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Overview

Al/DL/ML inference driving need for much higher FPGA arithmetic density
And at a low precision

Known small multiplier architectures are not effective
Logic mapping, routing mapping

Routing micro-architectures and macro-architectures poorly understood
Independent routing density a subset of redundant routing density

This paper shows how to balance logic and routing for maximum FPGA
efficiency
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FPGA Architecture

Intel Xilinx
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Regular and Irregular Multipliers

FPGA logic naturally more efficient
with regular structures

ALUT + adder can implement sum of
two pencil and paper partial products

Adder tree (2 input) most efficient
when powers of 2 number of inputs

Nx4, Nx8, Nx16, etc

Multiplier regularization makes
irregular multipliers regular
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MULTIPLIER REGULARIZATION



3X3 = A TriVial FirSt Case Doesn't depend on carry chain

3 high column affects rest of multiplier ‘
\ /R

3x3 multiplier useful for Al inference Column [ 5[ 4 3 ] 2 | 1 0
. . PPO 0 0 0 po2 || poa | Poo
A trivial case —or is it? PP1 01-0 | pia\ pis | pio | O
_ o _ PP2 P22 | P21 AP0 O 0
Saving 1 LUT significant if you have ——
50K multipliers Unused logic (and routing)
0 by a ap by ag by 0
Logic savings overshadowed by l l
routing optimization and simplification 1 [2] [oe] [2] [e] [one] [n] [o] [l [

Second level carry chain creates ., @ (+) (B—s (D &
device placement restriction 4 N Lol | |
>O O oL
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Regularized 3x3

Refactor logic in any column to more [ Column T 5 ] 4 | 3 [ 2 [ 1] 0]
0/n | i PP0 0 P22 P21 p2o | po1 | poo
than 100% if required T 0 [ AURe s AT TALR T ors 0
Refactor any logic over 100% to a a(2:015(2: 0

function of 1 bit + 100% of
remaining capability

by a by (Poap1a)Ep12|| Po2 & p1a @ by ao bo

Use out of band functions for other ! 1 Ll ] l
partially used columns
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3x3 - Details

C]BJA
E J=CXORE J = A2B0O XOR A1B1
ll K=CANDE K = A2BO AND A1B1

B | {A2,A1,B1,B0})
D

L=KXORF
n M=KANDF L=(AZBOANDA1B1)XORAZB1

E M = (A2BO AND A1B1) AND A2B1
nE = (LXOR A2B1) AND A2B1)

A2,B1 can be brought into ALM
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4x4 Case — De-regularize then Regularize




5x5

Col. | 8 | 7 | 6 | 5 | 4 | 3 ] 2 [ 1 0 |
PPO 0 0 0 0 poa | pos | po2 | pou P0,0
PP1 0 0 0 Pra P13 P12 Pl P1o 0 Good
PP2 0 0 P24 P23 P22 P21 P2.0 0 0
PP3 0 P3a | P33 | P32 | Psa | Pao 0 0 0 [ Column | 8 | 7 6 5 | 4 3 2 1 [ 0 |
PP4 | pa, pa3 | pa2 | paa | pao 0 0 0 0 PPO 010 | pra | Pzl pos | Pos | Po2 | Poa | Poo
PPl 010 0 pra | Pis| pi2 | P11 | pPro 0
PP2_ |00 0 | 0 [mo] 0 ] 0 [ O [0
Coumn | 8 [ 7] 6 | 5 | 4 3 ] 2 |1 0 |
PPO 010 ] pa | P23 | Poa | Pos | Po2 | o1 | Poo
PPl 010 0 pra | p1s | P12 | P | Pro 0
P2 [0 0 0 0 | pa| O 0 0 0 Bad
Coumn | 8 [ 7 [ 6 | 5 [ 4 [ 3 [2[1jo] (Comm[8]7] 6 |5 |4 13 1211110 ]
PP3 0 P34 Pis Pz P31 D30 0 0 0 PPO 0 0 P24 P23 P04 P03 Po2 Po.1 P0.0
PP4 Pas | pa3 | pax | pa1 | pap 0 0]0]O PPl 0101 0 Bia VAIS L P2 | Pui | PIO 0
: 3 : : : PP2_ |00 0 | 0 [mol 0 L O [ 0 [0
CaL 83171 6 T 5 [ 4 [ 3 [ 2 10 ]
pPPO’ 0 P24 P23 Po4 Poj3 Po2 Po.1 Po,o
PPI" | 0 | 0 | AUX,®&p3 | AUXy | AUX, P12 | P P10 0
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TERNARY TO BINARY ADDER MAPPING



