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Outline of Talk

» motivation

» description by example
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> take-home lessons



motivation



desiderate



desiderata

AD which Is:

» first class

» integrated into language

» can be used anywhere

» can apply to anything
» convenient & natural
» modular
» expressive

» fast






what we did:

add AD to FORTRAN

(implementation: leverage existing AD tools)
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Traditional API for AD

FUNCTI ON RAPHSN(F, FPRIME, X0, N)
EXTERNAL F, FPRI ME
X = X0
DO 1690 I=1, N
1690 X = X- F(X)/ FPRI ME( X)
RAPHSN = X
END

Note: caller provides both andFPRI ME.

Manually codingFPRI ME from F is often mechanical, tedious, and
error prone.

Automatic differentiation (Speelpenning, 1980; Weng&#i64)
eliminates that, but thealler of RAPHSN still needs to provide

FPRI ME, perhaps also arranging for it to be generated automaticall
fromF.



allow callee derives



FARFEL: add AD block constructs toGRTRAN

Compute derivativeHl PRMof PHI wrt SI GVA by forward AD:

ADF( TANGENT( SI GVA) =1. 0)
PH = 1/ SQRT( 2+ Pl * S| GVA » 2) » EXP( - 0. 5+
END ADF( PHI PRMETANGENT( PHI ) )
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FARFEL: add AD block constructs toGRTRAN

Compute derivativeHl PRMof PHI wrt SI GVA by forward AD:

ADF( TANGENT( SI GVA) =1. 0)
PH = 1/ SQRT( 2+ Pl * S| GVA » 2) » EXP( - 0. 5+
END ADF( PHI PRMETANGENT( PHI ) )

Same, by reverse AD:

ADR( COTANGENT( PHI ) =1. 0)
PH = 1/ SQRT( 2+ Pl * S| GV » 2) » EXP( - 0. 5+
END ADR( PHI PRM=COTANGENT( S| GVA) )

Syntactically similar to the Naumann and Riehme (2005) N¥W&E 95 extensions, but
more (a) general, (b) expressive, (c) available, (d) peréot, (e) examples to follow.



SUBROUTI NE GRAD(F, X, N, DX)
EXTERNAL F
DI MENSI ON X(N), DX(N)
DO 1492 |=1, N
ADF( ( TANGENT( X(J))=0.0, J=1,N), TANGENT(X(1))=1.0)
Y = F(X
1492 END ADF(DX(1)=TANGENT(Y))
END

SUBROUTI NE GRAD(F, X, N, DX)

EXTERNAL F

DI MENSI ON X(N), DX(N)

ADR( COTANGENT( Y) =1. 0)

Y = F(X N

END ADR( ( DX(1) =COTANGENT(X(1)), 1=1,N))
END

callee derives

same API for both versions

implied DO syntax for arrays

no restrictionsSEXTERNAL parameters allowed

vV v v Y



XSTAR = ARGVAX(F, X0)



ONQ)

CHECKPOI NT REVERSE F- >G

BOTH F AND G ARE 1ST ARG I N, 2ND ARG OUT
CALL F(X, V)

ADR( ( COTANGENT( Z(1))=Dz(1), 1=1,N2))
CALL Y, 2)

END ADR( (DY(1)=COTANGENT(Y(1)), 1=1,NY))
ADR( ( COTANGENT( Y(1))=DY(1), 1=1,NY))
CALL F(X, V)

END ADR( ( DX(1)=COTANGENT(X(1)), 1=1, NX))




FARFEL allows nested subprograms

Allowing nested definitions is synergistic with first-clasb.

C MAXI M ZE F ALONG THE LI NE PARALLEL TO XDI R THROUGH X
SUBROUTI NE LINMAX(F, X, XDIR LENX, N, XOUT)
EXTERNAL F
DI MENSI ON X(LENX), XDI R(LENX), XOUT(LENX)

FUNCTI ON ALI NE( DI ST)
DI MENSI ON Y( 50)
DO 2012 | =1, LENX
2012 Y(1) = X(1)+DI ST+XDI R(1)
ALINE = F(Y, LENX)
END
BESTD = ARGVAX(ALINE, 0.0, N)
DO 2013 |=1, LENX
2013 XOUT(1) = X(I)+BESTD«XDI R(1)
END

[
XDl X+ s XDl R )
X optimise scalaa(s) = f (X+ s- dir)



encapsulation



modularity



nesting for modularity?



nesting for expressivity!



