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Ajust-in-time (JIT) compiler is an essential technique in today's virtual machine (VM) s such as JVM, CLR,
and JavaScript VMs to achieve high performance. In contrast to an ahead-of-time compiler like GCC, a JIT
compiler compiles frequently executed code parts into native code at runtime. Since implementing a VM,
including a JIT compiler, requires much engineering effort, a meta-JIT compiler framework has gained
publicity in the field of VM implementation. Many of today's programming languages are realized using
virtual machines. Among them, the meta-JIT compiler framework, which generates a virtual machine for
a language from an interpreter that defines the language specification, is attracting attention. Meta-JIT
compiler frameworks, such as RPython and Truffle/Graal, are used in the field of programming language
implementation, and the usefulness of the system was demonstrated by actually realizing VMs of Python,
Ruby, R, JavaScript, and so forth. However, the current JIT compilers provided by meta-JIT compiler
frameworks have only a fixed compilation policy. They cannot compete with various compilation policies
developed by JIT compilers in VMs for specific languages.

To further improve the performance of the JIT compiler generated by a meta-JIT compiler framework, a
new compilation technology is needed to support multiple compilation scopes and levels. The dissertation
shows that an interpreter, a language specification given to the meta-JIT compiler framework, is not only
the semantic definition of the language but also the compilation policy and that multiple compilation
policies can be realized on the meta-tracing JIT compiler framework. The dissertation proposes a multi-role
meta-tracing JIT compilation that mixes different compilation scopes and levels in a meta-tracing JIT
compiler framework. This technique is achieved by using a hint instruction, a pseudo-function inserted into
an interpreter.

Method-based and trace-based heavyweight compilation policies have their advantages and disadvantages.
While method-based compilation is standard and works well on average, trace-based compilation works
better on programs with straight-line control flow. However, method-based compilation needs careful
management not to fail in code explosion since including a not-frequently executed code path is inevitable.
Further, the trace-based compilation performs poorly at compiling programs with complex control flow due
to the path-divergence problem. A region-based compilation policy, which HHVM investigates, can use the
two compilation scopes. Still, the current JIT compiler provided by a meta-tracing JIT compiler cannot use
the promising compilation scope.

To take advantage of the two in a meta-JIT compiler framework, the first part of this dissertation proposes
a technique that mixes optimizing method- and trace-based compilation policies in a meta-tracing JIT
compiler. This allows meta-tracing JIT compilation to use two different compilation policies, method-based
and trace-based, without having to implement separate compilers from scratch. This part also proposes the
prototype implementation called BacCaml based on the MinCaml compiler. The help evaluation using
BacCaml and MinCaml confirmed the existence of programs in which hybrid JIT compilation improves peak
performance by about 50% over existing approaches using a single compilation strategy.

In contrast to heavyweight JIT compilation, lightweight compilation quickly emits code by applying less
costly optimizations. Because the JIT compiler's compile time tends to dominate in the initial phase, using
lightweight compilation in the initial phase helps improve the overall performance by reducing warm-up
time. Several JavaScript VMs, such as V8 and JavaScriptCore, support lightweight compilation because of
improving the initial performance of a browser loading web content. The second part of this dissertation
proposes a threaded code generation technique, which allows a real-world meta-tracing JIT compiler,
RPython, to method-based lightweight compilation. This part presents a two-level compilation mixing




threaded code generation and the (meta-)tracing JIT compilation. This compilation technique aims to
balance the code quality and the compilation speed. While the BacCaml approach builds its meta-JIT
compiler, this approach only partially extends the compiler basis. Still, it controls the behavior of a meta-
tracing JIT compiler by a hint instruction, a pseudo function that is inserted into an interpreter. With the
help of this architecture, language implementers can implement and customize the
compilation/optimization level in an interpreter and determine their own compile/optimization level
transition rules. This part implements threaded code generation and two-level compilation on PySOM, a
Smalltalk dialect comprising about 14,000 lines of RPython code. The evaluation and experiment using the
customized PySOM and RPython show that the proposed technique improves the overall performance in
large-scale programs by up to about 14%.

To conclude, this dissertation proposes a technique to support multi-scope and multi-level compilation in a
meta-tracing JIT compiler framework. With the help of customizing an interpreter definition, a meta-
tracing JIT compiler can acquire different compilation behavior along with its original compilation. The
evaluation using the prototype for real-world implementations can confirm that there are programs that
improve performance compared to existing methods.
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