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Success of Al Algorithms/Applications

Smart Retail Personalized Healthcare Smart Home

Courtesy: Song Han
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Custom Chip Designs for Al

[0 To efficiently execute deep learning or deep neural network (DNN) workloads,
many custom ASIC accelerators have been presented or are being designed.
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Data Movement in Al Inference Accelerators

[0 AI or deep neural network (DNN) inference involves many (>90%) high-dimensional
matrix-vector multiplies (MVMs)

Memory

i Data for
{ Compute

Compute j

Digital
Processor

4 (45nm 2nJ
" 1000 | Technology)
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i) 100pJ
© £ 100
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Qo 1 MULT FP16 : 1pJ
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0.1 : ; : MULT INT4 : 0.05pJ
8kB 32kB 1MB DRAM
Memory Size (D) Jia et al., ISSCC, 2021

Data accessing/movement costs can easily dominate energy/throughput
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Bottleneck of All-Digital DNN HW Energy/Power

Eyeriss Chip Power for AlexNet

EOS Chip Power for AlexNet MCM chip PE Energy
9.06% NTV-PE
PE control ———, ock network 4.30% S Router  Control (5fJ/op)
T 30.9% IMEM + Controller

Datapath
(54fJ/op)

999, (18fJ/op)
. (] < '
PE I/OFIFOs
1.3%
67.93%

18.71%
i Weight Bank ;
; / Ch'pzll ‘?%? . = e Activation Banks Weight
\ / : Buffer
scratch pads global buffer (4fJ/op)
42.5% / 1.1% Input
N top-level control Accumulation Activation
B eriadd 7 . 0.1% Buffer Buffer
mu 'pé‘_egr% adder mu (')c;i/o ° (77fJ/op) (15fJ/op)
Chen et al., IEEE JSSC, 2017 Sim et al., IEEE TVLSI, 2020 Zimmer et al., IEEE JSSC, 2020

[0 To perform computation, we need to fetch data from memory
- High energy consumption

0 A large number of memory accesses
- Dominant portion of total energy consumption
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O IMC Macro Design and Challenges of IMC Systems
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In-Memory Computing for DNNs

row-by-row operation

On-Chip Memory
(e.g. SRAM, RRAM)

Conventional all-digital

implementation (}b::;‘v‘:?;h

Input
Buffer

Output

I 1T 1

Compute Engine
(e.g. MAC array)

SO0 O

Input

all rows turned on
simultaneously

Memory with
Embedded
Computation
(e.g. MAC)

I 1T 1

Buffer

In-memory computing
implementation

Output
-

Embedding computation inside memory (e.g. bitline)
Large reduction in data transfer
Assert multiple/all rows together - increased parallelism
Large potential for energy-efficiency
Key challenge: noise/variability, DNN accuracy loss (?), programmablility
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Memory Technologies for IMC

« Tapeout-able in latest

CMOS technology « Push-rule bitcell not
SRAM « High on/off ratio openly available
« Reliable, large-scale « Relatively large area

integration

- Can significantly reduce Read is destructive

DRAM DRAM communication Modlfl_catlon of_b_ltcell &
array is very difficult
« Low on/off ratio
eNVM  Non-volatile « Limited CMOS nodes,

(e.g. RRAM, PCM)

High density large-scale integration
« Large peripheral circuits

[0 Here we focus on SRAM-based IMC designs,
since it is most robust and viable for large-scale integration in any CMOS node
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SRAM IMC Macro Designs

Single IMC Macro Designs

IMC Macro m Publication

MIT
“CONV-SRAM”
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SRAM IMC Macro Designs

Single IMC Macro Designs
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SRAM IMC Macro Designs

Single IMC Macro Designs
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SRAM IMC Macro Designs

Single IMC Macro Designs

IMC Macro m Publication

MIT ISSCC, 2018
“CONV-SRAM”  2%9X64 4356 2019
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RBL
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Jae-sun Seo Programmable IMC Accelerator

15



SRAM IMC Macro Designs

Single IMC Macro Designs

IMC Macro m Publication

Capacitive IMC

MIT osies 1SSCC, 2018
“CONV-SRAM" JSSC, 2019
k7
et 1 1 O e T ]
ASU / Columbia S. VLSI, 2018 MWLB[1]
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MWL[2] 1’"3{_:"" . -I—_L-I—_L o..J__l_a
MWLB[2] : MBL
NTHU ooy 1SSCC, 2019 « | T T T Na
“Tiyin-8T SRAM” JSSC, 2020 : s
.....................................................
e [ == capacitive divider
ASU/ Columbia . ., ESSCIRC, 2019 1 P
gﬁg;iﬁ'&l “C3SRAM’ JSSC, 2020
TSMC ISSCC, 2020
+ 7nm IMC 64x64  jssC, 2021

Jae-sun Seo Programmable IMC Accelerator

16



Challenges of SRAM IMC Accelerators

0 Limited IMC capacity
B Lower throughput/parallelism
B Require frequent weight update
B Limited data reuse opportunity

Smaller Capacity

Larger Capacity

Jae-sun Seo Programmable IMC Accelerator
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Challenges of SRAM IMC Accelerators

