TXSHUF,TUSHUF,TXPRNT,TXLOG2,EXXRCS,EXXCSR,EXSCSC,EXACAC,
     &EFTVMT,NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,NXACAC,NFTVMT,NXSHUF,
     &NUSHUF,NXPRNT,NXLOG2
      COMMON /LADDR/ LZN,LTN,LPN,LZO,LTO,LPY,LZX,LZY,LEIG,LE,LH,LEV
      COMMON /EXSIZE/ NMAX2
      COMMON /NMBRS/ N1H,N1Q,N1E,N2M,N2P,N2DP,N2DM,N2PD
      COMMON /PI/ PI
      COMMON /OPTONS/ N1,N2,NUMBER,KDATA,LMAPP,NOTEMP,KTA,KTAPE,KSM,
     &KPP,KZP,KTP,KUP,KVP,KPF,KZF,KTF,KUF,KVF,KPRESS,NOALS
      COMMON /DATA/ ALPHA,BETA,BOXX,H,RNU,RKAPA,DT,DTT,T,NSTEPS
      COMMON /MFLOW/ U
      COMMON /MAPING/ GMAPP,G
      COMMON /SOLV/ LVECT,LSKIP,NVECT,NVSKIP,GSOLV
      COMMON /FT/ NPTS,NSKIP,MTRN,MSKIP,ISIGN,LOG,IEXSHF
      
      EQUIVALENCE (A,CA), (A,EVAL), (A(128,1),IR), (A(255,1),IC), (A(
     &124,2),E)
      EQUIVALENCE (WORK,CWORK), (WORK(259),CWORK2), (WORK(517),CWORK3
     &)
      CALL CPUTIM(CPU1)                                                 0001
      CALL ELAPSE(TCLCK1)                                               0002
      OPEN (UNIT=1,FILE=’OCV’)                                          0003
      OPEN (UNIT=6,FILE=’OCO6’)                                         0004
      WRITE (1, 9991)                                                   0005
9991  FORMAT(1X,’OUTPUT FOR PERFECT CLUB BENCHMARK: OCEAN INSTRUMENTED V
     &ERSION’/1X,’$Revision: 1.A.1 $ $Author: psharma $’/)              0006
      CALL START(NX, NY)                                                0007
C                                                                       
C IF  LMAPP = 1 , H  (THE SIZE OF THE BOX IN Y DIRECTION)  SHOULD BE    
C SPECIFIED IN THE MAIN PROGRAM.                                        
C                                                                       
      H = PI                                                            0008
C                                                                       
C DEFINING CONSTANTS THAT WILL BE NEEDED:                               
C                                                                       
      N1H = N1/2                                                        0009
      N1Q = N1/4                                                        0010
      N1E = N1/8                                                        0011
      N2M = N2−1                                                        0012
      N2P = N2+1                                                        0013
      N2DP = 2*N2+1                                                     0014
      N2DM = 2*N2−1                                                     0015
      N2PD = 2*N2P                                                      0016
      NW = N2PD*N1H                                                     0017
      NWH = NW/2                                                        0018
      NWQ = NW/4                                                        0019
      NWEIG = N2M                                                       0020
      IF (LMAPP.NE.1) NWEIG = (N2M+3)*N2M                               0021
      NMAX2 = MAX(2*N2, N1)                                             0023
      K1Q = N1E+1                                                       0024
      K2Q = K1Q+N1E                                                     0025
      K3Q = K2Q+N1E                                                     0026
      K1QM = K1Q−1                                                      0027
      K2QM = K2Q−1                                                      0028
      K3QM = K3Q−1                                                      0029
C                                                                       
C LCM ALLOCATION AND COMPUTATION OF ADDRESSES:                          
C                                                                       
      LARGE = 8*NW                                                      0030
      IF (NOTEMP.EQ.1) LARGE = 6*NW                                     0031
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THEN

      WRITE (6, 1010) TXXXIN, TXXOUT, TXXRCS, TXXCSR, TXSCSC, TXACAC    0615
     &, TFTVMT, TXSHUF, TUSHUF, TXPRNT, TXLOG2                          0615
      WRITE (6, 1012) EXXRCS, EXXCSR, EXSCSC, EXACAC, EFTVMT            0616
      WRITE (6, 1020) NXXXIN, NXXOUT, NXXRCS, NXXCSR, NXSCSC, NXACAC    0617
     &, NFTVMT, NXSHUF, NUSHUF, NXPRNT, NXLOG2                          0617
C                                                                       
      CALL BUG(’AFTER  ALL’)                                            0618
1010  FORMAT(/2X,’SUBROUTINE    IN, EX−TIME FOR FIRST CALL =’,1PE13.6,’ 
     &SECONDS’/2X,’SUBROUTINE   OUT, EX−TIME FOR FIRST CALL =’,1PE13.6/2
     &X,’SUBROUTINE   RCS, EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUT
     &INE   CSR, EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE  SCSC,
     & EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE  ACAC, EX−TIME F
     &OR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE FTRVMT EX−TIME FOR FIRST C
     &ALL =’,1PE13.6/2X,’SUBROUTINE  SHUF, EX−TIME FOR FIRST CALL =’,1PE
     &13.6/2X,’SUBROUTINE UNSHUF EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’S
     &UBROUTINE RPRINT EX−TIME FOR FIRST CALL =’,1PE13.6/2X,’SUBROUTINE 
     &XLOG2, EX−TIME FOR FIRST CALL =’,1PE13.6)                         0619
1012  FORMAT(/2X,’SUBROUTINE   RCS, EX−TIME LAST TIMESTEP  =’,1PE13.6,’ 
     &SECONDS’/2X,’SUBROUTINE   CSR, EX−TIME LAST TIMESTEP  =’,1PE13.6/2
     &X,’SUBROUTINE  SCSC, EX−TIME LAST TIMESTEP  =’,1PE13.6/2X,’SUBROUT
     &INE  ACAC, EX−TIME LAST TIMESTEP  =’,1PE13.6/2X,’SUBROUTINE FTRVMT
     & EX−TIME LAST TIMESTEP  =’,1PE13.6)                               0620
1020  FORMAT(/2X,’SUBROUTINE    IN, CUMULATIVE CALLS TO    =’,I12/2X,’SU
     &BROUTINE   OUT, CUMULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE   RCS
     &, CUMULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE   CSR, CUMULATIVE C
     &ALLS TO    =’,I12/2X,’SUBROUTINE  SCSC, CUMULATIVE CALLS TO    =’,
     &I12/2X,’SUBROUTINE  ACAC, CUMULATIVE CALLS TO    =’,I12/2X,’SUBROU
     &TINE FTRVMT CUMULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE  SHUF, CU
     &MULATIVE CALLS TO    =’,I12/2X,’SUBROUTINE UNSHUF CUMULATIVE CALLS
     & TO    =’,I12/2X,’SUBROUTINE RPRINT CUMULATIVE CALLS TO    =’,I12/
     &2X,’SUBROUTINE XLOG2, CUMULATIVE CALLS TO    =’,I12)              0621
C                                                                       
      CALL CPUTIM(CPU2)                                                 0622
      CALL ELAPSE(TCLCK2)                                               0623
C                                                                       
      TWALL = MOD(TCLCK2−TCLCK1+1000000.0, 1000000.0)                   0624
      WRITE (6, 1040) TWALL                                             0625
1040  FORMAT(/2X,’MEASURE OF WALL−CLOCK TIME (ENVIRONMENT SENSITIVE)’/2X
     &,’FOR EXECUTION ONLY =’,1PE13.6,1X,’SECONDS’)                     0626
      WRITE (1, *)                                                      0627
      WRITE (1, *) ’ELAPSED CPU TIME IN SECONDS: ’, CPU2−CPU1           0628
C MFLOPS RATE = MFLOP 1 CPU CRAY X−MP/CPU TIME                          
      WRITE (1, *) ’MFLOPS RATE: ’, 1657.863/(CPU2−CPU1)                0629
      WRITE (1, *) ’ELAPSED WALLCLOCK TIME IN SECONDS: ’, TWALL         0630
      WRITE (1, 9992)                                                   0631
      WRITE (1, 9995) (CDAT(I), I = 1, 15)                              0632
      VALID = 1                                                         0633
      DO 7 I = 1, 15                                                    0634
         IF (I.EQ.3.OR.I.EQ.13) THEN                                    0635
            IF (ABS(CDAT(I)).GT.ABS(VDAT(I))) VALID = 0                 0636
         ELSEIF (ABS(VDAT(I)−CDAT(I)).GT.ABS(.01*VDAT(I))) THEN         0635
            VALID = 0                                                   0639
         ENDIF
7        CONTINUE                                                       0640
C                                                                       
      IF (VALID.EQ.1) THEN                                              0641
         WRITE (1, 9993)                                                0642
      ELSE
         WRITE (1, 9994)                                                0643
      ENDIF
C                                                                       
9992  FORMAT(/1X,’VALIDATION PARAMETERS:’/)                             0644
9993  FORMAT(//1X,’RESULTS FOR THIS RUN ARE:   VALID’)                  0645
9994  FORMAT(//1X,’RESULTS FOR THIS RUN ARE: INVALID’)                  0646
9995  FORMAT(5E15.5)                                                    0647
      STOP                                                              0648
      END

