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Cost Trend of Deep Learning Training

Compute Used for Al Training Runs (Deep Learning Era)

.
Estimated compute cost and total training compute used to train notable Al models, measured in total FLOP (floating-point operations) | Logarithmic . M O d e I ‘ O l I l p I eX I ty

oM 10% . .
¥ Deep Learning Era Gemini ®

$7TM 10%  Doubling Time: ®GPT-4 .
- Doubling Time: I
Claude 2 L d I
6.0 months Megatron-LM @ PaLM. ([ ] ‘;Falcon 180B. "~ ’ ar e r O e S I Z eS
) Minerva LT
$700K 10 ’ e ! l ' r I
AlphaGo Zero _ P et
P ° Aphastar @ ® GPT3 ®C Chinchilla, -

o Greater compute load

_ @ Stable Diffusion
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$7K 1022 ‘
® RoBERTa-l'arge ® Gato

m Hardware Needs

3 ‘C'B‘E'RT-Large

$70 107 ® MoE "~ ® AlphaFold
7 0 + More processing units
$0.7 10% 3 .
+ Larger memory capacity
o Wider bandwidth
o Longer processing time

[L. Heim et al, arXiv 2024] @ An exponential growth in training costs
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Quantization: Reduce Costs & Improve Performance

How Quantization Benefits Al Evolution of Quantization

Lower power [ 3264abit | without
4-8 1
Lower memory : o
- P
bandwidth [ 16-32 bit ] reliminary

Lower storage 4-7X [ 8-16 bit ] Low-Bit

Higher [

performance < 8 bit ] Ultra-Low-Bit

[Jilei Hou, Qualcomm Al Research] @ Estimated performance improvement 5/33



Research on Ultra-Low-Precison Training

m Improve Training Speed

(a) CIFAR-100
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[Ruoyang Liu et al, ASP-DAC 2023]

s  Maintain Language Model Loss

Model FP32 MXFP4 Wt & MXFP6 Act
GPT-20M 3.98 4.04
GPT-300M 3.11 3.14
GPT-1.5B 2.74 2.76

N FP32 —— GPT-20M

—— MXFP4 Wt- MXFP6 Act —— GPT-150M

GPT-345M

8 —— GPT-1.5B
; 6
4
2

0.4 0.6 0.8 1.0

Normalized Training Steps

[Microsoft, AMD, Intel, NVIDIA, arXiv 2024]
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Chal.1l: Flexible Support for Ultra-Low-Precisions

m Features of Ultra-Low-Bit Quantization = Demands for Direct Computing

¢ Use multiple ultra-low-precisions (FP, INT, LOG) ¢ Act & Wt often use different precision

+ Determine precision based on tensor distribution ! « Direct computing saves resources

|
|
|
|
ResNet-18 BERT-Base BERT-Base | INT4 INT4
activation tensor weight tensor activation tensor I
0.5F
| Snn lif
0.4t | p y
|
03r
! FP16  FP16 Co16
=] 0.2
W
< |
5 o1f J | [\ Decompress
— |
____________________________ tQZ____P_O_____9_2______0_9_8_0___r*IEQ__:f‘Q___-_Z_O____éL__ I U compress
Int <« > PoT : FP32
High precision Wide range ! : Tensor Core
Uniform-like Gaussian-like Laplace-like | [
------------------------------------------------------------------------- | @ ldeal PE
[Cong Guo et al, MICRO 2022] ! FP16
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Chal.2: Reduce Bit Width for Accumulation

= Why Bit Width Difficult to Reduce m Necessity of Reducing Bit Width
+ Ensure a wide range to prevent overflow : o FP adders become power bottleneck
¢ Prevent training stagnation caused by swamping : + Reduce the cost of result compression
D = + e | : FP Processing Power Breakdown
|
\ J \ /] \ | ! Power
FP16 or FP32 FP16 FP16 FP16 or FP32 I
[VoltaTensor Core, Nvdia 2017] I Bottlenect Low-bit
U RISt : Mul
Activationt — ? Z : Activationt+Z | \’
s ,ipf _ Forward GEMM | : Hi gh-bit
. E'F;;"Fila""ifts' e I Exp Exp FP Add
T s cn | !
|
e ' BFP8  BFP2
Weight Gradientt «—°> S - i I :
I Gradient GEMM | (a) : [Ruoyang Liu et al., CICC 2023]

