[Par92] Ramesh Parameswaran. Interpro ce dural alias and typ e analysis for p ointers. Masters

Thesis, Dep artment of Computer Scienc e, University of Wisc onsin - Madison. 1992.

[R W85] S. Rapps and E. W eyuker. Selecting software test data using data ow information. IEEE

T r ansactions on Softwar e Engine ering, SE-11(4):367-375, April 1985.

[Ryd79] B. G. Ryder. Constructing the call graph of a program. IEEE T r ansactions on Softwar e

Engine ering, SE-5(3):216{225, May 1979.

[SS92] Mario Suedholt and Christopher Steigner. On interpro cedural data ow analysis for

ob ject oriented languages. In Pr o c e e dings of the International Confer enc e on Compiler

Construction, Germany, 1992.

[Suz81] Norihisa Suzuki. Inferring typ es in smalltalk. In Eighth Symp osium on Principles of

Pr o gr amming L anguages, pages 187-199, January 1981.

[VHU92] Jan Vitek, R. Nigel Harsp o ol and James S. Uhl. Compile-time analysis of ob ject oriented

programs. In Pr o c e e dings of the International Confer enc e on Compiler Construction,

Germany, 1992.

[W ei84] Mark W eiser. Program slicing. IEEE T r ansactions on Softwar e Engine ering, SE-

10(4):352-357, July 1984.

[YHR90] W. Y ang, S. Horwitz and T. Reps. A program integration algorithm that accommo-

dates semantic preserving transformations. In Pr o c e e dings of the F ourth ACM SIGSOFT

Symp osium on Softwar e Development Envir onments, pages 133-143, Decemb er 1990.

[HRB90] S. Horwitz, T. Reps, and D. Binkley

. Interpro ce dural slicing using dep endence graphs.

ACM T r ansactions on Pr o gr amming L anguages and Systems, 12(1):26-60. January 1990.

[HS89] M. J. Harrold and M. L. So�a. Interpro cedural data ow testing. In Pr o c e e dings of the

Thir d T esting, Analysis and V eri�c ation Symp osium, pages 158-167, Decemb er 1989.

[HS90] M. J. Harrold and M. L. So�a. Computation of interpro cedu ral de�nition and use dep en-

dencies. In Pr o c e e dings of the 1990 International Confer enc e on Computer L anguages,

pages 297-306, 1990.

[LR91] W. Landi and B. G. Ryder. Pointer-induced aliasing: A problem classi�cation. In Con-

fer enc e R e c or d of the Eighte enth Annual ACM symp osium on Principles of Pr o gr amming

L anguages, pages 93-103, January 1991.

[LR92] W. Landi and B. G. Ryder. A safe approximate algorithm for interpro cedural p ointer

aliasing. In Pr o c e e dings of the SIGPLAN ’92 Confer enc e on Pr o gr amming L anguage De-

sign and Implementation, pages 235-248, June 1992.

[LRZ93] W. Landi, B. G. Ryder, and S. Zhang. Interpro ce dural mo di�cation side e�ect analysis

with p ointer aliasing. In Pr o c e e dings of the SIGPLAN’93 Confer enc e on Pr o gr amming

L anguage Design and Implementation, June 1993.

[Lak91] Arun Lakhotia. Graph theoretic foundations of program slicing and integration. The

Center for A dvanc e d Computer Studies, University of Southwestern L ouisiana T e chnic al

R ep ort CACS TR-91-5-5, 1991.

[Lak93] Arun Lakhotia. Constructing call multigraphs using dep ende nce graphs. In Pr o c e e dings

of the Twentieth Annual ACM Symp osium on Principles of Pr o gr amming L anguages,

January 1993.

[Lar92] J. M. Larcheveque. Interpro cedur al typ e propagation for ob ject-oriented languages. In

pr o c e e dings of the F ourth Eur op e an Symp osium on Pr o gr amming (ESPO’92), F ebruary

1992.

[MLR

+

93] T. J. Marlowe, W. A. Landi, B. G. Ryder, J. Choi, M. Burke, and P

. Carini. Pointer-

induce aliasing: A clari�cation. ACM SIGPLAN Notic es, 28(9), Septemb er 1993.

[Mey81] E. M. Myers. A precise interpro cedural data ow algorithm. In Confer enc e R e c or d of the

Eighth Annual ACM Symp osium on the Principles of Pr o gr amming L anguages, pages

219-230, January 1981.

[OW91] T. J. Ostrand and E. W eyuker. Data ow based test adequacy analysis for languages

with p ointers. In Pr o c e e dings of the 1991 Symp osium on Softwar e T esting, Analysis and

V eri�c ation (T A V4), Octob er 1991.

[PLR94] H. D. Pande, W. Landi and B. G. Ryder. Interpro ce dural def-use asso ciations for C sys-

tems with single level p ointers. T o app ear in IEEE T r ansactions on Softwar e Engine ering,

April 1994.

[PRL91] H. D. Pande, B. G. Ryder and W. Landi. Interpro cedur al def-use asso ciations in C

programs. In Pr o c e e dings of the 1991 Symp osium on Softwar e T esting, Analysis and

V eri�c ation (T A V4), Octob er 1991.

[PR94] H. D. Pande and B. G. Ryder. Static typ e determination and aliasing for C

++

pro-

grams. T e chnic al R ep ort, L ab or atory of Computer Scienc e R ese ar ch, Rutgers University,

in preparation, 1994.

[PS91] Jens Palsb erg and Michael Schwartzbach. Ob ject-oriented typ e inference. In Pr o c e e dings

of Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L anguages, and Applic ations

(OOPSLA), pages 146-161, Octob er 1991.

