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Abstract. Some transformations and many analyses on programs aee dith
ficult or unnatural to express using terms. In particulaalyses that involve type
contexts, call- or control flow graphs are not easily camgtureterm rewriting
systems. In this paper, we describe an extension to ther8ySteerm rewriting
system that adds references. We show how references aréonggeph rewrit-
ing, how we can express more transformations with graphdikuctures using
only local matching, and how references give a represent#tat is more natural
for structures that are inherently graph-like. Furthemnave discuss trade-offs
of this extension, such as changed traversal terminatidruaexpected impact
of reference rebinding.

1 Introduction

Strategic programming is a powerful technique for prograalysis and transformation
that offers the separation of local data transformatioomfdata traversal logic. The
technique is independent of language paradigm and undgrtj@ta structure, but is
perhaps most frequently found in functional and term reémgitanguages. Much of its
power comes from the ability to define complex traversatstyias from a small set of
traversal combinators. Traversal strategies are ofteth taseeaverse terms.

Terms, when implemented as maximally shared, directediagraphs, have many
desirable properties for representing abstract synta@st(ASTs) as used in program
transformation. In the ATerm model], maximal sharing of subterms means that all oc-
currences of a term are represented by the same node in m&@oasequently copying
of terms is achieved by copying pointers, and term equatitgits pointer comparison.
The model ensureggersistencemodifying a term means creatingn@wterm, the old
term is still present. This makes it easy to support backingc Destructive updates of
term references are not permitted, which allows efficiennory usage.

A consequence of the DAG representation is that terms cdravat explicit back-
links, i.e.referencedo arbitrary subterms elsewhere in the same term. Sucherefes
to other parts of the AST, including an ancestor of a term,umeful for expressing
the results of semantic analyses as local information farite rules. Turning ASTs
into terms with references can turn some transformatiohlpros from global-to-local
into local-to-local. By adding explicit references in thlegrhs, we arrive at a variation
of term graphs7]. The added expressivity gained from term references alloswto en-
code graphs rather succinctly, and therefore also exptesgiges that are inherently



graph-like more naturally, such as high-level program nimdad many intermediate

compiler representations, including call-, control flowedype graphs, thus setting the
stage for implementing transformations such as constashicapy propagation, type

checking and various static analyses. We conserve théyabikexpress program trans-
formations using local rewrite rules together with gentnawersal strategies, obtaining
a form of strategic graph rewriting. By adding explicit nefaces, we also give up some
of the desirable properties of terms mentioned above, asefheences allow destruc-
tive updates, change the termination criteria for travsrsdter the matching behavior
of rewrite rules and exhibit side effects due to referenb@iaing.

In this paper, we explore the design of a strategic rewritimguage on terms with
references, and discuss the tradeoffs found in this depigoes We will show that we
can arrive at a practical and useful variation of term gratphs allows us to express
graph algorithms and rewriting problems rather precisely.

The paper is organized as follows: In Sec. 2, we introducie basn rewriting with
Stratego, show new primitives for manipulating refererar@s$ how existing constructs
extend to handle terms with references. In Sec. 3, we showtthewew language fea-
tures are used to compute various common graph represargdtir programs from
ASTs. In Sec. 4, we implement two basic graph algorithmstrdépst search and
strongly connected components, and their application wirfqnsets of mutually re-
cursive functions. We also discuss an implementation gf ¢ggaph loading. In Sec. 5,
we discuss notable aspects of our implementation. In Sexe @liscuss related work.
In Sec. 7, we discuss design tradeoffs and future work. Welade in Sec. 8.

2 Extending Term Rewriting Strategiesto Term Graphs

We now present the extension of the strategic term rewrlinguage Stratego with
term references. First, we give an overview of the basic eptscof Stratego. Next, we
extend terms to term graphs, i.e. terms with referencesntogducing primitives for
references. Finally, we discuss rewrite rules and genenetsals on term graphs.

2.1 Term Rewriting Strategies

The Stratego program transformation languagjei§ an implementation of the Sys-
tem S [?] core language for term rewriting. We will not discuss ak fleatures of Sys-
tem S and Stratego in this paper, but restrict ourselveslynginconditional rewrite
rules, strategies, traversals, and scoped, dynamic rules.

Terms A term ¢ is an applicationc:(¢4, . . . ,t,) of a constructor to zero or more
termst;. There are some special forms of terms such as ligts ( . . ,¢,,1) and integer
constants, but these are essentially sugar for constrigctos. A term pattern is a term
p with variablesz, written on the formp(x).

Rewrite RulesA conditional rewrite rule,R : p;(x) -> p.(x) where ¢, is a rule
namedR that transforms the left-hand side patteyrto an instantiation of the right-
hand side patterp, if the conditionc holds. The following rule can be used to simplify
addition expressions.