[Naigang Wang et al., NeurlPS 2018] 8/33



Chal.3: Support High-Precision at Low Cost

m Use High-Precision for Critical Layers

+ Improve accuracy and support more networks

+ Maintain performance ([3] throughput reduces 24%)

m Cost Versus Bit Width

¢ Cost increases rapidly with bit width
¢ Support high-precision is expensive

|
|
|
|
. | -
Work Model Method Degradation | gperation E?ple?y Eni?éajléi o
. |
Upgrade the final layer 0 :
- 8b INT Add 0.03
[1] AlexNet precision from FP8 to FP16 0.07% I
I 16b INT Add 0.05
Mobile Upgrade Conv1x1 layers I  32b INT Add 0.1
[2] NetV2 ision f FP4 to FP8 0.60% |
e precision from 0 | " 16b FP Add 04
(3] ResNet Add 3 FP16 fine-tuning 0.32% 1 32bFPAdd 0.9
-50 epochs (originally 4bit) 270 : 8b INT Mult 0.2
_ | 32b INT Mult 3.1
’ [Ij]e[fNer'enCe \I/_\/ISt l., NeurlPS 2018] : ob P Mul =
aigang Wang et al., Neur
2] [Xiao Sun et al., NeurlPS 2020] ! 32bFPMult | 387

[3] [Brian Chmiel et al., ICLR 2023]

[M. Horowitz, ISSCC 2014]1 10 102 10%
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Overall Introduction of MPICC

m Function of MPICC

¢ Performs 1/2/4 (K) dot products per operation
¢ Accumulates the results in FP12 & INT8

A1 XB1+C K<1
F=4 A1 XB1+A2XBy+C K=2
A1 XB1+A2 XBy+A3XB3+As4 XBsy+C K=4

m Supported Precision Modes
¢ LOG4 means radix-4 FP4 (S1E3MO)

All variants are supported

m MPICC Overall Architecture
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Feature 1 of MPICC

m Featurel: MPICC Architecture

¢ Aim: Supports inter-computations among multiple
FP, INT, and LOG formats

¢ Chal. 1: Solve need for multiple precision in ultra-low-
precision training & Direct computing saves resources

m Principle of MPICC o
7
+ Compute after decoding into a unified format g

""""""""""" FPAXINT4+FPi2FP12]
S1E4M1 i
FP12 |
S1E5M3 |
|
|
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Feature2: Optimized Stochastic Rounding =

¢ Aim: Perform SR in advance to maintain accuracy

Feature 2 of MPICC

and reduce cumulative bit width

¢ Chal. 2: Prevent swamping and training stagnation

& Save accumulator resource consumption

Principle of Variable-SR
o Unlike [1], Variable-SR can be used on any MAC

Mantissa Add

v

Normalize

v

SR

Mantissa Add

v

Normalize

mode_mac mode_decl

40
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mode_top

'

2

MPICC Overall Architecture
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Feature 3 of MPICC

MPICC Overall Architecture

m Feature3: High-Precision Emulating

¢ Aim: Decompose FP12 computation into multiple
FP8 computations in low-precision hardware

¢ Chal. 3: Avoid adding high-precision hardware

& Only 5.7% increase in area cost for control

m  Principle of High-Precision Emulating
¢ Decompose 1 FP12 into the sum of 2 FP8s

FP12X FP8—FP12
Psum,,
FP12
Psum

mode_mac mode_decl

1

40

mode_top

'

data_1 data_r

o

High-Precision Emulating Controller
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Feature 1 — MPICC Implementation Principle

