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Dafny Dafny

1.1 Dijkstra

Dijkstra
5
S R S
S R WP(S R)
S
R
WP(S R) s
do C,—S;
C,—S,;
C,—S,;
od
c,C, - C, S S, 8
C—S,(i=12 - n)
{ 0} do{ R}
p
r
(i) O=p;
() pANC,=WP("S," p) 1<i<n;
(1i1) p A= Guard=R,;
2 :
(1) p A Guard=7 >0;
(W) pANC=WP( "m0 =7,8," 7<7).
Dafny
1.2 Dafny
Dafny
Dafny
( Eiffel . JML  Spec#)
Dafny
( specifications) N
( ghost)
( modular verifica—
tion)

class

Dafny
[3 net ”»
( annotations)
Dafny
: Dafny
. Dafny bug
bug
. Dafny
N 0
Dafny ( method)
. Dafny
( function) . Dafny
( function method)
( predicate)
. Dafny
assertion requires
~ensures
1 9
1
requires boolean expression( preconditions)
ensures boolean expression( postconditions)
assert boolean expression
) ) boolean expression ( that holds before dur—
nvariant
ing and at the conclusion of a while loop)
decreases  ranking function
forall counter: : range=>boolean expression
reads immutable object
modifies mutable object
Dafny Dafny 2
C# “ net”
; Dafny
Dafny
Boogie '°  Dafny
Boogie Boogie
1 SMT
73 "' . Dafny
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Q.oﬁe et Complier .net Executable
Dafny Code Dafny CE
=

Complier|[—w ] Dafny Verifier Error Messages
Solver (Z3)

1 Dafny

1.3 PAR
PAR( Partition-and-Recur)

Dijkstra PAR

Hoare
2 PAR . .
13
PAR
Radl
PAR
14

Radl

14 .

ADT. ADT ADT . Radl

ALGORITHM <algorithm name)

SPECIFICATION <(algorithm specification)

BEGIN (initialization of variables and function in
the recurrence)

TERMINATION (termination condition of the re—
currence)

A I <algorithm invariant)

RECUR (set of recurrences) END

SPECIFICATION (algorithm specification )

(| identifier description |)
AQ (predict expression)

AR {predict expression) .
Radl

2 Dafny

Dafny
3 :
(1) Radl
S, =F(S,) Radl
(i) PAR
( 1i1) Radl
Radl Dafny
Dafny
(a) ALGORITHM : Radl (algo—
rithm name) Dafny X
Dafny
( b) SPECIFICATION : (algorithm specifica—
tion)  (identifier description) Dafny
method
modifies
method
reads function predicate
reads;
Radl (algorithm specification ) AQ
AR Dafny requires
ensures V.3
Dafny forall \ exist
AQ true Dafny  requires
. AR
Dafny function method predi—
cate method.
( ¢) BEGIN : Radl (initialization of

variables and function in the recurrence) Dafny

. {termination condition

(d) TERMINATION
of the recurrence) 2

Dafny
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; Dafny  decreases (i) +3 c(t+1) =c(i) +6 d(i+1) =d(i) +3.
( ). Dafny a(i+1) =a(i) +b(1) +d(1) +1
. Radl
(e) RECUR (set of recurrences) ALGORITHML: Cubes( )
Dafny SPECIFICATION:
1 | iiinteger;a b ¢ d:array(0:n integen |
{AQ A AR}
; 2 BEGIN:i: =0+ +1;a(i): =0;6(i): =0;¢c(i): =
0;d(i): =0;
(f) A_l : Radl (algorithm invari— TERMINATION: { =n
ant) Dafny invariant. (al- A _Lp
gorithm invariant ) RRCUR:
2 /1l
Dafny invariant a(i+1) =a(i) +b(i) +d(i) +1;
2 1 b(i+1) =b(i) +c(i) +3;
Dafny c(i+1) =c(1) +6;
invariant d(i+1) =d(i) +3;
END.
, 2 (1i)
Dafny invar— . a(0:n-1)
iant P b.ed NN
d
3 pO0<i<nAMa(i) =a(i-1) +b(i-1) +
d(i-1) +1Ab=b(i-1) +c(i-1) +3Ac=c(i-
2 1) +6 Ad=d(i-1) +3.
) Al s
a l
3.1
: p 0<isnAs=i* i* iNb=3% i*¥ {Nc=06%
(Vio<i<nia(i) =i) n INd=3%i
Radl
Dafny ( 1i1) Radl
(1) Radl
Radl Dafny
{ AQ: true} method Cubes( a: array (nt ))
{AR:(Vi:0 < i<nia(i) =7)} modifies a // a
Radl ensures forall i: :0<i <a. Length=
Ri(ViO<i<nia(i) =i) ai ==i*i*¥ill AR
a(i+1) =(i+1)> = 437 +i+1.  a(i) =7 {7/
a(i+1) =a(i) +3° +i+1 37 b(i) = var ii =0,
34 b(i+1) =3(i+1)7= b(i) +6i+3; var s: =0; //a i
6i c(i) =6i c(i+1) =61+ c( i) +6; var b ¢ d: =0 0 O;
30 d(1) =31 d(i+1) =d( ) while i < a. Length
a(i+1) =a(i) +3° +3i +1 (L+1) b(i) + invariant 0 <i<a. Length
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invariant forall & : :