Simplify: Add(Int(x), Int(y)) -> z where <add> (x, y) => z

When applied to the termdd (Int (1) ,Int (2)), it will execute the conditioradd>
(x,y), which is a strategy expression for computing the sum of tegers. The re-
sulting term, 3, will be bound to the variabtausing the operatos> as assignment.

Strategies Strategies are used to implement rewriting algorithmstrtegyis built
from primitive traversalsdne (s), all(s), some(s)), combinators{1 <+ s2 (left
choice),s1 ; s2 (strategy composition)), identity §), failure (fail) and invocations

of rewrite rules or other strategies. The following strgtegjl attempt to apply the rule
Simplify to all subterms of the current term.9implify fails, either because the left
hand side pattern does not match, or because the conditesrdit hold, the strategy

id will be applied insteadid always succeeds, and returns the identity (i.e. same term).

try-simplify = all(Simplify <+ id)

When applied tBub (Add (Int (1) ,Int(2)),Int (4)), the first subterm ofub will
be rewritten ta, butSimplify will fail for the second subtermifit (4)), andid will
be applied instead. The end result is the t8rb (Int (3) , Int (4)).

Strategy ExpressigMeaning

1p(x) (build) Instantiate the term pattegix) and make it the current term
7p(x) (match)Match the term patterp(z) against the current term

sp <+ 81 (left choice)Apply so. If so fails, roll back, then apply:

S0 ; S1 (compositionApply so, then applys; . Fail if eithersq or s; fails

rec z(s(x)) [|(recursion)Strategyr may be called irs for recursive application
id, fail (identity, failure)Always succeeds/fails. Current term is not modified

one(s) Apply s to one direct subterm of the current term
some (s) Apply s to as many direct subterms of the current term as possible
all(s) Apply s to all direct subterms of the current subterm
\pi(z) -> pr(z)\ |[Anonymous rewrite rule from term pattepp(x) to p-(x)
?220p(y) Equivalent to?x ; ?p(y); bind current term ta: then matchp(y)
<s> p(x) Equivalent to! p(x) ; s; build p(z) then applys
s => p(x) Equivalenttos ; ?p(z); matchp(z) on result ofs

Generic Traversal Strategie$he primitive traversalene (s), some(s) andall(s)
can be composed using the strategy combinators to ofpégieric traversal strategies
which are used to control the order of rewrite rule applaagithroughout a term.

topdown(s) = s ; all(topdown(s))
bottomup(s) = all(bottomup(s)) ; s

The strategytopdown (s) will apply the strategys to the current term before recur-
sively applying itself tm11 the subterms of the new current tefsot t omup (s) works
similarly: s is applied to all subterms before the current term (withthesewritten
subterms) is processed by

Build and Match Pattern matching is also available independently of rewrites by
the match operator strategy, writtenThe expressionAdd (Int (z) ,Int(y)) when



applied to the termdd (Int (1), Int (2)), will bind x to 1 andy to 2. The inverse op-
erator of match is build, writtem, which will instantiate a pattern. Given the previous
bindings ofx andy, ' Add (Int (z) , Int (y)) willinstantiate toAdd (Int (1) ,Int (2)) J
Figures 1(a), and 1(b) show simple ground terms and theiesponding ATerms.

2.2 References

Thus far, the language we have presented only operatesiortgras. We now extend
terms withreferencesThat is, in addition to a constructor application, a term naw
also be a term refereneeA reference can be thought of as a pointer to another term. It
is a a special kind of term that our language extension knamsth distinguish from
other terms (refer to Sec. 5 for implementation details).

We conceptually extend the language with three new opesfdopbperating on ref-
erencescreate new referencelereferenceandbind referenceThe creation of a new
reference produces a fresh, unbound reference with a uidguéfier. The identifier
is used to compare references with each other. Like terrfesereces may be passed
around as parameters, copied, matched, and assigned ableari Additionally, ref-
erences may be bound. Binding a term to a reference is similainding a value to
a variable. After binding, a reference may be dereferengatkference will produce
the term which was previously bound. These conceptual tqrsrare available inside
pattern expressions in three different forms, givingarsn graph patterns

Build and bind !~ p(x) will instantiate the term patteps(«) and bind the resulting
term to a new, unique reference which will be bound to thealdeir. If the variabler is
already bound to a reference, a new reference will not beentelstead, the reference
of r will be rebound to the new term.

Bind or match ?r~p(z) matches a referencebound to a term that matches the
term patterrp(z). More specifically, to succeed, this expression must beieppd a
reference’, ' must have the same reference identifier,asndr’ must be bound to a
term which matches the term patterfx). If the variabler is unboundy will be bound
to v’ before the matching starts.

