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SiFive Overview



& siFive

We invented RISC-V

SiFive’s founders are the same
UC Berkeley professor and
PhDs who invented and have
been leading the commercial
implementation of the RISC-V
Instruction Set Architecture
(ISA) since 2010

Andrew Waterman . Yunsup Lee ' Krste Asanovic
Chief Engineer ' CTO Chief Architect
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& About SiFive

@ SiFive

Worldwide Presence

15+ Offices

500+ Employees (420+ _Engineers) . 9 DTS {7 Y1k

350+ Tapeouts(OpenFive) Our insight, your value

150+ Design Wi —
'

World-class expertise :

Bangalore, India Kaohsiung, Taiwan

= |nventors of RISC-V

= |deas to Silicon

» RTL Design & Verification
= FPGA & Emulation

= Physical Design

= Wafer Fabrication

= Board Design

= Full Silicon Validation

SiFive
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&2 Products Powered by SiFive Cores (Few Examples)

Wearable SoC NVMe SSD Controller PolarFire SoC
Huangshan-1 FC3081 Icicle Kit

SiFive

Rapid adoption of SiFive Core IP from the Edge to the Core



&2 Products Powered by SiFive Cores (Few Examples)

TERALYNX Ethernet HyperX memory
Switch Silicon network processor

E) Synaptics Innovium:e Coherent Logix"

Cayenne family USB-C

video interface

Innovium
TERALYNX

SiFive



& RISC-V Momentum

ANANDIECH

OF:-77;17

Home > CPUs

SMARTPHONLS

Qualcomm uses RISC-V in Snapdragon chips New H3C Semiconductor successfully
One of the largest SoC developers is now relying on RISC-V : Qualcomm integrates adopts RISC—V U? multi—core processor
Samsung to Use SiFl‘Ve RISC—V cores cores with the open instruction set architecture for embedded use in current and .
for SoCs, Automotive, 5G Applications e Saapdzagon chips from Saifang Technology
’ ]

January 24, 2020, 3:12 p.m., Mare Sauter
by Anton Shilov en December 12, 2019 11:00 AM EST

18 Comments | Add A Comment

SiFive



Extending Al SoC Design Possibilities
through Linux-capable Vector Processors \3.2



Al SoC Design Hardware and Software Challenges

SiFive Solution implementing RISC-V with Vectors (RVV)
* Enables Efficient SoC Implementation
e Streamlines Software Development
* RVV More Efficient than SIMD
e Autovectorizing C++ Compiler

SiFive Intelligence Core IP
e VIU7 Series overview
e VIU7 Microarchitecture
* Benchmarking

Summary

COPYRIGHT 2020 SIFIVE. ALL RIGHTS RESERVED.
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Al SoC Hardware Challenge

Multi-core CPU Multi-core GPU Multi-core DLA

* Multiple bandwidth-hungry subsystems

e Multiple proprietary instruction sets for deep
learning accelerators

e Poor memory-bandwidth utilization

e Complex memory crossbar

* Power optimization difficult to implement L1/L2/13 L1/L2 Cache

Cache Scratchpad

DDR
Controller

11



Al SoC Software Challenge

Multiple proprietary accelerator instruction
sets

Multiple proprietary API’s and outdated
libraries

New techniques such as deep compression or
Winograd transform not supported

Memory hierarchy doesn’t match new
algorithm requirements

Poor compiler support, requires programming
at low level

Power optimization difficult to implement

12



SiFive Solution
e Based on an open industry standard ISA (RVV v1.0) to prevent vendor lock-in and
enable rich ecosystem for Al

* Scalable performance to meet Al processing requirements from extremely low
power to high performance compute applications

e Multi-core complex that can integrate Linux capable or Real-time cores with
accelerators and scale to TOPs performance

* Implements efficient memory hierarchy that maximizes data reuse

e Single ISA enables simple and efficient programming model that allows tuning
algorithms for both performance and low power

 Comprehensive security support enabled by SiFive Shield

e SiFive Advanced Trace and Debug Solution

13



RISC-V with Vectors (RVV) Enables Efficient SoC Implementation

e A GPU or DSP is no longer required
for most applications SiFive VIU7 Core Complex

e A DLA can be tightly coupled to
the RISC-V core complex for
TeraOP class performance

e Bandwidth is utilized more /)3
efficiently by sharing data in the DLA Cache
L3 cache

e Simplified interconnect, area-
efficient implementation, and

lower power.