Adder Tree Simplification

" - [Co]i] 0] 9 [ 8] 7161514132110
Ternary addition does not work in the —————r——r s
general case PPLIO| 0 [ 0 [0 [0 [p5[pia]p3|pr2]pr1]pi0] O
PP21 0] O 0 0 [p2,5]p2,4|p2,3]|p2,2|p2,1| 2,0 O 0
. . PP3[{0] O 0 |p3.5]|p3.4]|p3.3[p3.2[p3,1|p3,0] O 0 0
Routing density PPA| 0| O [pa.5|pad|pa3|pa2|pa.i|ps,0]l O | O [ 00
PP5 10 | ps.5|ps.4|ps.3|ps.2]ps.1|ps.0] O 0 0 0 0
Ternary condition may occur for n*3 Y
partial products [ Col. [I1J10]9[8[7]6[5][4[3]2]1]0]
PPO+PP1 | O J O[O | O [x7]x6]xs5|xa|x3]|x2]x1]|xL
6X6 PP2+PP3 | 0 | O [y7 |y [ys [yafys [y [y [y ]0]0O
PP4+PP5 7l |35 |a | 3212112 0 0]l0 0
7x7 regularized ‘v

[ Col. [II[I0]9[8]7][6][5]4[3][2]1]0]

PPO+PP1 | z7 | z6 |25 | za | x7 | X6 [ x5 | xa | x3 | 22 [x1 | 21
PP2+PP3 1 0 | O |y7|ye|ys|yaly3|y2 ||y |{O]0O
PP4+PP51 0 | 0|0 |0 lzz3|z2|zt|lzz OO0 ]0]0
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Mapping Details

51=x4Dy,DzL
0 Z7 0 Zg Y7 Zs Yo Z4 Y5 X7 Y3 X Vi Xs Vo Xy Y1 X571, X 0 XiXp 1 :MajﬁritY(xcl,yZ;ZL)
= (x4 -yz) + (x4 -zL) + (}'2 -2L)
hsy = x5 @ y3 @z (auxiliary cell)
hcy = Majority (xs,v3,z; )(auxiliary cell)

52 =X Dys D22
¢1 = Majority (xg,y4,22)
hsy = x7 @ ys @ zz(auxiliary cell)
hcy = Majority (x7,ys, z3 )(auxiliary cell)

53=24DYe €3 =24"Y¢
sS4 =25Dy7 €4 =25y7

[Col [11]10]9[ 8 [ 7 [6 [5[4[3[2][1]0]
Line0 27 126 | 54| 83 hSQ 5 hj'l S| X3 | X2 | X1 | XL
Linel | 0 |eq|cs|hea| ¢ |hey | e1 | Oy |y | 0] 0
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RESULTS AND CONCLUSIONS



Results

Procision Ours Tntel Xilinx | Precision | Area | Depth |

Area | Depth | Area | Depth | Area | Depth 3 3 1

4x4 8 1 11 2 12 2
3%5 3 2 22 3 20 3 x4 1 2
6x6 21 2 30 3 24 3 5x3 7 1
Tx7 25 2 34 3 36 4 6x5 16 2
8x8 36 3 36 3 40 4 6x4 12 )
9x9 43 3 48 4 55 5 653 g i
7x6 23 2
7x5 19 2
Tx4 14 2
7x3 9 1
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Summary

Introduced out-of-band (Auxiliary) functions

Maximized use of independent routing
Overall routing use low stress

Likely to support high system density
Multiple optimizations can be used together

Smallest — and lowest latency — low precision multiplier results known
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