#8453 i B %4 %M Vol. 8 No. 3
2023 4£ 5 H Journal of Cyber Security May 2023

H T BRI B8 ITRERER
A4 R & B sh36E

1,2 o1 1 a1 1
—:E%E% ,EJ%‘PX 7/%% éﬁ 9—;%‘ j% 7Eﬂ:‘)}%
VYL RIS K v SEALE B TRk Y98 E 330022
2L POIM G A PR 5 TR L VOO T 330022

WE T EA N N TR RER RN ), ST FAT R m] AR PR 22 P N A RE AU B 5y 1) T A7 i
HOPLE O IEA, T I 2 AR R G AR M I BT, 10 eR g P WIAE SR U b BAT Sl i e ik e . A
3L AL P TR IS 10 )96 I T e R P R & A S IAIE TS, Rl TR AR Tk, DA Bk H T 2096 I AT R 2R 1o
RS Z R Sy AR AR L G, SR RS HEE A A AN AL A A HE T R AT VA, AT
PR BRS04 R HOK AR T A AT HE, IR FRATHR KD FAT A B S Radl BEATHE; #E, R RIS 2 B UEAE A
£ Isabelle 56 UE S TE 4 b 0l 2 1) 2502 B, BB THS S ORAT 4 B, #2107 Radl'—Haskell ##epil, it T
“Radl’—Haskell JFATREFAERRSE” oAb . LU R, ASCRENS LM I IE — RV AR TR BURE e, JF Hogg
P RN L o ASCIPEACRA —E K n] AR, T H. B SR> T AT TR 5 S E A BB AR &, fRER%
IERPEAR s Ak, WK FESR T i I A5 AT R BRI T A R R 2R X

KA BUUIRE, IMAIFAT, BERE R BEERG AShRE

FEESES TP311.5 DOI S 10.19363/J.cnki.cn10-1380/tn.2023.05.07

Model-driven Divide-and-conquer Parallel Functional
Program Generation and Automatic Verification

WANG Changjing'?, WANG Zhongwen', PAN Cheng', HUANG gqing', ZUO Zhengkang'

' School of Computer and Information Engineering, Jiangxi Normal University, Jiangxi 330022, China
2 Management science and Engineering Research Center, Jiangxi Normal University, Jiangxi 330022, China

Abstract Parallel computing as a driving force for the development of artificial intelligence has made the interpretability
and security of parallel algorithms an important research direction in the field of artificial intelligence. Formal methods,
based on mathematical logic, have become an important approach for the credible construction of complex secure caustic
systems, while functional programming has a stronger mathematical expressiveness in the field of algorithms. The purpose
of this paper is to propose a model-driven divide-and-conquer parallel functional program generation and automatic veri-
fication method by fusing formal methods to solve the current problems of lack of interpretability, error-prone, and low
trustworthiness in divide-and-conquer parallel program generation and verification. First, a sequential algorithm is derived
using the partition-and-recur method and the new strategy of loop invariant development; then, it is lifted to a parallel al-
gorithm using auxiliary functions and algorithmic join functions and described using our proposed parallel algorithm de-
sign language Radl"; further, the homomorphism theorem verification framework is used to verify in Isabelle that the algo-
rithmic connectivity functions satisfy the homomorphism theorem, i.e., the elevated algorithm is parallelizable; and Finally,
we propose the Radl"—Haskell transformation rule and design a software prototype of “Radl’—Haskell Parallel Program
Generation System”. The experimental results show that this paper can generate and verify parallel functional programs
for a series of algorithms, and can produce good speedup. The method not only has certain interpretability, but also reduces
the error-prone and tedious workload of traditional manual verification, ensures the correctness of algorithms and im-
proves security, which is of great significance to significantly improve the development efficiency of highly trusted paral-
lel functional programs.
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Figure 2 Model-driven D&C parallel functional program generation and automatic verification method steps
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(MINi: 0 <i<n:sum(0,i)) £7~LL a[0] 4 55 1 45

INFBRL, B pi R oR mps AERIAE T84 aliy] B
G X R(8) MR (9) 4k &L T
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t, =mits(i+2)

= min(mts(i +1) + afi + 2], a[i + 2])

=min(min(mts(i)+ a[i + 1], a[i +1]) + a[i + 2], a[i + 2])

= min(min(mts(i) + ali + 1]+ ali + 2], a[i + 1] + a[i + 2]),
afi +2])

