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What i1s Edge Computing?

B Distributed Computing Architecture

» processing and analyzing data closer to the data source

» enhance data processing efficiency, improve real-time capabilities.

B Characteristics

18

» Real-time and Low Latency

> Bandwidth Efficiency 45508

»> Privacy and Security BN

Yl

» Cloud Collaboration
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Nvidia 8 Core Carmel 16 GB DDR4 Nvidia Volta 512 30 TOPS L5,
Drive AGX Xavier ARMG64 core

Nvidia 12 Core ARM 32 GB DDR5 2x Nvidia Ampere 400 TOPS 16T
Drive Orin Cortex A7T8AE

E 2R 2 Arm Cortex- 4 GB DDR4 C7x DSP with MMA 8 TOPS 0.1 AT
TDA4AVMXEVM AT2 (Matrix multiply
accelerator)
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SK-TDA4VM Embedded Environment Platform
m TDA4VM Architecture Diagram

Fetching software:

TDA4VM

C7x DSP 2x
w/ MMA C66x DSP

Navigator Subsystem

[ uowa | secproxy | pvu | cers | -
o ke e e Dyal Arm Cortex A72: %1% HER » BASXAE
o orears | ooz rom e —— [Spimiock | NTA_ | TWER MGR | PR =] B

Memory Subsystem Ethernet Subsystem Display Subsystem System Services Capture Subsystem ﬂ{&wﬁm .

msMC 4K Blend uowa |l 2x csi2 4 RX
8MB SRAM with ECC Integrated Scale Convert " _
Ethernet Switch'®) CSI2 4L TX

C7x DSP with MMA :¥8#; T 4ERE SR A IR SR

Video Acceleration MCU Island
(H.264 Encode and
H.264/H.265 Decode)

Navigator Subsystem

B (Matrix multiply accelerator » MMA) 3R&+ 5

FE R aEps T HE R -

Security Accelerators

AES

Channelized FW

Media and Data Storage Control Interfaces General Connectivity High-Speed Serial Interfaces

6x eHRPWM 4 PCIe®2-Lane Ports”|
S L Ce6x DSP: IR BRI S EE (Vector

1x OSPI Gl
s Ethernet Switch®

(Up to 8-ports)
(R)(C) ) QSGMIVSGMI/RGMIVRMII - \ A Y
Automotive Interfaces Autio Peripherals 1x QSPI™ R P Focessin g) u& S I M D
12x MCASP 7= 12C 10x UART
3x |2c™ 2% UART™

2x SD/SDIO

UFS 2L

10/100/1000 Ethernet*

14x CAN-FD

2x CAN-FD™

2x 13C™
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https://www.ti.com/tool/download/PROCESSOR-SDK-LINUX-SK-TDA4VM
https://www.balena.io/etcher
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Software Design based on Embedded Processors

<+ Developing pure software vs. developing embedded

software: Understanding your hardware.

Navigator Subsystem

e | ubma | | _Pvu | ceprs |
Cortex®-A7 Cortex®-R5F Bhwma —— —— ———
I T

M8 Snareat2 = ~e11 Powars—
e LT RS S A e Far_J|_smmu |
Memory Subsystem Ethernet Subsystem Display Subsystem System Services Capture Subsystem
MsMC [uoma |
BMB SRAM with ECC Integrated | Scale Convert
Ethernet Switch'
| spwmc | commusny Ml 0 ost Ml Seiniock | smmu |

512KB SRAM

eo Acceleration

DMPAC

| owsc | _t0ncr rimen |
sPRAM 5128 | |1 M8 SRAM

Media and Data Storage Control Interfaces General Connectivity High-Speed Serial Interfaces

2x SDISDIO

~ o-ccar W o-oro o= mcae: 2= USB 5.0 DRD™
A
EETTEE o R ——

(Up to 8-ports)
QSGMINSGMIVRGMIVRMI

UFS 2L

Ao (s Sezbe ForheE 2< ADC™
14> CAN-FD 12x MCASP 7% 12C 10>x UART 10/100/1000 Ethernet®
2% CAN-FD® 3% 12C™ 23 UART®

2x I3C™
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LES

Software Design based on Embedded Processors

< Different types of processors play different roles in edge

computing platforms.

