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System Gap
—

Simulate

o

Closing the System Gap

Capture & Describe & Specify, Explore
Simulate Synthesize & Refine
Specs Specs Exesc:etible
Algorithms Algorithms Algorithms
Architecture
SW? sw?» oo -—-—----1
Network
Design Describe Design SW/HW
Logic Simulate Logic Logic
Physical Physical Physical
| Manufacturing | | Manufacturing | | Manufacturing |
1960's 1980's 2000's

Real gap: behavior and structure (semantics and syntax)
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Functionality
-—————

Algorithms
- —————
Connectivity
-

Protocols
Performance
-—————

Timing
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Simulation Based Methodology

Ambiguous semantics of hardware/system level languages

Yy

Finite state machine

Ll

Controller

case X is
when X1=>

when X2=>

/;

3.415

2715

Look-up table

.

Memory

Simulatable but not synthesizable or verifiable
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In Search of a Solution
Algebra: < objects, operations>
a*(b+c) = a*b + a*c

Arithmetic algebra allows creation
of expressions and equivalences
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Model Algebra

Model algebra: <objects, compositions>

-
B1

PE1|

PE2

Model algebra allows creation of models and model equivalences
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/ Specify-Explore-Refine Methodology \

System specification
model

SER

Design decisions

Model refinement %

1 Intermediate models

Replacement or v

re-composition Cycle accurate
implementation model
k FPGA board 6 /
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/ General System Design Environment \

v

Estimation Refinement
tool tool
Synthesis Transforms: -
tool t Verify
y 2 tool
R . -
]

Component
librar

r
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How many models?

Minimal set for any methodology

(Are 3 enough ?)

System specification model (application designers)
Transaction-level model (system designers)

Pin&Cycle accurate model (implementation designers)
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/ Thr

ee Models (with Respect to OSI) \

Pin / Cycle Accurate Model

Transaction Level Model
Specification Model
7. Application '. 7. Application
] 6. Presentation 6. Presentation
5. Session 5. Session
4. Transport 4. Transport
3. Network 3.  Network
2b. Link + Stream 2b. Link + Stream
2a. Media Access Ctrl ‘ TLM . 2a. Media Access Ctrl
— 2a. Protocol 2a. Protocol
1. Physical 1. Physical

Address lines

Data lines

Control lines

AN

KSource: G Schirner
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How many components?

Minimal set for any design

(Are 4 enough?)

Processing element (PE)

Memory
Transducer / Bridge

Arbiter
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General System Model

Arbiter 1 Arbiter 2

Imerruptz‘g‘ PE 2.1
( : | (Master)
Interruptl.]] PN b
PEL1 | [Transducer1-2 Intermupt2.2
< 1 PE 2.2
- ~ <«—>| (Slave)
Arbiter 3
PE12 [¢——>
Interrupt3.1 <+ PE3.1
Interrupt3.2
ransducer2-3|
Memory 1« >
+»|Memory 3
Busl Bus2 Bus3

~
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How many tools?

Minimal set for any methodology

(Are 2 enough?)

e Front-End (for application developers)
— Input: C, C++, Mathlab, UML, ...
— Output: TLM
»  Back-End (for SW/HW system designers)
— Input: TLM
— Output:  Pin/Cycle accurate Verilog/VHDL

. c
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/ ES Environment \

Decision Validation
User User
Interface Interface
(DUI) (VuIy

O 0
e ap e + Platfo Developme

TIMED

CYCLE

>

O

O

(m) IIII :
>

K -
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/ Does it work? \

e Intuitively it does
— Well defined models, rules, transformations, refinements
— Worked in the past: layout, logic, RTL?
— System level complexity simplified

e Following talks will prove the concept
— ES modeling abstractions
— Automatic model generation
— Model synthesis and verification
— Embedded System Environment (ESE)

N c
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Embedded System Design:
Modeling

Andreas Gerstlauer
Center for Embedded Computer Systems

University of California, Irvine
http://www.cecs.uci .edu/pub_slides
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Outline

* Modeling
* Introduction
* Languages and models
* System modeling semantics
* Automatic model generation
* Design example
* Tools
e Summary and conclusions
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Introduction \

Growing SoC complexities and sizes
* Heterogeneous multi-processor SoC (MPSoC)
* Networked, distributed systems

» System modeling

» Validation and analysis

e Concurrent hardware/software development

» Specification for further implementation/synthesis

» Higher levels of abstraction for speed/accuracy
tradeoffs

» Rapid, early design space exploration

ASPDAC’07 Tutorial Copyright ©2007 CECS S
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» System-level design flow

System Modeling \

Abstraction based on level of detail/granularity
e Computation
e Communication

» Path from model A to model F

Cycle-
timed

A. System specification model
B. Component model

C. Bus-arbitration model

D. Bus-functional model

Approximate-

Communication

timed E. Cycle-accurate computation model
F. RTL/ISS Implementation model
i
i
i
un- S >%
timed

Un- Approximate- Cycle- compUtation

timed timed timed
Source: Lukai Cai, D. Gajski. “Transaction level modeling: An overview”, ISSS 2003 ( C :
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/ System Design Languages \

e Netlists
e Structure only: components and connectivity
» Gate-level [EDIF], system-level [SPIRIT/XML]
e Hardware description languages (HDLS)
« Event-driven behavior: signals/wires, clocks
» Register-transfer level (RTL): boolean logic
» Discrete event [VHDL, Verilog]
e System-level design languages (SLDLS)
« Software behavior: sequential functionality/programs
» C-based [SpecC, SystemC, SystemVerilog]

N c
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/ ESL Modeling Today \

e Simulation-centric system modeling
e Co-simulation at lower RTL/ISS levels [Axys, VaST]
— CPU-centric, limited architectures/designs [ARM]

e Transaction-level models [CoWare, Summit]
— Multi-processor system simulation [SystemC]
— Graphical platform assembly [Eclipse]
— Processor customization [Tensilica, Lisatek]

