1Architectural Retiming:A Technique for Optimizing Latency-Constrained CircuitsSoha Hassoun & Carl EbelingUniversity of WashingtonComputer Science and Engineering DepartmentSeattle, WAWhy Is It HardtoDesign Fast Circuits?

2Too Much Work, Too Little Time.

M_dvC_hold

MEMORYCACHEM_dataI_dataExample

Specified Latency = 1 Cycle

3Memory Interface Module

FIFOM_dvC_hold

EmptyMEMORYHEADTAIL

M_dataI_data

Memory Interface Module

FIFOM_dvC_hold

EmptyMEMORYHEADTAIL

M_dataI_data

CACHE

4A Simplified Controller

Write

Read

A L U F & D

PC Logic

Dest. Reg.Source Reg.Op CodeBranch Instr. &Branch Addr.Condition CodeALU Out

Fetch Addr.REG. FILE

NewPC Logic

Fetch Addr.

5Architectural Retiming wIdentify performance bottleneckwProvide systematic way to perform optimizationswFormalize and generalize ad hoc architectural transformationswExplore design space w

w Problem w Finding performance bottleneck w Approach: Architectural Retiming w Example revisited w Results w Related work w Conclusion

Outline

6Problem: Latency Constraints wComputation must complete in a fixed number of cycleswClassificationwExplicit: performance requirementswImplicit: cyclic dependencies

Latency = n

R1R2¥Model as cycles with fixed number of registerswFind critical cycle,max ( ( � delay) / Number of Registers)[Hartmann & Orlin 91], [Burns 91]FindingLatency-Constrained PathsLatency = n AB

7Architectural Retiming

Decrease ( ( � delay) / Number of Registers )by adding a registerwhile preserving circuit�s functionality and latencyFor a Critical Cycle:

Pipelining Cycles

Bt-1tb1t+1b2Aa1a2C

----------AddedRegisterB t-1tb1t+1b2 b0Cc1c2c0 ABCfABC

ModifiedOperation ABCfABCff

8Pipeline RegisterB t+1 = At

BADCNYXNegative Register/Pipeline RegisterY t

N Negative RegisterD t = Ct+1

Implementing Negative Registers

Precomputation

Find a function that computes D in terms of ykPrediction

Each cycle, verify previous prediction:If correct, predict C again; otherwise, correct misprediction DCx giykffx«iN

9Implementing Negative Registers:

Precomputation

D t = C t+1 = f ( ... , xi t+1 , ... )

i t = gi ( ... , y k t , ... ) D t = f ( ... , gi

( ... , y t , ... )

DCxigi

ykffx«iN1. Extract precomputation function2. Optimize function 3. Add function back to circuit

NNBACR1R2R3R4B1A1C2B2R1R2R4R5

10PrecomputationNN

BACR1R2R3R4CR1R2R4B1A1C2B2R5R5Simplest Precomputation:A Local Forward Retiming MoveNN

11Architectural Retiming

ABABNNA�BAB�

Precomputing in Single-Register Cycles

Original CircuitLookahead: A(n) isa function of B(n-2)ABRetimed CircuitPrecomputation

Simple RetimingPrecomputing

In The Memory Interface Module

FIFOM_dvC_hold

EmptyMEMORYHEADTAIL

M_dataI_data

CACHE

12wF t = Fifo_out t+1 = FIFO t+1 [Head t+1 ] wHead t+1 = I_data

Head

C_hold

EmptyHead

FIFO

{Head t if (Emptyt or C_holdt )Head t +1 if !(Emptyt

C_holdt ) Applying Architectural Retiming

NHEADFPrecompute HeadwFIFOt+1 [ H t ] =

Combinational logic optimizationwFIFOt

[ Head t

] = I_data t { FIFO t

[H t

] if (H

t !=Tail t ) M_data

t if (H t =Tail ) Architectural Retiming (cont.)

I_dataH

M_data

TailPrecompute FIFO State

Additional Optimization

13Architecturally-Retimed

Memory Interface Module

FIFOM_dvC_hold

EmptyMEMORYHEADTAIL

M_data

Prediction

DCxgiffNwPredict Ct+1 if precomputation is unsatisfactory, or can�t precomputewIssues: wPrediction w Nullifying mispredictions

14The Effects of Mispredictions

DCNHER1R2Ht-1tt+1Ct+2

c0c3h1h2h0h3

Dt-1tt+1Ct+2c1c2 E c1c2c0c3*c1*c2*c3*c3CHR1R2Nullifying Mispredictions

wNeed a recovery strategywChange I/O interfacewDiscard a result for each nodewPrevent invalid data from propagating indefinitely in cycleswTwo Approaches(A) Fix immediately

(B) Allow invalid data to propagate - fix when

needed w As Late As Possible (ALAP) Correction

15wIdea: �Shouldn�t have done that!�, but cannot turn back timewInstead, replay previous conditionsASAP Restoration NN

Primary InputPrimary Output

NNPrimary InputPrimary Output

Data taken

Data valid

ALAP Correction

wAllow mispredictions to propagate and modify circuit elementswA simple pipelinew

NNPrimary InputPrimary OutputData taken

16Wavefronts wAn intuitive way to model propagation of invalid datawPropertieswOriginate at output of added register & at primary inputswPropagate to next pipeline stage each cycle, but don�t propagate indefinitely

Predictable movement w Use shortest-path algorithm to calculate

earliest arrival at each node

NNPrimary OutputNN

Primary OutputMispredictionis detected

NNPrimary OutputEarliest Arrrival = 0

Earliest Arrrival = 2Earliest Arrrival = 1

17Modifying Combinational Logic wAdd FIFO queues along edges if neededwQueue size (e) = arrival (e) - earliest_arrival (target(e))

Worst case separation

arrival = 1arrival = 4

earliest arrival = 1e1e2e1e2Results

Speed Up vs. Area IncreaseSpeed Up vs. Area IncreaseMIM QC Seq FA2 FA3 3N+1 MDV 12 IncreaseSpeed Up

{

{PrecomputationLookaheadPrediction

18Related Work wSpeculative computingwGeneralize branch prediction [Holtmann & Ernst, 1993]wLookaheadwTransform recursion to one dependent on earlier iteration [Kogge, 1981], [Parhi & Messerschmidtt, 1989]wPrecomputation

Optimize for low power [Alidina et. al.,

1994] w Logic retiming [Ciesielski & Bommu, 1996]

Status

wPrediction using FSMwCircuit implementation issueswUtilize handshaking signalsw ART (Architectural Retiming Tool)

Evaluate more examples

19Future Directions wConcurrent optimization of Boolean and mathematical functionswBandwidth vs. latencywIncremental performance evaluationSummary

wNew and general conceptual approach to improving performance of latency-

wGeneralize, unify, and automate ad hoc architectural transformationswbypass, branch prediction, lookahead wGood initial results