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Motivation
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Example

void AlINotNull(Ptr[] A) {

1: */ inti = 0;
/* 2: * while /* 3; */

(assert(A = null); i < Alength) {

f* 4. * assert((A '= null) && (A[i] '= null));
/* 5. *  Ali].f = new Object();
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Problem specibcation

First alternative: eliminating potential errors
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Defects of potential error elimination
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Second alternative: eliminating dePnite error:
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Advantage of eliminating only debnite errors
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On non-termination
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void Collatz(int n) {
requires (n >= 1);
while (n '= 1) {
if (odd (n)) {

n = 3*n+1
} else {
n=n/2

}
}
}

On non-termination (contOd)
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Collatz(p);
assert(false);
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¥ assert(false) if Collatz always terminates
¥ assert(p >= 1) if Collatz may not terminate
¥ or even better

assert(NecessaryConditionForCollatzNotToTerminate(p))

A compromiseon non-termination
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Problem formalizatior

Program small-step operational semantics
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Program complete/maximal trace semantics
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Fixpoint program trace semantics
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Cousot, P.: Constructive design of a hierarchy of semantics of a transition system by
abstract interpretation. TCS 277(1N2), 479103 (2002)

Collecting asserts
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Evaluation of expressions
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Control
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Bad states and bad traces
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Formal specibcation of
the contract inference
problem

Contract precondition inference problem

Debnition 4  Given a transition system # ,#, | $ and a specification A, the contract
precondition inference problem consists in computing Pa ! $(' ) such that when
replacing the initial states | by Pa &1, we have

#EA! ,#) (no new run is introduced) 2

# = #/ \#‘,;A C OB (all eliminated runs are bad runs). 3 X

+
I\Pa

T'$'SE-1.#$*/=1*/)$4"0$&5-$16S#B#&S#) 1*IM.#0
Lemma 5 (3) implies 71 &AE, " 71 .

A

Choosing Py = J so that 3\ Py = () hence# ,"\ Pa 0 is a trivial solution,



The strongest solution

Theorem 6 The strongest® solution to the precondition inference problem in Def.4
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®) P s said to be stronger than Q and Q weaker than P if and only if P ! Q.

Good and bad states
| 7"0$6./.#635186./&.$/.9)#/6.$"-#$4"0$&5-

Pa ! {s|"ss!#* &AEL}.

| J/0$6./ #EBM$6./&.$'"-)?$(/0$&5-6$
Py ! APA = {s|Vssc#® :s5cEa}

.. €rroneous State

Trace predicate transformers
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A very brief recap of
abstract interpretation



Galois connections
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Example: complement isomorphism

| (L, ") is a complete Boolean lattice with unigue complementA

A, " 2 H, #$(since Ax" y0 x# Ay),

| self-dual

Fixpoint abstraction

Lemma 7 If IL, ! , "# is a complete lattice or a cpo,F $ L % L is increasing, !L,
&#is a poset,! $ L % L is continuous® ™ F $ L % L commutes (resp. semi-
commutes) with F thatis ! ' F = F 1! (resp.! ' F & F 1 1) then ! (Ifp. F) =
itpy . ,F (resp. ! (ffp. F) & Ifp . F).

® 1 is continuous if and only if it preserves existing lubs of increasing chains.
@)

7' The continuity hypothesis for ! can be restricted to the iterates of the least bxpoint of F.

Fixpoint abstraction (contOd)

Lemma 7 If IL, ! , "# is a complete lattice or a cpo,F $ L % L is increasing, !L,
&#is a poset,! $ L % L is continuous® ™ F $ L % L commutes (resp. semi-
commutes) with F thatis ! ' F = F 1! (resp.! ' F & F 1 1) then ! (Ifp. F) =
pr?(.. )f (resp. ! (Ifp. F) & pr?(.. )f).

Applying Lem. 7to IL, | #4 2 IL, " # we get

Corollary 8 (David Park) If F $ L % L is increasing on a complete Boolear
lattice 'L, ! , ", A#then Alfp.!. ER= gfp!A., ArF 1 A.

® 1 is continuous if and only if it preserves existing lubs of increasing chains.
(M The continuity hypothesis for ! can be restricted to the iterates of the least bxpoint of F.