Ac kno wledgemen ts

This research b ene�te d greatly from discussions with William Landi of Siemens Corp orate Research.

W e also thank Rakesh Ghiya for his input in the design of this algorithm. W e are indebted to

Ashok Sreeniv as, R. V enk atesh and Ulk a Shrotri of TRDDC for their feedback on the algorithm

and inv aluable help in the implementation. Finally we thank T ata Consultancy Services, Pune for

letting us use the MasterCraft C

++

source co de as front end for our prototyp e implementation.

References

[Bur90] M. Burke. An interv al-based approach to exhaustive and incremental interpro cedu-

ral data ow analysis. ACM T r ansactions on Pr o gr amming L anguages and Systems,

12(3):341{395, July 1990.

[CBC93] J.-D. Choi, M. Burke, and P

. Carini. E�cient ow-sensitive interpro cedural computation

of p ointer-induced aliases and side e�ects. In Pr o c e e dings of the Twentieth Annual ACM

Symp osium on Principles of Pr o gr amming L anguages, January 1993.

[CG94] B. Calder and D. Grunwald. Reducing indirect function call overhead in C

++

programs.

In Pr o c e e dings of the Twenty First Annual ACM Symp osium on Principles of Pr o gr am-

ming L anguages, January 1994.

[CK88] K. Co op er and K. Kennedy

. Interpro ce dural side-e�ect analysis in linear time. In Pr o-

c e e dings of the SIGPLAN ’88 Confer enc e on Pr o gr amming L anguage Design and Imple-

mentation, pages 57{66, June 1988.

[CK89] K. Co op er and K. Kennedy . F ast interpro cedur al alias analysis. In Confer enc e R e c or d of

the Sixte enth Annual ACM Symp osium on Principles of Pr o gr amming L anguages, pages

49-59, January 1989.

[CU89] C. Chamb ers and D. Ungar. Customization: optimizing compiler technology for SELF,

a dynamically-typ ed ob ject-oriented programming language. In Pr o c e e dings of the SIG-

PLAN’89 Confer enc e on Pr o gr amming L anguage Design and Implementation, pages 146{

160, June 1989.

[CU90] C. Chamb ers and D. Ungar. Iterative typ e analysis and extended message splitting: opti-

mizing dynamically-typ ed ob ject-oriented programs. In Pr o c e e dings of the SIGPLAN’90

Confer enc e on Pr o gr amming L anguage Design and Implementation, pages 150{164, June

1990.

[Cal88] D. Callahan. The program summary graph and ow-sensitive interpro cedural data ow

analysis. In Pr o c e e dings of the SIGPLAN ’88 Confer enc e on Pr o gr amming L anguage

Design and Implementation, pages 47-56, June 1988.

[FW85] P

. G. F rankl and E. J. W eyuker. A data ow testing to ol. In Pr o c e e dings of IEEE Softfair

II, Decemb er 1985.

[Ghi92] Rakesh Ghiya. Interpro cedur al analysis in the prese nce of function p ointers. McGil l Uni-

versity Scho ol of Computer Scienc e ACAPS T e chnic al Memo 62, Decemb er 1992.

[HCU91] U. H� olzle, C. Chamb ers and D. Ungar. Optimizing dynamically-typ ed ob ject-oriented

languages with p olymorphic inline caches. In Pr o c e e dings of the Eur op e an Confer enc e on

Obje ct Oriente d Pr o gr amming, July 1991.

[HK92] Mary Hall and Ken Kennedy

. E�cient call graph analysis. ACM L etters on Pr o gr amming

L anguages and Systems, V ol. 1, No. 3, Septemb er 1992.

alias-implie s-al ias alia s-implies -typ e

<�q ; x> <p; r >

n : p = q; n : p = &obj;

<�p; x> <�p ) ty pe(obj )>

typ e-implies-typ e typ e-implies-al ias

<q ) C > <q ) C >

n : p = q; n : p = q;

<p ) C > <p ! mem

i

; q ! mem

i

>

8 memb er mem

i of class C

Figure 4: Intrapro cedural typ e and alias propagation

5 Extension for m ultiple lev el p oin ters

In the presence of only single level p ointers, a p ointer cannot b e aliased to another p ointer. As

a result, when a p ointer changes its typ e (to p oint to an ob ject of another typ e), it is only this

p ointer and nothing else which changes typ e. Typ e determination impinges on aliasing since the

receiver typ es decide which virtual metho d is invoked at a call site, and the invoked metho d can

a�ect aliasing. Aliasing plays no part in typ e determination. However such a separation do es not

o ccur in case of multiple level p ointers. As an example, the no de m : p = &q creates alias <�p; q >.

Supp ose subseque ntly on an execution path, n : *p = &r creates typ e pair <�p ) ty pe(r )> . In

the absence of information that the alias pair <�p; q > holds at no de n, we would not b e able to infer

points- to(n; ;; <q ) ty pe(r )>), and the typ e determination would b e rendered incorrect and unsafe.

(Recall, it is unsafe to underestimate the set of p ossible typ es of a receiver ob ject.) In Figure 4, we

illustrate some intrapro cedural asp ects of the interaction b etween typ e determination and aliasing.

The fact to b e propagated app ears �rst, follo wed by no de n, and then we list an appropriate resulting

fact.

