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Abstract

Modern virtual machines for object-oriented machines yssthic (run-time) com-
pilation in order to ensure fast execution while maintajngecurity and portability
of program code. Several virtual machine implementatiosiaguthis compilation
model have been implemented and are successfully useddtigergbut to date no
formal model of program execution and dynamic compilatias been published.
This paper presents a formal framework for describing dyoalhy optimizing vir-
tual machines in the context of purely functional programgrianguages.

1 INTRODUCTION

Using virtual machines to implement high-level programming languages is quite
common today, as it promises several advantages when compared to teddition
(static machine-code compiler) approaches. The code of programsasl &toa
machine-independent format and the virtual machine provides a portadtaoe

to the applications running on it, so that applications are automatically portable
across different machine architectures and operating systems. Anoibhetant
aspect is security: the virtual machine has complete control over the apica

runs and may restrict their operation to conform to some security policy.

The main drawback of virtual machines is, when naively implemented, their
poor performance which results from safety verification of progradesand the
overhead of interpreting the portable code representation. A lot of haskbeen
done on dynamic translation from portable to machine code at run-time (just-in-
time, or JIT compilation). Virtual machines employ dynamic profiling and opti-
mization features in order to balance the time required for compilation with the
performance benefits of optimized code.

Despite the wide application of virtual machine techniques in practice, no pub-
lications which formalize aspects of virtual machines — such as dynamic analys
and transformation — are known to the author, even though most principies f
static program analysis and transformation can be carried over almdsingex.

The framework presented in this paper aims at formalizing some aspecttual vir
machines and dynamic program optimization. We concentrate on the esgence o
dynamic analysis and transformation by restricting the programs runningeon th
virtual machine to purely functional ones.
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FIGURE 1. Componentsof avirtual machine

1.1 Contributions

This paper makes the following contributions:

e We present a formal model of dynamic translation, abstracted overesourc
language, target language and execution model as well as the dynainic ana
ysis and transformation algorithms.

e In order to illustrate our model, we apply it to a well-known optimization,
namely, profile-driven dynamic inlining.

1.2 Outline

The rest of the paper is organized as follows: Section 2 gives an irioduo the
principles of virtual machines and dynamic compilation. Section 3 describres ou
formal approach to dynamic analysis and transformation. We describeihe c
ponents of the framework, their interplay and how existing transformatians c
be formulated in our terminology. In order to illustrate the use of the framework
Section 4 describes how a well-known dynamic optimization can be treated in the
proposed notation. Section 5 compares to other work and Section 6 outhisgis p

ble future extensions to the system. Finally, Section 7 concludes.

2 VIRTUAL MACHINESAND DYNAMIC TRANSLATION

In this paper, we concentrate on virtual machines which do some kind afaign
translation during the course of executing user programs. This sectimniloes
the principles of these machines and defines the terminology used thraulgaou
paper.



2.1 Virtual Machines

Figure 1 shows the basic structure of a virtual machine and its interaction with th
underlying operating system. Data flow is indicated using grey arrowsartdot
flow with black arrows.

The source progranis a program in some portable representation (e.g., Java
bytecode [LY99] or CIL code [ECMO05]), whereas tharget programconsists of
machine code which can be directly executed by the underlying machine arch
tecture (e.g., IA-32 or SPARC machine code). T™ymamic compiletranslates
source program parts (methods, functions, or basic blocks) fromceada target
language, storing it into the so-calledde cachgwhich holds the target program
fragments. The code fragments in the code cache are not requireddepmumnd to
the code fragments in the source program: the former may be superblod&suma
of several source code basic blocks, for example. Note that the eatie in real
implementations is limited in size, so th@ide cache managemeéstnecessary to
act properly when the code cache overflows. Control is transféwedthe target
program to the dynamic compiler whenever some code is to be executed which
has not yet been translated. The compiler then translates the corregpsodrce
program part and continues execution in the newly created target Thdeables
hold various information about the dynamic translation state, such as sodrce
target address mappings or profiling information. This information is addéd b
by the compiler and the target program when it has been instrumented ta collec
data about its own execution. This includes counts of function calls or log ite
tions, for example. The compiler can base translation decisions on thisiaralys
the dynamic program behavior.