Realize Multi-Shape Multiplication (INT) =

¢ Decompose 2" bit multiplication into the sum of
multiple 2 bit multiplications after shifting
¢ Adjust shift amounts to perform multi-shape

T TN T T T i T~

I AH | AL C D I —
I |

I |

| i

| i

I |

: i

| TS |

| k1/2 INT4xINT2 | o
| $-bitProduct | -

[Hardik Sharma et al., ISCA 2018]

Migration of INT Scheme to FP

¢ Add FP-specific processes such as

decoding, normalization, rounding ...
FP8 FP8

| |

Decode

I | }

4 4-bit INT4 4-bit INT4 )

[An [ AL | EXIEX

1,7 ¥

INT MULT

8-bit Product
/V
- 1

Norm & Round

}

FP12
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Feature 1 — Logic of Decoding

m Decode to Uniform Type ® [nput & Output Arrangement
¢ Decode to sign, exponent, and mantissa : ¢ Input comprises 2 8b data or 4 4b data
Result Input : + Adjust bias when decoding exponents
S1E5M3 FPS. FP6. INT4 I ¢ Mant. decoding result contain leading bit
’ ’ | s 11 z 3 0 3 0;
S1E4AM1 FP4, LOG4 | rpex—s TR T A& A
V FPek=2 77777777 % [ AL
o Decoder overall architecture I Frs k=2 | A2 | Al |
V FPsk=1 777777777 A | AR
- Sigh Dec »dec_sign : FH Pata [ Invalid [ ] Zero
| (a) Input arrangement (b) Sign decode
+ Zero Dec »dec_zero | 15 7 3 0 7 3 0;
d | FP4K=4 | Aq | A3 | A | A | 1 A4 [A3[A2 [Ar]
mode N INT DeC > | FP4 K=2 | A | A2 | A1l | Al | iAZ | A2 ] AL | Aq |
data in »>dec exp | FP8K=2 [3w [ Ay [3w0 | _Ap | ESTIEVINESTTIES TR
— Out | FPSK=1 | T [ A | Left [Am]An[Am]AnL]
ExpiRec ! it (TTATEIATE AL
-+ Flag Dec MuxX b»dec mant |
Mant Dec — | (c) Exponent decode (d) Mantissa decode
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Feature 1 — Multiple Dot Product Unit

m Functions of the 5 Pipelines N Multlple Dot Product Unit Archltecture

¢ 1: Product unpack and cancellation Y A A S e

. . . . . —'| Products Slgn and I"Ypunent G eneratlon ‘ -~
¢ 2: Multiplication, exponent comparison and align R e
+ 3: Reduction and product normalization N ot cenion /|7
¢ 4: Addition of dot product result and partial sum [ ] [ [] []

L . Y S 3 f

+ 5: Normalization and rounding — |3
mode_mac mode_decl mode_top data_l data_r mode_decr q:'lf; rd /Aﬂ / S:lf': t3 g:'lf:‘ T2 /414/ / s:lf{) E,

3 4 2 16 16 4
I Comp4 }—l |p3 } [ (0mp2 1 I‘i
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T T
split_1 split_r |
16{ 16{ -
'E
—>  Left Decoder Right Decoder [« Product 5
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gn 1 exp 1l mant 1 g mant
4{%%84 _____ lﬁ_%___*f _____________________________________
- . 5
: . —>| Addition of Dot Product Result and Partial Sum [Advanced—SR] |<— 'E_
H i Multlple b e L ' sum3_h10b sum3_l6h expﬁv;arnﬂ roulldjdvanced g
H e I T | GNP s
i MPICC MAC exp_maxn sund norm 5 . Addition
: { { { | M P I CC ArCh Ite CtU re Normalization =
ra 3 : sign E
o
wn

] Nnor!
Accumulator Part j 1%

°q ,& """"""""""""""""""" 19/33

mac_result




Feature 2 — Introduction of Stochastic Rounding

m Principle & Advantages

¢ SR(x) = {

| x|, probability: 1 — (x — |x])
[x], probability: x — [x]

