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Abstract annotations, annotations on global variables and structure types,
. . . and alias analysis to drive dynamic compilation in C; and our
We present the design of a dynamic compilation system for C. ,.e\ious system uses intraprocedural annotations to drive dynamic
Directed by a few declarative user annotations specifying where compijation in C. Each of these declarative approaches adapts ideas
and on what dynamic compilation is to take place, a binding time ¢rom partial evaluation, expressing dynamic compilation fne
analysis computes the set of run-time constants at each prograry,n_time specialization, where static values correspond to run-time
pointin each annotated procedsreantrol Sow graph; the analysis  giate on which programs are specialized. Declarative approaches
supports  program-point-specibc  polyvariant  division and qfer the advantages of an easier interface to dynamic compilation
specialization. The analysis results guide the construction of ag,r the programmer (since dynamic optimizations are derived from
specialized run-time specializer for each dynamically compiled e annotations automaticallsather than being programmed by
region;_ the specializer supports various caching strateg_ies forhand by the programmer) and easier program understanding and
managing dynamically generated code and supports mixes olyepgging (since declarative annotations can be designed to not
speculative and demand-driven specialization qf dynar.nlc. branchggact the meaning of the underlying programs). However
successors. Most of the key cost/benebt trafierofthe binding  geciarative systems usuallyferf less expressiveness and control

time analysis and the run-time specializer are open to user controqer the dynamic compilation process than do imperative systems.
through declarative policy annotations. Our design is being

implemented in the context of an existing optimizing compiler We have developed a new declarative annotation language and

underlying run-time specialization primitives that are more
expressive, Rexible, and controllable than previous annotation-
based systems, while still being easy to use. Our system supports
the following features:

1 Intr oduction

Dynamic compilation dérs the potential for increased program

performance by delaying some parts of program compilation until
run time and then exploiting run-time state to generate code
specialized to actual run-time behavibne principal challenge and
trade-of in dynamic compilation is achieving high-quality
dynamically generated code at low run-time cost, since the time to
perform run-time compilation and optimization must be recovered
before any benebt from dynamic compilation can be obtained.
Consequently a key design issue in developing ardeetive
dynamic compilation system is the method for determining where,
when, and on what run-time state to apply dynamic compilation.
Ideally, the compiler would make these decisions automatjcesly

in other compiler optimizations; howeyéhis ideal is beyond the
current state-of-the-art for general-purpose programs.

Instead, current dynamic compilation systems rely on some form of
programmer direction to indicate where dynamic compilation
would most probtably be applied. Some previous dynamic
compilation systems, such as "C [Engleal. 96, Polettaet al. 97]

and its predecessodcg [Engler & Proebsting 94], take a
procedural approach to user direction, requiring the user to write
programs that explicitty manipulate, compose, and compile
program fragments at run time. This kind of systefierefgreat
Rexibility and control to the programmet the cost of signibcant
programmer ébrt and debugging difculty.

Alternatively, several dynamic compilation systems, including
Fabius [Leone & Lee 96],empo [Consel & No‘l 96], and our own
previous system [Auslandet al. 96], take a declarative approach,

¥ program-point-specibc rather than function-level special-
ization,

¥ support for both polyvariant specialization and polyvariant
division” (both of which have practical utility), with the degree
of specialization for dferent variables under programmer
control,

¥ intra- and interprocedural specialization, with caller and callee
separately compilable,

¥ arbitrary nested and overlapping regions of dynamically
generated code,

¥ automatic caching, reuse, and reclamation of dynamically
generated code, with cache policies under control of the
programmer

¥ automatic interleaving of specialization and dynamic execution
to avoid unbounded static specialization for terminating
programs, with the exact tradefobetween speculative
specialization and demand-driven specialization under
programmer control,

¥ automatic interleaving of specialization and dynamic execution
to delay specialization of some code until the appropriate run-
time values have been computed,

¥run-time optimizations, including constant propagation,
constant folding, strength reduction, conditional branch folding
and dead code elimination, loop unrolling and geesplitting,
and procedure call specialization.

W'th. user annotations gwd_lng the _dynamlc cpmpllatlpn PrOCESS. The next section illustrates many of the capabilities of our system

Fabius uses.functlon currying to drive dynamic comp[latlon, iNa ,sing an annotated bytecode interpreter example. Section 3

purely functional subset of ML; efpo uses function-level  yegcribes our run-time specializer and its capabilities, and then
sections 4 through 6 present our annotation language, our analysis
to compute program-point-specibc information, and our approach

* Polyvariant division allows the same program point to be analyzed for
different combinations of variables being treated as static, and polyvariant
specialization allows multiple compiled versions of a division to be

In PEPMO97 Preedings produced, each specialized for different values of the static variables.



void interp_program(int bytecodes]|]|, int arg) {
printf(O%d\nO, interp_fn(bytecodes, 0, arg));

int interp_fn(int bytecodes]], int pc, int arg) {
int stack[N], sp = 0;
make_static(bytecodes, pc, sp);
stack[sp++] = arg;
for(;;)
switch (bytecodes static  [pc++]) {
case CONST:
stack[sp++] = bytecodes static [pc++];
break;
case ADD:
stack[sp-1] = stack[sp-1] + stack[sp]; sp--;
break;

Eése LT:
stack[sp-1] = stack[sp-1] < stack[sp]; sp--;
break;

case IF_GOTO:
int nextpc = bytecodes static  [pc++];
if (stack[sp--]) {
pc = nextpc;

break;
case GOTO:
pc = bytecodes static  [pc++];
break;
case COMPUTED_GOTO:
pc = stack[sp--];
break;

case RETURN:
return stack[sp];

Figure 1: Simple Interpreter Example

int count[N];
#define threshold ...
specialize interp_fn(bytecodes, pc, arg)
on (bytecodes, pc);
int interp_fn(int bytecodes]], int pc, int arg) {
int stack[N], sp = 0;
if (++count[pc] >= threshold) {
make_static(bytecodes, pc, sp);
}else {
make_dynamic(bytecodes, pc, sp);

stack[sp++] = arg;
for(;;) {
switch (bytecodes static [pc++]) {
... [* same as above */
case GOSUB:
callee = bytecodes static [pc++];
stack[sp] =
interp_fn(bytecodes, callee, stack[sp]);
break;
}
}
}

Figure 2: Interprocedural and Conditional Specialization

to producing an (optimized) run-time specializer from the program-
point-specibc information, respectivelgection 7 compares our
system to related work, and section 8 concludes with our plans for

future work.

2 Example

Figure 1 presents a simple interpreter of a bytecode program like
those in the Smalltalk and Java virtual machines [Gotlder
Robson 83, Lindholm & #lin 97]. In boldface are the annotations

time an interpreter specialized for the particular array of bytecodes,
i.e., a run-time compiler

The main control annotation ieake_static , whose ayument

list of variables the system is to treatrae-time constantsvhen
run-time execution reaches that point. By default, the system will
apply polyvariant division and specialization as needed on all
control-Bow paths downstream of timake_static  annotation,

until the variables go out of scope, in order to preserve the run-time
constant bindings of each annotated variable. For examplp¢the
variable is annotated as static. The system will specialize code so
that, at each program point in the specialized codgaheariable

will have a known run-time constant value. The incrementsof

in theswitch  body do not cause problems, since the valygcof
after the increment is a run-time constant, if the valyzdbefore

the increment is. The loop head at the top ofdhe loop requires
additional work: our system will automatically produce a separate
specialized version of the loop body for each distinct valpe it

the loop head, in &ct unrolling the loop fully

The references to the contents of the bytecode array are annotated
as static references, implying that the contents of the referenced
memory location is a run-time constant if its address Téis
enables the system to constant-fold the switch branch within each
iteration (sincdéytecodes andpc are run-time constants and the
loaded bytecode is a run-time constant), selecting just one case arm
in each iteration and eliminating the others as dead code. All the
code manipulating thbytecodes array and the@c value itself

are also eliminated as dead, once all the interpretation overhead on
these data values is constant-folded aw@ynilarly, at each
program point in the unrolled loop tlep variable will have a
specibc run-time constant value, and so all the references and
updates tosp will be eliminated as dead code, once the index
expressions into thetack array are replaced with particular run-
time constant values. The contents ofdtaek array are not run-

time constants, as they depend on the inidij value and
subsequent input program execution.

The IF_GOTO bytecode rebinds the value p€ conditionally
based on the run-time variable outcome of a previous test. At the
meige after thef , pc may hold one of two possible run-time
constant values, depending on whi€h arm was selected. By
default, becauspc is annotated amake_static , our system

will apply polyvariant specialization to the nger and all
downstream code, making potentially two copies of thegenand
successors, one copy for each run-time constant vape &or an
input program containing a tree &F_GOTO bytecodes, this
specialization will produce a tree of unrolled interpreter loop
iterations, ref3ecting the expected structure of a compiled version of
the input program. &/ call the ability to perform more than simple
linear unrollings of loopsnulti-way loop unolling. (Our system
allows the programmer to specify less aggressive specialization
policies for static variables, to provide programmers bner control
over the trade-&§ between run-time specialization overhead and
run-time specialization benebpt.)