0 Limited IMC capacity
B Lower throughput/parallelism
B Require frequent weight update
B Limited data reuse opportunity

Phase 1 Phase 2

Load

W1 W2

Smaller Capacity

Larger Capacity

Phase 3

W2
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Challenges of SRAM IMC Accelerators

0 Limited IMC capacity
B Lower throughput/parallelism
B Require frequent weight update
B Limited data reuse opportunity

X1

g W1 :—> W2

|
E

Smaller Capacity

Y1=X1*W1 Y1=X1*W1+X2*W?2 Y2=X2*W1
_ X2 X1 X3 X2 X4 X3
Larger Capacity —» — —

Y1=XT*W1+X2*W2  Y2=X2*W1+X3*W2 Y3=X3*W1+X4*W2
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IMC Macro - IMC System Designs

Single IMC Macro Designs IMC System Designs

IMC System ?r:;cr?:gﬁ:) ;?{:H“g&e Publication

IMC Macro m Publication

MIT ISSCC, 2018 Tsinahua / NTHU 16

« , 256x64 singhua macros

CONV-SRAM JSSC, 2019 “Thinker-IM" (64x64) 64 kb S. VLSI, 2019

ASU / Columbia S. VLSI, 2018 Tsinghua / NTHU 4 macros

« ., 256x64 g

XNOR-SRAM "% Jssc, 2020 * sparsity-aware IMC ~ (64x64) 15 ISSCC, 2020

Princeton .

NTHU ISSCC, 2019 16 macros Hotchips, 2020

“Twin-8T SRAM” PGl JSSC, 2020 * heterogeneous (576x64) 576 kb JSSC, 2020
processor

. Princeton

ASU / Columbia ESSCIRC, 2019 16 macros

“C3SRAM’ 256x64 JSSC, 2020 * programmable, (1152x256) 4.5Mb ISSCC, 2021
scalable IMC NN acc.

TSMC ISSCC, 2020 ASU / Columbia 108 macros
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IMC Macro - IMC System Designs

Single IMC Macro Designs IMC System Designs

IMC System ?r:;cr?:gﬁ:) ;?{:H“g&e Publication

IMC Macro m Publication

MIT ISSCC, 2018 Tsinahua / NTHU 16
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ASU / Columbia S. VLSI, 2018 Tsinghua / NTHU 4 macros

« ., 256x64 g

XNOR-SRAM "% Jssc, 2020 * sparsity-aware IMC ~ (64x64) 15 ISSCC, 2020

Princeton .

NTHU ISSCC, 2019 16 macros Hotchips, 2020

“Twin-8T SRAM” PGl JSSC, 2020 * heterogeneous (576x64) 576 kb JSSC, 2020
processor

. Princeton

ASU / Columbia ESSCIRC, 2019 16 macros

“C3SRAM’ 256x64 JSSC, 2020 * programmable, (1152x256) 4.5Mb ISSCC, 2021
scalable IMC NN acc.

TSMC ISSCC, 2020 ASU / Columbia 108 macros
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Limitations of Prior IMC Systems

0 Limited non-MAC operation support | A

o]
. . 326
B Limited DNN layer types supported [ Memory Read/Write /F
B sisis L
- e <2303>
BWSCIM macro H = Bit o
8kB Activation||8kB Activation (5 | A >— e : — o ! -
SRAM #0 SRAM #1 1/2 bank ,”:_’ _D sTH[eT H[eTH[eTH = [8TH H :f:‘i 8 Cell .g
20t § 320t (dense) e sTHLeTHIeTHeTH 2 o a
2 e — |5 7 o o =
Adaptive kernel/channel- ’;:g;iz;‘ E % =] @, =1 wf 8 . Nclomptljti In NE
order(KCOl) mapping § ey o - - . é b g < er(rgaA)rray o E
64*2bit 62 a : 32b| c | * L]
o 2aines) || 3 _D e e e H o z % 3
Activation sparsity > e Dl E ] 2] s = G a
controller (ASC) Bank choose _D LE.T.)“ (aT H - [er § i 3
Weight index select Power-on/off 53!.. = <57.60 ‘ﬂ —¢| © g
{Sransienee) | <7 A 7 vzcwnzcm VAV L L= = -
Weight sparsity Weight Toor lcoz lcos oot
controller (WSC) I 2C/N2C || 2CIN2C Inu'a-macro 2cm2c g dz <63> o 0 u z <255>
IM core #0 TWeight sparsity index adder #1 || adder #2 adder #8 <0> < <192> <
CIM core #1 .
Yue et al., %n r —— 1 w— Jia et al.,

wee o 00
ISSCC/ 2020 Inst. SRAM Welght & index # #2 |n|er.nﬂc!'o #3 5 32b1’ F JSSC/ 2020
& top ctrl. SRAM (2*32kB) e ccur:u.lauon ot f(v:. ad

