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ES Application Classes
© Class Application  Processor  Requirements

Data flow laser printers, X- R4600,1960,  Processes data and
terminals, routers, 29k, Coldfire, a6 it on. High
: : PPC (403, 605) :
bridges, image memory bw, high
processing throughput.
Interactive set-top boxes, video R3900, Interactive, low
video & games, PDAs, portable R4100/ 4300/ 4 cost, low power,
. . 600, ARM .
portable info appliances high throughput.

6xx/ 7xx, V851,
SH1/2/3
Classic controllers, disk Piranha, ARM, mix of CPU power,
embedded controllers, MIPS, Cores 14w cost, low
automotive, industrial power, peripherals

control

Time-constrained computing systems.
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System Design Problem Areas

2. HDL Modeling

1. Design environment, co-simulation Architectural synthesis
constraint analysis. Logic synthesis
Physical synthesis
\\\Igterface Analogl0 ||
™

3. Software synthesis,
Optimization,
Retargetable code gen.,
Debugging &
Programming environ.

7

N

™\

Processor

4. Test Issues

DMA
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System Architecture: Yesterday
PCB design

Cache Add-in board
Processor
Cache/DRAM N
Controller DRAM
|
Graphics VRAM I
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A System Architecture: Today
HW/SW Codesign of a SoC

PCI Interface o
—
DSP g
Processor || —
Processor
0o - Glue| | ©
Vldeo
SCSI

LAN Interface

EISA Interface
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HW-centric view of a Platform

Pre-Qualified/Verified HW-SW Kernel + Reference Design
Foundation-IP*

-

Hardware IP

Scaleable
—— bus, test, power, 10,
clock, timing architectures

Processor(s), RTOS(es)
and SW architecture

Recopfigurable Hardware Region
(FPGA, LPGA, ...)

ogrammable

IP can be:

* HW or SW Foundry-Specific =~ SW architecture
* hard, soft or ‘firm’ (HW) HW Qualification ~ characterisation
* source or object (SW)
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SW-Centric View of Platforms

Platform API

Application Software

Software Platform

| Input devices

Device Drivers

Network
Communication

Jajidwon



HW/SW Codesign: Motivations

m Benefit from both HW and SW
HW:

m Parallelism -> better performance, lower power
m Higher implementation cost

SW

m Sequential implementation -> great for some
problems

» Lower implementation cost, but often slower and
higher power
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- =1 simulation =

mDecision based on hardware/ software partitioning,
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Hardware/software codesign
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System Partitioning

process (a, b, c) Line ()
in port a, b; {
out port c; a=... n
el acoalt
read(a); detach
} —
write(c);
}

Good partitioning mechanism:

1) Minimize communication across bus

2) Allows parallelism -> both HW & CPU
operating concurrently

3) Near peak processor utilization at all times
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Determining Communication Level

Send, Receive, Wait

Application Sy
Application
Program hardware
Operating (custom)
System

Register reads/writes
/O driver [* - > I/O driver
Interrupt service
/O bus . Bus transactions | /O bus
Interrupts

Easier to program at application level
m (send, receive, wait) but difficult to predict

More difficult to specify at low level

m Difficult to extract from program but timing and
resources easier to predict
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Partitioning Costs

m Software Resources
Performance and power consumption
Lines of code — development and testing cost
Cost of components

m Hardware Resources
Fixed number of gates, limited memory & I/O

Difficult to estimate timing for custom
hardware

Recent design shift towards IP
m Well-defined resource and timing characteristics
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Functional

Software
Cost oo

Analysis

Process ey

Calibration =——

— Software
| development effort
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, Equivalent SLOC R Software |
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including r .
cluding reuse maintenance effort

- Software schedule

Software
Development and
Testing Cost




Hardware
Cost
Analysis
Process

Gate Count S/G Ratio

Rent's Rule [—» O Count

Single-Chip-
Package Cost
Feature Size
Interconnect ¢
Ceno . [~ Core Avea]

1/0 Format

Die Area

Wafer Fabrication
and Sawing Cost

Wafer
Characteristics

Chip Hardware
Cost

Tooling Cost
Test Development Cost

Productivity, reuse

Design Cost
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Hardware/Software Partitioning

Simple architectural model: CPU + 1 or more ASICs on a bus

Processor

m Properties of classic partitioning algorithms
Single rate; Single-thread: CPU waits for ASIC
Type of CPU is known; ASIC is synthesized
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HW/SW Partitioning Styles

BHW first approach

start with all-ASIC solution which satisfies
constraints

migrate functions to software to reduce cost

WS\ first approach

start with all-software solution which does not
satisfy constraints

migrate functions to hardware to meet
constraints
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Partitioning - ILP

Ingredients:
m Cost function
m Constraints

variables from a set X

} Involving linear expressions of integer

Cost function C= ) ax witha eR,x; e N (1)

X,'EX

Constraints:Vj e J: » b, ; x; > ¢; withb

I,f?
XI'EX

c,e R (2)

Def.. The problem of minimizing (1) subject to the constraints (2) is called
an integer programming (IP) problem.