Dereference"r will dereference the referencei.e., if r is bound to the term, “r
will producet. With r bound tot, 7"r is equivalent toet and! “r is equivalent to t.

With these operations, we can instantiate the term grapiginifc): ' r~Int (2);
1Sub(r,r).Or more succinctly as one term graph pattégub (r~Int (2) ,r).In the
following we use some idioms: When we need a reference, bobdget have its term,
we use the expressidn~ () to create a new reference bound to the “dummy” t€pm
If we want to match a reference, but do not care what it is bdande write?r~_.

General GraphsTerm references may also be used to construct more genapigr
such as those shown in Figures 1(d) and 1(e). When constguctiitually dependent
graphs, such as tif&) andg () nodes in Fig. 1(d), term graph construction must always
be split into two stages. First, one half must be built withueatbound reference, e.g.
1f~FunDef ("£", [g~()]), then the graph is connected when the other half is built:
'g~FunDef ("g", [£]). Note the use of the idiog™ () to break cycles.



2.3 Rewrite Rulesand References

Conditional rewrite rules on term graph®; g;(z) -> g.(x) where ¢, mirror rewritd]
rules on termsg; (z) andg, (x) are term graph patterns, as described previouslycand
is the rule conditionSimplify can now be reformulated to work on term graphs:

Simplify: r0~Add(r1~Int(x~_), r2”Int(y~_)) -> r0~Int(r3)
where !r3~Int(r4~<add> ("x,7y))

Rewrite rules on term graphs will not maintain maximal sh@rinless the programmer
takes explicit care. This leads to differences in the etpuahecking of term graphs
compared to equality checking of term. For efficiency, théttin comparison of term
graphs only exists in a “shallow” form, i.e. identity cheei Two terms with references
are equal iff all subterms are structurally equal, and &inences have the same identity.
This means that terms may now in fact be structurally equaldidferences in their
reference identities will prevent the shallow equalityt fesm uncovering this.

Rebinding of Referencdsor terms, maximal sharing and constant time equality check
ing is always guaranteed by the ATerm library. When matchiregular variable agaift
aterm, the pointer to that term gets copied when it is usedirild. If the original term

is later modified, copy-on-write is performed behind thensseto ensure referential
transparency. For term graphs, this is no longer the casefe®nces may be rebound
at any time. Consider the expressitBub (r“Int (2) ,r) => a ; !'r~Int(3).Here,

we assign the graph from Fig. 1(c) to the variabl®dut subsequently change the bind-
ing of the references contained in the term graph.dffectively, this will change the
value ofa aftera was bound. This may seem dangerous, as it opens up for preblem
related to lack of referential transparency. Certainlgsthissues must be managed, but
it is important to note that the binding of terms to referenisealways done explicitly.

It is not possible to retroactively create a reference tddesm of another term. E.g., if
the termSub (Int (2),Int (2)) from Fig. 1(a) is bound to the variabie it can never
change, as it does not contain any references.

If side effects are unwanted, in the sense that referencieiterm of an already
bound variable should never change, assignments of tepphgshould be coupled with
acalltoduprefs,e.g.!r"Int(2); !Sub(r,r); duprefs => a; 'r~Int(3).Here}
the references in the term grapiib (r, r) will be replaced with new, unique references
before the assignment, so that subsequent rebindings tcafifect the value oé.

2.4 Term Graph Traversal

We will now show how generic traversals are adapted to worteam graphs through
an example of term graph normalization. Our goal is toSise1ify, shown earlier, to
simplify the term grapl$ub (r~Add (r’~Int(1),r’), r).Specifically, we only want
to simplify each referenced term once. This illustrates Hside-effects” can be used
beneficially, and how term graph rewriting can be more effictean term rewriting:
we only need to consider identical terms once, because weecagnize them by their
reference identifiers. This argument is only valid once gprderm graph has been
constructed, however. Our current implementation makesttenpt at maintaining
such term graph properties globally during arbitrary réwgi sequences.
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Fig. 1. Examples of graphs supported by our language. Refereneashawn as stippled edges.

Sub(r~Int(2),r) (d) Call Graph
(c) Term graph

Phased Traversal§o manage termination of graph traversals, we introducenaeut

of phasesPhases are used to ensure that each reference is only\asite, so that
loops in the graph do not result in non-termination. We ds thj introducing a new
primitive strategy,phase(s), and new variants of the primitive traversal operators:
wone (s), wsome(s) andwall(s).