At each of thesspecializable mere points by default our system

will maintain a cache of all the previously specialized versions,
indexed by the values of the static variables at thagenpoint.
When encountering a specializable geeipoint during run-time
specialization, the cache will be examined to see whether a version
of that code has already been produced, and, if so, that previous
version will be reused. In the interpreter example, the cache checks
at the loop head mge have the &ct of connecting backward
branch bytecodes directly to previously generated iterations,

* Our system currently does no automatic alias or side-effect analysis,
unlike some other systems, so these annotations are necessary to achieve

we added to turn the interpreter into a program that produces at rur the desired effect.



forming loops in the specialized code as desired, and similarly tocached for later reuse) for the run-time constant values of the actual
introduce sharing of iterations if there exist other control Bow amuments. The body of the specializaterp_fn is compiled
meige points in the input interpreted program. (Our system allows as if its formal parameters were annotatednage_static  at

the programmer to specify alternative caching policies or even thatentry (The callee procedure and each of its call sites can be
no caching should be used, to provide bner control to thecompiled separatelygiven thespecialize annotation in the
programmer over this potentially expensive primitive.) shared header Pble.) This specialization has thectefof

The COMPUTED_GOTi®ytecode assigns thec variable to a streamli‘nirjg the calling sequence for speciali@SUBytecodes
dynamic expression. By default, our system will suspend program{© Specialized callees: neither thgtecodes array nor the pc.
specialization until run-time execution reaches that program point, Variable will be passed in the specialized call, and the specialized
at which point the system will resume specialization using the INterpreter for the tget function (i.e., the compiled code for the
actual value assigned fr at that point. As with specializable taget function) will be invoked directlyf the callee function is not
meige points, each sudynamic-to-static mmotionpoint has an Y&t heavily executed, then after entry theake_dynamic
associated cache of specialized versions indexed by the values c@notation will turn dfspecialization for that input procedure; all
the promoted variables, and the specializer consults this cache oPodies of infrequently executed procedures will branch to the same
previously specialized versions to see whether a previous versiorPrécompiled version of the unspecialized interpreter

can be reused or a new version must be produced. The initial . L

make_static  entry is also a dynamic-to-static promotion point 3 Run-Time Specializer

with an associated cache of versions specialized ffarelift run-

time values of the initial static variables. (Again, programmer
supplied policies support bPner control over the aggressiveness o
dynamic-to-static promotion and the caching scheme to be used a
promotion points.)

A standard issue in specialization is how aggressively to specializeQU" run-time specializer is an adaptation of the strategy for

control-Bow paths ahead of actually reaching those branches durin®©lyvariant program-point specialization of a Bow chart language
normal program execution. Aggressispeculativespecialization ~ described by Jones, Gomard, and Sestoft [Jetras93]. The main

has the lowest cost, assuming that all specialized paths willPfOCESS IS to produce specialized code fait(a generalization of -
eventually be taken at run time, but it incurs the cost of specializing® Pasic block that has a single entry but multiple possible exits)
any path not actually executed at run time, and it can lead to non-9iven thecontexti.e., the run-time values of the static variables, on
termination in the presence of loops or recursion. Alternatively €Ny to the unit. The static compiler is responsible for breaking up
demand-driverspecialization only specializes code when it can be dynamically compiled regions of the input program into units of
proven to be executed at run time, typically by suspending spemall_zatlon,_ producmg the static data structures a_nc_:l_ code
specialization at each successor of a dynamic (non-constant) brancdescribing units and their connectivignd generating the initial

in the program being specialized, resuming specialization only call to thespeC|aI|ze .functlon Wllth the initial unit and context
when that successor is actually taken. This strategy avoids non2t the entries to dynamically compiled code.

termination problems and unneeded specialization, but incurs théTheSpecialize  function brst consults a cache to see if code for
cost of suspension and resumption of specialization. Our systerthe unit and entry context being specialized has already been
allows the programmer to specify policies with variables to control produced (using the urst@aching policy to customize the cache
speculative specialization based on those variables, with the defaullookup process), and reuses the existing specialization if so. If not,
policy introducing suspension points at each specializable loopthe unit® ReduceAndResidualize ~ function is invoked to
head. produce code for the unit, specialized to the input context. The
Figure 2 extends the simple single-procedure interpreter to supporupdated values of the context at each of the program points
interpreting programs made up of multiple procedures. It also corresponding to unit exits is returned. The specialized code is
illustrates several other of our systene@pabilities, in particular ~ @dded to the cache (again customized by thesuratthing policy).

how polyvariant division can be exploited to support conditional Finally, the specializer determines how to process each of the exits
specialization, and annotations that support interproceduralof the specialized unit. Each exit edge can eithesager in which
specialization. case the successor unit is specialized right aardgzy, indicating

In the modibednterp_fn routine, acount array associates that specialization should be suspended until run-time execution
with eachpc corresponding to a function entry point the number of reaches that edge; lazy edges are implemented by generating stub
times that function has been invoked. In order to apply dynamic code at that edge that will call back into the specializer when
compilation only to heavily used functions, the programmer has executed. Points of dynamic-to-static promotion always correspond
made the originainake_static  call from Figure 1 conditional, to lazy edges between units; code is generated at these lazy edges
occurring only when the invocation count of some interpreted that will inject the promoted run-time values into the context before
procedure reaches a threshold. At the geeafter theif , invoking the specializer

bytecodes , pc, andsp are static along one predecessor but rhe caching structure for units is one of the chief points of
dynamic along the otheBy default, our system applies polyvariant - reyipility in our system. Each of the variables in the context has an
division to produce two separate versions of the remainder of thegqqqciated policy QacheAllUnchecked CacheAll

body ofinterp_fn , one where the three variables are static and cacheone, and CacheOneUnchecked |, listed in decreasing
lead to run-time specialization as in Figure 1, and one where they,rger of specialization aggressiveness), derived from user
are dynamic and no run-time specialization takes place, leading tcannotations and static analysBacheAllunchecked  variables
regular interpretation of the input at no run-time cost. are considered to be so rapidly changing that there is no value in
The specialize annotation directs the compiler to produce an checking and maintaining a cache of specializations; each time the
alternate entry point to theterp_fn  procedure to be used when unit is specialized, a new version of code is produced, used, and
its brst two parameters are run-time constants. At call sites of thethrown away For CacheAll variables, the system caches each
interp_fn  procedure where the corresponding actugliments combination of those variables for potential future reuse, assuming
are static, a specialized versioniaterp_fn is produced (and that previous combinations are likely to reckBor CacheOne

In this section we describe our run-time specializater sections
present our annotation language and describe how annotated
programs get translated down into static precompiled code and run-
time specializers. Figures 3 and 4 sketch our specializer



Specialize(unit:Unit,
context:Context,
_backpatch_addr:Addr):Addr {
/* see if weOve already specialized this unit for
this particular context */
(found:bool, start_addr:Addr) :=
CacheLookup(unit, context);
if not found then
/* need to produce & cache the specialization */
(start_addr,
edge_contexts:List<Context>,
edge_addrs:List<Addr>) :=
unit.ReduceAndResidualize(context);
CacheStore(unit, context, start_addr);
/* see how to handle each successor of the
specialized unit */
foreach edge:UnitEdge,
edge_context:Context,
edge_addr:Addr
in unit.edges, edge_contexts, edge_addrs do
if edge.eager_specialize then
/* eagerly specialize the successor now */
Specialize(edge.target_unit,
edge_context,
edge_addr);
else
[* lazily specialize the successor by
emitting code to compute the values of
promoted variables and then call the
specializer with the revised context */
addr:Addr :=
edge.ResolvePromotions(edge_context);
Backpatch(edge_addr, addr);
Emit(Opc := Specialize("edge.target_unit’,
promoted_context,
R i NULL)O);
Emit(Ojump pcO);
endif
endfor
endif
/*make the predecessor unit branch to this code */
Backpatch(backpatch_addr, start_addr);
return start_addr,;

type Context = Tuple<Value>;
class Unit {
id:int,
cache_policies: Tuple<CachePolicy>;
edges:List<UnitEdge>;
ReduceAndResidualize(context:Context)
:(start_addr:Addr,
out_contexts:List<Context>,
edge_addrs:List<Addr>);
[* Take the the values of the static vars and
produce specialized code for the unit.  _
Return the address of the start of the unitOs
specialized code and, for each successor unit,
the new values of the static variables at that
edge and the address of the exit point in the
specialized code for the unit */

}

class UnitEdge {
target_unit:Unit;
eager_specialize:bool;
ResolvePromotions(context:Context):Addr;

/* Generate code to extract the current run-time
values of any static variables being promoted
at this edge, updating the input
context and leaving the result in the
Opromoted_contextO run-time variable.
Return the address of the start of the
generated code. */

enum CachePolicy {
CacheAll, CacheAllUnchecked,
CacheOne, CacheOneUnchecked
}

Figure 3: Run-Time Specializer Part |

CacheLookup(unit:Unit, context:Context)
:(found:bool, start_addr:Addr) {
if CacheAllUnchecked I unit.cache_policies then
/* always produce a new specialization */
return (false, NULL);
else
/* first index on CacheAll values */
let cache_alls :=
elements of context  with CacheAll policy;
(found, sub_cache) :=
cache.lookup(unit.id, cache_alls);
if not found then return (false, NULL);
/* then index on CacheOne values
in nested cache */
let cache_ones :=
elements of context  with CacheOne policy;
(found, start_addr) :=
sub_cache.lookup(cache_ones);
/* no need to index on CacheOneUnchecked */
return (found, start_addr);
endif

CacheStore(unit:Unit, context:Context,
start_addr:Addr):void {

if CacheAllUunchecked | unit.cache_policies then
/* donOt store it, since we wonOt reuse it */
else

/* first index on CacheAll values */
let cache_alls :=
elements of context  with CacheAll policy;
(found, sub_cache) :=
cache.lookup(unit.id, cache_alls);
if not found then
sub_cache := new SubCache;
cache.add(unit.id, cache_alls, sub_cache);
endif
/* then index on CacheOne values
in nested cache */
let cache_ones :=
elements of context  with CacheOne policy;
[* store the new specialization in the cache,
replacing any there previously */
sau_]p_cache.replace(cache_ones, start_addr);
endi

}
Backpatch(source:Addr, target:Addr):void {
/* if source != NULL, then backpatch the branch
instruction at source to jump to target */

Emit(instruction:Code) {
/* append a single instruction to the current
code-generation point */

Figure 4: Run-Time Specializer Part Il

variables, only one specialized version is maintained, for the
current values of those variables. If the values of any of the
variables change, the previously specialized code is dropped from
the cache, assuming that combination of values is not likely to
recur The values ofCacheOneUnchecked variables are
invariants or are pure functions of other non-
CacheOneUnchecked variables, so the redundant cache checks
for those variables are suppressed. Our run-time caching system
supports mixes of these cache policies, by skipping cache lookups
and stores if any variable in the context is
CacheAllUnchecked , and otherwise by Prst performing a
lookup in an unbounded-sized cache based onCtueheAll
variables (if any), and then (if successful) performing a lookup in
the resulting single-entry cache based orheheOne variables,

in turn resulting if successful in the address for the appropriate
specialized codeCacheOneUnchecked variables are ignored
during cache lookup.