Two player non-zero-sum continuous-strategy game
PlayerA's strategy isa. PlayerB's strategy isb.
PlayerA’s return isA(a, b). PlayerB's return isB(a, b).
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Two player non-zero-sum continuous-strategy game
PlayerA's strategy isa. PlayerB's strategy isb.
PlayerA’s return isA(a, b). PlayerB's return isB(a, b).

Equilibria must satisfy:

a" = argmaxA(a, b*) b* = argmaxB(a*, b)
a b

Find by solving:

a" = argmaxA(a, argmaxB(a*, b))
a b

NN A

nesting
aka
root argmaxA(a, argmaxB(a*, b)) — a*
ar a b

N

more nesting



root argmaxA(a, argmaxB(a*, b)) — a*
a* a b

Five levels of nesting. (One froROOT, two from eaCchARGVAX.)

C ASTAR & BSTAR GUESSES I N, OPTI M ZED VALUES OUT
SUBROUTI NE EQLBRM Bl GA, BI GB, ASTAR, BSTAR N)
EXTERNAL Bl GA, BI GB

FUNCTI ON F( ASTAR)
FUNCTI ON G A)
FUNCTI ON H( B)
H = Bl GB(ASTAR, B)
END
BSTAR = ARGVAX(H, BSTAR N)
G = BIGA(A BSTAR)
END
F = ARGVAX(G ASTAR N)-ASTAR
END
ASTAR = ROOT(F, ASTAR N)
END




FUNCTI ON ARGMAX(F, X0, N)
FUNCTI ON FPRI ME( X)
FPRI ME = DERIVI(F, X)
END
ARGVAX = ROOT(FPRIME, X0, N)
END

FUNCTI ON ROOT(F, X0, N)

X = X0

DO 1669 |=1, N

CALL DERIV2(F, X, Y, YPRIME)
1669 X = X- Y/ YPRI ME

ROOT = X

END

FUNCTI ON DERI VI(F, X)
EXTERNAL F

ADF( X)

Y = F(X)

END ADF(DERI V1 = TANGENT(Y))
END

SUBROUTI NE DERI V2(F, X, Y, YPRIME)
EXTERNAL F

ADF( X)

Y = F(X)

END ADF( YPRI ME = TANGENT(Y))

END




Implementation



CLOTHES MUST BE
REMOVED
'WHEN FINISHED
CLOTHES MAY BE
REMOVED BY
WAITING CUSTOMERS

OR GE




Possible Implementation Strategies:

» native (integrated into compiler)
» preprocessor (generat®RTRAN)
» prepreprocessor (generate input to AD tools)



Possible Implementation Strategies:
» native (integrated into compiler)
» preprocessor (generat®RTRAN)
» prepreprocessor (generate input to AD tools)

FARFALLEN implementation of ERFEL:
» move contents of AD blocks into (nested) subroutines
» closure-convert nested subprograms to top level
» specialize awa¥XTERNAL constructs
» target APENADE or ADIFOR
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AD block contents to nested subroutines

PROGRAM MAI N

SIGVA = 1.0

Pl = 3.14159

X=1.0

XBAR = 1.0

ADF( TANGENT( S| GVB) = 1.0)

PH = 1/ SQRT( 2% Pl * SI GVA * 2) * EXP( - 0. 5% ( ( X- XBAR) / S| GMA) * % 2)
END ADF( PHI PRM = TANGENT( PHI ))

PRINT *, PH PRM

END

PROGRAM MAI N
SIGVA = 1.0
Pl = 3.14159
X =1.0
XBAR = 1.0
SUBROUTI NE ADFL(PHI, S| G\R)
PH = 1/ SQRT( 2% Pl * SI GMAx * 2) « EXP( - 0. 5% ( ( X- XBAR) / SI GVA) * * 2)
END
SIGVA GL = 1.0
ADF CALL ADFL1(PHI, PHI _Gl, SIGMA SIGWVA Gl)
PH PRM = PH _GL
PRINT %, PH PRM
END




Closure Conversion
PROGRAM MAI N

XBAR = 1.0
SUBROUTI NE ADF1(PHI, SI GVA)
PH = 1/ SQRT( 2+ Pl » SI GMA * 2) * EXP( - 0. 5% ( ( X- XBAR) / SI GMA) * * 2)
END

SIGVA GL = 1.0

ADF CALL ADF1(PHI, PHI _GL, SIGMA SIGVA_Gl)

PH PRM = PHI _Gl

PRINT *, PHI PRM

END

SUBROUTI NE MAIN_ADF1(PHI, SIGMA, PI, X, XBAR)
PH = 1/ SQRT( 2% Pl » SI GMAx * 2) * EXP( - 0. 5% ( ( X- XBAR) / SI GMA) * * 2)
END