Our algorithm describ ed in Section 4.3 can extend to handle the general case of multiple level

p ointers, however it involves interleaved typ e determination and aliasing calculations. W e have

implemented a prototyp e for the general algorithm to p erform typ e determination and aliasing

together for C

++

programs with multiple level p ointer derefere ncing. A detailed description of the

general algorithm and preliminary implementation results can b e found in [PR94]. Although current

results are encouraging, we are extending the implementation to analyze a broader range of larger

C

++

programs in order to make a more de�nitive empirical assessment of our algorithm.

6 Conclusions

W e have presented a p olynomial-time approximate technique to p erform program-p oint-sp eci�c,

interpro cedural typ e determination for C

++

. W e have shown the theoretical di�culty of this problem

and demonstrated the utility of its solution in virtual metho d name resolution. This is the �rst

static analysis algorithm for typ e determination which accounts for p ointers and virtual metho ds

without gross approximations. F or ease of explanation we have restricte d the problem domain to

C

++

programs with only single level p ointer derefere ncing, where the virtual name resolution is

separable from other analyses. W e are currently gathering data from our implementation of the

general algorithm to determine its practicality . W e also plan to extend our work to solve other

analysis problems useful for applications such as debugging and testing in a C

++

programming

environment.

typ e-implies-type-from-exit (exit; AP T ; <ptr ) C >)

Lastly we describ e how the typ e information propagates from exit no de to the corresp onding r eturn

no de(s). Let exit b e the exit no de of a metho d f un() and the return no des corresp onding to exit

b e r

1

; r

2

; � � � ; r

k at the instant of pro cessing this worklist entry

. New return no des may b e added

later, when the metho d is determined to b e invo cable from other virtual metho d call sites. W e do

not consider them at this time. As explained earlier, when a new virtual metho d is determined to

b e invo cable from a call no de we propagate the e�ects of this call from the exit of the called metho d

to the return no de corresp onding to the call no de [case 2.1 of typ e-implies-t yp e-from-call]. Let

the call no des corresp onding to these return no des b e c

1

; c

2

; � � � ; c

k

. W e do the follo wing for each

return no de r

i

:

If ptr is not visible in the metho d containing the return no de r

i

, we take no propagation action.

Since the v ariable itself go es out of scop e, we do not need to know its typ e. However if ptr is visible

in the metho d containing the return no de r

i

, we have the follo wing cases:

case 1: If APT is non-;, implying that AP T holds at entry in order that ptr p oints to an ob ject of

class C at exit . Each call no de c

i resp onsible for imp osing AP T at entry in turn leads to < ptr ) C >

holding at its corresp onding return no de r

i

.

If APT is imp osed at entry of the invoked metho d without requiring any p oints-to predicate at the

call no de c

i

(i.e. points- to(entr y ; AP T ; AP T ) was made true during intro duction phase), we simply

propagate <ptr ) C > to r

i

. In this case: make-true (points-to(r

i

; ;; < ptr ) C > )). On the other

hand, supp ose it to ok points-to(c

i

; AP T

00

; AP T

0

) to imp ose APT at the entry , we have: make-true

(points- to(r

i

; AP T

00

; < ptr ) C > )).

In our example, supp ose we are propagating points- to(exit

B ase::f oo

; <p ) B ase>; <p ) B ase>). W e

have two return no des viz. r etur n

n8 and r etur n

n10

. Since it takes points-to(call

n8

; ;; <p ) B ase>)

to imp ose < p ) B ase> at entr y

B ase::f oo

, using the information thus av ailable at cal l

n8 and

exit

B ase::f oo

:

make-true (points- to(r etur n

n8

; ;; <p ) B ase>))

As there is no assignment to p on any path from cal l

n8 to cal l

n10

, points- to(call

n10

; ;; <p ) B ase>) is

true . This predicate also imp oses <p ) B ase> at entr y

B ase::f oo

. Using this information av ailable

at cal l

n10 while propagating points-to(exit

B ase::f oo

; < p ) B ase>; <p ) B ase>):

make-true (points-to(r etur n

n10

; ;; < p ) B ase>))

case 2: If APT == ;, implying that <ptr ) C > holds at exit without any assumption at entry of

the metho d, we directly propagate <ptr ) C > to r

i using make-true (points- to(r

i

; ;; <ptr ) C > )).

4.4 Algorithm Complexit y

The following considerations are signi�cant while determining the complexity of our algorithm.

1. The v alues of p oints-to are initialized in unit time (represe ntation dep ende nt).

2. The v alue of a predicate changes at most once, from false to true , and then stays true . A true

predicate is only added to the worklist once, when its v alue has just b een changed from false

to true .

3. The total time complexity of actions p erformed for intro ductions and intrapro cedural propa-

gation is of the order of the numb er of ICFG edges, (or the numb er of ICFG no des.)

4. F or each ICFG no de, the relev ant solution is the third argument of the p oints-to predicate.

F or example, points- to(n; AP T 1; <p ) C > ), points- to(n; AP T 2; <p ) C > ) : : : all yield the same

inference that p may p oint to an ob ject of class C at no de n.

Assuming the ab ove and further that the average numb er of assumptions (APT’s) for each p ointer-

typ e pair derived at a no de is b ounded by a constant, the algorithm is linear in the solution size.

case 2: Call is virtual. Supp ose the call no de is: n : rec!fun ( ).

