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Introduction

" Increasing complexity of embedded systems
* Complexity

- Intricacy

- Size
* Raising the Level of Abstraction

* Compilers to handle the complexity because of
size




- ,l The MathWorks

Agenda

The System Design Challenge
Software Design Flow
Hardware Design Flow
Summary

MATLAB&SIMULINK




« ’_] The MathWorks

MATLAB&SIMULINK

The System Design Challenge

* We design, simulate, and
validate system models and
algorithms in MATLAB®

and/or Simulink®

* How can we implement and
verify designs on DSPs and
GPPs?

* How can we implement and
verify designs on FPGAs and
ASICs?

MATLAB® and Simulink®

Algoenthn and Systeni Design

|

HDL

‘ MCU \ DSP

FPGA

ASIC
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Integrated Design Flow for
Embedded Software and Hardware

" Design, Sirrcllullate, gnci Vﬁ'ifihate B  WATLAB® and Simulink®
system models and algorithms in R R R E Ve | B)as el n
ATLAB and Simulink — / -

- Real-Time Workshop - Simulink HDL Coder

= Automatically generate C and | Embedded Coder, [l Link for ModelSim
H D L Targets, Links Link for Cadence Incisive

* Verify hardware and software
iImplementations against the
system and algorithm models

ajeJauan
ajeJauan

Verify
Verify

{ C } HDL
MCU DSP FPGA \ ‘ ASIC
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Integrated Design Flow for
Embedded Software

* Implementation with

automatic C code generation [B s iEatmt e R lnlil ], €
- Algornithmi andl Systemi Design

. Implem .entatlon . - Real-Time Workshop
- Floating- and fixed-point code [REuEEERL LR,

~ Integration with downstream e
IDEs and tools

- Links to verification
— Device drivers
- Optimization options

9jelauar)
Verify

MCU DSP
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Representative Application — Video

" Video system design and implementation Embedded Software
: : Case Study:
- Encapsulates challenges: complexity, . .
convergence, time-to-market Video EdgeDDSeI;ectlon
on a

- Sophisticated algorithms
- Floating- and fixed-point issues
- DSP or FPGA/ASIC implementations

* Design flows and steps shown directly
applicable to other signal processing
applications

Live
MATLAB 4
Demo 3
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Example: Video Edge Detection

= Floating point video edge detection system based on
Prewitt algorithm

= Compositing original image with detected edges
= Ultilizes blocks from Video and Image Processing Blockset

| Edge detectionl

To Video
> Display

Original

) Ly |1

Highlight uinta' | To_Video
vipmen.avi A Display

V: 120x160, 30 fps | ikl | Prewitt Edge miSalSal Mask

Compositing Overlay

Video Source Edge Detection

To Video
> Display

-
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Converting to Fixed-Point

= Polymorphic blocks capable of floating- and fixed-point
operation

= 8-bit input datatype — blocks inherit fixed-point data
= Simulink Accelerator provides fast fixed-point simulation

| Edge detectionl

To Video
> Display

Original

) Ly |1

Highlight S |T[‘;$%‘;°

vipmen.avi .
V: 120x160, 30 fps ( — Prewitt Edge (aa2isal Mask
Compositing Overlay
Video Source Edge Detection
To Video
> Display
Edges

t

8-bit fixed-point inpu
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Automatic Code Generation
for Implementation on GPPs and DSPs

onfiguration Parameters

File Edit View Smulsion Format Tools Help Salect Target selection
DigE&| = = ey ald Nomd <] e BREBR - Solver System target file: %erttlc HBrowse...]
i Daté Irnp.ort/Export Language: ‘G v‘
Edge Detection & (;i:t;r::;:fsn Description: Real-Time Workshop Embedded Coder (auto configures for optimized fixed-peint code)
.~ Sample Time Documentation
— Data Validity [“iGenerate HTML report
0 Video x
al Display Type C°_"‘_’9r5'°" Launch report automatically
gcnnectl:vllltly Include hyperlinks to model
orr
o] | N
A .~ Model Referencing Build process
1l 14 - Hardware Impler.'nentation TLC options:‘ ‘
Highlight ~ —]1 TD“.V'fED Nodel Reterencing Makefile configuration
vipmen.avi . Iy — ey = Real-Time Workshop
V. 120%160, 30 fps | » Prewitt Edge s rep—— Generate makefile
Compasiting Overlay Symbols Make command: imake_rtw optimized_fixed_point=1 |
Video Source Edge Detection Custom Code Template makefile: !ert_default_tmf |
o Toviceo Debug
Display Interface Custom storage class
Code Style [ Ignere custom storage classes
@ Edges Templates

