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will be appear at IPSJ JIP.

¢ ZITHTL% plugin I& github ICHYFT
- https://github.com/akr/monomorphization
- https://github.com/akr/monadification
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* Coq

Fixpoint pow a k :=
match k with

|0 =>1
| k.41 =>

a*powak

end.

|LL>

* SEAAN RS E

¢ C

int pow(int a, int k) {
switch (k) {
case O: return 1;
default: {
intk_ =k-1;
return
a* pow(a, k_);
1
e CT7ATZLDS
FI P AT 5E
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RIREERLEITS
* Definition uphalf n:=n-n./2.

o (*fastpow_iterakx=(a~k)*x%
Fixpoint fastpow_iter a k x :=
if kis k'.+1 then
if odd k then
fastpow_iter a k' (a * x)
else
fastpow_iter (a * a) (uphalf' k') x
else
X.

* Definition fastpow a k := fastpow _iter a k 1.
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fastpow MSCO—R4AERK

* nat n3_fastpow_iter(nat v2_a, nat v1_k, nat vO_x) {
n3_fastpow_iter:;
switch (sw_nat(v1_k)) {
case_O nat: { return vO_x; }
case_S nat: {
nat v4_k_ = fieldO_S_nat(v1_k);
bool v6_b =n1_odd(vl_k);
switch (sw_bool(v5_b)) {
case_true_bool: {
nat v6_n = n2_muln(v2_a, vO_x);
vl_k=v4_k_; vO_x =v6_n; goto n3_fastpow_iter; }
case_false_bool: {
natv7_n =n2_muln(v2_a, v2_a);
nat v8_n = n1_uphalf_(v4_k_);
v2_a=v7_n; vl_k=v8_n; goto n3_fastpow_iter; }}}}}

* nat n2_fastpow(nat v10_a, nat v9_Kk) {
natvl1_n=n0_0O();
natvl2_n=n1_S(v11_n);
return n3_fastpow_iter(v10_a, v9_k, v12_n); }
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ugin&Monadification plugin

Hand-written
source
program

4>

Proof check

Hand-written
= "correctness"

Hand-written
"absence of failures”

by Coq

(Gallina)

Monadification plugin

proof (Gallina)

\J

Option monad &
monadic actions
(Gallina)

proof (Gallina)

|

Monadified

—>

Monadification

Monomorphization plugin

"~ program
(Gallina)

Proof check

by Coq

\4

Monomorphization

Y

C code generation

Generated
™ program

(C)

Equality provable

by "reflexivity" tactic

Hand-written
Inductive types and

primitive functions (C)
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Definition swap {A B} Definition _pair_bool_bool:=
p:A*B):= @pair bool bool.
et (a, b) :=pin (b, a). Definition _swap_bool_bool
Definition swap_bb p:= p : bool * bool) :=
let (a, b) :=pin

@swap bool bool p.

_pair_bool_bool b a.

Definition _swap_bb p :=
_swap_bool_bool p.

Goal swap _bb = swap bb. Proof. reflexivity. Qed.
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- nat %z uint64_t [C 957 E
» gotolcLBproper tail recursion®MEIR
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CO—RERDHI: pow

e £FRIN/-CO—NK

nat n2_pow(
nat v88_a, nat v87_Kk) {
switch (sw_nat(v87_k)) {
case_O _nat: {
nat v90 _n = n0_O();
return n1_S(v90_n); }
case_S nat: {
natv91l k =
fieldO_S_nat(v87_k);
nat v92 n =
n2_pow(v88_a, v91_k );
return
. n2_muln(v88_a, v92_n);

« A—HICLBT—YRDEE

#define nat uint64 t
#define n0_O() ((nat)0)
#define n1_S(n) ((n)+1)
#define sw_nat(n) (n)
#define case_O_nat case O

#define case_S nat default
#define field0O_S_nat(n) ((n)-1)

« TVIT4TRBOREK

#define n2_addn(a,b) ((a)+(b))
#define n2_subn(a,b) ((a)-(b))
#define n2_muln(a,b) ((a)*(b))
#define n2_divn(a,b) ((a)/(b))

#define n2_modn(a,b) ((a)%(b))
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7072 LDEFRE
 direct style * monadic style
Fixpoint pow a k :=  Fixpoint powM a k :=
match k with match k with
|0 =>1 |0=>SM O
| k.41 => | k'.+1 =>
a*powak powM a k' >>=
end. mulM a

end.
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- cons MO LA Z BICIE cons 7 02avild b
- BHA—N\—70—%FA95ICI1E S (1R EHREE) 277
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Monadification Plugin MW\ 73

1. monadic triple D& E
Monadify Type M.
Monadify Return f.

