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Abstract
Creating an interpreter is a simple and fast way to implement a
dynamic programming language. With this ease also come major
drawbacks. Interpreters are significantly slower than compiled ma-
chine code because they have a high dispatch overhead and cannot
perform optimizations. To overcome these limitations, interpreters
are commonly combined with just-in-time compilers to improve
the overall performance. However, this means that a just-in-time
compiler has to be implemented for each language.

We explore the approach of taking an interpreter of a dynamic
language and running it on top of an optimizing trace-based vir-
tual machine, i.e., we run a guest VM on top of a host VM. The
host VM uses trace recording to observe the guest VM executing
the application program. Each recorded trace represents a sequence
of guest VM bytecodes corresponding to a given execution path
through the application program. The host VM optimizes and com-
piles these traces to machine code, thus eliminating the need for a
custom just-in-time compiler for the guest VM. The guest VM only
needs to provide basic information about its interpreter loop to the
host VM.

Categories and Subject Descriptors D.3.4 [Programming Lan-
guages]: Processors—Compilers, Optimization

General Terms Design, Languages, Performance

Keywords ActionScript, Lua, dynamic languages, trace compila-
tion, hierarchical virtual machines

1. Introduction
In recent years dynamic languages have grown in popularity and ac-
ceptance. Applications have become more interactive, and dynamic
languages allow a flexible environment that is easy to deploy, mod-
ify, and prototype in. Although the number of dynamic languages
has increased, the process of their implementation has not changed
much.

At first, a simple interpreter is created when designing a new
language. Once the language has gained a wider acceptance, further
work goes into optimizing interpreter performance. However, at
some point applications get too big to be interpreted efficiently
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and users demand better performance. The final step in improving
the performance of the language is to create a full-blown virtual
machine (VM) with a just-in-time (JIT) or ahead-of-time compiler.
However, only few dynamic languages reach this stage. It requires
much development work and deep knowledge of both compiler
optimization techniques and hardware architecture.

With a plethora of already available virtual machines it is ques-
tionable whether such a move is necessary for dynamic languages.
A simpler approach is to build a VM for a dynamic language on
top of an already existing VM, i.e., to build a guest VM on top
of a host VM. The host VM is usually a mature VM that pro-
vides optimized services like garbage collection and optimized JIT
compilation. Such a hierarchical layering of VMs has been proven
to be efficient—take for example the two Python implementations
Jython [20], which runs on top of Java, and IronPython [18], which
runs on top of .NET.

However, this approach suffers from a fundamental problem:
the host VM does not know that it is executing a guest VM, so it
optimizes it like any other application. The interpreter of the guest
VM is JIT compiled to machine code, instead of the actual work-
load executed by the interpreter. In order to get this workload com-
piled, current guest VMs use a two-stage approach: the JIT com-
piler of the guest VM translates the dynamic language to bytecodes
of the host VM, and the JIT compiler of the host VM then translates
these bytecodes to optimized machine code. This severely limits
what features of the dynamic language a guest VM can support.

To overcome this problem, we propose a unified view of such a
hierarchical VM setting where the host VM is aware of the guest
VM. The two VMs communicate using a well-defined API, which
allows the host VM to utilize its JIT compilation facility to directly
compile and optimize the workload running on top of the guest VM.
Figure 1(a) illustrates this approach. Traditional JIT compilation
techniques are not well suited for this approach because we do not
want to compile at the granularity of methods, especially we do
not want to compile the main interpreter method of the dynamic
language’s interpreter as a whole.

Guest VM

Guest Workload

Host VMhierarchical 
VM API

(a) Hierarchical VM system

Hypervisor

Guest OS

Hardwarevirtualization 
support API

(b) Hardware virtualization

Figure 1. Structure of our hierarchical VM system and analogy
with hardware virtualization.
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However, the novel trace-based JIT compilation techniques are
a good fit, because frequently executed paths through a program are
recorded and compiled. With only slight modifications of the trace
recorder, it is possible to record the path through the guest workload
instead of the path through the guest VM. All optimizations applied
by the trace compiler of the host VM are then automatically applied
to the traces of the guest workload.

Our approach of optimizing hierarchical VMs can be compared
to recent advances in hardware virtualization. When a guest oper-
ating system is executed on top of a hypervisor, the guest operat-
ing system’s hardware-related structures become mere “user data”
from the perspective of the underlying hardware. Recently adopted
solutions to avoid the overhead of virtualization consist of a spe-
cific API (several new hardware instructions [28]) by which certain
features of the guest OS can be exposed directly to the underlying
hardware. This enables safe and efficient virtualization without re-
quiring the hypervisor to continuously intervene (see Figure 1(b)),
i.e., to eliminate the overhead of the hypervisor. Similarly, our op-
timization approach eliminates the overhead of the host VM.

We propose to execute a guest VM on top of a host VM with
a trace-based JIT compiler. In our implementation, the guest VM
is the Lua VM [17, 23], and the host VM is Tamarin-Tracing [8],
a VM for Adobe’s ActionScript language. The Lua VM provides
hints about its interpreter loop to Tamarin-Tracing. This allows the
trace-based JIT compiler to capture and optimize the Lua workload.
Our experience implementing a prototype of this systems allows us
to make the following contributions:

• We present the approach of optimizing hierarchically layered
VMs using trace compilation.

