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Tutorial Segment

= Discuss use of Model-Based Design (MBD) to /
implement hardware and software systems omoE I ook

Verification Simulafion

= Incrementally elaborate an example model ﬁ”'m""’"“

from abstract toward concrete implementation i Auiemlic

= Discuss practical requirements imposed on the tool chain

= Engineers must make choices
= |mplementation choices should be
minimally invasive and maximally deferred
= Key questions underlying those choices...
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Traditional Implementation Decisions

Abstract notion of an algorithm

Example: Digital filter, prescribed specifications, floating point

. . . /- A
Multi-stage cascade, floating point
Executing on DSP?

Tl PM642' fixed pom-t . o 12: Re-code/simulate

13: Re-code/execute
14: Re-code/execute

inx Virtex-4: fixed point 12: Re-code/simulate
:|18-bit multipliers on a DSP48 slice 13: Re-code/execute
:|Core-generator implementation ... 14: Re-code/execute

—

Traditional
Approach
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Traditional Implementation Decisions

Abstract notion of an algorithm

Example: Digital filter, prescribed specifications, floating point

I11: Re-code/simulate

Executlng Steps

[12:]T1/

are p;:
(Signig;e ,,:"rg"'y invag;

12: Re-code/simulate
I/ Sannog eas.ecoch sode TInoas
| Ste, ily “Un d ;, : Re-code/execute
e b %) 14: Re-code/execute
Executiig . Must pe ds deferreq
- . em
] Xilinx Virtex-4: fixeu g anualyy,) 12: Re-code/simulate
:|18-bit multipliers on a DSP48 slice 13: Re-code/execute
;] Core-generator implementation ... 14: Re-code/execute
Traditional
Approach
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Traditional Implementation Decisions

= Additional Areas for Improvement
= Performance scales with the engineer’s experience (highly variable outcomes)
= Time consumi  ~=nual iterations
= |nitial design - ’a"'fwnal Im - ~" decision points
Plementat i
= Code mainte o Ten '°n significant experience
= Algorithm ch feps -
Signijg;, are hghly
= Design spa/ ° “Mificap "Vas",

* Verification _ - "ot eas;leycod 9, parately considered
» Design art (a:zs Cannog e do”) iiformly reproducible at each step
= More... Must pe do,,defe" req

£ Manuay,,
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MBD Implementation Decisions

Focus on the complete algorithm-design lifecycle

MBD demands tight integration of tools

= Maintains model abstraction

(defers implementation)
= Simplifies: / )
= Understanding Confinuous Design
Test and with

= Verification Verification Simulation

= Maintenance
Implementation
with Automatic

= Enhancement
= Re-targetability
Code Generation
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MBD Implementation Decisions

Abstract notion of an algorithm (Ecssimwists weriy)
Example: Digital filter, prescribed specifications, floating point

I1: Multi-stage cascade, floating point
Executing on DSP
12: T DM642’ fixed pom.t . o 12: Elaborate, verify
13: 16-bit banked coefficients, pipelined code 13: Elaborate, verify
14: Assembly language optimizations ... 14: Integrate, verify
Executing on FPGA AN \4
12: Xilinx Virtex-4, fixed point 12: Elaborate, verify
13: 18-bit multipliers on a DSP48 slice 13: Elaborate, verify
14: Core-generator implementation ... 14: Integrate, verify
Model-Based
Design
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Automotive Design Example:
Lane Departure Warning

Results from Simulink Model of
Lane Departure Warning System
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MBD: Executable Specification

Executable Specifications
= Lane Departure Warning
= Floating-point specification
= Verification test-bench

.......

Contfinuous
Test and Models
Verification Simulation

Implementation
with Automatic

Code Generation

4'\ The MathWorks

MBD: Executable Specification

System Model: Implement edge detection algorithm
as part of lane departure warning system

[Lane Departure Warning System |

L» = s
ine epositor
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wow_Polygon

Qutput
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Input Image Edges
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Design Entry: Simulink

Start by developing a golden specification | Bl Executable Specification ... |- (0B
of the edge detection algorithm =

Video
Viewer

drive.avi 1 i Input Image Edg: Image

Image From File Sobel Edge Detection

Video
Viewer

Image

Floating-point System Specification

High-level blocks: Video Edge Detector
= Video and Image Processing Blockset
Lower-level blocks: Sum, Abs, 2-D Filter

= Simulink, Signal Processing Blockset
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Design Entry: Embedded MATLAB
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Insight on Implementation Choices

1. [Design Languages ]

2.

