Dynamic Data Polyvariance
Using Source-Tagged Classes

S. Alexander Spoon Olin Shivers
lex@cc.gatech.edu shivers@cc.gatech.edu
Abstract morphism can induce significant loss of precision in analyses that

perform, or are dependent on, type inference. A data-flow analy-
The DDP (Demand-driven/Pruning) analysis algorithm allows us sis in this setting will typically merge the types of all the values
to perform data-flow analyses of programming languages that arethat flow into distinct instances of some collection class. From the
dynamically typed and have higher-order control flow, such as analyzer's point of view, if an object flows intaneinstance of a
Smalltalk or Scheme. Because it is demand-driven and employscollection class, it will then flow out oéveryinstance of that col-
search pruning, it scales to large code bases. However, versions ofection class. So, for example, if the program has two completely
the algorithm previously describe@(] do not handledata poly- distinct vectors, one containing integers and the other containing
morphismwell, conservatively merging separate data flows that strings, analysis will show that a single fetch from either of these
go through distinct instantiations of a collection type. In this pa- vectors could produce either an integer or a string. The loss of pre-
per, we describe a new extensionDDP that helps to disentangle  cision can hurt important analyses for dynamic languages, such as
these flows, permitting more precise results. The extension is basedcontrol-flow analysis16,/17], type inference3] and dead-code re-
on source-taggingclasses so that each reference to a class in the moval 3,121).
source code yields a subdivision of the type associated with that
class. An initial implementation of this polyvariant analysis has To address this problem, one can enrich the analyzer’s type sys-
been added to thBDP-based tool Chuck, a part of the integrated tem to partition objects more finely than by class. Instead of all
Squeak program-development environment; we show examples ofinstances of clasgector being in the same type, those instances
the tool in action. can be subdivided in some fashion into the types (Veétdr,. . .,
(Vector,|n) for some sequence of discriminatdys. .l,. This par-

i ; i titioning segregates flow paths that go through the class: flow into

1 Data polymorphlsm and anaIySIS precision any object of type (Vectot;) can only flow out of an object of that

In his dissertation3], Agesen distinguished two kinds of polymor- same type.

phism that occurred in programs written in Self, a dynamically-
typed, object-oriented languag®arametric polymorphismarises
when different classes provide different code to handle the same
message Data polymorphisn{in Agesen’s words) describes “the
ability of a slot (instance variable) to hold objects with multiple
object types.” Generic “container” or “collection” classes such as
lists, tables and arrays are the standard example of data polymor
phism: the oné&/ector class can be used to create both an inte-
ger vector and a string vectbrAs Agesen pointed out, data poly-

For languages constrained by generous amounts of static seman-
tics (such as Jav]), an effective partitioning strategy is that of
Wang and Smith’®CPA algorithm: subdivide objects according to
which new expression instantiated the22]. This approach yields

a true partition because every object must have been instantiated
by exactly onenew expression; objects created on line 134 must be
different from objects created on line 431.

For extremely dynamic languages such as Smalltalk, however, this
approach is ineffective. The problem is that, in Smalltalk, object
creation is not a primitive syntactic form. It is a single primitive
method (callecbasicNew) that is triggered indirectly by various
instance-creation methods around the progfamalltalk classes

are themselves objects, and this is exploited in the object-creation
protocol, with the classes being passed through the creation chain
to the actuabasicNew step.

1This terminology may be slightly confusing to programmers
from the Hindley-Milner type-inference camp, who would more
likely use the term “parametric polymorphism” to describe what
Agesen calls data polymorphism. We hew to Agesen'’s terminology,
since the analyses we're describing in this paper primarily concern
object-oriented languages, and are related to Agesen’s work.

This paper describes a partitioning strategy that is effective in the
presence of the dynamic and reflective facilities of a language such
as Smalltalk. The approach is basedtaggingclass objects with
context information taken from abstract semantics that can be used
to segregate instances of the class.

Submitted to DLS’05. 2\We are simplifying slightly for clearer exposition.



2 Source-tagged classes backwards forward

Source-tagged classegve a way to approximate the partitioning
approach of the proveBCPA algorithm, even though Smalltalk

only has onebasicNew method instead of Java’s many separate

new expressions throughout the program. The approach exploits

the common idiom that most objects are created with a message-
send expression whose target is the immutable global variable that data flow
is the primary reference to the class object. Common examples arg
“ValueHolder new” and “Point x: 3 y: 5. Inthisidiom, the
constructor methochew andx:y: in these two examples, respec-
tively) invokes thebasicNew method on the class to instantiate the
class and then invokes a sequence of methods on the resulting ob
ject to initialize that object with the specified parameters.

The partitioning approach of this paper, then, is to attasbwace
tag to all distinct references to classes in the source. Each loca:
tion in the program text where the class is mentioned has its owr
source tag. The abstract semantics associated with the type infe
ence evaluates such a class reference to its tagged value. The tag
IS preservgd, as the abstract value flows through the program durin Figure 1: The four queries Chuck can answer along with their de-
the analysis’ abstract interpretation. When an object is instantiated ;

: L X ) pendencies on each other.
by sending the primitivéasicNew method to the class object, the
tag is transferred to the abstract object thus created. Thus we get the
effect of DCPA in this more dynamic setting: two different occur- )
rences of YalueHolder new” in the source code will cause two ~ funtimes.

distinct abstract values to be created by the analysis. Hence, when . )
an abstract value later flows into one of these two instances, it won't S€condPDP copes with searches that become intractablerbp-
erroneously “tunnel” over to the other one. ing the goal tree. Subqueries occurring far from the root query are

trimmed by providing them with answers approximate enough to be
Note that we are assuming enough abstract-context information ischeaply computable with no further subgoal recursion. The heuris-
present in the basic analysis to distinguish message sends that occdfc €xploited here is that imprecision can be more easily tolerated
in type-distinct contexts (that is, the kind of distinction we already far from the root goal than close to it, analogously to the way that
get from Agesen’s CPA analysis). Our concern here is only to dis- chess-playing algorithms use expensive, exhaustive searches early
tinguish distinct instantiations of a class that have the same type inin the search tree but cheap, approximate evaluations deep into the
the base analysis. search tree.