• We identify and explore a fundamental set of features that a
guest VM needs to expose to the host VM.

• We show what optimizations a trace-based JIT compiler can
perform on the workload executed by a guest VM.

• We present an implementation of the approach and evaluate its
performance.

The remainder of this paper is organized as follows. Section 2
provides a general overview of trace based compilation that is at
the heart of our approach. Section 3 describes our approach to opti-
mize hierarchical VM layering and provides examples of problems
as well as our proposed solutions. Section 4 describes the imple-
mentation of our system. Section 5 evaluates our approach based
on a set of benchmarks. Future work is discussed in Section 6, and
related work in Section 7. The paper ends with conclusions in Sec-
tion 8.

2. Trace Compilation
Trace compilation uses a different paradigm than most other just-
in-time (JIT) compilation techniques. Instead of adhering to princi-
ples derived from traditional static compilers, trace compilation is
only applicable for dynamic compilers because it is based on run-
time profiling information. Execution of a method starts in the in-
terpreter. While the interpreter executes bytecodes, it keeps track of
frequently executed “hot” loops of the program. In the trace-based
approach it is assumed that backward branches represent a control
flow transfer from the end of the loop to the beginning of the loop.
When such branches becomes hot, i.e., when the execution count
crosses a certain threshold, traces are recorded and compiled.

The example in Figure 2(a) shows the control flow graph of a
loop that contains an if condition in the loop body. Assume that
block 4 is executed more frequently than block 5. When the loop is
detected as hot, trace recording starts at the loop header (block 2).
This block is the anchor of the trace. The first trace, called trunk
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Figure 2. Example for trace compilation.

trace, covers the most frequently executed path through the loop,
i.e., the blocks 2, 3, 4, and 6 (see Figure 2(b)). This trace is recorded
while actually interpreting a loop iteration. In addition to execut-
ing a bytecode, the trace recorder also emits the necessary instruc-
tions of the intermediate representation (IR). Standard compiler op-
timizations are done on this IR and then machine code is generated.

At control flow split points, the trace follows only one control
flow path. A special instructions, called guard, is inserted to check
that the control flow during execution is consistent with the control
flow during recording, i.e., that the condition that was recorded still
holds. If not, the guard fails and a side exit code is executed that
returns control back to the interpreter. In our example, the trace
contains two guards: one at the end of block 3 and the second at the
end of block 6. The first guard checks the branch condition, and the
second guard checks the loop exit condition.

The transition from trace execution back to the interpreter is an
expensive operation, and thus should not be a common case. If a
loop contains multiple hot paths, i.e., if a guard fails frequently,
it is necessary to record and compile this path. The initial trace
is expanded to a trace tree by recording a branch trace. The next
time the guard fails, the side exit does not return to the interpreter,
but branches to the new trace. It is either possible to compile the
whole tree as one unit, or every trace independently. Since the first
approach leads to repeated compiles of the trunk trace, we use the
latter approach. This is called trace linking in [8].

In our example, assume that block 5 is also executed frequently
enough to be compiled, i.e., the guard of the trunk trace at the end
of block 3 fails frequently. The recording of the second trace starts
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at block 5, and leads back to the loop header through block 6. At the
end of block 6, again a guard is inserted to check for the loop exit
condition. Since this guard fails infrequently, no trace recording is
started there. The final trace tree consists of two traces that cover
the two paths through the loop. Figure 2(c) shows these traces. The
blocks 1 and 7, which are not part of the loop, are never compiled.

3. Hierarchical VM Layering
This section presents our approach of optimizing the workload
executed by the guest VM using the infrastructure provided by
the host VM. We first present an example that is used throughout
the section, and illustrate how it would be executed without our
optimizations. Next we look at how the trace compiler of the host
VM identifies the interpreter loop of the guest VM as frequently
executed and compiles it, leading to a big trace tree with many
short branch traces. Finally, we show the behavior of the system
when the guest VM provides a hint about its interpreter loop to the
host VM. With this hint, the trace compiler identifies loops of the
actual workload as frequently executed and compiles them, leading
to small trees without branches that only cover the important parts
of the workload.

3.1 Example
Figure 3 shows the computation of the factorial written in a dy-
namic language. The variables are not typed, and the for loop
uses an easy to understand syntax. We use the syntax and the byte-
code format of Lua for our example, because our implementation is
based on this system. However, the concepts are applicable to any
interpreted dynamic language.

function factorial(n)
local result = 1;
for i = 2, n do
result = result * i;

end
return result;

end

Figure 3. Lua source code of factorial example.

Before execution, the source code is parsed and converted to
an internal bytecode representation. Figure 4 shows the bytecodes
generated by Lua. To allow efficient interpretation, a compact bi-
nary representation is used where each bytecode has a fixed length
of 4 bytes. The instruction set is register based and consists of un-
typed and high-level bytecodes. In the example, the register R0
stores the value of the parameter n passed to the method, and R1
stores the value of local variable result. The first four bytecodes
load constants into registers and move values between registers.