The runtime systenis responsible for virtualizing machine resources such as
processes, files or network connections and provides the only irggdalce oper-
ating system.

In general, virtual machines map from expected machines to actual machines
This includes both translation and the mapping of resources. This papsdecs
only translation, because the source language is expected to absaamsurce
representations.

2.2 Dynamic Compilation

Dynamic compilation translates the input to the virtual machine (source language
to the language actually executed (target language). This procesallyadecom-
poses into two phaseanalysisandtransformation In contrast to static (off-line)
compilers, a dynamic (on-line) compiler has more information about the progra

for example certain actual input values and dynamic execution profileaddi

tional difference between static and dynamic compilers is that the former Hhprma
translate complete programs (or modules), while the latter can operate on much
smaller parts of the program. This reduces compile times and therefore aterru
tions of the user program. It also reduces compilation to the parts of thegpnog



which are executed in the actual program run. For many programs, thisigs a
advantage, since no time is wasted on the compilation of unneeded progitam pa

2.3 Feedback-driven Transformation

An important aspect in dynamic optimization is to find the parts of the program
which are most often executed and which would therefore benefit fpmssibly
expensive) optimizations. Infaedback-driverptimization architecture, the tar-
get code is instrumented so that it maintains counters of how often eaabf taet
program has been run. When a counter reaches some predefirsitbitir¢he dy-
namic compiler is invoked to perform optimization on this program part. This can
eventually happen several times through a single program run. Profifimgria-

tion can also be gathered by sampling the active code blocks at regulaalater
This incurs less overhead than counting, but is less precise and equjpport
from the hardware and/or operating system.

A complete feedback-driven (also calledaptivg optimization architecture
thus requires the collection of profiling data, a decision procedure ferrd@ing
candidates for recompilation and a run-time compiler supporting severalsnobde
code generation: at different optimization levels and with or without codeuinstr
mentation.

3 FORMAL FRAMEWORK

Based on the terminology introduced in the previous section, we will nowidesc
our formal framework in detail. First, the virtual machine model will be intro-
duced, including its components: source program, target programinilytrans-
formation and so on. After that, we will provide details about the interplay &éetw
the various components and describe how the genericity of the framewobk is
tained by abstracting over source and target languages as well dh@gepported
analyses and transformations.

In the following, we will use the following notation: a sequence of items (pos-
sibly empty) will be overlined, as iby.

3.1 Dynamic Transformation Machine

The source and target programs are written in source and target tprgguaspec-
tively. Figure 2 shows the basic structure of these languages: prog@amsst

of a (possibly empty) sequence of definitions (e.g. function definitionBhwed

by an expression, which is interpreted as the main program giving theréimalt

of running the program. The structure of expressions is not defingdam vary
between source and target languages (and often will do so dramatioakykdm-

ple for high-level source and machine target language). The identifigrsaring

in definitions are expected to be unique. The target language must define a r
duction function which takes the set of definitions and an expressionealudes



Ps = DsEs source program

Ds = x=Eg source definition

Es ::= depends on source language source expression
P = DiE target program

Di = x=Kk target definition

E; ::= depends on target language target expression
— DixE xK—=E xK target reduction

K = depends on source/target languagenowledge base

T DsxEsxK — E dynamic translation

FIGURE 2. Sourceand Target Language

some part or the whole expression to a new expression, using andlpaogxiat-
ing the knowledge base (see below). This function defines how targgtgms
are executed in the virtual machine, specifying the target languageratupeal
semantics.

A knowledge base contains analysis results, both static (compile-time) as well
as dynamic (run-time). Note that in this context, compile-time is actually part of
the run-time of the user program and interleaved with user program texechout
we keep the classic distinction and use the term run-time for the aproalctive
execution of the user program and compile-time for tien¢productiv@work per-
formed by the dynamic compiler. The structure of the knowledge base depean
the source and target language as well as on the supported analgidesneifor-
mations.