ELSE

      IF (NUMBER.GE.NSTEPS) THEN                                        0613
      ENDIF

150   IF (MOD(NSTEPS, KTF).EQ.1.AND.NOTEMP.NE.1) CALL TEMPFO(CA, N2P    0193
     &, N1H, CWORK)                                                     0193
      IF (MOD(NSTEPS, KPF).EQ.1) CALL PSIFOU(CA, N2P, N1H, CWORK)       0195
      IF (MOD(NSTEPS, KZF).EQ.1) CALL ZETAFO(CA, N2P, N1H, CWORK)       0197
      IF (MOD(NSTEPS, KVF).EQ.1) CALL VVELFO(CA, N2P, N1H, FX, CWORK)   0199
      IF (MOD(NSTEPS+1, KTA).NE.1) THEN                                 0201
      ELSE
C                                                                       
C TIME AVERAGE VORTICITY:                                               
C                                                                       
         DTT = DT                                                       0203
         T = T−0.5*DT                                                   0204
         CALL IN(A, LZO, NW)                                            0205
         NPTS = 2*N2                                                    0206
         NSKIP = 1                                                      0207
         MTRN = N1H                                                     0208
         MSKIP = N2P                                                    0209
         ISIGN = −1                                                     0210
         IEXSHF = NMAX2/NPTS                                            0211
         CALL XLOG2(NPTS, LOG)                                          0212
         CALL ACAC(A, EX, WORK)                                         0213
         F = 0.125/REAL(N2)                                             0214
         DO 160 J = 1, N1H                                              0215
            DO 160 I = 1, N2PD                                          0216
160            A(I,J) = A(I,J)*F                                        0217
         CALL OUT(A, LZO, NW)                                           0218
         ISIGN = 1                                                      0219
         MTRN = N1Q                                                     0220
         KZN = LZN                                                      0221
         KZO = LZO                                                      0222
         DO 180 K = 1, 2                                                0223
            CALL IN(A, KZO, NWH)                                        0224
            CALL IN(A(1,K2Q), KZN, NWH)                                 0225
            DO 170 J = 1, N1Q                                           0226
               K2QJ = J+K2QM                                            0227
               DO 170 I = 1, N2PD                                       0228
170               A(I,J) = A(I,J)+0.5*A(I,K2QJ)                         0229
            CALL OUT(A, KZN, NWH)                                       0230
            CALL ACAC(A, EX, WORK)                                      0231
            DO 175 J = 1, N1Q                                           0232
               DO 175 I = 1, N2PD                                       0233
175               A(I,J) = 0.5*A(I,J)                                   0234
            CALL OUT(A, KZO, NWH)                                       0235
            KZO = KZO+NWH                                               0236
180         KZN = KZN+NWH                                               0237
         IF (NOTEMP.EQ.1) THEN                                          0238
         ELSE
C                                                                       
C TIME AVERAGE TEMPERATURE:                                             
C                                                                       
            ISIGN = −1                                                  0240
            MTRN = N1H                                                  0241
            CALL IN(A, LTO, NW)                                         0242
            CALL ACAC(A, EX, WORK)                                      0243
            F = 0.125/REAL(N2)                                          0244
            DO 190 J = 1, N1H                                           0245
               DO 190 I = 1, N2PD                                       0246
190               A(I,J) = F*A(I,J)                                     0247
            CALL OUT(A, LTO, NW)                                        0248
            ISIGN = 1                                                   0249
            MTRN = N1Q                                                  0250
            KTO = LTO                                                   0251
            KTN = LTN                                                   0252
            DO 210 K = 1, 2                                             0253
               CALL IN(A, KTO, NWH)                                     0254
               CALL IN(A(1,K2Q), KTN, NWH)                              0255
               DO 200 J = 1, N1Q                                        0256
                  K2QJ = J+K2QM                                         0257
                  DO 200 I = 1, N2PD                                    0258
200                  A(I,J) = A(I,J)+0.5*A(I,K2QJ)                      0259
               CALL OUT(A, KTN, NWH)                                    0260
               CALL ACAC(A, EX, WORK)                                   0261
               DO 205 J = 1, N1Q                                        0262
                  DO 205 I = 1, N2PD                                    0263
205                  A(I,J) = 0.5*A(I,J)                                0264
               CALL OUT(A, KTO, NWH)                                    0265
               KTO = KTO+NWH                                            0266
210            KTN = KTN+NWH                                            0267
         ENDIF
      ENDIF
C                                                                       
C THE BEGINING OF A NORMAL TIME STEP                                    
C (U IS X VELOCITY AND V IS Y VELOCITY)                                 
C FIND (−U) = D(PSI)/DY                                                 
C                                                                       
211   CONTINUE                                                          0268
C                                                                       
      IF (NSTEPS.LT.3) THEN                                             0269
         CALL IN(CA, LPN, NW)                                           0270
         CALL PSIPHY(CA, N2P, N1H, EX, G, U, WORK, CWORK3, 1)           0271
      ELSE
         CALL IN(CA, LPN, NW)                                           0272
         IF (MOD(NSTEPS, KPP).EQ.1) CALL PSIPHY(CA, N2P, N1H, EX, G,    0273
     &   U, WORK, CWORK3, −1)                                           0273
      ENDIF
C                                                                       
      NPTS = 2*N2                                                       0275
      NSKIP = 1                                                         0276
      MTRN = N1H                                                        0277
      MSKIP = N2P                                                       0278
      ISIGN = 1                                                         0279
      CALL XLOG2(NPTS, LOG)                                             0280
      IEXSHF = NMAX2/NPTS                                               0281
      CALL IN(CA, LPN, NW)                                              0282
      F = 0.                                                            0283
      DO 230 I = 1, N2                                                  0284
         DO 220 J = 1, N1H                                              0285
220         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0286
230      F = F+1.                                                       0287
      DO 235 J = 1, N1H                                                 0288
235      CA(N2P,J) = 0.                                                 0289
      CALL SCSC(CA, EX, WORK)                                           0290
      CALL OUT(CA, LPY, NW)                                             0291
      IF (KSM.EQ.1) CALL MEAN(CA, U, G)                                 0292
      IF (MOD(NSTEPS, KUF).EQ.1) CALL UVELFO(CA, N2P, N1H, G, EX,       0294
     &CWORK)                                                            0294
      CALL IN(CA, LPN, NW)                                              0296
C                                                                       
C FIND  V = D(PSI)/DX                                                   
C                                                                       
      F = 0.                                                            0297
      DO 250 J = 1, N1H                                                 0298
         DO 240 I = 1, N2P                                              0299
240         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0300
250      F = F+FX                                                       0301
      CALL ACAC(CA, EX, WORK)                                           0302
      CALL OUT(CA, LPN, NW)                                             0303
      IF (MOD(NSTEPS, KPP).EQ.1.AND.NOTEMP.NE.1) CALL IN(CA, LPN, NW)   0304
      NPTS = 2*N2                                                       0306
      NSKIP = 1                                                         0307
      MTRN = N1H                                                        0308
      MSKIP = N2P                                                       0309
      ISIGN = 1                                                         0310
      CALL XLOG2(NPTS, LOG)                                             0311
      IEXSHF = NMAX2/NPTS                                               0312
      IF (NOTEMP.EQ.1) THEN                                             0313
      ELSE
C                                                                       
C T(TOTAL) = T−BETA*Y                                                   
C WHERE BETA < 0 MEANS   STABLE STRATIFICATION AND                      
C       BETA > 0 MEANS UNSTABLE STRATIFICATION                          
C                                                                       
         KTO = LTO                                                      0315
         DTB = 0.5*BETA*DTT                                             0316
         DO 270 J = 1, N1H                                              0317
            CALL IN(CWORK, KTO, N2PD)                                   0318
            F = −REAL(J−1)*FX*DTT*0.25                                  0319
            DO 260 I = 1, N2P                                           0320
260            CWORK(I) = CWORK(I)*CMPLX(1., U(I)*F)+DTB*CA(I,J)        0321
            CALL OUT(CWORK, KTO, N2PD)                                  0322
270         KTO = KTO+N2PD                                              0323
      ENDIF
271   CALL IN(CA, LZN, NW)                                              0324
C                                                                       
C FIND DZ/DY:                                                           
C                                                                       
      F = 0.                                                            0325
      DO 290 I = 1, N2                                                  0326
         DO 280 J = 1, N1H                                              0327
280         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0328
290      F = F+1.                                                       0329
      DO 295 J = 1, N1H                                                 0330
295      CA(N2P,J) = 0.                                                 0331
      CALL SCSC(CA, EX, WORK)                                           0332
      CALL OUT(CA, LZY, NW)                                             0333
      CALL IN(CA, LZN, NW)                                              0334
      CALL ACAC(CA, EX, WORK)                                           0335
      DO 300 J = 1, N1H                                                 0336
         DO 300 I = 1, N2P                                              0337
300         CA(I,J) = CA(I,J)*0.5                                       0338
      CALL OUT(CA, LZN, NW)                                             0339
      NPTS = N1                                                         0340
      NSKIP = N2P                                                       0341
      MTRN = N2P                                                        0342
      MSKIP = 1                                                         0343
      ISIGN = 1                                                         0344
      CALL XLOG2(NPTS, LOG)                                             0345
      IEXSHF = NMAX2/NPTS                                               0346
      IF (MOD(NSTEPS, KZP).EQ.1) CALL ZETAPH(CA, N2PD, N1H, EX, WORK    0347
     &, −1)                                                             0347
      IF (MOD(NSTEPS, KZP).EQ.1) CALL IN(CA, LZN, NW)                   0349
C                                                                       
C FIND DZ/DX:                                                           
C                                                                       
      F = 0.                                                            0351
      DO 320 J = 1, N1H                                                 0352
         DO 310 I = 1, N2P                                              0353
310         CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))         0354
320      F = F+FX2                                                      0355
      CALL CSR(CA, EX)                                                  0356
      CALL OUT(CA, LZX, NW)                                             0357
      CALL IN(CA, LZY, NW)                                              0358
      CALL CSR(CA, EX)                                                  0359
      CALL OUT(CA, LZY, NW)                                             0360
      CALL IN(CA, LPN, NW)                                              0361
      CALL CSR(CA, EX)                                                  0362
      CALL OUT(CA, LPN, NW)                                             0363
      CALL IN(CA, LPY, NW)                                              0364
      CALL CSR(CA, EX)                                                  0365
      CALL OUT(CA, LPY, NW)                                             0366
C                                                                       
C WE ARE IN PHYSICAL SPACE NOW − FIND  (U,V).GRAD (Z):                  
C                                                                       
      IF (MOD(NSTEPS, KUP).EQ.1) CALL UVELPH(A, N2PD, N1H, WORK, −1)    0367
      IF (MOD(NSTEPS, KVP).EQ.1) CALL VVELPH(A, N2PD, N1H, WORK, −1)    0369
      KPY = LPY                                                         0371
      KPN = LPN                                                         0372
      KZY = LZY                                                         0373
      KZX = LZX                                                         0374
      UKSM1F = REAL(2−KSM)                                              0375
      DO 340 K = 1, 4                                                   0376
         CALL IN(A, KPY, NWQ)                                           0377
         CALL IN(A(1,K1Q), KPN, NWQ)                                    0378
         CALL IN(A(1,K2Q), KZY, NWQ)                                    0379
         CALL IN(A(1,K3Q), KZX, NWQ)                                    0380
         DO 330 I = 1, N2PD                                             0381
            IPH = (I+1)/2                                               0382
            GG = G(IPH)                                                 0383
            UU = U(IPH)*UKSM1F                                          0384
            DO 330 J = 1, N1E                                           0385
               A(I,J) = A(I,J)*GG+UU                                    0386
               A(I,K2QM+J) = A(I,J)*A(I,K3QM+J)−A(I,K1QM+J)*A(I,K2QM+   0387
     &         J)*GG                                                    0387
330            CONTINUE                                                 0388
         CALL OUT(A, KPY, NWQ)                                          0389
         CALL OUT(A(1,K2Q), KZY, NWQ)                                   0390
         KPN = KPN+NWQ                                                  0391
         KPY = KPY+NWQ                                                  0392
         KZX = KZX+NWQ                                                  0393
340      KZY = KZY+NWQ                                                  0394
C                                                                       
C [Z(OLD) + (MEAN −U) * (−DZ(OLD)/DX)] + (U,V).GRAD(Z)                  
C                                                                       
      ISIGN = −1                                                        0395
      CALL IN(A, LZY, NW)                                               0396
      CALL RCS(A, EX)                                                   0397
      CALL OUT(A, LZY, NW)                                              0398
      KZO = LZO                                                         0399
      KZN = LZN                                                         0400