The for loop is directly converted to high-level bytecodes. The
registers R2, R3, and R4 store the loop counter variable i, the loop
limit, and the loop increment, respectively. For technical reasons,
these three registers must have consecutive numbers. The FORPREP
bytecode performs all necessary pre-checks of the loop that must
be executed only once, e.g., it checks if all three registers contain
numbers, and then jumps to the FORLOOP bytecode. The FORLOOP
bytecode modifies the loop variable and checks whether the loop
end condition has been reached. If not, then the loop body is
executed by jumping to the MUL bytecode in our example. The final
RETURN bytecode returns the value stored in the register R1. This
bytecode structure allows an efficient interpretation of the loop:
only two bytecodes are executed frequently.

parameter n passed in R0
(1) LOADK 1 -> R1
(2) LOADK 2 -> R2
(3) MOVE R0 -> R3
(4) LOADK 1 -> R4
(5) FORPREP R2 -= R4; jump to (7)
(6) MUL R1, R2 -> R1
(7) FORLOOP R2 += R4; if R2 <= R3 then jump to (6)
(8) RETURN R1

Figure 4. Lua bytecodes of factorial example.

3.2 Interpretation
At the heart of the bytecode based interpreter is a dispatch loop.
Figure 5 shows a simplified fragment that covers the bytecodes
used in our example. It iterates over the bytecodes, analyzes one
at a time, and uses the bytecode number in a switch statement
to determine how to execute the bytecode. For bytecodes that do
not change control flow, the program counter pc is just advanced
by one to the next bytecode. Bytecodes that change control flow
compute the new pc based on the bytecodes’ semantics.

void interpret(Method m) {
int pc = 0;
while (true) {

Bytecode bc = m.bytecodes[pc];
pc++;
switch (bc) {
case LOADK: {...}
case MOVE: {...}
case ADD: {...}
case MUL: {...}
case FORPREP: {... pc = ...}
case FORLOOP: {... pc = ...}
case RETURN: {...}
...

}
}

}

Figure 5. Interpreter dispatch loop.

Because the bytecodes are untyped and at a high level, the im-
plementation of the bytecodes requires type checks, value conver-
sions, and error handling code for type mismatches. Therefore, the
implementation of nearly all bytecodes contains several if state-
ments and method calls, and some of them contain loops. This
means that the execution of one bytecode requires a possibly com-
plex control flow. When illustrating the interpreter in subsequent
figures, we still collapse this control flow to one block to simplify
the structure.

3.3 Trace Behavior Without Hinting
The interpreter introduced in the previous section is part of the
guest VM. With the hierarchical layering of VMs, it is executed
by the host VM. The trace-based JIT compiler of the host VM
(as discussed in Section 2) records frequently executed paths and
compiles them to machine code. Although this approach is effective
for a regular workload, it is inefficient when the workload of the
host VM is the guest VM. After the initial setup, the hot part of the
guest VM is the interpreter dispatch loop. Therefore, this part of
the guest VM is recorded and optimized, instead of capturing what
the dispatch loop is executing.
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Figure 6. Traces recorded for factorial example.

In our factorial example, assume that the method is called to
compute the factorial of 1. Therefore, the computation loop is
not entered (the MUL bytecode is never executed), i.e., we have
a sequential workload without any repeated execution. However,
without any hint from the guest VM to the host VM, this code still
causes the host VM to generate a trace tree. The host VM starts
in the interpreter mode and executes the guest VM like any other
application. When the host VM reaches the interpreter dispatch
loop of the guest VM, it cannot distinguish between backward
branches in the different switch cases because they all point to
the header of the loop. This causes the threshold to be reached
quickly, and all the backward branches, leading from switch cases
to the loop header, to become hot. Assume that the threshold for
compilation is two iterations, i.e., after two iterations the loop is
considered hot so that the third iteration is recorded and compiled.

In the example, the loop is hot after the first two LOADK byte-
codes are executed. On the third iteration of the loop, the trace
recorder is invoked. It starts at the header of the loop, records
through the instructions leading to the switch statement, and then
records through the MOVE implementation. This initial trace covers
only the code for the MOVE bytecode. At the condition point of the
switch statement, a guard is inserted to check this. The dashed line
in Figure 6 illustrates this trace.

During recording, the implementation of the MOVE bytecode is
recorded. When the backward branch to the header of the loop is
reached, the recording is stopped and the trace is compiled. All the
traces are stored based on the destination of a backward branch.
When the backward branch is taken the next time, a lookup is done
to see if there is already a compiled trace in the cache. Because of
this, the newly compiled trace is executed immediately after it is
compiled. The next bytecode to be executed is the LOADK bytecode.
Since this path has not been recorded before, it causes the guard at
the switch condition to fail, and control returns to the interpreter
of the host VM.

Like backward branches, all the side exits from traces are also
tracked. Assume that the threshold for determining if a side exit
is hot is set to 1, so recording of the LOADK bytecode begins right
away. When the backward branch to the header of the dispatch loop
is reached again, the recording is stopped and the trace is compiled.
This process is repeated for each new bytecode that is encountered.

When the guest VM finishes execution of the workload, the
trace-based JIT compiler has created traces for the implementation
of the MOVE, LOADK, FORPREP, FORLOOP, and RETURN bytecodes.
When the factorial of 1 is computed and thus the loop is never
executed, none one of these traces are ever executed completely.
The guard for the switch of the bytecode number always fails.
Because of the overhead of recording and compiling traces, the

performance actually suffers with the trace-based JIT compiler
compared to if the dispatch loop was purely interpreted.