The entry no des to which the e�ects of the given worklist entry have to b e propagated dep end on

the typ e(s) of ob jects the receiver r ec may p oint to at the call site. Two circumstances are p ossible:

(i) some typing information is already av ailable at the virtual call site b efore resolving a metho d to b e

invo cable (case 2.1), and (ii) a metho d is resolved to b e invo cable b efore all the typing information

to b e propagated has reached the virtual call site (case 2.2).

case 2.1: ptr == r ec (i.e. ptr is the same v ariable as the receiver r ec)

1. The e�ect of this p oints-to needs to b e propagated only to the metho d invo cable when

the receiver p oints to an ob ject of class C . In the example, points-to(call

n8

; ;; <p ) B ase>)

propagates to entr y

B ase::f o o as

make-true (points- to(entr y

B ase::f oo

; < p ) B ase>; < p ) B ase>))

but not to entr y

D er iv ed::f oo

. On the other hand, points- to(call

n8

; ;; <p ) D er iv ed> ) propa-

gates to entr y

D er iv ed::f oo as

make-true (points-to(entr y

D er iv ed::f oo

; <p ) D er iv ed> ; <p ) D er iv ed> ))

but not to entr y

B ase::f oo

.

2. The e�ects of other accumulated information at the call site are propagated through the

appropriate metho d(s) as follo ws:

a) If the metho d call involves passing of an ob ject address &r as an actual to a p ointer

formal f : make-true (points- to(entr y ; < f ) ty pe(r )>; < f ) ty pe(r )>)). Note that this

case could not b e handled in the intro duction phase, as the invo cability of this metho d

from call no de n was not known then.

b) F or each points-to(call; AP T

0

; <ptr

0

) E >) where ptr

0

6= r ec:

W e determine the corresp onding entry and p erform actions as in case 1. Thus

while propagating points- to(call

n10

; ;; <q ) B ase>), we also propagate the predicate

points-to(call

n10

; ;; < s ) D er iv ed> ), already true at cal l

n10

, with

make-true (points-to(entr y

B ase::f oo

; < s ) D er iv ed> ; <s ) D er iv ed> ))

case 2.2: ptr and r ec are distinct v ariables:

Supp ose the p oints-to information currently av ailable ab out the receiver r ec at the given call

no de is:

points- to(call; AP T 1; < r ec ) C 1> ) = tr ue and points-to(call; AP T 2; < r ec ) C 2> ) = tr ue

According to this information, the receiver r ec may p oint to an ob ject of typ e C 1 or C 2

at the call site dep ending on the execution path. So the virtual metho d call r ec ! f un ()

may lead to the invo cation of two distinct virtual metho ds with name fun. Hence the ef-

fects of the given worklist entry need to b e propagated to the entry no des of each of these

invo cable metho ds. This is done in the same fashion as for case 1, considering one en-

try no de at a time. In the example, supp ose points- to(call

n8

; ;; < s ) D er iv ed> ) is the can-

didate for propagation at cal l

n8

. W e have also seen that points- to(call

n8

; ;; < p ) B ase> ) and

points-to(call

n8

; ;; < p ) D er iv ed> ) are tr ue at cal l

n8 with receiver p. Thus there are two distinct

metho ds B ase :: f oo() and D er iv ed :: f oo() which may b e invoked at cal l

n8

. As a result, we

propagate points-to(call

n8

; ;; <s ) D er iv ed> ) to the corresp onding entry no des using:

make-true (points-to(entr y

B ase::f oo

; <s ) D er iv ed> ; <s ) D er iv ed> ))

make-true (points-to(entr y

D er iv ed::f oo

; < s ) D er iv ed> ; < s ) D er iv ed> ))

If the p ointer v ariable ptr is not visible in any one (or more) of these invo cable meth-

o ds, the predicate on the worklist propagates directly to the r eturn no de by make-true

(points-to(r etur n; AP T ; <ptr ) C > )).

AP T , to all the success ors of the no de n, and then removing the entry from the worklist. New entries

which b ecome true as a result of this action are placed on the worklist. The computation reaches a

�xed p oint when the worklist b ecomes EMPTY. W e describ e this phase as a case analysis on the kind

of logical succe ssor of each worklist entry

. Figure 3 illustrates the propagation phase at a high level

with the help of three propagation functions: typ e-implies-typ e-through-other, typ e-implies-

typ e-from-call and typ e-implies-t yp e-from-exit. In the follo wing discussion, we explicate the

high level view by describing each propagation function.

typ e-implies-type-through-other(n; AP T ; <ptr ) C >)

This function captures the intrapro cedural asp ects of typ e propagation as describ ed in the follo wing

cases.

case 1: If succes sor is an assignment to ptr , m : ptr = : : : , the given p oints-to do es not propagate

through m. Whatever ptr p ointed to b efore no de m was encountered is immaterial.

case 2: If succes sor is an assignment of ptr to a p ointer v ariable other than ptr , with or without

casting (within inheritance hierarchy): m : ptr’ = ptr; or m : ptr’ = (Class E*) ptr;:

make-true (points- to(m; AP T ; < ptr

0

) C > )) and make-true (points- to(m; AP T ; < ptr ) C > )).

