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RISC-V Based Al SoCs

e 25 billion RISC-V Based Al SoCs by 2027 (Semico Research)

— RISC-V Based Al SoC revenue : $291B (2027)

— RISC-V CPU Semiconductor IP (SIP) 34.9% CAGR through 2027

— RISC-V SW ecosystem expands adoption in consumuer/enterprise SoC markets

— RISC-V ratifications of 15 new specifications : vector, scalar cryptography, hypervisor
e Design opportunities and challanges of RISC-V architecture

— RISC-V ISA specifications help build SW ecosystems for RISC-V based SoCs

— Large opportunities for drastic improvements in compute/power efficiencies with
custom instruction extensions and HW accelerations

- Need System-Level SW/HW Design Environment for efficiently building
customized RISC-V cores, HW accelerators and SoC architectures




(Funded by NEDO: 2022.8 — 2025.3)

RISC-V SW Design
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RISC-V HW Design

RISC-V HW/SW Integrated Design Environment (IDE)

RISC-V ISA tests

Benchmark Programs

User Applications

Library/0S/ Hypervisor |

Hypervisor V

Boot Loader

RISC-V HW/SW IDE
* RISC-V compiler tool chain
* SW/HW co-verification/co-debugging
* Power/Performance/Area(PPA) estimation
* C++/RTL cross-probe visualization
* Performance profiling visualization
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LLVM-based C2RTL Framework
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C/C++ dataflow translated to LLVM-IR

models
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LLVM

C/C++ dataflow model : direct RTL description

e HW attributes (bit-width/register/memory) with GCC-
attributes

* No language extensions, no built-in classes :
intuitive coding

e Single-cycle behavior (register/memory updates) :
only design constraint

e Object-Oriented RTL modeling : C++ classes, templates
e SoC modeling : RTL-IP generation & interconnect
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RISC-V Processor Pipeline Behavior Description

---------------------------------------------------------------------------------------------------------

int CPU :: step (AXI4L::CH *axi) RTL top function

{ Defines the single cycle

. fetch(); behavior of the total system

f \_ Y

: decode(); . - .
. execute(axi); C++ constraint : register/memory variables

. writeback(); updated at most once inside the RTL top function
E}return (cpu.halted ==1); > C++ code directly converts to RTL )

----------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------

: void CPU :: fetch() {
DC-stage: EX-stage: WB-stage: | : fe_sig.pctl.stalled = dc_sig.pctl.stall |

e F . [REGFILE}egt——t ex_sig.pctl.stall;

1daid forwarding 1 . if (1 fe_sig.pctl.stalled ) { :
— : <"'w i }35’,:1/ ‘fﬁ, ! — UINT32 pc = (dc_sig.br.active) ?
pmem 1] ir PECODE 2 B Y TR E : dc_sig.br.addr : fe_reg.cur_pc +4; :
cur_pel 70— :|: : _g' 5' : fe_reg.cur_pc = pc;
| ir_prel TS [ — j : ir=pmem|pc>>2]; :
L O daddf . . — T .
Istalled D(!stalled) = : R
PIPE_CTRL |- D - PIPE_CTRL|->{ D PIPE_CTRL D : }else{ir=ir_prev; }
AA S | :}

U]
-------------------------------------------------------------- '----"



RISC-V Instruction Decode Stage C++ Description

------------------------------------------------------------------
0 0 0 0

enum RVFields { :: struct Field { SINT32 msb, bits; }; :

RVF_funct?, : Field FLD[ RVF_count ] = { ¥
RVF_funct3, i {31,7}, ///RVF_funct7 :
RVF_funct2, {14,3}, /// RVF_funct3 ¥
RVF_rs3, {26,2}, ///RVF_funct2 3
RVF_rs2, {31,5}, ///RVF_rs3 2
RVF_rs1, : {24,5}, ///RVF_rs2 :
RVF_rd, EE {19,5}, /// RVF_rsl it
RVF_opc, it {1,5}, ///RVF_rd i
RVF_immi12H, :: { 6,7}, ///RVF_opc i
RVF_immb5L, {31,121}, /// RVF_imm12H it
- RVF_imm20H, :: {11,5}, /// RVF_ “imm5L r
*  RVF_count, i {31,20}, /// RVF_imm20H 2
'k itk :h

bl ] L] [ ]
[ ! L4
--------------------------------- l-------------------------------------------r--'-------------------------------'--------.. :
*