Figure 6 illustrates all these traces. Note that the blocks for the
bytecode implementations are abstract. Because each implementa-
tion requires control flow itself, the real traces contain more blocks
and more guard instructions. Most of the control flow is for type
checking and error handling, so these details are not important.

When the factorial of a large number is computed, the MUL byte-
code is also traced. After this, no trace recording is necessary any-
more. Starting with the second iteration of the workload loop, only
compiled traces are executed and thus the performance is better
compared to pure interpretation. Still, the overhead was overly high
since several never executed traces were recorded and compiled.
Additionally, the code for the switch statement that selects the
correct bytecode trace is executed twice per loop iteration, i.e., for
the FORLOOP and the MUL bytecode. Our optimization eliminates
this overhead.

3.4 Hinting Mechanism
By providing directions, or hints, the guest VM allows the host VM
to better understand the workload that is executed. A key insight
into this is that a trace-based JIT compiler by default does not trace
loops of the workload, but only loops of the guest VM. Because
one loop iteration of the workload consists of multiple bytecodes,
it still requires multiple loop iterations when the interpreter loop is
compiled. To detect loops, the host VM looks at its program counter
for executing the guest VM. The guest VM has a different program
counter for executing the workload.

Passing the program counter of the guest VM (the guest PC to
the host VM and combining it with the original program counter of
the host VM (the host PC) results in a new virtual program counter
(the virtual PC) that accurately captures the guest workload. Both
program counters are combined such that the guest PC goes into
the higher order bits and the host PC uses the lower order bits of
the virtual PC. Because of this, the dispatch loop of the interpreter
is no longer recognized as a loop by the trace recorder.

In our sequential workload example where the factorial of 1 is
computed, the guest PC is always increased at the loop header (re-
member that the LOADK, LOADK, MOVE, LOADK, FORPREP, FORLOOP,
and RETURN bytecodes of Figure 4 are executed). The repeating se-
quences of the host PC values is dominated by the increasing values
of the guest PC values. Therefore, no backward branch is detected
in the workload and thus no bytecodes are traced and compiled.

When the factorial of a large number is computed, the LOADK
to FORPREP bytecodes are still executed only once. The virtual
PC only increases, so these bytecodes are not traced. The MUL
and FORLOOP bytecodes then form the loop of the guest workload.
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Figure 7. Trace of factorial function with hinting.

Because both the guest PC (the MUL bytecode) and the host PC
(the top of the interpreter dispatch loop) are the same for each
iteration, a backward branch is detected. The loop is recorded after
a certain number of iterations. The recorded trace covers the MUL
and FORLOOP bytecodes (see Figure 7). Only one trace is recorded.
While the guards for the switch statement are still present, they
do not fail until the factorial loop needs to be exited. Note that the
boxes for the MUL and FORLOOP bytecodes represent multiple basic
blocks since the implementation of these bytecodes requires some
control flow for type checks and exception handling. However, it
is also sufficient to trace one path through this control flow as the
behavior is the same for each loop iteration.

A first natural approach would be to use only the guest PC in
the host VM for trace creation. However, this would have unex-
pected consequences on the trace recorder because the granularity
is too coarse, i.e., the PC then does not change throughout a whole
iteration of the dispatch loop. While we do not want to record the
dispatch loop, all other control flow necessary for the implemen-
tation of a bytecode must be correctly recorded. This control flow
can contain loops itself, and we want such loops to be detected and
recorded.

For example, the implementation of the VARARG bytecode con-
tains such a loop (see Figure 8). It is necessary for the handling of
functions that take a variable number of arguments. The VARARG
bytecode reads them into registers so that values can be used inside
a function. When using just the guest PC for trace recording, the
trace recorder would not notice that a loop is being executed since
the guest PC remains the same. Therefore, the recorder would fol-
low all the backward branches and record each loop iteration, i.e.,
the loop would be completely unrolled. This would lead to exces-
sive code duplication and is thus not feasible.

3.5 Guest VM Guarantees
The guest VM supplies information about its interpreter loop and
its program counter to the host VM. Apart from this information,
no other guarantees are necessary. The traces recorded by the host
VM still contain all elements of the dispatch loop. As shown in
Figure 7, the code for the switch of the interpreter dispatch loop
precedes each bytecode implementation. Even if the information
about the interpreter loop was incorrect, the resulting trace would
be suboptimal but still valid. However, when the guest VM makes
additional guarantees, the host VM can optimize the traces more
aggressively.

The key insight for optimizations is that the bytecodes of the
guest VM are immutable. Once the bytecodes of a method were

case VARARG: {
...
for (j = 0; j < numArgs; j++) {

storeValue(baseReg + j, callInfo.argument[j]);
}
break;

}

Figure 8. Implementation of the VARARG bytecode.

created by parsing the source code, they are not changed anymore.
This means that memory loads from the bytecode array always
yield the same results, i.e., the guard that checks that the first
switch of our factorial example branches to the implementation
of the MUL bytecode never fails. The host VM cannot eliminate
this load without support from the guest VM because the host VM
cannot distinguish between data structures of the guest VM that
are immutable and data structures of the guest workload that are
mutable.