 Algorithmic specification [SPW, MATLAB, COSSAP]

— Varying models of computation (MoC) [Ptolemy]
— Model-based design [UML, MATLAB/Simulink]

» Horizontal integration of different models / components
» Lack vertical integration for synthesis-centric approach

N c
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» Well-defined, rigorous semantics

System Modeling Needs \

Language ambiguities
e Simulation vs. synthesis (subsets)
* Impossible to automatically discern implicit meaning

« Unambiguous, explicit abstractions, models
— Objects and composition rules
— Computation and communication

« Systematic flow from specification to implementation
— Transformations and refinements

» Reliable feedback at early stages
» Design automation for synthesis, verification
» Rapid, early design space exploration

c
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Outline \

* Modeling

* System modeling semantics

c
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CPU

Computation Modeling \

I

Process B1()

waitfor(15000) ;

waitfor(25000) ;

HAL T?
Bus

Application modeling
* Native process execution (C code)
e Back-annotated execution timing

Processor modeling

e Operating system
— Real-time multi-tasking (RTOS model)
— Bus drivers (C code)

» Hardware abstraction layer (HAL)
— Interrupt handlers
— Media accesses

* Processor hardware
— Bus interfaces (I/O state machines)

— Interrupt suspension and timing
Interrupts /
KSource: G. Schirner, A. Gerstlauer, R. Doemer. “Abstract, i Modeling of P for System Level Design,” ASPJC, 2007.
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RTOS Modeling \

High-level RTOS abstraction
» Wrap around SLDL primitives, replace event handling

Application Application
Application | Channels RTOS iComm. & Sync. API
| Channels RTOS Model ISS
SLDL SLDL SLDL
Specification TLM Implementation

— High-level, abstract model

— Target-independent, canonical API
— Small overhead, low complexity
e Dynamic scheduling behavior

— Real-time scheduling, multi-tasking Model
— Preemption, interrupt handling

¢ |PC channels

Application
EEEEE)
) S D S S

RTOS

SLDL

— Task communication, synchronization

ASPDAC’07 Tutorial

KSource: A. Gerstlauer, H. Yu, D. Gajski. "RTOS Modeling for System-Level Design,” DATE, 2003. ( (e : /
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/ Communication Modeling

» SoC communication layers

Layer Semantics Functionality Implementation | OSI

Application Channels, variables Computation Application 7

Presentation End-to-end typed messages Data formatting Application 6

. Synchronization,

Session End-to-end untyped messages Y X . OS kernel 5
Multiplexing
Packeting, Flow control

Transport End-to-end data streams 9 N ' | OS kernel 4
Error correction

Network End-to-end packets Routing OS kernel 3
Station typin

Link Point-to-point logical links yP g Driver 2b
Synchronization

. . Multiplexing, .

Stream Point-to-point control/data streams . Driver 2b

Addressing
. . Data slicing,

Media Access | Shared medium byte streams - 9 HAL 2a
Arbitration

Protocol Media (word/frame) transactions Protocol timing Hardware 2a

Physical Pins, wires Driving, sampling Interconnect 1

K Source: A. Gerstlauer, D. Shin, R. Démer, D. Gajski, "System-Level Communication Modeling for Network-On-Chip Synthesis," ASPDAC, 2005.
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/ Transaction-Level Modeling

Pin / Cycle Accurate Model

Transaction Level Model
Specification Model
7. Application '. 7. Application
] 6. Presentation 6. Presentation
5. Session 5. Session
4. Transport 4. Transport
3. Network 3.  Network
2b. Link + Stream 2b. Link + Stream
2a. Media Access Ctrl ‘ TLM . 2a. Media Access Ctrl
— 2a. Protocol 2a. Protocol
1. Physical 1. Physical

Address lines

Data lines

Control lines

P/CAM

AN

K Source: G. Schirer
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/ Modeling Results \

100000
—o—MP3 A
— 10000 + —m—JPEG
o
o 1000 fiiAaM
£
= 100 =8
< d’
) 10
k! A———t4- /-/
> 1
£ / /n/
& 01 * :/
0.01 - ‘ ; : ;
Spec. TLM (Net)  TLM (Prof) PAM CAM
25
—+—MP3
— 20 e % JPEG |
S & GSM
S 15
w
S 104
S
2 s
< 5 M
0 ‘ ‘ : : a

Spec. TLM (Net) TLM (Prot) PAM CAM
Source: G. Schirner, A. Gerstlauer, R. Doemer ( C :
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* Modeling

* Automatic model generation
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Automatic Model Generation \

Problem: Writing of system models is

e Time consuming, error-prone, tedious
Solution:

e Automatic model generation

Refinement-based approach

e System designer : makes design decisions

« Refinement tool : automatically generates the model
Benefits

¢ No manual model writing, focus on design decisions
* Low error rate by automating error-prone tasks

« Easy change/upgrade for incremental/derivative design
* No change in basic design methodology

» Enables fast, extensive design space exploration
» Productivity gains (1000x)

> Shorter time-to-market
( (= : /
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ESL Design Flow

Platform Architecture Platform Services/Application

~, <

Model Generation
Front-End

Back-End

0 System Models

g e

>

E

2] £
g Synthesis S
< (Hardware/Software) 3
5

2

7]

=

Object Code VHDL/Verilog RTL /
C
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/ Platform Architecture

~

CPU DSP
(ARM7) (DSP56K) CoPro
(Custom)
M1 M s
—
5]
= gab BUS2 (DSP)
<
{F
M2/S S S S S
DMA 1101 1102 1103 1104
(2753A) (HW) (HW) (HW) (HW)
e Components « Connectivity
. Processors . Buses
. Memories . Bridges
. IPs . Ports
. Custom HW

ASPDAC’07 Tutorial
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/ Platform Services

Application
: : ARN ‘ ML
- %
@ MBUS
y J M1Ctrl
Test code

BUS1 (AHB)

