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Computing-in-Memory (CIM)
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Source: ISSCC2023 7.3.

© 2023 IEEE

International Solid-State Circuits Conference Mondays in Memory (MiM) 3



Computing-in-Memory (CIM)
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-

von Neumann architecture

Computing-in-memory

Memory

jepodad  \

/

i i i

Processing Engine

Row-wise access w/
limited efficiency

CIM Engine

O OO

olofo
olole

Output Bufer

lajng indu

Parallel access w/
less data movement

CIM reduces data access energy and provides high computation bandwidth
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Floating-Point (FP) CIM

 Why FP CIM: Higher accuracy, training
— Integer (INT) CIM . High energy efficiency
— Floating-point (FP) CIM . Lack of research, limited efficiency

FP NN scenarios: -
_ s ISSCC22
@ Higher accuracy T 1561168 ..
o)
.. O
@ Training tasks S 200 [ e e e
Feed-forward o
S 150 INTCIM|SSCC22 ______________
P KXo Ab@_b il g g ISSCC21 18 e
o L ISSCC22
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Back-propagation Scaled to INT4 or FP16 precision
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Fixed-Point (INT) CIM

* INT computation naturally suit the CIM circuits design

« Operations on each column are similar
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eadout Circuts
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Binary CIM Multi-bit analog CIM
Source: ISSCC 2019, 2020, 2021.
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Floating-Point (FP) CIM

- FP multiplication steps
Shift(E, + Eg), Norm(M, - M)
@ Exponent addition

 How are FP operations executed?

FP format: Sign + Exponent + Mantissa (@ Mantissa multiplication
(3 Mantissa normalization
S E M @ Exponent shift
FP16: 1b 5l 10b - FP addition steps”
BF16: 1b 8b 7b Shift(E,),Norm(M, + (Mg > E,_p)
FP32: 1b 8b 23b @ Exponent compare and subtraction
(@ Mantissa shift
Data = (—=1)° - 2E7Eo. (1 + M) ® Mantissa addition
/_ @ Mantissa normalization

Hidden bit & Exponent shift * Assume E, > Ep
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Existing FP CIM Solutions

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

<FP MAC w/ MFEC> <FP Op. Pipeline>

................................

Solution 1:
Direct FP/Boolean logic
(near memory)

®© FP CIM execution

|Exp.AHExp.B| IMan.A||Man.B| FP FP
T T 1 Multiplier | Accum.
Exponent Mantissa
Adder Multiplier FP Mult.
3 3
| Res. | |¢Res- | FP Mult. | FP Add.
Exponent Mantissa
Subtractorb Shifter FP Mult. | FP Add.
3 3
Mantissa . FP Add.
Adder .
Oovf | Accum .
Counter Res. —m
+ 4

+
Exponent Norm. &

Updater Round Normalize Once after

Accum. Finished @

Solution 2:
Separated exp./man.
circuits

© FP CIM execution

® Limited row parallelism & Limited parallelism

Source: ISSCC2022 11.1/15.5, VLSI2021 JFS2-1.
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IEMEM Exponent Pre-Alignment IMMEM
| Input Alignment Unit (IAU) l
Mantissa Shifter

S>> Se [ 1M, h>
[E | (e T T o
[E. H > Se] M. J>
[E-} e N L

Comparison Tree Offset Calculator

> 1)Find E;.. 2) Compute Offset 3) Align to E;,... >

Solution 3:
Alignment: Compare exp.
& shift FP as INT MAC

© FP CIM execution
® INT/FP configurable
© Many execution cycles



Challenge 1: Long-Tail FP CIM

* Direct FP expansion (alignment)

— Left/right shift according to the
exponent value

— Exponent: Long-tail distribution
— Many CIM execution cycles

Sign| Exponent | Mantissa
FP16 | 1 5 10
BF16| 1 8 7
S| Mantissa | 0 !
<< Emax /
> Emin
S [s] Mantissa

i«—— Expand to integer bits ——>»
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0,30 e A ——,
Zoas —
D 0:20—retrmrr e RN e
O 0,15t o f R e
< 0.10 / \ -------------------------------------------