‘ #define GET_BITS(d, m, b) (((d)>> ((m) - (b) + 1)) & ((1 << (b)) - 1))

: #define GET_FLD(fid)

: #define DEC_FLD(fid)  insn.fid = GET_FLD (RVF_##fid)

t /// R : funct7[31:25], rs2[24:20], rs1[19:15], funct3[14:12], rd[11:7], opc[6:0]

- void CPU :: dec_R()

: { DEC_FLD(funct7); DEC_FLD(rs2); DEC_FLD(rs1); DEC_FLD(funct3); DEC_FLD(rd); }

///S :imm11_5[31:25], rs2[24:20], rs1[19:15], funct3[14:12], imm4_0[11:7], opc[6:0]

: void CPU :: dec_S () {

SINT32i11 = ir & 0x80000000;

/// sign bit

insn.imm = (i11 >> 20) | (i10_5 << 5) | insn.immb5L;

-------------------------------------------------------------------------------------------------------------------------

(GET_BITS (ir, FLD[fid].msb, FLD[fid].bits))

DEC_FLD(funct7); DEC_FLD(rs2); DEC_FLD(rs1); DEC_FLD(funct3); DEC_FLD(imm5L);

: enum RVInsnOpCode { ; | RISC-V ISA format
it /// opc[6:0] : | = Instruction field
RVI_lui = 0x37, :
RVI_auipc =0x17, : | "Opcode
RVI_jal e ] <
gg:_{:" = gxgg: ¢ void CPU :: decode() {. ...
r =UX05, : : .
RV Id  =0x03, : : DEC_FLD(opc);
RVI - - switch (insn.opc) {
_st = 0x23, : .
RVI_compi = 0x13, case RVI_lui:  dec_U();...
RVI_comp =0x33, case RVI_auipc: dec_U(); . . .
RVI_fence = 0xOf, case RVI_jal:  dec_UJ(); br_type=1;..
RVI_sys = 0x73, case RVI_jalr: dec_I(); br_type=2;..

case RVI_br:
case RVI_Id: dec_I); ...
case RVI_st: dec_S(); ...
case RVI_compi: dec_I(); . . .
case RVI_comp: dec_R(); ...

dec_SB(); br_type=3;..

-------------------------------------------------------------------

RISC-V instruction decoder
function for each opcode
= adding new instruction is simple

UINT32i10_5 = (insn.funct7) & 0x3f; /// 6 bits : funct7 --> same as imm11_5[31:25]



RISC-V EX-stage/WB stage C++ Description

--------------------------------------------------------------------------------------------------------------------------------------------------

.

<void CPU::execute(){ .. .. —

. switch (dc_reg.op){ . ... EX-stage : description for each op-type

: case RVO_Id: /// LOAD v
wb_sig.dout = format_rd (dmem[daddr], byte_pos); /// shift-right, sign/zero extend