Fixpoint abstraction (contOd)

Lemma 7 If IL, ! , "# is a complete lattice or a cpo,F $ L % L is increasing, 'L,
&# is a poset,! $ L % L is continuous® ™ F $ L % L commutes (resp. semi-
commutes) with F thatis! + F = F 1! (resp.! ' F & F ' 1) then ! (Ifp. F) =
lfp} .| F (resp. ! (ifp. F) & Ifp} ., F).

A

Applying Lem. 7to IL, ! #4 A IL, " # we get Cor. 8 and by duality Cor. 9 below.

Corollary 8 (David Park) If F $ L % L is increasing on a complete Boolea

lattice IL, ! , ", A#then Alfp. F = gfp;,, ArFrA.

Corollary 9 If IL, &, )# is a complete lattice or a dcpo,F $ L % L is increasing,

"$ L % L is co-continuous® , F $ L % L commutes withF thatis" ' F = F ' "
— 1

then " (gfp: F)= dofp. $) F.

®) 1 is continuous if and only if it preserves existing lubs of increasing chains.
(M The continuity hypothesis for ! can be restricted to the iterates of the least bxpoint of F.
® " is co-continuous if and only if it preserves existing glbs of decreasing chains.

Fixpoint strongest
contrat precondition
(collecting semantics

Fixpoint strongest contract preconditior:

Theorem 10 L, = gfp ! P-¢x . (—B t]P) and Pa = Ifp - ! P - —Cx
h 0 oy (-8 / @et]P) and Ifp 5 /

(B. preft]P) wherepre[t]Q # {s|0s'$ Q:!s, S# $t} and Feft]Q # —preft](—Q) =
{s|*s':Is, S#St+ s'$ Q}. 2

Fixpoint strongest contract precondition (proof

Theorem 10, = gfpg ! P- € . (=B/ @etlP) and Pa = Ifp = ! P+ —&a /
(B. preft]P) wherepre[t]Q # {s|0s'$ Q:!s, S#$t} and Feft]Q # —pret](—Q) =

{s|*s':ls, S#S$t+ s'$ Q}. 2
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Model-checking
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Bounded model-checking
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Contract precondition
iInference by abstract
Interpretation

(I) Backward
expression propagatic

General idea
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1. the value of the visible side e! ect free Boolean expression on scalar or collec-
tion variables in the assert is exactly the same as the value of this expression
when evaluated on entry;

2. the value of the expression checked on program entry is checked in an assert
on all paths that can be taken from the program entry.



Datal3ow analysis

| P(c,b) holds at program point ¢ when Boolean expressior
b will debnitely be checked in anassert( b) on all paths from ¢ without being
changed up to this check.

e 40
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DataRow analysis (contOd)
P = gfp" BI""

Be('xA,— B), (#+A,, B)

P(c,h = B!""(P)(c,H

cH##, b# A /Av ! {b[(c:)e, br# A}
BI""(P)(c,b = true when )c, b# A (assert(b) at c)
BI""(P)(c,b = fa|5?# when (s#B :!s=c-)c, br.#A (exit at c)
BI""(P)(c,b = unchanged""(c, ¢, b) - P(c’b) (otherwise)

¢! sucd! "(c)

the set succ!""(c) of successors of the program point # # satisbes
sucd!"(c) ! {d" " |#s,s :wrs=c$!(s,8)$ s’ =}

Linchanget!! “(c, c, b) im-
plies than a transition by ! from program point ¢ to program point ¢’ can never
change the value of Boolean expressioh

unchanged! "(c,c,b) % &s,s': (! s=c$!(s,8)$!s =c)% (Ib"s= 1p's).

Soundness of the dataRow analysis (contOc
! Debne
Ra ! "b-{(s,s)| (IS, bcAAlb's=1b"s}
Ba ! "b-{#c¥" |Ti< |8 : (Ho, #)cRa(b}
and the abstraction
% (F)(c,b ! Vet 1g=c=8cRAr(D
B (P) ! {#|VbeAp:P(! #0,b) =8 cRa(b)}

such that (§*, C) ﬁ:D> (" xAp — B, ).

L)
| Theorem 12 ap(tt) .0 pr"' B[r] = gfp# B[r] ! P. 2

K&"+ #+ = ifp) " #- 813 #2 o

and pxpoint abstraction (Lem.