Typ e casting app ears in the latter no de so that the assignment is typ e-correct , but it is unimp ortant

for our analysis since ptr

0

p oints to an ob ject of class C irresp ec tive of the cast typ e.

case 3: If succe ssor no de m neither de�nes nor uses the p ointer v ariable ptr , then the typ e of ptr

is prese rved: make-true (points- to(m; AP T ; <ptr ) C > )). This is a case of simple propagation of

information without any change. In the example for typ e intro duction, we inferred true v alues for

points- to(n4; ;; < p ) B ase> ) and points-to(n5; ;; < p ) D er iv ed> ). Propagating this information to the

succes sor no de n6 which preserve s the typ e of p, we make-true b oth

points- to(n6; ;; <p ) B ase>) and points-to(n6; ;; < p ) D er iv ed> )

Using further applications of case 3, the information at n6 propagates to its succe ssors as

points-to(call

n7

; ;; < p ) B ase>); points- to(call

n8

; ;; <p ) B ase>)

points-to(call

n7

; ;; < p ) D er iv ed> ); points- to(call

n8

; ;; <p ) D er iv ed> )

points-to(call

n7

; ;; < s ) D er iv ed> ); points- to(call

n8

; ;; <s ) D er iv ed> )

typ e-implies-type-from-call (cal l ; AP T ; <ptr ) C >)

This function is resp onsible for propagating a p ointer-typ e pair at the call site to appropriate entry

and r eturn no des. W e consider the follo wing cases.

case 1: Propagation is simpler when the corresp onding entry is readily known, typically when c al l

represe nts a non-virtual metho d invo cation. As we already saw, points- to(call

n7

; ;; <s ) D er iv ed> ).

Since s is visible in the called metho d D er iv e d :: bar (), we make-true

points-to(entr y

D er iv ed::bar

; <s ) D er iv ed> ; < s ) D er iv ed> )

At the call site n7, s is the �rst actual parameter and corresp onds to the formal this of D er iv ed ::

bar (). Since points- to(call

n7

; ;; <s ) D er iv ed> ) is true , we make-true

points- to(entr y

D er iv ed::bar

; < this ) D er iv ed> ; < this ) D er iv ed> )

If ptr is not visible in the called metho d, the typ e p ointed to by ptr cannot change

2

. In this case we

propagate the predicate points-to(call; AP T ; < ptr ) C > ) directly to the corresp onding r eturn no de as

points- to(r etur n; AP T ; <ptr ) C > ).

2

This is true b ecause we only have single level p ointers.

for each no de n in the ICFG

If n is

1. n : p = new t :

make-true (points-to(n; ;; <p ) t>))

2. n : p = &r :

make-true (points-to(n; ;; <p ) ty pe(r )>))

where ty pe(r ) returns the typ e of ob ject name r .

3. n : foo(param

1

, : : : , param

k

) :

make-true (points-to(entr y

f oo

; <p ) ty pe(r )>; <p ) ty pe(r )>))

where param

i is of the form &r with p ointer v ariable p as

the corresp onding formal, and the call is non-virtual.

Figure 2: Intro duction Phase

while worklist is not EMPTY

remove (n; AP T ; <ptr ) C >) from worklist

if n is a call no de

typ e-implies-typ e-from-call (cal l ; AP T ; <ptr ) C >)

else if n is an exit no de

typ e-implies-typ e-from-exit (exit; AP T ; <ptr ) C >)

else

typ e-implies-typ e-through-other (n; AP T ; <ptr ) C >)

Figure 3: Propagation Phase

p ointer-typ e-info(n) =

�

<ptr ) C >

�

�

(9AP T )points-to(n; AP T ; <ptr ) C > ) == tr ue .

Conceptually

, we start with no information at any of the ICFG no des by initializing each p ossible

p oints-to predicate to false . W e also initialize the worklist to EMPTY. The time complexity of the

initialization of the entire p oints-to predicate may app ear as prop ortional to the numb er of predicates

p ossible, but we have a constant time initialization by following a lazy approach [LR92, PLR94].

The �rst entries in the worklist come from the intro duction phase. During this phase we make-

true certain predicates at a no de by lo oking at the lo cal information av ailable in the no de itself.

Figure 2 lists the no des examined in the intro duction phase and their asso ciated actions. Note that

in item 3 we restrict ourselves to non-virtual metho d calls. Without the knowledge of the receiver

typ e, we can make no educated guesses ab out the metho d invoked. W e handle virtual metho d calls

during the propagation phase.

Using the program segment in Figure 1, we list the following examples of typ e intro duction.

Since there exists a path entr y

main

.n4 at the end of which < p ) B ase> holds without assuming

any information at entr y

main

, using item 1,

make-true points- to(n4; ;; <p ) B ase>)

Since there exists a path entr y

main

.n5 at the end of which <p ) D er iv ed> holds without assuming

any information at entr y

main

, using item 1 we also have

make-true points- to(n5; ;; <p ) D er iv ed> )

At no de n6, using item 2 and the fact that r is an ob ject of class Derive d ,

make-true points-to(n6; ;; < s ) D er iv ed> )

During the propagation phase, the worklist entries are pro cessed one at a time. Pro cessing a

worklist entry implies propagating the e�ects of the pair P T holding at no de n given the assumption class Base { class Derived : public Base {

public: public:

virtual foo ( ); foo ( );

virtual bar ( ); bar ( );

virtual baz ( ); } r, *s;

} *a, *b, *p, *q;

Base::foo ( ) { Derived::foo ( ) {

n1: a = new Base; n2: a = new Derived;

} n3: printf ("hello world\n");}

}

Base::bar ( ) {

... Derived::bar ( ) {

} }

Base::baz ( ) {

...

}

main ( ) {

if (-)

n4 : p = new Base;

else

n5 : p = new Derived;

n6 : s = &r;

if (-)

n7 : s->Derived::bar ( );

n8 : p->foo ( );

n9 : q = new Base;

n10 : q->foo ( );

n11 : a->bar ( );

n12 : p->baz ( );

}

Figure 1: Example of Typ e Determination Algorithm

predicate p oints-to , as descr ib ed b elow. Underlying this analysis, we have a data ow framework

de�ned on the simple true/false lattice. The elements of the lattice describ e the v alues of p oints-to

predicates at each program p oint. W e present an algorithm which is b oth safe and appr oximate .