* RVV provides a binary-compatible
platform starting from tiny DDR :
embedded cores to Controller Memory Controller Fabric

supercomputer-class multicore
clusters



RVV v1.0 Streamlines Software Development

» Single instruction set architecture greatly simplifies software development

* Vector-length-agnostic architecture allows library and application investment to be reused across
multiple generations of cores

e Same binary runs on tiny low-power cores for wearables and high-performance supercomputer-
class cores

e SiFive Linux-capable VIU7 cores with 48-bit virtual memory support large datasets and powerful
Linux-based frameworks and tools

* Leverage the open-source community for application development including exciting projects such
as OpenBLAS. Several Deep Learning Frameworks are also under active development, including
TensorFlow Lite.

e RVV v1.0 will become the industry standard

15



RVV More Efficient than SIMD

Even the simple DAXPY function (below) illustrates this*.
void daxpy(size t n, double a, const double x[], double y[])

{

for (size_ t 1 =0; 1 <nj; 1++) {
y[i] = a*x[1] + y[i]
+
+
ISA MIPS-32 MSA 1A-32 AVX2 RV32v
Instructions (static) 22 29 13
Instructions per Main Loop 7 6 10
Bookkeeping Instructions 15 23 3
Results per Main Loop 2 4 64
Instructions (dynamic n=1000) 3511 1517 163

* https://www.sigarch.org/simd-instructions-considered-harmful/
by David Patterson and Andrew Waterman, Sep 18, 2017

Based on earlier version of RISC-V Vector ISA standard.


https://www.sigarch.org/simd-instructions-considered-harmful/
https://www.sigarch.org/simd-instructions-considered-harmful/

Autovectorizing C++ Compiler

Inventor and lead developers of LLVM work at

SiFive!
LLVM Output

SiFive is leading the effort to bring state of the art
compiler technology to RVV.

Generic C code can be automatically vectorized to
take advantage of vector processing.

Further optimization work such as
multiply-add fusion is progress. This
example is load/ store bound so is
fairly optimal.

<— Generic source code

17



SiFive Intelligence Roadmap

Performance

a

SmartVoice/Al

DSP Embedded
Voice/Audio

Smart Camera

Application

core

Autonomous
Driving Datacenter
High
Performance
Application
Vision/Al core
Processing ADAS

loT

Edge

Datacenter
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Introducing The SiFive Intelligence VIU7 Series

Key VIU7 Series attributes:
. Base core derived from SiFive U7 series

RV64GCV ISA with Sv39 or Sv48 support

8-stage dual-issue in-order pipeline with decoupled vector unit
Machine, Supervisor, and User privilege modes

Full TLB-based MMU for Linux-based environments

Single and Coherent multi-core IP platform options

J RISC-V Vector ISA extensions v1.0

Floating-point, fixed-point, and integer data types
Vector computation up to 256b/cycle on 8b to 64b datatypes

. Other key attributes support:

Configurable S7 core(s) can support a variety of uses:
e  System boot/monitor, Sensor Hub/Fusion, Security Co-Processor

Private L2S per core, optional shared L3S

Up to 16 PMP regions with 4KB granularity

Supports SiFive WorldGuard security

Leverages existing SiFive Insight Advanced Trace & Debug
hardware solutions

@ VI7 Series (multi-core)

1 VIU7 Series Core

RV64GCV

| | | Scalar Vector |

optional

S7 Core

RV64IMAC

N

AXI4 AXI4

N

AXI4

AXI4
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VIU7-256 High-Level Functional View

Single-core view
Dual-issue scalar unit runs concurrently with vector unit

Key vector unit attributes:

e VLEN =512
* DLEN =256 (datapath width)
* ELEN=64

* 2 cycles to complete one 512b vector operation (@LMUL = 1)

* Separate memory and ALU pipelines for concurrent 256b
operation

* Chaining of vector operations

e Vector ALU
®  VIU7-256 has a 256b ALU
® Does 4x64b, 8x32b, 16x16b or 32x8b ops/cycle

* Decoupled Vector loads/stores

* Loads/Stores are 256b/cycle

e Treat L2S as primary memory, no load-to-use penalty

e Canload from L1S, but initiate L2S load in parallel to minimize
impact of L1S miss

o=

32 x 64b
scalar RF

256b ALU pipe

256b 32 x512
mem vector

32 x 64b pipe RF

I I
256b/cycl
.