3. o — Tip 2

4 represents an T
Language rer ision . —
" tation decist sin, -

5 implemen lang 3 ble

= MATLAB: Largely behavioral, un-timed, array-based semantics

= Simulink: Structural, time-based simulation engine, hybrid solvers
= Stateflow: Reactive systems design, finite state machines

= SimEvents: Discrete-event, data driven modeling
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MBD: Design with Simulation

Design with Simulation
» Fixed-point model migration
= Design Advisors, Test-Benching

Confinuous
Test and

Verification Simulation

Implementation
with Automatic

Code Generation
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MBD: Design with Simulation

Design

wi
Simulation

® Migrate the design using verified iterations

® Make decisions appropriate to deployment
- Serial processing (2D to vector data)
- Fixed-point operation (float-to-fixed conversion)

Image From File

Mean Difference

Floating-point

/ N\ model

Seial stean|

Compare

inputimage (Serial Stream  Output Image:

Fixed-point
model

Filter In

Filter Compare

To Constant
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Migration to Fixed-point

Design

wi
Simulation

= Fixed-point data types — full manual control
x

2D FIR Fil

Performs two-dimensional FIR filtering of input matrix | using filker coefficient matris H.

‘You can use the Fiering based on parameter 1o specily whether your fiering is based on
convalution or corelation.

Use the Dutput size parameler to specify the dimernsions of the output, Assume that the input ot
port | has dimensions (M. M) and the input at port H has dimensions (M. Nhl I you choose Full
the output has dimensions (MisMh-1, NisNh-1). If you choose Same as input pot I, the output has
the same dimensions as the input at poit . f you choose Valid, the black fiters the input image only
whete the coeffcient matri fits entirely within & so no padding is required. The output has
dimensions (MiMh+1, NiNhe 1),

Main  Fisedpoit |

Setlings on this pane only apply when block inputs are fived- point signals

Fezdpalilarlomy | ZDFIR|sfixtt B o |t e
» | . |
Rounding mode: [Floor =] Oveflow mod [virap = LTI
Fised-point data typ: E3L2 T A ™ sttt Enz [ ] boolean
Mode d ‘Wordlengh  Fraction length +
Boticients  [Same word length s input = ) Compar
, 2OFR sk B sfixll_En2 Te Const
Praduct autput[Same as input - Filter Iul
Sccumuator [Same as product outpt =
Same
Output [Binary poirt scaling | gl 2
scaling against changes by the autoscajerfol

“sfix11_En2”

signed fixed-point number

T ] coon | = 11 bit word, 2 bit fraction n
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Migration to Fixed-point

Design
wi

Simulation

Fixed-point data type:

Mode Signed  “whard length Fraction length
Coefficients |Same word length as input LI

Product 0utput|Same a3 input ;I

Accumulatar |Same ag product output ;I

Output |Binary point zcaling LI nge as|11 2

| ZDFR sttt B g ELCSIN
—>
Filter
2D FIR Fill
et oy stivte g [ [bostean
+
Compar
, 2OFR sk B g ELSIN-= Te Const
Filter

“sfix11_En2”
signed fixed-point number
11 bit word, 2 bit fraction
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= = = -
Mlgratlon toF lxed-pomt
Design
wi
Simulation
=lalx|
Fie Help
Model Hierachy ” Contents of.dspanc_fipt_wind2" (mmo) Current System: dspanc_fixpt_win32
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B
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B F|Noisy Signal =] LMS Fiter : Product output W 3 V [Minimums, masimms and overflows Rl
¥]Optional Frame Status Con... || [E1 LMS Fiter : Product output u'u 7 ~ Data type override:
[ Hfwiatertall L LMS Fier: Product output 0°u 2 ] [Use tocal setings |
L5 LMS Fier: Product output mure £ v
151 LMS Fier : Output Signal r
L1 LMS Fier - Eror Signal [u} - Autoseale fived paint blocks—————————————————
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Design Advisors

Design
wi
Simulation

Model Advisor - vipldws_win

File Edit ‘iewm Help

= GUI-driven Advice T T
and Assistance EA T —————

[y Model Advisor Task Manager
-2 By Product
-5 mulink.