If there exists a path to no de n on which <ptr ) C > holds during some execution, our algorithm

will rep ort a true predicate points-to(n; AP T ; < ptr ) C > ) for some AP T , guaranteeing the safety of

calculation. However, owing to the intractability of the problem, our p olynomial time algorithm is

justi�ably approximate, rep orting an overestimate of the actual solution.

W e use a worklist for the �xed p oint computation. Whenever a predicate points- to(n; AP T ; P T )

b ecomes true for the �rst time, it is placed on the worklist. Once marked true , a predicate stays

true . Thus a true predicate go es on the worklist exactly once, guaranteeing the termination of our

algorithm. W e refer to this action as make-true and denote it in the algorithm by \make-true

(points- to(n; AP T ; P T ))".

W e describ e the algorithm in three phases: (i) we initialize the information, (ii) during the

intr o duction phase we annotate each no de appropriately with the information obtained lo cally at

the no de itself, and (iii) we pr op agate the information throughout the ICFG until stabilization. All

p oints-to predicates are assumed false initially . F or e�ciency

, we have designed the algorithm in

such a way that the work is p erformed only for points- to(n; AP T ; <ptr ) C > ) which are to b ecome

true. Given the solution for p oints-to at no de n, the information ab out p ointer-typ e pairs at n can

b e easily computed as follows:

4 An Appro ximate T yp e Determination Algorithm

Our algorithm uses the idea of c onditional analysis as found in [LR91]. Execution ow in a metho d

is analyzed by assuming information that can hold at the entry of the metho d. Thus, in a sense,

the resulting analysis is conditional on the assumed information at entry

. The algorithm is rendered

practical by doing computation only for those assumptions which actually reach the entry no de on

some execution path. The algorithm describ e d here is applied only to C

++

programs allowing a

single level of dereferenc ing with p ointers. W e assume in the following description that the receiver

of a metho d call is the �rst actual parameter and the corresp onding formal is denoted by this.

W e de�ne a predicate p oints-to with the follo wing interpretation: points-to(n; assumption; f act)

== true if (i) there exists a realizable path to the entry no de of the pro cedure containing no de n,

on which assumption holds; and (ii) given that (i) is true, there exists a realizable path from the

entry no de to n on which fact holds. The assumption can either b e ; or a p ointer-typ e pair while

fact is a p ointer-typ e pair.

4.1 A Running Example

Before discussing the algorithm, we list a program segment in Figure 1. W e will use it in Section 4.2

to illustrate the signi�cance of typ e determination in practical issues of run-time e�ciency and

b ene�ts to other optimizations. Throughout Section 4.3, we will use Figure 1 as a running example

for the algorithm description.

4.2 Practical Issues

At no de n9 in Figure 1, the p ointer q is made to p oint to an ob ject of class Base , and then immedi-

ately used at no de n10 as the receiver for a virtual metho d invo cation. Under these circumstances

B ase :: f oo() will b e invoked on all executions notwithstanding the virtual nature of the invo cation.

Since the virtuality of B ase :: f oo() is not utilized, the invo cation can b e compiled as a function

call, thereby reducing the run time overhead of virtual invo cation.

Limiting the scop e of invo cation to B ase :: f oo() and eliminating D er iv ed :: f oo() from consid-

eration may b ene�t other analyses. The assignment at no de n2 and printing hel lo world at n3 will

not app ear as p ossible side e�ects of the invo cation at no de n10. As another signi�cant implication,

our algorithm will b e able to determine that n11 is a call of B ase :: bar () and never D er iv ed :: bar (),

b ecause the receiver a may only p oint to an ob ject of typ e B ase. Therefore, call site n11 can b e

considered non-virtual. Given the p otential disparity in side e�ec ts of virtual metho ds which share

the same name, typ e determination can signi�cantly improve the precision of analysis.

Resolving a virtual metho d invo cation to a unique function call may create p ossibilities for

inlining, resulting in elimination of function call overhead. Inlining a function call can also provide

opp ortunities for v arious intrapro cedural optimizations.

A transformation from virtual invo cation to function call is sometimes p ossible without complete

resolution of the receiver typ e. F or example at no de n12, the receiver p may p oint to an ob ject of

class B ase or D er iv ed. Since the receiver typ e is not unique, a naive approach may result in retaining

the invo cation as virtual. However, since class D er iv ed inherits the metho d baz () from class B ase

without rede�ning it, n12 may still b e safely compiled as a function call to B ase :: baz (). In general,

even if the receiver at the virtual invo cation site do es not p oint to a unique class, but all the receiver

typ es utilize the same virtual metho d, the virtual invo cation may b e compiled as a function call.

F or architectures which use deep pip elining and sp eculative execution, the issue of accurate

control ow prediction assumes signi�cant imp ortance. Using static typ e determination to replace

virtual invo cations with function calls, when the target metho d is known at compile time, would

yield b ene�ts comparable to those obtained by pro�le-based prediction for C

++

[CG94].

4.3 Algorithm Description

T o determine the typ e of an ob ject a p ointer v ariable may p oint to at a given program p oint, we

p erform a �xed p oint computation of the equations describing the C

++

statement side e�ects on the at an invo cation site and thus assuming that all corresp onding virtual metho ds are invo cable [Par92].

He uses the precalculated alias information for typ e determination. Suedholt and Steigner [SS92] use

a concept of r epr esentant virtual metho d to keep information ab out all the virtual metho ds with the

same name. This approach leads to the loss of context which distinguishes one virtual metho d from

others. Vitek et al [VHU92] present an algorithm which discovers the p otential classes of ob jects

for a simple ob ject oriented language as well as a safe approximation to their lifetimes.

3 Problem De�nition

Program Represen tation

A c ontr ol ow gr aph (CFG) for a metho d consists of no des which repres ent single-entry

, single-

exit regions of executable co de and edges which represe nt p ossible execution branches b etween

co de regions. W e represent a program with an interpro cedural control ow graph (ICFG), which

intuitively is the union of CFGs for the individual metho ds comprising the program [LR92]. F ormally ,

an ICFG is a triple (N , E , �) where N is the set of no des, E is the set of edges and � is the entry no de

for main. N contains a no de for each simple statement in the program, an entry and exit for each

metho d, and a c al l and r eturn no de for each invo cation site. An intrapro cedural edge into a c al l no de

represe nts the execution ow into an invo cation site, while an intrapro cedural edge out of a r eturn

no de represe nts control ow from an invo cation site once the invoked metho d has returned. (W e will

use the terms c al l and invo c ation interchangeably

.) F or a non-virtual metho d call, we represe nt the

control ow into the called metho d by an interpro cedur al edge from c al l to the corresp onding entry

no de. Similarly

, we represe nt the return of control from the called metho d by an interpro cedural

edge from the exit no de to the r eturn no de. However, virtual metho d invo cation makes it imp ossible

to determine b efore analysis the corresp ondenc e b etween a c al l and entry since the metho d invoked

dep ends on the typ e of the receiver at the call site. Establishing the interpro cedural edge(s) from a

c al l no de represe nting virtual metho d invo cation to appropriate entry no de(s) and from exit no de(s)

to the r eturn no de is part of the algorithm presented in this pap er.

T erminology

� W e de�ne an ICFG path from � as r e alizable if, whenever a metho d on this path returns,

it returns to the call site which invoked it. Not all paths in the ICFG are realizable. Our

analysis tries to restrict itself to realizable paths since unrealizable paths do not corresp ond to

any p ossible execution sequence .

� Obje cts are lo cations that can store information, and obje ct names provide ways to refer to

them. An ob ject name is a v ariable name and a p ossibly empty sequenc e of derefer enc es and

memb er accesse s.

� An alias o ccurs when there exists a realizable path to a program p oint, such that two or more

names exist for the same lo cation at that program p oint. W e represe nt aliases by unordered

pairs of ob ject names (e.g. < v ; �p>). The order is unimp ortant since aliases are symmetric.

� The T yp e Determination Pr oblem involves calculating the typ e of the ob ject p ointed to by a

p ointer at a program p oint as a result of some execution that ends at that program p oint.

� A p ointer-typ e p air < p ) C > holds on the realizable path �n

1 n

2

: : : n

i if p p oints to an ob ject

of class C after execution of program p oint n

i whenever the execution de�ned by that path

o ccurs.

Theoretical Complexity of the Problem

Theorem 1 In the pr esenc e of single level p ointers and virtual functions in C

++

, pr e cise pr o gr am-

p oint-sp e ci�c typ e determination is NP-har d.

W e prove the theorem by a p olynomial reduction of the NP-Complete problem of 3-Satis�ability to

typ e determination in the presenc e of single level p ointers and virtual functions in C

++

[PR94]. 2

An easy corollary follows, since the theorem involves a subproblem of the following problem.

Corollary In the pr esenc e of multiple level p ointers and virtual functions in C

++

, pr e cise pr o gr am-

p oint-sp e ci�c typ e determination is NP-har d.

of actual C

++

programs indicate there is opp ortunity to avoid late bindings in many cases [CG94].

Additionally

, a statically determined list of p ossible typ es for a receiver would fo cus further analyses

only on selecte d metho ds, rather than the entire p o ol of metho ds with the same name. Exclusion of

the statically un-invo cable metho ds from analysis would eliminate their spurious side e�ects, thereby

improving the precision of subsequent analyses.

This pap er describ es initial results of our research in typ e determination. Ours is the �rst

algorithm for typ e determination which uses the technique of data ow analysis without making gross

approximations for the distinguishing C

++

features mentioned ab ove. The contributions of our work

can b e seen at two levels: (i) increased e�ciency and precision of other c ompile time analyses and

(ii) improved run time p erformance of the programs analyzed. In general, typ e determination cannot

b e done separately due to its interaction with aliasing. W e present a typ e determination algorithm

for the restricted case of single level p ointers where the two problems are separable. Details of the

generalized version app ear in [PR94].

It is true that all C

++

programs can b e source-to-source transformed into C programs. Thus,

if we claim to b e able to analyze C, should we not b e able to analyze C

++

programs in their C

incarnation? Actually

, this is not desirable b ecause the distinguishing C

++

constructs map to C

constructs so general that gross approximations in analysis would b e inevitable. In particular, the

virtual metho d mechanism can b e express ed in terms of function calls through arrays of function

p ointers. Algorithms which attempt precise analysis in the prese nce function p ointers and pro cedure

v ariables handle only a limited usage of such constructs or resort to p ossibly worst case exp onential

analyses [Ghi92, HK92, Lak93, Ryd79]. This motiv ated us to develop new techniques to analyze

virtual metho ds in the C

++

domain itself; however, when there is no increase in generality

, we

reduce a C

++

construct to a semantically equiv alent C construct. F or example, we transform a

class c onstructor to a mal lo c follow ed by appropriate initializations and we express the principle of

encapsulation using the concepts of scop e and visibility in C.