Arbiter

IP Bridge

DCTBus

DCT

DCT

o

HW

Codebk

BUS2 (DSP)

T

/01 1102 1103

e Computation

Processes (hierarchical C)
Scheduling (static/OS)

~

1104
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ARM

Arbiterl

o

IF? Bridge

Platform Services \

DSP

o ]

—

M1
%omo
> 0x48
Enc|[Dec Hw

MBUS

oxocoo,intc | |Codebk
)

M1Cyrl

Co
0x10,intl. 0XAQ00,int0}
BUSL1 (AHB) e

int0

C)-——
0x0800,intA A

DMA

3
E

e Computation
Processes (hierarchical C)
Scheduling (static/OS)

[

52 (DSl
B ’

ox085¢2

©
]

0x0900,intB
[«
0x0950

/102 /03 1/04

ENRCIE

e Communication

High-level IPC (channels)
Storage (variables)

ASPDAC’07 Tutorial
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/ Model Generation Process \

* Synthesis = Decision making + model refinement

GUI

Optim. algorithm

Specification model
—

Design decisions

Refinement

» Success
> Layers o

ive model refinement
fimplementation detail

-
Implementation model

ASPDAC’07 Tutorial

Copyright ©2007 CECS S

c

19



DMA

Specification Model

DSP

(i T\

Vocoder

RcvData :7"5
- : Aarv os Qe P
Mem

—=

e JPEG :

\M‘ ! L Decoder i
‘ -

]
g
2 \—_____
5 \ J 80
a
fffffffff Gl
SO
DCT.IP e R Spchout |-+
K C /
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DCTAdapter

DCT_IP

OSModel

» Data conversion, channel merging
& Transducer insertion, Packeting, Routing

/ psp_os\ i

--{]| linkBO [~

/ Transaction-Level Model (Network) \
|

)
'l
Bl

\_ BIHW)

)

|-
S|

SI_HW

-] tinkHw -1

-
BO
\_ BO_HW

)

(|-
SO

=~

ASPDAC’07 Tutorial
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7/~ Transaction-Level Model (Protocol)

ﬁzm co

e Synchronization, addressing, media acces
& Arbitration, data slicing, interrupt handling

c

ASPDAC’07 Tutorial Copyright ©2007 CECS
/ Pin-Accurate Model
' = M, oo,
Gqﬂ 000 goo(]
L 1 -

il

DSP_BF

ARVCBF
=l oo
e § :

il

i

> Implementation synthesis in backend tools
> Interface synthesis on hardware side
» Bus driver and RTOS synthesis on the software side

c
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* Modeling

Outline

* Design example

ASPDAC’07 Tutorial
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Example: MP3 Decoder \

Functional block diagram (major blocks only)

2 granules

AliasRed

—{ IMDCT [—

FilterCore

/

Left channel

PCM [—>

— HuffDec
mp3 \

AliasRed

1 IMDCT |

FilterCore

Timing constraints
« 38 frames per second
e Frame delay < 26.12ms

Right channel

ASPDAC’07 Tutorial
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/ System Definition \

« Components allocated from database
« Bridge used to interface two busses
e Hierarchical processes inside PEs
« Parallel, sequential, leaf (C code)
e Channels and variables between PEs

[ AliasReH \MDCT]_.[F\I\erCOre
Mem

______________ real gainpow2[378]]

[ A|IaSRed]—p[ \MDCT]_,[F\IterCore]

ARM

5 l ho ot pcmBus
= . »| © >
Z | mainBus chi o I
PC
PCM
K C /
ASPDAC’07 Tutorial Copyright ©2007 CECS S

/ Output: Transaction-Level Model (TLM) \

ARM

[ AI\asRed]_.[ IMDCTHFlIlerCore]

__________________ Mem
[AI\asRed IMDCT |_>|FillerCore]

Drivers .
R HAL A

mainBus

K = /
Copyright ©2007 CECS ( S :
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TLM Simulation

e Timed-simulation

Computation delays back-annotated in processes
Communication delays modeled in the bus channels

~

e Simulation of TLM
« Functionally correct but frame delay far exceeds timing constraint
J

v

s

File Edit View Termminal Tabs Help

Terminal

o

[2]

w#+ Simulating MP3DecoderDEMO1_TIm ...
waw

. /MP3DecoderDEMO1_TIm ./testStream//spotl.mp3 MPgDecoderDEMO1_T1lm.pcm . /testStre,
am//spotl.txt

Input MP3file: ./testStream//spotl.mp3
Output bitstream file: MP3DecoderDEMOL_Tlm.pfm
EBitrate = 96000 bits/sec, Sampling frequency # 44100 Samples/Sec
Initial Latency = 4.73 ms

Missed deadline per frame at framg
Missed deadline per Frame at Framd
waw

2 35.98 » 26.12
3 35.98 > 26.12

w#* Checking MP3DecoderDEMO1_Tlm.pecm for correctness...

waw

diff -s ./testStream//spotl.pem MP3DecoderDEMO1_Tlm.pcm

Files ./testStream//spotl.pcm and MP3DecoderDEMOL Tlm.pcm are identical
o

wa# simulation successful!
o

(=

ASPDAC’07 Tutorial

Copyright ©2007 CECS
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Computation Analysis

e View computation time of processes

FilterCore is the most computation-intensive

o

DecodeMP3time distribution
ARM
ARMV7 Progranule time distribution
h
uCosl! RTOS...
Properties... progranule w
——

e Look for parallelism in process hierarchy

FilterCore processes are running in parallel
— Use two identical custom HWs

Channeltime distribution

ASPDAC’07 Tutorial
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/ System Modifications \

e Add two more PEs: HW1 and HW2
e Connect HW1 and HW2 to the mainBus
e Move processes from ARM to HWs

e Channels are automatically inserted

Mem
real gainpow?2[378]|
= .
<
El
5} — o) o pcmBus
= o » = o
2 i S 5= i i
= mainBus hl o 1