control flow senders responders

3 DDP 3.1 DDP goals
DDP uses four kinds of goals, or queries, to construct a goal tree

The source-tagged technique we present in this paper is an exteéngagisfying an initial root query. The kinds of queries availdbzP
sion to a “base” algorithm that is capable of basic data-flow anal- |;5eg are-

ysis in the presence of the dynamic-language features we wish to

support. The algorithm we are using for our bas®BRP [20], e A flow queryasks where the value of a computation could
a new analysis framework specifically designed for performing flow.

data-flow analyses on higher-order, dynamically typed languages,
such as Smalltalk4, [11] or Scheme|l]. Besides its ability to
handle the analytic challenges of these langua@3P's other
strength is that it scales well to large code bases. For example, e A responders querasks where control could go at a given
the Squeak10] open-source implementation of Smalltalk now in- method invocation.

cludes aDDP-based tool, Chuck, to provide type inference and
semantic-navigation services to the Squeak program-development
environment. Chuck provides interactive performance, replying to
individual queries over the entil’e 300,000"|ne Squeak COde base inThese four queries direct|y Correspond to the cross product of

under five seconds; this level of service is supported when queries hackward,forwardl with {data,controj-flow, as shown irFig-
are interleaved with changes to the code base. ure 1.

e A type queryasks what kinds of values could flow to a given
expression.

e A senders quenasks which program points could transfer
control to a given class method.

DDP provides this kind of performance by means of two key ideas supgoal recursion occurs when the means of answering a particu-
taken from technologies developed by the Al community, which |ar goal requires answering one or more subgoals. The arrows in

has long been accustomed to performing heuristic searches in in<Figure 1show dependencies between goals and their subgoals. For
tractable spaces. FirdDDP does not analyze the entire program  example:

in one invocation. Rather, it is@emand-driveranalysis that does

goal-directed backwards search to satisfy a specific request for in- e A flow query for the argument in a message-send expression
formation. Thus, a particular analysis will typically traverse only a depends on a responders query in order to find the methods to
very sparse fragment of the entire code base, allowing for sub-linear which the argument could flow.



e A type query for a message-send expression depends on a re-
sponders query in order to find what methods might respond
and thus contribute a type to the message-send expression.

e A responders query depends on a type query in order to de-
termine the type of the receiver of the message send, which in
turn is needed to predict which methods might respond to the
message send.

e Asenders query depends on type queries in order to filter can-
didate message-send expressions by the type of the receiver.

(Note that this kind of control/data-flow interdependence is a funda-
mental property of higher-order, dynamic programming languages

[17.)

Flow queries

ated types and (2) to handle Smalltalsrform: dynamic-
dispatch facility, which is a key control-flow idiom used in
real Smalltalk programs.

Individual block

A block type specifies a particular block from the source code.
Smalltalk blocks are akin to Scheme lambda expressions. A
block type includes all closure objects which were created
by evaluating the specified block. Note that handling blocks
with precision is critical for analysis of Smalltalk programs.
Smalltalk blocks are first-class values used in a pervasive and
fine-grained way. For example, the basic if/then/else construct
in Smalltalk is provided by sending two block objects to the

boolean selector. Failure to handle blocks in a polyvariant
manner would confuse together the control flow of every sin-
gle conditional branch in the entire code base.

Again, types are additionally discriminated by abstract-contour

A flow queryasks where the value produced by some variable or context, which is particularly important for higher-order values
expression will flow when code in the code base runs. This in- gych as blocks.

formation is useful to see where something is ultimately used. For

example, a user can select the varidtaléiansPerDegree in class

For efficiency reasons, the top typeythingholding all possible

Float, ask where the value in the variable flows, and be told that Objects is imp|emented as a Specia| case, requiring 0n|y constant

it flows to the methodsadiansToDegrees, degreesToRadians,
*, and/ in classFloat. By reading the code of these methods, the
user can see thakdiansToDegrees anddegreesToRadians re-

fer to the variable in order to convert angles between radians and

degrees, and in turn those two methods pass the number to the
and/ methods.

The answer to a flow query is a setftifw positions The following
flow positions are possible:

e Variables
For exampleDisplay is a flow position designating the val-
ues assigned to theisplay global variable during program
execution.

e Expressions

Any expression is a flow position designating the values the

expression might produce at run time.

e Methods
For example, methoflext of classRandon is a flow position
designating values held by the receivesX ) of the specified
method.

These flow positions are additionally discriminated by static con-
texts as described below.

For efficiency reasons, the vald@ywhereholding all possible flow

space to represent and constant time to process.

Responders queries

A responders quergsks what methods or blocks might respond
when a particular message-send expression executes. As an ex-
treme example, if one browses to cl@ssicLintRuleTest’'S new
method in the Squeak code base, and selects the message send of
initialize, the standard syntax-directed query shows 756 poten-
tial responders. The Chuck tool udeBP to answer the responders
guery and shows only one.

Senders queries

A senders querysks what expressions might invoke a specified
method or block. To find the senders of a method, the analyzer
must determine not only that the message sent by the expression is
the right name, but that the object that is the target of the expres-
sion’s send is the right class. For example, performing a senders
query on an HTML class'parse method shouldot include ex-
pressions in the code base that sencthese message to VRML or
email objects. Type information is a powerful discriminator here—
methods with common names suchiastialize often have only

one sender according RDP, but hundreds of senders according to
simple syntactic criteria.

positions is implemented as a special case requiring only constant3 2  Context

space to represent and constant time to process.
Type queries

A type quenyasks what kind of values a variable or expression will

Like many program-analysis algorithm®DP can analyze the
same syntactic element (expression, variable, method, ...) under
multiple contextsor abstract contours This general approach is
widely used in program analys/§2]. A context, in general, can be

hold when the code base runs. The answer to a type query is a se{jewed as a predicate on the execution states associated with a con-

of “concrete types” from the program:

e Individual class
For example PlayingCardDeck is a valid type which in-
cludes all instances of that class.