" leed-POInt TOOlS B[ Real Time 'workshop Embedded Coder
= Record design requirements i
= Dynamic range assessment
= Design auto-scaling

i [ Check salver for code generation

- (@ Identify questionable blocks within the specified system
[@ Check for model reference configuration mismatch

[ Check the hardware implementation

[ Identify questionable software environment specifications
[ |dentify questionables code instrumentation [data 1/0]

= Simulink Model Advisor

[ Cheok for blacks that have constiaints on tunable parameters

= Choose advisor goals b+ (@ Idenify questionable subsystem setfings
= Modeling Guidelines i [ *ldentify blocks that generate expensive saturation and rounding code
= Best Practices - [ “Theck ssmple times and tasking mode
= Code Safety - [ *ldentify questionable fived-point operations
= Performance Optimization E-IE By Task

[C=)Simulation Performance and Accuracy
(=1 Simulation Runtime Accuracy Diagnostics
(21 Model Referencing

[ parading to the Curent Simulink, Version

= Step-by-step guidance
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Insight on Implementation Choices

_ Tip;
1. Design Languages . T
. erf -
2. [Model Elaboration ] ctan M incremeng,,
3 . al::orat:on followe d
. y Slm",atl-o"
4
S i

Manual = Use block-based implementations (Edge Detector)
approach: = Adjust fixed-point settings in each block dialog
= Use target-specific optimized blocks (TI, Xilinx, etc)

BAE - Fixed Point Tool (Simulink Fixed Point)

Assisted Automatically suggests fixed point settings for blocks
approach: = Filter Wizard (Signal Processing Toolbox)

Automatically generates Simulink models using basic blocks
= Simulink HDL Coder
Generates new models based on implementation choices
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MBD: Automatic Code Generation

Automatic Code Generation

= Language Specialization (C, ASM, VHDL, Verilog)
= Design Space Exploration
= System Integration

/

Contfinuous
Test and Models
Verification Simulation

Implementation
with Automatic

Code Generation

<) The MathWorks MATLAB&SIMULINK

MBD: Automatic Code Generation

Model-Based Design supports both
Software and Hardware systems

= Coders
= Code generation from models
= Language options
= Code interfacing, optimization

Implementation
with Automatic

Code Generation

a)jesauan
Verify

VHDL / Verilog

= Links §
= Verification tool integration ﬁ %‘
= Project generation, build, download g 9
= Co-simulation, SIL/PIL/HIL
= Targets C/AsM }
» Processor & memory specific T
optimization MCU DSP

FPGA ASIC

= Device drivers, board support
= Schedulers, RTOS integration

11
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Code Gen: Embedded Software ...

Code Generation

= Code Generation
= Real Time Workshop — ANSI/ISO C code for rapid prototyping, acceleration
= Real Time Workshop Embedded Coder — Embedded deployment

= Links
= Altium TASKING
= Analog Devices VisualDSP++
= Green Hills MULTI
= Tl Code Composer Studio

= Targets
= TIC6000 DSP
=TI C2000 DSP
= Infineon C166 Microcontrollers
= Freescale MPC5xx Microcontrollers

Lane Departure Waming System

shan_Patyaon

it

Gutput
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Code Gen: FPGA Hardware ..

Code Generation

= Code Generation
= Simulink HDL Coder — FPGA and ASIC deployment using VHDL and Verilog
= Filter Design HDL Coder - Filter implementation from MATLAB

= Links
= Mentor ModelSim/Questa
= Cadence VCS/Incisive
= Synopsys Discovery

= Targets
= Altera DSPBuilder

= Xilinx SystemGenerator
= More...

Let’s take Lane Departure to an FPGA ...

Lane Departure Waming System

it

shan_Patyaon

Gutput

12
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Code Gen: FPGA Hardware

MATLAB&SIMULINK

Implementation
with Automatic

Code Generation

Simulink HDL Coder

Correct-by-construction
VHDL and Verilog code

Lane Departure Waming System

BOC AT SaRA| 4 A TN PR o [
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‘‘‘‘‘ Detection
Simulink
data path )
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%
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»
i
- 79
%
3 L
%
%
o
%
. o meosa | Stateflow i
e control logic H B, szt o e
3
B
[T 4 ?UML,
s 2 ¥
i
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Can | target a mobile device?

s Gain
um, Prodyct * Multiplier
* Linear *CSD
* Cascade
= fi
= Tree o0

Design Space Exploration for HDL

MATLAB&SIMULINK

Implementation
with Automatic

Code Generation

NEED: SOLUTION:
= Speed Code Generation Control Files
How fast can this design run?
* Area . Controls implementation used to generate
Can | use a smaller chip? code for blocks / components
= Power