SIGVA GL = 1.0
ADF CALL MAIN_ADF1(PHI, PH _Gl, SIGMA SIGVMA GL, Pl, X
+ XBAR)

PH PRM = PHI _GL

PRINT *, PHI PRM

END




Specialization

SUBROUTI NE QUAD(F, A, B, STEP, OUT)
EXTERNAL F
ouT = 0.0
DO 5 X = A B, STEP
5  OUT = OUT+F(X)
END

CALL QUAD(EXP, 0.0, 5.0, 0.1, 2)
CALL QUAD(SQRT, 1.0, 6.0, 0.1, X)

g

SUBROUTI NE QUAD_SQRT(A, B, STEP, QUT)
oUT = 0.0
DO 5 X = A B, STEP
5  OUT = OUT+SQRT(X)
END

SUBROUTI NE QUAD EXP(A, B, STEP, OUT)
ouT = 0.0
DO 5 X = A B, STEP
5  OUT = OUT+EXP(X)
END

CALL QUAD EXP(0.0, 5.0, 0.1, 2)
CALL QUAD SCRT(1.0, 6.0, 0.1, X




Calling Conventions

SUBROUTI NE MAI N_ADFL(PHI, SIGVMA, Pl, X, XBAR)
PHI = 1/ SQRT( 2Pl * S| GMAx» 2) » EXP( - 0. 5+ ( ( X- XBAR) / SI GVA) * * 2)
END

PROGRAM MAI N
SIGVA =

ADF CALL MAIN ADF1(PHI, PH _GI, SIGVA SIGWMAGL, PI, X
+ XBAR)

PH PRM = PHI_GL

PRINT *, PH PRM

END

SUBROUTI NE MAI N_ADF1(PHI, SIGMA, Pl, X, XBAR)
PHI = 1/ SQRT( 2+ Pl * S| GMAx * 2) » EXP( - 0. 5+ ( ( X- XBAR) / SI GMA) * 2)
END

PROGRAM MAI N
SIGVA = 1.0

Pl = 3.14159

X=1.0

XBAR = 1.0

SIGVA GL = 1.0

CALL MAIN_ADF1_GI(PHI, PHI _GI, SIGMA SIGMA GI, Pl, X,
+ XBAR)

PHI PRM = PHI _GL

PRI NT *, PH PRM

END




The full EQLBRM example

FUNCTI ON GVBI GB(A, B) T+ BSTARGL N NG, X XGL Y. YG)

PRICE = 20-0. 1+B-0, 0999+ A DER V1_EQLBRM GVBI GA GVBI GB_F G = V_G3

OOSTS = B¢(10. 005-0. 05+E) )

G\BIG8 = B+PRI CE- COBTS

=S FUNCTI O ARGVAX_ECLERM GVBI GA_GBI GB_F_G_FPRI NE(ASTAR, BSTAR, N, X
)

FUNCTI ON EQLBRM GVBI GA_GVBI GB_F_G H( 8 ARGNIX_EQLBRM_GVBI GA_GVBI GB_F_G_FPRI MVE = DER V1_EQLBRM GVBI GA_GVBI

ECL R Ol G B! B G G Ch TR B TSR
ED

SUBRAUTIIE DCR V1 EQLERM VX GAGUB) GBLE G H ADRLASTAR. X, V) SUBROUTI NE DERI V2_ARGNAX_EGLBRN. GBI GA_GIBI GB_F_G_FPRI ME_ADF( ASTAR

Y = ECLERM GVBI GA_GIBI GB % +, BSTAR N X

o ¥ = ARGVAX_EQLBRM GVBI GA_GVBI GB_F_G FPR NE(ASTAR, BSTAR, N, X)
ED

EUNCTI O DERI V1_EGLBRM GVBI GA_GIBI GB,

XGl =10 SUBROUTI NE DERI V2. ARGNAX_EGLBRN. GBI GA_GNBI GB_F_G_FPRI ME[ ASTAR, BS

ASTAR G = 0.0

Y=o

L DER V1_EQLBRM GVBI GA_GVBI GB_F_G H ADF_GL(ASTAR. ASTAR_GL, X
+X_GL Y, Y
DER V1_EQUBRM QMBI GA_GVBI GBF_G H = Y_GL

G FPRI ME_ADF_GA(ASTAR, A
FUNCTI O ARGVAX_EGLERM GBI GA GBI GB | Y. v.eh
ARGVRX_EQLBRM GVBI'GA GVBI GB_F_G H FPR
“BGFGHASTAR )