. , Programmable w/ RISC-V interface
Sparsity-aware, IMC SRAM capacity: 16 kb IMC SRAM capacity: 576 kb

Non-MAC operations not supported Other scalar operations such as pooling,

residual addition not supported
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PIMCA: A 3.4-Mb Programmable
In-Memory Computing Accelerator in 28nm
for On-Chip DNN Inference

Shihui Yin', Bo Zhang?, Minkyu Kim?, Jyotishman Saikia’,
Soonwan Kwon3, Sungmeen Myung?, Hyunsoo Kim3, Sang Joon Kim3,
Mingoo Seok?, and Jae-sun Seo’

1 Arizona State University, USA
2 Columbia University, USA

3 Samsung Advanced Institute of Technology, Korea
20

2021 Symposium on VLSI Circuits o

SYMPOSIUM

OOOOO
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Motivation of Proposed PIMCA

Programmable In-Memory Computing Accelerator

Ll
Ll

Propose a programmable IMC architecture
Custom ISA with hardware loop support control
B Reduce the # of instructions for repetitive DNN workloads

Programmable for different networks (VGG, ResNet, etc.),
activation/weight precision (1b/2b) exploiting recent ML algorithms

Integrate 100+ IMC SRAM macros, demonstrating one of the largest
integrations for IMC systems

B DNNs for edge devices can fully fit on-chip

Jae-sun Seo Programmable IMC Accelerator 24



Outline

[0 Programmable IMC Accelerator (PIMCA)
B Overall Architecture
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Overall PIMCA Architecture (1/3)

1664 X 16b
PIMCA Chip $ ;
Instr. | Loop Support | ,"
Mem Top Controller C(_I;OCK g;‘:a_n K
(72 kb) |72| Instruction Decoder | en a"}'
Addr. 6-PE Cluster (108 IMC macros)
Trans. o -
1
v | PE (18 IMC macros) s
el
A1 =2
5
=1 R Og ‘\
Jeraie |
x o
2 J
[ of N
Act. 3 = :
Memory 5% -
(1.54 Mb) \ Adder Tree yad
{22221
\ 6:1 MUX
X 256x8b
) 256’b A 4 A 4
. 256-way SIMD
256b

ADDR| R/W Peripheral 2
T (Weights)
T —t —t WL[0]
|N[0] H 6T H H 6T H H 6T H
i MWLI[0
= [ ® ) MWL[B[]l)]
S H H H
(o] — T ™ WL[1]
IN[1] 8 H 6T N H 6T N H 6T
| ] MWL[1]
(] % (%I ‘%' MWLB(1]
o [ b o 'E Z= mw e |_ut =e 2 o' HI
° ; Cc e Tll@ |5 e o= =0 H|-
° S e ZIE Ee HlE °K q =
o3 CHCH S = i~ 8
| ) S ) S 7 WL[255]
JIN[255] ; 6T [ H 6T [ H 6T |
MWL[255]
=< ® X MWLB[255]
HE—4l ey H— HH—
e A T
ADC) ADC ADC
/' IMC SRAM -._
; 4b : 4b 4b
Macro 5t Out[1] out[127]
R J_ J_ 2.2-fF MOM cap
] [m1m3 o, (Metal 4-6)
.J;sl_' —%« on top of bitcell
H [w2md |H
MWL A
M. =19 NWELL
ACTIVE Il
POLY I
MWLB M T LG METAL 1 Il
BL BLB! | MBL

O 108 IMC 256-by-128 SRAM macros (3.4Mb) organized in 6 PEs
[0 18 macros in a PE, whose outputs are summed by an adder tree
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Overall PIMCA Architecture (2/3)

[0 10T1C SRAM cell (2.2 fF MOM cap)

ADDR| R/W Peripheral 2
= (Weights)
T T ™ WL[0]
IN[O] H o1 H H o1 | H o1 H
i MWL[0]
5 %P %P (8'2“— sl
k] B [ [
(o] — T ™ WL[1]
IN[1] 8 H 6T H H 6T H H 6T H
| [ MWL[1]
i I e e =i 1/ PR
(Sl kel e g5 2 o" A 5
Q C ¢ H[EES HIE %R J£
[ ) c 6 | = |= e —~ = N @ = I3
3 [ CHCH S 4 E i~ aR
== — +—t WL[255]
JIN[255] ; 6T [ H 6T [ H 6T |
) ) ) MWL[255]
= " ; 0 " MWLB[255]
) RST
A e '.. e =3 T\rer
ADC) ADC ADC
/ IMC SRAM 4
; ) 4b 4b
, Macro & b, Out[1] Out[127]
R J_ J_ 2.2-fF MOM cap
] [m1m3 o, (Metal 4-6)
.J;sl_' —%« on top of bitcell
H [w2md |H
MWL
M. —tll19 NWELL
ACTIVE Il
POLY I
MWLB M T LG METAL 1 Il
BL BLB! | MBL

O 256x128 IMC SRAM array, 4-bit flash ADC for output
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Overall PIMCA Architecture (3/3)

1Gb* *16b K
L1

PIMCA Chip
Instr. | Loop Support |
Mem Top Controller

(72 kb) |72| Instruction Decoder |

Addr.

