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Introduction BE=ECE

* Problem Statement
» Fact - Floating-point operations are widely used for advanced applications:
= 3D graphics, multimedia, signal processing and scientific computations
* Problem — Floating-point operations require complex processes:
= Alignment, normalization and rounding

« Solution —Floating-point fused arithmetic units:

= FP Fused Multiply-Add [2] — [4], FP Fused Add-Subtract [5], [6] and FP Fused Two-
Term Dot Product [7]

* Proposal — Improved floating-point fused two-term dot product unit

Goto Backup
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Traditional FP Fused Dot Product Unit [BEE=ZECE

= Traditional FP Fused Two-Term Dot Product Unit :7]

- P=ABxCD
» Useful for FFT butterfly and

complex multiplication

* Reduces area by 20%o,
Reduces latency by 2%,

Improves accuracy

Goto Backup
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Enhanced FP Fused Dot Product Unit [WEE=ECE]

= Enhanced FP Fused Two-Term Dot Product Unit

« New alignment scheme : IR
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VESAITY OF YERAS AT ALY

Enhanced FP Fused Dot Product Unit  [WE=ECE

= New Alighment Scheme

s Before alignment ¢ Before alignment
- “ 2f >
AB_sum | | AB_sum | |
AB_carry | | AB_carry | |
2f
CD_sum [ | CD_sum | |
CD_carry [ | CD_carry | |
s IfAB>CD o IfAB>CD
2f
«—2f — diff- 2f
shifted_AB_sum | ] | AB_sum | \
shifted_AB carry [ [ | AB_carry i |
2f .
CD_sum | | shifted_CD_sum \ |
CD_carry | | shifted_CD_carry \ |
e IfAB<CD « IfAB<CD
2f 2f
shifted_AB_sum [ | shifted_AB_sum \ |
shifted_AB_carry [ | shifted_AB carry | \ |
2f > 2f -
CD_sum [ | CD_sum | |
CD_carry [ | CD_carry | |

e After alignment round, guard and sticky bit e After alignment

4+3 L 2f+3
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round, guard and sticky bit
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* f = number of significand bits
diff = exponent difference
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Enhanced FP Fused Dot Product Unit [WEE=ECE]

= Early Normalization* and Fast Rounding

e After reduction tree e Sticky
carry round, guard and sticky bit round, guard and sticky bit
"ql— 2f+ 4 —~ +«— f+4 —_—
greater [] i ] stk_greater | L |
I e ===
' stk_smaller [ ¢ | | D
smaller | | ! || - ff"‘l‘ H__!_—_—_———— ————— - —.=~:= A
1—-1' | il I T |
norm_shift —_— |
! ition ! | [
. . to addjtion
e Normalization / A ’ \
. . /! (LSB,R,G,S) discarded \
. 2f+4-norm_shift _ _norm_shift / ‘o round \
shf_greater | | j /) '
_______ / .
shf_smaller | T S emmmTmm e .
;f,{,f" O (2|3 e o~
r |
\
5 ¥ y ¥
Y
S LSB| G | R | S | OR Tree
. . - -

* f = number of significand bits

* Previously proposed for the fused multiply-add unit with reduced latency [4].
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Enhanced FP Fused Dot Product Unit WEE=ECE

= Four-Input LZA

blld 4l

' l

Generate F vector

Generate W vector

l l

Encode F vector

Generate F vector

l l

Leading zeros

Encode F vector

l

Leading zeros

Two-input LLA Four-input LZA
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Enhanced FP Fused Dot Product Unit WEE=ECE

= Four-Input LZA
* Pre-encoding for Four-input LZA
= W=A+B—-C-D
w; =a; +b; —c; — d;, w; € {-2,—-1,0,1, 2}
= g =1lifw;=1, eg=1ifw; =0, s;=1ifw; =1
" 9i = 2i2iy1 +2i50) + 1 (L + 0pq + Tigg) + 02444
= ;= 2141 + 0pq + 1550) + 12441 + 2541) +0;(Ljq + 041 +1559) +
1;(2i41 + 2441) + 2;(Tigq + 041 + Ti4q)
" 5= 02541 + 1i(Lipr + 0pq + Tipq) + 22451 + 2441)
" fi(pos) = €;_19i5i41 + €i_15;Si41 for W >0
*  filneg) =€;_15:Gi+1 + €-19iGi1 for W <0
" fi=ei—1(GiSi+1 + Sigi+1) + €i-1(SiSiv1 + 9iJi+1)

Goto Backup

ARITH21 Jongwook Sohn 9




Enhanced FP Fused Dot Product Unit [BEE=ECE)