¢ Individual symbol
For example#straight is a type which includes only the
symbol object namedtraight. Tracking symbols is im-
portant (1) to handle their use to represadthocenumer-

trol point. Contexts allow an analysis to keep distinct facts about
program execution states, and their consequences, that may share a
common control point.

One widely studied kind of context is thall chain[15]. A call

chain specifies the dynamically nested sequence of procedure calls
or message sends that are pending at the given execution state. For
example, “the immediate caller is statement 3 of methedl” or

“the immediate caller is statement 3 of methiaw, and its caller is



statement 4 of methdshr.” The length of the call-chain segment to lexically containing method is 8mallInteger?” This is a
which the analysis is sensitive is typically limited by a constant that critical form of analysis polyvariance for polymorphic code.
is a parameter of the analysis algorithm. The number of contexts
per control point can be exponential in the length of the call chains,
with an exponent base that is linear in the size of the program. Two
of the many algorithms that use call chains &€FA [18] and
Emami’s points-to analysi$[.

e Responders queriasse context both for the queries and the
responses. The queries can include a context along with the
message-send expression. The responses include not only a
set of methods and blocks that can respond to the message
send, but also the contexts under which they might respond.
As an example, the query “who respondte y, in a con-
text wherex is aSmallInteger?” could have as an answer,
“+in classSmallInteger, where both the receiver and the
first argument arémallInteger’'s.”

The kind of context used bypDP, however, might be called
parameter-types contextA parameter-types context specifies the
types of method parameters in the current lexical scope, e.g., “the
first parameter is afinteger and the second is Bloat.” In an
object-oriented language, a parameter-types context can also spec- ¢ Senders querigdikewise, can return a set of expressions that
ify the type of the method receiver, e.g., “the receiver iS@reger can invoke a method or block along with the context where
and the first parameter isRloat.” In a language with blocks (or those expressions might invoke the method or block.
lambda expressions), a parameter-types context is more general and

can additionally include types for a chain of lexically nested blocks S @ minor technical note, not all contexts can be applied to all vari-
within a method. ables, expressions, or flow positions—a context may only specify

types for parameters that are in the scope of the associated syntac-

The key to this kind of contour abstraction is that, in object-oriented {iC itém. As aresult, it is sometimes necessargrmadena context

and dynamically-typed languages, control flow (e.g., method dis- P€fore it can be applied to one of these items. Frequently when
patch) fundamentally depends upon this kind of type or class infor- W€ Write that an item should be considered in some comtaxte
mation. Type-based contour abstractions provide precisely the kind"€2lly mean that it should be considered in contextafter ctx is

of discrimination that is needed to analyze the basic flow behaviour Proadened enough to be sensible for the relevant item.

of a program.

There are subdivisions within the general approach of parameter- Standard solution strategies
types contexts. The Cartesian Products AlgoritRA4) uses con-
texts where each parameter type is a specific class; thus, the con
texts for each method correspond to the cartesian product of the
classes in the type of each paramef}r [To contrast, the Simple
Class SetsC9 algorithm chooses one parameter-types context
for each combination of types that appear at some call site in the
program B]. DDP usesCPA-style parameter-type contexts. As a
result, it is sometimes necessary to subdivide a context into multi-
ple partitions in order to fit the constraint 6PA and then analyze
separately under each partition.

This section describes the previously unpublished solution strate-
gies that the basBDP uses to solve the above kinds of goals.
These strategies follow straightforwardly once the goals and their
answers have been formulated. The strategies are listed below in
order to show the structure and interplay of the base analysis’ de-
ductions, which will set the stage for developing the new extensions
described in the following section.

While reading these solution strategies, be aware that goals are
solved under the assumption that their subgoals have correct ten-
tative solutions. This assumption is usually false the first time a
goal is updated, because all of the goal's subgoals are freshly cre-
ated and almost certainly have over-specific tentative solutions. As
the analysis progresses, such a goal will be revisited when its sub-
goals have more reasonable tentative solutions. The algorithm does
not terminate until the entire goal network has stabilised into a con-
sistent solution to the top-level, root query. Thus, it is easiest on a
first reading of these solution strategies to assume that all subgoals
requested have complete and correct answers—ijust as the analyzer
does.

Context is interwoven throughout the analysis. Almost every place
that a syntactic element appears, itis adjoined to an abstract context

¢ Flow positionsare specified not only as a variable, expression,
or (in the case of self-of-method positions) a method, but also
with context. For example, one possible flow position would
be “variablex of methodfoo:, under a context wherfoo:’s
parameter is 8mallInteger.” The presence of context in
flow positions means that flow queries can produce more spe-
cific responses than they otherwise could. Instead of simply
describing the variables through which a value can flow, they
can describe the types of objects that will be present in the 4 1 Responders queries
environments (lexical scopes) surrounding those variables.

e Block typesmention not only a block, but also a context in A responders query is of the form, “what methods or blocks reply
which the block expression was evaluated. This context can to the message-send expressimvi( sel arg0...argn) if the ex-
Specify the types of any parameters that are in scope of the pression Is executed in conteotik?” This expression requests that
block. Later, when the block’s contents are analyzed, the anal- the method nameslel of the objectrcvr be invoked, and that the
ysis can be improved by using the recorded types of those pa- Mmethod be passeatg0...argnas arguments.
rameters. As with flow positions, having a context associated ) ] ]
with a block type allows the answer to a type query to include To answer a responders queDpP begins by posting type queries
not only the blocks to which a variable might refer, but also for rcvr and for each of the argumerayQ, ..., argn. The solution

the types of objects in the environment around that block at to the type query omcvr is used to determine which methods and
the time the block was created. blocks respond, while the argument types are used to determine the

. . . . context under which those methods and blocks will execute.
e Type queriexan ask about a variable in context instead of
just a variable. For example, a type query can ask, “what is g fing the responding methods, the analyzer considers every class
the type ofx under a context where the first parameter of itS 4t is a member of the receiver's type and finds the method that



will respond if messageelis sent to an instance of the class. If finding all message-send expressions where the first argument could
the responding method happens to be one of the primitive block- be the symbol; it then uses a type query to check whether that
evaluation methodsrélue, value:, etc.), then the analyzer exam- message-send expression might invokgeaform: method. If it

ines the receiver type to determine what blocks are included in the might, then that message-send expression is considered a possible
receiver and thus what blocks can respond. invoker ofblkmeth