= min(mts(i) + a[i + 1] + a[i + 2] ,min(ali + 1] + a[i + 2],

ali+2]))
=min(ty ; + My jios Ly js2) (10)
S, =mss(i+2)
=min(mss(i +1), mts(i + 2))
= min(min(mss (@) , mts(i + 1)) , mts(i + 2))
= min(mss(i) , min(mts(i +1) , mts(i + 2)))
= min(mss(i) , min(min(mts(i) + a[i +1],a[i +1]) ,
min(mts(i) + a[i + 1]+ a[i + 2], a[i + 1]+ a[i + 2])))
=min(mss(i) , min(ali +1], a[i + 1]+ a[i + 2]) ,mts(7)
+min(a[i +1], a[i + 1]+ a[i + 2]))
=min(s;, mss(i+1..i+2) ,mts(Q) + mps(i+1..i + 2)))
=min(Sg,; > Siy1.iv2 2lo.i ¥ Pis1.iv2) (11)
Mn ek 3, U@ (10) AT HES Y sum fEvt
5omes WA BEREL RO FIZRA 1) [ H#E S H mes F
mps FEVHE mss V5B EL
42 BIREERY
SRR R PR BORAE I 1) 8L 03] 11 1) 1 ) kAT
BRI A, BIEERESL 1 O XV RR A 4 ] BUR
IIVA TFATREOR AR IR, 32 10) FURE 4 70 it A 11 )
RIFAT KM, e 2l 5 & 1 1 R E L AU X
S i) B ) A O A D T R PO A . R TSR 3, AR
BEXS AR TE T SR IE R s Ry 3, $RE T RUR
SR pR BRI T R SRS
HHE 4. (BLEIERRETT RN 4 HARREL f
VEFIAES R xoy L] HEIFATING, SE0R%IEH s HUH
SR AR B IERIAE /. AT R AIEIA £ M
Sy A A, R g 2 RN T IR
gh, KRR V2 g5 SR i A B ek BOVE L AE TP 41 B
Ho, B, , FRRAZES £, £ 35002 RS R 20
ZHh.
BB ANMEE A a 3R al0.]H
ali+1.n]T B, #7R A Es 70 o S e AT
R, W 4 R
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/ <sum,mps,mts,mss>([]) <sum,mps.,mts,mss>([]) \
Y

al0] (a[iv:]‘

<sum,mps,mts,mss>(a[0]) <sum,mps,mts,mss>(ali+1])

<sum,mps,mts,mss>(a[0..i+1]) <sum,mps,mts,mss>(ali+1..n—1])

A

r
ail |l
= J
Qm,mps,mrs.mss>(a[O. 1) <sum,mps,mts,mss>(ali+1 y
Y

4 WMMEEITEIRE
Figure 4 The calculation process of two threads

BAR XML IATHATH, HEMNFHN
A AT VRS o AT &5 RS i 4k B 50l 1 S
PR Ok E AT A BT 501, I X 2U(8)AI(10).
KO HIHEAT 9, AT
mts(n) = min(mts[0 .. 1]+ sum[i+1..n], mts[i +1..n))
{mss(n) =min(mss[0..7], mss[i+1..n], mts[0..i]+ mps[i +1.. n])
(12)
mps [ BEFESL R EC PRE mes VAN IR ) 2R,
PR & X 4 W] 153 R 3 sum 2 n] HEIEATIN, BT
HPER R BURAE 5438, TR AL E s . 5k,
KT SRR R BRI R TS A5 R,
b sumy 27 AL sum VERATE a0..1] L, sum, K75 R
B sum AEHTE ali+1.n] b, HApR %R BE,
SUm =Ssum, + sum,
mps =min(mps, , sum, + mps, )
mts =min(mts, +sum, ,mts,) (13)

mss =min(mss, ,mss, ,mts, + mps, )

43 FEREA

SRR T A F AT SR 4 o8 AT vk i
P o AT HVE N HE AT, nTHES HAIE
T bR BRI N IRAT B, R AR T R
7 B R RN I B R, AT L R B
WL A E B 5.1 SRR E ).

Radl &5 BAGIHEWME, 5 THHES, H
AN HAGFAT L HE, FOE T A AT 5%,
WA S AT 50 318 PRAM BRI & T
Radl VE A SCHIIFEAT AL BETHE &, ‘B AE Radl 3L
fih b3 T OIRAT A e XM . E e
ALGORITHM 1 #)4i4b 4 /A8 &, X )57k BEGIN 1
W IR P RG R RR Y, #7339 H PROCEDURE
& X, 144 RECUR F1RECUR _parallel P i JE 2
Ror, WETIREMH, H RECUR FoRLLHRATTS

KKK REAE AL FE, ) RECUR parallel ...
END_parallel #7x PLIFAT J7 208 2 AR R 75 7] )
V. Radl (il — AR E5 R R