¢ Prevent swamping and training stagnation
¢ Reduce bit width and cost for accumulation

m Comparison of FP16 and FP32

18000

16000
o 14000
3

on Va
=
o N
o O
o O
o o

8000
6000
4000
2000

Accumulation Val

ChunkSize=8

-
-.——----—-.
-

--  —FP32

SR——»

<FP16 —NR >
ChunkSize=1

ChunkSize=16
FP32, FP16-ChunkSize=32-256

ChunkSize=2
—ChunkSize=4
——ChunkSize=8
—ChunkSize=16
——ChunkSize=32
—ChunkSize=64

16

4096 8176 12256 16336 —ChunkSize=128
Accumulation Length —ChunkSize=256

[Naigang Wang et al., NeurlPS 2018]

|
|
|
|
|
|
|
|
|
i |
i FP16 - SR I
) [
|
|
|
|
|
|
|
|
|

x(16bits) (1 (01|10 jO0 [T |1 {0]1 /00

r (8 bitS) € (0,1) 111101
|

|
Random bits

Carry over? ‘[ —_

Hardware Implementation of SR

Integer bits Fraction bits
I

A

[ 1 |

]

0

0

0

1

\ -

1

0

1

0

J

[Yes: auto round up J [

fraction part

No: auto round down J

Example of 2 Fraction Bits SR

Remove the ]—»xs (8 bits)

Fraction Bits SR Result
00 0% round up
01 25% round up
10 50% round up
11 75% round up

[Sun Chang et al., DATE 2023]
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Feature 2 — Introduction of Advanced SR

m Comparison of 2 FP Adde

O =
I

?y

’\? rand

Exponent difference / Swap

op

my /I/ P
Shift rand

‘ezfey
1

p+r—1

‘ 2’s Complement ‘
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‘ LZD/Shift ‘

‘ Normalization

Increment

1
L/Jz

Normal SR

c/f

rs with SR
TI T T Y {J rand
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m@’/f/ p €x — €y rand

op my ‘ Shift

p—1+r

2’s Complement S
p—1+r ]
p
p+1 G r—2 /r—2

c/f

4 + / 1 ‘ ﬁticky Round ’

[ [ : -
p+2 AdVanCed oIk
5'=81,8; /o

LZD/Shift Normalization

e, p+1

eeeeeee

[Sami Ben Ali et al., DATE 2024] ©-

m Motivation of Adv. SR

¢ SR starts early on addition

¢ Correct SR results at rounding
+ Reduce bit with of LZD & Norm.

m Advantage of Adv. SR

+ Lower logic latency
o Smaller area & power usage
+ Maintaining the accuracy

Existing Problems

1. Support for FP addition only
2. Cannot be applied to any MAC
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Feature 2 — Principle of Variable-SR

mode sign_left&right exp_lelt&right mant_left&right
3 4 { 16 { 8 { 12
—F{ Products Slgn and l"‘q)onent G eneratlon |
' ' A1 maned L magil Torod
2&!&6%&&5&%%%%*%
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m Variable-SR During Mantissa Addition

¢ Product’s higher for mantissa ADD, lower for SR ADD
+ Insert random number in exponent alignment by case
¢ Case 1: Random number inserted to PSUM's right
¢ Case 2: Inserted to PROD's right and SR Adder2
N 18— Mantissa Adder——t0————— SR Adder] —— " _@j S
/|PROD: SIGN |1 | G1|G2| R [S1[S2/S3(S4] 0 :e"p—fsumi
[ psum|1 0 RAND exp_prod |
// | 18! 9:«—SR Adder2—>5' 0 @ |
/ | PROD | 1 Gy GZ:R S1 iz S3 s4: RAND :exp_;naﬂ!
i PSUM SIGN 1 0 exp_prod |
| ] norm_h9b @D@ RA+ND [ leading_one :
\\ | ] norm_I5b _ _ []round_advanced |
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Feature 2 — Principle of Variable-SR

