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BOA GoalsBOA Goals

Execute existin g Execute existin g PowerPCPowerPC  code 100%  code 100% 
compatibl y:  compatibl y:  User and supervisor stateUser and supervisor state ..
Execute at hi gh frequenc y.Execute at hi gh frequenc y.
=> => Use dynamic binary translation to Use dynamic binary translation to 
map PowerPC code to code for hi gh map PowerPC code to code for hi gh 
speed underlyin g machinespeed underlyin g machine ..



BOA Support for Binar y TranslationBOA Support for Binar y Translation

6464 regs vs  regs vs 3232 for  for PowerPCPowerPC
Extra bits with regs to help renaming, e.g. Extra bits with regs to help renaming, e.g. 
CACA  bitbit
Ability to quash speculative I/O opsAbility to quash speculative I/O ops
Store Order BufferStore Order Buffer so can rollback to  so can rollback to 
beginning of translationbeginning of translation
LRALRA==LLoad oad RReal eal AAddress ins for crossing ddress ins for crossing 
groups and pagesgroups and pages



Outline of TalkOutline of Talk

Back groundBack ground
BOA SoftwareBOA Software
BOA HardwareBOA Hardware
ResultsResults
ConclusionsConclusions



Similarities of BOA and DAISYSimilarities of BOA and DAISY

PowerPCPowerPC  target target
Use dynamic binar y translation to Use dynamic binar y translation to 
achieve compatibilit y with achieve compatibilit y with PowerPCPowerPC
VLIW / EPICVLIW / EPIC style architecture style architecture



BOA and DAISY Differences (1)BOA and DAISY Differences (1)

PowerPCPowerPC  ops from  ops from 
sin gle path.sin gle path.
6 Issue6 Issue
Ops assi gned to Ops assi gned to 
FU's in pipelineFU's in pipeline

Stall-on-useStall-on-use
Memop sequence #'s, Memop sequence #'s, 
Address ComparatorsAddress Comparators

PowerPCPowerPC  ops from  ops from 
multiple paths.multiple paths.
8-16 Issue8-16 Issue
Mini-Icache maps Mini-Icache maps 
fixed  cache fixed  cache 
locations to FU'slocations to FU's
Stall-on-missStall-on-miss
Load-Verif y Load-Verif y 
InstructionsInstructions
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BOA and DAISY Differences (2)BOA and DAISY Differences (2)

Predicated Predicated 
bundles of 3 opsbundles of 3 ops
1 branch per cycle1 branch per cycle

Branch predictionBranch prediction

Tree instructionsTree instructions

Up to 3 branches Up to 3 branches 
per cycleper cycle
Encode successor Encode successor 
cache line in cache line in 
instruction => instruction => 
Fetch known ins Fetch known ins 
each c ycleeach c ycle
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BOA and Other Binar y Translation BOA and Other Binar y Translation 
ApproachesApproaches

Runs whole architecture and not Runs whole architecture and not 
dependent on OS, unlike dependent on OS, unlike FX!32FX!32..
Produces code for a different underl ying Produces code for a different underl ying 
architecture, unlike architecture, unlike DynamoDynamo ..
Focus on one architecture, unlike Focus on one architecture, unlike DixieDixie   
or or UQBTUQBT..
Unlike Unlike Java JITSJava JITS ::

Language IndependentLanguage Independent
But not portable across platformsBut not portable across platforms



Why software d ynamic translation?Why software d ynamic translation?

Hardware crackin g consumes time Hardware crackin g consumes time 
and/or transistorsand/or transistors
Microcode emulation limits exploitation Microcode emulation limits exploitation 
of ILPof ILP
Software translation avoids these Software translation avoids these 
problems but requires hi gh instruction problems but requires hi gh instruction 
reuse:  reuse:  Most apps have hi gh reuse.Most apps have hi gh reuse.
Dynamic translation allows 100% Dynamic translation allows 100% 
compatibilit y => compatibilit y => Can handle arbitrary Can handle arbitrary 
entry points, self-modifyin g code, etc.entry points, self-modifyin g code, etc.



