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recursive data structures into two classifications and each of them is handled with observed patterns. Second

called slicing and splicing to track and specify how data structures are manipulated by programs, in which data strug;

original data structures, which can be used by further analysis. Third, this work presents a calling context sensitive
analysis to compute program summaries. A case study and experimental results show that our analysis framework can effecti
inductive properties for recursive data structures, resulting in assertions that are helpful in program verificaiton.
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Fig.1 The analysis framework
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Node* insert sorted(Node* h, Node* n)
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{
if (h == null) return n;
Node *p = h, *g = h->next;
while (g && g->key < n->key) {
r = q;
g = g->next;
}
p->next
n->next
return h;
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Fig.2 A function that inserts a node into a sorted singly-linked list
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4. M « {null};
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AR P FD R H0RE U7 1) 280 1 HE P9 A7 BB D BR KR S0 HE P A7 6 E AT IR 18] 0 T IR A R X e R S HE P A7
16 Ty 4 J HE A A7 R ) LA .
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void f(bt* t)

Requires: bt (t)
Ensures: bt (t)
{
if (...)
{
f(t->left); // no probl
}
else if (...)
{
f(t->right); // no problem
}

else

{
f(t->parent); // in trouble /
}
}

Fig.4 A recursive function that is hard to analyze as matically
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Node *leftRotate (Node *x)

Requires: bt (x)
Ensures: Dbt (x)
{
if (x == null)
return x;
Node *y = x->right;
if (v '= null) {
Node *T2 = y->left;
y->left = x;
x->right = T2;
}

return y;

Fig. 5 A program that rotates a Ty tr e left
5 R T XORHEAT 22 iR

— 7T, BRATEA T RR P 45 ARy T R0 R ) v B 223X A 12 Jog
BRI SR AR ANAY TSR x 2 — 0 OB T R, AR N X e T DL & AT
RBIFRATEOLR » 0P BT e BE 22 S N R Ak,

{E40 525 & B BR 2 leftRotate SEERAE I F BT 19 1R SC(RIVE 6 FIIFEST insert) A%
JE 7 RAE WA AT BE VAR TE AR insert T2)F W, R B0 A getBalance(node) FT3REL nod

eftRotate A5 WA FERE,
DA nudl. SC I ARS8 I 2 A

A — AR B rightRotate HIFZMH.

Node* insert (Node* node, int key)
Requires: bt (node),-2<=height (node->left)-height (node->right)<=2
Ensures: bt (node) ,-2<=height (node->left)-height (node->right)<=2
{
if (node == NULL)
return newNode (key) ;
if (key < node->key)
node->left = insert (node->left, key);
else
node->right = insert(node->right, key);
int balance = getBalance (node);
if (balance>! && key<node->left->key)
return rightRotate (node) ;
if (balance<-1 && key>node->right->key)
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return leftRotate (node) ; // LI
if (balance>l&&key>node->left->key) {

node->left = leftRotate(node->left); // FH2KiiH

return rightRotate (node) ;

alance<-1 && key<node->right->key) {
e->right = rightRotate(node->right);
n leftRotate (node) ; // FI3WIAH

}
Fig. 6 A program that inserts a node while ensuring its balance
/‘ 6 SURE A F B2 AR EE P 1 6

RISy (075 4% B i L IR 2 L) UWIREE P T AR x 004 T 0w B B2 T s I 2 2,9F
Hox B9 7% 004 7 W 1R e 2 M TWIEEZ LB AR5 A y B2 T v AN A

T B e AR [
Table 1 The programt abstragt offfunction /efiRotate w.r.t. the property height
Fz1 KR gt P R height 1 bR 04 2
FEFF T 86 55 FEFP 45 R ki

height(x — right) — height(x — left) =1

— left) — height(y — right) =1

height(x — right) — height(x — left) =2 A

— left) = height(y — right
height(x —> right —> right) — height(x — right — lefty=1 oft) = height(y — right)
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TR RET YRR height FIASAE AN AL AT SCHE B i D1 AoE 2 iy 7 T 1) 2R K04 22 (37 W HE 28
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Table 2 Some Inductive properties of binary search trees
Fz2 XA AP E X

PR X
nsbt (V5 A nsbt(x) 2 (x = null)? @ : nsbt(x — U {x} U nsbt(x — r)
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S B Ansbtseg(x — 1, {y}) N {x} = D A nsbtseg(x —> r,{y)N{x} =

Ansbtseg(x — 1,{y}) N nsbtseg(x — r,{y}) =

height(x) = (x = null) ? 0 : max(height(x — 1), height(x — 7)) +1

isbt (=X )
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Node *leftRotate (Node *x) i eftRotate (Node *x)

{
if (x == null)
return x;

Node *y = x->right;

if (y '= null) {
Node *T2 = y->left;
y->left = x;

x=>right = T2;

return y;
} else
return x;

}
(a) WERE)T ORESI0

Node *leftRotate(Node *x) Node *leftRotate(Node *
{ {

Node *y = x->right; Node *y = x->right;

return x; Node *T2 = y->left;
} y=->left = x;

x->right = T2;

return y;

(c) BB &M x # null A x — right = null (d) FTE %M x = null A x - right # gull

Fig. 7 Decomposition of the function leftRotate
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ExRaUHES y T AESEZH S AENAMEHWESHIFEHLRHB, W
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Table 3 Operations and prope afitypical recursive data structures
F3 HAHIRL
L) B AE TR I 8]
search,insert,append,prepend,delete,rotate,reversé .
FHER delete insert,concat,delete all t, isgjst, length <ls
search,insert,append,prepend,delete,rotate,reverse,
AL swap,delete_insert,delete all concat length <ls
X AR search,leftmost,insert,delete,rotate ht <3s
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