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Binary Translation (BT)
• Sour
e ISA translated to di�erent native ISA exe
uted by hardware
• Motivation: simpler, faster and lower power pro
essors versus supers
alars
• In our study, native ISA uses stati
ally s
heduledVLIWmi
ro-ops (uops)
• Tra
e: sequen
e of uops along predi
ted 
ontrol �ow path, all s
heduled asa single unit
• Larger tra
es formed bymerging several smaller tra
es (or basi
 blo
ks)
• BT software pro�les 
ode as it exe
utes to identify and optimize tra
es
• Optimized tra
es stored in translation 
a
he
• BT overhead amortized by optimizing only frequently used 
ode



Binary Translation: Examples
• Transmeta Crusoe and E�
eon: all x86 
ode (OS, appli
ations) toVLIW by 
ode morphing software
• IBM Daisy and BOA: like Transmeta, but with PowerPC to VLIW
• Intel IA32-EL: x86 to IA-64 VLIW (dynami
, user 
ode only)
• Intel Pentium 4: x86 to RISC-like uops by hardware at tra
e 
a
he �lltime (minimal optimization)Our work fo
uses on full system x86-64 to VLIW translation



Atomi
 Commit/Rollba
kModern BT systems use atomi
 
ommit/rollba
k:
• Ar
hite
tural state (registers and memory) 
he
kpointed at start of tra
e
• State is spe
ulatively updated by uops within tra
e
• If all uops in tra
e exe
ute 
orre
tly, spe
ulative state 
ommits (overwriteslast known good ar
hite
tural state)
• Any ex
eptions 
ause rollba
k (restores 
he
kpointed state)� O�-tra
e bran
hes, memory ordering and spe
ulation failures, viola-tions of s
heduling assumptions during exe
ution
• Required for good performan
e:� Allows aggressive or dangerous memory reordering� x86 instru
tion semanti
s: must be atomi




Motivation: Problems with Atomi
 Tra
esUseful 
omputations wasted:
• Ine�
ient design: rollba
ks o

ur even if only one uop failsTra
e length limited to limit rollba
k penalty
• De
reases potential ILP and optimizationsSlow Adaptation and High Overhead:
• BT system must be very 
onservative to ensure s
heduling e�ort is notwasted
• No way to salvage information about 
orre
tly exe
uted uops toguide future s
heduling de
isions



Introdu
ing In
remental Commit Groups
• Very long high ILP tra
es 
onstru
ted by salvaging and 
ommittingthe 
orre
tly exe
uted parts of tra
es on rollba
ks
• Con
ept: Divide s
heduled VLIW tra
e into multiple 
ommit groups,separated by 
ommit points
• Rollba
ks only need to restore last 
ommit point: salvage all previouswork
• S
hedule uops freely a
ross 
ommit groups: 
ommit points insertedafter s
heduling, so no ILP impa
t
• Spli
e working parts of tra
es together into new optimized tra
es: self-evolving optimizations



Performan
e Preview
• Signi�
ant Speedup vsAtomi
: 1.5× faster on average
• Cuts time wasted by roll-ba
ks by66% (integer), 60% (FP)
• Longer tra
es promote better loadhoisting: less stall time



Peptidal PT2x
• OurVLIWmi
ropro
essor design
• 8-way 
lustered 
ore with spe
ial hardware support des
ribed later
• Translatesx86-64
ode (OS + appli
ations) intoVLIWuops (mi
ro-operations)
• Translation and optimization done byPTL (Peptidal Translation Layer), our�
ode morphing� software
• Spe
ialized hardware for improved performan
e, as in other BT systems



Commit Groups: De�nitions
• Commit Group: sequen
e of basi
 blo
ks in whi
h all 
onstituent uopsatomi
ally 
ommit



Home Commit Group
• Home Commit Group: the 
ommit group to whi
h a given uop originallybelonged in program order
• Commit Point for 
ommit group G : �nal 
y
le in whi
h any uop within Gappears in the VLIW s
hedule
• Uops freely s
heduled anywhere before their home group's 
om-mit point to maximize ILP



Exe
ute Commit Group
• Exe
ute Commit Group: the 
ommit group in whi
h a given uop isa
tually s
heduled
• Commit groups always 
ommit in original program order, even ifuops exe
ute out of order



