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Abstract
Dynamically-typed languages rely on just-in-time (JIT) com-
pilation for execution performance. Meta-compilation sys-
tems such as GraalVM’s Truffle language implementation
framework have reduced the effort needed of enabling JIT
compilation to implementing an interpreter. But dynamic
languages are increasingly used in scenarios where ahead-of-
time (AOT) compilation would be preferable, for instance, for
faster startup or to avoid the memory cost of JIT compilation.
Therefore, we plan to extend meta-compilation systems to
also support AOT compilation.

For successful AOT compilation of dynamically-typed lan-
guages, we need an extensive and robust type analysis. In
this position paper, we present first ideas for a framework
with an extensible core analysis that will enable us to extract
type flow semantics from an interpreter implemented in a
meta-compilation system. To achieve the precision needed
for fast machine code, we will need to include heuristic anal-
yses. For this, we envision a plugin system that allows us to
integrate various different heuristics into a singular unified
analysis. Combining analyses in this way can produce results
that are better than the sum of their parts.

While this is a very ambitious goal, given the complexity
of compiling dynamic languages, we believe we can achieve
better-than-interpreted performance for programs with rea-
sonable behavior. Furthermore, to support the full language
semantics we keep a general interpreter as a fallback.

CCS Concepts: • Software and its engineering → Com-
pilers; •Theory of computation→ Program analysis; Type
structures.

Keywords: ahead-of-time compilation, meta-compilation,
static analysis, heuristics, type recovery, dynamic languages
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1 Introduction
Traditionally, to make execution of dynamically-typed lan-
guages such Python, JavaScript, or Ruby fast, language im-
plementers use just-in-time (JIT) compilation. While it often
gives good peak performance, the warmup cost of JIT com-
pilation is a problem for short running scripts, unit tests,
and frequently updated applications. Furthermore, JIT com-
pilation can cause performance variance, because of its dy-
namic feedback-driven nature, and has a computational and
memory overhead at run time. Thus, for some applications
JIT compilation is not ideal. For example, applications de-
ployed in the cloud would often benefit from fast startup,
predictable performance, and lower resource use that ahead-
of-time (AOT) compilation promises.

Language implementation frameworks such as GraalVM’s
Truffle framework [11, 26], RPython [6, 7], and Deegen [28]
successfully reduced the engineering effort for implement-
ing dynamic languages to that of building an optimizing
interpreter. However, they only enable meta-compilation in
conjunction with JIT compilation. There is no such approach
yet for AOT meta-compilation of dynamic languages. Thus,
we propose to extend the Truffle framework so that it can
meta-compile programs written in dynamic languages ahead
of time, by compiling through their interpreters.

To be able to meta-compile application code ahead of time,
we will need a way to perform type analysis on the applica-
tion code, through the interpreter. Our goal is to apply such
analyses to Truffle-based interpreters with only minimal
modifications and to leverage the Truffle DSL [11] to extract
type flow information. In Truffle, a language implementation
can provide so-called “specializations” of operations, which
define an operation’s semantics for instance, for a specific
set of input types, and also enable self-specialization [27],
which leads to faster execution. We believe, we can use these
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specializations not only to extract basic types, but also for
instance for method lookup results to enable type analyses.
Furthermore, as Serrano [24] demonstrates, it is possible

to get good compilation results by optimistically compiling
dynamic language programs with the assumption that they
behave reasonably and mostly monomorphic. Given that JIT
compilers rely on programs to be mostly monomorphic, and
we also see this to be true for very dynamic languages such
as Ruby [13], this seems a promising avenue.

To enable the meta-compilation itself, the goal is to lever-
age Truffle’s partial evaluation implementation [26]. The
combination of the interpreter with the concrete applica-
tion code needs to be enriched by our analysis results to
fully initialize the interpreter structure for partial evaluation.
The resulting system would work similar to its JIT-compiling
version. We, however, want to derive the necessary informa-
tion entirely statically. For reasonable programs that is likely
to give better-than-interpreted performance. For programs
that are highly dynamic or megamorphic, we will fall back to
interpretation to avoid restricting the language’s semantics.
To reach a level of precision in our analysis where the