BOA System ArchitectureBOA System Architecture

Interpret Ins X 
(PowerPC)

X Prev 
Translated 
Entry Pt

Update 
Statistics

Goto 
next ins 

X

Yes

Exec Group X's 
BOA Translation

No
Seen X 
15 times

No

Form Group at X 
and Translate Ins
to BOA Instruc

Yes



StatisticsStatistics

For each For each conditional branchconditional branch , keep , keep takentaken   
and and fall-thrufall-thru  counts counts
For each For each register branchregister branch , keep list of , keep list of 
register tar get values.register tar get values.
Could keep load vals for Could keep load vals for value predictionvalue prediction



Group FormationGroup Formation
Include ops from onl y a sin gle path.Include ops from onl y a sin gle path.
Alwa ys follow most likel y direction of Alwa ys follow most likel y direction of 
conditional branch.conditional branch.
If necessar y, If necessar y, invert branch condsinvert branch conds  so all  so all 
branches expected to fall-thru.branches expected to fall-thru.
Optionall y go thru re gister branches:Optionall y go thru re gister branches:

cmpi  cr15,PPC_LR,0x1234
bne    EXIT_GROUP
# Translated Code from 0x1234
...
EXIT_GROUP:   b  BOA Syscode



Group Stoppin g ConditionsGroup Stoppin g Conditions

Fickle branch:Fickle branch:
E.g. go one direction less than E.g. go one direction less than 60%60% of time of time
Termed Termed Bias-9 Bias-9 => One way => One way 9/159/15 times times

# of ops     in group # of ops     in group > > Threshold (60 ops)Threshold (60 ops)
# of stores in group# of stores in group  >  > Store Buffer SizeStore Buffer Size

32 entries in store buffer32 entries in store buffer
Register Branches (Register Branches ( optionall yoptionall y))



Suboptimalit ySuboptimalit y

40% 60%

100%

100%

60%

60%

40% Cum Prob 21.6% Cum Prob
(0.6  )3
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At group entry, save PowerPC re gister At group entry, save PowerPC re gister 
state to shadow re gisters.state to shadow re gisters.
Save done in one cycle by hardware Save done in one cycle by hardware 
when branchin g to new group.when branchin g to new group.
Copy values to PowerPC re gs only at Copy values to PowerPC re gs only at 
group exits.group exits.
On exception:On exception:

Rollback to start of groupRollback to start of group
Restore PowerPC shadow re gistersRestore PowerPC shadow re gisters
Interpret to find exceptionInterpret to find exception

PowerPC State and Precise PowerPC State and Precise 
ExceptionsExceptions



PowerPC Regs Shadow Regs
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PowerPC State and Precise PowerPC State and Precise 
ExceptionsExceptions



Support for STORESSupport for STORES

ProblemProblem :  :  ���������� executes but later executes but later 
instruction in group pa ge faults.instruction in group pa ge faults.
Want to rollback to group start, but must Want to rollback to group start, but must 
rescind all executed rescind all executed ������������..
SolutionSolution :  :  SStore tore OOrderrder  B Buffer (uffer ( SOBSOB))

Stored values go to Stored values go to SOBSOB, not memor y, not memor y
At group exit, all pendin g At group exit, all pendin g ������������ in in SOBSOB  
are marked are marked eligibleeligible  for commit to memor y. for commit to memor y.
SOBSOB writes  writes eligibleeligible  values to memor y in  values to memor y in 
order.order.