0,055 e e

0.00- i ' — k i

' ~10 -5 0 5 10

Exponent part of the FP16 activation/weight

Bit-serial input

-] INT4 > 4 cycles
E:: CIM INT8 = 8 cycles
3] Macro | Fp1g > 43 cycles
- BF16 > 264 cycles

Direct alignment on CIM
Long-tail FP data - Too many CIM cycles
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Challenge 1: Long-Tail FP CIM

Observation: Long-tail FP values take a small proportion
 Intensive FP values in a small alignment range (reduced CIM cycles)
* Long-tail FP values: Small proportion, critical for accuracy

T S — A WY YTV
>‘o T ———- ------------- V-a-lu-é -------------
D 020t L—-ong tall ----------------- e & e
T 015 small vatue— 5 | I C ritical for accuracy
08_ 0.10- (U’ptTOI’Ta| dlscard) / ********************** o | Long talll
N I R A e
o I — — arge value

~10 s 0 5 10 (<1%)
Exponent part of the FP16 activation/weight #

# Presented is the activation data distribution from a specific convolutional layer on ResNet50, ImageNet.
The activation/weight data in other layers show similar distribution.
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Challenge 1: Long-Tail FP CIM

« Solution: Divide FP data into intensive CIM + sparse digital parts

CIM
Exponent part of the FP16 activation/weight Intensive Intensive computing

tao ~ value High efficiency
ORI R — / \\ ___________________________ - Reduced cycles
S 020 | Long tail
Q o3 L small value
a o B [, e . Digital
0.05 - 7 Long tail -
S, i \ Sparse computing
0.00-  F—r ~ 0 AN 20 J large value N High flexibility
IC?1t2e0rr213atlilcE)E§| Solid-State Circuits Conference Mondays in Memory (MiM) 11



Challenge 2: Efficient Intensive-Sparse Workflow

« Divide both FP activation/weight data into intensive and sparse parts

S Intensive

= FP

S

5 Sparse

< FP

- Intensive

.-51 < INT

QO

= Sparse
FP
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Challenge 2: Efficient Intensive-Sparse Workflow

 Intensive CIM core : Efficient FP-to-INT transfer
« Sparse digital core : Efficient flexible intensive/sparse operations

.5 IntanslVe FP-to-INT
S Inten. * Inten.
= Sparse
< FP Floating-point CIM
| Inten. * Sparse
Intensive N Sparse * Inten
.'57 < INT |
()]
= Sp|f|:rase Combine A
\ Sparse digital core y

J
Need to support flexible intensive/sparse processing
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Challenge 3: Sparsity in Digital CIM

Structural (block-wise) sparsity
— skip zero blocks

 Random cell/bit-wise sparsity
— (ONatural / pruning @FP alignment
— Analog: Reduce current / resolution
— Digital: Reduce toggle rate and ?

S S S s |s(hjEIfElfel] b 4]] 81211 [0]
S s|s 0 0
S S s|s 0
1| | B

S 0 0 0 O
S S|S 0 0
S|s 0 0 O
S S s|s 0

FP alignment = more random sparsity
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=
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|
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Outline

B Motivation & Challenges
B Proposed FP CIM Processor

® Efficient FP-to-INT CIM workflow for intensive FP operations
® Flexible sparse digital core for sparse FP operations
® Low-MACV CIM macro for random sparsity

B Measurement Results
B Conclusion
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Proposed FP CIM Architecture

 Intensive-CIM sparse-digital architecture
— Workload breakdown

WxA = (Wintensive + Wsparse) * (Aintensive + Asparse)
— Wintensive * Aintensive + (Wintensive + Wsparse) * Asparse + Wsparse * Aintensive
— [vvintensive 8 Aintensive] +[M/all * Asparse] + [I/Vsparse * Aintensive]

Heavy computation Light sparse computation
Intensive CIM: High efficiency Sparse digital: High flexibility

Wall:Aintensive : On'Ch?p storage
W sparses Asparse - ON-Chip storage, small overhead
W intensive . on-chip generated from W

