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Abstract

1. Shape Graph
1.1 Definition of Shape Graph

Suppose M is a function of a program, and V' denotes the set of
all pointer variables associated with function M. A shape graph
at some control location of M is represented as a directed graph,
denoted as G =< N, E, ik, pup, s, o > , where:

e N = NU{nn,np}, N represents the set of nodes, N consists
of normal node(eg. a node of a linked list) and abstract node
satisfying some predefined predicate of data structure (eg. a
segment of a linked list which contains zero or several adjacent
list nodes).n y pointed-to by null pointers, a node np pointed-
to by dangling pointers,They both don’t have relationship with
holding.

e I = Ep U Er ,E represents the set of edges, it consists
of points-to edge Ep and field edge Er. The points-to edge
Ep = {(v,n)lv € V,n € N} ,while the field edge Er =
{(n1, f,n2)|n1,n2 € N, f € F},where F is the set of field
name.

® ur : N — K, K = {a, s}represents the map from node to it’s
kind,the node N consists of normal node and abstract node.

pup : N — Nat, O represents singly linked list node,and
1 presents doubly linked list node.In order to maintain more
data structures,the value of pp is defined on Natural number
Nat,for example,2 represents binary tree node,these values can
be defined in future.

¢ us: N — B, B = {T, F}represents the map from node to it’s
share information,T represents that the node is shared,in other
words,the node can be accessed by many threads simultane-
ously, F represents that the node is private,in other words,the
node can only be accessed by one thread.

® ug : N — B,B = {T, F}represents the map from node to
it’s holding information,T represents the node has been held,F
represents other situation(the node is not held or the node has
no holding information ),the initial value is F.

[copyright notice will appear here]

[ T
—_ — D | N |
[ B B |
Points-to  Field  Normal np My Abstract
edge edge node node node node
Figure 1. nodes and edges.
~ _E | -
[
—> i NV _
____ =
(a) (b}

Figure 2. an example of a doubly linked list node unfolding

Figure 1 shows the nodes and edges of shape graph.

1.2 Unfolding and Folding

Unfolding rule is shown in Figure 3.un fold(G,n),G is the shape
graph before unfolding ,G = (N, E, uk, p, is, e ),n is the
abstract node will unfold. after unfolding ,the shape graph is G’
and G' = (N, E', i, Wp, s, s ) the unfolding rule has two
cases: node n is a ny node or a normal node.When node n is a
nn node,the node n will be changed into n ; node,and it’s attribute
will be removed.When node n is not a nny node ,node n will be
changed into a new normal node n’ and a abstrct node n,the holding
information of node n is F and other information can get from node
n.the edge {(n,n’, f)} represents that when it is a singly linked
list,node n points to node n’ by field edge f,when it is a doubly
linked list,node n and n’ have total two edges from each other.
Figure 2 is an example of a doubly linked list node unfolding.
Folding rule is shown in Figure 4,before folding a shape
graph,the shape graphis Gand G = (N, E, uk, up, pus, pu ).after
folding nodes into abstract node ,the shape graph is G’ and
G' = (N, E', iy, up, s, W ) Figure 5 is an example of dou-
bly linked list node folding. in Figure 4,when there are two nodes
n1 and ne,they are adjoint nodes and their holding information is
Fmeaning that they can be folded into a abstract node n1 ,ns will
be removed from N ,all the information about ns also will be re-
moved from G,the edge between nq and ng will be removed from E
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unfold(G, n) =

(N/ E /LKHU‘PHLL%?)U‘/H)
N {n} W{nn )

E —

P = K —{n a}

pp = pp —{n— pp(n)}

ws = ps —{n v ps(n)}

We = pr —{n+— pa(n)}

G = (NlaElvulKa,UJlI%MfSwu}I)
N' = N{n'}

E' = EW{(n,n', f)}

px = pr{n— spU{n’ —a}
pp = pp U{n" = pp(n)}

ps = ps U{n' = us(n)}

py = pr U{n — F}

case: n ==ny

case: n! =nn

Figure 3. unfolding rule

def

fOZd( ) =
= (N, >MK7UP7N{S’7MIH)

VYni,ne € G, two(G,n1,n2), pr(ni) =
Nl = N - {’I’L2}
E/ =F- {(nlan,f)}
px = pr{n = a} —{n2 = px(n2)}
pp = pp — {n2 — pp(n2)}
ps = ps — {n2 = ps(n2)}
py = pu —{n2 — F}

Fopu(n2) = F

Figure 4. folding rule
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Figure 5. an example of doubly linked list node folding

1.3 Transition of Shape Graph

We introduce a function ~y to get all the access paths of a statement
s,the function ~ is shown in Figure 6,It computes all the access
paths in a statement s,and p — f is written as pf for short .