Support for STORESSupport for STORES

ProblemProblem :  :  ���������� executes but later executes but later 
instruction in group pa ge faults.instruction in group pa ge faults.
Want to rollback to group start, but must Want to rollback to group start, but must 
rescind all executed rescind all executed ������������..
SolutionSolution :  :  SStore tore OOrderrder  B Buffer (uffer ( SOBSOB))



Store Order Buffer (SOB)Store Order Buffer (SOB)

GroupStart Ptr

GroupEnd Ptr
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Store Order Buffer (SOB)Store Order Buffer (SOB)

STORE
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Store Order Buffer (SOB)Store Order Buffer (SOB)

STORE
...
STORE
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Store Order Buffer (SOB)Store Order Buffer (SOB)

STORE
...
STORE
...
Exception
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Store Order Buffer (SOB)Store Order Buffer (SOB)
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Store Order Buffer (SOB)Store Order Buffer (SOB)

STORE
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Speculative Load SupportSpeculative Load Support

Use ctr to assi gn Use ctr to assi gn sequence numbersequence number   to to 
each each �������� and and ���������� in a group.in a group.
Sequence numberSequence number  part of opcode part of opcode
On On ����������, hardware checks, hardware checks
������������addr overlaps a prev addr overlaps a prev �������� addraddr
Prev Prev �������� addr has hi gher addr has hi gher sequence sequence 
numbernumber   than than ����������

If aliasin g:If aliasin g:
Rollback group to start and re-executeRollback group to start and re-execute
Possibl y retranslate to unspeculate Possibl y retranslate to unspeculate ��������



Speculative Load Support (1)Speculative Load Support (1)
Use ctr to assi gn Use ctr to assi gn sequence numbersequence number   to to 
each each �������� and and ���������� in a group.in a group.
Sequence numberSequence number  part of opcode: part of opcode:

LOAD       X
...
STORE    Y
...
LOAD       Z
...
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1   LOAD      X
3   LOAD      Z
2   STORE   Y
...
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Speculative Load Support (2)Speculative Load Support (2)

������������addr overlaps a prev addr overlaps a prev �������� addraddr
Prev Prev �������� addr has hi gher addr has hi gher sequence sequence 
numbernumber   than than ����������

1   LOAD      X
3   LOAD      Z
2   STORE   Y
...
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Z aliases 
with Y

Seq #3 > 
Seq #2   



Speculative Load Support (3)Speculative Load Support (3)

If aliasin g:If aliasin g:
Rollback group to start and re-executeRollback group to start and re-execute
Possibl y retranslate to unspeculate Possibl y retranslate to unspeculate ��������



Branchin g Between Groups and Branchin g Between Groups and 
Across Pa gesAcross Pa ges

Branch directl y from group to group.Branch directl y from group to group.
Put Put ������ ins at start of each group and ins at start of each group and 
every page crossin g.every page crossin g.
������ = = LLoad oad RReal eal AAddress:ddress:

Get Get realreal   PowerPCPowerPC   addressaddress  from Virt Addr from Virt Addr
Compare Compare real addrreal addr  to  to real addrreal addr  when  when 
translation was donetranslation was done
Trap if mismatch or faultTrap if mismatch or fault



BOA ISA (1)BOA ISA (1)

BOA is variable len gth VLIW machine.BOA is variable len gth VLIW machine.
BOA instructions (bundles) are 128 bits.BOA instructions (bundles) are 128 bits.
Bundles have 3 primitive ops.Bundles have 3 primitive ops.
Primitive ops have 39 bits plus stop bit.Primitive ops have 39 bits plus stop bit.
8 bits of bundle reserved for future uses 8 bits of bundle reserved for future uses 
such as predication.such as predication.
Instruction Issue:Instruction Issue:

Up to 6 primitive ops are issued to gether.Up to 6 primitive ops are issued to gether.
Only last op issued ma y have stop bit set.Only last op issued ma y have stop bit set.