Therefore, the guest VM needs to specify which regions of
the memory contain the immutable bytecodes. When the trace
recorder sees a load from such an immutable memory region, it
replaces the load with a constant. The value of the constant is the
value loaded during recording. Subsequent constant folding and
dead code elimination based on conditions that can be evaluated
statically can eliminate most parts of the interpreter dispatch loop.

Immutable bytecodes have the implication that self-modifying
code is not allowed. Instead of modifying and existing method, it is
necessary to deprecate the old method and put the modified code in
a new method, which is then compiled and optimized anew. Note
that the basic hinting mechanism described in the previous section
allows self-modifying code. If code is modified after trace record-
ing, the guard created for the switch of the interpreter dispatch loop
fails. The modified code is first interpreted and then optimized.

Figure 9 shows the trace of the factorial example when the
bytecode array is immutable. The switch blocks are eliminated,
so only the code for the actual implementation of the MUL and
FORLOOP bytecodes remain. The guard that checks the loop exit
condition is part of the FORLOOP bytecode: this bytecode compares
the loop counter variable and the loop limit and takes a side exit to
the interpreter when the loop has reached the upper bound. There is
no guard necessary checking that a FORLOOP bytecode comes after
the MUL bytecode; the bytecode sequence was detected during trace
recoding, and the guest VM guarantees that it does not change in
the future.

Dispatch Loop

MUL

FORLOOP

Guard

Control Flow
Trunk Trace
Anchor

Figure 9. Trace without dispatch overhead.

3.6 Optimizations
Without our hinting mechanism, only individual bytecodes are cap-
tured in traces. The result is a large number of short traces. This
limits the amount of global optimizations that the compiler of host
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Figure 10. System structure of compile-time and run-time components.

VM can apply. Although it can still apply optimizations like con-
stant folding, dead code elimination, common subexpression elim-
ination, and type specialization on compiled traces, the scope is too
limited for these optimizations to be effective.

For example, consider the computation loop of our factorial
example (see Figure 4). Both the MUL bytecode and the FORLOOP
bytecode access R2, i.e., the implementation of both bytecodes
contains the same code that loads this value from the memory data
structure that manages the local variables of a method. Without
hinting, these two bytecodes end up in different traces and cannot
be optimized together. When hinting is enabled, the two loads are
in the same trace. Common subexpression elimination is able to
discover that they load the same memory location and can eliminate
the second one.

Similarly, the increased scope can be used by optimizations that
eliminate unnecessary guard and type check instructions. Since Lua
is a dynamic language, all type checks must be performed at run
time. For example, an arithmetic operation must first check that all
its input operands are numbers. As long as each bytecode imple-
mentation is traced and compiled separately, all of these checks are
necessary. With hinting, type information from one bytecode can
be used to eliminate type checks of subsequent bytecodes.

4. Implementation
Our implementation uses Tamarin-Tracing as the host VM. Tamarin
is the code name of Adobe’s virtual machines that implement Ac-
tionScript 3 (AS3) [1], a flavor of ECMAScript [13]. JavaScript is
also a flavor of ECMAScript, however AS3 supports multiple con-
structs that JavaScript does not, such as optional static typing, pack-
ages, classes, and early binding. Tamarin does not directly operate
on AS3 source code, but instead executes a bytecode intermediate
format known as ActionScript bytecode (ABC) [2]. AS3 source
files are converted to ABC using the Adobe Flex compiler [4].

Tamarin-Tracing [24] is a research virtual machine that is based
on the virtual machine shipping with Adobe Flash. In contrast
to the product version, it uses a trace-based compiler to achieve
performance improvements. It is partially a self-hosting compiler,
with many portions of the system itself written in ActionScript 3.

For the guest VM, we use the Lua VM [17, 23], which is writ-
ten in C. Unfortunately, there is no appropriate VM for an estab-
lished dynamic language available that is written directly in Action-
Script 3. However, nearly arbitrary C and C++ code can be com-
piled to ActionScript using Adobe Alchemy [5], formerly known
as FlaCC [3]. Alchemy is an extension of the LLVM Compiler In-
frastructure project [21]. The ActionScript bytecode resulting from
this somewhat involved build process is more complicated because
it simulates raw memory and CPU instructions on a type-safe vir-
tual machine. However, the system is fully functional.

The Lua VM can either directly operate on Lua source code, or
it can execute code that was already compiled into the Lua bytecode
format. We use the latter in our system configuration to eliminate
the overhead of Lua source code parsing for the benchmark exe-
cution. Lua source code is converted to bytecodes using the Lua
compiler that is part of the Lua codebase. The left side of Fig-
ure 10 illustrates the compile-time components of our hierarchical
VM system.

4.1 Tamarin-Tracing Internals
During its startup, Tamarin-Tracing loads a set of libraries writ-
ten in AS3 and compiled into ABC format. These libraries provide
functionality, such as common math functions, to the AS3 program-
mer and provide a glue between the functions and their native im-
plementation. Internally, Tamarin-Tracing uses the Forth language
as an intermediate representation. This is a stack based language
and has an instruction set of about 200 Primitive Words. Multi-
ple Primitive Words can be combined to Super Words, which are
interpreted as one unit in order to reduce the interpreter dispatch
overhead.