= Four-Input LZA

Leading Zeros and Pre-encoding Pattern for W >0

W vector Leading Zeros Pre-encoding Pattern
0“11(x) k €i-10i0i+1
010(1 or 0) k ei10i€ist
010'(2) k+1 ei10ieie1*
0“11'1(x) k+1 61501
0¥11'0(1 or 0) k+ 1 €i_1Si€is1
0<11'0™(2) k+1+1 Ei1Siist™

* Correction needed

Concurrent correction logic is required [10] —[12]*

* The error correction logic in [10] is modified by [11] and [12] to improve the accuracy and
eliminate the redundancy, respectively.
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Dual-Path FP Fused Dot Product Unit [BEE=ECE)

= Dual-Path FP Fused Two-Term Dot Product Unit
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Dual-Path FP Fused Dot Product Unit [WEE=ECE]

= Far Path Logic

S AB sum AB carry CD sum CD carry
 Significand swap | J
. ] S ds | IN
« Alignment & sticky ranificand e . 111 ----- Fof-mm-s .
| B i1 S 11 s
* Reduction Tree | smaller_ greater |
' sum/carry sum/carry v

; 'F"""""""_w_"_;r _____________________________________ Y
! Align r .
, exp dlff—7/ & Sticky / | Sticky | i
Invert & ReductionTree | | I e S
1{ h 4 L ‘\1
| op_sel —»| Invert | !
I |
i |
1 I
a Ny s
i 4:2 CSA E

S o .

far_sum far_carry

ARITH21 12



Dual-Path FP Fused Dot Product Unit [WEE=ECE]

» Close Path Logic
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Pipelined FP Fused Dot Product Unit

= Pipelined FP Fused Two-Term Dot Product Unit
* First stage (Critical path): et
= Unpack T gk
= Multiplier tree T, I" Stage
d (Critical path) s T e
« Second stage (Critical path):
= Close path significand align \A\;\_/ %
Significand FarParhl Close Path Slgnlflcand
= LZA Suee ! —
v P r
= Normalization & Stky 4:2 CSAs LZA 2 Stage
. . . ! i Critical Path
« Third stage (Critical path): — Siitand —
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«  Addition '
Path Select Sign Logic
= Exponent Adjust J— :
- Balanced latency for single precision: | aroun Addiion 3 Stage
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Select Adjust
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Results BEE=ECE

= Design Comparison
» Single Precision

* 45nm CMOQOS Standard Cell Library

Enhanced
Traditional Enhanced +E|£]1T§|n§g?h + Dual-Path

+ Pipeline
Area (im°) 38,654 (100%) | 29,159 (75%) | 31,472 (81%) | 33,228 (86%)
Latency (ns) 2.54 (100%) 2.14 (84%) 1.87 (74%) 2.01 (79%)
Throughput (1/ns) 0.35(100%) | 0.47 (119%)| 0.53 (136%)| 1.49 (379%)
Power (mW) 20.77 (100%) | 15.17 (73%)| 16.16 (78%)| 16.94 (82%)
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Results BIE=ECE
= Pipeline Stages
» Single Precision
* 45nm CMOQOS Standard Cell Library
Stage 1 Stage 2 Stage 3
Area (im°) 17,484 (53%) 12,143 (36%) 3,601 (11%)
Latency (ns) 0.65 (33%) 0.67 (35%) 0.63 (32%)
Power (mW) 8.96 (53%) 6.41 (38%) 1.57 (9%)

ARITH21
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Conclusion BE=ECE

= Summary

» Three optimizations for an enhanced FP fused dot product unit
= New alignment scheme
= Early normalization and fast rounding
= Four-input LZA
— Reduces the latency by 15%, reduces Area and power by 25%

» Dual-path FP fused dot product unit
= Reduces the latency by 25%

* Pipelined FP fused dot product unit

= Increases the throughput by 2.8 times
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Conclusion UT==Ise3

= Trade-off
Optimizations
Category New Alignment | Four-Input LZA Dual-Path Pipelining
Area + + - -
Latency + + ++ -
Throughput + + ++ F++
Power + + - -
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Backup

EE=ECE

= |EEE-754 Standard for Floating-Point [1]

« fp_number = (—1)519"x 2¢&xponent » gignificand

= sign=0orl
= exponent =e —e,,. + 1 (e =any integer between 0 and 2# of exponent bits)
= significand =d, ,d,, ... d,d;d, (d; = 0 or 1, p = significand precision)

| Format || Single Precision | Double Precision |

Sign 1 1

Exponent 8 11

Significand 23 52

Total 2 64

Exponent Bias 127 1023

Exponent Range 77126 _ 5127 7-1022 _ 51023
Significand Precision 24 53
1 & 23
| ] | exponcnt | significand |

11

Single Precision

1
Ls |

exponent

significand

Go Back

Double Precision
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Backup UT==Ise3