Radl' ALGORITHM:<algorithm name>

|[[nitialized definitions of operational variables]|
{40"4R}

BEGIN:<invoked the procedure of divide>

<invoked the procedure of join>
END

PROCEDURE:<procedure name>
BEGIN: <variables that control the recursion of
RECUR>
<initialization of operational variables in the

RECUR>
TERMINATION:< termination conditions of RECUR>
RECUR:
BEGIN:<variables
RECUR _parallel>

<initialization of operational variables in the
RECUR parallel >
TERMINATION:< termination conditions of RECUR _
parallel>
RECUR_parallel:

<recursion relations>

that control the recursion of

END_parallel
END

BOA B /SR AR 4.1 PR 42 WHES T
i 0 o HOR LR IE R R 2 (5 (13)), W] LA 20+ 2
I/ NI IEAT 5 ALGORITHM 2(ih Radl i &
k).

7t ALGORITHM 2 "', &% Mss_divide(n)¥4 )7
Y1) a MICERI R logn ANJGEN—H, RJGIFATR
PR TCER I sum, mps, mts Kl mss {8, ML FER] H
(n/logn) MRS TE O(logn)i 0] N 5E il Mss_join(p)
PR ECAE BRI IR Th AR AT HOKE 56 24-1 AR5 20 4
(i=0 to p/2)IF] sum, mps, mts Fl mss {5 I H—A 4,
HAERERA 4, AN mss {ERDA J5 ) 8T,
Bt R AT H (p/2) ML BEESTE O(logp) N TR N 5E . A
T 1RE, (B2 (n/logn) logn Fl logp &40

5 AHITHE

AR A ) A 5 B SK 3 AF R TH R (0 A7 B9
HtE, IR EATE . A S B T AR AT
S, FLATIN, 5 200 o 7 B U 2000 JLak AT
9, DRI A 25 5 B 0 AT B BT BT 1 9
7M. IR, A4 F Tsabelle 52 X7 [ 52 B 45— B




FE& 45

HEZLIFREAT A Bk W, FuE WA 58] 73 ok 3% bR £k
7 AR E B IE o
51 REISTEE

F) 25 B BOE — MR E G ) 2[R FAR K S 4 Ry
0, ERFEPTE MR G AR o FEARSCH AT
AR AR, Bl BRI, REERA S

Je—ANFIRINIAL, KA Se EZINRTHENT— R

RZSHY U int, float, char Al bool 2%, NI HHFIA
PR E 3 UE o

SES 7(O-FIZSRE) #TREh:S — Se X TAE
BAE xy€E€S, fA1E— A uisEAT O Be 13
h(xey)=h(x) O h(y), WIFL h WL RS, L h
N O -2 R AL

ALGORITHM 2.mss JAT 8.4

|[In n:integer , a:array[0..n,integer]; Aux i ,
p:integer; Out sum , mps , mts , mss: integer]|

{AQ} A {AR}

BEGIN :

Mss_divide(n)
Mss_join(n/logn)
END

PROCEDURE Mss_divide(n)
BEGIN : sum(0) , mps(0) , mts(0) , mss(0) = a[0] ,
i=1++1
TERMINATION : i = n/logn
RECUR parallel :
sum((i-1)logn+1) = sum((i-1)
logn) + a[(i-1)logn+1]
mps((i-1)logn+1) = min(mps((i-
Dlogn) , sum((i-1)logn) + a[(i-1)logn+1])
mts((i-1)logn+1) = min(mts((i-1)
logn) + a[(i-1)lognt+1] , a[(i-1)logn+1])
mss((i-1)logn+1) = min(mss((i-1)
logn) , a[(i-1)logn+1] , mts((i-1)logn+1))

END _parallel
PROCEDURE Mss_join(p)
BEGIN : sum(i) = sum((i-1)logn+1) , mps(i) =

mps((i-1)logn+1) ,

mts(i) = mts((i-1)logn+1) , mss(i) = mss((i-1)logn+
1), (i : integer =1 to p)

TERMINATION : p =0

RECUR :

BEGIN:i=1

TERMINATION : i = p/2

RECUR parallel :

sum(i) = sum(2i-1) + sum(2i)

mps(i) = min(mps(2i-1) , sum(2i-1) + mps(2i))

ST RIS 7396 IFAT R B R A2 e A B3 E
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mts(i) = min(mts(2i-1) + sum(2i) , mts(2i))
mss(i) = min(mss(2i-1) , mss(2i) , mts(2i-1) +
mps(2i))
END parallel
p=pl2
END

AR, ST IR E R AR ARSI o ] R

FFATH, SEINFR b IR IFIZ AL, ERAEEE
BEUE A ALK PR AR, WISRATRR L sum, 12 pREL

length, s KAHPREL max 55 .