      KZY = LZY                                                         0401
      DTFAC = 0.125*DTT/REAL(N1)                                        0402
      F1 = DTT*FX*0.25                                                  0403
      F = F1                                                            0404
      DO 360 K = 1, 2                                                   0405
         CALL IN(CA, KZO, NWH)                                          0406
         CALL IN(CA(1,K2Q), KZN, NWH)                                   0407
         CALL OUT(CA(1,K2Q), KZO, NWH)                                  0408
         CALL IN(CA(1,K2Q), KZY, NWH)                                   0409
         DO 350 J = 1, N1Q                                              0410
            K2QJ = J+K2QM                                               0411
            F = F−F1                                                    0412
            DO 350 I = 1, N2P                                           0413
350            CA(I,J) = CA(I,J)*CMPLX(1., F*U(I))+DTFAC*CA(I,K2QJ)     0414
         CALL OUT(CA, KZN, NWH)                                         0415
         KZN = KZN+NWH                                                  0416
         KZO = KZO+NWH                                                  0417
360      KZY = KZY+NWH                                                  0418
      IF (NOTEMP.EQ.1) THEN                                             0419
      ELSE
C                                                                       
C FIND DT/DY:                                                           
C                                                                       
         NPTS = 2*N2                                                    0421
         NSKIP = 1                                                      0422
         MTRN = N1H                                                     0423
         MSKIP = N2P                                                    0424
         ISIGN = 1                                                      0425
         CALL XLOG2(NPTS, LOG)                                          0426
         IEXSHF = NMAX2/NPTS                                            0427
         CALL IN(CA, LTN, NW)                                           0428
         F = 0.                                                         0429
         DO 380 I = 1, N2                                               0430
            DO 370 J = 1, N1H                                           0431
370            CA(I,J) = CMPLX(−F*AIMAG(CA(I,J)), F*REAL(CA(I,J)))      0432
380         F = F+1.                                                    0433
         DO 385 J = 1, N1H                                              0434
385         CA(N2P,J) = 0.                                              0435
         CALL SCSC(CA, EX, WORK)                                        0436
         CALL OUT(CA, LZY, NW)                                          0437
         CALL IN(CA, LTN, NW)                                           0438
         CALL ACAC(CA, EX, WORK)                                        0439
         CALL OUT(CA, LTN, NW)                                          0440
         NPTS = N1                                                      0441
         NSKIP = N2P                                                    0442
         MTRN = N2P                                                     0443
         MSKIP = 1                                                      0444
         CALL XLOG2(NPTS, LOG)                                          0445
         IEXSHF = NMAX2/NPTS                                            0446
         IF (NSTEPS.EQ.1) THEN                                          0447
            CALL TEMPHY(A, N2PD, N1H, EX, WORK, 0)                      0448
         ELSEIF (MOD(NSTEPS, KTP).EQ.1.OR.MOD(NSTEPS, KPP).EQ.1) THEN   0447
            CALL TEMPHY(A, N2PD, N1H, EX, WORK, −1)                     0450
         ENDIF
C                                                                       
C TEMPERATURE INFLUENCE:                                                
C                                                                       
         F = −FX                                                        0451
         KZN = LZN                                                      0452
         KZX = LZX                                                      0453
         KTN = LTN                                                      0454
         DTA = 0.5*ALPHA*DTT                                            0455
         DO 400 K = 1, 2                                                0456
            CALL IN(CA, KZN, NWH)                                       0457
            CALL IN(CA(1,K2Q), KTN, NWH)                                0458
            DO 390 J = 1, N1Q                                           0459
               K2QJ = J+K2QM                                            0460
               F = F+FX                                                 0461
               DO 390 I = 1, N2P                                        0462
                  CA(I,K2QJ) = CMPLX(−F*AIMAG(CA(I,K2QJ)), F*REAL(CA(   0463
     &            I,K2QJ)))                                             0463
390               CA(I,J) = CA(I,J)+DTA*CA(I,K2QJ)                      0464
            CALL OUT(CA, KZN, NWH)                                      0465
            CALL OUT(CA(1,K2Q), KZX, NWH)                               0466
            KZX = KZX+NWH                                               0467
            KTN = KTN+NWH                                               0468
400         KZN = KZN+NWH                                               0469
         CALL IN(A, LZX, NW)                                            0470
         CALL CSR(A, EX)                                                0471
         CALL OUT(A, LZX, NW)                                           0472
         CALL IN(A, LZY, NW)                                            0473
         CALL CSR(A, EX)                                                0474
         CALL OUT(A, LZY, NW)                                           0475
         KPN = LPN                                                      0476
         KPY = LPY                                                      0477
         KZX = LZX                                                      0478
         KZY = LZY                                                      0479
C                                                                       
C IN PHYSICAL SPACE − FIND  (U,V).GRAD(T):                              
C                                                                       
         DO 420 K = 1, 4                                                0480
            CALL IN(A, KPY, NWQ)                                        0481
            CALL IN(A(1,K1Q), KPN, NWQ)                                 0482
            CALL IN(A(1,K2Q), KZY, NWQ)                                 0483
            CALL IN(A(1,K3Q), KZX, NWQ)                                 0484
            DO 410 I = 1, N2PD                                          0485
               IPH = (I+1)/2                                            0486
               GG = G(IPH)                                              0487
               DO 410 J = 1, N1E                                        0488
                  A(I,J) = A(I,J)*A(I,K3QM+J)−A(I,K1QM+J)*A(I,K2QM+J)   0489
     &            *GG                                                   0489
410               CONTINUE                                              0490
            CALL OUT(A, KZY, NWQ)                                       0491
            KPN = KPN+NWQ                                               0492
            KPY = KPY+NWQ                                               0493
            KZX = KZX+NWQ                                               0494
420         KZY = KZY+NWQ                                               0495
         ISIGN = −1                                                     0496
         CALL IN(A, LZY, NW)                                            0497
         CALL RCS(A, EX)                                                0498
         CALL OUT(A, LZY, NW)                                           0499
         KTN = LTN                                                      0500
         KTO = LTO                                                      0501
         KZY = LZY                                                      0502
         DO 440 K = 1, 2                                                0503
            CALL IN(CA, KTO, NWH)                                       0504
            CALL IN(A(1,K2Q), KTN, NWH)                                 0505
            DO 425 J = K2Q, N1H                                         0506
               DO 425 I = 1, N2PD                                       0507
425               A(I,J) = 0.5*A(I,J)                                   0508
            CALL OUT(A(1,K2Q), KTO, NWH)                                0509
            CALL IN(CA(1,K2Q), KZY, NWH)                                0510
            DO 430 J = 1, N1Q                                           0511
               K2QJ = J+K2QM                                            0512
               DO 430 I = 1, N2P                                        0513
430               CA(I,J) = CA(I,J)+DTFAC*CA(I,K2QJ)                    0514
            CALL OUT(CA, KTN, NWH)                                      0515
            KTN = KTN+NWH                                               0516
            KTO = KTO+NWH                                               0517
440         KZY = KZY+NWH                                               0518
      ENDIF
441   DTF = 0.25*DTT*FX                                                 0519
      F = −DTF                                                          0520
      KZN = LZN                                                         0521
      KTN = LTN                                                         0522
      DO 460 K = 1, 2                                                   0523
         IF (NOTEMP.NE.1) CALL IN(CA, KTN, NWH)                         0524
         CALL IN(CA(1,K2Q), KZN, NWH)                                   0526
         DO 450 J = 1, N1Q                                              0527
            K2QJ = J+K2QM                                               0528
            F = F+DTF                                                   0529
            IF (NOTEMP.EQ.1) THEN                                       0530
            ELSE
               DO 448 I = 1, N2P                                        0532
                  WORK(I) = F*U(I)                                      0533
                  CA(I,J) = CMPLX(1.0, −WORK(I))*CA(I,J)/(1.0+WORK(I)   0534
     &            *WORK(I))                                             0534
448               CONTINUE                                              0535
            ENDIF
449         CONTINUE                                                    0536
            DO 450 I = 1, N2P                                           0537
               WORK(I) = F*U(I)                                         0538
               CA(I,K2QJ) = CMPLX(1.0, −WORK(I))*CA(I,K2QJ)/(1.0+WORK   0539
     &         (I)*WORK(I))                                             0539
450            CONTINUE                                                 0540
         IF (NOTEMP.NE.1) CALL OUT(CA, KTN, NWH)                        0541
         CALL OUT(CA(1,K2Q), KZN, NWH)                                  0543
         KTN = KTN+NWH                                                  0544
460      KZN = KZN+NWH                                                  0545
      NPTS = 2*N2                                                       0546
      NSKIP = 1                                                         0547
      MTRN = N1H                                                        0548
      MSKIP = N2P                                                       0549
      ISIGN = −1                                                        0550
      IEXSHF = NMAX2/NPTS                                               0551
      CALL XLOG2(NPTS, LOG)                                             0552
      CALL IN(A, LZN, NW)                                               0553
      CALL ACAC(A, EX, WORK)                                            0554
      CALL OUT(A, LZN, NW)                                              0555
      IF (NOTEMP.EQ.1) THEN                                             0556
      ELSE
         CALL IN(A, LTN, NW)                                            0558
         CALL ACAC(A, EX, WORK)                                         0559
         CALL OUT(A, LTN, NW)                                           0560
      ENDIF
461   KZN = LZN                                                         0561
      KPN = LPN                                                         0562
      F2 = 1./(4.*REAL(N2))                                             0563
      F1 = RNU*DTT                                                      0564
C                                                                       
C FIND PRESSURE NOW OR NEVER (IF REQUIRED...)                           
C                                                                       
      CALL IN(EVAL, LEIG, NWEIG)                                        0565
      LVECT = N2M                                                       0566
      LSKIP = 2                                                         0567
      NVECT = 2                                                         0568
      NVSKIP = 1                                                        0569
      FXSQ = FX*FX                                                      0570
C                                                                       
C UPDATE VORTICITY AND FIND THE NEW STREAMFUNCTION:                     
C                                                                       
      DO 480 J = 1, N1H                                                 0571
         CALL IN(CWORK, KZN, N2PD)                                      0572
         F = REAL((J−1)*(J−1))*FXSQ                                     0573
         DO 470 I = 2, N2                                               0574
            CWORK(I) = CWORK(I)*F2/(1.0−F1*(EVAL(I−1)−F))               0575
            CWORK2(I) = CWORK(I)/(EVAL(I−1)−F)                          0576
470         CONTINUE                                                    0577
         CWORK(1) = CWORK(1)*F2/(1.0+F1*F)                              0578
         CWORK2(1) = 0.0                                                0579
         IF (F.NE.0.0) CWORK2(1) = −CWORK(1)/F                          0580
         CWORK(N2P) = 0.0                                               0582
         CWORK2(N2P) = 0.0                                              0583
         CALL OUT(CWORK, KZN, N2PD)                                     0584
         CALL OUT(CWORK2, KPN, N2PD)                                    0585
         KPN = KPN+N2PD                                                 0586
480      KZN = KZN+N2PD                                                 0587
C                                                                       
C DE−ALIASE UPDATED FIELDS IF REQUESTED:                                
C                                                                       
      IF (NOALS.EQ.1) CALL DEALSE(CA, N2P, N1H, LZN)                    0588
      IF (NOALS.EQ.1) CALL DEALSE(CA, N2P, N1H, LPN)                    0590
      IF (NOTEMP.EQ.1) THEN                                             0592
      ELSE
C                                                                       
C UPDATE TEMPERATURE:                                                   
C                                                                       
         IF (NOALS.EQ.1) CALL IN(EVAL, LEIG, NWEIG)                     0594
         KTN = LTN                                                      0596
         F1 = RKAPA*DTT                                                 0597
         DO 500 J = 1, N1H                                              0598
            CALL IN(CWORK, KTN, N2PD)                                   0599
            F = REAL((J−1)*(J−1))*FXSQ                                  0600
            DO 490 I = 2, N2                                            0601
               CWORK(I) = CWORK(I)*F2/(1.0−F1*(EVAL(I−1)−F))            0602
490            CONTINUE                                                 0603
            CWORK(1) = CWORK(1)*F2/(1.0+F1*F)                           0604
            CWORK(N2P) = 0.0                                            0605
            CALL OUT(CWORK, KTN, N2PD)                                  0606
500         KTN = KTN+N2PD                                              0607
C                                                                       
C DE−ALIASE IF REQUESTED:                                               
C                                                                       
         IF (NOALS.EQ.1) CALL DEALSE(CA, N2P, N1H, LTN)                 0608
      ENDIF
C                                                                       
C AT LAST, THE END OF THE TIME STEP:                                    
C                                                                       
501   DTT = DT+DT                                                       0610
      T = T+DT                                                          0611
      NSTEPS = NSTEPS+1                                                 0612