H v PC

FilterCore FilterCore PCM

K = /
Copyright ©2007 CECS S

ASPDAC’07 Tutorial

a Modified TLM N\

ARM

AliasRed| IMDCT

Mem

mainBus

[F\Itercore ] [leterCore ]
K = /
Copyright ©2007 CECS S
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Modified TLM Simulation

Simulation of TLM
e Functionally correct
« Frame delay still violates timing constraint

\

Rurt Termirga
File Edit View Terminal Tabs Help

e

wws Simulating MP3DecoderDEMO2_T1m ...
o

am/ /spotl.txt
Input MP3file: ./testStream//spotl.mp3
Output bitstream file: MP3DecoderDEMOZ_T1h.pcm

Bitrate = 96000 bits/sec, Sampling frequency = 44100 Samples/Sec
Initial Latency = 9.39 ms

Missed deadline per frame at framg

Missed deadline per frame at framé
waw

2 28B.45 » 26.12
3 28.45 > 26.12

w#% Checking MP3DecoderDEMO2_Tlm.pcm for correctness...
o

diff -s ./testStrean//spotl.pcm MP3DecoderDEMOZ_Tlm.pcm
Files ./testStream//spotl.pcm and MP3DecoderDEMOZ_Tlm.pem are identical

. /MP3DecoderDEMOZ_T1lm ./testStrean//spotl.§p3 MP3DecoderDEMOZ_Tlm.pcm . /testStre

[+]

e Simulation successfull é
C
ASPDAC’07 Tutorial Copyright ©2007 CECS S
Communication Analysis
e Bus utilization graph
mainBus Utilization
1,2
1
0.8
0.6
0.4
0.2
0
Time (ns)
e Bus contention graph
Mai“ Requests mainBus Contention
) c
ASPDAC’07 Tutorial Copyright ©2007 CECS S
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e Make two ports in HW1, HW2
e Connect HWs directly to the DHS bus

¢ Remove the bridge

ARM

AliasRed

AliasRed| IMDCT

ch3

chz2 P

More System Modifications \

Mem

real gainpow?2[378]|

mainBus

Arbiter

o

<« |

i

PC
FilterCore FilterCore PCM

<
<

I‘
_/

ASPDAC’07 Tutorial
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ARM

Modified TLM N\

AliasRed| IMDCT

FilterCore

FilterCore

mainBus

PCM

0

ASPDAC’07 Tutorial
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Modified TLM Simulation

e Simulation of TLM
e Functionally correct
* Frame delay now meets timing constraint

i Terminal
File Edit View Terminal Tabs Help

wan
#k% Simulating MP3DecoderDEMO3_Tlm ...
o

- /MP3DecoderDEMO3_Tlm ./testStream//spotl.mp3 MP3DecoderDEMO3_Tlm.pcm ./testStre
am//spotl.txt

Input MP3file: ./testStream//spotl.mp3

Output bitstream file: MP3DecoderDEMO3_Tlm.pcm
Bitrate = 896000 bits/sec, Sampling freguency = 44
Initial Latency = 9.31 ms

Average decode time per frame at frame 2

Average decode time per frame at frame 3
wan

[

0y Samples/Sec

= 25.33 ms < deadline 26.12 ms
ne 26.12 ms

##% Checking MP3DecoderDEMO3_Tlm.pcm for correctness...
wan

diff -s ./testStream//spot1.pcm MP3DecoderDEMD3_TIm.pcm
Files ./testStream//spotl.pcm and MP3DecoderDEMO3_Tlm.pcm are identical

I/

wew simulation successfull é
C
ASPDAC’07 Tutorial Copyright ©2007 CECS S

Outline
* Modeling
* Tools

C
ASPDAC’07 Tutorial Copyright ©2007 CECS S
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/ ELEGANT Environment

Pin-accurate
— model

—_—
Cycle-accurate
model

—

RTL HDL
—
KSource: InterDesign Technologies, Inc. C /
( S :

ASPDAC'07 Tutorial Copyright ©2007 CECS

/ ELEGANT Environment \

« Complete ESL design environment
« Japanese Aerospace Exploration Agency (JAXA)
* Focus on correctness and reliability
* Integration of tools for simulation, synthesis, verification

e Specify-Explore-Refine (SER) tool
e 1st-generation of automatic model generation

e Top-down design
— Specifiy desired system functionality
— Explore architectural design alternatives
— Refine specification into automatically generated TLM or PAM

N c
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/ Embedded Systems Environment

Decision
User
Interface
(DU

ESE Front — End

Create
System Capture + Platform Development

Replace

ESE Bt
SW Development

User
Interface

)

-

ASPDAC'07 Tutorial Copyright ©2007 CECS

/ ES Environment (ESE)

* Next-generation ESL tool set
* ESE Front-End

— Platform capture and virtual prototyping (modeling, simulation)
— Embedded software development environment

— Communication network model (advanced TLM) generation

— Heterogeneous multi-processor SoC (MPSoC) target support

» ESE Back-End
— Platform customization, optimization and implementation
— Software and hardware synthesis
— FPGA board prototyping

N c

ASPDAC’07 Tutorial Copyright ©2007 CECS
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Fle Ed View

Project

Platforms | Sources

ESE: System Definition

Project Simulaion  Synhesis

Database

© s

uput

Ready

pes | ces | pusses

Achsecre pee
o | e | em
7 slasred
ARM Mem @ g imi
AR SRAMGA @ BN filtercore.
& 2o
Bridge & -fi
uCosll 5
Ad chia
I I I S gochama
mainBus.
AVBA_ATE =D Seraize
DoubleHdshk: emore
Chanmeis

int process_mode;

§
int solim;

sbim ='1;