Data Placement [ Generate code only

Data Type Replacemer

Memory Sections

System target file: Description;

i e [a=ap? tlc AGAN_AGAD? Data Definition Targst ~ O . e g e n e ra lo n

Enbedded Target for Infinson Cle6(R) Hicrocomtrollers
Real-Time Workshop Embedded Coder (no auto configuratio
1 Embedded ( {au f
Real-Time Workshop Embedded Coder (auto configures for

options

Yisual C-C++ Project Makefile only for the Real-Time Wo

grt.tle Generic Real-Time Target
grt.tle Visual C/Ct+ Project Hekefile only for the "grt" target
grt_malloc.tle Seueric Real-Time Target with dynamic memory allocation
grt_malloc.tle Yiswal C/C++ Project Mekefile only for the "gri_malloc’

L i hel? tle arget for Motorola HC12 and CodeWVarrior {real

IXe - OI n I I lo e Wpo555exp . tle for Motorola HPCS55 {algorithm export)
mpcSEEpil. tle Enbedded Target Hotorola HPCSSS {processor—in-the-l

\O ) WpoS55TE tle Enbedded Targst for MPCS55 (real-tims)

rsim. tle Repid Sinulation Target
rtvin.tle Feal-Tine Windows Target W
rtvsfon tlc S—function Targst (
ti_c2000_ert. tle Enbedded Target for TI C2000 DSE (ER
ti_c2000_grt tlc Enbedded Targst for TI C2000 DSP (GRT) = S I
it e e e e e v elect target or flavor

Full name: D:\applications\MATLABYR 2006t cherttert e
Template make fle: ert_default_tmf
Maks command:  make_tti optimized_fised_point=1

of generated code

0k [ camcel |[ Hep ][ o
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=1 Real-Time Workshop Report

2 =l /1 Code Generation Report for
— - vipedge fixpt win

Subsystems
Code mgged

=1 Real-Time Workshop Report

Back Forward

Contents

gradldx = imgIdx_r: L% BL1gAL 5 ]
prod = mul s33 832 832 sr8(accTwo, accTwo);

wvipedge fixpt win DWork.EdgeDetection GV_SQUARED DW[gradIdx] = ¢
prod = mul s32 332 332 sr8(accFour, accFour):

vipedge fizpt_win DWork.EdgeDetection GH SQUARED DW[gradIdx] =

Summary
Remove highlightin

Summa

/* Handle the corner pixels */
Real Time Workshop code generated for Simplink model "vipedge_fixpt_win mdl". Subsystems
Code mapping

Code reuse exceptions

Fenerated Source Files

A% UL

dil utils winc

Model Version :1.206
Real-Time Workshop version : 6.5 (R2006b) P3-Aug-2006

N accOne
ert mamc
Ve accTwo = 0

frommmfile ex win32.c i 3
: ‘ C source code generated on - Wed Oct 18 1[1:56:37 2006 R b HECTHEES
tovideodevice ex win3l.c dll utils win.c accFour =
vipedge fixpt win. . . : . . : for (c coeffIdx < kernelWidcth; coeffldx++) {
TRecEs m.n £ Configuration Settings at the Time of Code Geperation : click to open &t main.c 2 e — D-vOEEUL! FETdxl:
vipedge fixpt win datac an x e i A Llcos i
frommmfile ex win32.c

od = mul s32 32 u32 srl3((vipedge fixpt win ConstP.EdgeDetect

rtwivpes.h

vipedge fixpt winh
vipedge fixpt win private h
vipedge fixpt win tvpesh

tovideodevice ex win32c

[coeffIdx]}, (uint32 T)vipedge_ fixpt win B.Compositing[imgIdx]
ccOne = accOne + prod;
Idx = 0+hOffUL[coeffIdx];