When applied to a refereneewall (s) will first dereferencer, obtaining the term
t, then applys to all subterms of. The resulting term is rebound toIf any subterm of
tis also a reference, it will be dereferenced before s is agpéind rebound afterwards.
wone (s) andwsome (s) are similar.

phase (s) will internally instantiate a new, globally uniqgue markerdsthen apply
s to the current term. Any invocations @bne, wsome andwall in s will take the
marker into consideration. As each reference is dereferkduaring the traversal, using
wone, wsome Or wall, the marker is placed on the reference. Any subsequent gittem
at dereferencing will not yield a term result, thus making thference untraversable.
When the phase is exited, all markers for that phase are rendtvis possible to nest
phases. The inner phase will instantiate a new, unique marickcan revisit references
already visited by its enclosing phase.

During a phased traversal, it is sometimes necessary toatevitether the derefer-
ences due to matching or the@perator should be marked with the current phase marker
or not. This can be controlled by usimgap-ref (s), which dereferences, applies
then rebinds, irrespective of any phase markers. Analdgoutsap-phase-ref (s)
can be used to only visit unmarked references, and mark teeeree after a visit.

Reference Expressi¢Meaning

17 p(x) (Build and bind)Instantiate term patten(x) and bind result to-.
?r p(x) (Bind or match)See text in Sec. 2.2.

or (Dereference).ook up term forr. Fail iff  is unbound.
duprefs Replace all references in the current term with new, uniqeso
phase(s) For traversals done by, visit each reference at most once
wrap-ref (s) Apply s to reference and rebind, irrespective of phase
wrap-phase-ref (s) |Apply s to reference and rebind, while respecting phase

Generic Graph TraversalsThe following traversal strategies are adaptations of the
generic traversals for terms. They use phase markers td @iting the same reference
more than once. These strategieswusel and will rebind references they encounter to
rewritten terms.



wtopdown (s) phase(rec x(s ; wall(x)))
wbottomup(s) = phase(rec x(wall(x) ; s))
wdownup(s1,s2) phase(rec x(s1l; wall(x); s2))

Term Graph NormalizationWith the phasing and generic graph traversals in place, we
can now express term graph normalization simply and prigcise

simplify = wbottomup(try(Simplify))

When applied to the terub (r~“Add (Int (1) ,Int(2)), r), the result obimplify
is Sub(0~Int(3), 07).Here,0~t indicates that the reference 0 is bound to the term
t. Bindings of references are only shown once, the first tineg ttre encountered.

For more general rule sets, it may be necessary to exhaysdpply rules using
a fixed-point strategy. The following strategy follows trearse definition pattern as
innermost for plain terms §,?]:

winnermost(s) = phase(rec x(wall(x); try(s; x)))

The difference is that thghase mechanism ensures that a node in a term graph (where
all subterms are references) is visited only once. Thustthtegy performs a bottom-

up traversal and tries to apply the normalization strategy each node. If that suc-
ceeds, the result is transformed by a recursive call tofit¥ais would entail a com-
plete bottom-up traversal of the resulting term. HoweVer dubterms that have already
been visited, i.e., normalized, will not be visited agaihisTproperty ensures efficient
implementation of the strategy, a result that was obtaindke term case only through

a specialization of the strategy to its argument ruke?g][

3 From Termsto Term Graphs

In this section, we describe how ASTs can be turned into uarigpes of graphs com-
monly found in compilers, such as use-def chains, call ggaptd flow graphs. First,
however, we turn our attention to the problem of computingitgraphs from terms
with maximal sharing. This is done using dynamic rules.

Dynamic RulesA dynamic ruleS is a rewrite rule which is defined and possibly un-
defined at runtime, se@][ The expressiomrules(S: t -> r) creates a new rule in
the rule set forS. The scope operatdrl S : s |} introduces a new scope for the
rule setS around the strategy. Changes (additions, removals) to the rule Setone
by the strategy are undone aftes finishes (both in case of failure and success)of
Sometimes, multiple rules in a rule sgimay match. To get the results of all matching
rulesinS, we can us@agof-S.

Computing Term Graphdhe following strategy implements a top down traversal with
a memoization scheme to efficiently construct term grapra terms. For each term it
encounters, the strategy checks if this term has been methivizhe dynamic rulé.

If so, the term is replaced with its corresponding referetfasot, all its subterms are
replaced with references recursively, then a new refersmoeated and recorded i

term-graph = {|S: rec x(S<+all(term-graph); ?t; !r~t; rules(S: t->r)|}

Applied toA(A(B) ,A(A(B) ,A(B))), We get3~A(17A(0"B) ,27A(17,17)).



