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What Is Equivalence Checking?

A method to assess the equivalent behavior of two designs

Validates that certain design transforms preserve behavior

Logic synthesis, manual redesign does not introduce bugs

Often done formally to save resources, eliminate risk
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Combinational Equivalence Checking (CEC)

No sequential analysis: latches treated as cutpoints

Equivalence check over outputs + next-state functions

SAT check; though NP-complete, CEC is scalable+mature technology

CEC is most the prevalent formal verification application

Often mandated to validate synthesis
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Sequential Equivalence Checking (SEC)

Latch cutpointing req’ment severely limits CEC applicability

Cannot handle retimed designs, state machine re-encoding,  ... 

Cutpointing may cause mismatches in unreachable states

Often requires manual introduction of constraints over cutpoints

SEC overcomes these CEC limitations

Supports arbitrary design changes that do not impact I/O behavior

No need for 1:1 latch or hierarchy correspondence

Explores sequential behavior of design to assess I/O equivalence
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SEC Usage at IBM

IBM’s SEC toolset: SixthSense

Developed primarily for custom microprocessor designs

Also used by ASICs, and for (semi-)formal functional verification

Use CEC to validate combinational synthesis

Verity is IBM’s CEC toolset

Also used for other specific purposes, e.g. ECO verification

Use SEC for pre-synthesis HDL comparisons

Sequential optimizations manually reflected in HDL

SEC efficiently eliminates the risk of such optimizations
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Example SEC Applications

Timing optimizations: retiming, adding redundant logic,…

Power optimizations: clock gating, logic minimization, …

Check specific modes of design behavior

Backward-compatibility modes of a redesign preserve functionality

BIST change must not alter functionality

Quantifying late design fixes

Fix only affects ROL op? Constrain SEC to disallow ROL, check other ops

Verifying RTL vs. higher-level models
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SEC Paradigms

Various SEC paradigms exist

Initialized approaches

Check equivalent behavior from user-specified initial states

Uninitialized approaches, e.g. alignability analysis

Require designs to share a common reset mechanism

Compute reset mechanism concurrently with checking equivalence 
from a reset state
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Our Focus: Initialized SEC

More scalable: 1,000s to even 100,000+ state elements

More flexible:

Enables checking specific modes of operation

Applicable even if initialization logic altered (or not yet implemented)

Applicable even to designs that are not exactly equivalent

Pipeline stage added? Check equivalence modulo 1-clock delay
data_out differs when data_valid=0? Check equivalence only 
when data_valid=1

Validation of reset mechanism can be done independently
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SEC Is Computationally Expensive

Sequential verification: more complex than combinational

Higher complexity class: PSPACE vs. NP

Model checking is thus less scalable than CEC

SEC deals with 2x size of model checking!

Composite model built over both designs being equiv checked

However, tuned SEC algos can often scale better than 
model checking
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Key to Scalability:
Assume-then-prove Framework

1. Guess internal equivalences within designs

2. Speculatively reduce the composite model to leverage 
suspected equivalences

Similar to cutpointing in CEC – though preserves seq behavior

3. Attempt to prove suspected equivalence on reduced design

4. If successful, exit with reduced model

I/O equivalence often follows from this reduction

5. Else refine unprovable equivalence goals, go to step 2
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Assume-then-prove Framework

Speculative reduction greatly enhances scalability

Generalizes CEC: sequential analysis only needed over      
sequentially redesigned logic portion

Proof step is the most costly facet

Most equivalences solved by lower-cost algos (e.g. induction)

However, some equivalences can be very difficult to prove
Failure to prove internal equiv. often degrades into failed SEC run

Novel SixthSense technology: leverage synergistic 
algorithms to solve these harder proofs
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Transformation-Based Verification (TBV)
SixthSense is a system of synergistic engines

Proof algos: induction, reachability, interpolation, …

Falsification algos: semi-formal search, BMC, …

Transformations: min-area retiming, logic rewriting, localization,…

Transforms iteratively simplify the problem until amenable 
for core solver engine

Multi-algo solution is critical to solving difficult SEC proofs

Even within a design, different algos better suited for different proofs
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Conclusion: SEC

1. Saves resources: obviates lengthy verification regressions

2. Eliminates risk: SEC is exhaustive, unlike sim regressions

3. Improves design quality: enables aggressive optimizations, 
even late in design flow

Higher quality design with reduced time-to-market

Opens door to automated sequential synthesis
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Conclusion

SEC becoming part of standard design methodology at IBM

Pre-synthesis HDL-to-HDL applications

CEC closes gap with combinational synthesis flow

Our solution was driven by demand for scalability across 
arbitrary design transforms

Hooks to control: initial values, input constraints, “partial equivalence”

Leverage a rich set of synergistic algos for highly-scalable SEC

SixthSense: TBV-Powered SEC