break;
case RVO_st: /// STORE
st_data = format_wd (src2, byte_pos); /// shift-left
write_mem (&dmem[daddr], byte_en (byte_pos), st_data); /// write with byte-enable .
ca'i';e;{‘jo comp: /// compute { void write_mem (UINT32 *mem, UINT4 be, UINT32 din) {
— ° ] * — * . .
BIT sign0 = (src0 >> 31), signl = (srcl >> 31); : g:m.-g *c$er11 'U(I"&I.:.VSTS &)(rjr.\e.m, - =
BIT ultFlag = (src0 < srcl); F (be & leln) E (m m[O])- cli?r'n[O]° } Memory-Write with
BIT sraFlag = (dc_reg.sextFlag && sign0); : 1T{0€ ¢me " cal ’ bvte-enable
UINT32 shamt = (src1 & 0x1f); ; !f (be & 0x2) { cmem[1] = cd!n[l], } y
switch (dc_reg.funct3) { ' i if (be & Ox4) { cmem(2] = cdin[2]; }
case RVF3_add: ex_out = add_out; break; } if (be & 0x8) { cmem(3] = cdin(3]; } _
case RVF3_slt: ex_out=sign0AsignlAultFlag; break; S e ;
case RVF3_sltu: ex_out = ultFlag; break; :
case RVF3_shl: ex_out = src0 << shamt; break; .
. — e . . . . .
coe RVE3 or: oxoutc e nareti | “s"“F'E%L;L,.g?.szf.f.f.fffe.?.Ei'.‘.zg??..-.92:.'3(?.?.'?:... WB-stage : writeback to regfile |
v ex out = . : void CPU::writebac e :
z:zg :xlﬁg_g:d' 2;—33: - ::28 gssrrccll,. E:i UINT32 wb_data = (ex_reg.wbflag == W_dout) ? wb_stt.dout : ex_reg.out; :
} - = ! . wh_sig.pctl.stalled = ex_sig.pctl.stall_fw; :
T . if ('wb_stt.pctl.stalled_flag && ex_reg.dst_f) {
nnnnnnnnan s BB a- gpr [ ex_reg.dst_id ] = wb_data;

.
-----------------------------------------------------------------------------------------------------------------



RISC-V Scalar Core Models From C++ Descriptions

i T T meee |l e MMU = TLB + page-walk logic (VIPT)
”ﬂ e LFPU " | i+ 1-Cache/I-TLB > AXI-Master port

P ,—I_)ca — [ .., | i*= D-Cache/D-TLB/IO > AXI-Master port
[ i L . * ISA : RV32/64-IMAFD (M/F/D : optional) :
"’:’« : . Prnwledge modes : U/ M/ HS/VU/VS :

-
< FE_STALL [or]
Fi —

>

MO

br_addr
) MIE.

AXI bus

o
[or |

g e /k |_|\Ex smu E .é R = P | B Y 2 - s TLBT—G&_; I
= q; »
5-stage (Linux- OS enabled MMU + Caches) : 740MHz @ 28nm ﬂ W
S(GTLB hit, Ny way (£ Cache bt Ne way
VIPT : Virtually-indexed physically tagged
— —— — R ——
[ @ | _ K For embedded apps: no cache, no MMU
o L -« ISA : RV32-IMAFD (M/F/D : optional)
’I_A_I FPU |AMO o
R I i yrm D ] . » Priviledge modes : U/M
2 T [ T e Hi :
Lo, | 3 ¥ eyl l=)| i MigherIPC:nobranchstalls .
5| 5 FE_STALL @Dc STALL /_o Iw\_l EX_ STALL: § ,{ igu
2 S i All RISC-V scalar cores designed in C++

3-stage cache-less : 650MHz @ 28nm (est.) and translated to RTL by C2RTL



SoC-RTL Model + SoC Simulation Model

(#define _C2R_MODULE __attribute__((C2R_module))

single-cycle system behavior

@m_chm]

AXI-BUS/CTRL

@s_ch[m

@s_chn]

@s_chm

(( CPU R System-level top-function
(contains IP-level
_(AsIP) top-function calls)
AXI-master

AXl-slave AXl-slave AXl-slave
SPI TIMER
| UART ) L(master)A | GPIO )
% % oRTA
k UARTPin SPIPin PORT: /
l,’- v 1 ‘-- Vv R \\‘
l SPI-X |
: [UART'X [ (slave) ] External |
' m— , SW model |
: TX msg display Data in/out i
! RXinjection . I
! Behavior :
l\ Verification ,}

[ C2R_MODULE
int TCTProcAXI (UARTPin *uart, SPIPin *spi,
UINT32 porta, AXI4L::BUS<1, 3> *axi_bus) {

S
SoC top

axi_uart (&axi_bus->s_ch[0], uart);

axi_spim (&axi_bus->s_ch[1], spi) ;
axi_sysctrl (&axi_bus->s_ch[2], porta) ;

auto-generate
SoC-level RTL

int val = TCTProc (&axi_bus->m_ch[0]);
axi_bus_ctrl (axi_bus) ;

return val ;
1
p .
int main (int argc, char * argv[]) { SOC.: S'fmUIa.tor
UINT32 port_a ; main tunction
{"'UARTPIn uart ; Fully user-defined