Calculational design of the datal3ow analysis

Proof By (1-a), we have#* = IfpS, " ¥ -1 3 #2 9 so, by Lem. 8, it is = & B A) ss:"(ss) Is=c # [bfs=[b)s' ! 5" T 1=
, ; " ; et

sul cient to prove the semi-commutativity property Vs # (&< |58 by, 6TAT [o]so = [bls) | (letting b= S'5'S
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Backward expression propagation-based
precondition generation

Precondition generation. The syntactic precondition generated at entry control
pointicl, ! {ie! |3sel :ws= i} is (assuming&&HY! true )
p; ! && b
b" A, P(i,b)

The set of states for which the syntactic precondition P; is evaluated to true at
program point i # # is

P, ! {s#%|!s=i"!P"s}
and so for all program entry points (in case there is more than one)

Pl {s#%|& #7J :s#P;}

Theorem 13 Pao . |/ B. +

Example

void AlINotNull(Ptr[] A) {

/*1:* inti=0;
/* 2. % while /* 3: */
(assert(A = null); i < A.length) {
/* 4. *  assert((A = null) && (A[i] '= null));
/* 5. *  Ali].f = new Object();
[* 6: * i+t
> 7%}
/* 8: %}

the assertionA != null is checked on all paths and
Ais not changed (only its elements are), so the data Row analysis is able to move tt
assertion as a precondition. "l

| I"#$ 0/.\N'A$ /-)?616$ 16$ /$ 6'5-0$ /(6.8/,2'-$ '+$ ."#!
&) #E6H#4/-2,65(5.5"$1*%&H, 164

(1) Forward symbolic
execution

Just the idea:

| K#&+&*$/$67%()1,$#=#,52'"-$]cdb
| R'B#$/66#&.6$67*()1,))?$.'S."#$%& 4&/*$#-.&?

Example 15 For the program
/* 1: x=x0 & y=y0 */ if (x ==0) {
/* 2: x0=0 & x=x0 & y=y0 */ X++;
/* 3: X0=0 & x=x0+1 & y=y0 */ assert(x==y);

the precondition at program point 1. is (I(x==0)||(x+1==y)) . %

| @1=%"1-.$/%%&'=1*/2"-$."/-86$.'S."#$+'&*/) 1 X/2'-$
+$67%(") 1, $H=#,52"-$/65/-$/(6.&/, $1- #&Yo&#.12'-$
["FST#,.<$_<'<ab$;/$A10#-1-4$#-+'&,#63$, -BH#H&AH-

[8] Cousot, P.: Méthodes itératives de construction et d’approximation de points fixes d’opé-
rateurs monotones sur un treillis, analyse sémantique de programmes (in French). These
d’Etat &s sciences mathématiques, Université scientifique et médicale de Grenoble (1978)

[19] King, J.: Symbolic execution and program testing. CACM 19(7), 385D394 (1976)



(111) Backward symbol
execution

Abstract domainB/=

‘B M$BL161(H#S6L0#I#NH, $/-0$H8& &$+&HHSI")H]-
#=9%&#661'-6$'-$6,/)/&$B/&1/()#6

b# b impliesthat #s$ ! :1b"s" Ib"s. /(6.&/,.$
1%96)1,/2"-
B! b1 b¥ b ¥ b [(6.&), $#P51B/)#-#
e $ [b]/,
!88/! , #

(Trivial) example:

encoding of equivalence class by a representi

abstract domain of Boolean expressions

Abstract domair (B*, =)

| B! {by! ba|by$ B %bs$ B %b,¥ b

interpretation of b, ! b, when the path condition b, holds, an execution
path will be followed to some assert(b) and checkingb, at the beginning of
the path is the same as checking thisb later in the path when reaching the
assertion.

odd(x) !
- (odd(x) ) {
y++;
assert(y > 0);
} else {
assert(y < 0); }

| O=/*%)# y >= 0

assertb) = false
assertb) = false
assertp) = true

assertpQ = true
assertp) = true




Abstract domains(p(B*), )

| eachb, ~ b, corresponding to a di erent path to an assertior

| 1$6#5'+$,-012'-6 565 BESSESE5SES/e/,"#0S.'$#/,"$%0&.'4

| Example 16 The program on the left has abstract properties given on the right.