=T

-
-| ATA USB2.0
i ARM | | DSP
-
-
Y i \
/ I —— \
Linux DSP/BIOS™
+ User Controls, GUI, OSD + Video processing
+ Peripheral Drivers decoding, encoding, analytics, etc.
+ Ethernet (other system comm) ¢ Audio processing

decoding, encoding, filtering, etc.
¢ Other Signal Processing...
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< A typical hardware architecture of the DSP.

Software Design based on Embedded Processors

Register File A Register File B
A0 0 40
Al S1 | S2 fe— 1 v = Zlanﬁxn
n—
A2 2
A3 M1 M2 3
A4 4 MVK .S1 40, A2 ; A2 = 40, loop count
i loop: LDH .D1  =*A5++ A0 ; A0=a(n)
. L1 12 !« . LDH .D1  *A6++, Al ; Al=x(n)
* * MPY M1 A0,A1,A3 ;A3=a(n)*x(n)
ADD L1 A3,A4, A4 ;Y=Y+A3
» | .D1 D2 | <> SUB L1 A2,1, A2 ; decrement loop count
A3l — 31 [A2] B .S1 loop ;if A2 # 0, branch
32-bits 32-bits STH .D1 A4, *A7 s FAT=Y
Data Memory I
TAEWI\N v
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Software Design based on Embedded Processors

< An algorithm-level consideration of performance.

< Goal: Maximizing the utilization of function units.

loop:

- 1ldh.dl *A8++,A2
Serial Partla” FU" 1dh.d1 *§9++,§3
Paralle Parallel nop 4
mpy.ml A2,A3,A4
B .S1 B .Sl B .S1 nop
add.11 A4,26,26
MVK .S1 || MVK .S2 || MVK .S2 sub.12 BO,1,B0
P e e e [b0] b.sl loop
ADD .L1 ADD .L1 | | ADD .L1 nop 5
ADD .L1 || ADD .L2 || ADD .L2 ‘
MPY .M1 || MPY .M1 || MPY .M1
""""""" loop:
MPY .M1 MPY .M1 | | MPY .M2 ldh.dl *AB++,A2
|| 1dh.dl *A9++,A3
IDW .D1 || LDW .D1 | | LDW .D1 nep 4
mpy.ml A2,A3,A4
IDB .D1| (|| LDB .D2| ||| LDB .D2 M L e ne.ae

sub.12 BO,1,BO
[b0] b.sl loop
n
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< An algorithm-level consideration of performance.
< Goal: Maximizing the utilization of function units.
< Using parallel instructions.

Software Design based on Embedded Processors

A0

LDW .D1 *Ad++,A0

X
Memory Registers B0 || LDW .D2 *B4++,BO
—_— al
&2 . ‘ - H - ‘ MPY .Mlx AO,BO,A5
X al = x1 a0 * x0 || MPYH.M2x AO,BO,B5
+ +
— XO H
AN AN - [[ARTTASXS | || ADD .L2 B5,B6,B6
=" MPY ...
» +
a3 a2 | al a0 A1:A0  LDDW .D1*Ad++A1:A0
[
‘ cl ‘ c0 ‘AO LDW.D1 *Ad++,A0 x3 2 ] x1 x0 | B1:B0 [/ LDDW.D2*Bd++B1:B0
X —
‘ x1 ‘ x0 ‘ BO | | LDW.D2 *B4++,BO B2 A2 DOTP2 A0.B0.A2
= ‘ a3*x3 +a2*x2 H al*x1 + a0*x0 ‘ || DOTP2 A1,B1]B2
| cl*x1 + co*x0 |A3 DOTP2.M1x AO,BO,A3 + +
+ B3 A3
_ . . . . ADD A2 A3,A3
‘ running sum ‘A4 ADD.L1 A3,A4,Ad ‘ intermediate sum || intermediate sum ‘ || ADD BZ:B3:B3
+ Ad ADD A3,B3,A4
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Software Design based on Embedded Processors

< An algorithm-level consideration of performance.
< Goal: Maximizing the utilization of function units.
< More advanced processors contain more powerful function units.

| e | + C7x-DSP REREHFETRARER - [FRE
[ _crixose ery REBAETHE LEECox DSPIEREMHELE % -
— | - cofrstmEE - B ARATRE -
|| et | 5| | | - smosermes - msopstmmmn -
= a % MMA RRSERGES
| SRS (f0F) EERHERRSES
| ssosm (2doonw)
| — :{:ﬁ —— E';;":;'.t| . SHEReLU (relu)
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Software Design based on Embedded Processors

< An algorithm-level consideration of performance.