The functiont defines the compilation of source to target expressions. This
translation takes place in the context of the set of source definitions andrileat
knowledge base, so that optimization decisions can be made with respect to the
program execution so far. The translation functiotogether with the reduction
function— defines the semantics of the source language.

The overall structure of a virtual machine is shown in Figure 3. It conefsts
a source program, a target program, a target reduction function, sidraration
function, a compilation strategy and a knowledge base. The compilation gtrateg
(also shown in Figure 3) is a function which maps the virtual machine state to a
target program. The strategy decides, based on the information contaitiesl
knowledge base, which definitions should be recompiled, that is, shoutdree
lated from the source to the target program, possibly replacing alreadpileal
functions. Since the outcome of the decision might be to update (or reset) the
knowledge base, the knowledge base is also an output of this functide. tiNg
it would be possible to define this function as the identity, which means that no
recompilation would ever take place. The problem of code cache managemen



VM = (Ps,R,—,1,0,K) virtual machine
o : Psx P x1txK— PR xK strategy function

FIGURE 3. Machine Mode

mentioned in Section 2 could also be modelled by appropriately defining the strat-
egy function.

3.2 Machine Execution

The execution of a user program written in the source language poeseil-
lows:

1. The program is loaded into the machine, giving the source definitions and
main source expression.

2. The expression of the source program (the main program) is transjdtesl
target program'’s expression, using the translation funation

3. The knowledge base is initialized to be empty.

When no incremental compilation is desired, Step 2 of the program initialization
above would also translate all source definitions to corresponding tefjeitions.
After that, the virtual machine evaluates the target program using the foljowin
steps:

1. The strategy function is called in order to decide whether recompilation is
necessary, and

2. the reduction function of the target language performs one reduction.

These steps are repeated in alternation until no recompilation occurs angntbr
no reducible expressions can be found in the target program.

The delayed recompilation used in real virtual machines can be modelled in our
framework by a strategy function which compiles a definition whenever ictiete
that a reference is made to a source program definition which has nbegat
compiled. Section 4 (below) provides an example. The information needed to
detect this case is held in the set of target definitions and correspondsuocas
address to target-address mapping table as used in real virtual machines.

3.3 Modelling Common Transformations

Many commonly used program analyses and transformations can beddasing
the framework described in this section. The strategy function playsaeodes:
first, it is responsible for detecting when a source definition needs torbpilsn



reduction function

no reduction \ reduce only \ reduce and profile
< compile static compiler dynamic dynamic _
= eager'ly pompller F:ompller + profiler
S compile on incremental incremental
<, | demand compiler compiler + profiler
8 compile on incremental feedback-driven
& | demand and compiler incremental
? | recompile compiler + profiler

TABLE 1. Modelling common compilation techniques

for the first time, that is, on the first invocation, or recompiled when neeSed-

ond, it has to decide at which optimization levels the compilation should proceed.
The distinction of several optimization levels is common in real virtual machine
implementations, because optimization is mainly a tradeoff between fast compila-
tion and slow execution on the one hand and slow compilation and fast executio
on the other. Between the two extremes of compiling one definition at a time and
compiling the whole program at once, it is also possible to compile several defi
nitions at once so that possible initial startup costs of the strategy functiobeca
amortized over multiple definition compilations.

Table 1 shows the relation between various definitions of strategy anctieau
functions and how they can be used to perform some classical kinds ofleesnp
when the strategy function compiles all definitions eagerly (at progrartugjar
and the reduction function is the identity, we get the equivalent of a stafic (of
line) compiler. The two on-demand compilation schemes only make sense when
the reduction function performs useful work, therefore two of the tahtees
are left blank. By varying the strategy function to compile on demand and to
allow recompilation, and by letting the reduction function perform some useful
work or even to gather profile information, the system is able to perforramija)
incremental or even feedback-driven recompilation.