compiler can produce fast code, we will include speculative
heuristics. We will use a plugin system that extends the
core analysis with various analyses or heuristics, some of
which may need to be language-specific. This will give use
a singular analysis for a language, where all plugins share
a unified analysis state with the core analysis, which then
should form something greater than the sum of its parts.
Language-specific analyses will need to address, for in-

stance, module loading and the extraction of structural in-
formation from the code. Since languages such as JavaScript,
Python, and Ruby define functions and classes imperatively,
our analysis needs to account for the language-specific mech-
anisms and extract class and type information despite the
presence of possible conditional definitions.
In the remainder of this paper, we discuss existing ap-

proaches tometa-compilation, compiling dynamic languages,
and we outline our proposal for an extensible core analysis
that can integrate a wide range of heuristics. We believe
these aspects to be the most challenging of this project. We
also briefly outline our general research plan.

While we believe this project to be highly ambitious, our
approach could significantly lower the effort needed to AOT-
compile dynamically-typed languages by utilizing an exist-
ingmeta-compilation system. At the same time, we are aware
of the complexity of dynamic languages and that larger ap-
plications tend to use many of the capabilities afforded to
them. Though, we believe that it is still realistic to achieve
better-than-interpreted performance.

2 Existing Meta-Compilation and Dynamic
Language Compilation Approaches

Meta-compilation of dynamic languages has become prac-
tical thanks to meta-tracing [6, 7] and the combination of
self-specialization with partial evaluation [26, 27]. These
techniques enable JIT compilation of programs running on
interpreters. With run-time feedback, the compilation can
optimize the specifically executing program, instead of hav-
ing to optimize all theoretically possible language behaviors,
and reach peak performance competitive with the custom
virtual machines. Though, because these approaches use JIT
meta-compilation, they can take a substantial amount of time
to reach peak performance [14, 16].
An alternative approach is proposed by Xu and Kjolstad

[28]. Instead of combining meta-compilation with JIT com-
pilation, they generate a language-specific JIT compiler that
goes from a language-specific bytecode to native code at run
time. Though, even if this approach gives better warmup
behavior, it still has the JIT-compilation overhead when com-
pared to classic AOT-compiled languages.
However, AOT compiling dynamic languages is a major

challenge. The most successful approach might be Hopc [24].
Hopc is a classic compiler for ECMAScript instead of being
a meta-compiler for an ECMAScript interpreter. It combines
a data-flow type analysis, a speculative analysis based on
deriving type hints from usage patterns, and a range analysis,
to create a speculatively optimized version of a method for
good performance. It also compiles a fallback version that
ensure that all ECMAScript features are supported.

Most other approaches restrict the language to some sub-
set to enable or simplify compilation [3, 8, 18, 19, 23, 25].
This can simplify type inference for instance by limiting the
dynamicity to get stronger guarantees for static analyses.
Other approaches try to achieve results similar to AOT

compilation by reusing the results of JIT compilation [17, 21].
While this avoids the need to restrict language semantics
and benefits from run-time feedback, it comes with the ad-
ditional complexity of sharing a database of compiled code
and ensuring it is valid for use with the current program.

A standard way to analyze programs is abstract interpre-
tation [20]. In its most general form, one defines a partially-
ordered set of sets of constraints, through which a trace of
finite length is calculated. The last set of constraints in such
a trace is then the result of this analysis. Abstract interpreta-
tion has been used for example for static type recovery [12].
In the following section, we will sketch how we hope to use
abstract interpretation for ahead-of-time meta-compilation
of dynamic language programs.

3 An Extensible Core Analysis
Click and Cooper [9] showed that combining multiple anal-
yses into a single unified one can yield an analysis that is
greater than the sum of its parts. Another example for this
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is the work of Allen et al. [2], combining type analysis and
points to analysis. Similarly, Hopc demonstrated that type
analysis combined with optimistic heuristics can successfully
AOT-compile ECMAScript [24].

We will combine these ideas to recover types for dynamic
languages, but instead of combining multiple rigorous analy-
ses, we will combine one rigorous core analysis with multiple
heuristic analyses. This core will be formed by an abstract
interpreter that derives its type flow semantics from special-
izations of operations in a language implementation. Obtain-
ing the types for specializations is interesting, since they
provide optimized code for the corresponding semantics.
Abstract interpretation drives the evaluation of the pro-

gram. It queries the available heuristics if it cannot obtain
a sufficiently small set of possible types for a given value.
The results of these oracle-style heuristic analysis plugins
are then included into the analysis state. Additionally, they
are marked as speculative results, so that a type check is
inserted when generating the machine code. If this check
fails, execution is transferred to the general interpreter.