Monadify Bind f.
2. 70 avDEER
Monadify Action f => fM.
3. AR (BFIVZNMKEFETHEN) DEFNE

Monadification f.
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K AZFKIEI S Option Monad

Definition ret {A} (x : A) := Some x.
Definition bind {A} {B]}
(x' : option A) (f: A = option B) :=
match x' with None => None
| Some x => f x

end.
Monadify Type option.
Monadify Return @ret.
Monadify Bind @bind.
(* Notations for ">>=" and "return" *)
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B A —/N\—70—DIRH

BRA—/N\—DJO0—Z2MHBIB/=D7 0 av
D& Ex:

De
if
De
De

inition check x :=

Nat.log2 x < 64 then Some x else None.
inition SM a := check a.+1.

inition mulM a b := check (a * b).

Monadify Action S => SM.
Monadify Action muln => mulM.
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* direct style
(source)

Fixpoint pow a k :=
match k with
|0 =>1
| k.41 =>
a*powa k'
end.

* monadic style
(generated)

Fixpoint powM a k :=
match k with
|0 =>SM O
| k'.+1 =>
powM a k' >>=
mulM a
end.
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F—/N—70O—hF X7 LNEFRA

s —RICT OV S LD HDFMDITTRELAL
CEIFLLT DL arEE L TEEIRTES
forall x, condition > fM x = Some (f x)

e pow (RIEHIBIERA A —/"—70O—LAanE
WORHBDITTT) A—/"\—7O0—D I8N E
LT DO EERZEEBAT 5 & THRIETES

Theorem powM_ok :
forall a b, Nat.log2 (pow a b) < 64 -
(powM a b) = Some (pow a b).
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_-|_ 5 ==] 0)7:.@@%7_ |\\‘
(EFRIEDFID I E)

« NOVYETR:
Definition counter_with A : Type := nat * A.
Definition ret {A} (x : A) := (0, x).
Definition bind {A} {B}
(x ' : counter_with A)
(f : A >counter_with B) :=
let (m, x) :=x"inlet(n,y):=fxin
(m+n, y).

* cons MOH L=z A 57 av:
Definition consM {T} (hd : T) tl := (1, cons hd tl).
Monadify Action cons => @consM.

o TeEZIEHRFMR)ANRED N(N+1)/2E]MESDICKT L,
RAEBIFRIENE ULV E%ZEBATES
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Monadification7Z7JL3) XLADERKR

SEARZRE R I 572, TFRIFEDERCANAL
(M I f EBTWBEDHEHRW)

- Best:t1 > t2 > t3 (ZDFFDOHRTHEULLARSETNAL—F)
- Good: t1 = t2 > M t3

- Bad: M (t1 = M (t2 > M t3))
CORETIFBEMIIREICVLDWVNSLZIFTTTo
- BRIBI R ZRPETEAERETIMERZRFaW

RRIBV7I TNV ALIIIERANZAICHEET 55|
%510)%5(7&?’& 493 (impure arity)
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Impure ArityZ={E>TEFRZ#HE A

c fAEFTNELIERA M ET S

fftio...2tk=2>twu = ... 2>t
M:t1=> ..ot~
M (te1 = ... > M (ti1n > M tn)...)