BOA ISA (2)BOA ISA (2)

6464 Integer Registers Integer Registers
6464 Float Re gisters Float Re gisters
1616  4-bit4-bit  Condition Re gisters Condition Re gisters
Branches takeBranches take  1 1 cycle: cycle:

Branch mispredicts cost Branch mispredicts cost 77 cycles cycles
Static branch pred (Static branch pred ( usin g interpreter statsusin g interpreter stats ))
At most one branch per c ycleAt most one branch per c ycle



BOA LatenciesBOA Latencies

Integer ops take Integer ops take 11  cyclecycle
No bypassNo bypass  =>  => Dependent ops must be 2Dependent ops must be 2                   
.                                              cycles apartcycles apart

LOADs take LOADs take 33 cycles cycles
No bypassNo bypass  =>  => Dependent ops must be 4 Dependent ops must be 4 ..........      
cycles latercycles later



BOA ResourcesBOA Resources
66  IssueIssue  Slots Slots
22  LOAD / STORELOAD / STORE  units units

Each with own cop y of re gister fileEach with own cop y of re gister file
44  IntegerInteger units units

Each with own cop y of re gister fileEach with own cop y of re gister file
22  FloatFloat   unitsunits
11  BranchBranch  unit unit
3232-entr y -entr y LoadLoad  and  and Store BuffersStore Buffers
Register scoreboardin g of LOAD valuesRegister scoreboardin g of LOAD values

Stall when tr y to use loaded valueStall when tr y to use loaded value



BOA Frequenc yBOA Frequenc y

BOA has BOA has 700 ps700 ps  worst case c ycle time in  worst case c ycle time in 
current 0.18 um CMOS bulk processcurrent 0.18 um CMOS bulk process
700 ps700 ps  is more than 50% better than other  is more than 50% better than other 
0.18 um desi gns scaled from 0.25 um0.18 um desi gns scaled from 0.25 um
SIA Roadmap:  FET's 1.8x faster b y 2005SIA Roadmap:  FET's 1.8x faster b y 2005

BOA should be BOA should be 400 ps400 ps  ( (2.5 GHz2.5 GHz) by 2005) by 2005
BOA has extra pipe sta ges to account for BOA has extra pipe sta ges to account for 
wire dela ywire dela y
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BenchmarksBenchmarks

BenchmarksBenchmarks
SPECint95SPECint95
TPC-CTPC-C

SPECint95 SPECint95  Samplin g Method Samplin g Method
Uniforml y Sampled PowerPC TracesUniforml y Sampled PowerPC Traces
2 million2 million  instructions per sample instructions per sample
5050 samples per benchmark samples per benchmark

TPC-CTPC-C Samplin g Method Samplin g Method
Special-purpose hardwareSpecial-purpose hardware
170 million170 million  instruction trace instruction trace



Factors in BOA PerformanceFactors in BOA Performance

Instruction Reuse RateInstruction Reuse Rate
# of times each ins is translated# of times each ins is translated
Translator CPITranslator CPI
Interpreter CPIInterpreter CPI
Statistics CPIStatistics CPI
Synchronous Exception RateSynchronous Exception Rate
ICache flushin g from translatorICache flushin g from translator
Avera ge Group Len gthAvera ge Group Len gth
# of times interpret before translatin g# of times interpret before translatin g
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BOA and DAISY CPIBOA and DAISY CPI
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ConclusionsConclusions

BOABOA  uses d ynamic binar y translation to  uses d ynamic binar y translation to 
full y emulate the full y emulate the PowerPCPowerPC  architecture. architecture.
BOABOA  is a VLIW architecture desi gned for  is a VLIW architecture desi gned for 
high frequenc y operation.high frequenc y operation.
BOABOA 's CPI of around 1 is comparable to 's CPI of around 1 is comparable to 
most existin g superscalars.most existin g superscalars.



Future WorkFuture Work

Multipath Schedulin g:Multipath Schedulin g:
Without Without frequenc y lossfrequenc y loss
Without Without code explosioncode explosion

More use of More use of profilin gprofilin g and  and value predictionvalue prediction
Reductions in Reductions in Translation CostTranslation Cost