To find the possible responding conteX@®P begins by taking the Finally, for the third kind of message send bikmethis a block,

cartesian product of the receiver type and all of the argument types,then it is invoked via a block-evaluation primitive methae{ue,

just asCPA does. For methods that respond to the message-sendgetc.). To find such sende®DP traces the flow oblkmethusing

these cartesian products can be used directly, and the algorithm reflow queries. At each message-send expression where the object

turns the cartesian product of the responding methods and each reflows to the receiver, the analyzer checks where a block evaluation

sponding context. method might be invoked by that message-send expression. If so,
then the message-send is considered a potential senblénugth

For blocks that respond, a further step is required to create the re-

sponding contexts. Each context from the cartesian product of the .

receiver type argument types is combined with context associated4.3 Type queries

with each block type in the receiver type. The context from the

cartesian product supplies the types of the block’s own parameters,A type query is of the form, “to what type of objects doesexp

while the types in the block type’s associated context supply the evaluate in contexttx?” To answer this questiomDP considers

type of the receiver and the types of parameters that are lexically six kinds of syntax: literals, references to classes;f, assignment

visible from within the block. statements, parameters, and message-send expressions.

. If varexpis a literal then the type inferred fararexpis simply

4.2 Senders queries the type of the literal. If the literal is a small integer, then the in-
ferred type is{SmallIntegerl}; if it is a string, the inferred type

A senders query asks, “what message-send expressions invokés {Stringl}; and so on.

the block or methodnethblk” The answer to this question in-

cludes three kinds of sending expressions: regular message sendsf varexpis a reference to a class, then the inferred type is the meta-

perform: message sends, and block evaluations. class for that class. For exampleviirexpis Array, then the in-
ferred type isimclasgArray)[}, wheremclasg§Array) is the class

Regular message sends are the most straightforward of the three tof Array itself.

find. If methblkis a block instead of a method, then there are no

regular message sends that invoke it. Otherwd¥eP begins by If varexpis self, a reference to the current receiver, titdDP uses

finding all message-send expressions whose selector matches thene of two simple strategies. dfx specifies a type other thamy-

method’s selector. For each such expression, it posts as a subgoal thing for the current receiver, then that type is inferred as the type

type query that attempts to find the type of the receiver. If sending of varexp Otherwise, the type inferred faarexpis the union of

the method’s selector to objects in that type could possibly invoke the receiving method’s class along with all of its direct and indirect

methblk then that message-send expression is considered a possiblsubclasses.

sender ofmethblk

If varexpis a variable that is modified by assignment statements,
Smalltalk methods can also be invoked indirectly viaghef orm: thenDDP posts as subgoals a type query for each right-hand side
family of methods. When the badtbject class’sperform: that is assigned tearexp The context used for each type-query

method is invoked at run time, the first argument to the method subgoal isctxitself. The type ofvarexpis inferred to be the union

must be a symbol object that names another method to execute. Thef the types of the right-hand sides.

system then sends the message named by the symbol to the current

receiver with the following arguments used as the parameb&®. If varexpis a parameter, then it is not modified by assignment state-
makes a simplifying assumption in order to make senders-of goalsments. Instead, it takes on values by message-send expressions:
tractable in the face of thperform: method. DDP assumes that ~ message sends provide arguments that are bound to the parameters
at the normal application run time, all symbols passed into such a of the responding method. arexphas a type specified itx, then,
method appear somewhere in the program text. That is, DDP doesas with the similar case fare1f, DDP simply uses the type speci-

not consider control flow that might arise from the program com- fied byctx Otherwise DDP posts as a subgoal a senders query to
puting a string, converting the string to a symbol, and then invoking determine what expressions invoke the method or block for which

a method by means of an indirect message sengle#ifiorm: with varexpis a parameter. Once those expressions are locBXB®,

the computed symbol. This restriction renders the analysis feasible,posts a type query for the actual arguments that correspovatto

but still captures the idiomatic usesdrform: pervasive in cer- exp—e.g., if varexpis the third parameter of its binding method,
tain kinds of Smalltalk code (e.gperform: dispatch is critical in then the corresponding actual argument would be the third argu-
the construction of GUI event loops in Smalltalk applications). ment for regular senders and the fourth argumentpfarform:

senders. The type inferred fearexpis then the union of the types
Proceeding from this assumptidbDP findsperform: senders by of all of the corresponding actual arguments.
tracing flowforward from each occurrence of the method’s name
as a symbol literal; this is done by recursively posting a flow query Finally, if varexpis a message-send expression, tB&P needs to
for each such literal. Most method names do not appear as a sym<ind the methods or blocks that respond to the message send. Thus
bol anywhere in the program, in which case there arpax@orm: DDP begins solving the goal, in this case, by posting a responders
senders of that method. For method names that do appear as symbaoal onvarexp The responders goal returns a number of meth-
literals, the analyzer sifts through the responses to the flow query, ods and blocks, each paired with a context. For each block/context



pair, DDP issues a type query on the last expression in the block— 1. We extend the type system to allow class types to be subdi-
that is, the expression providing the block’s return value. Similarly, vided usingsource tags
for each method/context palBDP scans the method to locate the

method’s return statements, and issues a type query for each return 2. We add a new kind of goal, thieverse type goal

expression. The inferred type fearexpis the union of the solu- 3. We add a seconslibgoaling schemar solution strategy for
tions to all of these type queries. answering senders goals that uses inverse type goals.
) 4. We add a new kind of goal for finding thgpe of array ele-