Since invoking the specializer is a source of overhead for run-time
specialization, our system performs a number of optimizations of
this general structure, principally by producing a specialized



version of theSpecialize function for each unit. Section 6

Table 1: Policies

describes these optimizations in more detail.

4 Annotations

Given the taget run-time specializer described in the previous

Policy Description
poly_divide perform polyvariant division
mono_divide perform monovariant division

section, we now present the programivigible annotation
language (in this section) and then the analyses to construct the rur
time specializer based on the annotations (in sections 5 and 6
Appendix A specibes the syntax of our annotations, expressed a

poly_specialize

perform polyvariant specialization at rges
within dynamic regions (specialization is alwa
polyvariant at promotion points)

ys

extensions to the standard C grammar rules [Kernighan & Ritchie

mono_specialize

perform monovariant specialization at ipes

88].
4.1 make_static and make_dynamic

auto_promote

automatically insert a dynamic-to-static prom
tion when the annotated static variable is pog
bly assigned a dynamic value

The basic annotations that drive run-time specialization are

manual_promote

introduce promotions only at explicit

make_static  andmake_dynamic . make_static  takes a make_static  annotations
list of variables, indicating that each of them is t.o be trgated as &cache all Specialize at mees, assuming that the context is
run-time constant at all subsequent program points until reaching _unchecked different than any previous or subsequent spe-
either amake_dynamic _annotation that lists the variable or the cialization
end of the variableOscope (which acts as an implicit — -
make_dynamic annotation). W call the region of code between | cache_al cache each specialized version atgaer
amake_static  for a variable and the corresponding (explicit or | cache_one cache only latest version at rges, throwing
implicit) make_dynamic a dynamic specializationegion or away previous version if context changes
dynamic egion for short. Because the placement of |cache one cache one version, and assume the context i§ the
make_static andmake_dynamic annotations is arbitrarthe _unchecked same for all future executions of this mer
dynamic region for a variable can have mqltlple entry points (if promote_all specialize at promotion points, assuming that|the
separatenake_static _annotatlon§ fora Va”able_mtqgether _unchecked promoted value is dérent than any previous gr
downstr_ea_m) and multlple_exn points. A c_iynamlc region can be subsequent specialization
nested inside or overlap with dynamic regions for other variables, — - -
as in the following graph fragment (static variables shown in | Promote_al cache all specialized versions at promotion
boldface): points
make_static(x): make_static(x): promote_one cache only latest version at promotion points
X,Y... | X,Y... | promote_one cache one version, and assume promoted vglue
\_ _/ _unchecked is the same for all future executions of this pro-
make_static(y); motion
e X Y lazy suspend specialization at all dynamic branchgs,
avoiding all speculative code generation
make_dynamic(x); make_dynamic(y); specialize_lazy suspend specialization at all dynamic branch
X Y e XYoo successors dominating specializablegeer
mi';e—dynam'c(y); mi';e—dy”am'c(x); points and specializable call sites, avoiding spec-
e e ulative specialization of multiple versions of
This RBexibility in form for dynamic regions is one majorfeiénce code after mges
between our system and other dynamic-compilation systems. loop_specialize suspend specialization at all dynamic branch
A convenient syntactic sugar for a nested dynamic region is| _lazy successors dominating specializable loop head
make_static  followed by a compound statement enclosed in memge points and specializable call sites, allov-
braces, for instance ing speculative specialization except where it
make_static(x, y) { might be unbounded
eager eagerly specialize successors of branches,

}
This placesnake_dynamic annotations for the listed variables at

assuming that no unbounded specialization
result, allowing full speculative specialization

each of the exits of the compound statement.
4.2 Policies

Each variable listed in make_static  annotation can have an

Our policies currently support either caches of size one or caches of
unbounded size. It is reasonable to wish for caching policies that
take an aument indicating the desired cache size. However

associated list of policies. These policies control the aggressivenespounded multiple-entry caches necessitate a non-trivial cache

of specialization, division, and dynamic-to-static promotion, the
caching policies, and the laziness policies. The semantics of thesi
policies is described inable 1, with the default policy in each
category in bold. Annotations in italics are unsafe; their use can

replacement policy over which we would want to fefr
programmer control. More generallwe might wish to provide
programmers with direct access to the various caches that the run-

lead to changes in observable program behavior or non-terminatioriime specializer maintains. é\leave the design of such interfaces
of specialization, if their stated assumptions about program to future work.

behavior are violated. All of our default policies are safe, so the

novice programmer need not worry about simple uses of run-time Th€ Polyvariant vs. monovariant specialization policy controls
specialization. Unsafe policies are included for sophisticated userswhether mege points should be specialized forfelient values of
who wish to get bner control over dynamic compilation for better a variable Bowing in along dérent mege predecessors. In

performance.

contrast, promotion points suchraake_static

always perform



polyvariant specialization of the promoted value beginning at the dereference, the programmer must state that the load instruction

promotion point. itself is a static computation, returning a run-time constant result if
. its agument address is a run-time constant. In our annotation
4.3 Common Idioms language, a memory-reference operation (a variable access, a

We designed the annotations tteef particular optimizations, such ~ pointer dereference, or an array index expression) can be prepxed
as specializing for true run-time constants (variables whose valuewith thestatic ~ keyword, indicating that the associated memory
remain invariant after initialization at run time) or multi-way loop load should be done at specialization time, assuming the pointer or
unrolling (specializing a loop along multiple dynamic paths as in array is static at that point. The programmer can use a static
Figure 1). Hence, these common optimizations can easily bedereference in this example as follows:

obtained by the use of concise idioms. For example, a region of make_static(p);

code may be specialized for the value of a true run-time constant

by using thepromote_one_unchecked policy: t /ftatlc Igfer uses of t are specialized for t Os value
make_static(x:promote_one_unchecked); at specialization time */ ...

Alternatively to conditionally unroll loops shorter than some Thestatic  prebx is a potentially unsafe programmer assertion.

threshold, the following idiom is used: Alternatively, we could attempt to perform alias and sideatf
if (n < threshold) make_static(n,i:eager); analysis to determine automatically which parts of data structures
for (i=0; i<n; i++) { are run-time constants. Unfortunatetys extremely challenging to

produce a safe yetfettive alias and sidefefct analysis for this

) . . o ) task, because the analysis would have to reason about aliasing
We achieve a substantiaffet with little annotation because the relationships over the whole program (not just within dynamic

default policies of the annotations induce the most aggressive (Saferegions) and also about the temporal order of executionfefefit

level of specializayion (poly_variant sp_ecialization and division, and parts of the program (e.g., siddeets that occur to construct the
automatic dynamic-to-static promotion).eWiave also placed @ 1 time data structures before the dynamic region is Prst entered
signibcant burden on our analyses in that they must clean Utghoyid be ignored). Soundfegtive interprocedural alias analysis
OsloppyO annotations. In this example, the programmer most likel¢or |owerlevel languages like C is an open problem and the subject
does not require automatic promotion foror i , or polyvariant ot gngoing research [on & Lam 95, Steensgaard 96], and so we
specialization forn at control-Bow meges. Furthermore, the 44 not attempt to solve the full problem as part of our dynamic
programmer annotatéswhen it is dead, and probably also does not ompijation system; our current system includes only simple, local
wish to specialize code following the loop for However the = jnformation, such as that local variables that have not had their
programmer is not penalized for specifying more powerful policies a4qresses taken are not aliases of any other expression. When
than are required, and our system uses live-variables analysis anggective alias analyses are developed, we can include them as a
performs other optimizations (e.g., unit-boundary clustering, component of our system; even so, there may still be need for
described in section 6.3) to minimize the cost of the speciPed run-gypjicit programmer annotations to provide information that the

time specialization. automatic analysis was unable to deduce. Other dynamic
Finally, note thai is a derived static variable after it is assigned compilation systems either include an analysis that operates only
zero, and no dynamic-to-static promotion bf is required. within a dynamic region and is unsafe in the face of some legal C

However the loop would not be unrollediif were not annotated  programs (€mpo), disallow side-&fcts entirely (Fabius), or rely
because we treat unannotated derived static variables as if theon the programmer to perform only legal optimizations ('C).

were set to the weakest level of specialization (monovariant sieaq of or in addition to, providing annotations at individual

_speciqlization _and divisio_n ?”d manual pr(_)motion), to avoid dereference operations, we could provide higéeel annotations
incurring run-time specialization expense without explicit user ¢ oon\o dynamic E:omponents along with variable or type
direction. declarations. For example, the p variable could be declared with a
4.4 Partially Static Data Structures type such asonstant*  rather than*, to indicate that all

o . dereferences would result in run-time constant values; the
Another common idiom is to perform a memory reference pytecodes array in the initial example in Figure 1 could be
operation (reading a variable, dereferencing a poiotendexing  declared asonstant int bytecodes[]  to indicate that its
an array) whose result is intended to be a run-time constant. Thiscontents were run-time constants, thereby eliminating the need for
occurs, for example, when manipulating a (partially) static data the four static prebx annotations on tHeytecodes —array
structure. By default, the result of a load operation is not a run-timejngex expressions in the exampleenipo follows this sort of

constant, even if its address is a run-time constaninférm our  approach, at least for beldsstfuct ~ types. This syntactic sugar
system that the loaded result should be treated as a run-timgnay pe a worthwhile addition to our system.

constant, the following code can be written: _
make_static(t); 4.5 Interpr ocedural Annotations

.= lateruses of t are specialized for t Os value *L.. Run-time specialization normally applies within the body of a

single procedure: calls to a proced®&om within a specialized

region all branch to the same unspecialized versida Bfitself

may have another specialized region in its bduy this break in

the specialized code will cause all thdatiént specialized calls of

P to mege togetheronly to be split back apart again by the cache
o i checks at thenake_static ~ annotation alP@ entry To avoid this

{n:affg.—Stat'c(t‘promOte—one—“nCheCked)' overhead, calls can themselves be specialized, branching to

..I* lateruses of t are specialized for t Osirst value */ ... correspondingly specialized versions of the callee procedure,

thereby extending dynamic regions across procedure boundaries.