ABC is translated to Forth at the time bytecodes are loaded, so
Tamarin-Tracing is essentially a Forth virtual machine. In our sys-
tem configuration, this means that the ABC bytecodes of the Lua
interpreter are converted to Forth at startup time. Forth is executed
internally by Tamarin-Tracing using an automatically generated in-
terpreter. The interpreter profiles backward branches and triggers
trace recording when a certain threshold is crossed. When a trace
is recorded, it not only executes Primitive Words or Super Words,
but also emits instructions of a low-level intermediate representa-
tion (LIR).
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The LIR is a register-based intermediate representation that uses
static single assignment (SSA) form [10]. Traces are linear se-
quences of instructions where branch traces can split off, but with-
out control flow merges. Therefore, phi functions for the SSA form
are only necessary at the loop header, i.e., at the start of the trunk
trace. During recording, an unlimited number of virtual registers is
used. After the trace is recorded, standard compiler optimizations
are performed on the LIR using pipelined optimization filters. Final
assignment to machine registers is done by a register allocator be-
fore machine code is emitted by the compiler back-end. The right
side of Figure 10 shows these run-time components of our system.

4.2 Trace Recording and Execution
While interpreting Forth code, all backward branches are tracked
and the number of times they are taken is counted. Branches are
defined as backward branches when the PC is decremented by
Forth branch instructions. When a backward branch is identified,
the current execution state is saved and a helper function is invoked
to handle it.

The helper function can either start the trace recording process,
execute a trace, or do nothing if the backward branch is not hot. It
performs a lookup in the trace cache to see if a trace already exists.
The lookup is done using the PC that was passed into the function
as part of the saved interpreter state.

If a compiled trace does not exist and the branch is hot, trace
recording for a trunk trace is initiated and all the data structures
necessary for recording of the trace are initialized. A flag is set so
that the interpreter switches into trace recording mode and starts
recording after the method returns. In this mode, LIR code is
generated while Forth instructions are interpreted. Trace recording
continues until an end condition is encountered. The main reasons
to exit from recording are a backward branch to the beginning
of the trace, a return bytecode without a corresponding call that
was already traced, or an excessively long trace. After finishing
recording, the trace is compiled, the data structures used during
recording are discarded, and the trace is inserted into the trace
cache.

If the trace cache lookup yields an already compiled trace,
the current saved interpreter state is passed to it and the trace is
executed. Upon the exit from a trace, the saved interpreter state is
updated, and a lookup is done for the destination PC of the side
exit. Tamarin-Tracing implements the trace linking optimization
discussed in Section 2. When a side exit is frequently taken, a
branch trace is created. The steps are the same as if the trace
recording was done for a hot backward branch. The branch trace is
compiled separately without affecting the trunk trace. On the next
exit from this side exit, the exit code is patched with a jump to
the branch trace so that execution remains in compiled code for all
subsequent executions of this side exit.

4.3 Hinting Mechanism
The objective for our hinting mechanism is twofold. In addition to
improving performance, it needs to be easy to use by the program-
mer who is instrumenting the guest VM, and when a hint is not
provided it should not affect the host VM. We achieve these objec-
tives by taking advantage of the already existing AS3 library that a
programmer can use to access native functions. To this library, we
add our own custom class HintClass. The class has set and get
functions for passing the PC of the guest VM to and from the host
VM. These two functions do not have an actual implementation in
the AS3 class, but are marked with the native keyword. This tells
the host VM that they invoke native functions implemented in it.
We compile the class into a library that the host VM loads during
startup, and provide the functionality of these two functions in the
auto-generated .h and .cpp HintClass files. These functions set or

get a value in a variable that can be accessed internally from differ-
ent parts of the host VM.

The use of our hinting mechanism varies depending on whether
the guest VM is written directly in AS3, or in C/C++ and then
compiled to AS3 using the Alchemy toolchain. If the guest VM
is written in AS3, the programmer needs to import the HintClass
using a standard import command, and invoke the set method in the
appropriate places in the dispatch loop:

import avmplus.HintClass
...
HintClass.hintPC = pc

If the guest VM is written in C/C++, the programmer needs to
instruct the Alchemy toolchain to insert the import command and
the assignment command into the AS3 file that gets created:

__asm__("import avmplus.HintClass");
...
__asm__("HintClass.hintPC = %[pc]");

The asm keyword tells Alchemy toolchain to insert the spec-
ified AS3 code into the files it generates, replacing %[pc] with the
actual program counter variable. The first command specifies the
AS3 code to import our custom class. The second command spec-
ifies the AS3 code that invokes the setter method of our class and
passes in the PC of the guest VM.

By implementing the hinting functionality as calls to native
functions, we make sure that the hintPC gets updated not only
when host VM is in the interpreter or recording a trace, but also
when the compiled trace is executed. This has the advantage of not
needing to pass the value in the saved execution state between mode
transitions, and eliminates the overhead of needing to save another
value when a trace exits from its execution.

With hintPC being updated, we can now use it during trace
lookup. We modify the helper routines that do trace lookup to use
a virtual program counter, consisting of the hintPC of the guest
VM and the actual PC of the host VM. In our implementation, the
virtual PC is a 64 bit value where the most significant 32 bits hold
the hintPC value and 32 least significant bits hold the host PC.
When no hint is specified, only the lower 32 bits hold a value, and
the upper 32 bits are 0’s. This allows for trace storage and lookup
even when the hint is not provided. This is the case during the
startup of the host VM, or when it executes a part of the guest VM
outside the dispatch loop. Thus a hinting mechanism does not alter
the host VM’s behavior for a regular workload.