© 2023 IEEE
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Proposed FP CIM Architecture

* Intensive-CIM sparse-digital architecture for FP operations

~

— CPU + CIM + digital core
. - RISCV CPU Global SRAM (512KB
— CIM: Intensive FP ops oba (512KB)
ST { )
- Dlgltal' Sparse FP Ops Top Ctrl. ( Memory access control )
— Four CIM macros: : ) )
CIM Ctrl. CIM core Sparse digital core
Low-MACV rtr
0 CV adder tree FP-to-INT transfer cirl.|| Sparse
decoder
Low-MACV Low-MACV Low-MACV Low-MACV
CIM Macro | | CIM Macro | | CIM Macro | | CIM Macro S';;qsaﬁg,f: e
0 1 2 3 configurable
MAC array
Accumulate Accumulate Accumulate Accumulate
Local accumulate SRAM (16KB) 16KB Local SRAM

International Solid-State Circuits Conference

Mondays in Memory (MiM)
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FP CIM Core

* FP weight/activation storage
* Fetch the intensive part: weight (W jtensive), activation (FP in [E i, Emax])

floating-point —— Sparse part (FP)
weight : >
Fetch & select Intensive part (INT8/INT16)
X Sparse part (FP) CIM macro
ﬂfgt'ir\‘/%'t?oor:nt T Exp. ¢ [EninEmad >
Intensive part (FP)
%> EXP- € [EmimEmax]
N
1
+ 1
FOf i = 1 : (Emax' Emin + 12)
16bit FP
activation —»| | P
x 128 Exp. +=1 Man. << 1
Man[11:0]= | | v v @
[sign, hidden bit, | | Exp.[4:0] Man.[11:0] | -
mantissal, | i (@) Align Exp. | i@ Compute Man.i
Transferto 2's | ° I |
complement form Output Sign/Man.[11] to CIM macro |
Concise bit-serial FP-to-INT transfer
© 2023 IEEE . .
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FP CIM Core

« Bit-serial FP-to-INT transfer
— (D Exponent alignment (2 Mantissa shift

floating-point ——> Sparse part (FP)
weight

\ 4

Fetch & select Intensive part (INT8/INT16)

X CIM macro
Sparse part (FP),

Y

ﬂoati.ng-.pOint I EXP & [EminvEmax]
activation Intensive part (FP)
EXp. € [Emin,Emax] | .- -
'\(ﬁ.)' e ; (Emax-Emin*12) Cycles -
i ' 17 2 3 6 7 8 9 10 11 11 13 14 15 16
Fori=1: (Enax- Emn+ 12) data0 i s s s s [sTm[e]e]r]ei]s ] ]eE]e]m]o
datal { S S| S 0 O0:
data2z i s s s |s 0
‘it FP data3 | s s s s|s | |
activation —{ | HE datad4 | S S B B
x 128 | Exp.+=1 | | Man.<<1 data5 | & S| S 0 0}
Man[11:0]= | | v v o : is[s 0 0 O]
[sign, hidden bit, | {|  Exp.[4:0] |i | Man[11:0] || - data N BeRbe el s 0 i
mantissal, Align Exp. | i@ Compute Man.. " 5 - ' é
Transferto 2's | = @ Alt g| """""" TR OR® pT ‘ : I_nsetr)t_t i Dense data i Insert zero
complement form Output Sign/Man.[11] to CIM macro [ sign bl S: Sign bit. [h]: Hidden bit.

Concise bit-serial EP-to-INT transfer Example: Transfer the FP vector to CIM macro

© 2023 IEEE
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FP CIM Core

* INT MAC operations in the CIM macro

* Reconfigurable INT accumulation CIM macro
— From bit-serial activation and TN i g Sl :
INT4/INT8/INT16 Weight Bit-serial activation |5 551555 b [ b [ e | ol
_ _ (FP-to-INT transfer) |< |<|< < |<|<| Q| 22 2 & o
— Intensive FP weight
stored as INT format 'IL:P16Act¢II\+T1in¢ VoYY Ty \

or x INT8 Wx 2
or x INT4 Wx 4

© 2023 IEEE
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FP CIM Core

 [INT-to-FP accumulation

..........................................................................