This will introduce an automatic promotion and associated cache
check at each execution of the load. If the programmer knows thai
the result of the dereference will always be the same for a particula
run-time constant address, the programmer can use the
promote_one_unchecked annotation:

However the semantics of this annotation still delays specialization
until program execution reaches the dereference point the brst timeThe specialize annotation names a procedure with a given
To avoid any run-time overhead in the specialized code for thisnumber of aguments and provides a list of divisions for the



procedure. Each division lists a non-empty subset of the formal Domains:

parameters of the procedure to be treated as run-time constants; BTA ° Division ® Divisioninfo
division can _specify any o_f the same pqlicies for Ii_sted \_/ariablc_as that bjyisioninfo
amake_static  annotation can specifis described in section
6, for each division, our systesnélatic compiler produces a code- o i ) ) )
generation procedure (i.e., a generating extension) for that divisionVar ° finite set of all variables in scope of procedure being compiled
that takes the static formals agw@amnents and, when invoked on Policies ° DivisionPolicy * SpecializationPolicy

© StaticVarinfo © Promotions ~ DiscordantVars
Division © Var ® Policies

their run-time values, produces a specialized residual procedure PromotionPolicy
that takes the remainingguments of the original procedure (if MergeCachingPolicy = PromotionCachingPolicy
any), in classical partial-evaluation style. LazinessPolicy

At each call site in a specialized region to a proce@unth an ~ DVisionPolicy ® {PolyDivision, MonoDivision} o
associatedspecialize annotation, our system will search for SpecializtionPolicy ° {PolySpecialization, MonoSpecialization}
the division specibed fd? that most closely matches the division PromotionPolicy ° {AutoPromote, ManualPromote}

of actual aguments at the call site (favoring divisions listed earlier MergeCachingPolicy © {CacheAllUnchecked, CacheAll,

in P@specialize annotation in case of ties). If one is found, the CacheOne, CacheOneUnchecked}
static compiler produces code that, when specializing the call site apromotionCachingPolicy © {CacheAllUnchecked, CacheAll
run time, (1) invokes the generating extension for the selected CacheOne CacheéneUnche(’:ked}

division of P, passing the necessary run-time constagiraents,
and (2) generates code that will invoke the resulting specialize
version forP, passing any remainingguments. Thus, when the
specialized call is eventually executed, the call will branch directly Staticvarinfo ® Var ® CachingPolicy © SourceRoots
to the specialized callee and pass only the run-time variableCachingPolicy ° {CacheAllUnchecked, CacheAll,
amuments. If no division specibped Bmatches the call, then the CacheOne, CacheOneUnchecked}
general unspecialized version Bfis called. Calls td® outside of SourceRoots © Pow(Var)

any dynamic region continue to invoke the unspecialized version of
P.

dLazinessPoIicy °
{Lazy, SpecializeLazy, LoopSpecializeLazy, Eager}

Promotions °© Pow(Var)

DiscordantVars © Pow(Var)
The constant  prebx to thespecialize annotation is an LiveVars © Pow(Var)
(unsafe) assertion by the programmer than the annotated procedur oo qy/ars o Pow(Var)
acts like a pure function, returning the same result given the same o
aguments without looping forevemaking externally observable ~ Maybefvars ¢ Pow(var)
side-efects, or generating any exceptions or faults. Our system Specializations °® Proc ® Specializationinfo
exploits this information by calling a constant function from call Proc ° finite set of all procedures in scope of function being compiled
SiteS W|th a” Static @Uments at Specialization tlme and tl’eating |tS Specia"zatiomnfo o |sConstant ~ Divisions
result as a run-time constant, i.e., reducing the call rather than-,nstant ©
specializing or residualizing the call. This behavior ifedént than
simply providing a specialization division where all formals are
static, since that would leave a zergtanent call in the specialized ~ Constraints:
code whose result was a dynamic value. BTALegal(bta:BTA) ©
LegalDivisions(dom(bta)) U
" (d,)l bta.
StaticVars(i)Edom(d) U
" vl StaticVars(i).
(SourceRoots(v, i)i dom(d) U
. . vl dom(d) b
5 Analysis of the Annotations CachingPolicy(StaticVarlnfo(i)(v)) =

. . . . ) CacheOneUnchecked) U
Given the programmer annotations described in the previous Promotions(i)i dom(d) U

section, our system performs datalow analysis akin to binding time
analysis over each procedweéntrol-Bow graph representation to

compute where and how run-time specialization should be
performed. The output of this analysis is information associated T A o
with each program point (each edge between instructions in theSeparateDivisions(d, :Division, d:Division) °

{Constant, NotConstant}
Divisions © Pow(Division)

The callee procedure and any call sites can be compiled separatel
All that they need to agree on is thpecialize annotation,
which typically is put next to the procedwsestern declaration

in a header Ple.

DiscordantVars(i)i PolySpecializationVars(d)
LegalDivisions(ds:Pow(Division)) ©
" dyq,d,l ds. d;=d, U SeparateDivisions(d;,ds)

control Bow graph); the domain of the informatiBAA along with PolyDivisionVars(d,)* PolyDivisionVars(dz) U
some constraints on its form, is specibed in Figurgis output " vI PolyDivisionVars(dy). dy(v)* dz(V)

is used to produce the generating extension which invokes the runPolyDivisionVars(d:Division) °

time specializeras described in section 6. { vl dom(d) | DivisionPolicy(d(v)) = PolyDivision }

PolySpecializationVars(d:Division) °
" In our notation® constructs the domain of partial finite maps (sets of ~ {vI dom(d) | SpecializationPolicy(d(v)) = PolySpecialization }

ordered pairs) from one domain to anotltenn andrange project the StaticVars(i:DivisionInfo) © dom(StaticVarinfo(i))

first and second elements, respectively, of the ordered pairs in the mapSourceRoots(v:Var, i:Divisioninfo) ©

and applying a mapto an element iom(f) returns the corresponding if VI StaticVars(i) then SourceRoots(StaticVarlnfo(i)(v)) else &
range element. We use to construct cross-product domains. We write

D(p) to project from the producp the element corresponding to Figure 5: Domains

component domaib, and we writgp[D® v] to compute a new produgt
whose D element has valug. Pow denotes the powerset domain
constructor. Note tha®® B Pow(A" B).



The analysis computes a set of divisions for each program point.Flow graph nodes are generated from the following grammar:
Each division maps variables annotated as static by nNode ::= OpNode | MergeNode | BranchNode |

make_static  or specialize to their associated policies at EntryNode | ReturnNode

that program point. Wo divisions are distinct fifthere is some OpNode ::= MakeStaticNode | MakeDynamicNode |

variable in one division annotated with the polyvariant division ConstNode | MoveNode | UnaryNode | BinaryNode |
policy that is either not found (i.e., dynamic) or annotated LoadNode | StaticLoadNode | StoreNode | CallNode
dlfffer_ently in the other division; leISIOfl‘IS that do notfquln thg _ MakeStaticNode ::= make_static(  Var: Policies)

policies of any variables annotated with the polyvariant division = MakeDynamicNode ::= make_dynamic( Var)

policy will be meged together by the analysis. CostNode ::= Var := Const

MoveNode ::= Var := Var

For each division the analysis computes the following pieces of UnaryNode ::=Var:= UnaryOp Var
information: BinaryNode ::= Var := Var BinaryOp Var
’ LoadNode ::=Var:= * Var
¥ The analysis computes the set of static variables (run-time StaticloadNode ::=Var:= static*  Var
constants) at that program point, including both -asemotated StoreNode == * Var = Var
; / prog point, ng bot CallNode ::= Var := Proc( Var, ..., Var)
static variables and any derived static variables computed B
(directly or indirectly) from an annotated variable. The  MergeNode ::=merge( Var, ..., Var)
computed set of static variables will be used to determine which  BranchNode ::=test Var
computations and operands are static vs. which are dynamic. Ir
addition, the set of static variables is used to index into the run-
time specializer caches, and consequently the analysis als¢ RetumNode ::=return Var
computes the appropriate caching policy for each static whereVar, Const, UnaryOp, BinaryOp, andProc are terminals
variable. (For internal purposes, the analysis tracks the set olandPolicies is as debned in Figure 5.
root annotated run-time constants from which each static
variable was computed, directly or indirecths described in 5.2 Prepasses

subsection 5.3.6.) Our analyses will need to identify those program points where a
¥ The analysis computes those points requiring dynamic-to-staticvariable in the scope of analysis may be assigned. Direct

promotions of variables. Non-empty promotion sets correspond assignments as part of @pNode are clear but assignments

to promotion points for the listed variables. Promotions get through pointers and as siddeetts of calls are more ditult to

inserted aftermake_static  annotations for non-constant track. W abstract this may sidefeft analysis problem into a

variables and after (potential) assignments of dynamic values toPrepass whose output ldayDefVars, a set of variables at each

variables annotated with the auto-promotion policy program point that may be modibed during execution of the

. . ) . ) . previous node, other than the left-hand-side variable of the node.
¥ The analysis identibPes which rgerpoints require polyvariant

specialization (callediscodant meges, because at least one Our analyses will work better if they can identify when annotated
variable annotated with the polyvariant specialization policy @nd derived run-time constant variables are deaabétract the

EntryNode ::= enter Proc

has potentially dferent debnitions on dérent mege result of a live variables analysis into a prepass that computes
predecessors. The set of saiécodant variabless computed ~ LiVEVars, the set of live variables at each program poire. algo
at these mege points, and is empty at all other points. compute and abstract a similar analysisedVars, which are the

set of variables that have an earlier debnition and a later use (but
In the remainder of this section we describe the proceduremay temporarily be dead at this point).
representation we assume and the set of datal3ow analyses used

. Finally, we assume that the interprocedural specialization directives
construct this output.

have been processed and represented inSihecializations
domain that maps each annotated procedure to a set of divisions
given in thespecialize annotation and specibes whether the
We assume procedures being analyzed are represented in a standePocedure was annotated aenstant . This information is

control-RBow graph, where nodes in the graph can be of one of theas_symed to be re_plicateq at all program points, for convenience in
following forms: writing the analysis functions.