}

void main(uoi)
€

SpecC Compier v 2.2.0
(¢) 1997-2005 CECS, Universiy of Calfornia, Irvine

void antialas(real xr[SBUIMITISSLI
et gr info_s *gr_info)

ifgr_info->block_type == 2)

i(lgr_info->mived_block_fag)
retim,

alse (
sblim = gr_info->maxh-1:
¥

& c2 o_handshake

& <3 c_semaphore

5 @ ct c_double_handshake

Help

ASPDAC’07 Tutorial
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ESE: System Modifications

Project
Project

Simulaiion Synthess

© Hardares T
H_Standard
NISC

HW2

rep
Auchtecure pes
Patiorms | Sources Ao | pu [ wem
© patormt © van
Ojpisc
& patom? o B
SR« & 4] alasred
rerse ARM Mem @ = imdet
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/ ESE: TLM Simulation \

ASPDAC’07 Tutorial
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/ Summary and Conclusions \

 Technology advantages
« Platform can be easily captured using GUI

e TL models are automatically generated for
development and testing of application code

e Legacy or preliminary SW can be easily captured and
mapped to the platform

e ESL allows concurrent development of platform SW,
HW and application code

» ESL allows easy upgrade of platform and reuse of
legacy application SW and RTL HW code

> Early, rapid prototyping for design space exploration
> Significant productivity gains

N c
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System-level languages and modeling

System prototyping and simulation

System-level design and design environments
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Design Verification Methods

 Simulation based methods

» Specify input test vector, output test vector pair
¢ Run simulation and compare output against expected output

e Formal Methods

« Check equivalence of design models or parts of models
» Check specified properties on models

e Semi-formal Methods

« Specify inputs and outputs as symbolic expressions
e Check simulation output against expected expression
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Simulation

Task : Create test vectors and simulate model
Tools: VCS(Synopsys), ModelSim(Mentor), NC-Sim(Cadence)

Inputs
» Specification
— Typically natural language, incomplete and informal
— Used to create interesting stimuli and monitors
* Model of DUT
— Typically written in HDL or C or both
Output

» Failed test vectors
— Pointed out in different design representations by debugging tools

Specification

DUT

Monitors

Stimulus
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/ Logic and FSM Equivalence Checking \

« LEC uses boolean algebrato check for logic equivalence

Equivalence
é result

e« SEC uses FSMs to check for sequential equivalence

injifts
Tiily
Coutputs |

21

inHuts
el

X
X XX @ Xy
Y @)P 3 ny GB

C/
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/ Model Checking \

 Model M satisfies property P? (Clarke, Emerson '81)
* Inputs

« State transition system representation of M

e Temporal property P as formula of state properties
¢ OQOutput

e True (property holds)

« False + counter-example (property does not hold)

@f? P = P2 always leads to P4
True/

False + counter-example

K P4 J
C
ASPDAC’07 Tutorial Copyright ©2007 CECS S

37



/ New Verification Challenges for SoC Design \

* Design complexity

e Size
— Verification either takes unreasonable time (eg. Logic simulation)
— Or takes unreasonable memory (eg. Model Checking)

e Heterogeneity
— HW/ SW components on the same chip
— Interface problems

¢ Modeling abstraction

— No formalism exists to prove equivalence of high level models
— LEC and SEC are not applicable above RTL

* Possible directions

¢ Methodology
— Unified HW/SW models
— Model formalization

K — Automatic model transformations /
€
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/ System Verification through Refinement \

e Set of models

el Model
1
1

» Designer Decisions => transformations

) ) Designer Refinement
» Transformations preserve equivalence Decision Tool
. 4
¢ Same partial order of tasks \ g
¢ Same input/output data for each task -
) ) Library of
e Same partial order of data transactions objects i

e Equivalent replacements

Model B>

» All refined models will be “equivalent” to
input model
® Still need to verify
X First model

X Correctness of replacements

K = /
Copyright ©2007 CECS ( S :
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/ Formal Model Representation \

* Model Algebra
e < {objects}, {composition rules} >

e Objects
» Behaviors (for computation)
— ldentity behaviors (output identical to input)
* Channels (for synchronized communication)
* Variables (for storage)
» Ports (for hierarchy / connections)
e Composition rules
» Control dependency
* Channel transaction
* Variable read/write
e Hierarchical behavior

* Grouping of sub-behaviors, channels, variables
and their compositions

KSystem = Top level behavior
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/ Refinement Example \

e Design decisions
e Select PEs
e Map leaf behaviors to PEs

e Resulting model refinement
« Additional hierarchy for PEs
» Distribute leaf behaviors inside PEs

* Add Identity behaviors and channels
to preserve control flow
— Each PE has independent control

 Refinement verification

* Express refinement as sequence of
model transformations
ASPDAC’07 Tutorial
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/ Transformation Step 1
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K ( Intermediate Model 2) ( Final Model )

Transformation Step 3
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Summary of ES Verification

Variety of verification techniques available
« But they apply to traditional design flow based on RTL

Challenges for verification of large system designs
e Simulation based techniques take way too long
* Most formal techniques cannot scale in size or abstraction level

Future design and verification
«  Well defined semantics for models at different abstraction levels
« Well defined transformations for design decisions
— Verify transformations
— Automate refinements

Modeling semantics are the key to verification !
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Outline

v Requirements
v Modeling
» Verification and synthesis
v Existing verification methods
v TLM verification using transformations
* Issues in ES synthesis
» Synthesis of MP3 player design
* Results
 Summary, conclusions and outlook
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ESL Design Flow

Platform Architecture Platform Services/Application

~, <

Model Generation
Front-End

System Models

Synthesis
(Hardware/Software)
Back-End

JwalsAs

Instruction-Set Simulators

Object Code VHDL/Verilog RTL /
C
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/ Input: Transaction Level Model (TLM) \

CPU
ag]

V)
el”  HAL N

Application (C code)

