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Relative Energy Cost Relative Area Cost

Operation: Energy (pJ) Area (um?)
8b Add 003 ‘
16b Add 005 i}
32b Add 0.1
16b FP Add | o4 L
32b FP Add oo |NENEGEGE
8b Mult o2 N
32b Mult S @ 00
16b FP Mult 1.1 =
32b FP Mult 3.7
32b SRAM Read (8KB) 5 =
32b DRAM Read 640

| 10 100 1000 10000 | 10 100 1000

Credit: Bill Dally ACMMM 2017 Keynote “Efficient Methods and Hardware for Deep Learning”
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5| ( Range ) #1%8E ( Precision )

ANERERTITE

Range Accuracy
1 8 23
FP32 S E \Y/ 10-38 - 1038 .000006%
1 b5 10
FP16 S| E M 6x105-6x10¢4  .05%
1 31

Int32 0-2¢10° %

Int8 0-127 %

Credit: NIPS 2015 tutorial “High-performance hardware for machine learning”
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|IEEE754 - ER¥EEF % ( FP32 ) FIEEEFA2N (FP16)

sign exponent fraction
(5 bit) (10 bit)

float16

1w0|9|8|7|6e|5]4a)]3|2]1|0

sign exponent fraction
(8 bit) (23 bit)

float

FP1689EIASEE(6x108 ~ 65504) im{KT FP32B9EIZSEE](1.4x10-45 ~ 1.7x10%38)
FP16AJRBE(279) im#HT FP32AYFEE(2-23)

-127 -24 -14 0 15 128

FLOAT 32
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OK  FP32 weight = 225 (45F2.98 x 10°9)

Error FpP16 weight = 2-25 (4%F2.98 x 10-8)

1

Tzt (Underflow ) : FP168ERTHIER/NE 9 2-24
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OK FP16 weight = 2-3 (0.125)
OK  FP16 gradient = 2-4 (#J%F0.000061)

FP16 weight = weight + gradient

= 2-3 4 D-14

= -3

2 NfE1R ( Rounding Error ) :
[2-3,22][& , FP16RTHIEEEEI213
RAEL2 3 KA R—1 8923 + 212

Error




Actv — Activation
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I BWD-A +—ActvGradt
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: wt WGrad- <« Actvt!

] :

! |

: !

W - Weight ! : 1

Grad — Gradient i Weight Update ——— Updated W for !

L - Layer | next iteration )

FWD - Forward Propagation 1 I

BWD-A - Backward Propagation for Activation
BWD-W - Backward Propagation for Weight
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/\ Epoch 0

(a) Weights Epoch 164
(b) Activations j\

(c) Weight updates

S 24 EP = 0 5 16

Base-2 logarithm of absolute value

E/9sEFFP327ECIFAR-108UEEE L1)l|#kResNet-10112BUAUHFE , —3£165 epochs, FEEIIZEY
BT, NEHEE ( Weights gradient/updates ) ZFEE/)\ , EFINEARSILLHIBAERR K

Credit: ai.intel.com “Flexpoint: numerical innovation” Xin Wang et al.




SGDEFMNE(FP16)AT , KESNEIR
(a) Weights j\ EBSER (1)64
(b) Activations /\

(c) Weight up%/_\

L 1 1 L 1 1 1
-32 -24 -16 8 0 8 16
Base-2 logarithm of absolute value

(A*AW(t)) / W(t) < 2-10
W(t+1) = W(t) - AW(t) h %meae
REREEIER | I

Credit: ai.intel.com “Flexpoint: numerical innovation” Xin Wang et al.
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actifation gradi 'nt magnitudes

w o
oA

=
=N A 0O

1/2
1/4
1/8
1/16
1/32
1/64
1/128
1/256
1/512
1/1024
1/2048

Percentage of values during training

90 -75 -60 -45 -30 -25 -20 -17 -14 -12 9 -6 -3 0 3 6 9 12 15 Inf
Upper bound, 2 to the listed exponent

EA{ERAFP32i#{TMultibox SSD with VGG-DiJIIExIEH |, BiEREE ( Activation Gradient ) BUIEBEE S E]

Credit: NVIDIA “Training with mixed precision” Ginsburg et al.
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ActvGrad-e : BWD-A < ActvGradt

|
1
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WL WGradt <+« ActvtT

Tt (Underflow ) : l l— by

FP168ERTAIS/NEg2-24

BL-1ENZEIFfE RN next iteration
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{EAFP16/FP32;BERBEIH T

2K

BE 3T~ ( Representation ) Ba1TE ( Math)