5.1 Procedure Representation

¥ an operator node such as a move, add, or call, with one5.3 The Main Analysis

predecessor and successor Figures 6, 7, and 8 debne the annotation analysisBThdamily
¥ a mege node with multiple predecessors and one sucgessor Of datafow equations debnes the information on the program
. . . point(s) after a node in terms of the information computed for the
¥ a conditional pranch.node with one predecessor and m““'P'epoint(s) before the nodétf), the helper information described in
successors, with a single operand that selects the appropriatsypsection 5.2 for the program point(s) after the nivdeuvs, and

successor edge, mds), and the evepresent specialized function informatisp).
¥ an entry node with no predecessors and a single successoA solution to the (recursive) datalow equations is the greatest
which acts to bind the procedusd@rmals upon entryr Pxpoint of the set of equations for each node in the procedure,

. _which we solve by simple iterative dataRow analysis; the top
¥ a return node with one predecessor and no successors, With glement of the lattice, used to initialize back-edges during the initial
single operand that is the procedaneult. iteration of analysis of loops, is the empty set (no divisions).

To enable our analyses to detect when potentialljereift In general, each Bow function computes a new updated set of
debnitions of a variable ng®, we assume that nger nodes are divisions from the inBowing set(s) of divisionseWemove any

annotated with a list of variables that havefadént reaching (permanently) dead variables from the set of annotated variables
dePnitions along dérent predecessors, yielding one variable in the and any (at least temporarily) dead variables from the set of run-
list for eachf -function that would be inserted if we converted the time constants, to avoid unnecessary polyvariant division or
procedure to static single assignment (SSA) form [Cyétah. 89]. specialization. Once a new set of divisions and associated



BTAgnyry: EntryNode® LiveVars® UsedVars® Specializations® BTA

BTAgnyy [enter P ] Ivs uvs sp © .
let ds = (if PI dom(sp) then Divisions(sp(P)) else &) E {A& in
Merge(lvs, { (d, (s, & A) |
dbds U
d = ForgetDeadVars(uvs, dO)U
s = { InitialBinding(v, d) | vi dom(d) }})

BTAgranch:
BranchNode® LiveVars” LiveVars® UsedVars” UsedVars

® MayDefVars” MayDefVars® Specializations® BTA® BTA" BTA
BTAgranch [test x ] (Ivsy,lvsy) (uvsy,uvs,) (mdsy,mds,) sp bta °
(Merge(ivsy, { (doupious) |
(d,i) I bta U (doyt.iour) = ProcessStmt(4, uvs,, mds,, d, i) }),

MergeA(IVSZr {‘(doutviout) |
(d,i) I bta U (dgypiout) = ProcessStmt(4& uvs,, mds,, d, i) }))

BTAvierge: MergeNode® LiveVars® UsedVars® MayDefVars
® Specializations® Pow(BTA)® BTA

BTAverge [merge(x 1,...x ) I lvs uvs mds sp btas °
let bta = E btas in

if this is a static mergthen Merge(lvs, bta)

else Merge(lvs, { (doytiout) |
)1 bta U
pvs = {X1,....x;,} G PolySpecializationVars(d) ¢ lvs U
mvs = ({X1,....Xp} - pvs) G lvs U
dout = ForgetDeadVars(uvs, d - { (x,pd)d | xI mvs}) U

lout =
if pvs = Athen i[DiscordantVars®/]
else
(v, (mp, {v})) | (v.p)I doyr U
mp = if vl pvs then MergeCachingPolicy(p)
else CachingPolicy(StaticVarlnfo(i)(v)) },

A, pvs) })

Figure 6: Flow Functions, Part |

information is computed, divisions that no longerfatifin the
policies of any variables annotated as leading to polyvariant
division are maged together into a single division. Thus the degree
of polyvariant division can vary from program point to program

point.

5.3.1 Entry Nodes

The analysis of the procedure entry node creates the initialBTAopNode IX =Ty 1.y

BTAopnode: OPNode® LiveVars® UsedVars® MayDetVars
® Specializations® BTA® BTA
BTAppNode [Make_static(x:p) 1 Ivs uvs mds sp bta °
Merge(ivs, { (dogtioud |
(d,iy1 bta U
doyt = ForgetDeadVars(uvs, d - { (xO,pD)l | xO % }E {(x,p)}) U
iout = MakeStatic(x, dq, i[DiscordantVars®4]) })
BTAopNode [Make_dynamic(x) ] lvs uvs mds sp bta °
Merge(lvs, { (doytiout) |
(d,i)1 bta U
doyut = ForgetDeadVars(uvs, d - { (xO,p0Y | xO x }) U
iout = i[DiscordantVars®/4] })
BTAopNode [X :=k ] Ivs uvs mds sp bta °
Merge(ivs, { (doggiou |
(d,i)I bta U
(doutslout) = ProcessAssignment(x, true, A& uvs, mds, d, i) })
BTAopNode [X =y 1 Ivs uvs mds sp bta °
Merge(ivs, { (doggriour) |
(d,i)1 bta U
(doutslout) = ProcessAssignment(
x, y1 StaticVars(i), SourceRoots(y i), uvs, mds, d, i) })
BTAopNode [X :=0py ]l lvs uvs mds sp bta °
Merge(ivs, { (dogtioud |
(d,iy1 bta U
(doutrlout) = ProcessAssignment(
x, y1 StaticVars(i) U Pure(op), SourceRoots(y i),
uvs, mds, d, i) })
BTAopNode [x:=yopz
Merge(ivs, { (doggriour |
(d,i)I bta U
(doutslout) = ProcessAssignment(
x, {y,z}i StaticVars(i) UPure(op),
SourceRoots(y i) E SourceRoots(z,i), uvs, mds, d, i) })
BTAopNode [X :=*p T Ivs uvs mds sp bta ©
Merge(lvs, { (doytiout) |
(d,i)1 bta U
(dout-lout) = ProcessAssignment(x, false, A& uvs, mds, d, i) })
BTAopNode [[X = static* p 1 Ivs uvs mds sp bta ©
Merge(lvs, { (doytiout) |
(d,i)1 bta U
(dout-lout) = ProcessAssignment(
x, pl StaticVars(i), SourceRoots(p,i), uvs, mds, d, i) })
BTAopNode [P :=y T Ivs uvs mds sp bta ©
Merge(ivs, { (doggriou |
(d,i)I bta U
(doutslout) = ProcessStmt(/, uvs, mds, d, i) })
n) I Ivs uvs mds sp bta °©

1 Ivs uvs mds sp bta ©

division(s), including at least the empty unspecialized division with ~ M€98(vs. { (doyvioud |

no run-time constant variables. For a specialized procedure, each ¢
annotation introduces an
additional specialized division in the analysis. For each division,
the set of run-time constants is initialized to the set of annotated
variables, with each variabteiitial caching policy taken from its

the divisions listed in thepecialize

specibpedPromotionCachingPolicy.

()T bta U
(doutrlout) = ProcessAssignment(
X,
{Y1,-¥n}l Staticvars(i) U
f1 dom(sp) U IsConstant(sp(f)) = Constant,
Eyii fy1,..yn} SourceRoots(y;,i),
uvs, mds, d, i) })

Figure 7: Flow Functions, Part Il

* We follow the conventions of dataflow analysis in solving dogatest
fixpoints and initializing information along edges to tbp of the lattice.
In this paper we do not bother to more formally define the lattice ordering
and meet operations, since we have given an explicit flow function for
merge nodes and defined the top lattice element, and simple iterative ol
worklist-based analyses need nothing more. A soundness proof for our
analysis would of course require a more formal treatment. Since the
domain of analysis is finite and each analysis function is monotonic,
termination of analysis is assured.