ﬁ

K HW P /
=
c
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/ TLM Features \

e Universal Bus Channel (UBC)
* Bus is modeled as universal channel with send/recv, read/write functions
« Well defined functions for routing, synchronization, arbitration and transfer

e SW modeling
* Application SW is modeled as processes in C
¢ A RTOS model or real RTOS is used for dynamic scheduling of processes
e Communication with peripherals, memory or other IP is done using UBC

*  HW modeling
* Application HW is modeled as processes written in C
¢« Communication with processor, memory or other IP is done using UBC

¢ Memory modeling

e Memory is modeled as array in C
e Controller is modeled by function in UBC

N c
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/ Cycle-Accurate Software Synthesis

E Program )
Compile
O — —
EXE RTOS
W Synthesis
—
HAL .
Bridge
L
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K HW P
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/ SW Synthesis Issues

e Compiler selection
e The designer specifies which compiler is used for the SW

e Library selection

manipulation etc.
« Prototype debugging requires selection of additional libraries

 RTOS selection and targeting
« Designer selects an RTOS for the processor
¢ RTOS model is replaced by real RTOS and SW is re-targeted

e Program and data memory
¢ Address range for SW program memory is assigned
« Address range for data memory used by program is assigned
« For large programs or data, off-chip memory may be allocated

o

e Libraries are selected for SW support such as file systems, string
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/ Cycle-Accurate Hardware Synthesis \
a2
©)

Cycle-accurate

Synthesis
O ﬁ

HW (RTL) Behavior in C IP (RTL) /
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/ HW Synthesis Issues \

e IPinsertion
e C model of HW is replaced with pre-designed RTL IP, if available

¢ RTL synthesis tool selection
¢ RTL synthesis tool must be selected for custom HW design

» Ccode generation
e C code for input to RTL synthesis tool is generated

¢ Synthesis directives
* RTL architecture and clock cycle time is selected

e UBC calls are treated as special interface operations, to be later
expanded during interface synthesis

e HDL generation
¢ RTL synthesis results in cycle accurate synthesizable Verilog code

ASPDAC’07 Tutorial
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/ HW Synthesis Today \

¢ HW synthesis tools
e SystemC/C to RTL [Mentor, FORTE, Synfora]

— Based on high level synthesis technology

C/C++ support with user constraints (Catapult)

SystemC TLM support (Cynthesizer)

C based language support (HandelC, Celoxica)

« SystemVerilog to RTL [BlueSpec]
— Synthesis from assertions in SystemVerilog (BS Compiler)
— Correct-by-construction

 MATLAB to FPGA RTL [Xilinx]
— Matlab models to DSP HW (AccelChip)

» Component based approach
» Lack of HW-SW co-synthesis support
» Capacity and quality issues

N c
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/ IP synthesis with NISC technology \

for(int i=0; i<8; i++)
for(int j=0; j<8; j++}{
sum=0;
for(int k=0; k<8; k++)
sum = sum + A[i][k] xB[KI[i];
C[i][j] = sum;

}

for (il
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FSM based controller

One-pass synthesis

Synthesis—Architecture - Layout

C 2> RTL

/

Present C-to-RTL synthesis C-to-RTL synthesis with NISC technology

Only subset of C FullC %
Synthesis for small block/kernel in application Compile complete application. Any size C possible g
<
No reprogramming / No Reuse Reprogramming / Reuse possible by recompiling ;
(synthesized design cannot be reused for other code) (with matching reduction possible) 8
Timing problems in controller No timing problems in templatized controller 3
(long delays in FSM controller) (memory-based, pipelined controller) 8
=}
Local optimization for blocks/kernels Global optimization for the whole application g
No design for manufacturability (DFM) Full DFM jol
(layout generated after synthesis) (by pre lay out or use of templates) o

P : P : : b4
Estimation based algorithms Compiling algorithm based on measured metrics 3's
(no final architecture information available) (compiler knows the final architecture netlist) g =2
" " o
No refinement closure Good refinement closure T %23
(no layout info., no improvement) (through preliminary layout) L
2+

S
No designer control over final architecture Designer control over final architecture T’ <:ll;h
o
Architecture features not considered Architecture features possible § S’
(cache, interrupt, 1/0, branch prediction,...) © ;

No assembly programming Auvailable assembly programming

o
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/ Interface Synthesis Issues \

e Synchronization
¢ UBC has unique flag for each pair of communicating processes
* Flag access is implemented as polling, CPU interrupt or interrupt controller

e Arbitration
¢ Selected from library or synthesized to RTL based on policy

* Bridge
¢ Selected from library or synthesized using universal bridge generator

¢ Addressing
* All communicating processes are assigned unique bus addresses

¢ SW communication synthesis
« UBC functions are replaced by RTOS functions and assembly instructions

e HW communication synthesis
* DMA controller in RTL is created for each custom HW component

* Send/Recv operations are replaced by DMA transfer states
K ( C /
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/ Final Pin-Accurate Model \

)
o Program
Ol ——
IC
EXE
R0 | “—
HAL es
N Bridge
Arbiter ?
' ¢
o
e L
PAM is downloaded automatically A
for fast prototyping with FPGAs 1P
K = /
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/ Outline \

v Requirements
v Modeling
» Verification and synthesis
v Existing verification methods
v TLM verification using transformations
v'Issues in ES synthesis
» Synthesis of MP3 player design
* Results
 Summary, conclusions and outlook
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/ MP3 Player Synthesis \

TLM Input for MP3 application and platform

e Synchronization and Arbitration synthesis

 SW synthesis including RTOS selection and address
generation

* HW and Bridge synthesis

* Export to FPGA design tools

& FPGA download and test J
C
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/ Example: MP3 Decoder \

e Functional block diagram (major blocks only)

2 granules
AliasRed [—* IMDCT [—>|FilterCore
/ Left channel
—>| HuffDec PCM [—>
mp3 \ pcm
AliasRed [—* IMDCT [—*{FilterCore
Right channel

e Timing constraints
« 38 frames per second
e Frame delay < 26.12ms

N c
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MP3 Player TLM N\

~

HW1 HW3

[ Left ] [ Left ]
Filter IMDCT]

ilte MD
2

LMB Bus

Microblaze

Mem1l

HW. HWA4

e MP3encoder mapped to SW (MicroBlaze), filters and IMDCT to HW
e Meml (on OPB bus) for data, Mem2 (on LMB bus) for program