mul 532 532 wi2 s5x23((vipedge fixpt win ConstP.EdgeDetect

wipedge fixpt winc
vipedge fixpt win data.c

rwivpes.h [coe 1 (uint32 T)vipedge fixpt_win B.Compositing[imgl
accTwg = rod;

imgIdx = 119+vOffLL[COD =
prod = mul 532 =532 u32 sr23((vipedge Fixpt win ConstP.EdgeDetect
[coeffIdx]), (uint32 T)vipedge fixpf win B.Compositing[imgIdx]
accThree = accThree + prod;
imgIdx = 119+hOffLL[coeffIdx]:
prod = mul s32 s32 u32 sr23((vipedge fixpt win ConstP.EdgeDetect
[coeffIdx]), T T)vipedge fixpt win B.Compositing[imgIdx]
accFour = accFour + prod;

I ITM L rt vipedge fixpt winh
re . O vipedge fixpt win privateh

vipedge fixpt win typesh

gradldx = 0;

#* UR
accOne
accTwo =

accThree

accFour = 0;
for (coeffldx = 0: coeffldx < kernelWidth: coeffldx++) {
imgIdx = 19080+vOffUR[coeffIdx]:;
prod = mul s32 s32 u32 sr23|(vipedge fixpt win ConstP.EdgeDetect
[coeffIdx]), (uint32 T)vipedge fixpt win B.Compositing[inmgIdx]
accOne = accOne + prod;
imgIdx 13080+hOffUR [coeffIdx] 3

rad = il 3T a0 R _erPR i (rinadee £ivnt wrin Canesl Fine Dot e o

0K H Cancel ][ Help Apply

eadable,

i~
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Video Edge Detection
Embedded Software System on Tl 6000™

TCP/IP Blocks

Input Edges

Edge Detection

From TCP/IP Edge Detection

i) % »||  PrewitEdge— Convert %
e0

Edge Detection
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Target Code Generation Options

] Configuration Parameters: c6416dsksurveil_hsrtdx/Configuration

Select: |

... Solver Code generation target type: | CE41EDSE ﬂ

Dal?a I.mp!:lrl.-"E wpork (’? Enable High-SpEEd@

D!Jlll‘ﬂlZElt.IDn Iv [Expart CCS handle to MATLAR base work space

[=)- Dliaghostics

Sarmple Time S handle
i D ata Integrity
Conversian P et s Taloct
ED””EC_“‘_’?U" CPU clock rgl | 2 5glver
Compatibility ) - D ata Impart/Expart
‘- Model Reterencing .. Optimization

- Hardware Implementation - Diagnastics

- Model Referencing i Sample Time

[=I- Real-Time ‘Woark zhop Drata Integrity
. Comments Conversion
- Sumbiols '
- Cugtom Code
—Debu - Hardwape Implementation
gh-Speed RTDX || L1t . -
=" e Ime arksng
. Al Inline Signal Processing
compiler . Surnbols .
- TI CB000 finker | ot Code Blockset functions
- T1 CBO00 rurtire - Debug
- | niterface

- T1 CBO00 target selection

I n CO rpo rate TI CROO0 LT:EII'ﬂDiIEI'
DSP/BIOS 71 Coo00 e

ar | Lancel Help Lpply ‘
i
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Code Execution on Target and Proflmg

%" web Browser - Profile Report _|EI|_|
File Edit Wiew Go Debug Deskiop  Window Help | | X
| | Bu ild and execute | 8 |§ | % |Location:IFiIe:,l',l',l'D:,I'F'.EG,I'Demos,l'\.-'IPBIks,I'EdgeOverIayFIow_on_DSP,I'targetModeIZ_cGELI ||:| LI
|Numher of iterations counted |118 | ;'
- Auto-generate C and ASM
System name taruetMndelS!Edue Detection Algarithm/Edge
- Integrate RTOS and Detestiont
STS obj Syl O Upd
SCh edUIer . "_Je“ - 'S‘,SJ§ utputUpdate
ax time spent in this subsystem / 16.03 me\
per interrupt g