< How do we invoke parallel instructions and maximize the

utilization of function units?

= Design your algorithm (Develop your C/C++ program) with

architecture in mind.

Build Dptions for lab3d.pjt 21 x|
. .. General Compiler | Linker | Link Order |
= Turn on compiler optimizers: o —op2 —03 -mVET00 .
. [
Program Level Optimization (-pm -03) Category Basic
+ Provide compiler visibility to entire program % TaigetVesion:  [670x ~|
FpgdaE::k Generate Debug Info: I Na Debug ﬂ
E\iisembly Opt Speed vs Size: I Speed Most Critical (o ms) ;I
Parser Opt Level: Wﬂ
Preprocessor
Diagnostics Program Level Opt: | No External Func/Var Refs 3
Hone
Mo Extenal Var Refs
Mo External Func Refs
‘Mo External Func/ar Hefsy
Estemal FuncAv/ar Refs k
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Software Design based on Embedded Processors
< An algorithm-level consideration of performance.

< How do we invoke parallel instructions and maximize the
utilization of function units?

= Using inline assembly/intrinsics:

. ) ] SUB
for (1 = 0; 1 < len; 1 += 4)

Il B
{
a3_a2 = _hj.ll (_amemdB_const(&a[i] )) s || LDDW
al a0 = loll( amemd8 const(&al[i]))
short a[50], b[50]; — - — —
. ) i | | LDDW
int y; b3 b2 = hill( amemd8 const(&b[il));
bl b0 = loll( amemd8 const(&b[il));
= * (7 * * (7 * .
y _add2( (int )a, (int )b) ; /* Perform dot-products on pairs of
elements, totaling the results in || DOTP2
the accumulator. */ || ADD
sum_high += dotp2(a3_a2, b3 b2);
| | DOTP2
sum low += dotp2(al_ a0, bl bO0); || ADD
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Software Design based on Embedded Processors

< A more system-level consideration of performance.

< Memory management with Cache behavior in mind.

Level 1 Program
Memory (L1P)

+ Single-Cycle
« Cache / RAM

256

|Instruction Fetch|

CPU

Oom MOm
H HO

Reg A ‘ Reg B

64-bit

Level 1 Data
Memory (L1P)
+ Single-Cycle
+ Cache /| RAM

Level 2
Memory
(L2)

+ Program/ Data
+ Cache / RAM

Memory
Controller

C6x MegaModule
or C66x CorePac

Tag Data Cache
0

32K

¢ One instruction may access multiple
data elements:

for(i=0; 1< 4; i++ ) {
sum += x[1] * y[i]-;
}

¢ What would happen if x and y ended up at
the following addresses?

X =0x8000
y = 0x9000

External
Memory

TAIWAN
TECH s




Software Design based on Embedded Processors

< A more system-level consideration of performance.

< Data movement with DMA (Direct Memory Access).

Masters crosshar Slave
SCR 1 Devices/Periperals
ARM . ARM .
Master Devices: Memory > I\/|0V|ng data from one
+ Caninitiate data C64+ PB
transfers DSP TT21 «— DSP Memory :
Slave Devices: place to another without
+ Only Sink/Source VPFE
for data transfers \"PSS\;’F'BEzD:::> % LB
+ Cannotinitiate . I
Gt fo s o =0 L Asya ENIF CPU Intervene.
. Oﬂen,theytstend Sthiles o1 | <:a<u-'_1
an interrupt to _|= & |O
[equefst cti)at% ol R H
ransfer by O
or EDMAS S| [ UARTR |
o oM |
Srerl_ |
= IIC
| L e |
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Edge Computing Deploying Data flow