K- Custom HWs on DoubleHdshk (DH) bus, with bridge to OPB /
c
S

ASPDAC’07 Tutorial Copyright ©2007 CECS

50



o

ASPDAC’07 Tutorial

Datause
bes | Ces | Bases s
= os:

0

Synchronization Selection

Bus3
Lve

[eru [

W

~

bz | e

=
Bus1

Master Slave Type Pin Freq

CPU [Bridge  [Intipt ICT X

] o)
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Interrupt signals and connections are selected

Copyright ©2007 CECS

S

c

-

o

Model with Synchronization
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( Arbiter is selected and request / grant pins are connected

Arbiter Selection

E3E g e
Fle Ed Vew Poec Smuaion Syhesis
Project

Platorms | Sources

& Plaorm
Oprsc

& Plaiomz
Op2se

Op2.25

CcPU "
MicroBlaze

Arbitration

gust _|[Busl| Bus2 | Bus3
ors |

HW3
(MpcTy)

Databaze
| pes [ ces [ susses] sw

&

Arbiter |[FCFS ~

XiKernel Master Request Grant
& Compiers

o Name ID / Port ID/Port HWa.
mbgec
(MDCT2)

HW1 Reql | Gntl
HW2 Req2 | Gnt2
HW3 Req3 Gnt3
Hw4 Reg4 Gnt4

[ Click to confirm arbiter connections

55 torm - Impadocoder funky.me3 furky pem

Ready
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Model with Arbitration

Hi
pes

EEarars

(Fiter) (IMDCT1)
Artater
Busz FCFS
DoubleHgsnk
Memt B 4
SRAMS
(Filer2) (IMDCT2)

Craneeis

The selected arbiter is instantiated and signals are added to
create arbiter connections
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SW synthesis

SO0rE yiap
Bus1 | Bus2 | Bus3
start end ;
etting Mem1 [0x0000 0xff20
cOlL
CPU_RTOS  [0x0000 | [0x0a40
Compiler ‘mb-gcc v
CPU_Data [0x0a60 0x8000
8
RTOS [xilkernel v o [
Bridge [0xf40 0xF60 -
Debug (xilDebug
10 Reg0 [0Xff40
FileSystem [xilFS
10 Reg1 [0xff49
Add Library
k FIFO [OXff510 | [Oxff60 |
L [Click to confirm SW settings| | |
; |
= Click to confirm address map }

Compiler, RTOS and libraries are selected for SW
Default addresses for all addressable memory/bus is generated by
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Model after SW

S ESE - pissaderae
Flo Edi View Poject Smuaton Synhesis
Project
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Help
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Creaing terrupt connecton rom Bridge 0 CPU

Ready

kcompilation on MicroBlaze

 SW application and drivers are targeted for RTOS and ready for
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HW synthesis

= ESE—lipitscodra

Flo Edt Viw Poject Smuaion Syihess

HwL HW3
(Fiter1) (MpCT)
HW1 [HW2 | HW3 | HW4765M -

Project
Pratorms. | Sowces cpu | wn | 1wz [ wem

Replacewith [IPL v

Synthesize with NISC Compiler v

HW: HWa
(Fitter2) (MDCT2) e 3 c_semaphore

OK

Click to create HW RTL

Ready

RTL code for HW components is generated using NISC compiler

ASPDAC’07 Tutorial
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NISC compilation

— Pixel sum;
oo [fFirst Temp=Input*COS2
- NISC (nput C for (i=0; i<8; it+)
T code {
& sum = Inputfij[o]" COS2[0]f]
< >
Select Architecture | Pipelined Datapath v

T [Click to generate RTL verilog

g FCFS a ing requestfant
0

cing,
om Bidge lo CP

\

e NISC compiler generates synthesizable RTL verilog from

application code for selected architecture
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Model after HW synthesis

Bust
arB

Busses| SW

HW HW2
(Fitert) (IMDCT1)
Bus2

DoubleHdshk

w2 e
(Fiter2) (MOCT2)

e Model is updated with RTL code for HW units

ASPDAC’07 Tutorial

Copyright ©2007 CECS

se

Prject Smuavan  Synihesis

Replace with

Synthesize with

Bridge synthesis

o

BridgeGen 3

Click to generate HW RTL for Bridge \

\_

* RTL code for Bridge is generated using BridgeGenerator
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K synthesis

ASPDAC’07 Tutorial

Model after Bridge synthesis

Fie Edt View Proect Simuation Synihesis Help
Project PES
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Ouput

Instantating FCFS arbiter and connecting reques / grant
Creating interrupt connection from Brdge to CPU

Ready

Design is ready for prototyping after SW, HW and Interface
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Platform and SW specification files are created for FPGA design tools
C code for Microblaze and Verilog for HWs and Bridge is exported

Export to FPGA Design Tools

& :’f‘i“e" Export Target Xilinx Platform Studio cea ‘—“:WJWN
ompiers =
e Xilinx Platform Studio o
L Altera Quartus Il e
ARM RealView -
Cosimulation
CPUISS [MB-Sm v
e N
Click to export platform design
Ready
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/ Outline \

o

v Requirements
v Modeling
» Verification and synthesis
v Existing verification methods
v TLM verification using transformations
v'Issues in ES synthesis
v’ Synthesis of MP3 player design
* Results
 Summary, conclusions and outlook
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ESE Synthesis \
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Design Quality

100 035
% ) 4 03
c 80+ '
2 70 A 1025
S &\ @
= 60 102 2
o 01t /‘/ \ to1s g
S 30 v ol
£ 20
01 / + 0.05
0 } } } } 0