3.1 Use-Def Chains

The use-def chain is a data representation found in most ibensfor recording links
from the use of a variable to its closest definition or assignimSuch data flow infor-
mation is the basis for many program optimizations, in paf#ir constant and copy
propagation. A variable is said to lbeedwhen its value is read,; it is said to blefined
when it is assigned to, either at its declaration or by a lassignment statement. Def-
use chains are links from the definition of a variable to alluses. The algorithm we
present below will record both def-use and use-def chains.

use-def {| Use, Def: def-to-use ; use-to-def |}
def-to-use Var <+ VarRef <+ Assign <+ If <+ wall(def-to-use)
use-to-def topdown (try(add-ref-to-var <+ add-ref-to-assign))
new-def (|v,r) = rules(Def : v -> r)

add-use(ld,u) rules(Use :+ d -> u)

add-ref-to-var = ?r"Var(v,e,_); !r"Var(v,e, Uses(<bagof-Use> r))
add-ref-to-assign = ?r~Assign(v,e,_); !r~Assign(v,e,Uses(<bagof-Use> r))

If: If(c,t,e) -> If(c’,t’,e’) where <def-to-use> c => c’
; <def-to-use> t => t’ \Def/ <def-to-use> e => e’

Var: Var(v, e) -> r where <def-to-use> e => x
; 'r"Var(v,x,Uses([])); new-def(lv, r)

VarRef: VarRef(v) -> r where <bagof-Def> v => defs
; !'r~VarRef (v, Defs(defs)); <map(add-use(|<id>, r))> defs

Assign: Assign(v, e) -> r where <def-to-use> e => x
; !r~Assign(v, x, Uses([1)); new-def(|v,r)

Theuse-def algorithm assumes the existence of the following term consirs:If,
for if constructsyar, for variable definitionsyarRef for variable (de)references and
Assign for assignments. It is divided into two partsf-to-use anduse-to-def.
Fordef-to-use: If a definition of a variable is seen, i.e. &asign or Var term, this
term is replaced with a reference to itself, and a mapping fitee variable name to the
reference is recorded in the dynamic rDkef usingnew-def. This is done in th&ar
andAssignrules. When a variable use is subsequently seen, it is gitmoesd by a term
to itself by thevarRef rule. Its name is looked up in ttpef rule, and references to the
closest definitions are added usissgof -Def, seeVarRef. TheUse rule is updated to
record the reference to this use, usiifi-use. Special care must be taken in the case
of control constructs. We only show the caseTér Here, one rule set is computed for
each branch, and the rule sets are joined afterwards, uséngite set union operator,
\Def/. This ensures that new definitions from both branches are kep
Foruse-to-def: In this pass, eackunDef is updated to contain references to the
uses recorded by the previous pass, intike rule. When applied to a term for the
program

var x := 0; if (x> 0) { x =1+ x }else { x :=2+ x } ; print x



we get (read\sn asAssign andVRef asVarRef):

Block([~5,If(Int(0),Block([~1]),Block([~3])),Print(~0)])

~0 = VRef("x",Defs([~3,71])) ~1 = Asn("x",Add(Int(1),~2),Uses([~0]))
~2 = VRef ("x",Defs([~5])) ~3 = Asn("x",Add(Int(2),74),Uses([70]))
~4 = VRef("x",Defs([~5])) ~“5 = Var("x",Int("10") ,Uses([4,~2]))

3.2 Call Graphs

Another common program representation in modern compigetie call graph. It
records the interrelationships between the functions abgnam, i.e. which functions
call which, and is used for various static analyses such ashebility analysis, op-
timizations such as dead code removal and by documentaginergtion tools. The
following code transforms an AST into a call graph by introithg references from all
call sites Call terms) to the corresponding function definitid®tufiDef) terms, and by
adding a reference from tiRunDef being called (callee) to theunDef of the calling
function (caller). Fig. 1(d) illustrates the forward diten.

compute-call-graph = {| FunLookup: add-refs ; add-call-markers |}
introduce-references = topdown(try(AddFunRef))
with-fundefs(s) Program(map(s), id)

register-fun ?r; 7r FunDef(_,_,_,_); rules(CurFun:

-> I')

AddFunRef: x@FunDef(n,_,_,_) -> r where !r"x; rules(FunLookup: n -> r)

add-call-markers = {| CalledBy, CurFun:
with-fundefs(wdownup (try(register-fun), try(AddCallRef)))
; with-fundefs(wrap-ref (AddCalledByRef)) |}

AddCallRef: Call(n, xs) -> Call(mn, xs, r)
where <FunLookup> n => r ; CurFun => z ; rules(CalledBy :+ n -> z)

AddCalledByRef: FunDef(n,a,t,b) -> FunDef(n,a,t,ns,b)
where <bagof-CalledBy> n => ns

Three dynamic rules are used in this algorittfunLookup is used to map names of
functions to their correspondirfinDef. CurFun is used to keep a reference to the
FunDef we are currently insidecalledBy is used to accumulate a set of callees for a
given function name.