L% if (odd(x) ) { #1) = {odd(x) ! y >=
= {true ! y >= 0}
= {true ! y >0}

I 2: % y++;

[* 3% assert(y > 0);
} else {

[* 4: % assert(y < 0); }

r* 5: %

#(2

#3
#4
#5

) =
) =
)
)

| 3-E-1.#)?$*/-2$%/."6M$AL10#-1-4

A simple widening to enforce convergence would limit the size of the elements ¢

" (§2), which is sound since eliminating a pairby !
some assertion in the precondition, which is always correct.

and” — o(B)

{true I y<o0}

b, would just lead to ignore

0,—odd(x) ! y < 0}

Command, successor and predecessor of a program |

— ¢ x=e ¢ . cmd(c,c') !
— c: assert(b); ¢ emd(c, ') !
— c: if b then cmd(c,c{) !
| 1" ]
CiiC 0 cmd(c, ¢t ) !
else cmd(c{!,c!) !
i emd(ci', c') !
fi ¢ '
— ¢ :while ¢ ': b do emd(c, ') !
| 1" [
CpieC cmd(c’, cp) !
od; ¢"... emd(c', ¢!
cmd(clb!,c) !

succ(c) !
succ(c) !
succ(c) !

succ(C{!) !
succ(c%!) !

succ(c) !
succ(C!) !
succ(C!b!) !

{c}
()

{ct.cr)

pred(c’) ! {c}
pred(c') ! {c}

pred(cy) ! {c}

pred(ci) ! {c}
pred(c’) ! {ct,cr}
pred(c’) ! {c,cp}
pred(c:q) ! {c:}
pred(c”) ! {c'}

Concretization
| Concretization ofbp ! ba for a given program point
$.' B & ! ({% & |18 =)
$.(b,! by) ! {36 & |18 =cS"b " (+< |9 "b,#Bo = "A(l %)#86)}.

AL g busa D

I Concretization of a setofb, ! b,  for a given program pomnt

$. ' 1(B)& ! ({3 & |19 =c))
$.(C) ! ” $c(by ! by)

bp! ba$ C

I Concretization for all program points

" " &! (§2)) & | (&) 41is decreasing
8(#) ! {%' $:(#(0) | ! % = ¢}
c$! H

Backward symbolic execution
- 1a
| CHS, %5 #$1 #8&/2B#)?$."#$5-0#&1/%%&=1*R1U |[fp B

| Backward path condition and checked express\;ﬁpn propagation. The system

of(packward equations# = B(#) is (recall that = &= &

& B(#)c = B(cmd(c,c),b! b%, {true ! b|!c, b# %A}
' %" c'#sucqc), bl b'#"(c')
where (writing e[x := €] for the substitution of €®for x in )
B(skip ,b,! b,)! {b,! b}
B(x:=e,b,! b,)! {by[x:=¢€]! b,[x:=e¢]} if by[x:=e€]%B) b,[x:= €] %B
) byx:=e]# b.[x:= €]
I & otherwise
B(b,b,! b,)! {b&&b,! b,} if b&&b, %B ) bé&&b, # b,
I & otherwise



Soundness of the backward symbolic executic Example

Theorem 18 If | C prg B then#* C $(!). O Example 22 The analysis of the following program
Observe that B can be E--overapproximated (€.g.to allow for simplifications of /* 1: %/ while (x !=0) {
the Boolean expressions). /x 20 %/ assert (x > 0);
/* 3: %/ x--;
PROOF Apply Cor. 10 to#* =gfps. ! T-BLug2 1 (1-b). # /x 4k F /% B/
leads to the following iterates at program point 1:
191 = & Initialization
(1) = {x=0! x>0}
12(1) = '42) sincex=0( x>0(x) 1=0)! (x) 1>0)
*x>1! x>1 #

Backward symbolic execution-based precondition gener

Given an analysis! !0 pr! B, the syntactic pre-

condition generated at entry control pointi +1, ! {i+&|,s+ 1| :ws=i}
is
p; ! &&(_)(!(bp) [l (ba)) (again, assuming &&&! true)
bp~ba" p(i

Example (IV) Forward analysis
i(x 1= 0) || (x > 0) for collections

/* 1: *  while (x !'= 0) {
[* 2. * assert(x > 0);
[* 3. * X--;

[* 4. * } /x5 %




General idea

| 1I"H$%&H#B1'56$/-)2XH6$+ES6,/)/&SBI&LI()H#ES,/-
19%%) 1HO$ - A164$.'$,))#,2'-6
—$5,"$."$,'6.)?