B TI Deep Learning (TIDL) high-performance fixed-point inference

Optimize

\ e
Common representation

~ Hardware-independent- % RunTime API

optimization

. Hardware-dependent-
optimization

TECH National Taiwan University of
Scierce and Technology




Edge Computing Deploying Data flow

B Accelerate Models with Open source API

* |nference latency in <5 ms for all popular

classification models _
o ) o User Applicati Jacinto 7 processor
* Minimal accuracy loss with Post Training P:f;mp? :?éf:
Quantization and Quantization Aware Training

tools from Tl )
TFLite/ONNX-RT/Neo-Al-DLR

APl | interpreter | scheduler

Run any model from open source inference
frameworks on Tl processors!

(ERSOREWIEILE o TELite RunTime TIDL RunTime @

models

ONNX-RunTime

o Linux OS C7x DSP with MMA*

ONNX models

Deep learning

et

) A CPU accelerator
TVM/Amazon Sa.geMaker o Neo-Al-DLR co ot A72

\ Neo compiler

/ =MMA: Matrix Multiplication Accelerator (Tensor Processing Unit)

TEC National Taiwan University of e . REBBEAXRAANE
Science and Technology : Cirguiis and Embedded Systems Lab
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e

XA
= https://www.ti.com/tool/download/PROCESSOR-SDK-
LINUX-SK-TDA4VM/09.00.00.08
= SK-TDA4VM f&7 — HackMD
https://hackmd.io/nHhZREdtQi1Sge35InAd2Yg?view
o TEETIZEEEARY ' tisdk-edgeai-image-j721e-
evM.Wic.xz | =Rt MRAE

tisdk-edgeai-image-j721e-evm.wic.xz — 909583 K SD card image with edge Al and robotics stack

MD5 checksum fe93a552f9a702b6ee8ab1d27a705cee
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% A
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= https://etcher.balena.io
*» Z+2Ebalena etcher

ETCHER

Flash. Flawless.

Flash OS images to SD cards & USB drives, safely and easily.

7

Download Etcher
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balencaEtcher

B EERRR
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' balencaEicher

tisdk-edg...e-evm.wic HZ R R

1

B ERRERIIISDFR
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FE45SD

lﬁ balenaEtcher

HEEEWIE saee
B == EEEEEEENE u®

Apple SDXC Reader Media 64.1 GB /dev/disk12

A TEAM GROUP EC01 Media 2TB /dev/disk10 RAAIRLRE F R RS AE

v B 2 (BRI AR

| REESE T |

=
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' balenaEicher

tisdk-edg...e-evm.wic Apple SDX...der Media

wn 1% B[ o] f5z st
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HDMI/eDP
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R e

#12UART USB#%

R - R

(Labl3EMZE RKEH )
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USB Serial m%# % %

o BEEWIndowshiAs | Bl 2 BR 4
= https://www.silabs.com/developers/usb-to-uart-bridge-
vcp-drivers

CHBEREEHE AR > AR | HEEE | N
7 CP2108 Interface O

o BiEE T HERENFE L
2 FERE IR USB B BT

X TU v @ =®E (COMALPT)
i Intel(R) Active Management Technology - SOL (COM3)
i@ Silicon Labs Quad CP2108 USB to UART Bridge: Interface 0 (COM23)
ﬁ Silicon Labs Quad CP2108 USE to UART Bridge: Interface 1 (COMZ23)
i Silicon Labs Quad CP2108 USB to UART Bridge: Interface 2 (COM26)
i Silicon Labs Quad CP2108 USB to UART Bridge: Interface 3 (COM24)

2

HIES

i

-V NI

A
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USB Serial m%d = %%
/\\\E\EE |_ 5%' ﬁﬁggﬁié@ﬁ;@%}]*@ﬁ J

i

< B Update Drivers - Silicon Labs Quad CP2108 USB to UART Bridge: Interface 0 (COM3)

How do you want to search for drivers?

— Search automatically for drivers

Windows will search your computer for the best available driver and install it on
your device.

— Browse my computer for drivers
Locate and install a driver manually.