O<k<i=a k ==k* k* k
invariant s = =1* * |
invariant b = =3% [* §
invariant ¢ = =6%*
invariant d = =3%* |

decreases a. Length —1

al . =s,

si =s+b+d+1;
b: =b+c+3;

c. =c+6;

d: =d +3;

i =1+1;

}
}.
Dafny Dafny

Dafny 2.3.0. 10506

Dafny program verifier finished with 3 verified O errors
Running:--

Before:0 0 0 0 0 0 O

After:0 1 8 27 64 125 216

2 Dafny
3.2
a 0:n-1

(1) Radl
Radl

AQ: a 0:n-1 (n>0)

AR:minsum(n -1) =(MIN i ;0<i<j<n:
sum( i j)) .

sum( i j):

sum( ¢ j) = ( Zk:i$k$jia k') =sum(:

j-1) +a j-1.
<) min

min( e b) =if a >b then b else a

Radl minsum(a O:n—-1) =
F(minsum(a 00m -2 a m-1)) 0<m<n.
F:

minsum(a O:m ) =(MIN i j0<i<j<m:sum(i

/) =(MIN j:0<j<m: (MIN i:0<i<ji sum(i j))) =

(MIN j::0<j=m:ms())))
ms(j) =(MIN i: 0<i<j:sum(i j)) =

min((MINj;: 0 <j<sm: ms(j))) ms(m)) =
min( minsum(a 0:m -1 ) ms(m)).
1 minsum(a 0:m ) =

min( minsum(a 0:m -1 ) ms(m)) O<m<n.
1 ms ( m)
ms(m -1)
ms(m) =(MIN i:0<i<m:sum(i m)) =(MIN i
Osism:i( Y kisk<miak)) =(MNi0<

ms( m)

i<m2(2k1i$k$m—liak)+am):
(MIN :0<sism:sum(i m-1)) +a m =
min( ( MIN i:0<i<m:sum(i m—-1)) sum(m m -

1)) +a m =min(ms(m-1) 0) +a m =min(ms(m -

1) +ta m a m)
2 ms(m) =min(ms(m —1) +
am am). m=0 ms(m-1) =0 min—

sum(a 0:m-1) =0
0 Aminsum(a 0:n-1) =0

m=0/Ams(m-1) =

N 1 2
O( n)
ALGORITHML: minsum(a 0:n—1 )
SPECIFICATION:
| a: |array(0: n — 1 integer) ; m minsum
| ms: integer ‘
{AQ AN AR}
BEGIN: m =0 + +1 minsum(a 0:m -1 ) =0
ms(m—-1) =0;
TERMINATION: m =n
RRCUR:
ms(m): =min(ms(m -1) +a m
am);

minsum(a 0:m ) = min( minsum( a O:

m-1 ms(m)));

END.
(i)  PAR
yminsum(a 0:m -1 )
ms( m) s ¢
p:0sm<nAs=minsum(a 0:m -
1) Ac=ms(m) Radl A_l
Radl Radl
( iii) Radl

Dafny
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3 min  sum .
Dafny Isabelle " Isabelle
function method sum ( a: array? (int) i int j: Linux0. 11
int) @ int
reads a
requires a! =null
requires 0 <i<<j<<a. Length
decreases j —1
{
if (j==i) thenO else sum(a i j-1) +a j-1
}
function method min( a: int b: int) : int N
{if @ > b then b else a} Dafny
method minsum( a: array?  {int)) returns( s: int)
requires a! =null
ensures forall ¢ j::0<i <j<a. Length — 1=>sum( a ;
i) =s 4
{ 2
var m. =0;s: =0; var ¢ =0; Dafny
/Im H(9)
Ils ¢ 2 ( )
while( m < a. Length) (i) Web

invariant 0 <Sm <a. Length
invariant forall i j::0<i <j<m=sum(a i j) =s
invariant forall i::0<i <m=sum(a i m) =c
decreases a. Length —m
{

c. =min(c+a m a m );

st =min(s ¢);

m. =m+1;

}
}.
Dafny 2.3.0. 1056

Dafny program verifier finished with 4 verified O errors

Running -

minsum; — 13

3 Dafny

( Dafny.Why3 )
( Isabelle. Coq)

1748
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The Model-Driven Dafny Program Generation and Automatic Verification

WANG Changjing' HE Jiangfei' LUO Haimei’® ZUO Zhengkang'~ XU Fan'
(1. College of Computer Information Engineering Jiangxi Normal University Nanchang Jiangxi 330022 China;

2. College of Physics and Communication Electronics Jiangxi Normal University Nanchang Jiangxi 330022 China;

3. Key Laboratory of Photoelectronics and Telecommunication of Jiangxi Province Jiangxi Normal University Nanchang Jiangxi 330022 China)

Abstract: Dafny is a programming language with built-in specification structure and a static program prover. It can

verify the program’s functional correctness and automate the certification process. This not only improves the effi-

ciency of software development but also greatly enhances the reliability of software development. A model-driven

method for the formal generation of Dafny programs is explored in the paper. Firstly the Radl algorithm is derived

from the Radl specification of the problem according to the protocol transformation technology. Then a new strategy

is developed based on the loop invariant of the PAR method to obtain the loop invariance of the problem. Finally

based on Radl algorithm and loop invariant Dafny program is generated using model equivalent transformation

rules and its functional correctness is automatically verified by Dafny prover. The method proposed in this paper

solves two typical problems of algorithm program development and verification and it is proved that this method can

effectively improve the generation efficiency and reliability of Dafny programs.

Key words: model driven; Dafny program; loop invariant; formal generation; automatic verification



