i=4. Onthisiteranon, TraceMankey calls T\ Becanse 1=4,the
if statEement on lne 2 is taken. This branch was not taken in the
ariginal trace, so this causes Tis to fail a guard and take a side exit
The exit 15 not yet hot, so0 Tracelonkey rewrns to the interpreter,
which executes the conLnue stEEMENL.

i=58, Tracelonkey calls T\ g, wheh in tum ealls the nested trace
Tas. Tie loops back to its own header, starting the neat iteration
without ever retlming to the monmtor,

i=b. {On this iteration, the side exiton hne 2 is taken again. This
ame, the side exit becomes hat, so a trace Fiy, 15 recorded that
cavers line 3 and returns o the loop header. Thos, theend of Tos
jumps directly ta the start af Tig. The side exit is patched so that
on future ikerations, it umps directly to Ts 1.

Atthis point, TraceMonkey has compiled enaugh traces ta cover
the entire nested loop structure, so the rest of the program rans
entirely as nabnve code.

3. Trace Trees

In this section, we describe traces, trace trees, and how they are
formed at run time. Although our techmiques apply @ any dynamic
language interpreter, we will descrvibe them assuming a bytecode
interpreter to keep the exposition simple.

3.1 Traces

A rrace 15 simply a program path, wheh may cross funcuon call
boundaries. Traceankey focuzes an [oop tracer, that originate at
a loop edge and represent a single iteration throngh the assoeiared
kap.

Similar to an extended basic block, a trace is only entered at
the top, but may hawe many eaits. In contrast o an extended basic
block, a trace can contain join nodes. Since a race always only
fallows ane single path through the original program, however, join
nodes are nat recognizable as soch in a trace and have a single
predecessar node hike regular nodes.

A typed trace is atrace annotated with a type far every variahle
[including temporaries) on the race. A typed trace also has an entry
nipe map giving the required types for vanables nsed on the trace
before they are de ined. Forexample, a trace could have a type map
fx: int, £ boolean), meaning that the trace may be enered
only il the value of the vanable x 15 of type int and the valoe of &
iz af type boolean. The entry type map is much like the signature
ol a functian.

In this paper, we only discoss typed loop traces, and we will
refer ta then simply as “traces™. The key property of typed loop
traces is that they can be compiked to elficient machine code using
the same technigues used for typed languages.

In TraceMonkey, traces are recorded in trace-Aavored S5 4 LIR
(low-level intermediate representation). In tace-Aavared 554 (or
T53A), ph nodes appear only at the entry point, which is reached
bath on entry and wia loop edges. The important LIR prnimitives
are constant values, memory loads ard stores (by address and
affzet), integer aperatars, foating-paint operators, funcian calls,
ard condittonal exits. Type conversions, such as ineger w0 double,
are represened by funcdan <alls. This makes the LIR used by
TracelMonkey independent of the concrete bype system and type
conversion tules of the source language. The LIR operations are
peneric enaugh that the bazkend eompiler is language independent.
Figure 3 shows an example LIR trace.

Bytecode interpreters typically represent values in a2 various
complex data structures (e 3., hash tables) in a boxed fommat [Le,
with attached type tag hits). Since a trace is intended @0 represent
efficient code that eliminates all that complexity, owr races oper-
ate aon unboxed valies in simple variables and amays as moch as
possible.

A warce records all its intermediate values in 2 small acnwation
record area. To make vanable accesses Mast on trace, the trace alzo
imparts local and glabal varizbles by unboxing them and capying
them o its activation recard. Thos, the trace can read and white
these variables with simple loads and stores (om a mative activation
recording, independently of the boxing mechamsm osed by the
interpreter. ¥When the trace exits, the VI boxes the valogs rom
this nabove storage bocation and copies them back wo the interpreter
sructures.

For every contrml-flow branch in the source program, the
recorder generaes conditional exit LIR instrucions. These insoue-
tions exit from the trace il vequived cantral Row is different fram
what it was at race recording, ensuring that the trace insbuctions
are run only il they am supposed to. We call these instuctions
geeard instruchons.

MMost ol our races represent loops and end with the special loop
LIR instuction. This is just an uneonditional braneh w the top ol
the wace. Such traces vetrn anly wia guards.

Mow, we describe the key ophirmzations that are pedormed as
part af recarding LIR. All af these aptimizatians redoce complex
dynamiz language construets to simple typed constructs by spe-
ciahizing for the current race. Each opimization requires guard in-
sructions o verify their assumpoons aboat the state and exit the
trace il neceszary.

Type specialization.

All LIR pnimitives apply to operands of specifc types. Thus,
LIR traces are necessanly type-specialized, and a compiler can
easily produce a translabon that reguires no type dispatches. A
typical bytecode inerpreter carries tag bits along with each value,
and to perform any operation, must ¢heck the tag bits, dymamically
dispatch, mask out the tag bits to mecover the untagged value,
perform the operation, and then reapply tags. LIR omits everything
except the aperation itsell’.

A potential problem is that some operations can produce values
of urpredictable types. For example, reading a property from an
object conld yield a value of any type, not necessarily the type
obeerved during recording. The recorder emits guard insouctions
that conditionally exit il the operation yields a valoe of a dillerent
type lom that seen duing recording. These guard insbuctions
guarantee that as long as execution i1s on trace, the types of values
match those af the typed trace. When the ¥ observes a side gait
alang such a type guard, a new typed trace is recorded oviginating
at the side exit location, capturing the new type of the operation in
guestion.

Representation specialization: ohjects. In JavaSeript, name
laokup semantics are complex and pakentially expensive becanse
they include leatures like object inheritance and eval. To evaluate
an object property read eapression hke o.x, the inErpreter must
search the property map of o and all of its prototypes and parents.
Property maps can be implemented with different data sructores
[e.8., per-obgect hash tables or shared hash tables), so the search
proeess also muost dispatch on the representation of each object
found during search. TraceMankey can simply observe the vesult al
the search process and record the simplest possible LIR o access
the property value. For example, the search might Ainds the value al
0. xin the prototype of o, which uses = shared hash-table represen-
tation that places x in slot 2 of a property vectar. Then the recarded
can generate LIR that reads o, 3 with just two or three loads: one to
get the protatype, passibly one o get the property value vec tor, and
one mare to get slot 2 fram the vector. This is a vast simplification
and speedup compared to the anginal interpreter code. Inhentance
relanonships and object representations £an ¢hange dunng execu-
tion, =a the simplified code reguires guard instructions that ensure
the object representationis the same. 1n TraceMonkey, objects’ rep-