—_ I Max percent of hase interval 8.02%
Create fu I | CCS p rOJ eCt NumlI)er of iterations counted /\\118 /I

- Invoke compiler, linker, and

d own | Oad COd e System name targethodel3
STS object steSysZ_OutputUpdate
Max time spentin this subsystem e |
-~ Run on target i fJeiion
Max |1yt/ent of base interval 0.000122%
lerrﬂer of iterations counted 1\02
= Profile code performance <]
A

16.03 ms 244 4 ns

2 0.000122% Subsystem profiling

e
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Code Optimization Options

= Utilize target-specific blocks

C-callable assembiler libraries
Simulate bit-true in Simulink

Generate calls to hand-optimized
assembler libraries

Highly optimized implementation
of core functionality

C62x and C64x fixed-point DSPs

= Manual optimization by user

=1 Library: tic64dsplib

File Edit Wiew Help
C&4x DSP Library
Conversions
TI CHk: TI Gk
FLTOQ1S QASTOFL
Conwert Floating- Convert .15
Foint to 0.15 to Floating-Point
Transforms
TI Gk Tl Chk: TI Gk Tl Chk:
BITREY_CPL RADIXZ RADIXZ FFT16X16R
Bit Reverse Radix2 FFT Radi=2 IFFT FFT
Filtering
TI Gk Tl Chk: TI Gk Tl Chk:
FIR_CPLX FIR_GEN FIR_R4 FIR_RS
Complex FIR Genera | Real FIR Radix4 Real FIR Radix-8 Real FIR
TI Chidk Tl CEde TI Chidk TI Chidk
kS 4, R
B H
FIR_SM FIRLMSZ IIRLAT IR
Symmetric Real FIR LMS Adaptive FIR Real Fonward Lattice Real lIR
All-Pole IR
Math and Matrices
TI Chidk TI Chidk TI CEde T| Chdk: TI Chidk
kS 4, A 4,
hd
AUTOCOR BEXF T LOTPROD B AT mMUL MAT_TRANS
Autocorrelation Blodk Exponent ectar Dot Produc% M atriz Wultiply M atriz Transpose
TI Chidk TI Chidk TI Chidk « T| Chdk: TI Chidk
s
MAKIDY, MAKWAL MINVAL T MuLEz NEG32
Wector Maximum Index Vector Maximum Walue Wector Minimum Walue Weetar Multiply Vector Negate
‘II CB4><F II Chd w ‘;I'I Cidk:
E hd
RECIF 15 VECSUMSE W_WEC
Reciprocal Wector Sum of Squares Weighted Vectar Sum
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Design Verification and Visualization:
MATLAB as software test bench

40

41 % Initialize motion threshold Visualize and debug embedded

42 = global newThresh
2= savemen - 0 f ith MATLAB
44 - newThresh = 1.5e5; SO tware Wlt
45

46 % Connect to CCs

= CCS_Obj = connectToCCs (modelName) ;

48 = saved visibility = CC5_0Obj.isvisible;

49 — CCS_Obj.visible(l);

50

5l % Load application

52 - loadREpp (modelName, CCS Ob]);

53

54 % Run application

55 - fprintf('Running application: %s\n', modelName);

56 = CCS_Obj.run;

551

58 — pause(3);

59

&0 % Connect to the target

61 — userPrompt = sprintf{'Please enter the IP address or the host ?ame of the %5 ‘board: ™
62 — hostName = input(userPrompt, ‘s');

63 — port = 43000;

64 — fprintf('Connecting to TCP/IP server at: "%s:%d"\n', hostName, port)

65~ connfd = tepip(hostName, port):

66 — set(connfd, ‘outputBuffersize®, 54000);

67 - set(connfd, 'InputBuffersize®, ©4000):;

Original

Captured
video

68 5 try

69 — fopeniconnfd});

70 = catch

Tk |= fprintf('Cannot established TCP/IP connection to "$s:%d".\n', hostName, port):

al= fprintf('Terminating demo.\n'):

TS return;