E SPIPin spi ;

data structures

/// initialization codes here...

while ( 'TCTProcAXI (&uart, &spi, port_a, &axi_bus)) {

[ spi_ext_slave (&spi) ; 1

}

R

External
SW models




Our RISC-V Embedded Al Accelerator Designs

|$,f S " ™ 4 DNN-AS [1] Supported models : RESNET, VGG.
L— Tauw | > Line buffer, data core, custom instruction, dynamic fixed point, per-group
] e |pecoe D et Bl mn 5 quantization and general MAC array introduced.
T M7 .| - [ » 1152 MAC units, 0.622 TOPS(peak)/0.137mW @ 540MHZ, 28nm CMOS
; » Memory bandwidths: 256-bit AXI bus, 17.3 GB/s (external), 276.8
IR {0 e 5o 4 GB/s(internal)
= = i 3 / > Energy efficiency: 1893x improvement over GTX1080Ti (RESNET101)
AXI-master FSM (64-bit data bus) 0 AlIV-SoC [2] Supported models : YOLOvV8, RESNET, VGG.
) : ) { Based on dDNN ASI adding PLF Module, SoftMax unit, matrix-multiply,
: Line Buffer i transposed convolution, YOLOvVS8 post-processing
h
beache | | Cache [ | Shift Register Cache | > 1152 MAC units, 0.685 TOPS(peak)/202mW @ 595MHZ, 28nm CMOS
: » Memory bandwidths: 64-bit AXI bus, 4.76 GB/s (external), 304.6 GB/s (internal)
72 » Energy efficiency: 166x improvement over GTX1080Ti (YOLOvS8s)
8| MACunit [+ .
(1152 MACs) + E | Upper-bits I Frac-bits I—
1152 : Z= :
+ Max-pool unit <—Ib[0] + k[0] « frac|x - 2| |<—
e 4 Activation, SoftMax) <—|b[11+k[1] fracix- 2| e—
(SiLU/Softmax . P ==
/Sigmoid) . : «—{bIN] + KIN] = fracix - 2] fe——
AIV-SoC architecture [2] EE ST Piecewise Linear Function (PLF)

[1] H. Wang, D. Li, T. Isshiki, “A Low-Power Reconfigurable DNN Accelerator for Instruction-Extended RISC-V”, IPSJ Trans. SLDM (2024)
[2] H. Wang, D. Li, T. Isshiki, “Energy-Efficient Implementation of YOLOvVS, Instance Segmentation, and Pose Detection on RISC-V SoC”, IEEE Access (2024)




Low Power loT RISC-V SoC (SEIKO EPSON CORP)

RISC-V + GNSS accelerator
(positioning calculation on FP64)
designed on C2RTL

FE-stage

DC-EX-stage

WB-stage

Control CPU Block RISC-V CPU Block eFPGA Block GNSS Block
: = eFPGA bsp
'n RISC-V RISC-V Arithmetic Ll (Double GNSS Baseband
e u| (DSP Control) o
Bus Arbitration (GNSS Acc.) = [¢=—— Precision)

[ Boot ROM ‘

XIP/ QPI/ Cache
Control

External
QPI Flash

Chip Design (12nm CMOS)
*Chip 4mm?

*RISC-V with GNSS accelerator
*eFPGA (configurable accelerator)
*GNSS baseband

2040um

%

Power simulation
(extracted from
chip layout)

20,000

15,000

10,000

5,000

600
500
400
300
200

100

Performance (cycles)

Current Product (40nm)
B RISC-V (12nm)
m RISC-V+accel. (12nm)

11x
faster

GNSS positioning

_ on FP64 compute
Energy consumption -

Current Product (40nm)
B RISC-V (12nm)
B RISC-V+accel. (12nm)

31x
energy
efficient

11



RISC-V Al Accelerator Design Platform (in progress)