Listing 1. Simple additions in Python.
def doAdd ( a , b ) :

return a + b
acc = doAdd ( 1 , 2 ) + unknown
print ( a cc + 4 )

To illustrate this approach, let us consider the Python ex-
ample in Listing 1. Our analysis would traverse this snippet
in order of execution flow. We start at the function defi-
nition, which informs the analysis that there exists a call
target with the name doAdd. Then we reach the call of this
function with two integers as parameters, proceeding with
analyzing doAdd under the assumption of two integer pa-
rameters. When looking up available specializations for the
addition, we find that given integer inputs, it yields an inte-
ger result. Therefore, we can conclude that, given integers
as parameters, the doAdd function again returns an integer.
To maximize precision in cases, where the doAdd function is
called with different types as inputs, we intend on building
upon the Cartesian Product Algorithm [1] or its derivatives.
After this call, the analysis hits an addition with an un-

known value. Usually rigorous analysis would terminate at
this point, since we can not determine a concrete type for
the result of the addition. In our case though, we intend on
querying heuristic analyses to obtain a type for the unknown
value. Since this value is used in an addition with an integer,
a general heuristic might conclude that this unknown value
is probably also an integer. The abstract interpreter then
takes this result, marks it as speculative in the analysis state
and is able to proceed, finding acc and the parameter passed
to the print function to be of type integer. Crucially, since
the analysis after the heuristics query is done rigorously, no

run time type check is needed except for the one ensuring
that the unknown value is an integer. Combining these anal-
yses into a singular entity yields a better analysis result than
executing them separately.
Furthermore, since we do meta-compilation, we do not

analyze a program at the level of the source language di-
rectly. Instead, we combine language-agnostic and language-
specific analyses that analyze an AST or bytecode through
the language’s interpreter. For this and the different heuris-
tics, we aim to build a system that allows for easy imple-
mentation of additional heuristics, enabling for seamless
integration into the larger unified analysis.

A further challenge of dynamic languages is that they can
load code, define functions, classes, or types imperatively
at any point during the execution of the program. Thus,
our abstract interpreter needs to take this into account and
perform for instance code loading. Furthermore, since the
constructs, scopes, and general concepts are language spe-
cific, our abstract interpreter needs to collect the information
and structural details of these constructs in an abstract form.
Though, fortunately, from our experience implementing dy-
namic languages in the Truffle framework, they tend to map
to similar enough abstractions for a relevant set of languages
to allow for a language-agnostic abstract interpretation.

4 The Heuristics Playground
An integral part of this project will be to design an extensible
system to enhance the analysis. With it, we can implement
various different approaches to heuristic analysis and inte-
grate them into one system, allowing multiple analyses to
benefit from one another, as well as furthering the reach of
the rigorous core analysis.

These plugin heuristics will not only provide probabilities
for types, but also type assertions. This way, the plugin sys-
tem can also be used to add rigorous analyses to improve the
compilation of our dynamic languages. Again, we hope that
integrating different approaches into our analysis will yield
a result that is greater than the sum of its parts [2, 9, 24].

4.1 Interface Based Heuristic
One language independent but highly effective way to re-
construct missing types is an interface-based heuristic as
described by Pluquet et al. [22]. The assumption this analy-
sis is based on is, that the code to compile is correct, i.e., it
does not cause a type error, and that all property accesses
are valid. First, we need to collect a set of available types
and their static interfaces. This can be done alongside the
analysis that collects the structural details discussed in Sec-
tion 3. Then we try to match the set of accessed properties
for a given variable to the static interfaces collected so far.
Using the resulting set of possible types, we can further

restrict the result of the rigorous analysis. The integration of
this analysis in a larger framework also benefits the analysis,
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because it could limit the static types to check against using
a preliminary result from the core analysis. Integrating an
approach approximate interpretation [15] to obtain a solid
call-graph or do advanced points-to analysis could further
improve this analysis.