| $:%%)R% - A16#5.'S,")#,2'-6f
| @'&A/&O$'&$(/,8A/&0$67*(") 1, $#=#,52"-$*14".$

(#$,'6.) 2F$/-$HZ, 1#-.$6')52'-$16$-#H#0HO
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Basic abstract domains for segments
1 Modibcation analysis
M $ {¢0) e' el d' d
e M$/))$#)#t*#-.6$1-$. "HS6#4*B6$5 (H$P5/)$.'$
"#18$1-12/)$B/)5¢#
0 M$'."#&A16#

1 Checking analysis

c={nc n' n!c' c

¢ ))SH)HH#-68[11$1-$."#$6#4*#256.$"/B#S
(##-$,"#,8#0$1-$/664B (A[i ] ) >B"1)#$#P5/)$.'S
[#1&$1-12/)$BYI6S0# #&*1-#0$(?
[#PI(B#S*'01E,/2'-$/-/)?616>

Recall on segmentation (from last year talk

I O:/*%)# A [0,100] | [-100,100] |[-1oo,-1] |

y

0 a b n
A: <{0},[0,100],{a}? ,[-100,100], {b}?,[-100,-1],{n}?>

| $@'&*)))?FS$. " #$/(6.&/,.$0™*/1-$+5-,.'&$16
SA)! {BLA)L(BL1AL{,7)*1 (B1{.7)|k" 0}2{3}

{el ...et}A{e ... & }3P1As ... Ang1{€] ... €} [?]

#=% #661'-M661()#$

-$6,/)/&$B/&1/(#Q'5-0$'+$ %&'%#&.?$'+$HIS'+$  #*%0.?-#66$

)$"IBHSHPS/)S 6#A -, #)HH-6$1-$ GHA-.  +$6HA .
B/)5#6>  :1-)5040> 6GH#A*-.  #=)504#0>
? 2,

() Tech. Repmo. MSR-TR-2009-194, Sep. 2009, submitted.

n . "#&ALGH

Abstract domain for collections

THA-$ THAH-.$
¥01E,/2'-$ '#,81-4%
/-/)’1616 /-)?616
|

1 $ " % X$ X &BM)' A(X % SO
I I I
K&A&* H))#,2"- 66#&2'-6$'-
%1-  BI&LI()#

For each assertion in (c, b(X,i) ) € A(X) (where c is
a program point designating anassert(b) and b(X,i) is a side & ect free Boolear
expression checking a property of elemenX[i] of collection X®)

®) If more than one index is used, like in assert(A[i]<A[i+1]) or assert(A[i]<A[A.length-i])
the modification analysis must check that the array Ahas not been modified for all these indexes.



/*

void AlINotNull(Ptr[] A) {

1: */ inti = 0;

/* 2: * while /* 3: */

(assert(A !'= null); i < A.length) {

/*

void AlINotNull(Ptr[] A) {

1: */ inti=0;

/* 2: * while /* 3: */

(assert(A !'= null); i < Alength) {

/* 4. *[ a

/* 4: %/ assert((A '= null) && (A[i] '= null));

/* 5: x/  A[i].f = new Object();

/* 6: x/ i++;

/* T7: %/ '}

/* 8: %/ }

Himmmimexample : (I1lb) modibcation analysis
void AlINotNull(Ptr[] A) {

/1. * inti=0;

[* 2: * while /* 3: */

(assert(A !'= null); i < A.length) {

4 a[O} d{i} eA.length} - {0} i} n{A.length}

/* 4: %/  assert((A '= null) && (A[i] '= null));
/* 5: %/ A[i].f = new Object();

/* 6: *x/ i++;

/% T: %/ '}

/* 8: */ } {0} d{i,A.length}? - {0}c{i,A.length}?