H_FPRI ME(ASTAR
R Vi e B vt ca

FUNCTI N ROOT_ARGNAX_EGLBRM_GNBI GA_GNBI GB_F_G_FPRI ME( ASTAR, BSTAR,
+N

‘SUBROUTI NE DERI V2_ARGVAX_EGLBRM GBI GA_GVBI GB_F_G_H_FPR NE_ADF( AST
AR X Y) X = ASTAR
Y = ARGNAX_EQLBRM GVBI GA_GVBI GB_F_G_H_FPR NE(ASTAR. %) D0 1669 |
o | CALL DR v2_ AR ECLERM GVBI GA_GVBI GB_F_G.FPR ME(ASTAR, BSTAR, N

X Y
‘SUBROUTI NE DER! V2_ARGVAX_ECLERM GVEI GA_GVBI GB_F_G_H_FPRI ME( ASTAR, 1668 % & Xy VR
XY, YPRINE) mmzawws«w&ra:vaw—x
X@=10

AEAR

=00
FUNCTI O AR EQLM GV GA GVBI B F_CASTAR BSTAR, 10
1 FPRI ME_ADF_G2( ASTAR AR Eq B X ARGIRX_EQLBRM G\BI GA G\BI GB

Y@=0
| CALL cER 2 A LB, 0 G B
TAR @)

+ AS] % x@ V. SRR TR HTAR
YeR! ES)
e

FUNCTI O EQLORW GBI A B GB F(BSTAR, N, ASTAR)

1 FPRI ME(ASTAR X0, EQUBRM GVBI'GA GVBI GB_F = ARGVAX_EQLERM GVBI GA_GVBI GB_F_GIASTAR, BS

+TAR N~ ASTAR

D)
DO 1669 1 =1 N
CALL DER V2_ARGNAX_ECLERN GVBI GA_GVBI GB_F_G_ H_FPRI E(ASTAR, X, Y, ‘SUBROUTI NE DERI V2_EQLBRM GBI GA GVBI GB_F_ADF(BSTAR N, X, Y)

X

+YPR M) Y = EQUBRM G\BI GA_GYBI GB_(BSTAR N,
1669 X = X- Y/ YPRI NE o
ROOT_ARGVAX_EQLBRM GVBI GA_GVBI GB_F_G H_FPRI IE = X

SUBROUTI RI V2_EQUBRM GBI GA_GMVBI GB_F(BSTAR. N X, Y, YPRI ME)
X® <10
FuT v A 8 TAR G =
NG = 0.0
Y6 = 0.0
CALL DERI V2_[EQLBRM_ GNBI GA_GNBI GB_F_ADF_GS(BSTAR. BSTAR.GS, N N.G5
X XG5, YY)
YPRINE = V.G
&0

I GBF_G HASTAR X0, N)
ARGVRX_EQLBRM GVBI GA_GVBI

FUNCTI N ROOT_EQLBRM GVBI GA_GVBI GB_F(BSTAR N X0)

X = X0
DO 1669 1 =1 N
FUNCTI OV EQLBRM GVBI GA GVBI GB F_GASTAR. ) CALL DER v2_EQUBRM GVBI GA GVBI GB_F(BSTAR N X, Y, YPRIME)
ESTAR © ARCARR ECLBIM Gl G B (8.1 G HASTAR BSTAR, N 1669 X = XY/ YPRI NE
EQLBRM GVBI GA_GVBI GB_F_G = GBI GA(A,_ BSTAR) _EQUBRM G\BI GA GVBI GB_F = X
EX) B
‘SUBROUTI NE DER! V1_EQLBRM GBI GA_GNBI GB_F_G_ADF(ASTAR, BSTAR, N. X, C ASTAR & BSTAR GUESSES |N_CPTIM ZED VALUES QUT
. EQLBRM GVBI GA GBI GB(ASTAR_BSTAR. N)
Y = EQLBRM GVBI GA GVBI GB_F_G(ASTAR BSTAR N X) ASTAR = ROOTEQUBRM.GVBI GA_GVBI GB_F(BSTAR N ASTAR)
ED BD
FUNCTI OV DER V1_EQUBRM GVBI GA_GVBI GB_F_GASTAR. BSTAR, N, X) PROGRAM M N
XG =10 READ +. ASTAR
0.0 READ +| BSTAR

READ /N
CALL EQUBRM GBI GA_ GBI GBASTAR, BSTAR N
PRINT +, ASTAR BSTAR
_EQUBRVLGVEI GA GVBI GB_F_G ADF_GY(ASTAR, ASTAR G3, BSTAR e