74 - end -
75— set(connfd, 'Byteorder', 'littleEndian’); \ ‘

L]
76 - fprintf("Established TCP/IP connection to "%s:%d"\n', hostName, port}: ™~ MA I LAB Scrl pt
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Design Verification and Visualization:
Simulink as software test bench

vomenan | To Video ~ Processor and hardware-in-the-
V: 120160, 30 fps |I S loop testing, simulation,

— ToTorp | N Original visualization, and verification of
I, o i embedded software with Simulink
| I Display
!% | Edges

, e o e e e e e e e e e e e - - .
Simulink test bench | | —

| pevice or aesign
| . under test (DUI) |
I
I -
L Original

Input
Edges

From TCP/IP Edge Detection To TCP/P
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Review: Integrated Design Flow for
Embedded Software

Drive system development

W|th an executable - MATLAB®and Simulink®
specification - Algerthm and System Design

. ¢ Real-Time Worksh
* Quickly create complete _ Embedded Coder,

working code base

Targets, Links

@
= Use code profiles to identify 3
and optimize bottlenecks 2 £
S
* Verify code with Links to
IDEs and processors { C }

MCU DSP
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Integrated Design Flow for Hardware

(FPGA and ASIC)
* Design elaboration

* Implementation

- HDL code generation
(VHDL and Verilog)

- test bench generation
- Links to verification

- Integration with
synthesis tools

MATLAB® and Simulink®
Algorithmiand System| Design

¢ Simulink HDL Coder
i Link forModelSim

Link for Cadence Incisive

@

o

3

5 2

5 5
>

HDL

FPGA \ ‘ ASIC
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What We Will Show In This Case Study

* Behavioral modeling and simulation Hardware Case Study:

= Fixed-point modeling and simulation Video Edge Detection

- Design elaboration on an FPGA

* HDL generation e -

Elaboration and Verification

L CO_SimUIation USing Link for MOdeISim ‘Filteringsubsystemisconvenedtubasicblocksl

\
€ HLarcH

IHIT1
DibiTe
gsFRHIG

mERLOY

Live
MATLAB
Demo. . &
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Executable Specification

T ] Video

satellite .gifR Input Image Edges ™| Viewer
Image From File Sobel Edge Detection Executable Specification/Edges

Video

Viewer

bOxes Axes

) Original In B[] FAN M -} Executable Specification i [m] B
- .|
[ N J

Original Image
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Design Elaboration

55

satellite.gif R Input Image Edges

¥
M,
h

Image From File ¥ Sobel Edge Detection
Convert

In2 -
hean Difference
Convert to a Serial Stream /_\ Recreate Image Compare
T Serial Stream ' all Ot {Serial Stream  Output Image

g lnput image

In1

Outl 0.02783

iltering a Serial Strea

» U
N i
x—filter‘
1 Filter In _ I »= 419 —» 1)
nt y-filter outt
Fiter Compare
M|yl To Constant
in1
in2
—Hin2
wfilter
| w-filter
—*{In6
¥ directional
e L] L] !
In2
F100 £ £ 3
J L= ] L= ] yilter
Line bufer y-filter
-100 =1 -1
y directional
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HDL Code Generation Using GUI

#,; Configuration Parameters: edge_detection_ready_to

Select;

- Solver
-~ Data Import/E sport
- QD ptimization
=]~ Diagnostics
Sample Time
e Data Walidity
- Type Conversion
- Connectivity
Compatibility
i Model Referencing
-~ Hardware |mplementation
- b odel R eferencing
=~ Real-Time ‘Warkshop
- Comments
- Symbols
- Custom Code

[=~HDL Coder
Global Settings
‘- Test Bench

Check model for errors

57

—LCode generation control file

X

File narne: | Load... |
Save... |
— T arget o—

——

Generate HOL for; I edge_deteu:tiu:un_read_l,l_tu:u_use_SNilter_serial

Select subsystem, target

Language: [ vnd ) language, director
: frectan: |hu:||sr|: /
Coi eration outpLt

% Generate HOL code

" Dizplay generated model only
Generate HDL and dizplay gepérated model

Select output options

S —
R eztore Factory Defaults |

Generate HDL Code

Fun Compatibility Checker |

[aenerate |

Cancel | Help |
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More Code Generation Options