C     1993 version − Modified by Beatrice Creusillet for PIPS −
C
C     MODIFICATIONS:
C
C     − CXxxxxx and CYyyyyy commentaries removed for clarity.
C     − CPUTIM and ELAPSE subroutines uncommented.
C     − BLOCK DATA moved in main procedure. 
C     − Macro definition LSTMOD(MODEHI) in module DEALSE replaced where
C       it is used.
C     − (1.,0.) replaced by CMPLX(1.,0.) wherever needed
C     − in RUNINF, computed GOTO’s are replaced by block if’s
C
C#
C#
C#      BLOCK DATA
C#      COMMON /TIMING/ TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC,TXACAC,TFTVMT, 
C#     1                TXSHUF,TUSHUF,TXPRNT,TXLOG2,                      
C#     2                EXXRCS,EXXCSR,EXSCSC,EXACAC,EFTVMT,               
C#     3                NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,NXACAC,NFTVMT, 
C#     4                NXSHUF,NUSHUF,NXPRNT,NXLOG2                       
C#      COMMON /VERIFY/ VDAT(15),CDAT(15)                                 
C#      COMMON /PI/ PI                                                    
C#      COMMON /DEBUG/ NUMBER,TLAST                                       
C#C                                                                       
C#      DATA            TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC,TXACAC,TFTVMT  
C#     1              /     0.,    0.,    0.,    0.,    0.,    0.,    0./ 
C#      DATA            TXSHUF,TUSHUF,TXPRNT,TXLOG2                       
C#     1              /     0.,    0.,    0.,    0./                      
C#      DATA            EXXRCS,EXXCSR,EXSCSC,EXACAC,EFTVMT                
C#     1              /     0.,    0.,    0.,    0.,    0./               
C#      DATA            NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,NXACAC,NFTVMT  
C#     1              /     0 ,    0 ,    0 ,    0 ,    0 ,    0 ,    0 / 
C#      DATA            NXSHUF,NUSHUF,NXPRNT,NXLOG2                       
C#     1              /     0 ,    0 ,    0 ,    0 /                      
C#      DATA VDAT/                                                        
C#     * 0.10000E+03,−0.10000E+03, 0.10000E−04,−0.10000E+03,−0.15708E+01, 
C#     * 0.99983E+02,−0.18147E+01,−0.20427E+01,−0.22452E+01,−0.24181E+01, 
C#     * 0.95976E+02,−0.95977E+02, 0.10000E−04,−0.95978E+02,−0.25589E+01/ 
C#C                                                                       
C#C PI IS A USEFULL CONSTANT                                              
C#C                                                                       
C#      DATA  PI /3.141592653589793/                                      
C#      DATA NUMBER /1/, TLAST /0.0/                                      
C#      END                                                               
C#
C#
C                                                                       
C                                                                       
C******NOTE: USE OF MACHINE−DEPENDENT CONSTANT: ZERO IN SUBROUTINE RUNIN
C                                                                       
C            ZERO = 1.0E−200 (MAY HAVE TO REPLACE WITH YOUR MACHINES    
C                             RELATIVE PRECISION FOR REAL DATA TYPE)    
C                                                                       
      PROGRAM OCEAN
C***********************************************************************
C                        OCEAN FORTRAN PROGRAMS                         
C                        CREATION DATE: 3/22/81                         
C***********************************************************************
C                                                                       
C  D(Z)/DT + (U,V).GRAD(Z) = RNU*DELSQ(Z) + ALPHA*D(TEMP)/DX            
C                                                                       
C  D(TEMP)/DT + (U,V).GRAD(TEMP) = RKAPA*DELSQ(TEMP) + BETA*V           
C                                                                       
C                                                                       
C                                                                       
C THIS PROGRAM SIMULATES TWO−DIMENSIONAL FLUID FLOW ON A   (N2+1) * N1  
C GRID. IT IS POSSIBLE TO SPECIFY NON−LINEAR DISTRIBUTION OF DATA POINTS
C THE Y−DIRECTION (THE FIRST INDEX CORRESPONDS TO Y DIRECTION, SECOND TO
C X DIRECTION). N1 AND N2 HAVE TO BE POWERS OF TWO GREATER OR EQUAL TO 8
C                                                                       
C THE PROGRAM USES LARGE CORE MEMORY. IT REQUIRES 8*(N2+1)*N1+(N2−1)*(N2
C WORDS OF IT. IF NOTEMP = 1 IT IS POSSIBLE TO SAVE 2*(N2+1)*N1 WORDS,  
C IF LMAPP = 1 YOU SAVE ADDITIONAL (N2−1)*(N2+1) WORDS.                 
C                                                                       
C IF  LMAPP = 2 , LCM REQUIREMENTS ARE AT LEAST  3 * (N2−1) * (N2−1)    
C MORE MEMORY COULD BE NEEDED IN THIS CASE BECAUSE OF EIGSET AND LCMRQR.
C                                                                       
C                                                                       
C FOR CDC7600 RUNS: DELETE ROUTINES LCMREQ, IN AND OUT FROM THE END OF  
C                   THIS PACKAGE. ON CDC7600 THE LCM IS USED THROUGH    
C                   THE ASSEMBLY ROUTINES.                              
C                                                                       
C                   LIBRARY.                                            
C FOR CRAY−1 RUNS : DELETE ROUTINES SECOND, DATE, TIME, EXSET AND       
C                   LOG2 FROM THE END OF THIS PACKAGE. THEY ARE         
C                   OBTAINED AT LOAD TIME FROM CRAY LIBRARIES AND       
C                   FFTLIB.                                             
C                   ALSO, ADJUST THE SIZE OF PARAMETER LCMSIZ IN        
C                   THE ROUTINE LCMREQ SO THAT THE COMMON IS LARGE      
C                   ENOUGH TO EMULATE CDC7600 LCM REQUIRED FOR THE RUN. 
C                                                                       
C THE FOLLOWING PARAMETERS DEFINE THE SIZE OF THE RUN:                  
C                                                                       
C                                                                       
C PLEASE REFER TO THE DIMENSIONING AND EQUIVALENCING INSTRUCTIONS IN    
C THE CASE YOUR COMPILER CANNOT HANDLE PARAMETER STATEMENTS...          
C COMMON BLOCKS:                                                        
C                                                                       
C                                                                       
C THE DIMENSION OF  GSOLV  HAS TO BE AT LEAST (N2−1)                    
C                                                                       
C                                                                       
C THE DIMENSIONS OF  GMAPP  AND  G  HAVE TO BE AT LEAST (N2+1)          
C                                                                       
C                                                                       
C                                                                       
C COMPLEX ARRAYS HAVE TO BE DIMENSIONED EXACTLY AS THE FORMULAS SAY:    
C            CA        (N2+1) X N1/2                                    
C            CWORK     N2+1                                             
C            CWORK2    N2+1                                             
C            CWORK3    N2+1                                             
C            EX        MAX(2*N2, N1)                                    
C                                                                       
C EX ARRAY MUST NOT BE THE FIRST ARRAY IN THE MEMORY.                   
C                                                                       
C                                                                       
C REAL ARRAYS HAVE TO BE DIMENSIONED EXACTLY AS THE FORMULAS SAY:       
C            A      2*(N2+1) X N1/2                                     
C            E      (N2−1)   X (N2−1)                                   
C            WORK   N2+1     X MAX(6, 2*MIN(64, N1/2))   (AT LEAST)     
C            EVAL   N2−1                                                
C            IR     N2−1                                                
C            IC     N2−1                                                
C                                                                       
C                                                                       
C EQUIVALENCE STATEMENTS ARE SAVING MEMORY SPACE. THE FOLLOWING PATTERN 
C HAS TO BE FOLLOWED EXACTLY:                                           
C                                                                       
C     A−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+           
C     CA+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+           
C     EVAL+−+IR−+−+−IC+−+−+E+−+−+−+−+−+−+−+−+−+−+−+−+−+−+−+             
C                                                                       
C                                                                       
C     WORK+−+−+−+−+−+−+−+−+−+−+−+−+−+−+                                 
C     CWORK−+−+−+CWORK2−+−+−CWORK3+−+−+                                 
C                                                                       
C      EQUIVALENCE (A,CA,EVAL), (A(NY),IR), (A(NI),IC), A(NEQ),E) − ORGI
C      EQUIVALENCE (A,CA,EVAL), (EVAL(NY),IR), (EVAL(NI),IC),           
C     *             (EVAL(NEQ),E) − MACFARLANE’S FIX. BAD.              
C POINTER’S FIX. ANSI REQUIRES THAT THE NUMBER OF SUBSCRIPTS MATCH      
C THE NUMBER OF DIMENSIONS OF THE ARRAY. THAT WAS THE PROBLEM WITH      
C THE ORGINAL STATEMENT. THE PROBLEM WITH MACFARLANE’S FIX IS THAT      
C NY,NI,NEQ>NE (THE DIMENSION OF EVAL). HERE 3*NE+1−NA1 IS THE 3*NE+1TH 
C ELEMENT OF A AND 3*NE+1 = NEQ.                                        
C
C     former BLOCK DATA                                     
C                                                                       
C
C                                                                       
C PI IS A USEFULL CONSTANT                                              
C                                                                       
C
C
C                                                                       
C NOW WE CAN START WITH THE PROGRAM...                                  
C SUBROUTINE START TELLS OCEAN WHAT TO DO:                              
C                                                                       
      INTEGER*4 NX
      PARAMETER (NX = 128)
      INTEGER*4 NY
      PARAMETER (NY = 128)
      INTEGER*4 NA1
      PARAMETER (NA1 = 2*(NY+1))
      INTEGER*4 NA2
      PARAMETER (NA2 = NX/2)
      INTEGER*4 NE
      PARAMETER (NE = NY−1)
      INTEGER*4 NW1
      PARAMETER (NW1 = NY+1)
      INTEGER*4 NW2
      PARAMETER (NW2 = 128)
      INTEGER*4 NEX
      PARAMETER (NEX = 256)
      INTEGER*4 NI
      PARAMETER (NI = 2*NY−1)
      INTEGER*4 NEQ
      PARAMETER (NEQ = 3*NY−2)
      INTEGER*4 NCW2
      PARAMETER (NCW2 = 2*NW1+1)
      INTEGER*4 NCW3
      PARAMETER (NCW3 = 4*NW1+1)
      INTEGER NPTS,NSKIP,MTRN,MSKIP,ISIGN,LOG,IEXSHF,LVECT,LSKIP,
     &NVECT,NVSKIP,NSTEPS,N1,N2,NUMBER,KDATA,LMAPP,NOTEMP,KTA,KTAPE,
     &KSM,KPP,KZP,KTP,KUP,KVP,KPF,KZF,KTF,KUF,KVF,KPRESS,NOALS,N1H,
     &N1Q,N1E,N2M,N2P,N2DP,N2DM,N2PD,NMAX2,LZN,LTN,LPN,LZO,LTO,LPY,
     &LZX,LZY,LEIG,LE,LH,LEV,NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,
     &NXACAC,NFTVMT,NXSHUF,NUSHUF,NXPRNT,NXLOG2,VALID,NW,NWH,NWQ,
     &NWEIG,K1Q,K2Q,K3Q,K1QM,K2QM,K3QM,LARGE,LPRESS,I,J,KZN,KZO,K,
     &K2QJ,KTO,KTN,KPY,KPN,KZY,KZX,IPH
      REAL*4 GSOLV(1:127),GMAPP(1:129),G(1:129),U(1:129),ALPHA,BETA,
     &BOXX,H,RNU,RKAPA,DT,DTT,T,PI,TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC
     &,TXACAC,TFTVMT,TXSHUF,TUSHUF,TXPRNT,TXLOG2,EXXRCS,EXXCSR,EXSCSC
     &,EXACAC,EFTVMT,A(1:NA1,1:NA2),E(1:NE,1:NE),WORK(1:NW1*NW2),EVAL
     &(1:NE),IR(1:NE),IC(1:NE),VDAT(1:15),CDAT(1:15),TLAST,CPU1,
     &TCLCK1,F,FZ,FZSQ,FX,FX2,DTB,UKSM1F,GG,UU,DTFAC,F1,DTA,DTF,F2,
     &FXSQ,CPU2,TCLCK2,TWALL
      COMPLEX CA(1:NW1,1:NA2),CWORK(1:NW1),CWORK2(1:NW1),CWORK3(1:NW1
     &),EX(1:NEX),CF
      COMMON /VERIFY/ VDAT,CDAT
      COMMON /TIMING/ TXXXIN,TXXOUT,TXXRCS,TXXCSR,TXSCSC,TXACAC,
     &TFTVMT,TXSHUF,TUSHUF,TXPRNT,TXLOG2,EXXRCS,EXXCSR,EXSCSC,EXACAC,
     &EFTVMT,NXXXIN,NXXOUT,NXXRCS,NXXCSR,NXSCSC,NXACAC,NFTVMT,NXSHUF,
     &NUSHUF,NXPRNT,NXLOG2
      COMMON /LADDR/ LZN,LTN,LPN,LZO,LTO,LPY,LZX,LZY,LEIG,LE,LH,LEV
      COMMON /EXSIZE/ NMAX2
      COMMON /NMBRS/ N1H,N1Q,N1E,N2M,N2P,N2DP,N2DM,N2PD
      COMMON /PI/ PI
      COMMON /OPTONS/ N1,N2,NUMBER,KDATA,LMAPP,NOTEMP,KTA,KTAPE,KSM,
     &KPP,KZP,KTP,KUP,KVP,KPF,KZF,KTF,KUF,KVF,KPRESS,NOALS
      COMMON /DATA/ ALPHA,BETA,BOXX,H,RNU,RKAPA,DT,DTT,T,NSTEPS
      COMMON /MFLOW/ U
      COMMON /MAPING/ GMAPP,G
      COMMON /SOLV/ LVECT,LSKIP,NVECT,NVSKIP,GSOLV
      COMMON /FT/ NPTS,NSKIP,MTRN,MSKIP,ISIGN,LOG,IEXSHF
      