I

v
Front Port
64b/128b/256b AXI4

Memory Port
64b/128b/256b AXI4
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VIU7 Eval System
Xilinx VCU118 FPGA Platform

* Single and multicore VIU7 support

e 4GB DDR DRAM, SD card and other peripherals

e Linux or Embedded runtime environment

e JTAG debug, Real-time trace and hardware profiling
SiFive Freedom Studio Integrated Development Environment
LLVM compiler

Vector intrinsics

QEMU target

System-C cycle-accurate model

S LY

Freedom Studio

21



SiFive Insight Advanced Trace and Debug

File Edit

[

vis

Name

4 Terminal

, 5 RemoteSystemsTemp i FisevBd

5 B4 General Registers

Mavigate Search Project Run SiFiveTocls Window Help
R miBiw| LBl

L=l

[ ProjectBx. 2 = P {pDebug 53 [ Debugger Consale O Breskn
G v v B rwiplviuT_rc2_masterlatest_htm_gemm [SiFive GDB OpenOCD Debugging]

indicator

wfwacc.vf v28, fab, vi2
1737 wled2.v vB, 8(s9)
mv tl, 510

Bl Includes
£ freedom-metal/sn Rl E30, sserA
add 59, 59, 26
v @8 vessce.vf v24, f5, vi2
» (2 debug flw fa2, e(t1)
(4 dgemms add t1, t1, a4
B s flw f211, 8(t1)
oy add t1, t1, 24
> L ‘gemmh flw f510, B(t1)
P- L WLE add t1, t1, a4
(5] sgemmsS vfsace.vf v20, fad, vi2
i wiilh Flw £59, 0(t1)
fmul.s fa2, fa2, fad
> 3 gemmair ey fmul.s 511, fsi1, fa@
El‘c""‘;'s:"P fmul.s fs1@, fs18, fa@

fmul.s fs9, Ts9, fab
1754 vfsacc.vf vie, fa3, vi2
55

LICENSE.Apach
w

vimacc.vf w28, faz, v
vies2.v vi2, @(s9)

mv t1, 518

addi s1@, sie, 4

add 59, 58, ab

Flw fas, 0(t1)
add t1, t1, ad
flw fas, 8(t1)
add t1, tl, a4
flw fad, 8(t1)
add t1, t1, a4
vimacc.vf v2e, fsie, vB
flw fa3, o(t1)

fmul.s fa6, f26, a0
fmul.s fa5, fo5, a0

B coms =2

B SBO @i

) Console

=g
) S e trace A v il gemmelf
e e — « @ Thread #1 (Suspended : Breakpoint)
) 5 prime. ite = chblas_sgemm(]) at gemm.c:268 0xB0001250
5 prime_prof_func T i

3 recurse_trace +1 openod line execution

& cblas_sgemm_rr_6_ loop_kk_1:

execution counters

k|8 T = [ & TggerControl

Disassembly

chlas_sgemm “l@ BRI

S000000030082b74; 128 fln fs11,8(t1)
s 120 add t1,t1,04

120 flw £510,0(t1)

129 add t1,t1,04
etk A 129 vfmace.vf v2e,fas,
DEBEBO0E! 128 flw f59,08(t1)
DERE000EE0002LES 129 foul.s fa2,fa2,fad
020EE00E500a2bE 1 128 foul.s f511,f511,fa0
Peoeeooeseeezboe: 129 foul.s fs1@,f510,fa0
OREe00ROERaAZbIa: 120 foul.s f59,fs9,fo0
PR0e0REEa02LEE: 128 vfmacc.vf vls, fa3,
20800000080802b9c: 128 wimacc.vf vag,faz,
2B0e00REEE0RZ0haR 128 vle3z.v vi2,(s9)
2O0eEe0E30002ba4: 128 m t1,s18
220000008000 2bas 120 addi s10,510,4
0B0B000E30202bASE 122 add £9,59,26
9000000056002baa 126 | wimace.vf v24,fs11
200E00B03000 2kas 128 b fa6,8(t1)
9002000056002bb2 1 126 1,11,
S0OE0RSEAE DD : fas,a(r1)

t1,tl,aé
branch taken fad,0(t1)

data

; v2e,fs10
220000083020 2bc4 a(t1)
T - a6, fal
£000000850802bcc: 5, fad
0000000036802b40: 2o fad

BRAOAOIA5A0E2hdA

200200003000 2bea:

vsed2.v v28,(t1)
AABBABAARAGA Phan - "