@ N gy || | [ [
> Target Al / analytics algorithms . i ||| P "l
* Al: Transformers (LLM, SLM), CNN, etc. s ¢%,”’£ e L
« Analytics : FFT, wavelet, PCA, etc. | L S/ B | A
= Iﬂl pE STALL /..5_- Ic'_IR_1 EX_STALL. -_§ IEJ:ME_STMLi /_5 £ E
> ACCGleratOr deSIQn on C++/C2RTL 9 auto- i e kié ........... .f .........
generate RTL model & simulation models '
. MAC-arrays i — —
* Non-linear function units (SoftMax, activation) 3 — — —
) ] ] DTLB : | Activation Activation Weight
« High bandwidth dedicated cache system Beachell IR Cach=Ru (i Beaties Cache
« High bandwidth wide AXI-bus ; m
. N| MAC-array |<
« SW-controlled Al accelerator (custom inst.) — (VN MACY i
» Enable Al algorithm designers to generate st ) LG e
o . . /
optimized hardware on PPA* design space y por—

PPA* : Power Performance Area CNN/Transformer mode



LLM (Llama3) Training on 16K H100 GPUs

Nvidia 100 o tensor BF16 FLOPS usage :
vidia spec
P 38% ~ 43%
clock freq 1.8GHz — =
GPUs TP CP PP DP Seq.Len. Batchsize/DP Tokens/Batch |: TFLOPs/GPU BF16 MFU :
# tensor cores 528 - :
tensor FP16/BF16 FLOPS | 989 TFLOPS §192 8 1 16 64 8192 32 16M P 430 43%
tensor FP8 FLOPS 1979 TELOPS 16,384 8 1 16 128 8,192 16 16M 400 fll% :
- 16,384 8 16 16 8 131,072 16 16M . 380 38% :
memory bandwidth 3.35 TB/s i
memory size 80GB Llamas3.1 Training Cost [3] 8B 708 405B
Salcacelize >0MB FOUEL (B e 700w Training Time (GPU hours) 1.46M  |7.0M 30.84M
TDP 700W Power (W@16K GPUs) [11.4 MW Training Energy consumption 1.06Wh [4.9GWh 21.6GWh
TSMC process N4 Training Duration @ 16K GPUs 3.7 days |17.8 days |78.4 days
Category Benchmark =] (V] = = & [T} = z 5} <} o
MMLU (s-shor 69.4 723 61.1 | 83.6 769 70.7 | 87.3 82.6 85.1 89.1 89.9
Bonersl .\IMLI: (0-shot, CoT) 73.0 7235 605 | 86.0 T79.9 69.8 | 88.6 78.7° 85.4 88.7 88.3
s B BERH BRIt
8B 70B 405B i l;lunmup. 726 543 402 T G50 (800 732 866 002 920
e e BT R B Em T
dim D |4096 (8192 16384 S 1 ooy S0 03 1 lemo sii mi|m i1 o s mi
n_layers 32 80 126 o rotemon B - mofo molfl) C ai se s
Nexus 38.5 30.0 24.7 | 56.7 18.5 37.2 | 58.7 50.3 56.1 45.7
n_heads H, |32 64 128 Longeontent TnfniteBench/EnMC 1688 osa n1oms
NIH/Multi-needle 98.8 97.5 98.1 100.0 100.0 90.8
n_kv_heads HKV 8 8 8 Multilingual ~ MGSM (0.snor, com) 68.9 53.2 209 | 869 T71.1 514 | 916 85.9 90.5 91.6
head_dim Dy |128 128 128 [1] https://resources.nvidia.com/en-us-hopper-architecture/nvidia-h100-tensor-c?ncid=no-ncid
max_token_length 8192 8192 o /Ai A= F _ . _nf.
3:8K3.1:138K N BT scaanl 128000 [2] https.//a!.meta.com/research/publ|cat|ons/the llama 3.herd of-models/
= T [3] https://github.com/meta-llama/llama-models/blob/main/models/llama3 1/MODEL CARD.md
mp_intermeciate_ | m (14336 (28672 53248



https://resources.nvidia.com/en-us-hopper-architecture/nvidia-h100-tensor-c?ncid=no-ncid
https://ai.meta.com/research/publications/the-llama-3-herd-of-models/
https://github.com/meta-llama/llama-models/blob/main/models/llama3_1/MODEL_CARD.md