Merge(lvs:LiveVars, bta:BTA):BTA °
MergePartitions(lvs, Partition(bta))
Partition(bta:BTA):Pow(BTA) °
{{(d,)i bta | DivisionSelector(d) = ds } |
ds 1 DivisionSelectors(bta) } }
DivisionSelectors(bta:BTA):Divisions °©
{ DivisionSelector(d) | (d,i)l bta}
DivisionSelector(d:Division):Division °©
{ (v,p)i d|vi PolyDivisionVars(d) }
MergePartitions(lvs:LiveVars, btas:Pow(BTA)):BTA °©
{(d,)|btal btas U
d= (;Division dom(bta) U
i = FilterStaticVars(lvs, d, CDiviSiomnfo range(bta)) }
FilterStaticVars(lvs:LiveVars, d:Division, i:Divisioninfo
):Divisioninfo °©
let si = { (v, (p,rvs))l StaticVarlnfo(i) | vi Ivs }in
i[StaticVarInfo®
{ (v, (p,rvs))1 si | rvsi dom(d) } E
{ InitialBinding(v, d) |
(v, (p.rvs))i si Uvi dom(d) U ‘@(rvsi dom(d)) }]
InitialBinding(v:Var, d:Division
):Var~ (CachingPolicy ~ SourceRoots) ©
(v, (PromotionCachingPolicy(d(v)), {v}))
MakeStatic(v:Var, d:Division, i:DivisionInfo):DivisionInfo ©
if v StaticVars(i) then i
else (StaticVarInfo(i) E {InitialBinding(v, d)}, {v}, /&)
ProcessAssignment(v:Var, rhs_is_static:bool, rvs:SourceRoots,
uvs:UsedVars, mds:MayDefVars,
d:Division, i:DivisionInfo
):Division = DivisionInfo °©
if rhs_is_static
then ProcessStmt({(v,(CacheOneUnchecked,rvs))}, mds, uvs, d, i)
else ProcessStmt(4& mds E {v}, uvs, d, i)
ProcessStmt(static_assigns:StaticVarlnfo, dyn_assigns:Pow(Var),
uvs:UsedVars, d:Division, i:Divisioninfo
):Division ~ DivisionInfo °©
(doutiour) Where
ps = MayPromotedVars(d, dyn_assigns)
dgyt = ForgetDeadVars(uvs,
ForgetDynVars(dyn_assigns - ps, d))
PSout = Ps G dom(doyy)
si = StaticVarlInfo(i)
si® = si { (v,vi)l si| vl dom(static_assigns) } E static_assigns
Sigut = ProcessDynAssigns(
siO, dom(static_assigns), dyn_assigns, g,
iout = (Siout: PSout: AB)
MayPromotedVars(d:Division, vs:Pow(Var)):Promotions °
{vi vs | vl dom(d) U PromotionPolicy(d(v)) = AutoPromote }
ProcessDynAssigns(si:StaticVarlnfo, svs:Pow(Var), dvs:Pow(Var),
d:Division):StaticVarInfo ©
si- { (v, (p,rvs))i si| vi dvs U (vi dom(d) UrvsG(svsEdvs)E) }
E { InitialBinding(v, d) | vi dom(d) Ui dvs }
ForgetDeadVars(uvs:UsedVars, d:Division):Division °©
{(v,p)i d| Vi uvs}
ForgetDynVars(vs:Pow(Var), d:Division):Division ©
{(v,p)i d|vivs}
Pure(op:Op):bool ©
returns true iffop is idempotent and cannot raise an exception or fe
most operators are pureljv andmalloc are canonical impure operato

Figure 8: Helper Functions
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5.3.2 Make_Static and Make_Dynamic Nodes

The analysis of anake_static  pseudo-instruction adds a new
static variable to each of the existing divisions, replacing the
policies associated with the variable in some division if already
present. If the variable was not already a run-time constant in some
division, then the make_static instruction introduces a
dynamic-to-static promotion. Thenake_dynamic instruction
simply removes the annotated variable from each of the inBowing
divisions; as described above, this may cause divisions tgemer
and run-time static variables derived from the newly dynamic
variable to be dropped.

5.3.3 Assignment and Stoe Nodes

The various forms of assignment nodes all have similar analysis,
dependent only on whether or not the right-hand-side expression is
a run-time constant expression. Compile-time constants are
trivially run-time constants; a unary or binary expression yields a
run-time constant if its operands are run-time constants and if the
operator is a pure function (e.g., it cannot trap and always returns
the same result given the samguements). A load instruction
yields a run-time constantfifts address operand is a run-time
constant (which includes bxed values such as the address of a
global or local variable) and it is annotatedstatic by the
programmerA call to a procedure annotated by the programmer as
constant yields a run-time constant if all itsguments are. A
store instruction has no debnitely assigned result variable, only
potential side-décts as described by thMayDefVars set.

These properties are summarized into a (singleton or empty) set of
variables debnitely assigned run-time constant values and a set of
variables possibly assigned dynamic expressions (comprised of the
assigned variable if the right-hand-side expression is dynamic, as
well as any variables in thdayDefVars set). The debnitely static
variables are added to the set of run-time constant variables. The
possibly dynamic variables are divided into those annotated with
the auto-promote policy (which instructs the system to insert a
dynamic-to-static promotion automatically if they ever get assigned
a dynamic value), and those that arenffb-promoted, which are
dropped from the set of annotated variables and the set of run-time
constants, if present in eithéAs with the analysis of any node,
dropping variables from the set of annotated variables can cause
divisions to mege.)

5.3.4 Merge Nodes

Ignoring the debPnition and analysis of static gesr for the
moment, the analysis of a ngernode must deal wittiscodant
variablesthat have potentially diérent debnitions along @#rent
predecessors (these variables were identiped by a prepass and
stored with the mege node, as described in section 5.2). For those
discordant variables that the programmer annotated as run-time
constants with a polyvariant specialization pqlitye analysis will

mark this mege as a discordant nggrin those variables, triggering
specialization of the mge and downstream code. Any other
discordant variables are dropped from the set of annotated variables
and run-time constants, if present. (As usual, this dropping of
variables from the annotated set may cause divisions tgemer
Derived run-time constants are implicitty monovariantly
specialized, since they were not explicitly annotated as
polyvariantly specialized by the programm@&he caching policy

for all discordant variables at the reris set to those variablesO
meige caching policy

Static meges are m@es where at most one of the ge®
predecessors can appear at specialization time, because the
predecessors are reached only on mutually exclusive static
conditions. Since only one predecessor will be specialized, the
memge node wori@ctually mege any branches in the specialized



code; hence each of the input divisions is passed throughThe lattice meet operatoiCpjyisioninfio ©Over elements of
unchanged without introducing any cache check points. SubsectiorDivisioninfo is dePned as the pointwise meet over its component
5.4 explains how static nges are identibed. domains, which are debPned as follows:

5.3.5 Other Nodes

The analysis of a branch node simply replicates its incoming
information along both successors (as always, after pbltering the se
of variables to exclude those that are no longer live along that
successor). Return nodes need no analysis function, since there a
no program points after return nodes, and we do not currently do
interprocedural Bow analysis of annotations.

siy Cstaticvarinfo SJZ ° . .
{ (v, (p,rvs)) | vl dom(si;)Edom(si,) U
P = P1 CcachingPolicy P2 U
rvs = rvs; E rvs,
where p, = if vi dom(si,) then CachingPolicy(si,(V))
else CacheOneUnchecked
p; = if vi dom(si;) then CachingPolicy(si; (v))
else CacheOneUnchecked

. . L rvs;, = if vi dom(siy) then SourceRoots(siy(v)) else /&
5.3.6 Caching Policies and Derivations of 1vs, = if vi dom(si,) then SourceRoots(si,(v)) else /& }

Static Variables R
VS1 Cpromotions VS2 ° VS1EVS;

At each program point, the analysis computes a caching policy for vS1 Cpiscordantvars VS2 °
each variable. This policy is used to control indexing into the run-

time specialize® caches of previously specialized code. Annotated 5.4 Reachability Analysis
variables at promotion points (and at the start of analysis of a
division of a specialized function) are given the tsmcibed
PromotionCachingPolicy value. At discordant mges, a
discordant variable is changed to use the varigbleO

vs;Evs,

We identify static meyes by computing astatic reachability
condition at each program point for each division. A static
reachability condition is a boolean expression (in conjunctive
: . normal form) over static branch outcomes that are required in order
Mer.geCachln_gPollcy value. ] to reach tha% program point. A static branch is a brar?ch whose test
Derived run-time constants are given acheOneUnchecked variable is identibed as a run-time constant byBffeanalysis. A
pollcy.. This ensures that unannotated run-time constants are nevestatic mege is one whose predecessors have mutually exclusive
used in cache lookups and consequently do not lead to additionagtatic reachability conditions. Reachability conditions are
specialization beyond that explicitly requested by the.USgis  computed at the same time asBTA information, since it depends
unchecked caching policy is safe as long as each derived run-timeon theBTA® division and static variable analysis and inRuences the
constant is a pure function of some set of annotated variablesga analysis® treatment of mee nodes. Further details on

which are checked during cache lookups (unless the user speciPereachability analysis can be found in an earlier paper [Auslatder
explicitly that no checking is required). An annotated variable can

be assigned a static expression, in which case it is treated (mor
efbciently) as a derived run-time constant with a
CacheOneUnchecked policy, instead of whatever caching policy
with which the variable was annotated.

Assignments to root annotated variables can break the assumption
that some derived run-time expression is a function of some set of
root annotated variables. In such a case, the derived run-time
constants need to be dropped from the set of static variables, an
annotated derived run-time constants need to be restored to thei
regular explicit PromotionCachingPolicy value. The analysis
tracks the set of root annotated variables on which a derived run-
time constant depends, and whenever a root variable is (possibly
assigned to or is removed from the division, all dependent run-time
constants are dropped (or restored to their regular caching,pblicy
roots themselves).

5.3.7 Additional Lattice Meet Operations

The Merge helper function uses the lattice meet operators for the
Division and DivisionInfo domains. The lattice meet operator
Cpivision over elements oDivision indicates how to combine
different annotations for a set of variables in the same division, and
is debPned as follows:

d1 Cpivision d2 ° .

{ (v,p) | vl dom(d;)Gdom(dy) U p =d1(v) Cpgiicies d2(V) }

Elements ofPolicies are met pointwise. Elements of individual
policy domains are totally ordered, with elements listed earlier in
the set of alternatives for a domain in Figure 5 ordered less thar
elements listed later; for example:

AutoPromote £pomationPolicy ManualPromote

Thus, the lattice meet operator for a particular policy domain
returns its minimum gument, e.g.:
AutoPromote Cpromotionpolicy ManualPromote = AutoPromote

This rule has the &dct of picking the strongest policy of any of the
memging divisions.
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al. 96].

6 Generating the Run-Time Specializer

Given the output of th8TA analysis, our compiler statically
constructs the code and static data structures that, when executed at
run time, will call the run-time specializer with the appropriate run-
time constant guments to produce and cache the run-time
specialized code (i.e., the generating extensions). The following
steps are performed:

¥ The compiler statically replicates control-Bow paths so that
each division receives its own code. After replication each
program point corresponds to a single division. Points can
begin to be replicated at entry to specialized functions
(producing several distinct functions), and at geepoints
where diferent divisions combine. Replicated paths can
remege at points where divisions cease téedifind are joined
by theMerge function.

