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Dot-Product Compute Engine

AlIML
[Accelerator

Dot Product Operation

A[N] = A0, A1, A2, ...., AN
B[N] = BO, B1, B2, ...., BN
A[N] . B[N] = AO*BO + A1*B1 + .... + AN*BN
Conventional Datapath
Exponents
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Normalization and
Rounding

v
Output

to Al/ML hardware accelerators!

A multi-input and multi-precision floating-point dot-product

block is pivotal |
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C vs RTL Formal Verification

* C vs RTL formal verification is necessary for a multi-input and multi-
precision dot-product block to do datapath verification signoff.

 Exhaustive analysis - corner-case bugs |

Synopsys VC Formal DPV
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* We used Synopsys VC Formal DPV to perform transactional

CIC++
model
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equivalence check between C/C++ and RTL models.

\J
Equivalent?

C vs RTL formal verification for a multi-input and multi-precision dot-
product block is challenging!
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Motivation

* Challenges in achieving formal verification convergence
* Datapath complexity makes the tool harder to converge.

Multi-input and multi-precision floating point(fp) dot-product support

. Fmdmg equivalence points due to different C/RTL adder trees

RTL - model
( ppO H ppl/’ (\pp2/) ‘p'ils’ ( pfo/""\pP_?/"\pfs/""fpf‘i’ » Partial products (pp) in a shared datapath
P P — | C- model
\@— ‘ » Different adder sizes due to bit width-
: @ inaccuracy at the intermediate compute
Sum_Cv-modeI Sum RTvL-modeI Stages

How to break the formal convergence barriers?
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Assume-Guarantee

* Intermediate nodes are proven and then assumed to structurally simplify
the proof.

* Adder trees for C and RTL were proven independently.

* Once the adder trees were proven equivalent, they were assumed to prove
the final dot-product output.

impl.out
spec.out Step 1:

Prove spec.csa == impl.csa

impl.csa

Adder
Tree

spec.csa
Step 2:

Assume spec.csa == impl.csa
Prove spec.out == impl.out
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Lemma Partitioning

* Partition/cluster lemmas so that they can be solved independently.

* Faster run-time as each partition can be solved in parallel with separate tasks.

Parent Proof is verifying 3
Parent Proof (L1, L2, L3) assertions: L1, L2, and L3

T2 (L2) T3 (L3) - The assertions can be
partitioned among 3 tasks: T1,
T2,and T3

T1(L1)
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Case Splitting

* Break complex formal verification proofs into several easier sub-problems.

* Each sub-problem will have one or more additional assumptions, reducing
the state space of the problem.

* Example: split the proofs based on input operands type (sub-normal,
NaN/Infinity etc.) or product output (zero).
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RMA (Regression Mode Acceleration)

e Learn information about proof/falsification and apply the saved information
In the subsequent runs.

* The successful scripts are applied first when there is no or minimal change
In the design/setup.

1. Lookup

VC Formal o o
DPV :D_ 2. Prediction
Datapath

Validation

v X

Proofs Failures
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Adder Tree Mismatches and Recommendations

* Problem
How to achieve formal convergence amidst different C/RTL adder tree structures?
Can the VC Formal DPV tool automatically detect different adder trees from C/RTL?
* Solution

We enabled helper lemmas using adder tree expressions at individual-adder-level to

find equivalency between C/RTL adder tree structures.

Synopsys is currently working on the flow to identify different adder trees between

C/RTL and automatically resolve them in the VC Formal DPV flow.

.



Results

Task List » Job time |-1 Job resource 72000
Name Progress Result
™ final_nan_inf [ s ] status | name | vacuity | witness | type | class engine | elapsed_time |
M — 1 . outdats_check 0 femma  user orch_satonly 00:00:04  _rei
= b 2|  outdata_check 1 lemma  user orch_satonly 00:00.04 _rei
aligned_bi = =
AT 3 o outdata_check 10 lemma  user orch_satonly 00:00:03 ady
individual_adders ] &
= 3 o outdsta_check 11 lemma  user orch_satonly 00:00:04 ady
i ™ rt_full iy
1513 vcf>listtask 1 (LU aoner _ S o outdats_check 12 lemma | user orch_satonly 00:00:03 ady
™
1514 sumc_rd_sdder_relation N § . outdata_check 13 lemma  user orch_satonly 00:00:03 ady
1515 |Task 1 final 34 B o [out.dem check 14 Terorme | user orch satonly 00:0008 | ady
1516 | Proof 3 R e i e I
1517| semas | o e s Soswe
overs .
1518 E 10 out_data_check_17 lemma  user orch_satonly 00.00:04 ady
1519 | Vacuties # 0 10
N 11  outdats_check 18 lemma  user orch_satonly 00:00:04 ady
1520  Witnesses # 0
L. 12  outdats_check 19 lemma | user orch_satonly 00:00:05  .ady
1521| Task Status finished
1522 | Machine 1
1523 | Task Result killed DAME R
: 1| _scv_assume_
1524 | Solve Time 60542 |
2|
1525 | Converged$% 0 [
5 e 3
1526 | Solve Script orch multipliers
Y 4

1527 | Task Start Time Tue Aug 29 16:18:21 2023
1528 | [0:0:1] Info COMREW-001: Start REC nodes 37802, mult 256, div 0, udiv 0, mod 0, umod 0, add 1321, sub 0, mux 2838

elaluloln

temp_5 == 0) && (spec.prodP_temp_6 == 0) && (spec.prodP_temp_7 == 0) && (spec prodP_{

Non-convergence (run-time: 16+hrs .

v_assume_15

5

gl

Constraints Enabled: 104

Total Properties: 34 -

Convergence (run-time: 29 mins)
* Run-time for a 16-input FP32-type dot-product : <30 mins

* Run-time across several other floating-point-types : <11 hrs

* In addition to achieving 100% convergence and 100% C-model coverage,
critical bugs (output data/exception) were flagged.
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Conclusion

Problem

How to achieve C vs RTL formal
convergence for a multi-input and
multi-precision floating-point
dot-product block?

Solution
@ [Assume - Guarantee |
L ‘ e - Results
Case splitting 4 Convergence across all formal runs : ~
[Lemma partitioning ‘ Run-time for a 16-input dot-product block

FP32 : <30 mins
Several other floating-point formats : < 11 hrs

©,
©,
@ :Maximizing equivalence points:
®

Optimized solvers by RMA /

CIRTL adder tree |
, structure mismatches?,

d

| ;
Helper lemmas for C/RTL LAutomation?

adders

» Future VC Formal DPV
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