Ex
eption Handling and Rollba
ks
• Currently Exe
uting Commit Group: The exe
ute group the pro
essoris 
urrently exe
uting
• If any uop with its home group = 
urrently exe
uting group 
ausesan ex
eption, rollba
k to previous group's 
ommit point
• If any uop from future group 
auses ex
eption, defer ex
eption untiluop's home group is rea
hed



Commit Bu�er
• Sin
e uops from di�erent groups are intermixed in s
hedule, results must beseparated by group
• Commitment of results in future groupsdeferreduntil home group mat
hes
urrently exe
uting group
• Solution? Commit Bu�er hardware stru
ture



Commit Bu�erCommit Bu�er (CB) defers updates to ar
hite
tural state until ap-propriate 
ommit point is rea
hed
• Divided into slots; one state update (register or store) per slot
• Slot only allo
ated to�nal uop in program order writing ea
h uniquedestinationwithin uop's home group
• Pi
ks ready slots belonging to 
urrent group and lets them fall throughinto ar
hite
tural state
• Cross 
ommit point only if all slots assigned to 
urrent group arewrittento ar
hite
tural state and ex
eption free



Commitment Pro
essEvery 
y
le, 
ompute (M[G ℄ANDC ANDR) to �nd whi
h slots in the 
urrentlyexe
uting group only are ready and still un
ommitted.Sele
t �rst mat
h and send (register, data) pairs to spe
ulative ar
hite
turalregister �le. Clear slot's C bit.
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Commit Group Completion Che
kAt bundle spe
ifying 
ommit point for group G , 
ompute (M[G ℄ANDC) to �ndwhi
h slots are still un
ommittedIf un
ommitted slots exist, stall pipeline (ex
ept 
ommit unit!) until no mat
hesremain



Commit Bu�er Hardware Complexity
• Not on 
riti
al path: data �ow into CB is one way (pro
essor to CB)
• No asso
iative sear
h hardware: dire
t a

ess
• Easy to simplify hardware via smart s
heduling: banked design, fewports
• Ar
hite
tural RF haszero read ports: entire ARF lat
hed ba
k into physi
alRF for next tra
e











Shadow Register FileCommit bu�er alone not su�
ient to ensure we 
an a

urately restore 
he
k-pointed state:
• As soon as group N be
omes the 
urrently exe
uting group, any CB slotsassigned to group N are transferred asyn
hronously and in arbitrary or-der into ar
hite
tural register �le (subje
t to result readyness and banking
onstraints)
• Dire
t 
ommits: uops where (home group = exe
ute group) bypass
ommit bu�er and go straight to register �leSin
e other uops in the 
urrent group may still have ex
eptions, use shadowbit
ells to 
he
kpoint state as of last 
ommit point
• Same operation as in other BT systems, ex
ept that 
ommit/rollba
k mayo

ur in middle of tra
e too



Store Commit Bu�er
• Just like register 
ommit bu�er, ex
ept destination is a physi
al address,not a register
• Stores are always ready at time of issue, so no R (Ready) bit needed inea
h entry
• Spe
ulatively updates L2 
a
he using lo
ked/dirty line s
heme
• Last store to given physi
al addressmay 
hange at runtime:� PTL uses pro�ling to spe
ulatively identify �nal store in ea
h group toea
h physi
al address� Similar to te
hniques for alias predi
tion and redundant store elimi-nation



Commit Depth Predi
tion
• Commit Depth Predi
tion: predi
t where tra
e will terminate:� Number of su

essfully 
ompleted groups� Final 
ompleted RIP (required next tra
e to re
over)
• If predi
ted to 
omplete N groups, after fet
hing bundle at 
ommit point N,begin fet
hing next predi
ted tra
e instead
• Depth mispredi
tions require pipeline �ush to re�ll frontend (5 
y
les)with rest the 
urrent tra
e or the next tra
e
• Avoids double penalty of both a rollba
k and a pipeline �ush to start are
overy tra
e
• E�e
tively transforms rollba
ks from an event to be avoided into anormaland predi
table part of exe
ution