Overview : In Section 2, we mention related work, esp ecially for analysis of C

++

. W e intro duce

the program repres entation, terminology and theoretical problem complexity in Section 3. W e show

that the problem is NP-hard in the presence of single level p ointers; the intractability of the problem

is inherent to this restricte d case without generalizing to multiple level p ointers. In Section 4, we

describ e a p olynomial time algorithm to determine p oints-to information, i.e. the class of ob ject

p ointed to by a p ointer at a program p oint. W e provide a running example to derive p oints-to

v alues at some key program p oints and use it to bring out the signi�cance of typ e determination. In

Section 5 we brie y describ e the interaction b etween typ e determination and aliasing in the general

case. Finally

, we conclude by summarizing our results.

2 Related W ork

Program-p oint-sp eci�c typ e determination for ob ject oriented languages has b een attempted with

v arying degrees of succe ss. Suzuki’s algorithm [Suz81] handles languages like Smalltalk where ob jects

serve as receivers of metho ds, but the problem is alleviated by the signi�cant absence of p ointers to

ob jects. The algorithm by Palsb erg and Schwartzbach [PS91] infers typ es of express ions in an ob ject

oriented language with inheritance, assignments and late bindings. They set up typ e constraints and

compute the least solution in worst case exp onential time. The algorithm do es not p erform control

ow analysis nor do es it track the v alues of ob jects. They suggest typ e determination using data ow

analysis as an orthogonal way to aid their algorithm in p erforming optimizations and typ e safety

checks. Recent work on improving run-time e�ciency of the dynamically typ ed language SELF uses

customization, iterative typ e analysis and inline caches to replace dynamic binding by pro cedure calls

or inlined co de [CU89, CU90, HCU91]. The algorithm by Larcheveque [Lar92] is rendered imprecise

by the fact that it factors out the side e�ect s of metho d invo cations and aliasing due to parameter

bindings as well as p ointers. The suggested algorithms for these problems [CK89, W ei84] are grossly

approximate and unsuitable in C

++

context. W e show that aliasing and typ e determination are

inseparable in the general case, therefore a factored approach is not desirable. Ramesh Parameswaran

has develop ed an algorithm which p erforms alias analysis without the knowledge of the receiver typ e

Static T yp e Determinatio n for C

++ �

Hemant D. Pande y

Barbara G. Ryder

T ata R ese ar ch Developme nt and Dep artment of Computer Science

Design Centr e Rutgers University

1 Mangaldas R o ad, Pune-411050, India New Brunswick, NJ 08903

ryder@cs.rutgers.edu

Abstract

Static typ e determination involves compile time calculation of the typ e of ob ject a p ointer may

p oint to at a particular program p oint during some execution. W e show that the problem of

precise interpro cedural typ e determination is NP-hard in the presence of inheritance, virtual

metho ds and p ointers. W e highlight the signi�cance of typ e determination in improving co de

e�ciency and precision of other static analyses. W e present a safe, approximate algorithm for

C

++

programs with single level p ointers, using the conditional analysis technique [LR91]. W e

discuss the generalization of our approach to analyze programs with multiple levels of p ointer

dereferencing.

1 In tro duction

Recent emphasis in the static analysis community has b een on expanding compile time analysis to

include interpro cedural information [Bur90, Cal88, CBC93, MLR

+

93, CK88, CK89, HS90, HRB90,

LRZ93, Mey81]. Historically

, compile time analysis has b een used in intrapro cedural context for co de

optimizations. The emphasis is shifting towards including the use of interpro cedural static analysis

in all phases of the software life cycle including debugging, integration and testing [FW85, HS89,

HRB90, Lak91, OW91, R

W85, W ei84

, YHR90]. However, until recently

, software analysis to ols

either have not p erformed interpro cedural static analysis or have employed grossly approximate

techniques for languages with p ointers. Landi and Ryder have shown the theoretical di�culty of

static analysis in the presence of p ointers and intro duced a new technique for interpro cedural analysis

of C programs [LR91

]. They have also develop ed a safe, approximate algorithm to solve the aliasing

problem for a restricted subset of C which excludes p ointers to functions, casting

1

, union typ es,

exception handling, setjump and longjump [LR92

]. Arrays are treated as a single aggregate without

distinguishing the individual elements. Our recent analysis of C programs [PRL91

, PLR94], based

on this work, repres ents one of the �rst attempts to obtain highly precise static interpro cedural

information for C programs and to apply it success fully in a software to ol, the T est Analysis and

Coverage T o ol (T

ACTIC) [OW91].

Encouraged by the results obtained from analyzing C, we are now concentrating on how to employ

the static analysis techniques b ene�cially to C

++

programs. W e have concentrated our e�orts

on developing new techniques to handle most of the features distinguishing C

++

from C such as

inheritance and virtual metho ds (ob ject-orientedne ss), subtyping and overloading (p olymorphism).

The most signi�cant C

++

feature a�ecting compile time analysis is virtual metho ds . With virtual

metho ds, it is the typ e of the rece iver at an invo cation site which dynamically determines the metho d

to b e invoked. With static typ e determination, such a late binding may b e replaced by a function call

to an appropriate metho d, or inlined co de in suitable circumstances , thereby eliminating the overhead

of late binding and improving the execution e�ciency

. Recent empirical studies of dynamic b ehavior

�

This research was supp orted, in part, by funds from NSF grant CCR90-23628 and Siemens Corp orate Research.

y

Author’s curren t address: Department of Computer Science, Rutgers University

, New Brunswick, NJ 08903.

email: pande@cs.rutgers.edu

1

Although simple casting for p = malloc() is handled.