6-PE Cluster (108 IMC macros) .
Trans. - o

PE (18 IMC macros)

P«

10JE]0yY UORBAIPDY

Act.
Memory
(1.54 Mb) Adder Tree

{221%1]
6:1 MUX

O Activation memory (1.54Mb), PE and SIMD are pipelined
[0 Top controller fetches/decodes instructions from instruction memory every cycle
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Outline

[0 Programmable IMC Accelerator (PIMCA)

B ISA & Loop Support Control
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PIMCA IMC+SIMD Pipeline (1/2)

6-Stage Pipeline
IF ID LD IMC SIMD wB

Q
oV, AW, WO, WEB <
v
v o
x <
PC | Loop < | Activation 3 >
Generaton | Support Memory & .
to - o
(top) Wy >
v A ;l-’
RE > [72] (7] >
x — PE o a | SIMD | ©
REB > > > >
. H v N
Instruction | Instruction o R
Memory " > Decoder < | Activation >
»| Memory x v
(bottom) o >
. F 3
A A oV, AW, WO, WE A A A

IV: input vector, AD: data directly from activation memory, OV: output vector from SIMD, PS: partial sums from PE

[0 IF: instruction fetch O IMC: in-memory computing & partial sum accumulation
ID: instruction decode 0 SIMD: 256-way SIMD operation
0 LD: load input activation O WB: write back

O
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6-Stage Pipeline

PIMCA IMC+SIMD Pipeline (2/2)

IF ID LD IMC SIMD wB
[a]
oV, AW, WO, WEB <
PC Loop Activation 'Ig L 41_
Generaton Support Memory o
(top) Wy
4 =N
> (7] >
v = PE n" SIMD O‘
Instruction | Instruction
Memory » Decoder Activation
Memory o x
(bottom) 8 o e
- X ”
|- g |- o o
oV, AW, WO, WE

IV: input vector, AD: data directly from activation memory, OV: output vector from SIMD, PS: partial sums from PE

O Activation memory organized in two groups of single-port SRAMs (top/bottom);
While one group is used for reading, the other group is used for writing.

[0 Note PE is bypass-able and SIMD can process data from activation memory directly
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Instruction Fields

PE+SIMD Instruction Fields

Field Name | Width Explanation
Loop RP 6b Repetition times of current instr.
AR/AW 10/10b Read/write address
Act. Mem. RE/WE 6/1b Read/write enable
Access Sel_top 1b Read from top group if true
RO/WO 3b/2b | Read/write bank mapping order
PIX 3b PE select index
PRE/PCE | 3/6b | Macro array row/column enable
PE PSK 1b Skip PE operation if 1
C5x5 1b 5x5 conv. mode if 1
MSB 1b Feeding MSB/LSB of act. if 1/0
OoP 3b Operation code
SIMD XY 3/3b Operand X and Y
V4 3b Destination Z of result

[0 Instruction width = 72-bit

[0 A regular PE+SIMD instruction configures the data location for R/W,

IMC PE operation mode, SIMD instruction.

Jae-sun Seo
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Loops in DNNs

[0 Loops exist in DNN inference computation, which could be exploited
to reduce the size of instructions needed.

E.g., in a 2D conv. layer

I (NII XII YI) x W (NOI NII XWI YW) =0 (NOI XOI YO)
for ng in range(Ng): Loop-6
for Xy in range(Xy): Loop-5
for yo in range(Yy): Loop-4
for n; in range(N;): Loop-3
for xy in range(Xy): Loop-2
for yy in range(Y,y): Loop-1
O(nOI Xor YO) += I(nII XO_l_XWI YO+YW)*W(nOI N, Xwy YW)

Jae-sun Seo Programmable IMC Accelerator
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ISA w/ Loop Support Control (1/3)

0 Two types of loop support in PIMCA top controller

B A) Repeat a single instruction for ‘RP’ times (addresses automatically increase in
each repetition)

PE+SIMD Instruction Fields

Field Name | Width Explanation
“Toop | R | &b |Ropetition times of current instr]
AR/AW 10/10b Read/write address
Act. Mem. RE/WE 6/1b Read/write enable
Access Sel_top 1b Read from top group if true
RO/WO 3b/2b | Read/write bank mapping order
PIX 3b PE select index
PRE/PCE | 3/6b | Macro array row/column enable
PE PSK 1b Skip PE operation if 1
C5x5 1b 5x5 conv. mode if 1
MSB 1b Feeding MSB/LSB of act. if 1/0
OP 3b Operation code
SIMD XY 3/3b Operand X and Y
Z 3b Destination Z of result

Jae-sun Seo Programmable IMC Accelerator



ISA w/ Loop Support Control (2/3)

0 Two types of loop support in PIMCA top controller

B B) Generic nested loop definitions by special loop instructions w/ dedicated
counters and registers

Register File (16x10b)