¥ The compiler identibes which branch successor edges need to
be lazy specialization edges. Subsection 6.1 discusses this in
more detail.

¥ The compiler identibes the boundaries of the units manipulated
by the run-time specializer (described in section 3). Unit
boundaries primarily correspond to dynamic-to-static
promotion points, demotion points (where variables are
removed from the set of annotated variables), discordant
meiges, and lazy branch successor edges. The brst three cases
are cache lookup points, and the last case avoids speculative
specialization. This process is described in more detail in
subsection 6.2 belavA clustering algorithm then attempts to
meige boundaries together to minimize their cost, as described
in subsection 6.3. Thednit andUnitEdge specializer data
structures are generated at the end of this process.

¥ The compiler separates the static operati@pNodes whose
right-hand-side expressions were computed to be static by the
BTA analysis) and the dynamic operations into two separate,



parallel control Bow subgraphs; in earlier work we called these
subgraphs Oset-up codeO and Otemplate code,O respectiy
[Auslanderet al. 96]. Subsection 6.4 discusses some issues
with this separation in more detail evdpply standard compiler
optimizations, including instruction scheduling and register
allocation, to each subgraph separat@iye perform higher
level tapet-independent optimizations such as common-
subexpression elimination and loop optimizations before our
BTA analysis.) Performing these regular compiler optimizations
over both statically compiled and dynamically compiled code is
crucial for generating high-quality code [Auslandeal. 96].

¥ Finally, each uni®ReduceAndResidualize function is
produced. First, the control-Bow and the reduce operations of
theReduceAndResidualize  function are derived from the
static control-Bow subgraph, after removing all dynamic
branches from the static subgraph; this process is described ir
more detail in subsection 6.5. Then the residualize operations
are introduced by translating the operations and dynamic
branches of the dynamic subgraph into code to emit the
dynamic instructions (perhaps with run-time constant
operands) in the static subgraph. This process is described ir
more detail in subsection 6.6 beloWhe resulting subgraph
forms theReduceAndResidualize function for the unit,
and the dynamic subgraph is thrown away

Some optimizations of the calls to the run-time specializer are
discussed in subsection 6.7.

6.1 Computing Lazy Branch Successors

Laziness policies on variables indicate the extent of speculative
specialization after dynamic branches that should be performed. A
branch successor is a lazy eddet# test variable is dynamic and

at least one of the following conditions holds:

entry 1: interp_fn_bytecodes_pc(...)
4

Y
sp=0;
if (++count[pc] >=

)

entry 2: interp_fn(...)

)

sp=0;
if (++count[pc] >= ...)

unit 1

P: bytecodes,pc “bytecodes,pc \

—

7
( stack[sp++] = arg;

)

unit 2

> 3

-

discodant mege:

-

pc,sp

fstat:k[sp++] =arg;

or(;;
switch (bytec...) {
case ADD: ...

case RETURN: ...
case GOSUB: ...

switch(bytecodes[pc++])

L]

case ADD:
stack[sp-1] = ...

unit 3

case COMPUTED_GOTO]

pc = stack[sp--];

case IF_GOTO:
nextpc = bytec...
if (stack[sp--])

[

P: pc

Ia'zy

unit 4

lazy

Figure 9: Specialization Units for Figue 2

¥ Otherwise, the cache context is the pair of the set of variables

annotated with th&€acheAll policy and the set of variables
annotated with th&€acheOne policy. (The set of variables
annotated withCacheOneUnchecked do not contribute to

the cache context.)

Given the cache context and the other program-point-specibc
information, unit boundaries are identibed as follows:

¥ At least one of the run-time constants at the branch is annotatec ¥ Any point where the cache contextfdis from the cache
context at predecessor point(s) is a unit boundamyce
different degrees of polyvariant specialization or of cache

with theLazy policy.

¥ The branch successor eddetermines executiofas debned
below) of a predecessor edge of a later discordargenerde

retention can occur

where at least one of the discordant variables is annotated witt ¥ A non-emptyPromotions set at a program point corresponds
to a dynamic-to-static promotion point, and introduces a unit

the SpecializeLazy policy.

¥ The branch successor edge determines execution of a
predecessor edge of a later discordant loop heademmerde
where at least one of the discordant variables is annotated witt
the LoopSpecializeLazy policy.

boundary

¥ A non-empty DiscordantVars

list corresponds to a

specializable mege point, and induces a unit boundary

¥ Each edge labelled as a lazy edge introduces a unit boundary

¥ The branch successor edge determines execution of a later caln addition, units are constrained to be single-entry regions, so if
to a specialized division of a procedure, and some run-time any units would otherwise have multiple entry points, additional
constant live at the call is not annotated withEager policy. unit boundaries are inserted at control-Row gasrof paths with
We say that a branch successor edge determines execution of different unit entries. It is possible for a program point to be a
program point ifthe edge is postdominated by the program point, boundary in more ways than one; only a single boundary results.
but the branch node itself is not, i.e., the branch successor is (onThe UnitEdge data structure records whether each unit edge
of) the earliest points where it is determined that the downstreamshould be specialized eagerly or lazily unit boundary is eager
program point will eventually be executed. unless it is a promotion point (which must be suspended until the
Once the dominator information relating program points is computed run-time value is available) or a lazy edge.
computed, a linear scan over the dynamic branches, discordanFigure 9 illustrates the units (shown in gray) that are identiped for
memges, and specialized calls serves to compute the lazy edgehe interpreter example in Figure 2. The two entry points
information. correspond to the specialized and unspecialized divisions of the
. - . interp_fn  function. The unspecialized entry point and the false
6.2 Unit IdentiPcation branches of both the specialized and unspecialized versions of the
Each interaction with the run-time specializércluding cache conditional-specialization tests lead to unspecialized, statically
lookup points and demand-driven specialization points, introducescompiled code. Demotions (indicated by of bytecodes and
a unit boundaryTo identify the boundaries based on cache lookup pc are required on the edge from the specialized test.
points, we brst compute tliache contexat each program point  The specialized entry point begins unit 1, and the true branches of
from the set of static variables at that point, as follows: the tests mee at the code to be specialized forming unit 2, which
¥If any static variable is annotated with the is created due to the dynamic-to-static promotion (indicatefd) by
CacheAllunchecked policy, then the cache context is the of bytecodes andpc on the edge from the unspecialized test.
special markereplicate. Unit 3, which contains the loop body to be specialized, is created
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becausec andsp, which have debnitions both inside and outside separately in the clustering algorithm, running the clustering
the loop, are discordant at its head. A promotiopafs required algorithm three times, one for each class of boundarynore

on the back edge from tHeOMPUTED_GOTease afteipc is sophisticated strategy would allow eager caching to be combined
assigned a dynamic stack location. The successors of the dynamiwith lazy caching, and lazy edges to be combined with lazy
branch in thelF_GOTO case are madkazy as required by the  caching, only avoiding mging eager caching with lazy edges.
(default)loop_specialize_lazy policy because the branch . . . .

determines execution of @fent paths to the discordant loop head. 6.4 Separating Static and Dynamic Operations

The false branch extends to the loop head so no new unit isgqr most straight-line operations, it is clear whether the operation is
required, but the true branch creates the fourth unit. static or dynamic. Howevecall instructions are trickier
The discordant loop head will include a specialization-time cache y a call to a regular unspecialized function (or to the

lookup, the edges carrying promotions will correspond to run-time  nspecialized version of a specialized function) is treated as a
cache lookups, and the lazy edges will become one-time call-back: dynamic operation and appears only in the dynamic subgraph.

to the specializer ¥ A call to aconstant  function with static yjuments is treated
as a regular static computation, appearing only in the static
subgraph.

¥ A call to a particular specialized division of a function has both
static and dynamic component® mplement this, the call
operation is split into two separate calls, one static and one
dynamic. The static version of the call invokes the statically
compiled generating extension for the selected division of the
callee, taking as guments the staticgmments (as determined
by the division of the callee), and returning a static procedure
address. This is followed by a dynamic call invoking the static
procedure address and passing the remainiggneents to
produce a dynamic resulfThe static call will be moved to the
static subgraph, and the dynamic call will appear in the
dynamic subgraph.

6.3 Clustering Unit Boundaries

A unit boundary introduces run-time specialization overhead, to
package up the run-time constant context from the exitingsunitO
ReduceAndResidualize function, to execute the run-time
specializer and any cache lookups, and to invoke tlgettgnité
ReduceAndResidualize  function (unpacking the tget®run-

time context). In some circumstances, series of unit boundaries car
be created with little if any work in between, for instance when a
series of annotated static variables become dead, leading to a seri
of demotion points and corresponding unit boundaries.

To avoid excessive unit boundaries, we attempt to combine
multiple boundaries whenever possiblee Wave developed a
boundary clustering algorithm that works as follows:

¥ First, for each boundarywe construct the range over the Control-Bow nodes including branches and gaerinitially are
procedure where that boundary can be moved legally replicated in both the static and the dynamic subgraphs. Later
Discordant-mege and lazy-edge boundaries cannot be moved, transformations will address them.
so their range is a single program point. Promotion and . o . .
demotion boundaries can move to any control-equivalent 8-5 Linearization within Units

[Ferranteet al. 87] program point bounded by earlier and later QOnce each unit has been identibed and split into separate static and
uses of any promoted or demoted variable, except thatdynamic control-Bow subgraphs, the control-Row structure of the
promotion points cannot move above earlier depnitiorss. W ynit® ReduceAndResidualize  is computed from the static
delay inserting the single-entry-producing unit boundaries until sybgraph. Static and dynamic branches in the unit recefeeedit
after all the other boundaries have been clustered, so they direatment. A static branch is taken at specialization time, and does
not participate in the clustering algorithm. not appear in the dynamically generated (residual) code; similarly

¥ Second, we sort the boundary ranges in increasing order of theilonly one of its successors produces dynamically generated code.
ends, and then we make a linear scan through this sorted listConsequently a static branch appears as a regular branch in the bPnal
We remove the range that ends Prst in the list, remove all otheilReduceAndResidualize function, selecting some single
ranges that overlap with the pbrst range, and Pnd the intersectioisuccessor to pursue and residualize. A dynamic branch, on the other
of these ranges. This resulting intersection is the programhand, is emitted as a regular branch into the dynamically generated
region where all of these boundaries can be placedpnéfer code, and both its successors must be residualized. Conseguently
earliest possible points for demotions and later points for no branch appears in tRReduceAndResidualize function at
promotions, as these will reduce the amount of specializeda dynamic branch, and the successors of the dynamic branch are
code. V¢ choose either the start or end of the intersection range linearized instead. The following diagram illustrates how the
based on the relative mix of promotions and demotions, and dynamic branches are linearized:
insert a single boundary for all the med ranges at that point.
Then we continue processing the sorted list of boundary ranges
until the list is exhausted.