      EQUIVALENCE (A,CA), (A,EVAL), (A(128,1),IR), (A(255,1),IC), (A(
     &124,2),E)
      EQUIVALENCE (WORK,CWORK), (WORK(259),CWORK2), (WORK(517),CWORK3
     &)
      CALL CPUTIM(CPU1)                                                 0001
      CALL ELAPSE(TCLCK1)                                               0002
      OPEN (UNIT=1,FILE=’OCV’)                                          0003
      OPEN (UNIT=6,FILE=’OCO6’)                                         0004
      WRITE (1, 9991)                                                   0005
9991  FORMAT(1X,’OUTPUT FOR PERFECT CLUB BENCHMARK: OCEAN INSTRUMENTED V
     &ERSION’/1X,’$Revision: 1.A.1 $ $Author: psharma $’/)              0006
      CALL START(NX, NY)                                                0007
C                                                                       
C IF  LMAPP = 1 , H  (THE SIZE OF THE BOX IN Y DIRECTION)  SHOULD BE    
C SPECIFIED IN THE MAIN PROGRAM.                                        
C                                                                       
      H = PI                                                            0008
C                                                                       
C DEFINING CONSTANTS THAT WILL BE NEEDED:                               
C                                                                       
      N1H = N1/2                                                        0009
      N1Q = N1/4                                                        0010
      N1E = N1/8                                                        0011
      N2M = N2−1                                                        0012
      N2P = N2+1                                                        0013
      N2DP = 2*N2+1                                                     0014
      N2DM = 2*N2−1                                                     0015
      N2PD = 2*N2P                                                      0016
      NW = N2PD*N1H                                                     0017
      NWH = NW/2                                                        0018
      NWQ = NW/4                                                        0019
      NWEIG = N2M                                                       0020
      IF (LMAPP.NE.1) NWEIG = (N2M+3)*N2M                               0021
      NMAX2 = MAX(2*N2, N1)                                             0023
      K1Q = N1E+1                                                       0024
      K2Q = K1Q+N1E                                                     0025
      K3Q = K2Q+N1E                                                     0026
      K1QM = K1Q−1                                                      0027
      K2QM = K2Q−1                                                      0028
      K3QM = K3Q−1                                                      0029
C                                                                       
C LCM ALLOCATION AND COMPUTATION OF ADDRESSES:                          
C                                                                       
      LARGE = 8*NW                                                      0030
      IF (NOTEMP.EQ.1) LARGE = 6*NW                                     0031
      IF (LMAPP.NE.2) THEN                                              0033
C                                                                       
66       LARGE = LARGE+NWEIG                                            0039
      ELSE
C                                                                       
         IF (KPRESS.GT.1) LARGE = MAX(LARGE, 3*N2M*N2M)+NWEIG+NWEIG     0035
         IF (KPRESS.LE.1) LARGE = MAX(LARGE+NWEIG, 3*N2M*N2M)           0037
      ENDIF
C                                                                       
67    LZN = LCMREQ(LARGE)                                               0040
      LTN = LZN+NW                                                      0041
      IF (NOTEMP.EQ.1) LTN = LZN                                        0042
      LPN = LTN+NW                                                      0044
      LZO = LPN+NW                                                      0045
      LTO = LZO+NW                                                      0046
      IF (NOTEMP.EQ.1) LTO = LZO                                        0047
      LPY = LTO+NW                                                      0049
      LZX = LPY+NW                                                      0050
      LZY = LZX+NW                                                      0051
      LPRESS = LZN+LARGE−NWEIG                                          0052
      LEIG = LPRESS                                                     0053
      IF (KPRESS.GT.1.AND.LMAPP.NE.1) LEIG = LPRESS−NWEIG               0054
C                                                                       
C THESE LCM ADDRESSES ARE USED BY EIGSET AND LCMRQR                     
C                                                                       
      LE = LZN                                                          0056
      LH = LE+N2M*N2M                                                   0057
      LEV = LH+N2M*N2M                                                  0058
C                                                                       
      CALL EXSET(EX, NMAX2)                                             0059
C                                                                       
C SET ALL  U(I) TO 0. TO AVOID TROUBLE IF NO MEAN FLOW IS DESIRED       
C                                                                       
      DO 11 I = 1, N2P                                                  0060
11       U(I) = 0.                                                      0061
C                                                                       
C SET UP ARRAYS ASSOCIATED WITH THE MAPPING FUNCTION:                   
C                                                                       
      IF (LMAPP.NE.1) THEN                                              0062
2        IF (LMAPP.NE.2) THEN                                           0076
         ENDIF
      ELSE
C                                                                       
C LINEAR MAPPING − EIGENVALUES KNOWN, EIGENFUNCTIONS ARE SIMPLY SINES   
C AND COSINES, SO THAT NO MATRICES ARE NEEDED:                          
C                                                                       
         F = H/REAL(N2)                                                 0064
         FZ = PI/H                                                      0065
         FZSQ = FZ*FZ                                                   0066
         GMAPP(1) = 0.                                                  0067
         G(1) = FZ                                                      0068
         DO 1 I = 1, N2M                                                0069
            GMAPP(I+1) = F*REAL(I)                                      0070
            G(I+1) = FZ                                                 0071
1           EVAL(I) = −REAL(I)**2*FZSQ                                  0072
         GMAPP(N2P) = H                                                 0073
         G(N2P) = FZ                                                    0074
         CALL OUT(EVAL, LEIG, NWEIG)                                    0075
      ENDIF
C                                                                       
C READ THE DATA:                                                        
C                                                                       
      IF (KDATA.NE.1.AND.KDATA.NE.2) THEN                               0080
      ELSE
         CALL DATAST(A, N2P, N1, GMAPP)                                 0082
      ENDIF
13    CONTINUE                                                          0083
14    CONTINUE                                                          0084
      FX = 2.0*PI/BOXX                                                  0085
      FX2 = 2.*FX                                                       0086
C                                                                       
C PREPARE THE INPUT FOR PROCESSING:                                     
C                                                                       
      IF (KDATA.NE.1) THEN                                              0087
      ELSE
C                                                                       
C THE INPUT WAS STREAMFUNCTION IN PHYSICAL SPACE − SHUFFLE THE DATA AND 
C GO TO FOURIER SPACE:                                                  
C                                                                       
         CALL IN(A, LPN, NW)                                            0089
         CALL SHUF(A, N2P, N1, WORK)                                    0090
         NPTS = N1                                                      0091
         NSKIP = N2P                                                    0092
         MTRN = N2P                                                     0093
         MSKIP = 1                                                      0094
         ISIGN = −1                                                     0095
         CALL XLOG2(NPTS, LOG)                                          0096
         IEXSHF = NMAX2/NPTS                                            0097
         CALL RCS(A, EX)                                                0098
         NPTS = 2*N2                                                    0099
         NSKIP = 1                                                      0100
         MTRN = N1H                                                     0101
         MSKIP = N2P                                                    0102
         ISIGN = −1                                                     0103
         CALL XLOG2(NPTS, LOG)                                          0104
         IEXSHF = NMAX2/NPTS                                            0105
         CALL ACAC(A, EX, WORK)                                         0106
C           F = 0.125/REAL(N1*N2)                                       
         F = 0.0625/REAL(N1*N2)                                         0107
         DO 30 J = 1, N1H                                               0108
            DO 30 I = 1, N2PD                                           0109
30             A(I,J) = A(I,J)*F                                        0110
         CALL OUT(A, LPN, NW)                                           0111
         CALL OUT(A, LZN, NW)                                           0112
      ENDIF
C                                                                       
CC*****C H E C K   F O U R I E R   C O E F F I C I E N T S**************
C                                                                       
C         WRITE (6,7010) A(1,1),A(1,2),A(1,3)                           
C         WRITE (6,7020) A(2,1),A(2,2),A(2,3)                           
C         WRITE (6,7030) A(3,1),A(3,2),A(3,3)                           
C 7010    FORMAT(/2X,26HCHECK FOURIER COEFFICIENTS/4X,8HA(1,1) =,1PE13.6
C     1   2X,8HA(1,2) =,1PE13.6,2X,8HA(1,3) =,1PE13.6)                  
C 7020    FORMAT(4X,8HA(2,1) =,1PE13.6,2X,8HA(2,2) =,1PE13.6,2X,        
C     1   8HA(2,3) =,1PE13.6)                                           
C 7030    FORMAT(4X,8HA(3,1) =,1PE13.6,2X,8HA(3,2) =,1PE13.6,2X,        
C     1   8HA(3,3) =,1PE13.6/)                                          
C                                                                       
C                                                                       
40    IF (KDATA.EQ.3) THEN                                              0113
      ELSE
C                                                     2                 
C STREAMFUNCTION KNOWN − FIND THE VORTICITY:  Z =  DEL  (PSI):          
C                                                                       
         CALL IN(EVAL, LEIG, NWEIG)                                     0115
         KZN = LZN                                                      0116
         LVECT = N2M                                                    0117
         LSKIP = 2                                                      0118
         NVECT = 2                                                      0119
         NVSKIP = 1                                                     0120
         DO 60 J = 1, N1H                                               0121
            CALL IN(CWORK, KZN, N2PD)                                   0122
            F = REAL((J−1)*(J−1))*FX*FX                                 0123
            DO 50 I = 2, N2                                             0124
50             CWORK(I) = (EVAL(I−1)−F)*CWORK(I)                        0125
            CWORK(1) = −F*CWORK(1)                                      0126
            CWORK(N2P) = 0.0                                            0127
            CALL OUT(CWORK, KZN, N2PD)                                  0128
60          KZN = KZN+N2PD                                              0129
         NPTS = 2*N2                                                    0130
         NSKIP = 1                                                      0131
         MTRN = N1H                                                     0132
         MSKIP = N2P                                                    0133
         ISIGN = 1                                                      0134
         CALL XLOG2(NPTS, LOG)                                          0135
         IEXSHF = NMAX2/NPTS                                            0136
         CALL IN(A, LZN, NW)                                            0137
         CALL ACAC(A, EX, WORK)                                         0138
         DO 70 J = 1, N1H                                               0139
            DO 70 I = 1, N2PD                                           0140
70             A(I,J) = 0.5*A(I,J)                                      0141
         CALL OUT(A, LZO, NW)                                           0142
         IF (NOTEMP.EQ.1) THEN                                          0143
         ELSEIF (KDATA.NE.1) THEN                                       0143
120         CALL IN(A, LTN, NW)                                         0175
C                                                                       
C NEW TEMPERATURE KNOWN − SET UP T(OLD):                                
C                                                                       
            NPTS = 2*N2                                                 0176
            NSKIP = 1                                                   0177
            MTRN = N1H                                                  0178
            MSKIP = N2P                                                 0179
            ISIGN = 1                                                   0180
            CALL XLOG2(NPTS, LOG)                                       0181
            IEXSHF = NMAX2/NPTS                                         0182
            CALL ACAC(A, EX, WORK)                                      0183
            DO 130 J = 1, N1H                                           0184
               DO 130 I = 1, N2PD                                       0185
130               A(I,J) = A(I,J)*0.5                                   0186
            CALL OUT(A, LTO, NW)                                        0187
         ELSE
C                                                                       
C TEMPERATURE IS SUPPLIED IN PHYSICAL SPACE − SHUFFLE THE DATA AND      
C GO TO FOURIER REPRESENTATION:                                         
C                                                                       
            CALL IN(A, LTN, NW)                                         0147
            CALL SHUF(A, N2P, N1, WORK)                                 0148
            NPTS = N1                                                   0149
            NSKIP = N2P                                                 0150
            MTRN = N2P                                                  0151
            MSKIP = 1                                                   0152
            ISIGN = −1                                                  0153
            CALL XLOG2(NPTS, LOG)                                       0154
            IEXSHF = NMAX2/NPTS                                         0155
            CALL RCS(A, EX)                                             0156
            F = 0.5/REAL(N1)                                            0157
            DO 100 J = 1, N1H                                           0158
               DO 100 I = 1, N2PD                                       0159
100               A(I,J) = F*A(I,J)                                     0160
            CALL OUT(A, LTO, NW)                                        0161
            NPTS = 2*N2                                                 0162
            NSKIP = 1                                                   0163
            MTRN = N1H                                                  0164
            MSKIP = N2P                                                 0165
            ISIGN = −1                                                  0166
            CALL XLOG2(NPTS, LOG)                                       0167
            IEXSHF = NMAX2/NPTS                                         0168
            CALL ACAC(A, EX, WORK)                                      0169
C           F = 0.25/REAL(N2)                                           
            F = 0.125/REAL(N2)                                          0170
            DO 110 J = 1, N1H                                           0171
               DO 110 I = 1, N2PD                                       0172
110               A(I,J) = F*A(I,J)                                     0173
            CALL OUT(A, LTN, NW)                                        0174
         ENDIF
140      T = 0.                                                         0188
         DTT = DT                                                       0189
         NSTEPS = 1                                                     0190
      ENDIF
145   CALL RUNINF                                                       0191
      CALL BUG(’AFT INITAL’)                                            0192
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Restructuration du graphe de contrôle