5. Evaluation
To evaluate the performance of our approach, we use several Lua
benchmarks available from [22]. All benchmarks are executed on
a system with a dual socket Intel Xeon X5140 2.33 GHz proces-
sor, with 32 GB of RAM, using Ubuntu Kernel version 2.6.28.
We compare the performance of Lua running on top of Tamarin-
Tracing without our hinting mechanism (referred to as baseline)
and with our hinting (referred to as optimized). We do not provide
the number for Lua running natively without Tamarin-Tracing. As
pointed out in Section 4, the Lua interpreter, written in C, must first
be converted to ActionScript. This adds a significant overhead be-
cause an unsafe language must be simulated in a safe environment.
Therefore, the native version of Lua is orders of magnitude faster
for some benchmarks. This paper does not deal with this overhead
because it is not related to the hierarchical VM approach.

Figure 11 shows the execution time with our optimization (the
second column, O) normalized to the baseline (the first column,
B). The numbers above the second column show the speedup, i.e.,
the reciprocal of the reduced execution time. When the hinting
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Figure 11. Breakdown of time spent in different parts of the host VM for baseline (B) and optimized (O) configuration (lower bars are
better). The numbers show the overall speedup of the optimized version relative to the baseline.

Baseline Optimized Baseline Optimized Baseline Optimized

Mandelbrot 18   78   48   34   2.67   0.44   

BinaryTrees 63   263   311   588   4.94   2.24   

Pfannkuchen 37   282   133   257   3.59   0.91   

Fasta 117   573   757   1290   6.47   2.25   

Nbody 25   367   134   230   5.36   0.63   

Nsieve 31   92   132   175   4.26   1.90   

NsieveBits 35   139   150   200   4.29   1.44   

Trunk Traces Branch Traces Branches per Trunk

Figure 12. Number of trunk traces and branch traces compiled.

mechanism is used, all benchmarks show a speedup, which varies
between 143% and 196%. The most notable speedup is seen in
Fasta, BinaryTrees, NsieveBits, and Nsieve. In these benchmarks,
the host VM is able to identify hot regions of the guest VMs
workload quicker and capture them in traces.

The execution time of each benchmark can be split into three
parts: the time spent in the interpreter, in the trace recorder, and
executing compiled code. Figure 11 also contains the breakdown
of our benchmark results for these parts. For all benchmarks, our
optimization reduces the time spent executing traces. Also, the
overall time spent in the interpreter, either interpreting without or
with trace recording, is reduced for all benchmarks.

For benchmarks like Pfannkuchen, the time necessary for trace
recording is nearly negligible. The Lua code contains multiple
small loops that are executed frequently and iterate a large number
of times. For such benchmarks, the optimized host VM is able
to quickly capture the hot parts of the guest VM into traces and
subsequently execute them natively. With the hint enabled the host
VM spends less time in the interpreter compared to when the hint
is disabled.

The BinaryTrees benchmark uses recursive functions to con-
struct binary trees of different depths, and to perform checks on
these trees. To increase the workload, these functions are executed
repeatedly in a loop. With the hint enabled, the host VM is able
to capture the recursive calls in the guest VM workload, and then
reuse these traces for trees of different depths. Without the hint
more time is spent interpreting these recursive calls.

An exception to the general behavior is the Nbody benchmark.
This benchmark has a few loops that execute long sequence of
instructions. With the hint enabled, the host VM remains in the

interpreter longer, executing these loops until they get hot. Without
the hint, the host VM spends less time in the interpreter, but this is
offset by it recording different parts of the Nbody benchmark, thus
requiring more time for trace recording than with the hint enabled.

In all cases, the time spent executing traces is less with the hint
enabled than when it is disabled. With the hint enabled the host VM
is able to capture the guest VMs workload into longer traces. This
allows optimizations discussed in Section 3.6, which result in faster
executing traces.

Traces that are compiled with the hint enabled on average also
have less branches then traces that are compiled when the hint is
disabled. Figure 12 shows the number of trunk traces and the num-
ber of branch traces recorded with and without optimizations. The
number of trunk traces increases by a factor of 3 to 15 when en-
abling the hints. In contrast, the number of branch traces increases
at most by a factor of 2 or even decreases. Therefore, the ratio of av-
erage branches per trunk traces (the last two columns of Figure 12)
also decreases. These numbers match our expectations of the op-
timization: The overall number of traces increases because many
workload loops are traced instead of the interpreter loop. However,
the workload loops are much simpler and less “branchy” then then
interpreter loop, so the average complexity of the traces decreases.

6. Future Work
One of the main advantages of dynamic languages is their type sys-
tem flexibility where variables and object fields can change types
at any time. Some languages, like JavaScript, go further by allow-
ing fields to be dynamically added to objects. These are prototype-
based languages. The flexibility dictates that a programmer imple-
ments these objects in the guest VM using dynamic collections and
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other functionalities of the host VM. This approach adds additional
complexity to the guest VM development and results in a consid-
erable overhead both in space and time. In future work, we plan
to extend the host VM to support the object model of the dynamic
languages. The host VM provides a well defined set of APIs that
allows the guest VM to dynamically create host VM classes. This
not only simplifies a guest VM implementation, but also improves
the performance by eliminating the overhead of field accesses.