We have proved that this algorithm for coalescing boundary ranges
is optimal, given the restricted kinds of ranges produced in the brsi
step (the restriction to control-equivalent program points is key).

Different kinds of boundaries incur fifent kinds of costs. Eager

boundaries incur cost only at specialization time. Lazy-edge
boundaries incur cost at run-time, but only once the prst time that
boundary is executed, since the edge is patched to branch directl
to the specialized successor code when brst invoked. Promotior

boundaries require run-time cost each time they are executed. W*
do not wish to cluster boundaries with fdient kinds of cost
together if that would increase overall expense; for example, we do
not wish to cluster an eager cache lookup boundary with a lazy edge
to form a lazy cache lookup that would incur run-time cost at each
execution. A simple strategy is to treat each kind of boundary
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Some other systems, such as Tempo, perform interprocedural binding
time analysis and so can deduce that the result of the a specialized function
is static. If we were to extend our system to support interprocedural
analysis of annotations, then the static half of the call would return both a
procedure address and the static result value, and the dynamic half would
return no result and be invoked only for its side-effects.



In the presence of arbitrary unstructured control Bow of mixed additional division or specialization possible within the
static and dynamic branches, this linearization process may require ~ function, except for some limited support for loop unrolling.

data structures and overhead. Details of our linearization algorithm  ynstructured control-Bow graphrfipo converts all instances
are available in an expanded version of this paper [@tait97]. of unstructured code to structured form [Erosa & Hendren 94,
Conselet al. 96], which introduces a number of additional tests
and may also introduce loops.

To produce the bnal code for a unR@duceAndResidualize ¥ Our system allows dynamic-to-static promotions to occur
function, we take the linearized static control-Bow graph which within dynamically compiled code. €mpo requires such
computes all the static expressions and blend in code to generatetr  promaotions to occur only at the entry point.

dynamic calculations with the appropriate run-time constants yQur system allows the programmer to specify policies to
embedded in them.oTaccomplish this, our system maintains a control division, specialization, caching, and speculative
mapping from each basic block in the dynamic subgraph to a set of  gpecialization. #mpo does not provide user controls; the client

apart static and dynamic operations, the mapping is created witt  ggsired.

each dynamic block mapping to its single static counterpart. The
mapping is updated as the static subgraph is linearized and som
blocks are replicated, and as the subgraphs are optimized throug
instruction scheduling. ol integrate the two subgraphs, for each
dynamic block, code is appended to each corresponding static blocl
to emit the instructions of the dynamic block, after the static code
has computed any run-time constants used in the dynamic
instructions.

6.6 Integrating Dynamic Code into Static Code

¥ Our system relies on the programmer to annotate memory
references as staticempo performs an automatic alias and
side-efect analysis to identify (partially) static data structures.
Tempo® approach is more convenient for programmers and
less erromprone, but it still is not completely safe, relies on the
programmer to correctly describe aliasing relationships and
side-efects of parts of the program outside of the module being
specialized, and may benebt from explicit user annotations

The code to emit a dynamic instruction embeds the values of any  wherever the analysis is overly conservative.

run-time constant operands into the generated instruction (either a: y oyr system supports separate compilation while still being able

a short integer immediate Peld or as a load from a global table to ¢ g specialize call sites and callee functioremppo requires the

scratch register for Ige integers, Roating-point numbers, and whole module being specialized to be analyzed and compiled as
pointers). The emitting code also performs any peephole a unit.

optimizations of the generated instruction based on the run-time
constant value, such as replacing multiplications by constants with
sequences of shifts and adds.

¥ Our system is currently under constructionenmpo is
implemented and usable.

Fabius [Leone & Lee 95] is another dynamic compilation system
6.7 Optimizing Specializer Interactions based on partial evaluation. Fabius is more limited than our system
or Tempo, working in the context of a Prst-ordaurely functional
subset of ML and exploiting a syntactic form of currying to drive
dynamic compilation. Only polyvariant specialization at the
granularity of functions is supported. Given the hints of curried
function invocation, Fabius performs all dynamic compilation
optimizations automatically with no additional annotations; by the
same token, the tradefsfinvolved in the dynamic compilation

Each initial promotion point entering a dynamic region is

implemented by generating a static call to the run-time specjalizer
passing the run-time values of the cache context at that progran
point. Section 3 described the run-time specializer as if a single
general-purpose specializer took control at this and all other unit
boundaries. Our system optimizes this pedagogical model as

follows: process are not useontrollable. Fabius does little cross-dynamic-
¥ The Specialize function is specialized for eaclnit statement optimization other than register allocation, since, unlike
amgument. All the run-time manipulations of thénit and our system, it does not explicitly construct an explicit dynamic
UnitEdge data structures are eliminated, the wsnit® subgraph that can then be optimized.
ReduceAndResidualize function is inlined, and the

Compared to our previous system [Auslaneteal. 96], our current

system has a more Rexible and expressive annotation language,

support for polyvariant division and better support for polyvariant
CacheAllunchecked, then the cache lookup and store calls  gpaialization, support for nested and overlapping dynamic regions,
are omitted. support for demand-driven (lazy) specialization, support for

¥ Calls to theSpecialize function corresponding to lazy interprocedural specialization, a much moreocéént strategy for
edges with no change in cache context or promotions areand optimizations of run-time specialization, and a more well-
dynamically overwritten to be direct jumps (or fall-throughs) to developed approach to caching of specialized code.

the dynamically generated code for thgémunit. Outside the realm of dynamic compilation, other partial evaluation
¥ Demotions corresponding to the ends of dynamic regions aresystems share characteristics with our system. In parti€Hanix

processing of outgoing lazy unit edges is inlined. If the cache
policy for any of the unifO context variables is

compiled into direct jumps to statically compiled code. is a partial-evaluation system for C that provides program-point
polyvariant specialization [Andersen 92], but not polyvariant
7 Comparison To Related Work division. C-mix copes directly with unstructured code, but it

appears to lack reachability analysis to identify staticgeeer
Tempo [Consel & No‘l 96], a compile-time and run-time [Andersen 94]. C-mix also includes support for automatic
specialization system for C, is most similar to our system. The twointerprocedural call graph, alias, and sidieefanalysis, although
differ chieBy in the following ways: partially static data structures are not supported.

¥ Our system may produce multiple divisions and specializations Schism® blters permit choices about whether to unfold or
of program points, with the degree of division and residualize a function and whichgaments to generalize, given
specialization varying from point to poinefipo supports only  binding times for the functioa(arameters [Consel 93]. Because
function-level polyvariant division and specialization, with no Pblters are executed by the binding-time analysis, only binding-time
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information can be used to make decisions. Our systemOcapabilities of run-time specialization in the forms of arbitrary and
conditional specialization can use the results of arbitrary static ornestable dynamic-to-static promotion and demand-driven
dynamic expressions to control all aspects of run-time specialization.

specialization. Filters can be used, for example, to prevent\ye are currently in the process of implementing this design, in the
unbounded unfolding and unbounded specialization. Bdtlinef context of the MultiRow compiler [Lownegt al. 93]. Once

partial evaluators, such as Schism, and on-line specializers, such complete, we plan to focus on gaining experience applying
Fuse [Weiseet aI.91],.Iookfor dynarrluc.cor}dltlonals as a signal that dynamic compilation to sizeable, real application programs and
unbounded unfolding or specialization could occur and extending our system to provide some form of automatic alias and

specialization should be stopped. Run-time specializers have argjje efect analysis, interprocedural binding-time analysis, and
additional option, which is to temporarily suspend specialization gqditional run-time optimizations.

when dynamic conditionals are found in potential cycles and insert
lazy callbacks to the specializes our system does. Acknowledgments
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Appendix A Grammar of Annotations

statement:
... [*same as in regular C */
make_static ( static-var-list) ;
make_dynamic ( var-list) ;
make_static ( static-var-list)

static-var-list:
static-var
static-var, static-var-list
static-var:
identifier
identifier policieg

policies:
policy-list

policy-list:
policy
policy, policy-list

policy:
division-policy
specialization-policy
promotion-policy
merge-caching-policy
promotion-caching-policy
laziness-policy

division-policy:
poly_divide
mono_divide

specialization-policy:
poly_specialize
mono_specialize

promotion-policy:
auto_promote
manual_promote

merge-caching-policy:
cache_all_unchecked
cache_all
cache_one
cache_one_unchecked

promotion-caching-policy:
promote_all_unchecked
promote_all
promote_one
promote_one_unchecked

laziness-policy:
lazy
specialize_lazy
loop_specialize_lazy
eager

var-list:
identifier
identifier, var-list
external-definition:
/* same as in regular C */
specialize-definition

specialize-definition:
constant o specialize
on specialize-list

identifier (

specialize-list:
( static-var-list)
( static-var-list) , specialize-list
expression:
... I*same as in regular C */
static * expression

primary:
... I*same as in regular C */
static identifier
primary static [
Ivalue static .
primary static ->

expressior]
identifier
identifier

compound-statement

var-list)