GPU HW Resources Used in LLM Training/Inference

Nvidia H100 (2022) spec [1]

LLM Training/Inference H100 resource

528 Tensor Cores

(270K FP16 MAC units)
(512 FP16 MACs/core)

clock freq 1.8GHz
528
i LS (RLGE (512 FP16 MACs per core)
tensor FP16/BF16
FLOPS 989 TFLOPS
tensor FP8 FLOPS 1979 TFLOPS
memory bandwidth |3.35 TB/s
memory size (HBM3) | 80GB

# SM (Steaming

Multiprocessor) 132 (4 tensor cores/SM)

Register file size 33.8MB (256KB x 132)

Shared Memory

29.6MB (224KB x 132)

29.6MMB (224KB x 132)

Shared Memory size (L1 cache : 256KB)

1 i

T q
/M EEEENEEEEEEENESEEEEEEEENEEEEER.

i Ll

i L]
BL U R RN R N R R e ey
i [

L2 cache size 50MB

L2 Cache
50MB

25 GB/s x 18 channels x 2

Inter-GPU bandwidth directions (900 GB/s)

TDP 700W
TSMC process N4
Transistors 80 Billion
2
Die size 814 mm

HBM3 Memory
80GB, 3.34 TB/s

(28.5mm sq.)

[1] https://resources.nvidia.com/en-us-hopper-architecture/nvidia-h100-tensor-c?ncid=no-ncid



https://resources.nvidia.com/en-us-hopper-architecture/nvidia-h100-tensor-c?ncid=no-ncid

GPU HW Resource Under-utilized in LLM Inference ?

-=TP8/PP2 (BF16)

=]
=
)

Llama3.1 4058 inference system [2] ST T 10 + e
# H100 GPUs 8 x H100 GPUs § o T j o
total tensor FP8 FLOPS 15,832 TFLOPS £ —— s £
& 6k — 2
total memory bandwidth 26.8 TB/s R . g 1006
£ e -§|
total power 5600W 3 o i 3
precision FP8 c b },f
g 2 § 1!
tensor para"elism (TP) 8 : 9 * Throughput 2X because FP8 fits in one node ° 0 fw’
# input tokens 4096 0 0 Sk 10k 15K 20k D*Thm“ghj:t - b"’(aj: " ﬁt:{; - nOdEB‘O 100 120 140
Prefill Latency (time-to-first-token, ms) Decode Latency (time-to-incremental-token, ms)
# output tokens 256
prefill latency = 0.93s decode thoughput :
8B 708 4058 (4096 input tokens on 8 H100s) 13.5 Tokens/s/user (64 batches)
dim D |4096 8192 16384
QEEVED 32 80 126 prefill FLOPS = 3638 TFLOPS decode FLOPS = 56.9 TFLOPS
n_heads Hy (32 64 128
n_kv_heads Hev |8 g 8 prefill FLOPS usage = 22.9% decode FLOPS usage = 4.85%
head_dim Dy | 128 128 128
max_token_length 8192 8192 : : - o . - o
3:8K3.1:138K N (128000 |128000 |128000 prefill memory bandwidth usage = 7.5% decode memory bandwidth usage = 31.6%
mip_intermediate_| ;114336 [28672 |53248

[2] https://ai.meta.com/research/publications/the-llama-3-herd-of-models/



https://ai.meta.com/research/publications/the-llama-3-herd-of-models/

LLM (Llama-3) Inference Accelerator PPA Analysis

KV activation (Prefill)

for (i = 0;i < N;i+ +){
for (h = 0;h < Hgy;h 4+ +) {
for (k= 0;k < Dg;k—+ +){
Kinn =070 Xia - [Wilhpa
Vigh = EdD;gl Xid- [Wvlnkd
}
}
}
Attention score (Prefill)
for (i = 0;i < N;i++){
for (h = 0;h < Hg;h + +) {
for (k= 0;k < Dg;k + +)
Qi = Y00 Xia- [Wolhkd
for (j = 0;4 < N3 j+ +){
Sijh = ﬁ,—}{ ST Qg - Kjpnr

exp(Sijn)