OCEAN (PerfectClub) : 16 tests non structurés 15 tests

restructurés

◮ 3 IF/THEN/ELSE

◮ 0 IF/THEN (branche ELSE vide)

◮ 11 IF/ELSE (branche THEN vide)

◮ 1 IF vide !

2 IF (LMAPP.NE.2) THEN

GOTO 3

ENDIF

3 CONTINUE
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Restructuration du graphe de contrôle

• Transformer plat de spaghetti en IF/THEN/ELSE sans GOTO,

WHILE,...

• Techniques des années 1960

• Bénéficier de la programmation structurée

• Lisibilité

• Maintenance

• Disponibles dans d’autres outils (Foresys, etc)

• Amélioration de la précision d’analyses ultérieures
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Élimination de code mort via préconditions

Exemple d’OCEAN (PerfectClub) : 57 tests
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Élimination de code mort via préconditions

• Élimination des instructions infaisables : 1

• Élimination de tests toujours vrais ou faux : 25 (17 THEN &

8 ELSE)

• Élimination de boucles jamais exécutées : 0

• Garder un corps de boucle exécuté 1 seule fois : 0

⇒ Nombre de chemins de contrôle réduit par facteur

25–16 000 000

 amélioration d’analyses ultérieures
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Élimination par chaînes use/def

• Slicing sur les E/S. OCEAN : 13 lignes supprimées

• Utilisation des chaînes In/Out possible (exemple sur code

RPC)

• Slicing par effet de bord : enlever toutes les E/S et mettre

un print d’une variable...
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Spécialisation de code

• Optimisation de code pour une architecture donnée

• Optimisation pour une utilisation donnée (bibliothèques)

• Déroulage des petites boucles internes

• Post-phase de clonage : séparation d’une routine à

fonctionalités multiples (DYNA :MAKEPRF initialisation &

calcul)
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DYNA :MAKEPRF

C IF MODE=0 IN THE MIDDLE OF TIME STEP

C KEYTAU=1

C KEYLUM=1

C KSTATE=-1

C KVISCOS=0

C IF MODE=1 IN THE END OF TIME STEP

C KEYTAU=1

C KEYLUM=1

C KSTATE=1

C KVISCOS=1

C -------------------------------------------------

PIPS —Spécialisation de code—
CENTRE DE RECHERCHE EN INFORMATIQUE — ÉCOLE DES MINES DE PARIS

http://www.cri.ensmp.fr/pips
http://www.cri.ensmp.fr


DYNA :MAKEPRF

C IF KEYTAU=0 DONT CALCULATE TAUA(J)

C IF KEYLUM=0 DONT CALCULATE FRA(J) AND FCA(J)

C IF KEYLUM=1 CALCULATE EXACT FRA AND FCA

C IF KEYLUM=-1 CAL. FLUX ONLY FROM DER.

C IF KSTATE=-1 CALCULATE VARIABLES FROM DERIVATIVES

C IF KSTATE=1 CALCULATE EXACT VARIABLES FROM STATE

C IF KVISCOS=0 DO NOT CALCULATE VISCOSITY

C IF KVISCOS=1 CALCULATE VISCOSITY

C -------------------------------------------------

C IF KCONVEC=0 INSTATENIOUS CONVECTION

C IF KCONVEC=1 TIME DEPENDENT CONVECTION

C -------------------------------------------------
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Bibliothèque SDOT

C P() INCX==1, INCY==1, N==49

REAL*4 FUNCTION SDOT(N,X,INCX,Y,INCY)

INTEGER N,INCX,INCY,IX,IY,I

REAL*4 X(1:1),Y(1:1),SDOT

SDOT = 0.0 0001

IX = 1 0002

IY = 1 0003

DO 10 I = 1, N 0004

SDOT = SDOT+X(IX)*Y(IY) 0005

IX = IX+INCX 006

IY = IY+INCY 0007

10 CONTINUE 0008

END
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SDOT optimisée

Après évaluation partielle, déroulage, évaluation partielle &
élimination use-def

SDOT = 0.0

SDOT = SDOT+X(1)*Y(1)

SDOT = SDOT+X(2)*Y(2)

SDOT = SDOT+X(3)*Y(3)

SDOT = SDOT+X(4)*Y(4)

SDOT = SDOT+X(5)*Y(5)

SDOT = SDOT+X(6)*Y(6)

SDOT = SDOT+X(7)*Y(7)

...

SDOT = SDOT+X(48)*Y(48)

SDOT = SDOT+X(49)*Y(49)
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CONVOL générique

C 46058140 (SUMMARY)

SUBROUTINE CONVOL(NEW_IMAGE,IMAGE,ISI,ISJ,KERNEL,

&HKSI,HKSJ)

INTEGER ISI,ISJ,HKSI,HKSJ,I,J,KI,KJ

REAL*4 NEW_IMAGE(1:ISI,1:ISJ),IMAGE(1:ISI,1:ISJ),

&KERNEL(-HKSI:HKSI,-HKSJ:HKSJ),S

DO I = 1, ISI

DO J = 1, ISJ

NEW_IMAGE(I,J) = IMAGE(I,J)

ENDDO

ENDDO
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CONVOL générique

DO 300 J = 1+HKSJ, ISJ-HKSJ

DO 400 I = 1+HKSI, ISI-HKSI

S = 0.

DO 200 KI = -HKSI, HKSI

DO 100 KJ = -HKSJ, HKSJ

S = S+IMAGE(I+KI,J+KJ)*KERNEL(KI,KJ)

100 CONTINUE

200 CONTINUE

NEW_IMAGE(I,J) = S/((2*HKSI+1)*(2*HKSJ+1))

400 CONTINUE

300 CONTINUE

END
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Vérification accès tableaux CONVOL

C <IMAGE(PHI1,PHI2)-R-EXACT-{1<=PHI1, PHI1<=ISI, 1<=PHI2, PHI2<=ISJ,

C 1<=HKSI, 1<=HKSJ}>

C <KERNEL(PHI1,PHI2)-R-EXACT-{0<=PHI1+HKSI, PHI1<=HKSI, 0<=PHI2+HKSJ,

C PHI2<=HKSJ, 1<=HKSI, 1+2HKSI<=ISI, 1<=HKSJ, 1+2HKSJ<=ISJ,

C 1<=ISJ}>

C <NEW_IMAGE(PHI1,PHI2)-W-EXACT-{1<=PHI1, PHI1<=ISI, 1<=PHI2,

C PHI2<=ISJ, 1<=HKSI, 1<=HKSJ}>
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CONVOL après optimisation

Clonage + évaluation partielle + 2 déroulages de boucle +
élimination use-def :

C 32532940 (SUMMARY)

...

DO 300 J = 2, 511 0004

DO 400 I = 2, 511 0005

S = 0. 0006

S = S+IMAGE(I-1,J-1)*KERNEL(-1,-1) 0009

S = S+IMAGE(I-1,J)*KERNEL(-1,0) 0009

S = S+IMAGE(I-1,J+1)*KERNEL(-1,1) 0009

S = S+IMAGE(I,J-1)*KERNEL(0,-1) 0009

S = S+IMAGE(I,J)*KERNEL(0,0) 0009

S = S+IMAGE(I,J+1)*KERNEL(0,1) 0009

S = S+IMAGE(I+1,J-1)*KERNEL(1,-1) 0009

S = S+IMAGE(I+1,J)*KERNEL(1,0) 0009

S = S+IMAGE(I+1,J+1)*KERNEL(1,1) 0009
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CONVOL après optimisation

NEW_IMAGE(I,J) = S/9 0012

400 CONTINUE

300 CONTINUE
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Temps d’exécution

Estimation SS2 SuperSparc-II UltraSPARC

(cycles) f77 -O3 f77 f77 -O3 f77

Code initial 66358440 29.6s 195.2s 9.59s 105.3s

Code spécialisé 28612020 13.1s 69.2s 5.58s 34.0s

Rapports 2.32 2.26 2.82 1.71 3.09
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Une étude EDF

Vérification d’un programme en cours de parallélisation

• Seulement 600 procédures parmi les 2000 d’une

application

• Graphe des appels long de 82 pages : impossible à traiter

manuellement

• 40 617 lignes de code

• La boucle machin dans la procédure truc est-elle vraiment

parallèle ?
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Graphe de flot de données quotient

A

B C D E

F G

A

B C D E

F G

CLONING

DEAD CODE ELIMINATION

CLONING

COMMON

A

B C D E

F G

A

B C D E

F G

A

B C D E

F G

W
R
I
T
E

U
P
D
A
T
E

R
E
A
D

R
E
A
D

CALL GRAPH VIEW

HIERARCHICAL
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Résultats de cette étude EDF

• une variable non initialisée

• nettoyage des déclarations

◮ réduction du nombre de commons : 36 %

◮ réduction du nombre d’équivalence : 98 %

◮ réduction du nombre de paramètres : 95 %

• vérification de la validité de la parallélisation

PIPS —Vérification de programme—
CENTRE DE RECHERCHE EN INFORMATIQUE — ÉCOLE DES MINES DE PARIS

http://www.cri.ensmp.fr/pips
http://www.cri.ensmp.fr


Array data flow graph

• Méthode polyédrique (PAF, UVSQ/PRISM)

• Pouvoir tracer les éléments de tableau

• Passage en assignation unique dynamique

• Détection des erreurs d’accès

• Restreint aux cas simples (contrôle statique,

intraprocédural)
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Multiplication de matrice

PARAMETER (N = 10)

DO J = 1, N

DO I = 1, N 0002

A(I,J) = REAL(I-N/2)/REAL(J) 0004

B(I,J) = REAL(J-3)/REAL(I) 0005

ENDDO

ENDDO

DO J = 1, N 0006

DO I = 1, N 0008

C(I,J) = 0. 0010

DO K = 1, N 0011

C(I,J) = C(I,J)+A(I,K)*B(K,J) 0013

ENDDO

ENDDO

ENDDO
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ADFG de la multiplication de matrice

INS_100:

********

Execution Domain for 100:

{

I - 10 <= 0 ,

- I + 1 <= 0 ,

J - 10 <= 0 ,

- J + 1 <= 0 ,

}

---Def-Use---> ins_130:

Reference: C(I,J)

Transformation: [J,I]

Governing predicate:

{

K - 1 <= 0 ,

}

Execution Domain for 130:

{

K - 10 <= 0 ,

- K + 1 <= 0 ,

I - 10 <= 0 ,

- I + 1 <= 0 ,

J - 10 <= 0 ,

- J + 1 <= 0 ,

}
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(Non) initialisation de tableaux

• Régions IN : variable locale avec région IN erreur

• ADFG : source indéfinie erreur
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Compilation de spécification

• Application traitement du signal systématique

• Langage de type Fortran 90, Alpha

• Temps infini

• Séquence de nids de boucles parallèles

• Assignation unique

• Modulo
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Veille à Bande Large

doall t,h

call FFT(t,h)

enddo

doall t,f,v

call BeamForming(t,f,v)

enddo

doall t,f,v

call Energy(t,f,v)

enddo

doall t,v

call ShortIntegration(t,v)

enddo

doall t,v

call AzimutStabilization(t,v)

enddo

doall t,v
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Veille à Bande Large

call LongIntegration(t,v)

enddo
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Machines cibles

• Multiprocesseurs à mémoire distribuée

• Pas de topologie particulière

• Programmation SIMD/SPMD

◮ Une tâche de calculs à la fois (temps d’exécution fixe)

◮ Temps de synchronisation et communications

• Possibilité recouvrement calculs/communications

Programmation Logique par Contraintes
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Ordonnancement maquette VBL

do t8 = 0, infini

do t7 = 8*t8, 8*t8+7

FFT

FFT

FORMATION DE VOIES ; ENERGIE

do t5 = 8*t7,8*t7+7

FFT

FORMATION DE VOIES ; ENERGIE

REGROUPEMENT LARGE BANDE

enddo

FORMATION DE VOIES ; ENERGIE

REGROUPEMENT LARGE BANDE

REGROUPEMENT LARGE BANDE

INTEGRATION COURTE

STABILISATION EN AZIMUT

enddo

INTEGRATION LONGUE
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Ordonnancement maquette VBL

