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Floating point matrix multiply accumulate
Imagine how many operations you require to calculate the following
O D

16 17 18 19 20 21 22 23

24 25 26 27 28 29 30 31

« Each number is floating point operand N
» Simulation methods would take months to start finding bugs

» Exhaustive check for interesting cases and different types of operands / operations is a
must

 FPU app includes IEEE 754 floating point building blocks :

« ADD, SUB, MUL operations and Conversions, and taking in consideration different
rounding modes
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Single function calculation

« Each element of the resulting matrix is calculated as follows
 RJi]= ACCJi] + Row Matrix X * Column Matrix Y

« This is a Vector Fuse Multiply and Accumulate operation, which requires to be populated with the
relevant Row and Column elements of the Matrixes

« We've built a new VFMA operation as follows
VFEFMA = ACC + X0#YO0 + X1xY1 + X2+xY2 + X3+Y3 + X4xY4 + X5+xY5 + X6+xY6 + X7+Y7

« Becomes a basic building block to check each result
« Support different floating-point types
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Floating-Point Unit (FPU) app

« Formally verifying compliance to the IEEE 754 standard

Challenges:

* Floating-point essential for advanced artificial .
intelligence (Al) applications such as deep learning
« Complex IEEE 754 floating-point specification .
* Arithmetic and comparison operations .
+ Bfloat16, half, single, and double precision
* Five rounding modes
» Five exception flags
« Simulation cannot guarantee standard has been
met
* Only a formal App can prove compliance

16/32/64/ ... bits
A

Mantissa
10/23/52/ ... bits

Exponent
5/8 /11/ ... bits

Sign
1 bit

IEEE 754 Half / Single / Double / ... Precision

OneSpin Solution:

Compliance rules captured using standard SystemVerilog
Assertions (SVA)

Supports all operands, rounding modes, and exception flags
Highly automated formal proof strategies
Parallel proof engines with network and cloud distribution

Floating point value view of operands for debugging

Integrates with RISC-V F/D extensions

HIGH-LEVEL
DEBUG

Verification
Sign-off

App Configuration
+ Precision

* Rounding Mode

+ Latency

FPU APP
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OneSpin 360 FPU verification app
Accelerate verification, prove correctness

Quick Bug Fix Iterations e Easy to setup

*  Supports half/single/double bfloat16 and
custom precisions

*  Supports 10 rounding modes and 5
exceptions flags

* add, sub, mul, fma, abs, neg

*  Conversion and comparison operations

HIGH-LEVEL DEBUG

4

COVERAGE METRICS

Latency
Customization EPU APP ;.q‘ *  Easy to model intended deviations from the
|EEE-754 standard

IEEE 754 SVA MODEL *  Parameters to specify ambiguities in the
App Configuration standard
e Precision Verification ° - i I
+  Rounding Mode } PROOF OPTIMIZATION Signoff RISC-V configuration
: *  No need for C++ model of the FPU
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Matrix Multiplication

Example

In order to calculate Element 10 of the Matrix:

R10 = ACC10 + X8*Y2 + X9*Y10 + X10*Y18 + X11*Y26 + X12*Y34 + X13*Y42 + X14*Y50 +

X15*Y58
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Use case

» Template Based
~ Simplify property writing
» Reduces debug time

» Enables fast transfer of
fails to RnD for further
debug and fixes

» created a procedure to
-
download fail vectors e g

element/8*8+1
element%8+1i*8

32*(i+1):32*1
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Debugging fails

Session Eile Edit CC/MV Tools Window Help .
mo = -
ZEN-HO S s 2EX -~ LAAXT OH AL & * |[EEE 754 annotations
Design Explorer @ Lint Browser © Auto Checks O Dead-Code Checks B = Assertion Checks & Debug sval/fp_checker/fp_mul_a @
. o w (@ =
G 00 K- Tt 0 1 s e i e * on code and waveform
assume property
E@(pﬁedge clk_1) Path: WIl4| [top] kily TimePoint: 29
' Entity | Architecture g .
=  Traceability (drivers and loads
fp_mul_a: assert 283 fr—— -
= 1f rising_edge(clk_1) then
property (@(posedge AT
clk_1) R i
[+1fp_mul_p); 404 [ 1f fpu_op_1="000" or fpu_op_1="001" then .
- T x 2" x"2"
* Property Debugger shows fails
406 s_lne_o <= postnorm_addsub_ine_o;
407 H elsif fpu_op_1="010" then
x"2n . .
208 s_outputl <= post_norm_mul_output; ° Act e Code ma k
x"ffce_oeee"  x"ffco_eeoo’ IV r I n
409 s ine o <= post_norm mul_ine;
B B
410 [ elsif fpu_op_i="011" then
411 s_outputl <= post_norm_div_output;
412 s_ine o <= post_norm_div_ine;
a3 elsif fpu_op_i="108" then L
{7 T ’ o v~
fpu.vhd (read-only view) line 355, column 1
| . j." LI Lﬁ Event: any change ~ | fp_checker/fpu_op
Timepaint: o 2 11 12 13 14 15 16 17 18 2 22

29 tx#x14
n/a

1 3 4 5 6 7 8 9 10 19 0 21 23 228 25 BIEl 27 8 29
Baseline: t##0 LH##L LH#2 tH##3 L##4 LH##S L##6 t##7 L##8 t##9 t##10 LH##11 LH##12 LH#13 t##14

NalN. OVF, N,

fp_checker/fpu_op
e n

Show Shell||Shell Mode| Interrupt | 4 Help
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Results
Prevented a bug escape !

Found an error when having a small accumulator exponent and large product exponent but zeros on mantissa

« We've implemented several operations reusing the same function
i.e. NEG - Negate the accumulator with no matrix multiplication
neg = vfma(.op(acc) , .prod (‘@) , .rm(roundmode) ) ;
MUL- Only calculate the product, ignore the accumulator
mul = vfma(.op(@), .prod(prod) , .rm(roundmode) ) ;

Were able to fully prove Addition, Negation and other operations

Full proof on restriction of the multiplication having either all zeros or special numbers (i.e NaN etc)
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Runtime Results

Results per lane, before and after fixes

Operation Unrestricted Has special Unrestricted Restricted 1 Restricted 2
Before fix numbers After fix multiplication multiplications
(NaN or Inf) After fix After fix
VADD/VSUB/VNEG No fails 20 sec 20sec
VMUL (Accumulator is 1 min 4min Hold bounded 10min for full 4h for full prove
Zero) prove
VEMA 1 min 4dmin Hold bounded  9h for full prove Hold bounded
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Summary

FPU operations are tedious and difficult to verify using simulation

- Bugs are on corner cases

* Questa OneSpin FPU app has the building blocks to construct simple readable
properties

* Provers and disprovers performance enables bug finding in minutes

« Full proof is possible on restricted cases

« Bounded proof is available for all cases
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