3.4 Propertiesof the Virtual Machine M odel

Since the model is simple and mainly serves as glue between the language def-
initions of the source and target language as well as analysis and traatifm
functions, most properties of the system depend heavily on the propeftibs

given languages. If properties like type preservation and progaéddadr the lan-
guage semantics, they will hold for the dynamically optimizing system as well, as
long as the used transformations from source to target language atsoyaréhese
properties. A detailed study of the machine’s properties and its interactionheith
languages implemented on top of it are topics of future research.



3.5 Genericity of the Virtual Machine M odel

Our claim is that the proposed virtual machine model is generic across multiple
source and target languages as well as the analysis and transfornigdiothans
used. The machine execution is decoupled from all these aspectst(éxctpe
minor requirements of source and target language structure given ireR2ylby
requiring them to be packaged up in the reduction, translation and strategy f
tions. Because this model is so abstract, it is not obvious how it can betaised
model real-life applications of dynamic compilation techniques. This is the measo
for presenting a concrete example in the next section, where the model iginsta
ated with concrete languages and a concrete optimization.

4 CASE STUDY: FEEDBACK-DRIVEN INLINING

The formal framework presented in the previous section will now be usextiz|

an optimization which is successfully used in practice: feedback-drivaing.
Inlining (also called procedure integration) works by replacing a function applica
tion by the called function’s definition, substituting the actual arguments for the
formal parameters in the process. This optimization avoids the overheddrut-a
tion call and return and additionally allows other optimizations to work over targe
parts of the code, thereby specializing the called function for the callinggxbn

In this section, we use the following notation: the operatioadds an element
to a sequence of definitions, overwriting any definition of the same name. The
operation| retrieves the expression of a definition with a given name. These will
be used to manipulate the target program. The notdidB, /x| stands for the
capture-free substitution of expressignfor variablex in expressiork;.

Figure 4 contains the definitions of the source and target languagesinfor
plicity and in order to concentrate on the optimization used, the languages are
identical in this example. The language is an untypezhlculus extended with
the operationzero, pred andsucc as well as with a conditional expressiafof
which tests for equality t@ero. Note that application expressions are labelled
using unique markers. This is required for referencing applicatioressjons ap-
pearing in the source and target programs.

For notational convenience, we define source and tageatiexts which are,
like expressions, identical for the source and target cases. Contexsmessions
which may contairholes(written o). Each hole stands for a position in the expres-
sion where another expression may be placed. Filling the hole in a cahteixh
an expressioft is written asC[E|. Contexts are used to select subexpressions for
reduction and their grammar essentially defines the reduction order.

The knowledge base consists of a possibly empty sequence of label/number
pairs, where the number counts the times a function application with a givdn labe
has been performed. We define the operationsnd | (introduced above) spe-
cially on knowledge bases. The addition operatipradds a label/number pair
to a knowledge base, setting the count to one if the label does not appibar in



Es == X|AX Es|Ed Es|zero|succ Es| pred Es | if0 Es Es Es

B <&

Cs = e|eEg|Vve|succe|prede|if0 ® EsEs
def

¢ =G

K = - (I,n),K

Kel = (1,1),K ifl¢K

Kol = Kl,(l,n+1),K2 ifK:Kl,(|,n),K2

KlI = 0 iflgK

KlI = n if(l,nekK

wherev ::= zero | succ V| AX. Eg

FIGURE 4. Example source and target language

(Dt, %, K) — (Dt | x,K) (r1)
(ﬁ IfO zero Eq Et2, K) — (Etla K) (I’Z)
(D,if0 (succ V) Ei1 Ei2,K) —  (Ei2,K) (r3)
(D, pred(succ v),K) — (vK) (rd)
(Dr, AX. Et1)' vo,K) —  (Eu[v2/X,K®l) (r5)

(Dy,E,K) — (E',K’) = (D,G[E],K) — (G[E'],K)

FIGURE 5. Reduction function

knowledge base and incrementing the count otherwise. The lookup opetatio
retrieves the count for a given label and returns 0 if the label doespp®tar in the
knowledge base.