STABILISATION EN AZIMUT

enddo
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FFT

do t=0,infinity

do h=0,511

c Read/IN Region:

c HYDRO(h,512*t:512*t+511)

c Write/OUT Region:

c TABFFT(h,0:255,t)

call FFTDbl(HYDRO(h,512*t:512*t+511), TABFFT(h,0:255,t))

enddo

enddo
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Contribution de PIPS : (ré)allocation de tableaux

real Hydro(0:N,0:511)

real Frequence(0:N,0:255,0:511)

real Voies(0:N,0:199,0:127)

real Energie(0:N,0:199,0:127)

real BL(0:N,0:127)

real INTC(0:N,0:127)

real VSTAB(0:N,0:127)

real OUTPUT(0:N,0:127)

DO t8 = 0, N

DO t7 = 8*t8, 8*t8+7

DO t5 = 8*t7, 8*t7 + 7

DO t1 = 512*t5, 512*t5+511

read 5, (Hydro(t1,h1), h1 = 0 , 511)

DO h2 = 0, 511

call FFTr(Frequence,t5, h2, Hydro, N)
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Contribution de PIPS : (ré)allocation de tableaux

DO v3 = 0, 127

DO f3 = 0, 199

call FV(Voies, t5, f3, v3, Frequence, N)

call MOD2(Energie(t5,f3,v3), Voies(t5,f3,v3))

DO v5 = 0, 127

call RtBL(BL, Energie,t5,v5,N)

DO v6 = 0, 127

call INTnL(INTC,t7,v6, BL, N)

DO v7 = 0, 127

call STABAz(VSTAB, INTC,t7,v7,N)

DO v8 = 0, 127

call INTnL(OUTPUT,t8,v8, VSTAB, N)

print 6, (OUTPUT(t8,i), i = 0, 127)
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VBL réallouée

DO t8 = 0, N

real VSTAB(0:7,0:127)

real OUTPUT(0:0,0:127)

DO t7 = 8*t8, 8*t8+7

real BL(0:7,0:127)

real INTC(0:0,0:127)

DO t5 = 8*t7, 8*t7 + 7

real Hydro(0:511,0:511)

real Frequence(0:0,0:255,0:511)

real Energie(0:0,0:199,0:127)

DO t1 = 0, 511

read 5, (Hydro(t1,h1), h1 = 0 , 511)

DO h2 = 0, 511

call FFTr(Frequence,0, h2, Hydro, N)
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VBL réallouée

DO v3 = 0, 127

DO f3 = 0, 199

real Voies(0:0,0:199,0:127)

call FV(Voies, 0, f3, v3, Frequence, N)

call MOD2(Energie(0,f3,v3), Voies(0,f3,v3))

DO v5 = 0, 127

call RtBL(BL, Energie,t5,v5,N)

DO v6 = 0, 127

call INTnL(INTC,0,v6, BL, N)

DO v7 = 0, 127

call STABAz(VSTAB, INTC,t7,v7,N)

DO v8 = 0, 127

call INTnL(OUTPUT,t8,v8, VSTAB, N)

print 6, (OUTPUT(0,i), i = 0, 127)
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Programmation logique concurrente par contraintes

Partitioning

Scheduling

Communication

Memory

processor number

distribution

size of data
used by iteration
blocks

live data

Application

programming model

maximal 
block
size

Target Machine

processor number

Signal

Dependencies

ENDFORALL

FORALL (p1;c1;l1)

dependence

CALL T1( , )X(*1) Y(*1)

ENDFORALL
CALL T2( , )Y(*2) Z(*2)

FORALL (p2;c2;l2)

forall i = 1, n
  forall j = 1,m
     a(i,j) = b(i,j)
  endfor
endfor

applicative    characteristics

periodicity

Latency

computation   time

communication    time
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Compilation de spécifications fonctionnelles

• Programmation concurrente par contraintes

• Traitement global du problème du placement (non-linéaire)

• Démonstration de faisabilité

• Études de modélisation (communications dans PSP

RBE2)

• Extension en robustesse et applicabilité (thèse)

• Projet recherche exploratoire RNRT PROMPT

• plan d’étude amont DGA NARVAL action Paradis
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Optimisation de l’évaluation d’expressions

➠ Problème

• Évaluation répétée de grosses expressions

• Améliorer évaluation pour processeurs et DSP
superscalaires & VLIW

➠ Approche

• Explorer l’espace des expressions mathématiquement
équivalentes

• Étudier l’impact des transformations algébriques sur les
performances

➠ Contraintes

• Éviter l’explosion combinatoire

• Prendre en compte ILP et nouvelles instructions
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ONDE24 - survol du noyau

[...]

DO J = 3,NP-2

DO I = 3, NP-2

U(I,J,KP) =

$ 2 * U(I,J,KM) - U(I,J,KP)

$ - V(I,J) * ( 60*U(I,J,KM)

$ -16*( U(I+1,J,KM) + U(I-1,J,KM)

$ + U(I,J-1,KM) + U(I,J+1,KM))

$ + U(I+2,J,KM) + U(I-2,J,KM)

$ + U(I,J-2,KM) + U(I,J+2,KM))

ENDDO

ENDDO

[...]
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ONDE24 - survol du noyau

60

2 V

16

=
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ONDE24 - transformations

60

2 V

16

= =

V

60

2

V

16V

2 factorisations et 4 ×+
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ONDE24 - beaucoup de choix...

1 more fma

1 more fma

no more fma !

2 V

2 V

2

V

2

V

69300 expressions mathématiquement équivalentes
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ONDE24 - contexte expérimental

➠ Architecture

• IBM RS6000 avec processeurs 120 & 160 MHz (P2SC

595)

•
2 unités flottantes

pipeline flottant à latence de 2







4 opérations indépendantes

• Instruction multiplication-addition (même latence que

l’addition)

➠ Compilation

• IBM XLFortran release 4.1 (-O3 -qarch=pwr2 -qhot)

• Préprocesseur KAP pour Fortran IBM (V3.3)
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ONDE24 - quelques résultats sur un P2SC 595 à 160MHz

60

16

=

2

V

=

60

16

2

V

149 MFLOP/s 130 MFLOP/s

➡ 2 chemins critiques différents
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ONDE24 - quelques résultats sur un P2SC 595 à 160MHz

=

60

16

2

V
=

60

16

2

V

V

102 MFLOP/s 162 MFLOP/s

➡ 60% d’augmentation des performances
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Optimisation des expressions
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Optimisation des expressions

➣ Notre approche

Chercher dans l’espace des expressions

algébriquement équivalentes

Prendre une bonne expression finale

➣ Néanmoins

L’espace des expressions est trop large

➣ D’où ... heuristique gloutonne

Suivre un processus itératif

Prendre des décisions locales

Limiter l’espace des transformations
élémentaires

Trouver un critère de choix simple et efficacePIPS —Optimisation des expressions—
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Optimisation des expressions
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Application à l’extraction des ×+
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Application à l’extraction des ×+

2 transformations élémentaires intéressantes selectionnées

M1 M2

M2M1

M1

M2

Critère de choix
➡ Coût réel

➡ coût estimé

• W =
∑

n

i=1
wi

• C = maxn
i=1

di

P

n
w ×d
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Un processus en 3 étapes

1. Normalisation - pattern matching

• Garantit que les expressions peuvent être librement

réarrangées

• Applique des simplifications algebriques simples

2. Factorisation - heuristique gloutonne

• Réduit le nombre des opérations

• Sélectionne l’arbre le mieux équilibré

• Favorise la factorisation ultérieure de code invariant

3. Extraction de ×+ - heuristique gloutonne

• Extrait autant de ×+ que possible

• Sélectionne l’arbre le mieux équilibré
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EOLE — résultats

➠ Résultats expérimentaux prometteurs

• Amélioration des performances jusqu’à un facteur 3

➠ Complètement imnplémenté

• Utilise CAVEAT (CEA) et STORM (LIFO, Stony Brook)

• Inclus dans PIPS

➠ Temps d’optimisation raisonnable dans un contexte de

compilation

• ONDE24 (500 lines) ➡ 4 sec (Sun Ultra1 143 MHz)
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Pourquoi un établi ?

� Paralléliseurs et compilateurs pour

◮ Superalculateurs & serveurs parallèles

◮ Stations de travail superscalaires

◮ Super DSP parallèles

◮ ASP, FPGA, SoC, MP-SoC...

� Même usage d’analyses et transformations de programme

avancées

◮ Analyses semantiques interprocédurales

◮ Optimisations de code

◮ Vectorisation & parallelisation

◮ Restructuration & ingénierie à rebour
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Pourquoi un établi ?

 Factorise le tout dans un outil de développement commun

pour réutiliser le code
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PIPS — perspective de l’utilisateur

P P P P

M M M M

P P P P

do i = 1, n
  A(i) = i
enddo

M

P(i) {1<=i<=n}

SEMANTICAL ANALYSES

DEPENDENCE ANALYSES

PROGRAM 
TRANSFORMATIONS

~ Transformers
~ Preconditions
~ Array Regions
~ Complexity

High Performance Fortran
chpf$ processors P(4)
chpf$ distribute A onto P
chpf$ independent
      do i = 1, n
        A(i) = i
      enddo

do i = 1, n, p
  do ii = 0, min(p−1, n−i)
    A(i+ii) = i+ii
  enddo
enddo

do i = 1, n

3*n+2

M

~ ...

Fortran 77
+ Cray directives 

Fortran 90 CMFortran

Fortran 77
+ PVM

Fortran 77
+ doall

CRAFT

A(PHI1)−W−EXACT−{1<=PHI1<=n}

P(i) {i==i+1}

Fortran 77

A(i) = i
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PIPS : l’établi

• PIPS ≡ compilateur source à source (Fortran...) découpé

en phases :

◮ Analyses interprocédurales

◮ Transformations

◮ Générateurs de code

◮ « Pretty-printers »

◮ Infrastructure et ménage

• Usage intensif d’algèbre linéaire « bibliothèque C3 »

(matrices, vecteurs, systèmes de contraintes linéaires,

forme normale de HERMITE,...)

• NewGen : gestionnaire de structures de données
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Phases d’analyse

• Effets d’instructions sur variables en lecture ou

écriture/utilisées ou nécessaires

• Graphes de dépendance

• Préconditions — prédicats sur les variables entières des

instructions

• Régions — sections de tableaux polyédriques. Étend les

effects

• Graphe de flot de données, planification, base de temps et

répartition

• Détection de réductions

• Complexités symboliques

• Fortran lint
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Phases d’analyse

• Ajout d’autres domaines d’interprétation abstraite : projet

APRON
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Phases de transformation

• Boucles : distribution, déroulage, strip-mining, échange,

normalisation,...

• Évaluation partielle

• Élimination de code mort, élimination use-def,

déspaghettification

• Privatisation tableaux & scalaires

• Atomiseurs

• Clonage

• Nettoyage des déclarations

• Optimiseur d’expressions EOLE

• Restructuration avec STF/ToolPack (emballeur en C)
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Phases de compilation

• Parallélisation et vectorisation

◮ Fortran 77 + directives OMP

◮ Fortran 77 + directives HPF

◮ Fortran 77 + DOALL

◮ Expressions de tableau Fortran 90

◮ Directives Fortran Cray

• Compilateur HPF (redistributions, I/O), bibliothèque

PVM/MPI

• « méthode polyédrique : CM-Fortran, CRAFT

• « WP65 » : mémoire virtuelle paratagée compilée avec

bibliothèque PVM
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Élimination de code mort

Utile pour :

• Spécialisation de code (e.g. après clonage ou inlining)

• Rétro-ingéniérie de vieux codes stratifiés/fossilisés

• Nettoyage après transformations source à source

• Simplification avant application d’autres analyses

Combinée avec profit avec

évaluation partielle, élimination use-def, restructuration graphe

de contrôle
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Plan du rajout de phase

• Exemple avec OCEAN

25 des 57 tests éliminés dans la procédure principale

(8 true branches and 17 false branches)

• Élimination de code mort & autres analyses concernées

• Gestionnaire de consistance interprocédural PIPSmake

• Gestionnaire d’objets NewGen and PIPSdbm

• Interfaces

• Environnement

 PIPS workbench

PIPS —Rajouter une phase à PIPS—
CENTRE DE RECHERCHE EN INFORMATIQUE — ÉCOLE DES MINES DE PARIS

http://www.cri.ensmp.fr/pips
http://www.cri.ensmp.fr


OCEAN (PerfectClub)

• Simulation de fluide 2D avec équations de BOUSSINESQ

• Beaucoup d’options (avec ou sans la température,...)