* k Z impure arity &M

. T%%?‘%?TJI/ZI“UXAH:EEEH%ﬁ%LCTék&D@%/‘Kﬁ(%@
k %328 ,3\

. iti%k k=0 &£9%& Coq BZIFTITRVWERZERKLTL

P,

- decreasing argument DMRHBICEKKRTDLDICRS
- BN ESFNMEICEZIATFNTEREZBEL RS

e PILT)ZXLDEMITOVWTIIWTNHBRXT
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- seq.v: SSReflect DY RANZATS)
- A9EDEHDES RMEITHEEL
- 7{Eli&pure, 36MERIH, 61E%KER

(RIS IKEFREEZF>TWAEDE, B %EERAV AN VI E[FILED

T EDEOIRT—ATERRTBHZ &b >TW )
2. R T — B DrankE K
- BRI TRASEE L
. RELAVNIE
. HEE

- CO—RZ4&EmLL
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e Ewh7l
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Trusted Base HY/VI LN

» IRETBHCO—NRE
- g_monomorph.ml430
- monoutil.ml 136
- genc.ml 696

* 100017 R\ THD

o AR I i S f
ICEIEBA CIAMTIZZ

== F A WA A

* 0

-FX » Coq 8.6 extraction

g_extraction.ml4 152

common.ml 648
extract_env.m|l 682
extraction.ml 1098
mlutil.ml 1524
modutil.ml 411
table.ml 921

ocaml.ml /73

0001Ti#A
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FEH

e SEFAL7=(EL NJLCO

R X
. Bak

/e

- ZH4E%ZRETD

- THODIE L X reflexivity TEEBARTEE

« COd—F45

= Y

— R%&/NEATrusted BaseT

Souce
Monadification plugin

*Monadified

> > — C

Monomorphization plugin

- TYEDOERZHHAIENRS
- goto Ickd proper tail recursion

« T K1k

- Coq CHIETEREFNE7 I IV LERELE
- FTEICEAT A% ITAS: KBMLAW STEERYE
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SEOFE

e opam package 1|:
« BT —HBIREDERK
c WAWARERT—9EEDER

select, wavelet tree, etc.

» BIF| LA DB T H5IR1E

(BB 4> 51

« XEEHE
- Pluggable GC (Ruby|Z#i#&A T & ZIXRUubyDGCZELNZLY)
- R

- V00—
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Prove a Program Never Fail

* Option monad

- Automatic monadification and proof
— Needs plugin

- Write a program in monadic style with option monad (No program in direct style)

—Tedious programming

Difficult to remove option monad at extraction (Runtime overhead)

« functor and identity monad
—modules are not expanded in OCaml extraction

* section and identity monad
—needs to inline all functions (Too much code duplication)

Don't fail in C
#define n2_divn(a,b) ((b) ==07? 0: (a)/(b))
Use GMP for integer overflow

— Runtime overhead

Certified Programming (cf. CPDT)
— Very difficult proof
Needs extraction (proof erasure)
Need to decide uint64_t or GMP at beginning

Deep embedding using template-coq
— Difficult proof

Return an unknown value, u, for failures
— wrong proof

AIST

(letx:=uin0)=0. (u-u)=0foru:nat. (ifuthen e else e) =e for u:bo

ol.
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Monomorphization before
C Code Generation Example

* source program

Fixpoint buildDir2 b s sz2
ciD2m2:=
if ciscp.+1 then
let m :=bcountbisz2si
n
buildDir2 b s sz2
cp (i + sz2)
(pushD D2 m2) (m2 +
m)
else
(D2, m2).

* monomorphized program

Fixpoint _buildDir2 b s sz2
ciD2m2 =
match ¢ with
| O =>_pair_DArr_nat D2 m2
|cp.+1 =>
let m:=_bcountbisz2sin
let n:=_addnisz2in
letd := _pushD D2 m2 in
let nO :=_addn m2 m in
_buildDir2 b s sz2 cpnd n0
end.
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C Code Generation Example

* monomorphized program ° C program

: ) i i prod_DArr_nat n7_buildDir2(bool v10_b,
Fixpoint _buildDir2 b s sz2 bits vO_s, nat v8_sz2, nat v7_c,

ciD2m2 := nat v6_i, DArr v5_D2, nat v4_m2)

match c with { n7_buildDir2:;
| 0 =>_pair_DArr_nat D2 m chg'gg[‘(givnvggat<v7—c>>{

2

|cp.+1 =>
let m:=_bcountbisz2sin
letn := _addnisz2in
letd := _pushD D2 m2 in
let nO := _addn m2 m in
_buildDir2 bssz2cpnd

nO

end.