The algorithm works as follows. First, we replace eveanDef n node with a
reference taw, and record the function name in tRenLookup rule set. This is done
by add-refs. Second, we do a downup traversal, where the current funittikept in
the dynamic rule€urFun on the way down. On the way up, we add a reference to the
destinatiorFunDef f for anyCall encountered, and register the current function in the
CalledBy set for f. This is the first part ohkdd-call-markers. Third, we place the
callee sets collected in tltalledBy dynamic rule set on the correspondingnDefs,
finally obtaining a bidirectional call graph.



3.3 Flow Graphs

Flow graphs are used to represent the control flow of a progaaaiogously to the way
use-def chains represent data flow. Flow graphs, along veighdef chains, are at the
heart of many flow-sensitive optimizations, such as con$tdaing, loop optimization,
and jump threading. We can compute a flow graph from the varstatements in the
AST as follows. InIf (¢, t, e), flow goes from the conditioato both brancheg,and

e, which in turn go to the successor blockif. In While(c,d), flow goes from the
conditionc to the bodyb, and fromce to the successor block. The boblalways flows
back to the conditior. All other statements correspond to basic blocks: the flamfr
one statement goes directly to the successor block.

We show a three pass algorithast-to-flow-graph. First, we do rewrites of
control flow constructs locally, as described above, withMarkControlFlow rule
set. In the case aff andWhile, temporaryFlowT blocks are inserted with dummy
references, since the successor block is not known locellySecond, AST statement
blocks are split into basic blocks, witplitBlocks. Each non-control statement is
rewritten to a Flow block. Third, thBlowT blocks are connected to tlaow blocks
produced in (2), and rewritten Kl ow, resulting in a flow graph, as seen in Fig. 1(e).

ast-to-flow-graph = bottomup(try(MarkControlFlow))
; bottomup(try(SplitBlocks))
; wbottomup (try(\ FlowT(x,y) -> Flow(x,y) \))

SplitBlocks: Block(xs) -> r where
<map(?FlowT(_,_) <+ {r: \ t -> Flow(t, r) where !r~() \})> xs => xs’
; foldr(\ (f@Flow(tl, n), t2) -> f where 'n~t2 \
<+ \ (f@FlowT(t1, n), t2) -> f where 'n~t2 \ |None)
; <Hd> xs’ => hd ; !'r“hd

MarkControlFlow: If(cond, thn, els) -> FlowT(If(cond’, thn’, els’), next)
where !next~(); ; !thn’ Flow(thn, [next])
; 'els’"Flow(els, [next]); '!'cond’~Flow(cond, [thn’, els’])

MarkControlFlow: While(cond, body) -> FlowT(r, next)
where !body’~(); !'mext”(); !cond’~Flow(cond, [next, body’]l)
; !body~Flow(body, [cond’]); !r“While(cond’, body’)

4 Graph Algorithmsand Applications

In this section, we show how some basic graph algorithms eamplemented using
the reference mechanism we have described in Sec. 2.

Depth First SearchOur depth first search implementation works on graphs wheek e
node is a term. The algorithm takes two parametees)des. es will be used to com-
pute the outgoing edges from each nodies keeps track of the current depth during
visits. On a visit to a node, the strategyvill be called with the current depth value as
parameter, so that it can be used to compute the label forutiert node, or for other
transformations.

10



dfs(1 : a * a -> a, es)
dfs(1 : a * a -> a, es | n)
wrap-phase-ref (where(es => edges)
; where(1(|n) => label)
; where(<wall(dfs(l, es | <inc> n))> edges) ; !label)

phase(wall(dfs(1, es | 0)))

The traditional depth first search, as described in for exai®p is applied initially to
the setV of a graphG = (V, E). We get the same behavior by applyiafs to a list
of references to all nodes in the graph. We will demonsttetaise of thelfs strategy
next, when we discuss strongly connected components.

Strongly Connected Component$ie basic algorithm for strongly connected compo-
nents (SCC) is also described i?],Jand consists of four steps: First, cafS(G) to
compute finishing times [u] for each vertex.. Second, comput@T=transpose(G).
Third, callDFS(GT), but in the main loop oDFS, consider the vertices in order of de-
creasingf [u]. Fourth, produce as output the vertices of each tree irDHseforest
formed in point 3 as a separate strongly connected component

In our implementation of SCC, shown below, we avoid actuapgrtransposition
by requiring one strateggs for computing forward edges from a node, and another,
res, for computing reverse edges. We also combine the third @undtf step by using a
modifieddfs, called,dfs-collect, which collects each set of SCCs into a list during
the third step.