Loop Support Registers

Loop Instructions

LS: LIX(3b),
LIN(10b), LST(9b),
LRP(6b)

Loop setup for LIX: LR[LIX] € LIN; STR[LIX] €
LST; RPR[LIX] € LRP; CTR[LIX] € 0

LR[0:7] | w/ HW loop support STR[0:7] | Loop step sizes (9b)
CTR[0:7] | Loop counters (6b)
LR[8:15]] wio HW loop support | - [ ppRrio:71 | Loop iterations (6b)

LE: LIX(3b),
LET(10b)

Loop end check for LIX: LR[LIX] += STR[LIX];
CTR[LIX] +=1; PC € PC + 1 if CTR[LIX] ==
RPR[LIX] else PC € loop entry address (LET)

LA: LIXD(4b),
LIXS(4b), LB(10b),
LC (10b)

LR[LIXD] € LR[LIXS]XLB+LC

Jae-sun Seo
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ISA w/ Loop Support Control (3/3)

0 Two types of loop support in PIMCA top controller
M

L
B Instruction compression ratio: ~4X for VGG-9
3k - S—

2K

1K |-

# of Instructions

\ 4

w/o loop w/ loop
support support
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Outline

[0 Programmable IMC Accelerator (PIMCA)

B Activation Storage & Access
B SIMD Design
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Activation Storage & Access (1/2)

]

» CNN Algorithm “ '+ Mapping on '
: '\6500 ; | ] ] : 0 18 IMC SRAM MaCI'OS LOC3|4FFS IMC,SRAM macro 128 channels :
: 93%60 [ | | | | T — ' | s » '
.‘» |I |I |I |I |I 0,0 0,1 0,2 - : : Ino é %
= el | | 1lH v 1,31 W[2,0] |11,2% wit,0] |5 1,1 wio0) 115> S 8
s (0000203 0ar 10 [ [12|lH] ¢ o] | g8

( u B '
v 110112013 14| 20 (21|22 }F 4 =
' : i ® ~ o o o fler0 g 123l wiz g Ll 2 2| witap [bl2 1) wiog 1o 558
: : !U !' 2;2 : 2,3 2,4 _—_ (f:)%() : I . ] . ] : : g :
¢ ® - = r r " -0
v 130313213334 |H 0olosoz|lB] o | | =y
R S | I 3,3He] W[2,2] |32 W1,2] |9]3,1 [ W[0,2] ---» = o
V40 |41 |42 (a3 |aa |} T RN T >\
' | 2012122 [F ' o Weight stationary w/ conv. data reuse "
. nput Feature Maps (5x5x256) , ) 4 Ut tor 255 : ' .

]
i Cycle=n Weights (3x3x256x256) 3 . -2XCC )0 3x1x256 patch every cycle E

r- .......................................

0 3x3x256x256 conv. kernels are mapped onto 18 IMC SRAM macros based
on kernel_x and kernel_y indices
[0 Shift registers are added for conv. data reuse

[0 3x1x256 patch of input features are required to be fetched every cycle
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Activation Storage & Access (2/2)

e e, e S

: - - :
A [1,3] 0-255 ch. Il [2,3] 0-255 ch. 1 [3,3] 0-255 ch. | o
. . >, ]
Each Activation Memory (AM) Group } Activation RO0—> »
(Top / Bottom) y Rotator RO=2---> |
' [3,3] 0-255 ch. [ [1,3] 0-255 ch. 1 [2,3] 0-255 ch. | 8
bosassasaa { -------------- } ............... } ........ -
g E Address Translator : ..A.c.ti;a.ti-o;’.M-e,.nor.y ------------------------------------ :
.~ RO M . '
= '—pt|RO=0| RO=1 | RO=2 | ' i
§ : * Bank 0 addr. ' [0,0] [0,0] [1,0] [1,0] [2,0] [2,0] ;
£ 1| AR |ARsofiset|ARsOffsetf=———>} | (0] [01] [11] [11] 2] 21 |?
Bank 1 addr. 1
= '] AR |AR+Offset|AR+Offsef| A=ty » | 1021 [0.2] [12] 0,21 [2.2] 22 |3
= & Bank 20ddr. | 103 03] [13] [13] 23 | 3 |
S '—»i| AR | AR |AR<Offset|4=———> 1" 04] [0.4] [14] [14] 2,4] 24 |
= t| AR | AR [AReOffsef|sankdaddr o]  [130] [3.0] [40] [40] = = E
: * Bank 4 addr. [3,1] [3,1] [4,1] [41] = - ’
g AR AR AR N >3 [3,2] [3,2] [4,2] [4,2] = = :

)
: AR AR AR ‘l Bank 5 addr. E {gﬁ} {2,2} {2,2} {:,2} - - :
] . . [ ] ] 3 3 3 ) - - :
sl °‘;'t‘f'9f’”’fb'ef°’a'?§te;’: »  0127ch.  128255ch.  0-A27ch.  128255¢h.  0A27ch.  128255¢ch. »
Luedeareasossmmeast LooBank0___ _Bankt ___Bank2____J Bank3_ __.. Bank4 __ .. Bank5__!