Qiih = =N T o -
SIS exp(Sun)

}
for (k= 0;k < Dg; k+ +)
Oirh = X0 i - Vikw/r
}
for (d = 0;d < Dyd + +) {
Ho-1 _
Y =302 Dl O, pn - [Wolhpa
Yiq4 = LayerNorm(Yy/; + Xi4)
}
}

N : token length
D : model dimension
M : FFN dimension

D, : head dimension (fixed to 128)
H, : # of attention heads (D =D, * Hg )
Hyy : # of KV-heads (R=Hq,/ Hy, )

Wiklhkds Wy nka
Wolhkas Wolnka
(Wilmds [Walmd, [Walma M x D

HQXDHXD

Higy x Dgx D am

70B  405B
8M 16M

32M  64M

235M  872M

Feed-Forward (Prefill)
for (i = 054 < Nji++){
for (m = 0;m < M;m + +){
Z]‘i,m = 25:701 Yi,d : [Wl]d,m
Zlig = SILU(Z1L,,)
Z2im =Y Y (Walam
Z3im = Zlim - Z2%m
}
for (d = 0;d < Dyd+ +){
Zi,,d - Ef;ol Zai,m . [WQ}d’m
Z;,0 = LayerNorm(Z] ; + Yia)
}

}

Prefill-stage calculation

(

» Llama-3 model : auto-regressive transformer

On-chip memory size controlled by weight-matrix/vector multiply loop
unrolling

» PPA Analysis assumptions

KV-cache stored in on-chip SRAM

Layer activations (Xyypp, Y oy Yinop £ oy Zingoy) Stored in off-chip
DDR during prefill-stage

Layer activations (X, ), Yoo Yo o) £ oop Zo,pp) Stored in on-chip SRAM
during decode-stage

» HW Accelerator parameters for load analysis:

Weight partitioning strategy

Clock frequency

# MAC units

Memory transfer bandwidth (# words/clk)

Tensor parallelism (multi-core)

Inter-core transfer bandwidth (# words/clk) (used in reduce/scatter when
tensor parallelism enabled)

» HW cycle estimation assumption

Tensor cycles = (# MAC ops) / (# MAC units)

High-order function (SoftMax, SILU) excluded from estimation

Total cycles = (Tensor cycles) + (Memory Transfer cycles) + (Inter-core
transfer cycles) - no overlapping of tensor operation cycles and data
transfer cycles assumed




LLM (Llama3-8B/FP8) Inference Accelerator PPA Analysis

# input tokens = 512
# output tokens = 200

Llama3-8B performance vs power

-----------------------------
o e

-------------------------------

( )
» HW cycle estimation assumption
. Tensor cycles = (# MAC ops) / (# MAC units)

i —-@=--est-28n-bl-t1 . . .
250 » e—-est28nbL8 High-order function (SoftMax, SILU) excluded in
S / 8 c'ore (28nm) - esk 22 estlrlnatlcl)n = I f
£ 200 1 batch/ : . est-280-032-1, . Totzla Cyi els t_ (Tensotr CYCfes) + (lMemory Transfer
S . s WH-12rb32 cycles) _ (In er-core transfer cyc es)
3 150 o— H100-4n-b1 » Power/Area estimation assumption (28nm CMOS)
5 4 «  Based on our AIV-SoC (28nm CMOS)
S 100 s Nvidia/Tenstorrent devices «  Cell area/power based on # MAC units ratio
V4 K . .
'8 1 e 28nm / .". .......................................................................... . RAM area/power based on RAM size ratio
g - () o 7 32batch H100 (1 bat:{'_), ..... * DDRI/F excluded from power/area estimation
0 batch .- ¢ P e n300 x 4 (32 batch) > Power comparison on comparable performance
H 7@ 1 trerressessssssssssessessesst? H o o . -
o ienmT 32..5 o }_n150 (32 batch) ‘ 42.9x power reduct!on aga!nst n150
l:" a c . 10 loo ----------------------------------- ;L-E)-c-)b- ----------------------------- ° 69_1X power redUCtlon agaInSt HlOO
"""""""""""" . 71.9x power reduction against n300x4 (QuietBox)
power (W) \
# DDR4 _ decode decode n150, n300 : Tenstorrent Wirmhole (12nm process)
# MAC prefill area Total I
# cores . channels throughput throughput Total H100 : Nvidia (N4 process)
units per latency (mm?2) SRAM
(0.9GHz) per core (2 user) (32 users) lpower (W)| _.
core (sec) (28nm) size (MB)
(1.8GHz) (token/s/user) | (token/s/user) Total # decode decode Total Total
. throughput throughput
1 8192 2 0.722 8.128 5.529 16.076 | 1.266 | 5.636 device MAC (1 user) (32 users) | POWer [ SRAM
units W size (MB
1 16384 4 0.361 16.256 11.059 23.194 | 2.085 | 5.636 (token/s/user) | (token/s/user) W) (MB)
1 32768 8 0.181 32.511 22.117 37.43 3.723 5.636 n150 131000 NA 23.8 160 108
8 8192 2 0.109 64.869 44.163 10.128 45.088 H100 540672 59.16 NA 700 50
8 16384 4 0.064 129.433 88.185 16.68 45.088 n300 x 4 ]1864000 NA 64.3 1200 768
8 32768 8 0.041 257.651 175.806 29.784 | 45.088