= Locally: for an individual block
= Globally: for all blocks of a given type
= Hierarchically: scope within a model

Lookup Taple

Min/Max * Inline
" Tree * Hierarchica
* Cascade

13
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Implementation
with Automatic
Code Generation

Example Control File

—
File Edt Text Go Cell Tools Debug Deskiop Window Help & x

BEL IR EEEE #hesilb-BRBABE CO:
Textual interface "3 -5+ |+ = == 0

1 function ¢ = ldwsControlFile B
z % cControl file for HDL Code Generation
3
Initialize control file 4- o = hdlnewcontrol (mfilensame); % new constraint obiect
constraint object T F=P c.oet( TargetLang', 'VEDL'}; % select VHDL code gen

3
7 % Generate code only for this subsystem:
6 — c.generateHDLFor | ' ldws/Lanebetection'}; & select subsystem
El

10 % Every gain block should use a "CSD" implementation

11 - . forEach (' ldvs/Laneletection/*', ...

. 12 ‘built-in/Gain', {},
CSD mUItlpller _LS—_’ 'hdldefaults.GainCSDHDLEmission' ) ;
“GainCSD” =

15 % Except gain blocks corresponding to low clock rates

16 % For those we use "Factored CSD" (shorter delay paths)

17 - c.forEach ({' ldws/Lanelecection/Gaind' , ...

15 'ldws/Laneletection/Gains' , ...

19 'ldws/Laneletection/Gainla', ...

z0 'ldws/Laneletection/Gainl3 '}, ...

Factored-CSD multiplier z1 ‘built-in/Gain', {},...
“ H ” — ' vy
GaInFCSD 12—» hdldefaults.GainFCSDHDLEmi=sion' ) ;
| ldwsCantrolFile Ln 1 ol 1

'.‘ The MathWorks MATLAB&SIMULINK

Implementation
with Automatic
Code Generation

Synthesis: Edge Detection

S XILINX
Device utilization sunmwary: VIRTEX-4 SX

mpiic lected Device @ 4vaxdSEfaao-12

Number of Slices: 1105 out of 10240 10%
HNumber of Slice Flip Flops: 1903 out of 20450 9%
Humber of 4 input LUTs: 156 out of 204350 0%
Numker of IOs: 14

Numker of khonded IOEs: 14 our of 3o 4%
Number of GCLEsS: 1 out of 3z 3%

Design statistics:
Minimum period: 4.106ns (Maximum fregquency: 243 .546MHz)
* Miniwuw input reguired time before clock:
Maximwuwm output delay after clock: 7.323ns

Lane Departure Waming System

Lofer

enatie

gt Tao Janes show_Polygon
Tone Detacion

Tane Traaing Departue Waming

Gutput

Draw Linss.

DoubTe T Swatch o spEy
Rether the demo highlights the lane s

i font f the vehicle using 3 polygon or o lines.
GRS DrawPalygon  Switsh
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Insight on Implementation Choices

Design Languages
Model Elaboration
. [Design Constraints ]

o robd =

plock DIAI09S
- evel controls:

Examp\e plock-
ain

VS requency dom

_Time- V> uer
T;\gor'\thm opt\osn . e
o-0oKUP V- 2 o

) -‘-‘::;ma\ computat\o

HDL Control Files

Specify concrete implementations
= For individual algorithms
= Across all similar algorithms

Re-simulate with constraints
= Bit-true, cycle-accurate
= Automatic model creation

4'\ The MathWorks

MATLAB&SIMULINK

MBD: Continuous Test and Verification

Test and Verification

Continuous Design
Test and with

Verification Simulation

Implementation
with Automatic

Code Generation

= Simulation, Test-benching
= SIL/PIL/HIL, Co-simulation

15



J The MathWorks

MATLAB&SIMULINK

Design Advisors for HDL

uration Parameters: ldws,/Configuration (&

Continuous

Test and
x Verificafion

B —Test Bench

[0 ]

Salver Test bench name postfi
~Data Import/Export
~Optimizatian ¥ Force dock
[F-Diagnastics Clack high time (ns):
r-Sanple Time Clock low time (ns):
- Data Validiey
ype Conversion Hold time (ns):

annectivity Setup Kme: (ns):

ompiatibiit:
il IV Force dotk enable

~~Model Referencing
Saving Clock enable delay {in clock cycles):
~Hardware Implementation ¥ Force reset