Figure 8 shows the assisted definition of shape graph which parts

v(p=4q") ={p.q}

v(p— f=d") ={p,pf.a}

vp=q— ') ={p.q, 9/} , ,
V(e = N =(a— Y1) ={p, 0 pf,afs - (0f)", (pf)’}
Y([(p — f)" = malloc(type)]') = {p,pf, ..., (pf)'}
7([free(p)]') = ,

v([(p = f)"' = NULL)l) = {p,pf, ..., (pf)'}

Figure 6. the ~y(s) function

have changed. (M{a — b})(z),M(z) — {a — b}represent
updating,adding and deleting elements of map respectively.

G (N, B, uxc, ps, i)
dct

Gl/ (GNGE GMK7GN/S>,U/H)

My

G|(E/,;1,fg) - (GN,E ,G.ﬂK,Hs,G.ﬂH)

def dom(M if a € dom(M
dom(M{a — b}) & { dom§ M% W{a} otheerwise( )
def M (x ifr=a
(M{a — b})(z) 3 { ngg H{o} otherwise
(@) — {a = b} & { Az\f[(;){b} iﬁféiﬁ??éw)

Figure 7. assisted definition

We can preprocess a statement s to make all the node pointed
to by the access path in the statement can be found in the shape
graph.The function ~(s) will get a set R of access paths ,The
preprocess function is fpr.(G, R),for a set R and a shape graph
G,it will get a new shape graph G’ and Matom.and Maiom iS a
map from access path to node for a statement.

R =7(s),< G', Matom >= unfoldR(G, R)

The function unfoldR(G,R) will iterator all the elements of R,for
eachrin R it will call function getNode(G,r),by this function ,It will
find the node pointed to by r in shape graph G,If it finds the node in
shape graph G successfully ,It will return the node ,if it is a abstract
node ,it will unfold the node by unfolding rule,otherwise,It will
give the error. For example,a statement s is: p — f = ¢ — f,then

the Matom = (p7 nP), (pf7 npf)7 (q’ nq)7 (qfa an)'

getNode(G,r) =
(G,n) ifreVA(r,n) €GE
(G',n,) ifr==r,— > fA
(G',nr,) = getNode(G, 1)\
(Mry, frmr) € G'.E
getNode(G",r) ifr=rp,— > fA
(G',nr,) = getNode(G, 1)\
G .px(ne,) = Kan
G" =unfold(G,n,)

ERROR otherwise
unfoldR(G,R) =
(G,0) ifR=10

if R=rwR'A
(G',n,) = getNode(G,r)A
(G",M1) = unfoldR(G', R')

(G", My & {r—n,})

Figure 8. the unfoldR function

The function firqns(G,s) = G’ represents the shape graph
G will transfer into G’ after a statement s. Assume G =<
NLE, prc, i, s, i >, G =< N, E', pic, pp, s, porr >

p(—=> f) =q(—> f)
n = Matom((p = f)*),us(n) =T
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if unref(n), ps = ps(n — F)(z)

*p(~>f) =q(—=>f),i=0,j=0

E' = E — {(p, Matom(p))} U {(p, Matom(q))}
o p(~> ) =g~ >y i=0j=1
E/:E—{( Matom(p))} {(p Matom(q%f))}

( ):( > f)Y,i=1,j=0

—{(Matom (p), fs Matom(p — f))}

{( atom(p)a ’Matom(Q))}

p(=> ) =a(=>f),i>1j>1

n1 = Matom ((p — )",

na = Matom((p — f)l_s

ns = Matom((p — f)J,

E' = E —{(n1, f,n2)} U{(n1, f,n3)}

2. p(— > f)" = malloc(type)
n = Matom((p — f)Z)HUJS n) =T
if unref(n), ps = ps(n — F)(x)

¢ p = malloc(type),i =0
E'=E—{(p,n)l(p,n) € E}U{(p,n1)lm1 ¢ N'}

p(— > f)" = malloc(type),i > 1

no = Matom((p — f)l_l)

n1 = Matom((p — f)°)

E' = E —{(no, f,n1)} U{(no, f,n2)}

3. free(p)

E =FE - {(p7 TLP)} U {(p7 nD)}
s = ps(np — F)(x)

4. p(— > f) # NULL
case true: ,
no = Matom ((p = f)*)
if no! =nn, ERROR
case false: _
no = Matom((p — f)l)
Zf ng == nn, ERROR

2. Holding Analysis
2.1 Global data structure

There are some global data structures will be used to save the
holding analysis results and shape graph,they will be used in all
holding analysis phases,they are showed as follows:

e (G: the current shape graph.

® Mgcq: holding acquire information of map from access path to
node before current statement.

® M, ¢i1: holding release information of map from access path to
node before current statement.

® M, .ci2: holding release information of map from access path to
node after current statement.

The initial shape graph G =< N, E, pxc, ip, jts, bir >.