Current LLM Trends : Large Context Size

Number of tokens

1,000,000

750,000

500,000

250,000

gpt-3.5-turbo  mistral-7b gemini-1.0-pro  claude-1

200,000

128,000

100,000

Model

gpt-4-turbo  claude-2.1 gemini-1.5-pro

> Rapid growth in LLM context size
« 8K tokens (Llama-3) - 128K tokens (Llama-3.1) > 1M~10M tokens
(Llama-4)
» Large context size degrades performance for LLM inference = need
further studies in SW & HW implementations
« Tensor library not well-tuned for large context size?
* HW architecture issues for large context size? (on-chip RAM size?) |

Inference HW platform : H100 (540K FP8-MACs, 700W, 3.35 TB/s)
SW library : Huggingface Transformer (Llama-3.1-8B)

https://huggingface.co/docs/transformers/index

K tokens/s

20

15

10

512

—8&— H100

Prefill Throughput

# output tokens = 200

SRAM
(MB)

area
(mm2)

# MAC
units

Est.
(28nm)

power
(W)

Memory
bandwidth

Decode Throughput

2048 8192 32768
Input Token Length
32K-MAC est. 64K-MAC est.

131072

128K-MAC est.

32K-MAC

32768

0.11 TB/s

85.134

6.27

37.75

64K-MAC

65536

0.11 TB/s

116.77

9.52

37.75

128K-MACJ131072] 4 ]0.11TB/s|173.89| 16.01 | 37.75

tokens/s
w
o

2 Decode throughput bounded
v TSN by memory bandwidth
0
o1z 2048 | Tgigz - 32768 131072 MAC throughput has minimal
nput Token Lengt .
P ¢ impact on decode throughput
—&— H100 32K-MAC est. 64K-MAC est. 128K-MAC est.




Summary

e RISC-V system design platform (enabled by C2RTL Framework):
— RISC-V core: 32/64-bit IMAFD ISA-subset configurable from a single source
— HW design : RISC-V core + instruction extension + HW accelerator
— SW design : (LLVM-based) compiler (ext. support), applications, middleware, OS

— HW/SW co-verification : debugger probes (reg-file, memory) extending to RTL signals
(pipeline registers, feedback wires)

e RISC-V Embedded Al Accelerator Design Platform:

» Target Al/analytics algorithms
Al : Transformers (LLM, SLM), CNN, etc.
* Analytics : FFT, wavelet, PCA, etc.
» Accelerator design on C++/C2RTL -> auto-generate RTL model & simulation models
* MAC-arrays, non-linear function units (SoftMax, activation)
* High bandwidth dedicated cache system, wide AXI-bus
« SW-controlled Al accelerator (instr. extension)
» Enable Al algorithm designers to generate optimized hardware on PPA* design space

> Large opportunities for optimization in LLM inference implementation!
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