+1 €1 e11

dbl-click trace to show in
editors & dasm view

Triggers

[Cuick Access) | 2 | (&)

=n
~
A Trigger x Addr: 80001654 , modes:M, cycles: exe_ action: Start trace
[ Trigger 1: Addr: 80001458, modes:M, cycles: exe, action: Stop trace
v
7 =n

B Trace Viewer 5

Deg-f-&d@+S$4|v-0-08R A HII-Flram~
Record [ - -

0000010465 E0002BE0 020ced07 wle3Z.v vE, (29)
0000010467 B80002B6¢ g3¢a mv tl,310
0000010469 80002866 Odll addi s10,s10,4
0000010471 80002B68 Scc2 add s%,89%,a6
0000010473 80002BEéA b2cTdes? wimace.vf v24,fas,v12
0000010475 B00O2BEE 00032607 fiw fa2,0(tl)
0000010477 80002872 933a add tl,tl, a4
0000010479 80002874 00032d87 flw £s11,0(tl}
0000010481 80002B78 S33a add tl,tl,ad
0000010483 80002BT7A 00032d07 flw £s10,0(cl)
0000010485 S000ZBTE  933a add tl,tl,ad
0000010487 80002880 b2c75a57 vimace.vf v20,fad,vl2
0000010489 80002B84 00032c87 flw £3%,0(tl)
0000010491 80002B8E 10a€7653 fmul.s fa2,fal,fal
0000010493 80002B8C 10adfad3 fmul.s f£s311,fs11,fa0
0000010495 80002850 10ad7d53 fmul.s £310,£310,%a0
0000010457 80002894  l0acfcd3 fmul.s £39,£s9, fa0
0000010499 80002898 b2cgdesT vimace.vE vié, fa3,vi2
0000010501 B80002BSC  b28&5e57 vimace.vf v2E8, fa2, w8
0000010503 S000ZBAD 0Z0cedlT vle32.v vi2, (a9)
0000010505 80002BA4 B36a my tl,sl0
0000010507 S0002ZBAE Odll addi s10,3510,4%
0000010509 E0002BAE  Doc2 add =0, 80,28
100001051 S0002ZBAR bZeddesT vimacc.vE va4.fa11,v8

€0002BAE 00032807 flw fag,0(nl)

80002BB2 933a add ti,tl,ad

0002884 00032787 flw fa5,0(vl)

80002888 933a add ti,tl,ad
0000010521 S0002BBA 00032707 flw fad,0(cl)
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VIU7 Computer Vision Performance

cycles

Sobel 5x5: 64(H) x 128(W)

90,000

80,000

70,000

60,000

50,000

40,000

30,000

20,000

10,000

CA53 NEON

*Performance measured on Raspberry Pi-3

* 6.3X Speedup over Arm® Cortex-A53

12,616

VIu7
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VIU7 Delivers High Utilization for CNN Workloads

VIU7-256 1D Convolution, 16-bit fixed point

100.00%
90.00%
80.00%
70.00%
60.00%
50.00%

40.00%

MAC Utilization

30.00%
20.00%
10.00%

0.00%
32 64 128 256 512

Filter Size



VIU7 Delivers High Utilization for Matrix Multiply

e Compute C=A * B, where A, B, and C are N-by-N matrices
e Matrix entries are randomly sampled from [0.0, 1.0]
e Matrices are stored in row-major order

Matrix Multiply MAC Utilization Ratio VIU7 parameters:

32KiB L1 instruction and data caches

MAC Utilization

== half-precision (fp16) == single-precision (fp32) double-precision (fp64) .
10 ) * 512KiB L2 cache
0'959375 0:97875 «  256b datapath (memory and arithmetic)
05 —0792125 512D vector length
08 0.819375
07 Benchmarking procedure:
1. L1D$ flushed
06 2. Code run twice
3. Cycle counts reported for second run
05
32 64 128 256

Square Matrix Dimension
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VIU7 Delivers 4X MobileNetV1 Performance vs. Cortex-A53

DEPTHWISE_CO

Mobilenet_f16 CONV_2D NV_2D SOFTMAX

VIU7-256 cycles 53,223,073 9,985,008 136,013
VIU7-256 @1.8 GHz (ms) 29.57 5.55 0.08
% of overall time 84% 16% 0%

ARM A53 @1.8 GHz (ms)

AVERAGE_P
ooL_2D

24,993
0.01
0%

TOTAL
63,376,073
*%35.21

*151.52

MobleNet V1

*https://arxiv.org/pdf/1903.05898.pdf

200.00
£ 150.00
£ 4.3X speedup
Z 100.00 over Arm® A53
[}
5
50.00

35.21

CA53 NEON VIu7

**preliminary performance data
measured on FPGA and scaled to 1.8
GHz. Real ASIC performance will
depend on memory subsystem
design.