SCHR[26)40 28— R 25 5 B K FLAIE W] o

eI 15— H*%EE) @&h S — Se A1,
M HEAY b A map BB —A reduce PREUITE
Hia8, W h=reduce(®)omap f /\EPIZl%( map Kl
reduce 735K

map [ [x.%,...., 1= [f (%), f()se005 f(x,)]
(14)

reduce (O) [x,,%5,....%,] =% Ox, ©...0x,

EH 1R, U A REUE map M reduce HREL
WG, HIOHMTHZ RS W, Kk
SE LRSI o LI [F) A2 o T B BT FAT AT AE
WIS SR, KPR S 28 Sk I R H A bl 2R 2
AT EAIFAT I, SIS B i 08 oA A L 2 1R 3,
AR s .

HR[27]25 T e B 2 R AR

SEH 2RI EH) FREh:S > Scito-
(IS H, DR 2 1) ANA T bR B0 A TR PR S 2 5
T O o ATRREL b AL e ) A ) R AR, LA
TILEERF T O N, W b e - -
SEH 2 R — AR ETG I S A 17 5A ) R H (B e
e R, EAE YIRS

M e 6 FlE B 1,2, FAi 45 200 F e

W 1 A RE S > Sc W5 s 4l
h=(f.9), Hh(xey)=(f(x),0(x)O(f(»)o(3),
T T RSB e R, W) h RIS, HoJstin) R
I T B f = fst o reduce(®) o map h ¥ 5%45%), Hrp
St BREGR P TTAL I — N IE R

RCR

h(x=y) = (f(x),0(x)) © (f (), ()
= (/.10 (/. PY] = h()h()

(15 BARE R A e B, B RRE h 2 AT
S5t oreduce(®) o map h[xsy]

(15)

= fst o reduce(O) omap (f,¢) [x+y]
= fst o reduce(O) o [(f(x), (x)) , (f (¥),p(1))]
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= fsto ((f(x), 9(x)) © (f (), 9(»))
= fsto ((f(x) © f(¥),(p(x), p(»))
=f(0)O0f(»)

= f(x+y)

HER 1 F5H, MHERE S HEAERAES IR xoy b
ANRIFATIN:, IS InGE B e E o 05 e e by AT
(X NP S U AR ol P P yNes L I AV SR GID NN = AP AT IRl
KA HIuH, EABEASEH bR A28 EfE.

BB E]  ARE L (3) 5 ) il
PRECRI EVRIE AL, IFEBHEL 2, mss SR
B omts mps sum — KK ICH h = (mss, mts, mps,
sum) , W h(x e y) AP REALLFIEA:
h(xey)

= (mss x,mts x,mps x,sum x) © (mss y,mts y,mps y,

sum y)

=(mssxOmssy,mtsxOQmts y,mps x Omps y »
sum x Qsumy)
= (min(mss x,mss y,mts x + mps y) , min(mts x + sum y,

mts y) , min(mps x,sum x +mps y) , Sum x + sum y)

I AR HELS 1, R b WARE RS, mn]
WA mss = fst o reduce(®) o map h AT IFAT V. %
FLANPEAT 2 o ) R o
5.2 Isabelle B ZhiiE

X1F 4.3 1Y) ALGORITHM 2, K] Isabelle &
PR B 8 A AIE B 0 2 TR) 2 3, BIIE Wi Bk
(RS pR O BRI AT I A2 58 7, AT B
IFAT I 2 4R 1.

Isabelle FRIIE LR 2 — AN G 0BG SCAT
(T.thy) (R RE, B T RE AT LAGR A SCBEL S, S, <., S
MCOATEASE SCH 2RI L s 8055, QI B i e BEE 5 |
HHHTUER . thy SOt ML B S5, HIEARL
Wik s s

Theory T
imports S.,5.....S,
begin
Declaration /75 B3Ry
Definition //5& X&R4
Proofs //AFHHFRS>
end

5 thy XHRIEREH
Figure S The basic structure of thy file

AR3ICH, Declaration F -7 B[R & € #0456

UEHESE, Definition FHT-5E SCRAE ) ARG HI 20 AH G
SR, Proofs FH T30 F H A R A S5 Bz ek 2L
AL R A B
5.2.1 FHFEHESE—RIFER

Isabelle Fr#fEE 1) X Ik (Locale) $efit T —Fh e 7
(A ERAL TN S HAE LT, e ] LR T E L — N2
HALIRL T H, HIX eS80 2L — 58 (R85 4 1H 2,
BRI, AR SCAd FH X 3R AR AE Tsabelle #7775 B R4 v g
ST RIS E BN G — IUEHESE, F A [F) 2 2 BEEG E
g — B, a6 fros.