T National Taiwan University of Y - 4 RBBEAARHEBE
ECH Science and Technology | Cifellits and Embedded Systems Lab




USB Serial m%d = %%
< R N HVERENEZUE R  WEEA S E R

X

¢ 0 Update Drivers - Silicon Labs Quad CP2108 USB to UART Bridge: Interface 0 (COM3)

Browse for drivers on your computer

Search for drivers in this location:

C\Users\james\Downloads\CP210x_Driver ' Browse...

Include subfolders

— Let me pick from a list of available drivers on my computer
This list will show available drivers compatible with the device, and all drivers in the

same category as the device.
wan s o
iR
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Tera Term
* FHZKEFEUARTIE S H
< HAh FEARARE (LOPUTTY ) Hr o] DU

TEC H National Taiwan University of
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https://github.com/TeraTermProject/teraterm/releases

T

< BHETera Term{& 5= Interface 2L B 238 )

vT

File Edit Setup Control Window Help

Tera Term: New connection

(O TCP/IP myhost.example.com

History

Telnet e

SSH SSH2

Other
AUTO

O Serial Port: ‘COMS: Silicon Labs Quad CP2108 USB

COM3: Silicon Labs Quad CP2108 USB to UART Bridge: Interface 0 (COM3)
COM4: Silicon Labs Quad CP2108 USB to UART Bridge: Interface 3 (COM4

COMB5: Silicon Labs Quad CP2108 USB to UART Bridge: Interface 2 COMS
COMB@: Silicon Labs Quad CP2108 USB to UART Bridge: k rface 1 (COM6

TAIWAN < "
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v > }:‘3 z z
@ j':& 3 S IJ iﬁ‘ 2 erm: Serial port setup and connection X‘

Port: COM>D v

‘:‘ Eﬁ%?[‘gspeed Speed: 115200 v
< ﬁ@% > /j%} t Data: 8 bit y Cancel
115200 Parity: none o

New setting

Stop bits: 1 bit . Help
Flow control: none v )

DMS5 - Tera Term VT — O X

Edit Setup Control Window Help t dEIElY
Terminal udhcpec: hroadcasting discover
Skl uwdhcpc: bhroadcasting discover [] q
Window... udhcpe: bhroadcasting discover mSEC."ChElI' mSEC."lIr'IE
udhcpc: broadcasting discover U
Font > udhcpc: broadcasting discover
udhcpc: broadcasting discover
Keyboard... udhcpc: broadcasting discover
) udhcpc: broadcasting di ; .
serial port.. uhene ! proadcasting Y ¢ime: Silicon Labs Guad CP2108 USB to UART B
Proxy... udhcpe = h}*uadca; ing , /)
< oDl proadcasting Jiscover 1 USBWID_10C4&PID_EA71&MI_02AB& /E2EB97

udhcpc: broadcasting discover 14 er: SiliCUn Lahs
SSH Authentication... i L j
1

udhcpc: broadcasting discover
con Laboratories Inc.

uwdhcpec: hroadcasting discover
uwdhcpc: bhroadcasting discover

SSH Forwarding...
2 udhcpe: bhroadcasting discover

AN\

SSH KeyGenerator... udhcpc: broadcasting discover 023
udhcpc: broadcasting discover

TCP/IP... udhcpe: broadcasting discover 3.0.176

General udhcpc: broadcasting discover

uwdhcpec: hroadcasting discover

hmmA MmO Mmoo
ol bl b bl el bl bl el el el e e e e b e e e b e e |

wdhcpc: bhroadcasting discover

Additional settings...
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HDMI/eDP
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Edge AI gallery

TDA4VM

Upto 8 TOPS

| Support:
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doie @ * V= F miE R

ooﬁavﬁﬁm (SCFHE%) JrE s A FGUI G
(BT LA FAVI S0 5 AR 6 2

*’%{%%D;ﬂz Linux (UNIXZ%51) ERIESEFER
= DIRHREFBEAZREH IR (WindowsH SZRHEN )

5] : /home/user/Downloads/main.c
= DL 32  FRSEFCFRAE HER A
.« (RERERIFTEE R AT —{EE R
0 REEIRIE/home/user » .. /5EfLFE/home
. R ERBIFTMEE R
5] : ../Downloads/main.c
5]+ ./main.c