[0 Each AM group has 6 banks to support flexible/parallel AM access

[0 PE can access any 3x1x256 input patch from the 6 banks in one cycle
B With proper address generation and activation rotation
B Eliminates the need for extra buffering between AM and PE
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SIMD Operations

0 256-way SIMD
[0 8 supported operations:
B ADD: X+Y > Z
ADD2: X*2+Y > Z
COMP: (X>Z) = Z (for 1-bit activation)
CMP2: (X>R0)+(X>R1)+(X>R2) = Z (for 2-bit activation)
MAX: max(X, Y) - Z (for max pooling)
RSHIFT: (X >>Y) > Z
B LSHIFT: (X << 1) + 1-b data_from_memory > X
[0 ADDZ2 can support both bit-serial scheme for activation (X, Y from

the same way) and bit-parallel scheme for weights (X, Y from left
and right 128 ways)
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Outline

[0 Programmable IMC Accelerator (PIMCA)

B PE Mapping
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PE Mapping Example (1/4)

[0 The 18 IMC SRAM macros are organized in left and right 3x3 arrays
O Left/right array assigned for 1b weights or MSB/LSB weights of 2b weights

OO0 Shift-add happens in SIMD via ADD2 operations

1b, 3x3x256x256 conv. kernels or

2b, 3x3x256x128 conv. kernels
(bit-parallel scheme for 2b weights)

Left 128 output channels [0:127] Right 128 output channels [128:255]
or MSB of 2b Weights C5x5=0 or LSB of 2b Weights

> LW[0,2]\L L 1WI0,1]jL  [-»{W[0,0] 0 L WI0,2]|L» [»{W[0,1] L —»{W[0,0]

LAJ LAJ LAJ 1 LA LA LA
o w1 ,2]\'—» st 1l Eefwit.olf| ] (1) Lwn 21 Pewit ,1]"—» Lowi1,0]

LAJ LA L____J LAJ LA LA LA

0

o Heiwiz2] L siwi2, 1] jwiz,0] LW[Z,Z] b [jwiz,1] L Lawi2,0] . .

L \ L L VAN L L Separate shift registers for

anut adder tree (Ieft)(MS@/ \input adder tree (right)(LSB)/ MSB ?nd LSB of 2b in pUt

PS[0:128] J128x8b PS[128:256] J128x8b (bit-serial scheme)

SIMD ADD2: PS[0:128]x2+PS[128:256]

{256b
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PE Mapping Example (2/4)

[0 A PE can support up to 2304x256 fully-connected matrix-vector multiplication

1b, 2304x256 fully connected layer

Left 128 output neurons Right 128 output neurons

. L wIo: [768:L l;[153;I L wio: W[768:L I;[153;I
> 255] "l-A- 1023] »1:1791] 255] "IA"’ 1023] > :1791]
N Lal A A
. LIW[256 [102 L l;[179;| LW[256 Enoz;lL 5[179;
> :511] 'I :1279] 1:2047] 5111 | 7] []:1279] ~1:2047]
LAJ LAJ LA LA LA
R LIW[512 | J;nzs:)IL | ’E[zou] LW[512 L | ’5[102:1“_’ _J;[2048
g :767] :1535] :2304] :768] :1279] :2304]
LA LA LA LA LA
\ 9-input adder tree (left) / \Q-input adder tree (right)/
PS[0:128] /128x8b PS[0:128] #128x8b
SIMD

7
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PE Mapping Example (3/4)

0 5x5 convolution can be supported by enabling the left 5 columns of IMC
SRAM macros and turning adder tree to 18-input mode.

1b, 5x5x128x128 conv. kernels

C5x5=1

] ] WI0,3] L_ _L WI0,1] _L WI0,0] ]
M1 [lwp,3] wi1,11 1 [Tiwn,of 1 [
Lal Lal Lal

_LW[2,1]_’ LW[Z,O]_’ ,
W[3,1] W[3,0]

LA
Wia o]

L wis.41|[ | L W[4,3]\L L W[4,2] E L W[4,1]\ N
7N i ! R | L 1
Al =1 LAl A A A A

2
| B
| B

W[2,3]
W[3,3]

B 1
B
—
B ]
B

2
2
2

J
h

J
v

[ ]

18-input adder tree / Active Inactive
64 rows of +1’s, IMC SRAM IMC SRAM
64 rows of -1's PS[0:128] 4/128x8b macro macro
SIMD (output set to zero)
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PE Mapping Example (4/4)

[0 IMC macros disabled when input vector is all-zero
[0 No explicit zero padding needed on input feature maps

Zero padding, 3x3 conv. kernels

No explicit zero padding needed
lLl I

Cax5=0 on input feature maps
E W[O,Z]\ ...]L WI0,1] \L > W[0,0]\

LA
W[2,2] #%L @L -
LA

E %J' W1 ,2]\ -»%L W1, 1]\ N W[1,0]\
LA
E - W[Z,Z]\ -N%L W[2,1]\L > W[Z,O]\
LA
\ 9-input adder tree (Ieft) \Q-input adder tree (right)/
PS[0:128] J128x8b PS[128:256] 4 128x8b