FTBEINE. BiE. BEHERFP163R «  XERIFARENITEER
~ (FiE) - WTESEENE  IeEER. 511
{EFIFP32/EAENNES ( Accumulator ) B% , EiEEAFP16#HTITE (44
FIFENFP168Y5RIR , RESANEF IR AFP32MMENNZS )
BUEEHRAFP16 «  ¥JBatchNorm. SoftMaxZ&FEENJEEN
NE—NE , RB—RE TensoriFH{THITHEIE (FSUM ) Y,
(FP32) RYESFfD ( Master Copy ) A NAFIEANFP16(EfT , H1TFP321E
BUARSEE
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: F32_To_F16 F16 )
ActvGradt-le— W
ctviradsie— BWD-A —ActvGradt
i F16 i
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1 1
: MasterW:  \WGradLF16 ﬁ Acth:
i BWD-W F16 l
I F32 l ‘ I
: F32 :
I Weight Update ———— Updated MasterWt 1
: for next iteration :
] ]
_ ‘O H =
MasterW - {NEEEH , FIFP32ET W(t+1) = W(t) - N*\AW(t) B2 7 FN\E1=
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(EFHNEFP32EF1D,
ResNet- 50/%1@|~ %Jxl}l gﬁ\

o
70% |

6% |

so% |

4o |

30% |

20% "

o | - o o o - o

E/9{5FIFP16B9GPU TensorCorefll EFP321XE £ & {DEt{TResNet-50I14k , ERFIFP32)IZMERAEESLL.
IRZIFOFP323) || 5B R RY/ERR I Credit: NVIDIA “Training with mixed precision” Ginsburg et al.
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Percentage of values during training

N

actifation gradi :nt magnitudes

E9ERFP32i{TMultibox SSD with VGG-Di)l|Zxd
2R, BUERRE ( Activation Gradient ) RIIBEETS

Credit: NVIDIA “Training with mixed precision” Ginsburg et al.
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actifation gradi :nt magnitudes

64
32
16

[E NS

1/2
1/4
1/8
1/16
1/32
1/64
1/128
1/256
1/512
1/1024
1/2048

—_ Unused

Percentage of values during training

<90 -75 60 45 30 -25 -20 -17 -14 -12 9 -6 -3 0

Upper bound, 2 to the listed exponen

v

<
Overall FP16 range

Credit: NVIDIA “Training with mixed precision” Ginsburg et al.
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HRSEHK Loss Scaling

HTFChainRule , &
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HITNEEFES

BEAR NS | HRR ™,

W ERYIEFEEERT

E
C(Xn, Y)
) LLT '
Xn e | Y
T e — I NSV
dE de-:—.I Fn(Xn-1, Wn)
..1 Xn-1f | dE/dXn-1
I I D LTI
by e,
Xi| gdEdxi e,
i "I Fi(Xi-1, Wi)
--------- > dE/dWi=—
x;-ﬂ | dE/AXi-1 e
I I o
X1 : Il dE/dX1
w1 '
* F1(X0, W1
< (1[—'(11-.'1-:—1 ( )
xot desired
input X output Y

REEEET , BRET
TR 2K

EHT-Chain Rule , &[4
TS EIREERE
K725, NTTEA
FP16RYENSBE

Credit: Yann LeCun ICML’13 tutorial
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F32 training

{EFH256 ( 28 ) fFHURKRIK
& BUEBEFINEREE
KT 256(F, BUEREABRES
faHH FP16HIEIASEEIM Nim

Percentage of values during training
T T T

% -5 -0 -4 -30 -25 -20 -17 -4 -12 8

Credit: NVIDIA “Training with mixed precision” Ginsburg et al.
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Faster R-CNN 69.1% 68.6% 69.7%

Multibox SSD 76.9% Toi BTN 77.1%

Br&M{ESS, Faster R-CNNFIMultibox SSDYRAVGG-16, mAP{ERPascal VOC 2007 EE,

Credit: Paulius Micikevicius et al. (2017)
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Intel NNP ASICH{sEFAEIFlexpointi&T\

(a) £float 16 tensor (b) flex16+5 tensor

‘HHIIJ l||l Hll gy estaaseessssssssssatsssiserssssassssasesnissssrns

(I THIN } 5 { MNNN . lJ},
e . I T 11T

Bit order Bit order

—MFlexpoint Tensor ( flex16+5) = —ANNT16 Tensor 4+ —AN5 bithHEE  + —ABAGI (B Tensore
(ZTensorHE)  KEHLHIE)

Credit: ai.intel.com “Flexpoint: numerical innovation” Xin Wang et al.
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Flexpoint3L[&
xExE,méﬁl ( Fixed Point ) ,

2.0 -1.5 . 512 -384
(1x2') (-3x271) R A— | Flexpoint Tensor (1x2°) (-3x27)

I

0.0625 64.0
(1x24) (1x2°)