4.2 Machine Learning Based Heuristic
One major advantage that JIT compilation has over AOT
compilation is, that at run time, the compiler has access to
profiling data collected throughout execution to guide opti-
mization. Developers of AOT compilers try to have similar
information by integrating a profile run of the program into
the compilation pipeline. When running this instrumented
build of the target program, profiling data is collected, that is
then used to optimize the code further. However, this signifi-
cantly complicates the build process and also requires the
developer to have workloads for the profiling run that are
representative of the real world workload.

To avoid this complexity, we will investigate using profile-
guided optimization (PGO) for our AOT meta-compilation
as a stepping stone to develop machine-learning-guided op-
timizations beyond type inference. We could then replace
profiling data by a specially trained ML model, similar to the
work of Cugurovic et al. [10]. This would allow us to apply
ML-guided optimizations to our dynamic languages.

4.3 Reasoning Across Opaque Calls
A common problem in languages such as Python and Ruby
is that many applications use language extensions imple-
mented in for instance C. With our plugin system, we could
support plugins that also provide information about such ex-
tensions, if necessary perhaps even specialized to a specific
extension. Such plugins would give us the benefits utilized
for instance by cross-module quickening [4] or proposed
for PyPy [5]. This would allow us to either extract type in-
formation perhaps from debug symbols or provided by the
developers of native extensions to feed additional informa-
tion to our analysis to help reason across this boundary.
This approach is not necessarily limited to native calls,

but also applicable to any library implemented in the target
language. Our analysis could significantly cut back on execu-
tion time if library calls were pruned out of its scope, making
the call opaque to the framework similar to native calls, and
instead replaced by type guarantees of an annotation plugin
for the given library version.

5 Research Plan
As as first step towards realizing this full analysis environ-
ment we propose developing the purely rigorous core anal-
ysis in the context of a meta-compilation system such as
GraalVM’s Truffle framework. To achieve executable results,
this will be done using an interpreter for a known-to-be AOT-
compilable language such as WebAssembly. Throughout this

work we will develop a way to automatically extract type
flow semantics from an interpreter implementation that runs
the abstract interpretation on a concrete program. Finally,
we will need to initialize the Truffle interpreter based on the
analysis results to enable partial evaluation and compilation
of the target program so that we can compile to native code
using the existing Truffle system.
Having figured out the core of our analysis, we intend

on implementing basic heuristics to try and compile dy-
namic languages. For this, we intend to tackle compiling
Python ahead of time again staying in the context of meta-
compilation systems. A key mechanism will be the ability to
fall back to a general interpreter for the case of missing or
incorrect type information. This fallback will also be crucial
to be able to execute any code written in a dynamically-
typed language, since we do not expect to be able to fully
AOT-compile all programs written in a given language.

Finally, we intend to explore the proposed plugin system
and experiment with specialized heuristics to improve per-
formance and increase the part of the program we are able
to compile ahead of time.

At this point, our performance aims are conservative and
we hope to reach better-than-interpreted performance. To
achieve this, we focus on compiling a subset of the target
language consisting of programs with reasonable behavior
and make these fast in an initial step. Our main objective
is to drop the expensive overhead of warmup in JIT-based
systems, while retaining as much performance as possible.
We believe that reaching this conservative goal would be
beneficial since it could reduce the needed computational
resources, for instance saving memory compared to a JIT
compiler, while possibly having faster start up.

6 Conclusion
Languages such as Python and JavaScript are getting more
and more used in environments where fast startup and low
resource use are key, for example in the cloud. Therefore,
we argue that AOT compilation of dynamic languages is
becoming more desirable as an alternative to JIT compilation.
Our goal is to adapt Truffle’s language implementation

framework to support ahead-of-time meta-compilation for
dynamic languages. This will lower the engineering barrier
for language implementers to provide AOT compilation for
dynamic languages. We believe this is achievable by extend-
ing the Truffle framework with support for abstract interpre-
tation and a plugin-based analysis framework that allows
us to combine a rigorous analysis with various optimistic
heuristics and other analyses for instance for calls into native
extensions. With this extensible system, we believe, that we
can make the benefits of AOT compilation available for dy-
namic languages, which so far rely mainly on JIT compilation
for performance.
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