The reduction function for the example target language is shown in Figutre 5
defines a call-by-value variant of thiecalculus with conditionals. Note thaticc
is actually an uninterpreted data constructor wheprad is an operation which
removes onesucc node from a value. The reduction function performs profiling
while reducing an expression: it counts applications-ekpressions by adding the
application expressions’ labels to the knowledge base. The last line of tire fig
generalizes the reduction function by stating that if some expreg&sreauces to
E’, then a context containirig reduces to the same context wheres replaced by
E.

Initial compilation and recompilation is triggered by the strategy function shown
in Figure 6. The first case handles references to identifiers whosegtide have
not yet been translated. The use of a context in the rule makes sureatedi-
nitions which will be needed are translated.

The second rule checks on function applications whether the call sitet’s “ho



0((Ds, Es), (Dt,C[x]),T,K) = (Di@ (x=1Ds [Ds | X] K),K)
it x ¢ Dy (s1)
0((Ds, Es), (D1, Cl(A. E2)'v2]), T.K) = (Dy @ (x =1 Ds [Ds | ] K),K)
wherex containd andK || > T (s2)

FIGURE 6. Strategy function

which means that it has been executed more than a predefined number of times
If this is the case, the containing definition of the function application is recom-
piled. The translation function (see below) is responsible for performimgd¢tual
inlining operation.

The translation function from source to target code is displayed in Figute 7
mainly maps source terms to their direct target code equivalents, excgmdo
sible inlining opportunities. When a function application is to be translated, the
knowledge base is consulted to find out whether the function called is an @linin
candidate. When an application expression is encountered, the tranlattion
considers several cases. When the expression in function positionaisadle,
the invocation count of the application expression is retrieved from thelkdge
base. When the number of invocations is less than threshottie application
is mapped to a target language application. Otherwise, the definition’ssexpre
sion is compiled in place of the variable. Because the definition is most certainly
a A-expression, an additional translation is used which perf@msductions at
compile time whenever the argument of an application is a variable or a simple
value. This helper translation is calledand also appears in Figure 7.

Note that in this setup, all optimizations are performed by the translation func-
tions, whereas the necessary profile data collection is done by the redfisim
tion and decisions concerning recompilations are defined by the stratectjofu
This separation of concerns is not required and other uses of thel fioamawork
could be defined differently, since the framework is sufficiently flexiblenicoele
several policies. The distribution of responsibilities between the diffexamipo-
nents chosen here allows for modular extensions of the supported optimgzatio

Figure 8 contains an example program written in the source language of this
section. The figure represents the machine state after initialization, whishstson
of loading the source program and translating the main program to the kanget
guage. The first two boxes contain the source program (both defindimhshe
main program), the third and fourth boxes contain the target program ardsh
box contains the knowledge base. The target definitions are empty dectadef-
inition has been translated yet. The knowledge base is also empty whetiexecu
starts.

Beginning with the initial state shown in Figure 8, evaluation proceeds as fol-
lows:! First, the strategy function triggers rulsl) in order to translate function

IBecause of space constraints, we do not show the complete reducjitense here.



1 Ds [X] K = X

T Dg [zero] K = zero

T Ds [Ax. E] K = M 1Ds [Es] K

TDs [X Eg] K = (1Ds[X]K)' (t1Ds[Eo] K)  ifK|I<T

1D;s [X Eo] K = T [(tDs [Ds | x] K)' (1 Ds [E] K)]
ifK|I>T

1 Ds [Ey Eo] K = (tDs [Ea] K)' (1 Ds [Ex] K)

T Dg [succ Eg] K
T Ds [pred Eg] K

succ (T Ds [Eg] K)
pred (T Ds [Es] K)