16 16384
(1x24) (1x24)

INT16 Tensor
20=512x28 -1.5=-384x28

0.0625=16x 28 64.0 = 16384 x 28
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HREIITE

FI T4 (exponent) P53 B TensorfIFT  ETensorTTERATUE BRIR AT
BRERRE , TensorUEISEERS WA EASANSSERT , Z6e5
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Autoflex - IBRIEEE X

i Initialization mode
Initial guess
of exponent

Perform
an operation

Underflow Overflow

Increment
exponent

Check maximum
absolute value

Decrement
exponent

a1 - FRERT , BT iERTensorP R XKE ( 4233E ) FHSLAIBA
Az, BEEN-EEEEEIEEIGRE A SE NE (REF)
F16{iImanissa , {EEEHF2~3bitfYF(d) )

¢ Operation mode
: Perform the

next operation

Collect maximum
absolute value

Under threshold Over threshold

Increase
exponent

Predict maximum
absolute value

Decrease
exponent

1 : EBKTensorlIBENG , IRIBRIORISRAERRER
(ARMNEURIZEERIGE ) TN T— M &RXENTRESEE |
MMRE R ST SRS TR
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Autoflex — FTNER KET(HIZRITEERISEL

(1) HREHLER MU T RAEFEIRE (2 ) IMAHFELR (3 ) FETensorBERIE—EME

Weights Activations Updates

TensorFRYEAE 2
(INT16)

AR et ST R
#

B =

= . 2—16
HEZIEE ( 5bit)

2—17 —
_ -3
SRR AE 2
‘ —— Raw value |
2—32 "‘ Z —— Max
Estimate
In |

0 100 200 300 0 100 200 300

(a) (b)
E7/9{sEFFlexpointfECIFAR-10&GEER L) l|4x— 1~ \H92 R Credit: Urs Koster et al. (2017)
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{EFHFlexpointy)||Z.CNN
I 0.4

55 flex16+5 55 flex16+5
E:‘ float32 E:‘ float32
v float16 v float16
g 0.6 - g 03 Ik o
s =
Q O
= =
7 7
& 04 =
z Z
= =
0 —
5 02| )
E | | | | B

0 10 20 30 40 50 0 50 100 150

Epoch Epoch
(a) ImageNet1k AlexNet (b) CIFAR-10 ResNet
B 9{EFFlexpointfE

(a) ImageNet1KEHESE Li)llZRAlexNet FAYTop-51=#=Z

(b)) CIFAR-10#3EEE Li)ll#FResNet-110/5HITop-1iRFZ  Credit: Urs Koster etal. (2017)

@D Al | 38




HEM16bitt3= : DFP-16
B FCPU_LFFADFP-161 T REZ) |2

FP32 Sif"f‘f..__?__?_'F_f*p?r_‘fr'_t_ ___________________________________________ 24-bit mantissa (incl. leadingbit)
s of12/2/2/2/2(2/0/2)12f12142/2|/0/0f1/0|1/0f1/1/0|lO0|/0|0O|O|0O|1/0l0]0
5-bit exponent 11-bit mantissa (incl. leading bit)
FP16 R . [ e i

DFP-16 S|({1]1]1|1f1 ojoj|1]0 o111
8-bit shared exponent
S|{1|1]1|0|0 0Oj]0]0]1 ofof|oO
s|1}(1/0/0|0O0}|Of1|212f2|212|0|1|0]|1 1 Ss|1/1|1|]0]0f0]|1

16-bit integers
DFP-16(Dynamic Fix Point)fIFlexpointZE(ll , BRTERE , tLEPEEE N TensorifZ=—4
158, AEHVZEDFP-163RA T 8bithYEEM , MRS T FIFP32tHEINENZERE |, BRE
1}||§E$HX{TE§@HQ@& Credit: Dipankar Das et al. ICLR 2018

@D Al | 39



HERY16bitiET,, : bfloat16
Google TPU / TensorFlowz 350916148,
S . biterponent 2wbitmantissa nc.leadingbit)

o o SRS

FP32 slol2|2f{2)2]2l2|0|2|2|2|2]|2|/0|0|1|0|2|0|2|2|0|0|0|0|l0|0|1|0|0]0O

\ _J

EIEEEN(Truncate)gil 1643

Sfrgn bit 8-bit exponent 7 -bit mantissa

bfloat16 |s|ol2l2l2l2l2l2lol2|2l2]2|2]0]0

AETFIEEE7548tRAEFP16 |, bfloat16E1EZaEXFP320JRI16{ , {RiF Y HHRNIZE
( 8bitfEEY ) (HEZMFHRSE ( mantissaRAE7bit ) , BERTF (sISEEX
AZmt )  MAREE (BRI, 82KESNER) .
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