SIMD

{256b

\ 4

\ 4
> 1°0

\ 4
Ll

|I>
\ 4
EIEE
N
=
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PIMCA Chip Mapping for VGG-9

VGG-9 (fully mapped onto PIMCA chip)
ig“g s - -
= =
1,111,0
nC3: n 3x3 convolution filters (stride = 1) - -

nC3S2: n 3x3 convolution filters (stride = 2)
nC1S2: n 1x1 convolution (stride = 2)
One IMC
SRAM macro

MP2: 2x2 max pooling
1. (x,y) represents kernel index

AP4: 4x4 average pooling
2. One IMC SRAM macro stores weights with same (x,y) index
for up to 128 output channels (filter)

|
128C3
MP2
. 4
128C3
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PIMCA Chip Mapping for ResNet-18

ResNet-18 (11.16 Mb)

ResNet-18 (11.16 Mb)
4X time-multiplexing w/ PIMCA

ResNet-18 (2/4)

<

3 . :

2 chip required
0,1/0,0 0,2|0,10,00,2|0,1(0,0, |0,2|0,1|0,0(0,2/0,1/0,0) (0,2(0,1(0,0/0,2/0,1(0,0
1,1(1,0 1,2(1,1(1,0(1,2|1,1|1,0( (1,2|1,1|1,0{1,2(1,1(1,0{ |1,2(1,1|1,0(1,2|1,1|1,0
21(2,0 2,2|12,112,0|12,2(2,1(2,0| |2,2|2,1(2,0|2,2|2,1|2,0| (2,2|2,1(2,0|2,2|2,1(2,0
0,2/0,1|0,0(0,2(0,1 0,2|0,10,0/0,2|0,1(0,0, |0,2|0,1|0,0(0,2/0,1/0,0) (0,2(0,1(0,0/0,2/0,1(0,0
1,2(1,1|1,0{1,2(1,1 1,2(1,1(1,0(1,2|1,1|1,0( (1,2|1,1|1,0{1,2(1,1(1,0{ |1,2(1,1|1,0(1,2|1,1|1,0
2,2(2,112,0|2,2(2,1 2,2|12,112,0|12,2(2,1(2,0| |2,2|2,1(2,0|2,2|2,1|2,0| (2,2|2,1(2,0|2,2|2,1(2,0

ResNet-18 (1/4) ResNet-18 (3/4)

0,2/0,1|0,0(0,2(0,1|0,0| |0,2/|0,1/0,0(0,2|0,1|0,0| (0,2/0,1|0,0(0,2(0,1(0,0 0,2(0,1/0,0/0,2|0,1(0,0| |0,2|0,1|0,0(0,2/0,1/0,0) (0,2(0,1(0,0/0,2/0,1(0,0
1,2(1,1|1,0|1,2|1,1(1,0| (1,2|1,1|1,0|1,2(1,1({1,0] (1,2(1,1]|1,0|1,2|1,1(1,0 1,2|1,1|1,0(1,2(1,1({1,0] |1,2|1,1|1,0(1,2(1,1/1,0] |1,2|1,1(1,0({1,2{1,1|1,0
2,2|12,1(2,0(2,2|2,1|2,0| |2,2(2,1(2,0(2,2|2,1|2,0| |2,2|2,1|2,0(2,2(2,1|2,0 2,212,1|12,0(2,2|12,1|12,0( |2,2(2,1|2,0(2,2(2,1|2,0( |2,2(2,1|2,0(|2,2(2,1|2,0
0,0(0,0 0,0/0,0 0,2(0,1/0,0/0,2|0,1(0,0| |0,2|0,1|0,0(0,2/0,1/0,0) (0,2(0,1(0,0/0,2/0,1(0,0
1,2|1,1|1,0(1,2(1,1(1,0 |1,2|1,1|1,0(1,2(1,1|1,0] |1,2|1,1(1,0({1,2|1,1|1,0
2,2|12,112,0|12,2(2,1(2,0| |2,2|2,1(2,0|2,2|2,1|2,0|] (2,2|2,1(2,0|2,2|2,1(2,0

ResNet-18 (4/4)
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Outline

[0 Measurement & Comparison
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Chip Micrograph & Performance Summary

g 1 :_ 0 (R 1 | 1 |#_| |.L|"il|" |‘|"i ‘_ibi:_'i;i'—l JRSRORCR ] . Technology 28nm

E e Chip Area 20.9 mm?
- : | B PES "__;E Digital SRAM 201 kB
;i I EEEE EE IMC SRAM 432 kB
=k TE TR B ' Al | |Supply Voltage| 0.82/1Vv
E i E ! ! I I I E I ﬁ E i l E Frequency 40 MHz
Aonrn R n R nngnn : [l I
H OO o, | 12bn
B L NI L IR R B | e, [0S
= || R LRl | ; E Power 108 mW (1b)
3 T T o e o e o T T o e o e s Pg"g:;\;g. TO?S?I?VB(QW)