ux a_1) (0bj a_l) (Aux a_r) (Obj a_r)"

6 RISEERE—WIFERXIEEX
Figure 6 The locale definition of unified verification
framework for homomorphism theorem

6 B X T —A BaseLoc X1, JCHF fixes
WY )R 2 80 Obj( H b5 BR300 Aux(4ili By 2 20 F1
ObjJoin( H b b B FLE R 5L, 5.2.2 1Lk
17T HARSZI . RHE Y- assumes 5E X JRIE S B0 I AL
(V2 HE L) HomObj, Bl ObjJoin i /2[RI E 8L, 5.2.3
s T H BRI IR R

SERR b, SFFAIFSIER Objy Aux K1 ObjJoin,
HBHEA ANBOTREA 3, 1M DSl e F X ek 4k
FRANSCRPAFAC I fix & CeR U S Hu AT 18 . (1
AT, 0T FUAA ) IR SR A, R A DX gk R 4 ARG
BaseLoc X358 0 K At vl @5 B 75 1) J) 35 2 OR824
Ly

BHB /AR WL X4k K, fF BaseLoc
JEAl b3 BRI H bR e Mss, 4B &£ Mps  Mis
FNET 0 0% B bR B MssJoin, 38 08T 1 2 #5004
HomMss, Bl MssJoin i /e [R5 € # . 292081
X ik MssLoc, WK 7 7N

locale MssLoc = BaseLoc Obj Aux ObjJoin
for Obj :: “'a list = ‘'a"
and Aux :: "'a list = ‘'a"

> il > int"
a_r) = MssJoin (Mts a_1) (Mss a_l) (Mps a_r) (Mss a_r)"

7 mss FE7SERIUER X E X
Figure 7 The locale definition of mss homomorphism
theorem verification

5.2.2 HiERHEN
AR L ARSI ) U A T AT L [ DX A 7K,
TIOR3 1) )R 2 O 8 4R 2 AT S Ak, 2



F B S RIS 6 AT s BRI AL i A B3 E

Je AT R S BOHAT HAR S

Isabelle Atk ESE A T35 U5 o 50T X A4 primrec
FEE 8 U o £ e XA 4 definition. Rk, 7F Isabelle
(1) 7 SCHS 53 FH X 6 iy 4 S I T 14 )= 35 2 B0 (B R Ak
W] 1T H AR R S B R B o FIIR G R AL O)
1T fie .

____________________________

’
! definition Min :: "int = int = int"

95

BEAB/MSER]  AREE 7 (1) MssLoc X35,
) R S8 Mss« Mps Mts K MssJoin JEAT5E
Bk, FARSZIULERAT:

1) H definition F primrec 4 & X% Mps,
Mts Fl Mss, I3 XHEH KR E Min F1 Sum, 40
8 T,

‘.:’primrec Sum :: "int list = int"
' where "Minxy = if x<y then x else y":: where "Sum []=0"|

"Sum (x#xs) = x + Sum xs" (b)

________________________________________________________

_________________________

where "Mps [1=0"|

:’ primrec Mss :: "int list = int"
! where "Mss []=0"|
{

N
1!

primrec Mts :: "int list = int" \
:i where "Mts []=0" | i
"Mps (x#xs) :: |
X = Min 0 (x + Mps xs)" (c),:'\

"Mts (xtxs)

____________________________

"Mss (x#xs) = Min (x + Mps xs) (Mss xs)" (e);

_____________________________

8 MHEXEHENX

Figure 8 The definitions of related function

2) R¥s MssLoc XSG K JR#H 24 MssJoin,
Ml definition iy 4 5 355 FLAE A 10 S50k 34 4 pR 2
MssJoin . 345 4.2 75 X(13) &% 4.3 17 ALGORITHM 2

where "SumJoin sum_I sum_r
= sum_[+ sum_r" @

’
1
1
1
1
1

| definition MtsJoin :: "int = int = int = int"

"1 Mss_join Y] RECUR parallel #43, & X Sum-
Mps F1 Mrs WIEFERREL SumJoin, MpsJoin Hl
MtsJoin, WK 9 Frs.

definition SumJoin = "int = int = ,'m"‘::'deﬁnition MpsJoin :: "int = int = int = int"
i where "MpsJoin sum_I mps_| mps_r

= Min (sum_l+ mps_r) mps_I" (b),

{ where "MtsJoin mts_| sum_r mts_r = Min (mts_l+ sum_r) mts_r" (c)!