=

lodel Referencing

[-Real-Time Workshop
Report ¥ Hold input datas between samples
- Comments

Reset length {in clock cycles):
]

™ Initialize test bench inputs

GUI-driven Advice and Assistance

= Compatibility Checker

Test-bench Generation

= |dentify unsupported semantics
= Optimize for design goals

= VHDL, Verilog,\script file generation

I™ Generate cosimulation blacks

Jobal Scttings

Dt Tool Scripts

ymbols
I . I™ Multi-file test bench
~Debug Test bench data file name postifx:
~Inkerface Ignore output data checking (number of samples):
[E-HDL Coder

E—

Generats Test Bench

Reposiory

—I Cancel | Help | Apply |

ot

Enatle

put

it

I
T Janes
*| & o
Lane Detection o Trasing Separture Waming

shan_Polygon
. n
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Co-simulation of Generated Code

satellite 5l

Confinuous
Test and
Verification

e jput Image o

Sobel Edge Detection

Image From File
9

Co0o7sy] |

Mean Difference

Compare

Recreate Image

Convert to a Serial Stream
ModelSim.
Inputimage  Serial

Stream  Output Image

117 vy _filter =» y directional outl -- ufisll
118 H

119 s <= signed(filter_input);

120

121 Delay2_proce&s : PROCESS (clk, o [SsgllEal
122 BEGIN

123 IF reset = 1" THEN

124 DelayZ_outl <= (OTHERS => '

125 ELSIF clk'event AND clk = "1°

126 IF enb = '1' THEN

127 Delay2_outl <= s;

128 END IF;

129 END IF;

130 END PROCESS DelayZ_process;

131

132

133 s_1 <= std_logic_vector (Delay2_

134

HDL code executing on

ModelSim simulator

‘ 'ﬁ/\‘ —{_Link for ModelSim ]

16
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Making Full Use Of The System Model

= Promotes parallelism in design and verification tasks
= Accelerates system level verification

Verify Interfaces

WiodelSim =
RGB L,EDF odel S ! Pte
Line Repositony | Repository
EoF 1 Message
= Dis
| Enatle Count
Enatle ’—p

Yy

Draw Polygen  Switch

<) The MathWorks MATLAB&SIMULINK

/

Confinuous
Test and
Verification

Verification of Synthesized Hardware

= Verify implementation using Hardware-In-the-Loop
(Third-Party Integration)

iy Bl Hardiare T the b - pegs 2 of 2

17
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Insight on Implementation Choices

Design Languages
Model Elaboration W

1
2.

: : Static analysis of
3. Design Constraints i
4
5

. | Verification Links - PolySpace Tools
. LAdvisory Tools /1

Simulink Model Provide insightinto — ~y
Advisor «_____— implementation choices

/

MATLAB M.Lin
Code Analyze,

Profiler Tools
- Timing, Memory

<) The MathWorks MATLAB&SIMULINK

Insight on Implementation Choices

1. Design Languages ;,C\QQQIUS,-OnS

2. Model Elaboration T
3. Design Constraints * Maximg Y defer,

4. Verification Links ’rgﬁ)’em Ntation ggc:s.

5. Advisory Tools esisg S Modeg|- aSelgnS

NSt
onclusio®™
G = No single “silver bullet” to support modern workflow

= Need a well-devised arsenal
= Well-defined and executable semantics are required

= Need integrated simulation, code generation, verification

= Multi-language support seems essential
= Domain-specific, and combined textual & graphical E

18
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Trends in Model-Based Design

= Unifying multiple engineering groups
= One design environment
= Multi-domain simulation (analog, digital, physical, ...)
= Multi-platform designs
= Embedding MATLAB within Simulink and Stateflow

= Connecting stages of development
= Design — Implementation — Verification
= Coder products: C and HDL generation
= Link products: Verification and Validation

= Harnessing high-performance computing
= Distributed computing tools for MATLAB and Simulink
= Acceleration from multi-core simulation

Continuous
Test and
Verification

Executable

ifications
om Models /

Models

Implementation
with Automatic

Code Generation

MATLAB&SIMULINK

Design
with
Simulation

o"l The MathWorks

Questions?

Accelerating the pace of discovery,

in engineering and science.
AT’he MathWorks

innovation, development, and learning

MATLAB&SIMULINK
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