dfs-collect(l : a * a -> a, es) =
phase(all({|C: dfs-collect(l,es|0) ; bagof-C|}))

dfs-collect(l : a * a -> a, es | n) = 7r~_
; wrap-phase-ref (where(es => edges) ; where(1(|r) => label)
; where(<all(dfs-collect(l, es | <inc> n))> edges) ; !label)

sort-fundefs =
sort-list(LSort(where((?r;!"r; FinishTime,?r’;!"r’; FinishTime); gt)))

collect-components(|r) = rules(C :+ _ -> r)
inc-time = (Time <+ !'0) => n ; where(inc => n’; rules(Time: _ -> n’))
time-count(|n) = ?x; where(inc-time => n’); rules(FinishTime: x -> n’)

scc(l : a * a > a, es, res) = {|FinishTime, Time:
dfs(1, es)
; sort-fundefs
; dfs-collect(collect-components, res)
; filter(not(?[1)) I}

The current time is maintained in tlEime dynamic rule, and the finishing time in
FinishTime. Ourscc should normally be called with theime-count strategy as its
first argument, but the user is free to adapt this.

4.1 Finding Mutually Recursive Functions

Suppose we want to use SCC to compute sets of mutually reeuisictions. Then,
each node in the graph is a functign The outgoing edges of are references to the

11



functionscalled byf. The incoming edges gf are references to the functiocalling f.
This graph is what was computed byl1-graph, discussed in Sec. 3.2. The following
strategies may used for edge computations.

calls-as-outbound collect(\ Call(_,_,x) -> x \)
calledby-as-outbound = collect(\ FumDef(_,_,_,x,_) -> x \) ; concat

Applying scc(time-count, calls-as-outbound, calledby-as-outbound) to
a list of references to all functions in a program, say Fig) 1\ill produce the cliques
(a,b,e), (f,9) and(c,d, h).

4.2 Lazy Graph Loading

Instead of binding terms to references, strategies may bedimstead. When a refer-
encer with the strategys bound to it is dereferenced,is invoked, and the resulting
term is taken as the term value for We call this anactive referencesince it has a
strategy (i.e., function) attached to it that is activated axecuted upon dereference.
Active references are useful for term (graph) rewritingasfer terms, especially when
doing sparse analyses on larger bodies of program code.atfitre references, terms
for programs can be loaded as skeletons. For example, atbobifunctions or classes
may be left out, and be parsed and loaded, or even generatddnmand.

5 Implementation

We have implemented a prototype of the language extensiscribed in this paper.
Our implementation is a conservative extension to the iegj$$tratego infrastructure:
Every valid Stratego program retains its behavior and tewitieout references are still
represented entirely as ATerms. References are introdasedspecial kind of term,
Ref, and we have modified the language implementation to rezegmid treat terms of
this type speciallyRefs are closely related to pointers, as found in C, and to reées
as found in Java. Unlike pointers and Java references, §bRef always starts out as
bound. It may subsequently be rebound to another term. Tubrigs from references
to terms are maintained in a global table, or more precigelg,global, dynamic rule
set. When a new reference is bound, a new rule is added to tHé/ken an existing
reference is rebound, its corresponding rule is changadgufynamic rule sets aids in
implementing backtracking behavior. For left- and guardedice, references rebound
or introduced by a failed strategy should be backtrackedreahe program proceeds.
This is implemented in our compiler by rewriting every lefftoice operator to

start-ref-cs ; sl ; commit-ref-cs <+ discard-ref-cs ; s2

Here,start-ref-cs will make a change set for the global rule setsifsucceeds, the
change set is committed and changes are keptt fails, all changes to the reference
rule set bys1 are undone.

Managing the revisitation of references in term graphstusiet for ensuring termi-
nation. Thewrap-phase-ref mentioned earlier is responsible for this.

wrap-phase-ref(s) = 7rORef(_) < seen-before < id
+ where(<phase-deref> r; s; bind-ref(|r)) + s
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wrap-phase-ref iS implemented using guarded choice < s, + s3, which works

as follows. Ifs; succeedss. will be applied to the resulting term. If it fails;; will be

applied to the initial term. lirap-phase-ref (s) is applied to terms is applied and

we are done. When at a referenceve first useseen-before to check if we have seen

r before. If so, we ignore (by applyingid, then returning). If not; is dereferenced and

marked, usinghase-deref, s is applied to its term, andis rebound bybind-ref.
Usingwrap-phase-ref, we can now implement new traversal primitives on refer-

ences. Let us consideall(s):

wall(s) = is-ref
< wrap-phase-ref (all(wrap-phase-ref(s))) + all(wrap-phase-ref(s))