*
(A[i] != null)is
checked whilea[ i ]
unmodibed since code
entry

[* 4. * !
: a{e} d{i} €A.length}-- {0} di} n{A.length}
/* 4. %/ assert((A '= null) && (A[i] '= null));
/* 5: x/  A[i].f = new Object();
/* 6: x/ i++;
/¥ T: %/ '}
/* 8: %/ } {0} d{i,A.length}? - {0}c{i,A.length}?
Hinmexample : (1) result

void AlINotNull(Ptr[] A) {
[ 1:* inti=0;

* 2. * while /* 3: */

(assert(A !'= null); i < A.length) {

[* 4. * :
a{O} d{i} eA.length} - {0} i} n{A.length}

/*x 4: x/ assert((A !'= null) && (A[i] '= null));
/* 5: x/ A[i].f = new Object();
/* 6: *x/ i++;
/*x T: %/ '}
/* 8: %/ } {0} d{i,A.length}? = {0}c{i,A.length}?

(A[i] != null)is alla[ 1] have been

checked in(A[i] !=
null) while unmodibed
since code entry

checked whilea[ i]
unmodibed since code
entry



(a)
(b)
(©
(d)
(e)
()

(g
(h)

()
)

(k

(
(m)

(m)

1: {0}efA.length}? - {0}n{A.length}?

no element yet modibed €) and none checked ), array may be empty
2: {0,i}e{A.length}? - {0,i}n{A.length}? i=0
3: 1" ({0,i}e{A.length}? - {0,i}n{A.length}?) join

= {0,i}e{A.length}? - {0,i}n{A.length}?
4: {0,i}e{A.length} - {0,i}n{A.length}
last and only segment hence array not empty (sincel.length > i =0)
5: {0,i}e{A.length} - {0,i}c{1,i+1}n{A.length}?
A[i] checked while unmodibed
6: {0,i}d{1,i+1}e{A.length}? - {0,i}c{1,i+1}n{A.length}?
A[i] has been modibed
7: {0,i-1}d{1,i}e{A.length}? - {0,i-1}c{1,i}n{A.length}?
invertible assignmentigg = ipew ) 1
3: {0,i}e{A.length}? * {0,i-1}d{1,i}e{A.length}? - join
{0,i}n{A.length}? * {0,i-1}c{1,i}n{A.length}?
= {oe{i}te{A.length}? * {0}d{i}e{A.length}? -
{o3n{i}n{A.length}? * {0}c{i}n{A.length}?
= (0} ofi} efAlength}? - {0} i} n{Alength}?
segmentwise joine! e= ge! d=d,n! n=n,n! c=c¢
4: {0} d{i} e{A.length} - {0} d{i} n{A.length} last segment not empty
5: {0} i} efAlength} - {0} cfi} dfi+1} n{A.length}?
Ali] checked while unmodibec
6: {0} d{i} d{i+1} e{A.length}? - {0} di} c{i+1} n{A.length}?
Ali] has been modiber
7: {0} dfi-1} d{i} efA.length}? - {0} d{i-1} dfi} n{A.length}?
invertible assignmenti g = ipew " 1
3: {0} i} eAlength}? ! {0} d{i-1} d{i} eA.length}? - join
{0} i} {Alength}? ! {0} c{i-1} dfi} n{A.length}?
= (0} d{i} e{Alength}? ! {0} d{i} e{A.length}? -
{0} cfi} n{Alength}? ! {0} c{i} n{A.length}?
= {0} dfi} efAlength}? - {0} d{i} n{A.length}?
segmentwise join, convergenc

[56.$.'$6"A$
LS. HS

I-1)?616$16$

B#&7?$+/6.1

segment unibcation

segment unibcation

8: {0} dfi,A.length}? - {O} ofi,A.length}?
i! Alength in segmentation and" in test negation soi = A.length .

Code generated for the precondition

¥Y#65).$'+$."#$,"#,81-4%/-/)?2616$;/.$/-2$%'1-.$
0*1-/2-4%."#3$,'04#$#=1.>$+'&P&8sert (b(X,1))
LSNH.2-$ X 1.$/$%&'4&1*$%' 1S
B1C1B2[?]C; ...Chi 1Ba[?'] " S(O)

1 Let ' ) [1,n) be the set of indicesk " ' for which C¢ = c.
| "#$%&#,'-012'-$16
g% #c,b(x(g)gg" A(X) lg& FOrAIl (1, h, 1=> (X 1)) (4

where +ej, " By, e?" Bi1 such that the value of e, (resp. e} at program point f
is always equal to that of | , (resp. hg) on program entry and is less that the size o
the collection on program entry.

Theorem 23 The precondition (4) based on a sound modibcation and checking staf
analysis %is sound.
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Precondition inference from assertions
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Conclusion
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