1

2);

m)

)retu rn n2_pair_DArr_nat(v5_D2,v4_m
2);
case_S nat: {

nat vl12_cp = fieldO_S_nat(v7_c);
natvl3_m =
n4_bcount(v10_b,v6_i,v8_sz2,v9_s);
natv14_n = n2_addn(v6_i, v8_sz2);
DArrv15_d=n2_pushD(v5_D2,v4_m

natvl16_n =n2_addn(v4_m2, v13_
'v7_c =v12_cp;v6_i=vl14_n;

vb D2 =v15 d;v4 m2 =v16_n;
goto n7_buildDir2;
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C Code Generation is Direct

* monomorphized type name is used as-is

* function name is prefixed with the arity
_buildDir2 = n7_buildDir2

 variable — variable
 let = variable initialization

* application — function call
or goto for tail recursion

e match — switch
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AIST

Data Type Implementation

Data representation is fully customizable

oool in Coq:
nductive bool : Set := true : bool | false :
nool.

oool implementation in C:
#include <stdbool.h>

#define n0_true() true

#define n0O_false() false

#define sw_bool(b) (b)

#define case_true_bool default
#define case_false_bool case false

55/48
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nat Implementation

* natural number in Coq: nat

Inductive nat : Set := O : nat| S : nat = nat.

* nat implementation in C:

#d
#d
#d
#0
#d
#d
#d

#d

efine nat uinte4 t

efine n0_O() ((nat)0)
efine n1_S(n) ((n)+1)
efine sw_nat(n) (n)

efine case_ O _nat case O
efine case_ S nat default

efine fieldO_S_nat(n) ((n)-1)
efine n2_addn(a,b) ((a)+(b))

* Integer overflow on uint64_t doesn't occur
if we prove it using monadification
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match — switch

* Coq .« C

Inductive | ;= switch (sw_I(v)) {
Ci:..>tij—>..>1 case Cil:{

match v with tij xij = field(i-1)_|
V);

| Ci XIJ =>e /* code for ei */
end }

-
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Experiment
Monadification of SSReflect's seq.v
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Monadification of seq.v

¢ Monad |fy 49 fu nCtionS: all, allpairs, behead, belast, cat, catrev,

constant, count, drop, filter, find, flatten, foldl, foldr, has, head, incr_nth, index, iota, ite
r, last, map, mask, mkseq, ncons, nilp, nth, ohead, pairmap, perm_eq, pmap, rem, resha
pe, rev, rot, rotr, scanl, seqn, set_nth, shape, size, subseq, sumn, take, undup, uniq, unzi
p1, unzip2 and zip.

* Monadic action: S and cons
¢ 7 |S pu re: behead, drop, head, last, nth, ohead and subseq

e 36 is successfully monadified

' | |
¢ 6 cou |d N t constant, index, perm_eq, undup, uniq and seqn

- seqn uses dependent type

- others use higher order constructor
(nat_eqType and seq_eqType also have same problem)
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Experiment
rank function for succinct data structure
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rank Function

 "'ranko i s" counts the number of "b" in th
e first "i" bits of "s" (which length is "n")

n = 23 bit
| = 17 bit
rank1 17 10000101101011101111101 =9
B I\.Iine.".l" b.its% . !

* Naive implementation needs O(i) time:
Definition rank b i s := count_mem b (take i s).
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rank for Succinct Data Structure

* "rank_init b s" precomputes the auxiliary data:
o(n) size in O(n) time

* "rank_lookup aux i" compute rank: O(1) time

* Functional correctness proved
Lemma RankCorrectb si:i <= bsizes =
rank_lookup (rank_initb s)i=rank bis.

e |t never fail if n < 264
Lemma RankSuccess b si:

let n :=bsizesinlog2Zn<64 >i<=n-

(rank_initM b s >>= fun aux => rank_lookupM aux i)
= Some (rank_lookup (rank_init b s) i).

 We also proved the time complexity
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