T Ds [if0 Est E Eg] K = if0 (1 Ds [Ex] K) (T Ds [Ex] K) (T Ds [Ess] K)
T Et — Et

U [(Ax Ea)' ] = Euly/¥

T [(AX. Eyp)' zero] = Eulzero/X|

T [E] = E if Eis complex

FIGURE 7. Transformation rules

f = An.if0 nzero (f (g% n))
g = Ac.predc
13 (succ (succ zero))

13 (succ (succ zero))

|

FIGURE 8. Example program

f, becausd is a free variable in reduction context and has not yet been translated.
This results in a state where functiérhas been translated to target code.

f An. if0 nzero (f'1 (g2 n))
g AcC. pred €

13 (succ (succ zero))
f

13

= An.if0 nzero (f (g n))
(succ (succ zero))

|

Following several applications of reduction rules, the machine collectsirafiion
about the active function applications in the code, resulting in the followirig:sta




f = An.if0nzero (f (g n))
g = Ac.predc

13 (succ (succ zero))

f = An.if0 nzero (f'I (g n))
g = Ac.predcC

zero

[11=112=213=1,

We suppose that the recompilation threshbldas been set to 2. In this case, the
presence of the entf2 = 2 in the knowledge base causes a recompilation of the
function containing call sité2, which happens to b&. The translation functiom
uses the profiling data in the knowledge base and finds that calPsgehot” and
should be inlined. The resulting machine state after applying (s2gis shown
below:

f An. if0 n zero (f'* (g% n))
AC. pred €

succ (succ zero))

An. if0 n zero (f'™* (pred n))

AC. pred ¢

g
f|3
f
g

zZero
[ 11=112=213=1,

—

In this simple example, there is no performance win because the prograierhas
minated before it could use the improved definition, but for larger inputs to the
function f, each following application of will be faster because functiagmhas
been inlined. Additionally, it would be possible to purge the definitioy fiom

the target program definitions because it is not needed anymore, dwisgrup
memory to be used for other function translations.

This example of using our framework for defining a dynamically optimizing
system illustrates the flexibility of our approach. Other optimizations could be
easily added by appropriately extending the strategy and/or translatioticius
By adapting the reduction function, other profile data could be collected sewi
as the basis for optimizations.

An obvious limitation of the optimization presented in this section is that it can
only inline functions which are called using the name of their top-level definition
(first-order calls). This problem can be solved by applying so-cagiledded inlin-
ing. Instead of inlining only functions known to be called at certain call sites, the
reduction function collects information about which set of functions allectat a
given call site and counting how often each member of this set has beeh ddike
“hottest” function (e.g., with the highest call counter) can then be inlineal;dpd
by a conditional which tests whether the called function is indeed the expewted
If itis, the inlined code is used, otherwise the function call is performed.



5 RELATED WORK

A comprehensive description of virtual machines can be found in Smith aird N
[SNO5], who treat both low-level (binary and hardware) and higlelléanguage
virtual machines. Examples of low-level virtual machines are binary tramsla
[CH97], binary optimizers [LD97, BGAO3] and co-designed hardvsofware
systems which execute machine code on different processor architeosing
integrated translation software [EA96, DGB3]. High-level virtual machines
provide additional services for user programs, such as abstractermuachine
resources, garbage collection and multiple threads of execution [LYORUB].

An earlier approach of portable code files and load-time compilation was tthat o
Franz [Fra94] for the Oberon system. The portable code files arellgiotoan-
pressed abstract syntax trees which are compiled when a module is lo&aled in
the system. The Self system also relies heavily on dynamic compilatiol®4H

and pioneered aggressive feed-back directed optimizations. Self isaanitally
typed object-oriented language where all operations are dispatchedhabaily,

and thus requires good optimization in order to execute efficiently. For siredar r
sons, but not as aggressively, Deutsch and Schiffmann [DS84]used dynamic
compilation in their Smalltalk implementation.