#%, Configuration Parameters: edge_detection_ready to_us X|
Select —Clock zettings [:‘“E
- Salver Reset type: | Azynchronous j Reset azserted Ievel:l Active-high j
~Data Import/Esport Clack input part: [k Clock enable port:  [ck_enabl
-~ Opirization nck inpu |:||:|r.||: nck enable port: |u: _enahle
[~ Diagnoztics Rezet input port: |reset
-~ Sanple Time Select reset and
- D1 ata Y alidity —Additional settings l k .
E‘l" be EDWEISIDH General I Parts | Advanced | C OC O tlons
i~ Lonnectraty
- Campatibilty —General
+Madel HEfEfE”C'”E_’ Carnmet in header: I
-+ Hardware Implementation
- Model Referencing YWerilog file extenszian: I.v WHOL file extenzion: I.\fhu:l
=1~ Real-Time Workshop Entry conflict postfis: |_entit_l,l Package postfi |_|:|kg
- Comments Reserved word postfiv: I_rsvd [~ Split entity and architecture
- Sumbiols
- Cuztom Code Clocked process posthis: I_pru:u:ess Split entity file: postfis; I_entity
~Debug Split arch file posths;
- |nterface
[=-HDL Coder
- Global Settingz e anguage SpeCI IC
~Test Bench options: input/output
datatypes, timescale

Ok Cancel | Help | Apply |
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Automatically Generate Test Bench

¥, Configuration Parameters: hdlcoderlms; Configuration (Ackive) il
S elect | —Test bench
- Salver Test bench name posthis: |_t|:|
- Diata Import/E sport
- O ptimization 7 Force clock
- Diagnostics Clack high time [nz]: IE
Sample Time Clack law time [n]: IE
i Data Y alidity
L Type Conversion ¥ Farce clock enable
Connectivity [v Force reset
i~ Compafibiity Hald time [ns): 2

“ Model Feferencing
-+ Hardware Implementation
- hodel Feferencing
= Real-Time “Workshop Generate Test Bench
- Coamments
- Symbols
Cuztom Code

H_Hi;.'ﬂ’,}ﬂ:fe elf—checking HDL test bench compares

- Global Settings
i Test Bench

Simulink results to HDL results

ok LCancel Help Apply
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|=

Co-simulate Generated HC

satellite.gif R l » 2'1 # Input Image Edges
- : i1
Image From File | . et Sobel Edge Detection " oml—s[ 002793
—In2 =
! Mean Difference
Compare
Convert to a Serial Stream Recreate Image
ModelSim.,
Inputimage Serial Stream Fitter_in Fitter_out | Serial Stream  Output Image
Link for ModelSim

117 v filter =» v _directicnal ocutl -- ufixll
118 1 : —
119 g <= signed(filter input); A
120
121 Delay?2 process @ PROCESS (clk, o filter_in
122 BEGIN
123 IF reget = "T1" THEN
124 DelayZ outl <= (OTHERE => "([
125 EL3TIF clk'event AND <1k = 17
126 IF enb = "1" THEN filter_out
127 DelayZ outl <= s=;
128 END IF;
129 EMND IF;:
130 END PROCERS DelayZ process;
131 7
132
133 g 1 <= =std logic vector (DelayZ d
134

- L4
HDL code executing on
ModelSim simulator _
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Review:
Integrated Design Flow for Hardware
* Drive system development

with an executable : MATLAB®and Simulink®
ficat - Algprithmiand System Pesign
specification

¢ Simulink HDL Coder
Link for ModelSim
Link for Cadence Incisive

* Quickly create complete
working HDL code base
and test benches

9)elauar)
Verify

= Verify code with Links to ‘
RTL simulators and HDL

y
n
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Summary
= Accelerate development using [ETFS {FN=RENT KTl e
Model-Based Design - Algorithm and System Design.
- Generate
* Real-Time Workshop ~ Efsrynall Wit
. . drgets; LINKS INKCTOK ence Incisive
- Simulink HDL Coder
- Verify & &
» Link for Cadence S 2 S 2
Incisive © 9 o o
* Design and verify software { c } HDL
and hardware from MATLAB

and SlmUIlnk MCU DSP FPGA ASIC