SW+0 SW+1 SW+2 SW+4 NISC+0

Design Points

—s— %Slices
—e— %BRAMs
Exec. time

° Area

* % of FPGA slices and BRAMS
¢ Performance

* Time to decode 1 frame of MP3 data
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/ Manual Development Time \
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models

o

* Model Development time
e Includes time for C, TLM and RTL Verilog coding and debugging
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/ Validation Time \
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Spec. TLM RTL Board
models

e Simulation time measured on 3.3 GHz processor
e« Emulation time measured on board with Timer

N c
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/ Summary and Conclusions \

 Technology advantages
* No need to code and debug large RTL HDL models

» Bridge and interface synthesis allows flexibility to
include heterogeneous IP in the design

¢ No need for SW developers to understand HW details
e Easy application upgrade at TL

e C and graphical input of TL model allows even non-
experts to develop and test HW/SW systems

» Simplified system development
> Huge productivity gains
» Short time to market

N c
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Outline

v Requirements

v Modeling

v Verification and synthesis
 Summary, conclusions and outlook

* Models
* Platforms
* Tools

» Benefits

e Conclusion

( C
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How many models?

Minimal set for any methodology

(3 are enough)

System specification model (application designers)
Transaction-level model (system designers)

Pin&Cycle accurate model (implementation designers)

ASPDAC’07 Tutorial
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ee Models (with Respect to OSI) \

Pin / Cycle Accurate Model

Transaction Level Model
Specification Model
7. Application '. 7. Application
] 6. Presentation 6. Presentation
5. Session 5. Session
4. Transport 4. Transport
3. Network 3.  Network
2b. Link + Stream 2b. Link + Stream
2a. Media Access Ctrl ‘ TLM . 2a. Media Access Ctrl
— 2a. Protocol 2a. Protocol
1. Physical 1. Physical

Address lines

Data lines

Control lines

AN

KSource: G Schirner
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/ System Specification

cPU Mem Computation

vl . .
E Communication

Channels (in C)
Variables (in C)

~

Behaviors (in C)

Arbiter
\ 4
Bridge

@
B3
-

HW

IP

KSystem Definition = (Partial) Platform + (Partial) Specc/
s
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/ Transaction-Level Model (TLM) \

CPU

Drivers

K HW

IP
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/ Pin/Cycle Accurate Model (P/CAM)

)
o Program
O —
HAL
Arbiter ?

~

.\w’\_‘.
P/CAM is downloaded
automatically for fast prototyping

with FPGAs or ASIC design
K Source: D. Gajski et al.
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How many components?

Minimal set for any design

(4 are enough)

e Processing element (PE)
¢ Memory
e Transducer / Bridge

e Arbiter
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/ General System Model \
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Interrupt3.2
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Memory 1

—p| Memory 3

Busl Bus2 Bus3
K (C/
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/ Transducer Model \
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NISC technology architectures

. Direct compilation of C to HW (fastest possible execution)
. Statically and dynamically reconfigurable (anytime, anywhere)
. Designed for manufacturability (solving timing closure)

B3

Programmable Datapath Multi-cycle Pipelined Controller
controller units units pipelining
ASPDAC’07 Tutorial
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Datapath Data
pipelining forwarding
@

/ DCT with NISC technology \

AT

‘—0— Execution Time —m— Power —a— Energy —<— Area ‘

1.2 \
1/
0.8]1

0.6

MQ/\. ]

\

0.4

0.2H

0

e

1 T T T T
VMIPS \}GMIPS CDCT1 CDCT2 CMTGX CDCT4 CDCT5 CDCT6 CDCTVManuaI\)

Performance Power saving Energy saving Area reduction
NMIPS vs. MIPS 1.25X NA NA NA
CDCT3 vs. NMIPS 5.3X 2.1X 11.6X 2.5X
CDCT7 vs. NMIPS 10X 1.3X 12.8X 3X
w7 vs. Manual 0.83X 1.3X 0 2.1X -~ j
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How many tools?

Minimal set for any methodology

(2 are enough)

e Front-End (for application developers)
— Input: C, C++, Mathlab, UML, ...
— Output: TLM

e Back-End (for SW/HW system designers)
— Input: TLM
— Output:  Pin/Cycle accurate Verilog/VHDL

c
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Decision Validation

User User
Interface Interface
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/ Development Time with ESE

70
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Spec. TLM RTL Board
models

» ESE drastically cuts RTL and Board development time
*  Models can be developed at Spec and TL
K e Synthesizable RTL models are generated automatically by ESE

~

c

Source: S. Abdi
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/ Validation Time with ESE \
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Spec. TLM Board
models
* ESE cuts validation time from hours to seconds
* No need to verify RTL models
»  Designers can perform high speed validation at TLM and board

K Source: S. Abdi
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Benefit: Spec-to-Prototype in 1 Week \
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Summary \

e Underlying concepts
— Well defined models, rules, transformations, refinements
— Analogous to layout, logic, RTL
— System level complexity simplified

» Proof of concept demonstrated

— Embedded System Environment (ESE)

— Automatic model generation

— Model synthesis and verification

— Universal IP technology (NISC)

— Productivity gains greater then 1000
e Benefits

— Large productivity gains

— Easy design management

— Easy derivatives

— Shorter TTM

c
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Conclusions N\

* Extreme makeover is necessary for a new paradigm,
where
— SW =HW = SOC = Embedded Systems
— Simulation based flow is not acceptable
— Design methodology is based on scientific principles

* Model algebra is enabling technology for

— System design, modeling and simulation
— System synthesis, verification, and test

* What is next?
— Change of mind

— Application oriented EDA
— Looking for early adapters

c
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Outline \

v Requirements
v Modeling
v Verification and synthesis

v Summary, conclusions and outlook
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Thank You

Daniel D. Gajski
Andreas Gerstlauer
Samar Abdi

Center for Embedded Computer Systems
University of California, Irvine
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