Multiple Dot Product Unit

mode sign_left&right exp_lelt&right mant_left&right um
3 4 { 16 { 8 { 12
—F{ Products Slgn and l"‘q)onent G eneratlon | -
-
I I 31 maned | mantl Torod =
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JF* /5 i ) m %
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l pJ | I (ompZ I
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=
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. v rm Shifter
Normalization i w
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sign_nor '5‘
ljf 5
- 7

m SR Correction During Normalization

CNT=0| 1

Based on the count of leading zeros divided 4 cases
CNT=0: Carry-over; Perform 2 bit addition to correct
CNT=1: Hold; Perform 1 bit addition to correct
CNT=2: Carry-back; No need to correct

CNT23: Cancellation; No need to SR

exp_prod-

exp_psum=10/1

G| R |S1|Sy|S3|Sy| CXP_psum-

exp_prod=1

[ ] norm_h%b
[] norm_ISb
[ ] add_result

CNT=1/0 |1

[]leading_one

[] round_advanced

[] round_final




Feature 3 — High-Precision Emulating Controller

= Realization of High-Precision Emulating = Specific Decompose Process

¢ FP12, X FP12, = FP8y, X FP8y, + FP8y1 X FP8;, +
FP8L1 XFPSHZ

¢ FP8,is FP12 truncated and rounded

o FP8, is smaller, indicating remainder

X
Omitted
¢ FP12 X FP8 = FP12, x FP8 + FP12; x FPg “M!¢ Sign Exponent Mantissa

| L

FPI2 R

m  Multiplex Low-Precision MAC
FP12, FP12,

{ !

Emulating Controller
FPS8, , FP8,, FPS8,; FP8,, FP8,, FPS,,,

. Complement if R

FP8y;

LZC

FP8;

| 2 g 2 g -
Sign @ R Exponent - LZC -3 After Lead 1

Accuracy Analysis

Psuml Psum?2

>
0 + + Res 1. Accurate when FP12 exponent 27

2. Support subnormal to reduce 7to 5

Cyclel Cycle2 Cycle3 23/33
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m Experiment & Results
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¢ Performance Comparison
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Experiment Conditions

m Hardware Experiment Conditions

¢ TSMC 28nm technology
¢ Under typical corner (TT, 0.9V, 25°C)
¢ Area from Synopsys Design Compiler 2021.09

¢ Power consumption from Synopsys PrimeTime PX 2021.06

m  Software Experiment Conditions
¢ ResNet-20 model on CIFAR-100 dataset

¢ SGD optimizer with an initial learning rate of 0.1
+ Use gradient scaling, gradient clipping, and a momentum parameter of 0.9

o Train with a batch size of 128 for 200 epochs
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Analysis of Different Accumulator Modes

Accumulation Values

m Accuracy Analysis

16000 -
15000 A
14000 1
13000
12000 4
11000
10000
9000 -
8000 A
7000 A
6000 A
5000 -
4000 A
3000 -
2000 1
1000 -

— FP64
FP16 RNE
—— FP12 RNE
—— FP12 Variable-SR
—— FP12 Eager-SR

0 A

A

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 1300014000 15000
Accumulation Length

Figure 7: Accumulation results for different accumulators

[Eager-SR] [Sami Ben Ali et al., DATE 2024]

m  Experiment Setup
¢ The operation mode is FP8 X FP8

¢ Oneinputsettol
+ The other following a uniform distribution
(mean=1, standard deviation=1)

¢ Accumulated over 15,000 times

m Experiment Result

¢ Nearest Even (RNE) leads to swamping

¢ Variable-SR is accurate than Eager-SR

¢ Former less rounded 1 time than latter
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Analysis of Different Accumulator Modes

m Experiment Setup m Experiment Result
¢ Select accumulators in MPICC MACs + Compared with Conventional-SR, area/
¢ Eager-SR performs SR on product to ensure power reduced by 6.6%/11.3%

that subsequent addition bit widths are equal Compared with E5M10 RNE, delay/area/