4.4 Flow queries ments

. . 5. Weaugment flow goalso that they can trace the flow of just
A flow query is of the form, “where do values flow, starting from those objects within a specified type.
fpos?” DDP solves these queries by reducing therone-step flow
queriesof the form, “where can values flow frofpos in a single Source tags are the core DPDP/CT's extensions. They provide
step of execution?” To answer a normal flow qud»DP begins a mechanism for subdividing the set of objects that are instances

by posting a one-step flow query for the initial position. For each of one class, thereby providing a way to segregate data-flow paths
new flow position that is part of the one-step flow query’s solution, through such objects.
DDP posts another one-step flow query. For each flow position in
the solutions to these querid3DP posts yet another query, and so  The other four extensions are needed to exploit this new subdivi-
on, until none of the flow positions flows to a new location. The sion. The new strategy for senders goals is needed to trace back-
solution to the original flow query is then the one-step closure: the wards from a class’s initialization methods to callers that feasibly
union offposwith the solutions to all of the one-step flow queries.  invoke the methods for a particular partition of the class’s instances;
with the standardDP strategy, all invokers of the initialization
If fposis a flow position for a variable, then a one-step flow query methods would be considered feasible, leading to the intermixing
on fpos simply returns all expressions that directly reference the that subdividing the types was intended to prevent. The new in-
variable. Iffposis a flow position for a method, then the solution verse type goals, in turn, are required to support this new strategy
is similarly simple: the one-step flow is inferred to be adl1f for answering senders goals.
expressions withifiposs method.
The array-element type goals are added because arrays are widely
A one-step flow query for an expressierpis more complicated used data-polymorphic objects in Smalltalk, not only as data-
to answer. Its solution must account for assignment statements,structures in their own right, but also as the underlying storage for
returns from methods and blocks, and message-send statements. many other collection classes, such as hash tables. We hope that
source-tagged types will finally provide a way to analyze these uses
If expis the right-hand side of an assignment statement, then theprecisely. Type-specific flow goals have been added as a simple
one-step flow fromexpis the variable on the left-hand side of the way to improve the precision of flow goals by avoiding flow paths
statement with the same contextfpes of objects other than the interesting ones.

If expis immediately returned from a method or block, then the
valueexpproduces at run time will flow out of the method orblock 5.1  Source-tagged class types
and into the message-send expression that invoked it. To find the

one-step flow in this cas@®DP begins by posting a senders query A class type{C|} in DDP includes all objects that are instances of
on the block or method. The one-step flow fréposis precisely  cjassC. In DDP/CT, a class type can also includesaurce tag
the answer to this query. and be of the forn{C,||}. The type{C, 1|} includes precisely those

. ) . instances o€ that are tagged with source thg
If expis the receiver term of a message-send expression, then the
value produced bgxpat run time will become the receivesq1£) Tagged types are introduced to a running type inference whenever
of whichever method responds to the message send. To find theiere js a type goal for an expression that simply reads the primary
one-step flow in this cas®DP posts as a subgoal a responders  gopa| variable holding a class. (Recall that in Smalltalk, classes are
goal onexpin order to find any methods that can respond—blocks themselves objects, not simply the compile-time constructs found
that respond are ignored, because there is no equivalsal foex- in less dynamic languages.) Instead of answering such a goal with

pressions for accessing the currently executing block. The inferred 5 simple class type as the ba3BP would, DDP/CT answers the
one-step flow fofposincludes each method/context pair that this goal with a tagged class type.

responders goal returns.

Finally, if expis an argument to a message-send, then the value pro-g o
duced byexpat run time will become a parameter to the responding ™"
method. In this casd)DP again posts a responders goal éxp
under the context that is part of originfdos query. This time,
however, it does not ignore blocks that are included in the respon-
der. The one-step flow dposincludes the appropriate parameter
of each block or method that responds.

Inverse type goals

An inverse type goalequests a flow position that includes all pro-
gram locations that could produce an object of a specified type. The
specified type must be a source-tagged class type. To solve an in-
verse type goal for source-tagged tyf§e I}, DDP/CT uses one of

two strategies depending on whetkkis a metaclass or not.

5 DDP/CT If Cis a regular class and not a metaclass, @[} includes ob-
jects that were created by the instantiation method: that is, the prim-

Our class-tagging extension RDP, calledDDP/CT, extends the itive methodbasicNew in the Squeak dialect of Smalltalk. To solve

base analysis in five ways: such a goalDDP/CT simply traces the forward flow (by posting



flow goals) of the return value from thexsicNew method under of them do, in fact, invokérray’s at:put: method. Potentially

an assumed context that the receiver is of tfpelasgC),|}. We only a small number of them invoket : put : on the arrayobjects

use ‘mclas¢C)” to mean the metaclass of claSsSolving this goal that are of true interest, but if the question is formulated as “who in-
will require finding the precise senders of thesicNew message vokesat :put: in Array,” then the answer to the question is forced
under these assumptions as described in the next section. to include a large number of extra senders in order to be correct.

If Cis a metaclass, thefiC,I} includes the clasgclasgC) with DDP/CT therefore uses an alternative strategy if the specified con-

tagl, where we useclasqC) to mean the actual class whose meta- text includes a non-trivial receiver type (i.e., not the top tyug-
class isC. Aside from direct data flow, such an object can only thing). If the receiver type of the method is specified, then the
enter the computation from two sources: the program executes themethod in that context can only be invoked by a message-send ex-
expression with tag, or the program invokes the reflectivgass pression where the receiver is in the specified type. The alternative
method on an instance dficlasC),I[}. The class method re- senders-goal strategy uses this fact. It has as a subgoal an inverse
turns the class of the receiver of the message, and it is frequentlytype goal for the specified receiver type. The answer to this subgoal
used in idiomatic Smalltalk. For example, it is used (indirectly) by includes all expressions in the program that can hold an object of
the copy method of theCollection class in order to create a new the specified type. The alternative strategy then selects as possible
collection of the same class as the receiver. Therefor€,if a senders those message-send expressions whose receiver is in the in-
metaclassPDP/CT traces flow forward from two places: the ex- verse type goal’'s answer and whose message selector matches the
pression with tad, and theclass method under a context where  method being queried.
the receiver type igrclasgC),| .4