Table 1. MobileNet Body Architecture

The overall network structure of mobilenet v1:

Type / Stride Filter Shape Input Size
Conv /s2 3 x3x3 =32 224 x 224 % 3
Conv dw /sl 3 x 3 x32dw 112 x 112 x 32
Conv /sl 1 x1x32x64 112 % 112 x 32
Conv dw /s2 3 x 3 x 64dw 112 % 112 x 64
Conv /sl 1 x1x64x 128 56 x 56 x 64
Conv dw /sl 3 x 3 x 128 dw D6 x 56 x 128
Conv /sl 1 x1x128 x 128 56 x H6 x 128
Conv dw /s2 3 x 3 x 128 dw 56 x H6 x 128
Conv /sl 1 x 1 x 128 x 256 28 x 28 x 128
Conv dw /sl 3 x 3 x 256 dw 28 x 28 x 256
Conv /sl 1 x1x 256 x 256 28 x 28 x 256
Conv dw /s2 3 x 3 x 256 dw 28 x 28 x 256
Conv /sl 1 x1x256x512 14 x 14 x 256
5 x Convdw /sl | 3 x3 x512dw 14 x 14 x 512
- Conv /sl 1 x1x512x512 14 x 14 x 512
Conv dw /s2 3 x 3 x512dw 14 x 14 x 512
Conv /sl 1 x1x512x 1024 Tx T xbl2
Conv dw / s2 3 x 3 x1024 dw TxTx1024
Conv / sl 1 x1x1024 %1024 | 7x T x 1024
Avg Pool /sl Pool 7 x 7 T T <1024
FC /sl 1024 x 1000 1x1x1024
Softmax /sl Classifier 1 x 1 x 1000
Table 2. Resource Per Layer Type

Type Mult-Adds | Parameters

Convlx1 94 86% 74.59%

ConvDW 3 x 3 | 3.06% 1.06%

Conv 3 x 3 1.19% 0.02%

Fully Connected | 0.18% 24.33%
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https://arxiv.org/pdf/1903.05898.pdf

SiFive VIU7 Executing on FPGA is Faster Than A53!

#

# ./tflite_rvv/label_image -m ./data/mobilenet_vl/mobilenet_vl_1.0_224.f16.tflit
e -1 ./data/mobilenet_vl/labels.txt -i ./data/grace_hopper.bmp -t 1

Loaded model ./data/mobilenet_vl/mobilenet_vl_ 1.0 224.fl6.tflite
resolved reporter

Use gemm() directly for Conv2D
InpUt Image read_bmp: 398.031 ms
resize(init interpreter): 0.554 ms
resize(fill filter op input data): 447.107 ms
resize(tflite filter op): 697.569 ms
resize(copy filter's result to input buffer): 256 ms
resize: 1482.92 ms
invoked
average time: 2122.12 ms
.852539: 653 653:military uniform
.0544739: 907 907:Windsor tie
.00804138: 466 466:bulletproof vest
.00698471: 514 514:cornet, horn, trumpet, trump
.00630951: 543 543:drumstick

[Node type] [count]

CONV_2D 15

DEPTHWISE_CONV_2D 13

. . SOFTMAX 1
Computing Pioneer AVERAGE_POOL_2D 1

SQUEEZE 1
Grace Hopper . .
Timings (microseconds): count=1 curr=1960182
Memory (bytes): count=0
31 nodes observed

Mobilenet_V1 benchmark running on Linux 5.9-rc4 using VCU118 FPGA platform
27



Summary

e RISC-V Vectors (RVV) turbocharges Linux application processors to handle demanding Al processing

» Scalable architecture allows software compatibility from tiny embedded cores to high-performance
multi-core and multi-cluster solutions

* SiFive Intelligence VIU7 Series, the first RVV v1.0-compliant CPU Core IP
o SiFive Mix+Match enables Linux and Real-time applications
o Comprehensive security solutions enabled by SiFive Shield

o SiFive Advanced Trace and Debug pre-integrated solutions

e Start designing your Al SoC today with SiFive Intelligence technology!
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