• Initialisations dans la sous-routine START

 nécessite une information interprocédurale pour simplifier le code
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Préconditions interprocédurales

Predicats sur variables entières scalaires
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Transformation élimination de code mort

Utilise préconditions calculées pour enlever les instructions

jamais exécutées

◮ Instructions avec préconditions fausses

◮ Branches de test toujours vraies ou toujours fausses

Calcule la condition de toute manière si effet de bord !

◮ Boucle exécutée 0 fois

◮ Boucle exécutée 1 fois

 Élimination itérative use-def, restructuration

graphe du flot de contrôle et évaluation partielle
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PIPSmake — gestion automatique de la consistance

Pour appliquer une transformation ou avoir une analyse :

¿ Quelles analyses sont nécessaires pour quel module ?

¡ Il suffit de demander !

Calcul à la demande de style make

suppress_dead_code > MODULE . code

< MODULE . code

< MODULE . proper_effects

< MODULE . preconditions

 étendu pour traiter les problèmes interprocéduraux

PIPS —PIPSmake—
CENTRE DE RECHERCHE EN INFORMATIQUE — ÉCOLE DES MINES DE PARIS

http://www.cri.ensmp.fr/pips
http://www.cri.ensmp.fr


Exemple interprocédural

Interprocéduralité

avec CALLERS

et CALLEES
C 0 <= I <= 3

subroutine A
[...]

K= C(I)

C 2 <= M <= 7

subroutine B
[...]

L= C(M) C 0 <= J <= 7

function 
[...]

C(J)

preconditions_inter > MODULE . preconditions

< MODULE . code

< MODULE . transformers

< CALLERS . preconditions
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PIPSdbm — gestionnaire de base de données

Gère ressources PIPS... Tout est ressource

• Charge automatiquement en mémoire les ressources

fichiers si nécessaire

• Indépendent de l’architecture et du placement mémoire

• Lit & écrit des objets NewGen

• Objets non-NewGen avec des méthodes utilisateur

• Interface de base de toutes les phases PIPS

◮ Persistance experiences multi-run

◮ Points de préemption aux limites de phase

◮ Phases externes possibles
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Newgen — gestionnaire de structures de données

Éviter gestion explicite de structures de données complexes :

bool suppress_dead_code(string module)

{

/* get resources from PIPS DBM */

statement s = db_get_resource(DBR_CODE, module);

[...]

gen_recurse(s, /* start recursion from */

statement_domain, /* domain to visit */

dead_statement_filter, /* top-down decision */

dead_statement_rewrite) /* bottom-up transformation */

[...] /* update resources to PIPS DBM */

}
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Newgen — gestionnaire de structures de données

Outil NewGen

Génération automatique depuis fichiers LATEX

Representation interne hiérarchique de PIPS :

statement = label:entity x number:int x ordering:int

x comments:string x instruction ;

instruction = sequence + test + loop + goto:statement

+ call + unstructured ;

sequence = statements:statement* ;
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Newgen — gestionnaire de structures de données

static bool dead_statement_filter(statement s)

{

instruction i = statement_instruction(s);

if (!statement_weakly_feasible_p(s))

/* empty precondition */

remove_dead_statement(s, i);

else {

switch (instruction_tag(i)) {

case is_instruction_loop:

loop l = instruction_loop(i);

...

case is_instruction_test:

test t = instruction_test(i);

...
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Newgen — gestionnaire de structures de données

• Construction de types complexes à partir de listes, tables

associatives, unions, produits, ensembles,... à la IDL

• Accesseurs, constructeurs, destructeurs, lecteurs,

écrivains...

• Vérificateur de consistance

• Itérateurs génériques optimisés

• méthodes multi-languages (C & Common-Lisp pour

l’instant)

• Support pour la persistance (PIPSdbm)

• Construction possible de passes indépendantes (sans

PIPSmake) : EOLE
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Bibliothèque d’algèbre linéaire C
3

PIPS est basé sur l’algèbre linéaire :

• Vecteurs, matrices (e.g. forme normale de Hermite)

• Constraintes linéaires, systèmes (e.g. faisabilité via
Fourier-Motzkin)

• Systèmes générateurs, enveloppe convexe (Chernikova)

• simplex, PIP

bool statement_weakly_feasible_p(statement s)

{

/* load the precondition system sc associated to s */

transformer p = load_statement_precondition(s);

Psysteme sc = predicate_system(transformer_relation(p));

/* return whether there may be a solution */

return !sc_empty_p(sc);

}
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Programmation littérale

La consistance des sources de PIPS est conservée
automatiquement :

...

shell−scripts

LaTeX

LaTeX2HTML

NewGen

ri.newgen

pipsmake−rc.tex

properties−rc.tex

tiling.f.tex

ri.f.tex ri.h

tiling.h

graph.f.tex graph.h

.tex .html

tiling.newgen

wpips−epips−user−manual.ps

graph.newgen

...
...

Documentation

wpips−epips−user−manual.tex

shell−scripts

shell−scripts

properties−rc

pipsmake−rc

Interface menus

LaTeX

Chaque fichier est sous SubVersioN (SVN) :
versions de développement (branches), production (tronc) et
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Programmation littérale

distribution (tag, release)
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pipsmake-rc.tex

\subsubsection{Dead Code Elimination}

%%@UserManualDocumentation: suppress_dead_code

Function \verb+suppress_dead_code+ is used to delete non-executed code,

...

%%ÿUserManualDocumentation

\begin{verbatim}

alias suppress_dead_code ’Dead Code Elimination’

suppress_dead_code > MODULE . code

< PROGRAM . entities

< MODULE . code

< MODULE . proper_effects

< MODULE . cumulated_effects

< MODULE . preconditions

\end{verbatim}

\begin{PipsMenu}{Transformations}

...

suppress_dead_code

...

\end{PipsMenu}
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pipsmake-rc.tex
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Interfaces utilisateur

Pas moins de 5 interfaces suite à la longue vie de PIPS...

Shell : tests rapides, debug et tests de non-régression

TTY : expérimentations, debug et tests de non-régression

X11/XView : Interface avec menus

Java Swing : Interface avec menus à la mode et portable

GNU-Emacs : La totale avec hypertexte, graphes avec

daVinci,...

logfile_to_tpips pour tests de non-régression

PIPS —Programmation littérale—
CENTRE DE RECHERCHE EN INFORMATIQUE — ÉCOLE DES MINES DE PARIS

http://www.cri.ensmp.fr/pips
http://www.cri.ensmp.fr


EPips Show
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PIPS — Internal overview

Inactive

Resources
Inactive

Resources
Inactive

Resources

User interfaces

Shell pips

TTY tpips

X−WindowS wpips

GNU−Emacs epips

Transformations

Analyses

Source

files Inactive

Resources

output

Prettyprinter

Files

... Regions

...

PipsMake

Array data flow graph

Linker
Prettyprinter

...Bootstrap

...
...

Loop interchange

Loop parallelization Partial evaluation

Dead code elimination

Atomizer

Reduction detection

Array privatization
Program distribution

...

Parallelize

Memory

PipsDBM

Loop unrolling

Use−Def elimination

Preconditions

Transformers
Complexities

Parser
Dependance graph

Array privatization

Scalar privatization Control graph restructurer

Effects
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Le recette finale

La petite cuisine :

Cassolette de PIPS aux phases

• Créer des objets NewGen si nécessaire

• Écrire votre code ( !) pour traiter un module

• Compiler et tester avec Makefile inspiré d’autres

bibliothèques/phases

• Déclarer la nouvelle phase dans pipsmake-rc.tex

 Nouvelle analyse/transformation

interprocédurale avec interface

graphique
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Travaux approchants

Autres établis de compilation :

• SUIF (Monica Lam, Stanford)

◮ Plutôt orienté C, génération de code de + bas niveau

◮ Pas d’interprocéduralité dans la version distribuée

◮ Ne gère par l’EQUIVALENCE Fortran

◮ Pas d’équivalent de PIPSmake pour garantir

automatiquement la cohérence et gérer

l’interprocéduralité

◮ Pas de gestionnaire d’objets à la NewGen écrire ses

propres classes C++
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Travaux approchants

• PARAFRASE 2 (Constantin Polychronopoulos, UIUC)

◮ Pas d’équivalent de PIPSmake (- interprocéduralité)

◮ Pas de NewGen (C++ brut de fonderie)

• POLARIS (David Padua, UIUC)

◮ + vérificateur de sémantique Fortran

◮ Pas d’équivalent de PIPSmake (- interprocéduralité)

◮ Pas de NewGen (C++)
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Modes ou recherche ?

• Crayettes, MPP (réseaux de Transputers), réseau

neuronal, algorithme génétique,...

• Parallélisation interprocédurale : 1982–1996/97– ? ? ? ?

• Tiling : 1985– ? ? ? ?–1997/98 (HP puis SGI et MIPS)

• Synthèse de code et de communication :

1987–1991– ? ? ? ?

• Exploitation de l’investissement fait dans PIPS

robustesse de la bibliothèque linéaire Évolution avec

APRON
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Évolutions du workbench PIPS

#transformations

robustesse
taille des applications #analyses

finesse des
analyses

Analyse numérique

PIPS

source−to−source

Langages Spécifications

Génie

ArchitecturesBack−end

Applications

Résultats
Expérimentaux

logiciel

Fortran 77

Fortran 90

C
OO, C++, Java

décomposition de domaine

maillage

ILP
ordonnancement

software pipelining
allocation de registres

Preuve
Test

Nettoyage

Exécutif

PVM, MPI
instrum.

trace

Rétroing.

Estim. coût

cache (programmable)

superscalaire

hétérogène

distribuée, hiérarchique
vectorielle, parallèle

navigation
interactifautomatique

CEA
EDF
THOMSON−CSF
PUBLICATIONS

Code
optimisé

Annotations

SAGEM/RP−RORER/DASSAULT/AVLS/EUPHONIA
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PIPS : industrialisation ou freeware ?

• Connexité (automne 1993)

• Simulog (septembre 97 et mars 1998)

◮ Réécriture

◮ Analyses trop compliquées (Dassault) ou pas encore

assez fines (EDF)

◮ Tentative de coopération dans le cadre post-Ariane 4

• CEA-DAM : propriété des sources ou co-développement
Intégration de la méthode polyédrale dans PIPS, thèses

d’A. Platonoff et d’A. Leservot

• EDF : co-développement si sources dans le domaine
public

Phase de calcul d’alias, CIFRE ENS-Cachan/EDF
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Conclusion générale

• Évolution des thèmes de recherche largement au-delà du

cadre parallélisation automatique

 optimisations en coût et en temps de réponse, génie

logiciel,...

• Sans perdre de vue les objectifs économiques ni sacrifier

la qualité de la recherche

• Les expériences ne sont pas oubliées

théorie et pratique

• Les contacts industriels non plus

vitesse contre précision, implémentation contre papiers

• Et donc le financement contractuel
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Génie logiciel et rétro-ingénierie

• Importance du source-à-source (vs projet SUIF de

Stanford)

• Réduction des coûts en rétro-ingénierie

 travail supplémentaire dans PIPS...

• Réduction des coûts de maintenance

pour du code optimisé

• Réduction du coût de développement

par la compilation de spécifications
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Conclusion

• PIPS = interprocéduralité + sémantique + programmation

linéaire

• Aborde des programmes réels

• Beaucoup d’autres choses (encore)

• PIPS ≡ établi + boîte à outils, environnement ouvert

• Environnement de génie logiciel ouvert (NewGen,

PIPSmake, PIPSdbm,...)

•  rajout simplifié de nouvelles phases

• Bonne plateforme pour étudier l’interprocéduralité

• Disponible gratuitement

http ://www.cri.ensmp.fr/pips
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Extensions futures

• Durcir le parser C (pour le traitement du signal...)

• Java pour le calcul scientifique (tableaux)... part de très

bas en performances

◮ Rajout d’un parser Java

◮ Élimination des vérifications d’accès aux tableau

◮ Spécialisation de code

◮ Élimination déréférencements méthodes

◮ Couplage JVM avec un JIT : optimisation code 3

adresses, détection et optimisation de boucle
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