In other words, the alternate strategy swaps the roles of the two se-
Some exceptions should be noted. A fixed set of primitive Smalltalk lection criteria. Instead of applying a semantic filter to the results
classes have special syntax for creating instances of that class; thesef a base syntactic query, it syntactically filters the results of a se-
classes are not typically instantiated by means of sending mantic query.
style creation messages to the class. Examples are blocks, which
have their own syntax, and numbers, which can appear as literals.
DDP/CT reverts to special-case handling to implement inverse type

queries on these classes in a straightforward way. 5.4 Array-element type goals
Smalltalk arrays are treated as regular objects. There is no spe-
5.3 Senders goals cial syntax for accessing them. Instead, an array is an chjiett
i i handles operationd‘at : i” to retrieve the element at indexand
Recall fromsubsection 3!that asenders goain DDP finds those “aat: i put: € for storing element into the array at index.

expressions in the program that can invoke a specified method ingher gbjects in the system respond to she andat :put: mes-

a specified context. The strate@)DP uses to find those senders  ga4es doing non-array operations in response to them, and thus an
is: first, find all message-send expressions that invoke a methOdexpression such am“:= b at: i” might or might not perform

of the appropriate name, and second, check that the type of theyy array operation. In fact, different executions of this same state-
receiver (which must be inferred using a subgoal) is consistent with o ¢ might sometimes invoke an array operation and other times
the expression invoking the method. not, depending on the class of object to whicks bound at each

I . L execution.
A potential difficulty of this approach arises if there are a large num-

ber of message-send expressions whose message name matches e type goals oDDP find a type for a variable, but Smalltalk ar-
name of the queried method. For example, when trying to find the 5y do not hold their contents in regular Smalltalk variables. Thus,
senders of thatomMorph c_Iass Sinitialize meth_od, the stan- the baseDDP algorithm provides no way to even ask for the type
dard strategy would consider hundreds of potential message-seng; 5, array’s elements. This was satisfactory at the @& was
expressions, generate a type query for each one of them, and, moS§esigned, becaudeDP also provided no strategy for finding such
likely, both generate a large number of subgoals and include a largey hes, either. DDP/CT’s source tags, on the other hand, do pro-
number of false positives. Worse, consider querying for the senders,qe the necessary polyvariance for this analysis, and since arrays

of methodat:put: in classArray, perhaps as part of an effort 46 frequently used in Smalltalk progranBDP/CT also includes
to find the type of elements that could be added to a particular set 5 newaqrray-e)llement type goal prograrb:)

of interesting arrays. In the standard Squeak code base, there are

over one thousand senderszof: put : to sort through, and many  ap array-element type goal finds the type of elements of any array
in a specified array type. Ideally, the specified array type includes a
3There are actually a small number of such methods in Squeak, source tag. In that case, the arrays whose elements are being studied
and the analyzer must trace all of them. are those arrays created with the specified source tag. If the array
4We freely admit that the complexities of handling Smalltalk’s type does not have a source tag, then the solution strategy will still
more extreme reflective features have caused us frequently to con-be followed, but most likely it will terminate quickly with a type of
sider the benefits of a more strictly phased language design. TheAnything
lure of adapting our analyses to work with full-fledged Smalltalk
is the payoff of having 300,000 lines of source code and a large To solve an array-element type goal, the algorithm uses a senders
community of coders to exercise our technologies. The test bed goal to locate all invocations aft : put : where the receiver might
thus provided will provide the experience that will, we hope, di- be a member of the goal's array type. Then, for each such invoca-
rect a following round of language design. The challenge is to de- tion found, it posts a type goal for the second argument (i.e., the
sign annotations that provide leverage for the static analyses thatput: argument). Finally, it takes the union of the answers from all
drive programmer-support tools, without compromising the flexi- of those type goals and reports that union as the type of elements in
bility and power we expect of dynamic languages. the arrays in question.




| ¢ a other |
c := ValueHolder new.

a :=c.
a contents: ’hello’.
other := ValueHolder new.

other contents: 12345.

other contents.
c contents

Figure 2: An example Smalltalk fragment that exhibits data poly-
morphism. In the first line¢, a, andother are declared as tem-
porary variables. Th#alueHolder class is instantiated twice and
the two instances are assignedct@nd other; a is assigned the

F= Inference Derivation

| = Type of [{c¢) contents ] is { UndefinedObject String }
expression: {c) contents i
context: <Top:
typel { Undefineddbiest String
B justification: (3 goals)
p-all zoals referenced: (3 goals)

Figure 3: DDP/CT successfully infers that value holders assigned
to ¢ from|Figure 2can only hold strings and the undefined object
nil. As an aside, the object can haid1l because all instance
variables come into existence holdiagl. DDP/CT is not flow
sensitive and thus cannot determine thatueHolder’s instance
variable has been initialized befotentents is ever called.

same value as. Thus,a andc are aliases for the same object. A
string is installed into tha/c value holder on the fourth line, while
an integer is installed intether’s value holder on the following
line. DDP/CT can distinguish these two value holders from each
other and deduce that the “contents” fetch on the final line will
produce a string, as shownlkigure 3

5.5 Type-specific flow goals

Recall that a flow goal asks where values can flow from a specified
starting location. They are used for a number of purposes, including

| ¢ a other vhclassl vhclass2 |
vhclassl := ValueHolder.

c := vhclassl new.

a :=c.

a contents: ’hello’.

vhclass2 := ValueHolder.

other vhclass2 new.

other contents: 12345.

other contents.
c contents

the inverse type queries described above and finding the programFigure 4: A variation of the code iiFigure 2 In this code frag-

locations where a particular block might be invoked. Some of the

ment, the clas§alueHolder is stored into a variable before being

enhancements described above rely heavily on flow goals; manualinstantiated. DDP/CT successfully distinguishes the two kinds of

inspection of early trials oDDP/CT suggested that the enhance-

value holders—those stored énand those stored inther—just

ments were not as effective as desired due to over-approximation inas it did inFigure 2

the flow goals on which the solution strategies depended.