If we are not at a referencell will be applied to the current term and any refer-
ences it has as direct subterms will be marked. If we are deaerece, we will mark,
transform then rebind it. The markers used#ryp-phase-ref can be managed using
phase(s), given next:

phase(s) = where(local-phase-ctr => pc; inc-phase-ctrs)
; start-seen-cs; s; discard-seen-cs
; where(restore-local-phase-ctr(|pc))

phase (s) works as follows: Before is applied, a new, unique, internal phase marker
is produced usindocal-phase-ctr, then the counter is increased, preparing for the
next invocationstart-seen-cs enters a new “scope” for this marker. The counter is
maintained in a dynamic rule defined insitlecrease-phase-ctrs, and is later used
by phase-deref andseen-before. Onces completes, all markers will be discarded.
Our implementation has not yet been tuned for performandeleMe have used
Stratego’s dynamic rules for implementation convenieneonly rely on the ability of
dynamic rules to provide hash tables with change sets. Icuh@nt implementation,
reference lookup time is linear in the depth of choices onsthek. A more efficient
implementation of hash tables with change sets is likelyrprove performance.

6 Redated Work

Term graph rewriting theory is an active field. For an intretibn and summary, se@]|

A calculus for rewriting on cyclic term graphs has been pembin [?]. Many systems
exist for general graph rewriting, such as PROGRE|Sahd FUJABA [?]. Few term
graph rewriting systems for practical applications ex#®PS [?] and Clean P] are
a notable exceptions. Claessen and Saffddgscribe an extension to the Haskell lan-
guage which adds references with equality tests. Theirigdabetter describe circuits,
which are graph structures with cycles, in a purely funaidanguage. Their refer-
ences are immutable once created, unlike ours, makingtnegymore difficult express.
Lammel et al P] discusses how strategic programming relates to adaptivgram-
ming, a technique found in aspect-oriented systems foetsiivg object structures.
They show how traversal strategies may be implemented fdiccstructures, such as
graphs, by keeping record of visited nodes. Our phasedrgaleeexpand upon this
by allowing nested, overlapping traversals and fine-gchoantrol of visitation mark-
ing. Our implementation shares some features with monadgrpmming. Monads are

13



sometimes described as patterns for using functions terimastate without mutation,
and are described by Wadle?][ In our implementation, dynamic rules are the func-
tions used to transmit the state, namely the internal grafgrences. Some functional
languages, such as Cled?,[are implemented as rewriting systems with implicit term
graphs. Functions in Clean are graph rewrite rules on thenyidg term graph. In
our language, the choice between term and term graph regvatid their correspond-
ing tradeoffs is not fixed, but rather left to the programmer.important goal for our
language extension is to better capture graph-like progegresentations, and to of-
fer convenient transformation capabilities for these. ilaxcellent and general graph
libraries exist, and we are not aiming to replace these.

To the best of our knowledge, no other term graph rewritirgjesy supports strate-
gic term graph rewriting, using rewriting strategies andeye traversals.

7 Discussion and Further Work

The construction of use-def chains, call- and flow graphsvshiwow global-to-local
problems are now local-to-local, as the remote context @&labie locally for rules
to match on. The addition of references for this purpose iaisoduces the problem
of traversal non-termination in the presence of cycles. \elshown how this can
be managed by phases. Another issue of term references iméxpected impact of
reference rebinding, in the loss of referential transpeyehhe code Sub (r~Int(2))

=> v ; !r~Int(3) will alter the value of after it is bound. Judicious use @fiprefs
can control this. Comparison of term graphs is currentlyedasing weak equality; i.e.,
comparison references in terms is done based on identitygtnature, which allows
constant time comparison. Deep comparison is availableugir the library, and is
linear in the size of the term graphs. The pattern-basedizge constructs introduced
in this paper for reference manipulation came about afy@ndrto program with only
the primitive operators create reference, bind referemcedereference. While these
primitives are still at the heart of the implementation, lo¢ation presented in this paper
make them more convenientto use. Further exploration aféls@n space is warranted.
One attractive extension is matching modulo referenceshndllows term patterns to
be matched directly on terms with references, by implictibiting references during
matching.

8 Conclusion

We have presented the design and implementation of an éxtetosthe Stratego term
rewriting language for rewriting on terms with referencasg demonstrated its practi-
cal application through the construction of several comgraph-based program repre-
sentations found in compilers. The contributions of thipgrainclude the introduction
of language abstractions for dealing with references withrule-based term rewrit-
ing language, a demonstration of how term matching, bujldind rewrite rules can
be combined with term references, how benefits of genenia teaversal can be kept
by using phased traversals to deal with non-terminationtdwyclic graphs, and how
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backtracking can be combined with destructive graph updateetain the strategic pro-
gramming flavor of Stratego. We showed how our language carsée to implement
some basic graph algorithms and how these can be appliedpib-gprased program rep-
resentations. We discussed design tradeoffs relatedrtudinting references in terms,
including traversal termination and impact of referencelbig.
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