_______________________________

9 BIREERBEX
Figure 9 The definitions of algorithmic join function

523 [RIAEHKIE

& XL 5, TRAE Tsabelle [RI1EBH &840 X
H Ao bR A S50 42 e i A2 [ o BR (LA TR 2
A h(xey) = (f(x),0(x) © (f (»), () VAT IE A P IE
B, BUUEB] BaseLoc XK [11IZ 48 L) HomObj 1) 1F
. Isabelle H>KH theorem iy 25 HomObj %
WA A 3, I I w5 e g 2o

KHE 5. i apply fr4 K5I Isabelle N & Ji
I P26 (0 A 3 A T A 1

KRG 6. GIEAHN R )5 BT UE B3R 5
1% 5 | BRAE g Ak T LU A A T A0 1R

W& 7. i H] Sledgehammer I HoR i H I Ath 2
HHFB SRARIED], fn Cve4P?, SPASSPIAN Z3P2,

BAB/RSER AR MssLoc X352 X125
ML HomMss, 7t Isabelle 67 5 HAEM I FAEH

HomMss, JiFBIILIEMPE. Ak, Seiisikng 6 ©
SCAHMN 5 B 513 HomSum, HomMps #1 HomMts,
TN 5 FNSENE 7, 18 apply 121 Sledgehammer
T HE G IX e 5| 3R e B AT g A 7 R . Bk
Mg eSS &l 10 .

10 & BUFIREAS 51 BRI 25 8 A0 E B 23k Al
BUUE B (NiD AT 2415 DL (Cons)UE B o X T JE Al 17 O,
5 4G & 5] B BasecaseSum, BasecaseMps, Base-
caseMts Fll BasecaseMss X EATTHATIEM; HghtE
0T LA DO L A B 5 | B 5 i 1 11
e T BB BN | P R RO OC &R

I IR e 2 BEA BT 51 8, N A A H
B N BB RSB R MssJoin 5 /2 [R) 25 2 HE 1)
SR UE I IAS, BT R e G . HomMss 1124
7 UG UE 1) 5 B, BEAE AT 0k WA T e) g | 3
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:' lemma HomSum : " Sum (a_l @ a_r) i lemma HomMp s_ "Mps(a_l @ a_r) " \:
1 = SumJoin (Suma_ 1) (Suma_r)" :. MpsJoin (Sum a_l) (Mps a_l) (Mps a_r) !
! proof. W proof ... !
e e e e e e e @M““m_“m_“m““m““m_“@
. “\/theorem HomMss : "Mss (a_l@a_r) ™
i lemma HomMts : "Mis (a_{ @ a_r) '- = MssJoin (Mts a_l) (Mss a_l) (Mps a_r) (Mss a r)"'
H = MisJoin (Mts a 1) (Suma_r) (Mts a r)"-. proofiinduct a_l) !
i proof ... ': case Nil then show ?case ... i
! :: case (Cons a x2) then show Tcase ... i
. (©),\ ged (dy

10  mss BIEZSHIELEM
Figure 10 The homomorphic verification structure of mss
BasecaseMss Radl JHATHLE6 40k Haskell JFATHE T (1 H

BasecaseMps
HomMss — HomMps —>~|:

HomSum —> BasecaseSum

SE HiEE
E{PUIES

HomMts —

BasecaseMts

B 1 EES5HFIEMKEX R

Figure 11 Dependencies of theorems and auxiliary
lemmas

BasecaseMss, -2 HLIE W 55 5 T 1 ) 2R £E S
(MssJoin, MpsJoin, Min)F15|3(HomMps, HomMts),
W 12 Fioss

6 FHITEFEMK
Rk Haskell JRAT B RE P, ASCREH T H

4 File Edit Search Markers Folding View Utilities Macros Plugins Help

DedE & e XD @ COEE X & © ¢
0 mss.thy (%USERPROFILE%\Desktop\loops_parallel\codes\)
then show ?case by (simp add: MtsJoin_def Min_def)
qed
lemma HomMts : "Mts (a_l @ a_r) = MtsJoin (Mts a_1) (Sum a_r) (Mts a_r)"

O|proof (induct a_1)

case Nil

then show ?case using BasecaseMts by auto
next

case (Cons al a2)

File Browser | Documentation | 4 | &
©

qed
lemma BasecaseMss: "Mss a = MssJoin (Mts []) (Mss []) (Mps a) (Mss a)"
©[proof (induct a)
case Nil then show ?case by(simp add : MssJoin_def Min_def)
next
case (Cons al a2) then show ?case apply auto by (smt MssJoin_def Min_def)
qed
theorem HomMss : "Mss (a_l @ a_r) = MssJoin (Mts a_1) (Mss a_l) (Mps a_r)

