Hence, recording and compiling a trace speculates that the path and
typing will be exactly as they were during recording lor subsequent
iterations of the loap.

Every eompiled race contains all the guards (checks) regured
w validate the speculation. Il one of the guards fails (il conool
flow is different, or a value ol a different type 15 generated), the
race eaits. 11 an exit becomes hot, the YW1 can record a branch
trace staring at the exit to cover the new path. In this way, the VIV
Tecards a trace tree cavering all the hot paths through the loop.

Mested loops can be difficult o optiimize for pacing Vs In
a natve implemenation, inney loops would become hat first, and
the Vi1 would start tracing there. When the inner loop exits, the
VI would detect that a different branch was taken. The ¥ would
ry o record 2 branch trace, and fnd that the trace reaches not the
inner loop header, but the outer loop header. At this polnt, the VA
could continee rracing antil it veaches the inner loop header again,
thus tracing the ourer loop inside a trace tree for the inner loop.
Bu this requires tracing a copy of the ower loop for every side exit
ard type combinaton in the inner loop. In essence, thisis a form
of unintended tail duplheation, which can easily overflow the code
cache. Alematvely, the VW could simply swop tracing, and give up
an ever tracing outer loops.

We solve the mested loop problem by recovding mested trace
treer. Cur eystermn traces the inner loop exacty 2= the naive wersion.
The system stops extending the inner tree. when it reaches an ouater
loop, but then it starts 2 mew trace at the outer loop header When
the outer boap reaches the inner loop header, the systerm tries to call
the trace tree for the inner loop. 1T the call succeeds, the VIV records
the call w the inner mee as part of the outer trace and finishes
the omer trace as normal. In this way, our system £an trace any
number af loops nested to any depth without causing eacessive tail
dupheation.

These techniques allow a ¥4 o dynamically ranslate a pro-
gram to nested, type-speciahzed trace trees. Because traces can
cross function call boundaries, our techmigues alzo achieve the f-
fects of inhmng. Because traces have no internal control-fow pouns,
they <an be optimized in linear time by a2 simple compiler (1),
Thus, our tracing ¥ elficiently performs the same kind of op-
oimizations that would require interprocedural analysis in a stakic
oprimzatan seting. This makes tracing an attractive and effective
ol to type speciabze even complex function call-nich code.

YWe implemented these techmigues for an existing JavaSenptin-
erpreter, Spiderfdonkey. We call the resulting tracing VI Trace-
Monkey. TraceMankey supparts all the JavaSeript features aff Spi-
derfonkey, with 2 25-20x speedup lor traceable programs.

This paper makes the following contrvibniaons:

* We explain an algonthm for dynamcally forming trace trees Lo
caver a pragram, representing nested boops as nested tace trees.

* We explain haw to speculaively generate efficient type-specialized

code For trace s om dynamic language programs.

» Yve validate our tracing technigues in an implementaion based
on the SpiderMonkey JavaSenpt interpreter, achieving 2x-20x
speedups on many programs.

The remainder of this paperis orgamzed as [ollows. Sechion 3 s
a general overview of trace bee based compilaton we use to cap-
wre and compile freguently executed code regions. In Secnon &4
we describe our approach of covering nested loops wsing 2 num-
ber of individual rare trees. In Secuon 3 we describe our race-
compilation based speculative type speciahizaton approach we use
w1 generate efficient machine code Mom recorded bytecode traces.
Dur implementation of a dynamic type-specializing compiler Tor
JavaSenpris described in Section 6. Related worlk 1s discussed in
Section 8. In Section 7 we evaluate oor dynamic compiler based on

for {var i =2, i < 100; ++i) {
if {lprimesl[il’
continue;
for f{var k = i + 1} i < 100; k += i}
primes [i£] = false;

[= T

Figure 1. Sample program: sieve of Eratosthemes. primes ic
imutalized to an array of 100 false values on enory @ this code
snippet.
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Figure 2. State machine describing the majar activities ol Trace-
Monkey and the conditions that cause transibons to 2 new activ-
ity. In the dark box, Thd execuates IS5 as compiled races. In the
Light gray boxes, T exes ures 15 10 the sandard inerpresr. Whie
baxes are overhead. Thue, to maximize performance, we need ta
maximize ome spent in the darkest box and minmimize tme spentin
the white baoxes. The best ease is a loop where the types atthe loop
edge are the same as the types on entry—then T can stay 10 nanve
code ontil the loop 1= done.

a set of industry benchmarks. The paper ends with canclosians in
Section 9 and an outlook on Mutire work is presented in Section 10

2. Overview: Example Tracing Run

This section provides an overview of our system by desenbing
haw Tracebdonkey executes an example program. The exampk
pragram, shown in Figure 1, computes the frst 100 prime numbers
with nested loaps. The narrative should be read along with Fagure 2,
which describes the activities TraceMankey performs and when it
transitions between the loops.

TraceMonkey always begins executing a program in the byte-
code interpreter; Every loop back edge is a potential trace point.
When the interpreter crosses a boop edge, TraceMonkey invokes
the trace mworitor, which may decide o record or execute a naive
trace. At the start ol esecution, there are no compiled oraces yet, so
the trace momtor counts the number of Lmes eac h loop back edgeis
executed until a loop beromes kot, currently alter 2 crossings. Note
that the way ouwr loops are compiled, the loop edge 1s crossed belore
entering the laop, sa the secand crossing aecurs immediately after
the first ikeration.

Here is the sequence ol events broken down by outer loop
iterabon:



