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Computing-in-Memory (CIM) Design

* Moving Computation into Memory

<Von-Neumann Arch.> <Computing-in-Memory Arch.>
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Limitation of Previous CIM Hardwares

= Cannot Support Floating-point (FP) Data Representation
— Achieved SOTA energy efficiency, but no fixed-point (FXP) precision
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Abstract of Proposed FP CIM Processor

<Chip Photo & Spec> <Key Feature List>
' . (1) Heterogeneous FP Computing Arch.
| HEMTC 3 : Separate optimization of FP computing
| Cluer 1 : : Realize 2 cycles FP MAC w/ CIM ©
Z| 1-DSIMDCore | | TopRISCCtrir. | =
T S S (2) Exponent Computing-in-Memory
Technology | 28nm Logic CMOS : In-memory AND/NOR + BL charge reusing
Die Area 1.62 mm x 3.6 mm : Total memory power 46.4 % |
Precision BFloat16 ) )
Energy Efficiency BRP R oL (2) Mantissa Free Exponent Calculation
[TFLOPS/W] (40MHz, 0.76V) : Removing redundant normalization
* = Activation Sparisty 0%, ** = Activation Sparisty 90% . TOtaI MAC power 14.4 % l

(1 MAC = 2 OP)
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Floating-point (FP) Computing System

= Memory Part : Same Op. for Mantissa and Exponent
= MAC Part : Complex Mantissa Op. & Simple Exponent Op.

Memory | Exponent Ops. Mantissa Ops. Power Portion
i Exponent| Ep Mantissa | Mb
Exponent | Mantissa Mzmory — > P e ——> Pu My
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Heterogeneous Characteristics!

= EXp. : memory Intensive & Man. : computation Intensive
— Hard to optimize both mantissa and exponent w/ CIM at once! ®

FP Processor

Mantissa Part
Power Breakdown

Power Breakdown

Exponent Part
Power Breakdown

PE
(7.5%) \ MEM

(92.5%)

. MEM
Mantissa (61.0%)

(59.8%)

PE
(39.0%)

Exponent

(38.6%)

Memory Dominant Computation Dominant
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Previous FP CIM Architecture

» Unified FP Computing-in-memory Architecture
— Complex mantissa op. = Repetitive simple op. = Throughput | ®

<Prev. FP Computing Arch. >
@T=0-T, we—— @T=Tc~Tc+Tn

Memory Memory

Mantissa Cells

Exponent Cells | T
"Exp. Operand — % Partial |

Computing-in-

Memory Logic Memory Logic

. Man. Operand ~ Partia
Results v Results

Computing-in-

(

<Operation Cycles Analysis>

1) BFP16 Multiplication
: Mantissa Mult. =» Repetitive Addition
> 100 cycles required

2) FP32 Accumulation

- Mantissa Shift
Mantissa Norm.

> 4900 cycles required
Total > 5000 cycles required ®

=>» Repetitive Addition

*J. Wang et al., “A Compute SRAM with Bit-Serial Integer/Floating-Point Operations for Programmable In-Memory Vector Acceleration,” ISSCC 2019.
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Proposed Heterogeneous FP CIM Arch.

* Only exponent operations optimized w/ CIM

HOTCHIPS 2021

— Cycles for FP MAC: >5000 cycles = 2 cycles ©

<Prop. FP Computing Arch. >

@T=0~1
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Overall Processor Architecture

» 16 Heterogeneous-exponent-mantissa-training-core (HEMTC)
= Aggregation & Activation Core, Top RISC Controller, etc ...

Top RISC Controller |« 1-D SIMD Core IEMEM (2 KB) | | IBMEM (0.25 KB) | |IMMEM (2 KB)
A A A A ":" l
Y v { lsH Weight-ECIM WMMEM (8 KB)
Aggregation & Activation Core §T SRAM Array o I
[ Network /F_] | Accumutation Loty : a1* (512 x 128 bit) Mantissa PE Line
[ AMEM (4 KB) H Registers | | Activation Unit —
x x Shared Exponent P Ml A |
A4 Y 4 y " ! Peripheral Circuit = ===
HEMTC Cluster O HEMTC Cluster 1 e Output-ECIM Lo x16 MPE -
Network |/F & shared bus Network |/F & shared bus §T SRAM Array ] =1 11
x| || (x| |x| || |z (x| |z x| | (x| |z| || x| x| |z S (128 x 128 bit) OMMEM (2 KB)
= 2 E L E L E 222 L ENEEE L E L E L E | E
allAal &AL A A Al A AAHAA A A A A F.map Zero Skip Ctrlr. | [16-way Act. Unit
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Key Features for Energy-Efficient FP CIM

= 1. Exponent-Computing-in-Memory (ECIM) = Exponent
= 2. Mantissa-Free-Exponent-Calculation (MFEC) = Mantissa

Top RISC Controller |« 1-D SIMD Core IEMEM (2 KB) | | IBMEM (0.25 KB) | |IMMEM (2 KB) -
A A A A ":" l
y . ¥ . ] Weight-ECIM WMMEM (8 KB)
Aggregation & Activation Core S SRAM Array o I
[ Network I/ | Accumulation Lty : &1°| (512 x 128 bit) | | Mantissa PE Line
[ AMEM (4 KB) H Registers | | Activation Unit —
x x Shared Exponent P M A |
A4 Y 4 y " ! Peripheral Circuit = ===
HEMTC Cluster O HEMTC Cluster 1 e Output-ECIM Lo x16 MPE -
Network |/F & shared bus Network |/F & shared bus §T SRAM Array ] =1 11
x| x| || || |=| || || | x| || || || || || || | (128 x 128 bit) OMMEM (2 KB)
S E B I E I E I E I E T E R E N E T E R E R E N E N E R E
allAal &AL A A Al A AAHAA A A A A F.map Zero Skip Ctrlr. | [16-way Act. Unit
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ECIM Architecture

u 51 2 X 1 28 WEig ht ECIM ”;;’;.E V’Yr‘:’c"jge")’(t Normal 1/0 Interface
— Inference, Back-propagation v ¥ = +
WI: Local Local
- 9 Array Array
G| | [-WL T 7t 512x128b ¢ 1
n 128)( 1 28 OUtpUt ECIM g % . Weight ECIM s
— Weight-gradient S M2 : :
o CIM oo CIM
Wi/ Local Local
1 70 ol A ¢ o A ¢
= Shared Exponent Peripheral W P17 -
— Finalize exponent op. shjesize + [ Adder | Shared Exp. [ BoAdie
£ Final , < Exp.Comp. Peripheral Exp.Comp.
xponen I I I I
= CLA Decoder, WL Driver e 128x128b Output ECIM
3| |5
= Normal I/O Interface | |2 | |
O Normal 1/0 Interface
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ECIM Architecture - Detail

= CIM Local Array (CLA) : —}-""[ 6T CIM Local Array (CLA)

I o F. Map’s
- 32 6T bltce”S _.: CLA Ll Weight ] CLA U Exponent ] Vpp Pre-charger
. . 32 | Wbk T 1
— Vpp Pre-charger : ECIM Py | J
DD : | ) i
°eee — —_—
— CLA cLa ||} = S S c
= - o - L 4| : =
" Near-Memory Logic L | St e
. . pn Exp.Adder | Shared EXp. Exp.Adder ‘\ \‘\ 6 ﬂ @;C
— Simplified exp. Adder Peripheral [Ex.comp. ||, \ 88  Ge |oB
I I : ~ \\ \\ % - 8
\ =

— Exp. comparator Output ECIM GBL EN

\ Adder/Comparator
\ BLB Cin i

n \ : Exception
Features for Low Memory Power \ Dl —
—1) In-memory AND/NOR op. @ CLA \ | & C\ml/

—2) BL charge reusing @ hierarchical BL \ S

\ Exp. Add ' Exp Compare
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In-memory AND/NOR Operation @ CLA

= 3 Stage 6T-SRAM In-memory AND/NOR Operations

— Preventing result corruption by lowering WL voltage

{ )

’ Voo Pre-charger <In-memory Op. Truth Table>
R DD B v ' v
CLA BB | LB StoredBit| 0 { 0 i 1 i 1
[ y 1 WL, I_ IVWL 0 p Precharge| O 1 0 1
2) Read ,), re ————
CLA Cell w/ Voo 7__ x( se 0 0 0 i 1
¢ ¢ Lower Vy, J\:“°_ _°|':11 . 'ap' : : :
. LTT '4 AL TA 110:0:0
' _ —é— L WL Op. Cond.
CLA a'lx 3/ 3) In-memory \%/Lﬁ Vi SV S Ve +Ver
T 1 “\ © Operation =

J

* Ve = GBL driver's noise margin low
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Operation w/ Bitline Charge Reusing

= Charge Reusing w/ Hierarchical Bitline Structure
— Condition: Previous CLA’s and/nor result = current CLA’'s and/nor result

<ECIM Status> <Operational Waveforms>
ECIM A CLAO Pre-charger CLK . . —
rray |’ | . WLO b
Y Lo, CLAO BItcelt 0 CLAO ‘
) o LBL/
CLA] |[CLA - 3 : o 5 : !
16 1L O O ~ —[CLAO Bitcell 31 -} caLEno cLag L E L] L
T [T S TN A ¥ s S S
e GBL ENO ; § :
T @ GBL EN1 5 |
30 | |14 ] | GBL IS S i Reuse!
CLA[ |CLA I - 1 GBLB E E l : |
31 | |15 CLAT Bitcell 31 N ' _Reuse!
GBL ENI Operation | @T=0: Cell bit = 0, Precharge bit = 1
i Scenario | @T=1: Cell bit = 1, Precharge bit =0
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Result of ECIM

* Reducing BL Pre-charge Power Consumption
—>84 % of GBL charge reused, 46.4 % of memory access power | ©

<GBL Charge Reuse Ratio (%)> <Normalized MEM Power >
100 Measured @ ResNet-18 Training . Total
N 46.4%
90 | Exponent \ .
Memory \ Reduction
80 o
Mantissa
. o @FF e @EP o @WG Memory
| L . 1 ., | | |

. AN N I P P
1 3 5 7 9 11 13 15 17 19 21

ResNet-18 Layer Number w/o ECIM w/ ECIM

*Measured @ 512 Ch,,, 16 Ch,,, No Sparsity, 512x128 bit ECIM, 32 cells in CLA
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Mantissa-Free-Exponent-Calculation

= Key Concept: Removing

<FP MAC w/ MFEC> <FP Op. Pipeline>
Redundant Norm. Process (55415051 anal [Vans . IEPI. ) FP
: T T ultiplier | Accum.
— Normalize every MAC Eoonent] [iantsa '
Adder Multiplier utt.
= Overflow Cpunter + T !
Accumulation register Reg. . ¢Reg. FP Mult. | FP Add.
Exponent Mantissa
_ Subtractor Shifter FP Mult. | FP Add.
— Normalize once after 13
accumulation finished Adder -
=> Pipelining btw/ ECIM & Ovf

Reg.

Counter Reg.

Mantissa PE available ©

=» Shortening critical path ©

HOTCHIPS 2021

v
Exponent
Updater

v +
Norm. &

Round

Normalize Once after

Accum. Finished ©
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Result of MFEC

* Removing Redundant Normalization Process
= Reduce Power and Area of Mantissa MAC ©

<Normalized MAC Power> <Normalized MAC Area>
A A
Total 14.4% Total 11.7%
S ‘ Reduction T L Reduction
FP32 \ FP32
Accum. Accum.
BFP16 | | " BFP16 ——1 ____
Mult. Mult.
BFP16 Mult. + BFP16 Mult. +
FP32 Accum. MFEC FP32 Accum. MFEC
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Chip Photograph and Summary

» x28.6 ~ x274 Higher Energy Efficiency than Previous FP CIM

Chip Specifications

Elolololol|E

S| E|E|E|E S Technology 28nm Logic CMOS

m W W|Ww|w|

Elz|Tiz|T |2 Die Area 1.62 mm x 3.6 mm

BEl~|lo|lw|s|al . .

=lolololo|e Precision BFloat16

slF FIFIF|F

&5 TG Supply Voltage 076 V~11V

| F ~ 250 MHz

[ Acdmnne | = requency

' '-‘_ 1 |= Peak Performance 119.4* - 662.0** GFLOPS @ 250MHz

cl-'—)‘ L Power 1.2 - 2.1* @ (5MHz, 0.76V)

E";,,"ﬁ | Consumption [mMW] | g1 0% — 156.1* @ (250MHz, 1.1V)

0 e [TELORS/W] 0.76* - 7.3* @ (250MHz, 1.1V)

* = Activation Sparisty 0%, ** = Activation Sparisty 90% (1 MAC =2 OP)
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Conclusion

= An Energy-Efficient Floating-Point (FP) CIM Processor

— For High Energy-Efficiency
- Heterogenous FP computing arch. = MAC cycle: >5000 - 2 cycle
- Mantissa-free-exponent-calculation = MAC power 14.4 % |
« Exponent Computing-in-Memory = MEM power 46.4 % |

A 13.7 TFLOPS/W Floating-point

Computing-in-Memory Processor for DNN Training
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Thank You!

= Questions? Feel Free to Contact Me!
— E-mail: juhyoung@kaist.ac.kr
— LinkedIn: https://www.linkedin.com/in/juhyounglee

— Zoom Meeting:
https://us02web.zoom.us/|/34666503897?pwd=c1 RWaxXFTWGIjaVU1MINtc
DhKaGg0dz09 (Password: HC_JHLEE)
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