TAIWAN —
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bofn & % VI 3 iR B

* SefFRIER - LinuxER{EIEE H BT FTE &Rk
= f5o e B#FF IR T H BT &R RS
root@tdadvm—sk: /opt/edgeal—gst-apps#H
= M EUEMEEN H BT EE R
= cdf5<
o8 H FTRTE &R E] 5 R E Rk
80 cd < HIEEE RS
" 1sy5<
B E HAIFTEE R EE E SRR R (FEE)
HRi& R (ZRHEZEH): 1s
EEERIK: 1s <fHEBRICREL>
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e ig V][~ F ‘ﬁnﬁﬁ*’;

SAEAIBHEIT v <SORRBS HTT B R S
o vi . /test.txt

=N AR (HERRA RS #ER)
+ BIFELFH A A LT » BB S Bt
e M iBadREETER
¥ NEsc[a|F|dy S tE=
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o @ * V2 3 %HiE R

 YRERAF TR 0 1% NEsclE|2ag SR R
CIABPARIT S IR HEE 5 N
QR N EEFEERT CRESOUF A BER)
o WQ Ly I G
QR A R R
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Labl:ga— B -] 3] eaerL:& 5 DSPAR ;¢
B \Winograd Convolution Matrix Multiply Accelerate (MMA)

EP COM11 - PuTTY

A& error: gcc mma.cpp -Istdc++ -0 mma

g0
do dl d2 : ml+m2+m3
dl d2 d3 )

F(2.3)=
( [ m2-—m3—md
g2

m=(do—d2)go ma2=(di+d>) g0+5,;1+g:

re = do*ge + dl*gl + d2*g2 go— g1+ g2
& . = ms=(di—d3)g2 mz=(d2—-a)

rl = dl*gd + d2*gl + d3=g2

Winograd Convolution

Traditional Convolution |

Position A 4x4 input region * XT()X
. Position A |
7112131 4| Position 2x2 output
5161718 B Position B @m ’?
Position| 9 |10 11|12 Position C

C . T

13114115116 Position D 3x3 filter W wOw n—

Domain
Position D
T
TAIWAN A

N\ v )
National Taiwan University of 44 f REREASFRTBE
I IE‘ H ',1 = is.and Embedded Systems Lab



Labl:ga— B ] 4] g L@
B \Winograd Convolution C Code

include <iostream>
R nclude <vector>
if(n ¥ 2 = @)

using std; £ i - i i
for i=08;1i<n; its

WinogradMultiply (vector<vector<int>>& A, vector<vector<int>>& B, vector<vector< for( 1= H | <_r_"5 ]'H'?‘ { __
vector<int> row_factor(n), col_factor(n); C[i1[§] += A[i][n - 1] * B[n - 1][j];

i=8;1<n; i+s) {
row_factor[i] = A[i][®] * A[i][1];
for j=1; j < nf2; j++
row_factor[i] = row_factor[i] + A[i][2 * j] * A[i][2 * j + 1];

main() {

vector<vector<

i=0;1<n; i+s) {
col_factor[i] = B[®][i] * B[1][i];

for J=1; 3 <n/2; j++ vector<vector< {{1e, 11, 12},
col_factor[i] = col_factor[i] + B[2 * F][i] * B[2 * j + 1]1[i]; 13, 14. 15

El

16, 17, 18}};

vector<vector«< (3, vector< >(3, 8));
i=8;1<n; i+s) {
j=8; 3 <n; j++
C[i1[3] = e; WinogradMultiply(A, B, C, 3);

cout << "Result of Winograd matrix multiplication:™ << endl;
i<n; its) | for( i=8; 1i<¢3; i++) {

@; § < n; j++ for J=8 3 <3 j++

= -row_factor[i] - col_factor[j]; cout << C[i][]j] << " ";

k=08; k<n/ 2; ki+) {

C[il[j] += (A[il[2 * k] + B[2 * k + 1][J]) * (A[i][2 * k + 1] + B[2 * k][§]);: cout << endl;

i=@o
for j

(31

C[i]
for(

return @;
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