46/37/32bit for INT16/8/4 W
O] -+ |0 1| x| X|X|X|X]| -+ [X]

Real Exp. =[4 |+|Epn | 2158
Shorten Move to '
critical path /write back step

1b  5b /15b ,/

Exp. | / Mantissa |
S | Exp. | / Mantissa
10b

intermediate precision loss

FP21 |- 1.10011 01110x2°
+ FP16 | +1.10010 x2° |

INT-to-FP accu;nulatlon & data format

| | | | | |
_ _desi - (Y Y VY VY V¥
Self-designed 21bit FP format A —
Move FP normalization to the write- or  xINT8 Wx2
b k i or xINT4 Wx4
ack step result y 46/37/32bit |
Slmpllfy the INT-to-FP transfer and INT-to-FP transfer
FP accumulation circuits 1 Fp2i
— Additional 5bit mantissa FP accumulation
Avoid intermediate precision loss [FP“" vy FP16
— Write-back step Local ISRAM
Process the activation/weight exp. EXp. += Epias” [+
bias and FP normalization together R
Write back
# Including exponent shift from
FP activation/weight data.
ﬁtze(:ﬁitliiﬁgl Solid-State Circuits Conference Mondays in Memory (MiM)
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FP CIM Core

* Improvement of the FP CIM core
— Avoid many execution cycles

— Further improvement if FP alignment bits are reduced (block-wise/training)

Direct CIM FP = Digital FP = This work (intensive FP)

el
50 --------o-smemoeeooe 2.0 >1.0 S

&)
c =
40 - 43 -] 3038 S

89 T o (@S

—~15 = o
» o o
@ 30 >0.6 =
O O .y
> 1.0 o >
(@) c Q
H* 20 o 04 5
) ‘O
10 . 0.5 = =
('_U 0-2 m
L ==
o o
0 . *1 0-0 *2 0.0 . B
Execution cycles Power Energy efficiency &

Comparison with direct CIM FP alignment & digital FP unit

*1. Assume Emax-Emin=4. *2: Including power of the input buffer, CIM
macros, and accumulation units, at the same performance.
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0.50

0.00

Further improvement
-~ ifwith teduced CiM—cycles —— 7~ 7]

See S. Yan, JSSC, 2024.

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
CIM execution cycles for each FP vector
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Sparse Digital Core

« Support both intensive/sparse SIMD execution

« Sparse encoding with hybrid incremental & absolute indexes
— Channel (C,,/C,,): Incremental index
— Row/column: Absolute index

' ] D iy 4 Spp—
Dense mode datal | dataO 16bit FP Sparse Intensive
cetax 2 Act./W Weight/Activati
ct./W. eight/Activation
Sparse mode [index0| data0 | SPa*S " ,
e =2 __© ata | l l l16bx81
Sparse e T 128 70 2| & 160 T T | x | vev | %
activation L2131 | [12:8] [7:0] = | EP16/BF16
| Cin Row Column . Q, config. 4+ [+ eee | +
Ipcremental Absolute index | < 16b
| index | . )/ index l l l 16b x 8 l
i/
Sparse 544l [13:6] [5:3] | [2:0] / Aoidr
weight | c c o Ko | — generator [ Local Accu. SRAM
! Incremental index  !Absolute index!| ,’ —
L Sparse activation/weight encoding ) L Digital core (sparse mode)

© 2023 IEEE . .
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Sparse Digital Core