The biggest problem appeared to be tb@P would trace flow

paths that are feasible in principle, but are infeasible for the data
type of interest. For example, a variable that sometimes holds ar-
rays that are being traced by an array-element type goal might at

other times hold the valueil. Tracing flow through this vari-
able would necessarily trace not only the interesting paths throug
which the relevant arrays flow, but also the irrelevant pathsatiiat
will follow. If a message is sent to the variable, then completely
different methods might be invoked when the variable holds an ar-
ray versus when the variable holdsl; tracing flow through these

later methods causes a entire subgraph of completely irrelevant pro

gram locations to be added to the potential flow from the original
variable.

The solution inDDP/CT is to ask a better question. Instead of
simply asking about flow from a specified poiB{DP/CT can ask
about flow of objectof a particular typestarting at a specified
point. Since, in fact, every use of flow goalsDP is attempting

to find the flow of objects in a known type, every use of flow goals
can take advantage of the new facility to specify the type of objects

being traced. To continue the previous example, if the analyzer

is tracing the flow of arrays, then it can use a flow goal that only
traces arrays. The flow-goal solver, describedubsection 4/4dis
then free to ignore methods to which omly1 flows.

6 Examples

The example code creates two value holders, storing one of them
in ¢ and the other inther. The code copies the referencecitio
a, resulting inc anda being aliases to the same object. The value

holder inc is given, via its aliag, the string’hello’ to hold, while

hthe value holder imther is given the integet2345 to hold.

This code, in isolation, usemlueHolder in a data-polymorphic
fashion; there are other methods in the standard Squeak image
which use the class to contain other data types, as weFidwge 3

shows, howeveDDP/CT successfully infers a precise type for the

value held inc. It traces data flow back to the stringello’, but
ignores the infeasible data-flow path to the intete345.

The next two figures show variations of the code fréigure 2

in order to demonstrate an extent and a limitatiorD&P/CT’s
effectiveness. liFigure 4 the classValueHolder is stored into
variablesvhclass1 andvhclass2 before being instantiated. This

is an example of Smalltalk’s reflective ability to manipulate classes
as first-class objects themselves. This example demonstrates more
clearly why ‘ValueHolder new” in Smalltalk is not merely a dif-
ferent way to write hiew ValueHolder()” in Java. In this exam-

ple, DDP/CT is still able to keep the two value holders distinct and
infer thatc holds only strings.

Figure 5extends this example further and uses just one variable,
vhclass, to hold the class. Both andother are instantiated by
sendingnew to vhclass. DDP/CT is unable to distinguish the

Figure 2shows some example code that is data polymorphic. Class two value holders in this case because it tags both of them with the

ValueHolder is a standard Smalltalk class used to hold an arbitrary
value—it is a simple “cell” object. The internal value is set using
the contents: method, and fetched using tkentents method.

singular reference to the originating occurrence&/@fueHolder
online 2. Evenin this case, howevBDP/CT is able to distinguish
the two kinds of value holders in this code fragment from value



| ¢ a other vhclassl | | p1 p2 |

vhclassl := ValueHolder. pl := Array new: 3.
c := vhclassl new. pl at: 1 put: 2.
a :=c. pl at: 2 put: 3.
a contents: ’hello’. pl at: 3 put: O.
other := vhclassl new.
other contents: 12345. p2 := Array new: 3.
p2 at: 1 put: 3.
other contents. p2 at: 2 put: 4.
c contents p2 at: 3 put: 1.
Figure 5: Another variation of the code iiigure 2 This time there “pl dotProduct: p2

is only one variableyhclass1, used to hold clasgalueHolder.
In this case DDP/CT fails to distinguish the two kinds of value  Figure 8: Data-polymorphism occurs in numeric array computa-
holder created in this fragment; it infers the same types tor “ tions.

contents” and “other contents”. However, it does distinguish

these value holders from other value holders in the program at large, F‘] = Inference Derivation @0
ultimately inferring that both of these holders can hold only strings, % Type of [(p1) dotProduct: (pz) | is { Smalllatezer UndeflnedDb]eqz-!
integers, or the undefined object. expression: (pl) dotProdust: (p2)

context: <Top:
type: { Smalllnteger UndefinedObject LargePositivelnteger[Inte;

P justification: (5 goals)

| arr arr2 arr3 | B-all goalz referenced: (5 goals)
arr := Array new: 10.
arr at: 5 put: ’hello’. {ms .,
arr2 := arr.
arr3d := arr2. Figure 9: The analyzer succeeds on the exampféguare &
arr3 at: 5

Platform>>makeHolder

Figure 6: Retrieving elements from an array. Data-polymorphic “Valuelolder new

analysis is required in order for the analyzer to connect objects re
moved from an array usingt : messages to objects placed into that
array usingat :put: messages.

Figure 10: A typical factory method,makeHolder, for class

Platform. This kind of indirection is useful in many circum-

stances, including the possibility that different platforms will im-

plement the method to use a different value-holder class. Unfortu-
nately, all callers of this method will receiveValueHolder with

[~ T"’.ffp;?efsslfoarfr%;fé)(?t & Endetinsabiest String } the same source tag: the single mentiorVafueHolder in the

context: <Tops makeHolder method.
type: { Undefined0bject String }

b justification: (5 goals)

F-all goals referenced: (5 zoals)

fﬁj = Inference Derivation

L "l product. ThedotProduct: method, not shown, includes a num-
_ ber of senders tat:. DDP/CT can connect those senders to the
Figure 7: The analyzer succeeds on the examplégore 6 senders o0&t :put: in|Figure 8using class tags, and determine that

all of the arithmetic operations thi®tProduct : method uses will
be applied to integers. The result produceddiyP/CT is shown

holders created in other parts of the standard Squeak code base w# [Figure 9

use for our tests. ThuBDP/CT infers thatc holds either a string or

an integer, even though there are other value holders in the programg  Multi-level source tags
that hold other types.