The design of the formal model was inspired by several virtual machate-ar
tectures for the Java programming language. The Jatapetual machine (later
renamed to Jikes RVM) at IBM [BCM9, SOT 00] first introduced the notion
of acontroller, which is the component making optimization decisions based on a
cost-benefit model of adaptive recompilation. This component looselgsgmonds
to our strategy function and appears also in other Java VMs, such asattd¢éTS
system from Intel [ATBC 03], where it is calledProfile Manager

Arnold et al. [AFG"04] propose a model-driven policy for detecting recom-
pilation opportunities which is used in the Jikes Research Virtual Machiney Th
model both expected recompilation costs and the expected benefits ofgmmtin
mized code, basing their heuristics on the compile times and profile data collected
up to that point in execution. This seems to be the only published attempt toeaptur
aspects of dynamic optimization systems formally.

Wakeling [Wak98] used dynamic compilation of a lazy functional language in
order to reduce the memory requirements of compiled code. In his systekelHas
source code is compiled to a compact intermediate format prior to executian and
dynamic compiler translates this code to machine code while the program is run-
ning. When the storage reserved for compiled code is exhausted, aliledropde
is discarded and required code is re-generated (throw-away compiBtiorg]).
Other uses of dynamic code generation in the context of functional lgegua-
clude those in meta programming, for example MetaML [She98], which ddes no
require but benefits from dynamic code generation. Lee and Leor@g|Litans-
late code written in a subset of ML into programs which automatically specialize
programs at run-time. Run-time code generation as a user-level librarprwa
posed by Lomov and Moscal [LM02]. They provide a library which allavs



translation from abstract syntax trees to bytecode for the Caml system-tibre.

Other work related to the presented model includes several works onngefi
language semantics which reflect aspects of evaluation such as thesmsated
with each reduction step. Hope and Hutton [HHO5] presented how a etegiag
semantics can be derived from purely functional programs. Sand9(Fevesti-
gated cost semantics for several languages, from simple first-ordighterrorder
languages.

6 FUTURE WORK

The work presented here can only be seen as a first step towardsrttadifation

of dynamic optimization systems. Several topics for future work have besn id
tified while developing the formal model and the example optimization presented
here.

Modern virtual machines support dynamic loading of program code. This
should be included in our framework by adding some primitive mechanisnefor r
placing (parts of) the source program and triggering the recompilaticefideiced
definitions.

An important aspect is whether other language constructs besides ttepton
of adefinitionare useful enough across various source and target languathes so
they should be included into the basic framework instead of being definee in th
concrete languages used with the model. This would allow more work on tke cor
framework to be applied to all possible source and target languagegpd3aible
example is to define some general cost semantics which can be usedadicfmss
at least most) reduction-based languages. The advantage is that thiptoles
of individual analyses and transformations is moved into the general frarke
making the concrete language definitions smaller and easier to work with.

Another interesting path for future work is in lifting the restrictions on the cur-
rent framework: we would like to allow languages with more complicated seman-
tics than just reduction-based small-step semantics. Although we supposgg liftin
some of the restrictions will not impose major problems, we have not yet stitdied
in detail.

As already mentioned in Section 3, we plan to study the effect of dynamic
optimization on the properties of the programs running on top of it. Though we
expect no difficulties, since the machine is designed to be transparent tmtlieg
programs, it may be necessary to state specific requirements for thetraasbn
and strategy functions used in order to ensure this transparency.

7 CONCLUSION

In this paper, we have proposed a simple generic theoretical model cdivintat
chine execution with support for dynamic compilation and optimization. In dader
keep the model simple, we have restricted input programs to purely funidiaora



guages which can be defined using reduction. The model is generic iih dioats

not prescribe specific source or target languages and give®fretedthe analysis

and transformation algorithms used for dynamic compilation and optimization.
Using the model, we have shown how to formulate a well-known optimization

and have demonstrated the evaluation of a simple dynamically optimized program.

The easy formulation of various optimizations in a unified formal model is ex-

pected to encourage the formal treatment of such transformations anddasac

the understanding of dynamically optimizing systems in general.
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