2.2 Preprocess

fore :G XS —>GxM

fore(Gy5) = (G', Matom)

Only V has not been changed,all the nodes pointed to by the
access path in s can be found in the shape graph,and these access
path and the nodes pointed to by them will be recorded in Matom.-

case [1; = ¢]":

case [ [; = malloc(type)]":

case [ free(l1)]":

R =~(s),unfoldR(G,R) — (G', Matom)

2.3 Holding acquire
2.3.1 Implicit holding acquire

fzmpl GxS—-GxM

fimpt(G, 8) = (G’ Mimp1)

Only pm has changed,if the nodes pointed to by the right hand
of statement s haven’t been held,,change their holding nature into
T and add them in to M;,,,i.then get shape graph G’.

case [ 11 = e]":

ne = Matom(e)

pwr = pr{ne = THx), Mimp =
where i (ne) = F

o G‘M’H

case [ [; = malloc(type)]":

there is nothing to do

case [ free(l1)]":

there is nothing to do

Mimpi{e = ne}(z),

2.3.2 Atomic holding acquire

fatom :G XM — G xM

fatom(G, Mﬂto’m) = (G/v cg.tom)th;tom C Matom

Only p g has changed,if the nodes pointed to by access path or
variable haven’t been held,change their holding nature into T.

case [ 11 = e]":

case [[1 = malloc(type)]lz

case [free(ll)] :

Gl

Vr € dom(Matom),n = Matom (r), ur(n) = T, Miyom =

Matom{r — nr}(x)

2.3.3 Prerecord of holding release

f'rel S —-M

frel(s) = Mpre

The shape graph hasn’t changed,if the statement s is a define
statement to pointer variable g,then q will be added into M.

case [ 11 = e]":

Mpre{li = Matom(l1)}, where decl(l1)

case [ [; = malloc(type)]":

there is nothing to do

case [ free(l1)]":

there is nothing to do

2.4 Shape graph transition

ftransiGXS—)G

ftrans (G7 S) — Gl

Only ps and E have changed,by the shape graph transition rule
,the shape graph G will transfer into G’.

case [ 11 = e]":

case [ [; = malloc(type)]:

case [ free(l1)]":

G = Gliwr )
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2.5 Holding release
2.5.1 Atomic holding release

friom :GxM— G xM

fl;,tU’Vn(G7 Mt/Lto'nL) = (Gv Mé,t(nn)

Only ugrhas changed,the node in M,,,, wil be atomic released
,then get shape graph G’.

case [I; = e]":

case [ ; = malloc(type)]":

case [ free(l;)]":

G' = Gl

H
Vr € dom(Mgiom),n = Miom(r) —
py = pra{n — F}(z)

2.5.2 Implicit holding release

fla:GxMxS—GxM

[rei(Gy Mpre, 8) = (G, Myein)

Only pshas changed,M..;1begin form (,if node have the re-
lease condition(2),the node in M. will be released,if node have
the condition(1),(3),then the node will be released and added into
Me11,then get shape graph G’.

case [, = e]":

case [ /1 = malloc(type)]":

case [ free(l1)]":

G = G|H/H
Vr € dom(Mpre),n = Mpre(r), pr(n) = TA
Junref(G,n), Myen = Myen{r — n}(x)
prr(n) = T A (us(ny) = F|| fstive(p,))
M'rell = M'rell{r — nr}(m)

2.6 Postprocess
compute holding acquire: Macq = Macq ) Miom &) Mimpi»
compute holding release: M, ei2 = Mrei2 ) Mitom
by the rule of fold(G).if the node have the fold condition ,then
all the nodes will be folded ,can get the shape graph G’.

2.7 Data flow equation

The paper uses a forward data flow analysis, the in set of data
flow of current statement is computed by the union of all it’s
predecessor’s out set,where the out set is computed by itself in set.

Analysis direction: forward data flow analysis

Element of the set: < G, Macq, Mrei1, Mrei2 >,G represets
the power set of holding analysis graph,Macq, Myei1, Mrei2 rep-
resets the new holding acquire or release information of map from
access path to node.

I ([s}l) [ <Go,0,0,0 > ifl € init(S)
o Tl Houwe([s]Y) (I',1) € flow(S)
Hout([S]l) = ftTans (G, Macq, Mrelh Mrel27 S)
< G, Macq7 M'r‘6117 MrelZ >= MZTL([S]Z)
forHin ([s]') = ) Hour ([s]"):
1. Union of shape graph
e Multi-branch case

For each sub-branch graph of Multi-branch case , as they
may not the same, so at their convergence, the results are
computed by the union of of holding analysis sub-graph .

e Subgraph generated by iteration
merge the G into the current power set G,then:
merge(G,G1) =
flag := false;
for G € G do
if sameG(G,Gh)

return

G;

else if subG(G1,G)

return

G;

else if subG(G1,G)

else if(! flag)

else

endfor

return

(G —{GrW{G});

continue;

return

(GW{G1});

2. Unify of holding analysis results

e Unify of holding analysis results

e Subgraph generated by iteration
unify(R,r) =

forr €¢ R do
ifr = =mn
return R;
else
return (RH{ri});
endfor
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