= Discrete vs. Fused Two-Term Dot Product

A B [ D A B C| |[D
' I b ! l l l l
A-B C-D
A-B +C-D
v
A-BxCD
v
Dot Product Dot Product

Go Back
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Backup [WE=ECE

= Massive Cancellation

« After the subtraction, MSBs (if it is 0) must be shifted for normalization

1.1000000111
- 1.0111111000
0.0000001111
1.1110000000

<</

Go Back
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Backup

UT==Ise3

= Two-Input LZA for Floating-Point Adder [10]

* Pre-encoding for Two-input LZA

* W=A-B

W; = Q; —bl',

w; € {—1,0,1},

= gi=1lifw;=1, e=1ifw;=0, s;=1ifw; =1

n fl =€i—1(9i§i+1 + Sig_i+1) + éi—l(si§i+1 + gig_i+1)

« Leading Zeros and Encoding Pattern for W >0

Go Back

W vector Leading Zeros Pre-encoding Pattern
Okll(x) k €i-10iJi+1
010(1 or 0) k ei10i€ist
0“10'(2) k+1 €i-10i€i+1*
011'1(x) k+1 €i-15i0i+1
0¥11'0(1 or 0) k+ I €i15i€is1
0<11'0™(2) k+1+1 €SB

* Correction needed

ARITH21
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Backup UT==Ise3

= LZA with concurrent correction [10]

An sa8 Aﬂ Bn e Bﬂ

A,...A; B,...B
| X1 LZA n 0 En 1]
¥ ST $ ______ ! d LZA
L - [ N ————
\/ ! Pre- : ¥ ¥ & ¥ ¥ =y
| Encoding | ! ] ] |
: ! i Pre-Encoding !
I ' i
! | l .
Subtract i e i ! i
! | Subtract : v v vy v .
i Tree l l orrection LZD i
! l l Tree Tree !
I |
| carry_out : ! !
| ¢ I \
- [ |A - B e o e
| |Correction : - corvect Shift
: Logic : Normalize fI:
|A - BJ I : Shift  fe
| correct shift |
I ¥ !
| - I
i Cnr?:-:::ian | E Normalized
¥ Y / |A -8
Normalize ]

Shit [ corrected_shift

Normalized

Go Back IA -BI
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Backup UT==I563

= Pre-Encoding Logic of LZA [10]

dj b|
n; P g
=ni
- Pi
Pi Aﬁ

i @ Ziq,
i + 1 Zi+q " I - 1
! J
Go Back fisa f fiq
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Backup BEOE=ECE

= 25 Dbit LZD tree [4]

fo ... fis fo..fr figunfas  Tounfs oo fio fouui Fiq Faq o fop fo f1 fs fo fig fiz  f4 fs fiz fis fao oy fofs ... faq fafs ... T2
2 1 Mux 2 1 Mux 2 1 Mux MUX 3: Mux ’é\lmux 6:1 MUX
~\ 24Mux / —\ 24 Mux / W
éq. 5"3 5‘2 5“1 Sy
Go Back
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Backup UT==Ise3

= Concurrent Correction Tree for LZA [12]

aI bl lcI
|

‘ ! ’ ’ I e
) a—

ke

M

L
— %
1]
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Backup

= Exponent Compare Logic

Go Back

A exp B exp C exp D exp

!
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AB_exp CD_exp

cout diff

op_sel

N
¥

exp

exp_comp exp_diff

|
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Select
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Backup BRE=ECE

= QOperation Select

ABgign © CDsign if op = add
ABgign @D CDsjgn if op = sub

e op_sel = {

Go Back
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Backup [WE=ECE

= Exponent Adjust Logic

exp carry_out norm_shift

¥ h J l
\ ¥4 N ,.f ¥4 /
=
cout cout cout round_up
h J ¥
2:1 MUX op_sel ———{ Exception
J_. Logic

h 4

h J
% 2:1 MUX 4— path_sel

adj_exp exceptions

Go Back
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Backup BRE=ECE

= Path Selection

1 if |ABexp — CDeypl < 2 or op_sel =0

* path_sel = {
pati.- 0 otherwise

Go Back
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Backup [BRE=ECE

= EXxceptions

. (1 If exp = max_exp
overflow = {0 otherwise
1 if exp<0

* underflow = {0 otherwise

* inexact = overflow || underflow || round_up

Go Back
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Backup UT==Ise3

= Close Path Significand Alignment

(ABsignif 00) if ABeyxp = CDexp = 0,1,2
o ABaligned = (OJABSignif' O) lf ABexp —_ CDexp — —1
(00, ABsignif) if ABoyp — CDexp = —2

(CDsignif, 00) if ABexp — CDeyp = 2
CDaligned = (0' CDSignif: 0) if ABexp — CDexp =1
(00, CDsignif) if ABoyp — CDgypy = 0,—1,—2

Go Back
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