[10] [Sami Ben Ali et al., DATE 2024] powe

r reduced by 16.7%/15.7%/14.9%

Terent accumulators

Table 3: Performance comparison of dif

Configuration Area(um?) Power(uW/MHz) Delay(ns) Accuracy
E5M6 RNE 320.81 0.282 5 Low
E5M6 Variable-SR 390.94 0.337 5 High
E5M6 Eager-SR[10] 401.16 0.342 5 Middle
E5M6 Conventional-SR 418.52 0.375 5 High
E5M10 RNE 463.64 0.396 6 High
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Practical Results of Network Training

m Experiment Result m  EXisting Improvements
¢ EB8M6 RNE shows a 2.17% degradation ¢ SR16 accuracy reduced due to small model
+ E8M6 SR12 shows a 0.64% degradation + Not employing SOTA quantization scheme

+ E8M6 SR12 than EBM10 RNE 0.38% accurate to compress 8 bit exponent to 5 bit

Table 4: Training accuracy with ResNet-20 on CIFAR-100

Precision Rounding Mode SR bit width  Accuracy (%)

E8M23 RNE - 75.05
EEM10 RNE - 74.03
E8M6 RNE - 72.88
E8M6 SR 16 74.39
Act & Wt: FP8 E8M6 SR 12 74.41
E8M6 SR 8 74.23
E8M6 SR 4 73.94
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Accuracy for High-Precision Emulation

= Area Decomposition of MPICC MAC = Experiment Setup

% . Left decoder ¢ Perform GEMM with random matrices of
= Right d d . .
/ - Multiple dot product unit different sizes on MPICC MACs
High-precision emulating controller . o o ]
+ Direct precision decomposition in [12]

means not using rounding or subnormal

Accuracy Result for High-Precision

MSE Values

0
10

1 I FP8xFP8
3 FP12xFP8
EEE FP12xFPI2[12]
B FP12xFP12 Ours

265.4

m Experiment Result

¢ FP8XFP8 MSE 3X larger than FP12 X FP8,
22-135X larger than FP12 X FP12 Ours

+ Small accuracy improvement over [12]

[12] [Stefano Markidis et al., IPDPSW 2023]

GEMM Matrix Size

Figure 8: MSE for different sizes of GEMM computations 29 / 33



Performance Comparison

m Comparison Table & Figure
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Summary of Improvement

¢ Support widest (18) precision combinations
o FP8 areal/energy efficienciesup 1.17X/1.19X
¢ FP4 areal/energy efficiencies up 4.69X/3.64 X

Improvement Analysis

¢ Focused Design: Target ultra-low-precision,

eliminate support for redundant precisions

+ Integrated Multiple-Precision: Not combine

various single-precision PEs for efficiency

¢ MPICC: Use direct computation, eliminate

precision conversion overhead
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Conclusion

B We present a MPICC MAC unit to maximize the hardware performance

brought by the ultra-low-precision training.
Table 1: Characteristics comparison of PEs for deep learning

: Low-Precision Supported Stochastic High-Precision
Design FP16 FP8 FP4 L(I;I()}él INT4 Rounding MPICC %mulation
Ours o v v v v v v v
[16] v v X X X X X X
[7] v v X X X v X X
[10] X X v X v X v X

o Supports FP12 with the same accumulation accuracy as FP16

m  Three key features are proposed.:

¢ A MPICC architecture that supports inter-computations among multiple precisions;
¢ A Variable-SR strategy to reduce accumulator bit width while maintaining accuracy;
¢ A high-precision emulating controller to support high-precision at low cost.

m  Compared to SOTA designs, our design supports the widest precisions and
Improves area/energy efficiencies by 1.17X/1.19X(FP8) & 4.69X/3.64 X (FPA4).
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