. Factory design pattern®|[ present an extra challenge to data-

7 Collection types polymorphic analysis. A typical factory method is showrFiig-
ure 10 This method provides a useful level of indirection—

Data-polymorphic analysis is especially useful when it is applied subclasses might override this method, and different platforms
to resolving separate uses of collection types. A simple example might replace the method outright. Unfortunately, the very indi-
is shown inFigure 6 The code creates an array, adds the string rection that motivates the design pattern overloads the necessarily-
’hello’ toit, and then retrieves that same string. The analyzer suc- finite abstraction of class tags: all value holders created by the
ceeds in this case, as showrFigure 7 The analyzer uses source makeHolder method are given the same source tag. Thus, the cen-
tags to connect thet : message-send on the last line of the exam- tral approach of this paper, as described so far, is insufficient to
ple to theat :put: message-send on the third line of the example, distinguish separate uses of objects created by factories.
while ignoring the other 1706 sendersaaf: put : in the same code

base. A sample use of this factory method is showrFigure 11 Since
the same source tag is used for the value holders held byvhath
A more useful and sophisticated example is showRigure 8 In andvh2, data flow through the distinct holders is intermingled as

this example, we create two numeric vectors, then compute their dotshown inFigure 12



| vhi vh2 | 9 Related work

vhl := Platform makeHolder.

vhl contents: ’hello’. As mentioned previously, th®CPA algorithm by Wang and
Smith partitions objects by whichew statement allocates them

vh2 := Platform makeHolder. [22]. A type-inference algorithm crafted by Oxhgj, Palsberg, and

vh2 contents: 123. Schwartzbach also partitions objects by allocation dig [

vhl contents. A large number of alias-analysis algorithms partition allocated ob-
jects using “allocation sites9]. An allocation site is typically an

Figure 11: An example usage of the factory method frifig- invocation ofnew ormalloc() as inDCPA.

ure 10 In this example, the inferencer as described so far fails

to distinguish separate container objects, because both holders arlevyak and Chien describe an adaptive algorithm that often avoids
given the same source tag. using type tags when they would not be able to refine the analysis
[14]. This approach speeds up the algorithm with no loss in preci-
sion.DDP/CT is less sophisticated and uses source-tags generously

r?T .e — [(vmff:fn'::js??:'?'?:L:::nedab_ectas;g;: even when they are not needed. This profligacy of potentially su-
et PR it ! - perfluous precision is mitigated, however, DPP/CT's ability to
context: <Tops _ _ focus effort on a relatively small portion of the prograbDP/CT
: }ngfl{c;{fodrffi(’éeggggft ST RERRIERINEE may not happen to analyze a large number of uses of the same class
B-all goals referenced: (3 goals) | at all in the sparse elements of the program it traverses for a given
P - request, independent of whether or not their analysis could have

T - been merged without loss of precision.

Figure 12: The analyzer merges flow through the two different
holders inFigure 11 and so reports thathl can hold both inte- 10 Future work
gers and strings.

As we've seen in our examples, the single-level source-tagging ab-
straction does not distinguish distinct instances of higher-level col-
lections, such as therderedCollection andSet classes, that
are built on top of underlying arrays. The multi-level source tags

(x= Inference Derivation

= Type of [(vhl) contents | iz { UndefinedObisct String
expression: (whl)} contents

a
A

N described irsection 8provide enough information to the analyzer

B justification; (3 goals) to distinguish these uses. We are in the midst of a detailed study

¥-all goalsiveferenced; (3 2oals) of DDP/CT effectiveness on code samples drawn from real-world
w4 "1 code bases such as the Squeak run-time system; we hope to re-
h ) port on our results in the final version of this paper. Our tests are
Figure 13: Using multi-level source tags on the example {FogA intended to evaluate the practical efficacy of source-tagged class
ure 17, it is possible to distinguish objects that are created via a types by comparing the performance of the algorithm—both for
factory object. speed and precision—using a variety of levels of source tagging,

including zero levels (i.e., no source tags).

Measuring speed and precision across variations in the abstraction

is particularly interesting in the case BDP/CT. It is typically the

case in program analysis that increasing the precision of an abstrac-
stion causes the algorithm to run slower. However, we have found

M our initial trials that the increased precision of source tags has
a strong focussing effect on the (dynamically determined) control-
flow links along whichDDP’s goal-directed, demand-driven search
proceeds. That is, source tags allows the analysis to eliminate large
portions of the code base from consideration that would otherwise
be conservatively dragged into the analysis. It appears that instead
of a precision/speed tradeoff, increasing the precialsoimproves
the scalability and speed of the analysis. The tests we are currently
conducting will allow us to evaluate this possibility in a quantitative
manner.

This example points to a solution, however. Notice that, while
the vh1 and vh2 value holders are both associated with the sin-
gle mention of theValueHolder class in thePlatform factory
method, they access that method through separate mentions of cla
Platform. If there were a way to tag theéalueHolder refer-
ences with the mention dflatform instead of the mention of
ValueHolder, then the two variables’ value holders could be dis-
criminated by the analysis.

This can be accomplished by generalizing source tags into flow po-
sitions. A flow position can include both a pointer to an expression
in the program plus a context under which the expression was eval-
uated. The context can include a type for the surrounding method’s
parameters and for the current receiver object. The type of the re-
ceiver object, in turn, can be another source-tagged class type, com- .
pleting a recursion. Thus, generalizing source tags into flow posi- 11 Conclusion
tions allows the system to apply multiple tags to the same object.

Data polymorphism is a long-standing issue with data-flow analysis
A maximum number of tags—i.e., traversals through the recursive in higher-order, dynamic programming languages. The problem is
cycle of tags to contexts to types to tags—must be chosen to keepmade even more difficult in languages that reflectively allow classes
the data-flow lattices finite. Choosing a maximum tagging level of to be reified as first-class objecBDP/CT is a solution to this clas-
1 yields an analyzer equivalent to one using simple source-taggedsic problem, extending the badiDP analysis with a simple form
class types. A level of 0 gives a system that does not use sourceof polyvariance that is able to resolve source-distinct instances of
tags at all. A level of 2 is sufficient for the examplefagure 17 data-polymorphic classes. Despite this extra precision, it retains
resulting in a precise type inference, as showRigure 13 the scalability of the originaDDP analysis. Our implementation

10



demonstrates that the analysis can handle the full complexities of a

real-world language, even one with the extremely dynamic, reflec-
tive features of Smalltalk.
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