Extremely Fast S
hedule Convergen
e
• Commit groups also promote signi�
antly faster 
onvergen
e on opti-mized tra
es
• PTL 
an salvage partially exe
uted tra
es and spli
e the workingparts together into new optimized tra
es� Existing BT systems have to start from s
rat
h after an atomi
 tra
efully rolls ba
k� Therefore, useful long tra
es are formed very qui
kly
• PTL naturally evolves pool of a
tive tra
es, surprisingly similar to ageneti
algorithm



Commit Group Formation AlgorithmCommit points sele
ted after s
heduling: fall at �natural� lo
ations, in-stead of 
onstraining s
hedule itself:
• Find 
y
le of latest uop in s
hedule within ea
h original basi
 blo
k
• Merge basi
 blo
ks with 
ommon �nal 
y
les in s
hedule into one 
om-mit group
• Insert 
ommit point at 
y
le in whi
h ea
h group is �nished in s
hedule
• Identify �nal writer of ea
h ar
hite
tural register and physi
al addresswithin ea
h group
• Assign 
ommit bu�er slot to ea
h �nal writer� Assign slots a

ording to banked CB stru
ture to maximize throughput� Slots re
y
led after ea
h owning group 
ommits



Ben
hmarking Methods
• PTLsim: our advan
ed 
y
le a

urate simulator
• SPEC 2000 ben
hmarks, ~2 billion x86-64 instru
tions ea
h, starting inmiddle of main loops
• Atomi
 Tra
es (baseline) versusCommit Group Tra
es
• Same PTL optimizations and heuristi
s enabled for both 
ases
• No predi
ation or multi-path exe
ution� Shorter tra
es, but isolates 
ommit group tra
es vs. atomi
 tra
es



Results by Ben
hmark
• Signi�
ant Speedup vs Atomi
: 1.5× faster on average
• Biggest gains on bran
h heavy integer: 
uts rollba
ks by 66%
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Results In Detail: g

 (Atomi
 Tra
es)
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Results Summary
• Signi�
ant Speedup vsAtomi
: 1.5× faster on average
• Cuts time wasted by roll-ba
ks by66% (integer), 60% (FP)
• Longer tra
es promote better loadhoisting: less stall time



Results: More Statisti
s
• Signi�
antly longer tra
es possible with CG
• Many side exits from tra
ewith CG (but no performan
e loss!)
• Tra
e predi
tor a

ura
y lower with CG, but still a

eptable



Commit Depth Statisti
s
• Atomi
 tra
es: most tra
es areshort (average: 15-20 uops)
• Commit groups: longer tra
es(average: 40 uops)
• Remember, no predi
ation ormultipath exe
utionwas used inthis study (so tra
es are shorter)
• Wide range of tra
e exit points(only 60% of CG tra
es fully 
om-plete)

Histograms for g





Register Commits: Dire
t vs Deferred (via CB)
• 2/3 deferred in integer, more in FP



Store Commits: Dire
t vs Deferred (via CB)
• Varies widely, but many more dire
t 
ommits (within home group) of stores



Commit Bu�er: O

upan
y



Future Work
• Improvement of tra
e predi
tor a

ura
y:� Commit depth predi
tion signi�
antly 
ompli
ates tra
e predi
tor
• Tapering Tra
e Problem. IPC greatly de
reases at end of tra
e as exe-
ution redu
es to single dependen
y 
hain� Serious issue in �oating point 
odes, sin
e FP laten
ies are so long� Overlap �rst group of in
oming tra
e with last group of outgoing tra
e
• Addition of predi
ation andmulti-path 
ommit to 
omplement 
ommitgroups



Summary
• In
remental 
ommit groups allow long high ILP tra
es, whilemin-imizing wasted 
omputations by rollba
ks
• Two sour
es of performan
e: redu
ed rollba
k penalties and longhigh ILP tra
es
• Commit Bu�er defers updates to ar
hite
tural state until appropriate 
om-mit group rea
hed
• Commit depth predi
tor eliminates pipeline �ush stalls when rollba
ks
an be predi
ted
• Signi�
antly faster 
onvergen
e on optimized tra
es by spli
ingtogether partially exe
uted tra
es
• NET RESULT: 1.5X performan
e gain vs atomi
, 70% redu
tionin wasted rollba
k 
y
les



Questions?
Che
k out http://www.ptlsim.org for our x86-64 out of order simulator,whi
h features many of the simulation 
omponents used in this study