- " [15:13] [12:8] [7:0 )
« Sparse encoding examples e e S
[0 [0 [o9 ) T step 2
— A x W £ [0 2 6| Cn 0
sparse all S 5 3 10 — Step 3
%( 1T Step 4
- Wsparse * Aintensive S 3 g 160 i il x
- 0 1 4| c.=1[F ==
* Absolute row/column indexes |_ o 1210 ——
g 0 5 8 L’ Step 5-10
— Reduce the decoder complexity g( 0 [ 3 [ 5 |-~ - -
- s 1 1 01 3 [co ——
 Incremental channel indexes =[S [ T [} Step 1113
] ] index (C... Row, Col) - Sparse activation Dense weight
— Reduce index bits \_ | Sbarse activation encoding example )
— 16 bits are enough for (" [5:14] [13:6] [5:3] [2:0] )
: : i ® 0 0 0| O
sparse activation & weight @0 0 |21 ’
@0 | 1 1 | 2
@ 0| *2 0| o0 |
®| 0 0 0|2 _;é@
Index (Cout, Cin, Krow, Keol) Spars}érWeight Densevg\ctivation
\_ Sparse weight encoding example )

© 2023 IEEE . .
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Sparse Digital Core

* No accuracy loss

compared with FP baseline  sparse |

* No performance loss by
parallel CIM/digital
execution

© 2023 IEEE
International Solid-State Circuits Conference

Intensive CIM 70.7% | o
+ ' i 222
{3 %
PO
digital
- - 5 #1
68% 70% 72% 749 Accuracy

Achieve FP16 accuracy w/ only 4.59% additional energy

0 = CIM: Intensive  =Digital: sparse
O 1.0E+06 [t g

L>>s8 O0E+05
&8

— 6.0E+05

O 4.0E+05

—

3 2.0E+05
D
5¢ 0.0E+00
n

N '
6\&fo(p&oégonprbo%b@&ob‘ogb‘b%b‘e%b‘é:@ogsogbo O

o o B G G &L
& @ & @ & @ @ @ @ @ & @ & @

. : #2
Parallel CIM/digital execution, no performance loss

#1. On ImageNet, ResNet50 (3.21x block-wise sparsity). Sparse activation
ratio: 5%, sparse weight ratio: 0.2%. #2: On ImageNet, ResNet50.
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Low-MACV CIM Macro

* Ping-pong SRAM unit
— Fixed path from the stored weight to NOR gate if SEL is fixed
— Support simultaneous CIM and weight update

WL decoder Ctrl. | _— -

[

BLO
BLOB
BL1

WL,

"""" Ping-pong SRAM unit

o © @ : \
o © © \
= SN 3 =l 2 212 o Ping-pong SRAM unit |
o | ¥ > (14 > (14 > — \
= ) O N O e 7} O © . 00 \\
H N g N g ~ | g | E - X3 \
S o |= | |= x4 % =|9 \
L S 8 3 Ping-pong SRAM unit \
3 3 3 : \ |AcT
. . \
CIM output “1---L._|Ping-pong SRAM unit \ Fixed path for W
L
Low-MACV CIM macro Ping-pong SRAM unit

MACV: multiply-accumulation value.

© 2023 IEEE . .
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Low-MACV CIM Macro

* Normal digital adder tree

— Requires full-precision multiply-accumulation values (MACV)
— 8bit result for 128 X 1b input

f——>1b2b3b "
9 v
, 56 [4:0]
__» .
- (@)
- o0
X Q
% X [7:0] | [7:0]
e | —— .
. tage 1 :
<2 16*1bgé ab 55 [4:0] | Stage 2 Normal
~—> 8*4b - 6b adder tree

\ 4
Accumulation

© 2023 IEEE . .
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Low-MACV CIM Macro

« Large CIM MACYV results barely not arise

— Remove high bit positions

Stage 1: 16*1b - 4b

ob

QbA

+

>
>

ye

-+

/b

8b

© 2023 IEEE
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Stage 2: 8*5b = 8b

100.0%

99.8%

MACYV value
proportion

Remove
I]igh 2bit

Remove
high 1pit

100%
Q
25
5
>
(&) g-40"/
so " high 3bit high 2bit 1o

20% /5 N/8 NI <N2 <N =N

MACYV value of 1b*N CIM
On ResNet50, ImageNet w/o sparsity training.
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Low-MACV CIM Macro

« Large CIM MACYV results barely not arise
— Two-stage low-MACV adder tree (conservative mode)
— Omit computation for the high-bit positions in the MAC result

v

[ Jlih op i \
«,_.» 3b o T [4] . Discard

AR = T +§?L b
— : +KN6 i

. ~ . o ------ [7:6] =

° ° =+ ) ()]