Efficiency
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IMC Measurements and Variability

x10% x10%

1 Macro 12 6 PE 12 ERTTT T P
5 5 S 2 35} Mlddle lme average.,......-, _____
= D HE
g3 10 'y (108 Macros) i 10§ sfErrorbarxlisigma. g
o 8 3 Hiin 8 s N S 5~ S R S
5 1 = 1 o gl A

o 6 3 6 5 ]
o1 o1 [l E AN T
(a] 3 4 a small macro-to- | W I s e iy r maxerrS|gma """
< ) <-3 macro variation §25 -26@0 -----------
-5 RMS Err. = 0.696 X3 RMS Err. = 0.703 2 §35 S S s s S S
0 S A5
-50 0 50 _50 0 50 0 45 -35 25 15 -5 5 15 25 35 45

Partial MAC Value Partial MAC Value Ideal Sum of 9 ADC Outputs

0 Measurements for 2-D histograms / ADC plot: 1,000 random input vectors x 128 columns
per macro (128k samples) generated for each partial MAC value, red boxes highlight ideal
ADC outputs.

[0 Note that small macro-to-macro variation is observed.
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Chip Power Breakdown

@0.82V
PE Digital

IMC Macro MWL Driver 6.3%

37.8% @0.82V
@1.1V Controller+SIMD
6.8%
Memory

IMC Macro ADC
9.2% @0.82V

IMC Macro Digital + Cell
27.4%

@1.0Vv

0 IMC SRAM based PEs dominate power consumption
B IMC SRAM macros’ power dominate PE power consumption
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Energy Efficiency Results

A
o O
o o

System-Level Energy-Efficiency (TOPS/W)

o

w

an

o
]

300 -
250 +
200 -
150 ~
100 -

A
o
]

144 10004 - - - - - ———— - — - -
f—
TOPS/W [ 128 g
=112 n
3 o
- 96 = =
80 & >
S © 100
r64 2 kT
o 9
- 48 'LEJ "..uj
- 32 a == Macro-level energy-efficiency
L 16 o —@— System-level peak energy-efficiency
_—~Leakage power: 0.77mW ch - A - System-level avg. energy-efficiency (for each workload)
e T T T T T T T T T 0 10 . L i
0 2 4 6 8 10 12 14 16 18 VGG-9 ResNet-18 ResNet-18
# of IMC SRAM Macros Activated in a PE A:1b, W:1b A:1b, W:1b A:2b, W:2b

O PIMCA demonstrates high “system-level” energy-efficiency

O VGG-9 can be fit entirely on chip (no off-chip DRAM weight access needed);
energy efficiency evaluated on the full network

[0 ResNet-18 requires time-multiplexing use of IMC macros; energy efficiency evaluated
on the 6th basic block; off-chip DRAM power/latency not included in reported energy

Jae-sun Seo

Programmable IMC Accelerator 52



Comparison with Prior Works

Guo et al.,
VLSI’'19

Yue et al.,
ISSCC’20

Valavi et al.,
JSSC’19

Jia et al.,
JSSC’20

Jia et al.,
ISSCC’21

This Work

Technology (nm) 65 65 65 65 16 28
DNN Model RNN CNN/FC CNN CNN/FC | CNN/RNN/FC [ CNN/FC
Supported CNN Kernel N/A 3x3 3x3 3x3 3x3, 1x1 3x3, 5x5, 1x1
Area (mm?2) 9.6 5.66 12.6 13.5 25 20.9
Digital SRAM (kb) 80 1,312 64 256 1,608
IMC SRAM (kb) 64 4 2,304 576 4,500 3,456

: . 2/4/6/8b (Act.)
Bit Precision 1b 4/8b (Weight) 1b 1-8b 1-8b 1-2b
Performance (TOPS) 0.61 0.17-2.0 18.9 2.2 (1b) 11.8 (4b) 4.9 (1b)
IMC-macro-level Peak
Energy Efficiency (TOPS/W) 51.6 158.7 886 400 (1b) | 121 (4b) 588 (1b)
System-level Peak
Energy Efficiency (TOPS/W) 11.7 35.8 N/A N/A N/A 437 (1b)
Energy per Inference for
VGG-9 (1)) N/A N/A 3.55 (1b) 5.31 (1b) | 19.4 (4b) 2.36 (1b)
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Outline

[0 Summary
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Summary

0 Many SRAM IMC macros were presented (resistive / capacitive),
nowadays demonstrating >1,000 of TOPS/W

[0 Going beyond IMC macro design
B IMC accelerators that integrate many IMC macros

OO0 PIMCA: programmable IMC accelerator with >100 IMC macros
B 28nm prototype chip with 3.4Mb IMC SRAM & 1.5Mb activation SRAM
B Programmability with custom ISA, HW loop support
B Demonstrated high “system-level” energy-efficiency of 437 TOPS/W
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