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Cross-layer workload characterization of meta-tracing JIT VMs

▪ How can meta-tracing JITs significantly improve the performance of multiple 
dynamic languages?

▪ Why are meta-tracing JITs for dynamic programming still slower than C?
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PyPy with meta-tracing JIT speedup over CPython:
Meta-tracing JIT improves the performance significantly
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PyPy speedup over CPython and Pycket speedup over Racket:
Meta-tracing JIT improves performance significantly across multiple languages
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Meta-tracing JIT VM phases

calls to AOT funs
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Fastest on PyPy Slowest on PyPy

Meta-tracing JIT VM phases
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy

The JIT phase:
The fastest benchmarks tend to execute JIT-compiled code the most
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Meta-tracing inlines all loops and can hurt performance

while True: 
  ... 
  memcpy(d, s, n) 
  ... 

def memcpy(dest, src, n): 
  i = 0 
  while i < n: 
    dest[i] = src[i] 
    i += 1 

Interpreter
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Benchmark % Source Function
ai 19.4 interpreter setobject.get_storage_from_list

bm_chameleon 17.9 RPython types rordereddict.ll_call_lookup_function

bm_mako 26.1 RPython lib runicode.unicode_encode_ucs1_helper

json_bench 18.5 PyPy module _pypyjson.raw_encode_basestring_ascii

nbody_modified 44.6 external lib pow

Examples of significant AOT-compiled functions
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy

JIT calls to AOT-compiled functions:
AOT-compiled functions can improve performance by avoiding long traces
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PyPy bytecode execution rate compared to CPython:
Benchmarks that perform the best also warm up the fastest
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Cross-layer workload characterization of meta-tracing JIT VMs

▪ How can meta-tracing JITs significantly improve the performance of multiple 
dynamic languages?

▪ Why are meta-tracing JITs for dynamic programming still slower than C?

PyPy >> CPython
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PyPy and Pycket slowdown over C/C++:
Meta-tracing JIT has a big performance gap between static languages
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy
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Meta-tracing JIT phases
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Meta-tracing JIT IR node breakdown:
Likely a big part of JIT compiled code is overhead

Fastest on PyPy Slowest on PyPy
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy
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Interpreter phase
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PyPy without meta-tracing JIT speedup over CPython:
RPython-to-C translation has overheads

0

0.2

0.4

0.6

0.8

1

1.2

ric
ha

rd
s

cr
yp

to
_p

ya
es

ch
ao

s
te

lc
o

sp
ec

tra
l-n

or
m

dj
an

go
tw

is
te

d_
ite

ra
tio

n
sp

itfi
re

_c
st

rin
gi

o
ra

yt
ra

ce
-s

im
pl

e
he

xi
om

2
flo

at ai
nb

od
y_

m
od

ifi
ed

tw
is

te
d_

pb
fa

nn
ku

ch
ge

ns
hi

_t
ex

t
py

fla
te

-fa
st

bm
_m

ak
o

tw
is

te
d_

na
m

es
js

on
_b

en
ch

ge
ns

hi
_x

m
l

bm
_c

ha
m

el
eo

n
py

py
_i

nt
er

p
tw

is
te

d_
tc

p
ht

m
l5

lib
m

et
eo

r-c
on

te
st

sy
m

py
_s

um
sp

itfi
re

sp
am

ba
ye

s
rie

tv
el

d
de

lta
bl

ue
ep

ar
se

sy
m

py
_e

xp
an

d
sl

ow
sp

itfi
re

sy
m

py
_i

nt
eg

ra
te

pi
di

gi
ts

bm
_m

dp
sy

m
py

_s
tr

Motivation • Meta-tracing • PyPy >> CPython • PyPy << C 



28

Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy
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Garbage collection phase
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Benchmarks Fastest on PyPy Benchmarks Slowest on PyPy
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Meta-tracing JIT VM overheads:
Overheads are diverse and can add up to significant portion of execution
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Iron law of processor performance:
Does meta-tracing VM code execute poorly in addition to more instructions?

Time 
Program

Instructions 
Program

Cycle 
Instructions

Time 
Cycle=
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Comparing meta-tracing JIT IPC to C/C++:
Meta-tracing has a similar IPC for most benchmarks



33

0

0.375

0.75

1.125

1.5

1.875

2.25

bina
ryt

ree
s

ch
am

en
eo

sre
dux

fan
nk

uc
hre

dux
fas

ta

kn
uc

leo
tid

e

man
delb

rot

mete
or

nb
od

y

pidigi
ts

reg
ex

dna

rev
co

mp

sp
ec

tra
lno

rm

thr
ea

drin
g

C/C++ IPC PyPy IPC Pycket IPC

Motivation • Meta-tracing • PyPy >> CPython • PyPy << C 

Comparing meta-tracing JIT IPC to C/C++:
Meta-tracing has a similar IPC for most benchmarks
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IPC measurements can be accurately matched against VM phases
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Microarchitectural characterization by the VM phase:
Meta-tracing-JIT-compiled code has a similar IPC, fewer branches and mispredictions
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Microarchitectural characterization by the VM phase:
Meta-tracing-JIT-compiled code has a similar IPC, fewer branches and mispredictions
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Cross-layer workload characterization of meta-tracing JIT VMs

▪ How can meta-tracing JITs significantly improve the performance of multiple 
dynamic languages? 
▪ Meta-tracing JIT compilation significantly improves the performance 
▪ AOT-compiled functions are good to break pathological traces 
▪ Easier-to-JIT programs perform the best and warm up the fastest

▪ Why are meta-tracing JITs for dynamic programming still slower than C?

PyPy >> CPython

PyPy << C
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Cross-layer workload characterization of meta-tracing JIT VMs

▪ How can meta-tracing JITs significantly improve the performance of multiple 
dynamic languages? 
▪ Meta-tracing JIT compilation significantly improves the performance 
▪ AOT-compiled functions are good to break pathological traces 
▪ Easier-to-JIT programs perform the best and warm up the fastest

▪ Why are meta-tracing JITs for dynamic programming still slower than C?
▪ Meta-tracing JIT has an order of magnitude performance gap vs. C/C++
▪ A big part of meta-tracing-JIT-compiled code is likely overhead
▪ The meta-tracing JIT VM has a number of other diverse overheads
▪ The problem is more instructions, not instructions that execute poorly
▪ There is no silver bullet in addressing the performance gap

PyPy >> CPython

PyPy << C
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