P x : - 700 [5:0] x| [5:0]
—_— - [4] &

. Stage 1 : :

x & 16*1bgé 4b 5H [3:0] > Stage 2 2-stage low-MACV adder
—t> 8*4b - 6b tree (conservative)

9.0% and 13.9% power reduction in conservative/aggressive modes
w/o accuracy loss

© 2023 IEEE
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Accumulation &
block-wise sparsity




Outline

B Motivation & Challenges
B Proposed FP CIM Processor

® Efficient FP-to-INT CIM workflow for intensive FP operations
® Flexible sparse digital core for sparse FP operations
® Low-MACV CIM macro for random sparsity

B Measurement Results
B Conclusion
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Technology

28nm

Chip area

2.52mmx1.8mm

Chip Photograph

CIM macro area

0.56mmx0.12mm x4

Weight prec.

INT4/8, FP16/BF16

Activation prec.

INT4/8, FP16/BF16

*1: At 10-400MHz w/ 0.469-0.79V

Voltage (CIM) 0.397 - 0.90V
Voltage (digital) 0.469 - 0.90V
Frequency 10 - 400MHz
CIM power ! 0.13 - 13.7mW
System power*1 0.87 - 74.9mW
Performance Z 1.64 - 9.63TOPS (INT4/INT4)
CIM macro "2| 275 - 1615TOPS/W (INT4/INT4)

energy efficiency

68.7 - 403TOPS/W (INT8/INT8)
17.2 - 91.3TOPS/W (FP16/FP16)

(digital) and 0.397-0.78V (CIM).

*2:. from dense to average block-

wise sparsity on test models.

*2
System
energy efficiency

51 - 300TOPS/W (INT4/INT4)
12.8 - 75.0TOPS/W (INTS/INTS)
3.2 - 16.9TOPS/W (FP16/FP16)

Assume average FP cycles = 16

for the dense situation.

© 2023 IEEE
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Results on Different NN Models

At the best system energy efficiency point. (1) Pre-train with block-wise sparsity for the inference tasks. Sparse

VGG16 ResNet50 ConvNeXt-T | ResNet50
Model . . . ..
inference inference inference | training
Dataset Cifar-10 ImageNet
Activation 4 FP16 8 FP16 FP16 FP16
Weight 4 FP16 8 FP16 FP16 FP16
Average FP cycles
(BB #12) -- 17.93 -- 18.53 21.52 19.60
Baseline accuracy 94.20% 80.86% 82.10% 80.86%
Chip accuracy (1)| 90.03% | 91.57% | 76.92% | 77.85% | 77.98% 80.86%
Execution time 0.523ms | 9.35ms | 97.7/ms | 413ms 263ms 2.00s
CIM macro energy (2)
effi. (TOPS/W) 1615 91.3 106 22.7 43.9 14.1
System energy (2)
effi. (TOPS/W) 300 16.9 19.7 4.22 8.17 2.61

acceleration of VGG16 / Resnet50 / ConvNeXt-T: 5.88x / 1.54x / 3.87x. (2) Dense training w/o block-wise sparsity.
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Comparison with State-of-the-Art

ISSCC22 [1] | ISSCC22 [2] ISSCC22 [3] VLSI21 [4] ISSCC22 [5] This work
Technology 28nm snm 22nm 28nm 28nm 28nm
Area (mm?) 0.033 0.013 10.2 5.8 6.7 4.54
Activation 1b INT4/8 2;?8@?8:3%0 BF16 INT8/16, BF16/FP32 | INT4/8, FP16/BF16
: Ternary (Analog)
Weight 1b INT4/8 2/4/8b (Digital) BF16 INT8/16, BF16/FP32 | INT4/8, FP16/BF16
i Approximate Activation Low-MACYV adder
ST adder N/A N/A sparsity N/A + block-wise
Pure CIM (long-tail FP Intensive CIM
AP el N/A N/A N/A Exponent CIM cost unmentioned) + sparse digital
v (1)[ 128 (INT4 eq.) | 254 (INT4) |600 (7b/Ternary) (2) 231 (INT4) ()| 275-1615 (INT4) (4)
effic'(?g;'g;\% 57.8 (INT8) 68.7 - 403 (INT8)
' 13.7 (BF16) 46.2 (BF16) 17.2 - 91.3 (FP16)

(1) Maximum reported value in [1-5] for fair comparison. One operation (OP) represents one multiplication or addition.