©[proof (induct a_1)
case Nil then show ?case using BasecaseMss by auto
case (Cons a x2) then show ?case apply(simp add

Isabelle2021-1/HOL - ms:

then show ?case using HomSum MtsJoin_def SumJoin_def local.Cons Min_def by force

(Mss a_r)"

: MssJoin_def Min_def) using HomMps HomMts MpsJoin

T UL T “Radl’—Haskell H-47FE 7242
ARG WRAE IR, S 2R WU 4 ) Haskell 2/
% GHC “F-{iafT .
6.1 Radl'—Haskell 71T

z i, &ma%%WTMM 0L HE T 2
Radl' JFATH VL. A T SR G2 21 LR R 7 11
SERA NI, ARSCHAT T A “Radl’—Haskell Jf
TTREP ARG WRAEIRAL F Radl SIEMUE
Haskell J47 R ERFR T B4 SRR R S0 10 4544 1 2
Kl 13 fos:

AT JE AL N N Radl ik (1) 9396 47 5015,
it & Haskell JAT R EGURRY, B TERS: EAIE
B ST, ) e AR T )

BH NN (Radl — Haskell # #))

* {ifi i Radl i ) ALGORITHM %% #: & Haskell

FFEM RS

s.thy - 8 x

N isabelle v

Filter:

o

mss.thy

theory mss

locale HomBase =
locale HomMss = HomBase Obj At
definition Min :: "int = int = int*
primrec sum :: "int list = int"
primrec Mps
primrec Mts :
primrec Mss :
definition Sumjoin : “int = int =

definition Mtsjoin
definition Mssjoin
lemma BaseCases
theorem Homsum : “Sum (a_l @ ¢ S,
lemma BasecaseMps: "Mps a = Mj
lemma HomMps : "Mps (a_l @ a_r]
lemma BasecaseMts : "Mts a = Mt
lemma HomMts : *Mts (a_l @ a_r)
lemma BasecaseMss: "Mss a = Ms
theorem HomMss : *Mss (a_| @ a_

SaL03UL 21815 PBEPIS. SNsaY YaieasiadAn | 4 B

def Min_def by forcell

qed
8 |end
Proof state (/| Auto update  Update  Search: v | 100% -
{ (Mss (?x2.2 @ a_r) = MssJoin (Mts ?x2.2) (Mss ?x2.2) (Mps a_r) (Mss a_r)) = AV[]) ™ ) )e
Mss ((?7a2 # 7x2.2) @ a_r) = MssJoin (Mts (?a2 # ?x2.2)) (Mss (7a2 # ?x2.2)) (Mps a_r) (Mss a_r) d ps a s @
proof (state)
this:
Mss ((a # x2) @ a_r) = MssJoin (Mts (a # x2)) (Mss (a # x2)) (Mps a_r) (Mss a_r)

goal:
No subgoals!

@/~ (Output Query  Sledgehammer | Symbols

12 mss BIREIZSIIETTE

Figure 12 The homomorphic verification process of mss
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Figure 13 The structure diagram of “Radl’—Haskell Parallel Program Generation System”
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par BRE, FORWAEREIFAT IR . Wil par
r RINFEFPIN FAT S5 03 AR | A r AT,

HL 1R 53 3 VA = AR T 2 () 2R

- f#H] Radl Hiik 1) & JF ek # 4 8 Haskell (1)
pseq BREL, HKoR—ANEREIESHE . Y par
BAT5EIA, H pseq &1 RS FR AT IRIE
BABDAREE A Radl ik W
ALGORITHM 2 1% “Radl’—Haskell 7477274
ARG N, EERRG P ATES T, Hop
VUAN BRI sum mps~ mts F1 mss R4 3 S50 A0 D0 e S5
7931 Haskell P%EGE X, WK 14 7R, Haskell 43
HIAT U SR Control Parallel Y4117 par F pseq tf

____________________________________

H 7 BH BRI E ) AT

I ARG AT SR AE IR Haskell 9747 o6 B R 7
wmE 15 fios.
6.2 Haskell FITIEFLI

GHC 1§ Haskell 12645, SCREAEXFRIIIE S
W A7 2 4 #1 2% (Symmetric Multi-Processing, SPM)_I-
HATi84T Haskell F2)7, FFuliG & T 9096 31T
Haskell F2/FERINIE—ANbBESS L (HPBRERFR )2 s
17, ISR 5 I-ATREF 75 ) GHC ST . —Hp
D7V RAT FHIFAT Haskell >ko3 X 2kRE, RIAE A 2 26 %
KPATFEFAESS o S 107 5 (R B A A 2l AE rh$ig e
FHATEE, ©AE X5 BB par B pseq®, 445
172 parl (pseq v (1O r)) B I'par'r'pseq’ (1OF) o
GHC 7% 1% Haskell X AFH 75 % -threaded

_____________________________________________

U sum 3 [Int] > Int N mps : [Inf) > Int i
Vosum []=0 :: mps []=0 '
Vo sum [x]=x :i mps [x] =x '
i suma=(suml)'par' (sumr)'pseq' (suml+sumr) N mpsa=(mpsl)' par' (mpsr) pseq' (minimum [mps I, sum [+ mps r]) '
' where ! i where '
\ mid=div (length a) 2 N mid=div (length a) 2 !
1= take mid a :i [ = take mid a i
| _ . .
\ r=drop mid a (a)/'l \ "= drop mid a (b)’,"
mits : [Ind] > Int NS [] [=]"0t] = Int \
L mis [1=0 e !
| _ tomss [x] =x !
vmis [x] =x o - D' par’ ' P / i
vmts a= (mts ) 'par' (mts r) ' pseq' (minimum [mts [+ sum r , mts r]) H mss a = (mss ! par' (mss r)'pseq’ (minimum [mss I, mssr, '
i where ' i h mis [+ mps r]) i
id = div (length a) 2 1, where i
i ;rz:z rake I:)m( de;lg a) H i mid = div (length a) 2 '
! » = drop mid a W 1= take mid a :
N (€).' \\_r=dropmida (d

_____________________________________________

[l 14 Haskell FEE X
Figure 14 Haskell function definitions
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mss=--Radl* to Haskell Program Generation System - X
File(F) Edit(E) System(S) View(V)
D = a & 2
New Open  Saveas Save |Generation Run | Print Help
Al |Un n:mteger . azarrav[0..ninteger]: dux i, puinteger; Out sum . mps . mts , mss: infeger]| import Data.List
V|| {40} A {4R} import System.10
|| BEGIN : import Control Monad
é AijjZ i Zf/(l’ggn) import Control.Parallel (par, pseq)
=|| END
| sum :: [Int] -> Int
_U|| PROCEDURE Mss_divide(n) sum[] =0
_€|| BEGIN : sum(0) , mps(0) , mts(0) , mss(0)=a[0] , i = 1++1 sum [x] = x
2| TERMINATION : / = n/logn suma = (sum [y ‘par’ (sumr) pseq’ (sum [+ sum r)
C|| RECUR_parallel : her
= sum((i-1)log+1) = sum((i-1)logn) + af(:-1logn+1] where
il mps((i-1)logi+1) = min(mps((i-1)logn) , sum((i-1)logn) + a[ (i-1)logn+1]) mid = div (length a) 2
= mits((i-1)logrr+1) = min(mes((-1)logn) + a[(i-Dlogirt+1] . al(-1)logrrt1]) [ = take mid a
¥ mss((i-1)logi+1) = min(mss((i-1)logn) . a[(i-1)logn+1] , mis((i-1)logn)+ a[(i-1)logrn+1]) r = drop mid a
_3|| END_parallel
& mps = [Int] -> Int
5 PROCEDURE Mss_join(p) mps[]1=0
“o|| BEGIN : sum(i) = sum((i-1)logn+1) , mps(i) = mps((i-1)logn+1) .mts(i) = mrs((i-1)logn+1) , mps [x] = x
E mss(i) = mss((i-1)logr+1) , (i : infeger =1to p) mps a = (mps 1y ‘par’ (mps r) ‘pseq’ (minimum [mps [, sum [ + mps r])
_9|| TERMINATION : p=0 where
% RECUR : mid = div (length a) 2
= BEGIN:i=1 [ = take mid a
E TERMINATION : i = p/2 r =drop mid a
RECUR _parallel :
sum(F) = sum(2i=1) + sum(2i) mis :: [Int] -> Int
mps(f) = min(mps(2i-1) . sum(2i-1) + mps(2i)) mis []=0
mis(i) = min(mts(2i-1) + sum(2i) , mts(20)) mis [x] = x L o
mss(i) = min(mss(2i-1) , mss(2i) , mts(2i-1) + mps(2i)) mis a = (mts [) ‘par” (mts r) pseq’ (minimum [mts | + sum r , mts r])
END_parallel where
_ mid = div (length a) 2
p=p2 |- tak
END take mid a
r = drop mid a
mss :: [Int] -> Int
mss[]=0
mss [x] =x
mss a = (mss l) ‘par’ (mss r) ‘pseq’ (minimum [mss |, mss r , mts | + mps r])
Already =

15 Haskell HTIEFEM
Figure 15 Haskell parallel program generation
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Figure 16 Haskell parallel implementation of mss
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