7. Related Work
Bolz et al. [7] developed the idea of hierarchical VMs simultane-
ously to us. In their PyPy system [25], an interpreter for a new
language is written in a reduced subset of Python. This language
interpreter is executed by a tracing interpreter, which is responsi-
ble for recording a trace of the application executed by the language
interpreter. The trace is then compiled to optimized machine code.
PyPy compiles the language interpreter and the trace compilation
system to C, and relies on a C compiler to create machine code. As
a result, the guest VM and the host VM are compiled together by
the C compiler, so the host VM is not visible as a separate entity.
This mixing of C with a jit compiler complicates their system, e.g.,
they need a special fallback interpreter that handles guard failures.
Our system does not need this because we use a self-contained and
fully functional host VM (Tamarin-Tracing).

Trace recording is a well established technique for dynamic pro-
file guided optimization of native binaries. Bala et al. [6] introduced
it as a method for runtime optimization in their Dynamo system,
which was then subsumed by DynamoRIO. In this system, machine
code is optimized at run time, which differs from compilation of
bytecodes because machine code misses all of the high-level infor-
mation that bytecodes provide. Frequently executed basic blocks
are compiled and added to the code cache. If the block is present
in the cache, DynamoRIO retrieves and executes it instead of re-
interpreting it. Blocks that are frequently executed sequentially are
linked together, thus creating trees of basic blocks.

Sullivan et al. [27] optimize interpreters running on top of Dy-
namoRIO. Their approach of optimizing the interpreter is similar
to ours: DynamoRIO is aware of the interpreter loop and uses an
abstract program counter that consists of the logical PC of the in-
terpreter and the native PC of DynamoRIO. The major difference
to our work is that DynamoRIO is not a VM, but a native code op-
timization system. Their approach is much more limited because
they must not make any assumptions about the program, includ-
ing register usage, calling conventions, or the stack layout. Our ap-
proach of integrating two full-fledged VMs allows far more aggres-
sive optimizations.

Gal et al. [15] introduced trace compilation and trace trees for
JIT compilation. They integrate trace recording and trace compila-
tion into the JamVM, a lightweight Java VM for embedded devices.
Subsequently, trace compilation was successfully used in JIT com-
pilers for JavaScript [14, 16] and ActionScript [8]. All these imple-
mentations target only the optimization of one language, without
the support for hierarchical VM settings. Our implementation is
based on the trace compiler for ActionScript.

With the increased popularity of dynamic languages, several
commercial projects try to make it easier for developers to inte-
grate guest VMs with an existing host VM. One example is the
Java Specification Request (JSR) 223 [19], a mandatory part of
Java 6. It specifies an API to integrate code written in arbitrary
other languages into Java source code. Using this API, more than
30 dynamic languages can be easily integrated into Java applica-
tions [26]. However, the API does not provide any integration of
the guest VMs into the Java VM; they remain regular applications
from the point of view of the Java VM.

The developers of guest VMs on top of Java frequently com-
plain that Java bytecodes and the Java VM specification make it
difficult to compile dynamic languages directly to Java bytecodes.
To resolve this issue, Sun Microsystems has proposed the Da Vinci
Machine Project [11] to simplify the execution of dynamic lan-
guages on a Java VM. The goal is to add small extensions to the
Java VM that eliminate the most complicated workarounds in cur-
rent implementations of dynamic languages. Examples of proposed
extensions are a new bytecode for dynamic method invocation,
method handles that allow references to methods in a manner sim-
pler than reflection, new means for lightweight bytecode loading
without the need to generate a complete class file, and support for
continuations and tail calls in the Java VM. The integration of the
guest VM and host VM remains loose, the host VM still only loads
bytecodes generated by the guest VM.

The Dynamic Language Runtime (DLR) [12] developed by Mi-
crosoft aims at simplifying the implementation of dynamic lan-
guages on top of the Common Language Runtime (CLR). It is a
library that provides commonly needed functionality, for example
a compiler that translates an abstract syntax tree into bytecodes for
the CLR, dynamic method calls, and a dynamic type system [9]. It
is used by several projects, for example IronPython. In contrast to
our proposed approach, it is only a library without any integration
into the underlying host VM.

8. Conclusions
In this paper we explored an innovative approach of improving
the performance of dynamic languages using a hierarchical VM
framework. Instead of creating a unique JIT compiler in the guest
VM for the dynamic language, we leverage the host VM with an
already existing trace-based JIT compiler.

Normally, the host VM would only optimize the interpreter of
the guest VM, but not the workload executed on top of the guest
VM. To address this issue, the guest VM provides the host VM
with hints about its interpreter loop, i.e., it specifies which parts
of the guest VM should not be traced for its own but only in
conjunction with the guest workload. With these hints the host
VM can implicitly capture and optimize the workload executed by
the guest VM by recording multiple iterations of the guest VMs
interpreter dispatch loop.

The evaluation shows that this approach leads to a considerable
speedup when executing the Lua VM on top of Tamarin-Tracing,
i.e., when a well-established interpreter-based dynamic language
is executed on top of a VM that already uses a trace-based JIT
compiler.
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