#! |/ bi n/ bash

tapenade -root derivl 2 adf2 -d -o eql brn42
-di ffvarnane "_g2" -difffuncname "_g2"
eql brma2. f

t apenade -root deriv2 1 2 adf4 -d -o eql brn42
-di ffvarnanme "_g4" -difffuncname "_g4"
eql brma2{, g2}.f

tapenade -root derivl 1 adfl -d -o eql brn42
-di ffvarnane "_gl1" -difffuncname "_gl1"
eql brma2{, g2, g4}.f

t apenade -root deriv2 1 1 adf3 -d -o eql brn42
-diffvarnanme "_g3" -difffuncname " _g3"
eql brmi2{, g2, g4, _gl}.f

t apenade -root deriv2 2 adf5 -d -0 eql brn42
-di ffvarnane "_g5" -difffuncname "_g5"
eql brma2{, g2, g4, 91, g3}.f




DUQS



“Issues”






BUGS BUGS BUGS! (Just a taste of the yummy bug juic

(a) Deliberate errors on corner cases complicates automaged us

(E.g., refusal to process routine with no active inputs obady.)
(b) Inconsistent or incomplete or unpredictable name transdtion.
» birrsi zes. | ne, ND NBDI RS NBDI RSMAX  etc.
» ADIFOR prefixing interacts poorly with MPLI ClI T declarations.
» One-character BIFOR prefix limit constitutes a limited resource.
(c) Activity declarations are not respected.
» Only sometimes.
» By both ADIFOR and TAPENADE.
> In different ways.
> That vary by release.
> (sometimes they determine an input inactive but if pekifor it to be inactive it will be made active.)
» Need to know in order to call.
» Must parse tool output to determine.
(d) Reverse mode sometimes does not generate primal result.
» Must parse tool output to determine.
» Workarounds can interact catastrophically with impurenadi

(e) No way to make cotangent inputs dependent upon primal result
(f) Many nesting issues, e.g. DA OR by default generates
singularity check code which cannot itself be transfornmedst

m~mt ATV DT ACONIFEL AAN/Y Y n v oA v v v o~ o~



EQLBRMexample invLAD









Same “EQLBRM” example in YAD

EQLBRM(A, B, ag, by, n) B
let a* = ROOT,- (ARGMAX 5(A(a, (ARGMAX p(B(a*, b), bo, n))), ap, n) — a*, ag, N)
b* = ARGMAXp(B(a*, b), by, n)
in (a*,b*)
ARGMAX (f, %o, N) 2 let f(x) 2 DERIV1(f,X) in ROOT(f, X9, N)
ROOT(f, X, Nn) 2
if n=0then x elselet (y,y) = DERIV2(f,X) in ROOT(f,x — ,n — 1)
DERIVL(F,X) 2 let (x,y) = 7 (f,x 1) iny
DERIV2(f, X) 2 7(f,x, 1)

The7 symbol is a differential-geometric pushforward operator,
analogous to theARFEL ADF block construct.

_ —
There is an analogoug pullback operator that corresponds to the
ADR block construct.

For details on the language and its implementation seerRetier and Siskind (2008a,b); Siskind and Pearlmutter§200
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AVAILABLE NOW!



lessons
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FORTRAN 7/



We wouldlove to extend BRFALLEN from FORTRAN 77 to
FORTRAN 95 or FORTRAN 2008 aka ISO/IEC 1539-1:2010.









GAME EXAMPLE DISCLAIMER

The EXISTENCE OR UNIQUENESS OF AN
EQUILIBRIUM IS NOT IN GENERAL GUARANTEED, but
our particularA andB have a unique equilibrium.

COORDINATE DESCENT (alternating optimization af and
b*) would require less nesting, but HAS INFERIOR
CONVERGENCE PROPERTIES.

Although this example involves AD THROUGH ITERATIVE
PROCESSES, we do not address that issue in this work: it
BEYOND THE SCOPE OF THIS PAPER, and used here o
in a benign fashion, for vividness.

On our concrete objective functions THESE CONVERGE
RAPIDLY, so for clarity we SKIP the clutter of
CONVERGENCE DETECTION.

IS
nly




CRAWLING, SLIMY THINGS
TERROR- BENT ON
DESTROYING THE WORLD!




FARFEL vs Naumann and Riehme (2005)

FARFEL constructs and features that the NAGRE 95 AD
extensions could not, to our knowledge, handle:

» EXTERNAL arguments
» nested internal definitions (lexically scoped)
» derivatives of derivatives (nesting)

This would impact all of the examples in this talk.



	References