(2) Including external control and SIMD modules.
(4) From dense models to average of test sparse NN models.

mentioned.
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Outline

B Motivation & Challenges

B Proposed FP CIM Processor
® Efficient FP-to-INT CIM workflow for intensive FP operations
® Flexible sparse digital core for sparse FP operations
® Low-MACV CIM macro for random sparsity

B Measurement Results
B Further Discussion & Conclusion
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Recent Progress in ISSCC

BF16 Mode MX Input
+
New W;‘"’ (FPew) [S. Wy [6:0] W[7:0] ] 1IN
2 N W : HIN
@ TD-MPEF find PDg_yy & oY e IWE | —2
TD-PD-DG generate Ny sam) ! EDle | INss  * K elements
Booth © 256x128 SRAM-CIM Macro | = == ' .
Controller Subarray0 [ ] 3 * : @] v {Ss WM} PDE : ] IN
Calum;g-gz?:oslﬁﬁnms2B~E:agkc:olumns4-12? . <+ -0—0 e K
Eoo | SooMoo H Eoa [ SoaMos |i PEB-IMA Shlft INM(I‘I) by : T Q M__MI;JX I
o [1Ete] StoMio HEw ] SiaM | 2 Niw.sam) (Increase IN sparsity) ! ' _Leading-1__ 1 - :
HiE : I : i 'IN i I
Eiso Sis.lnMﬁ,n u E1?.1 S1s.1 Miss |i 5 4 ' :_Mi ; D_M;M_U_lt_lpller_ — MX Welqht
Input Sign Subarray Multplier | 5 DAH-MCA compute MAC | ———————— W
. SE";:;T‘":@E l —— % ? ENpItis RS VIGWATS) S?N?EA-) {Wo[7:0], W,[7:0]} W1
Man. <<2 Man. <<2 = * : :
Infnu;nen Exp.| |Accumulator] | Exp.| |Accumulator| x o 5 * BF16 > SOW (,5:01 WLI7:0 B 2
B P 4 i3 O GDSaA combine oMADD: e WssH  : K elements
‘% ' _ : > PDc yax and pMACV,, * INT8 > (8bW, + 8bW,) -
g Suba}::;s I:?E: * * BF16 = (8bINg + 8bWp) - WK

- DM-MUX:
@Utpllt FP32 MAC\D * INT8 3 (8bIN, x 8bW,) + (8bIN, x 8bW;)

* BF16 = (8bINy, x 8bW,,)

Exp. computation Analog + digital FP /INT Grouped Exp.
Inside CIM (digital) Hybrid reuse

Compatible to Our intensive-CIM sparse-digital solution
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Further Discussion

* One observation (Might not be totally accurate):
— Most solutions are actually using INT CIM to realize Floating-point CIM
— Even with accurate floating-point CIM circuits:
— Not identical to the baseline results (e.g. IEEE754 FP standards)
— Reasons: Bit truncation, integral vector addition before normalization
— Require further research on the FP CIM formats/standards for result evaluation
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Our Roadmap: From Effi. Circuits to Effi. System
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Conclusion

J Energy-Efficient INT/FP CIM Processor (Intensive CIM + Sparse Digital)
» Efficient FP-to-INT CIM workflow
Reduced FP CIM execution cycles
» Flexible sparse digital core
Sparse activation/weight formats, no performance loss
» Low-MACV CIM macro

More random sparsity in FP CIM alignment, no accuracy loss

"An INT/FP CIM processor with intensive-CIM sparse-digital \
architecture to achieve 16.9TOPS/W@FP16 and
300TOPS/W@INT4 system energy efficiency
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