If all x; are constrained to be either 0 or 1, the IP problem said to be a 0/1
integer programming problem.
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FAQ on integer programming

» Maximizing the cost done by setting C*=-C
= Integer programming is NP-complete.
Running times increase exponentially with problem size

Commercial solvers can solve for thousands of variables

« [P models are a good starting point for modelling
even if in the end heuristics have to be used to

solve them.
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IP model for HW/SW partitioning

-Notation:
«Index set | denotes task graph nodes.

«Index set L denotes task graph node types
e.g. square root, DCT or FFT

«Index set KH denotes hardware component types.
e.g. hardware components for the DCT or the FFT.

«Index set J of hardware component instances

«Index set KP denotes processors.
All processors are assumed to be of the same type

=T is a mapping from task graph nodes to their types
T: | —L

=Therefore:

X . =1 if node v;is mapped to HW component type k € KH
Y, =1if node v; is mapped to processor k € KP
NY , =1 if at least one node of type ¢ is mapped to processor k € KP
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Constraints

«Operation assignment constraints

Viel: Y X, + Y, =1

keKH keKP

All task graph nodes have to be mapped either in software or in hardware.
Variables are assumed to be integers.
Additional constraints to guarantee they are either O or 1:

Viel:VkeKH:X,, <1
Viel:VkeKP:Y,, <1



Operation assignment constraints

vW e el,Vil(v)=c,V ke KP:NY , =Y,

mFor all types ¢ of operations and for all nodes i of
this type:

iIf 1 is mapped to some processor k, then that processor
must implement the functionality of ¢.

mDecision variables must also be 0/1 variables:
vwW it el, vV k e KP: NY&,(S 1.
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Resource & design constraints

* V¥V k € KH, the cost for components of that type should not exceed its
maximum.

* V k € KP, the cost for associated data storage area should not exceed
its maximum.

* ¥ k € KP the cost for storing instructions should not exceed its
maximum.

 The total cost (£, . xy) of HW components should not exceed its
maximum

 The total cost of data memories (Z, _ xp) should not exceed its maximum

 The total cost instruction memories (X, _ xp) should not exceed its
maximum
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Scheduling / precedence constraints

mFor all nodes v;, and v;, that are potentially mapped to
the same processor or hardware component instance,
introduce a binary decision variable b, ;, with
b, =1 if v;; is executed before v;, and

= 0 otherwise.

Define constraints of the type
(end-time of v;;) < (start time of v,,) if b;; ,=1 and
(end-time of v,,) < (start time of v;;) if b;; ;,=0

mEnsure that the schedule for executing operations is

consistent with the precedence constraints in the task
graph.

m Timing constraints need to be met
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Example

m HW types H1, H2 and H3
with costs of 20, 25, and 30.

m Processors of type P.
m [asks T1to T5.
| @ - m Execution times:

@ @ | T H1 H2 H3 P

1 20 100
2 20 100
3 12 10
4 12 10
S 20 100




Operation assignment constraint

T H1 H2 H3 P

1 20 100 Viel: Y X, + Y)Y, =1
Z 20 100 kekH — KkekP

3 12 10

4 12 10

5 20 100

X1 1+Y;4=1 (task 1 mapped to H1 or to P)
XotY5 4=
X33tY34=1
X43tY 4=
Xs11Y5,=1
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Operation assignment constraint

mAssume types of tasks are ¢ =1, 2, 3, 3, and 1.

vWeel ViiI(v)=c,V ke KP:NY, 2Y;,

/ ™

Functionality 3 to be
NYi1 > 11 Implemented on
NY, | >Y,, | Processorif node 4 is
mapped to it.

NY; 1 > Y3 7/ S
NY; 1 > Yy

NY|1 > Y5,




" B
Other equations

m [ime constraint: Application specific hardware
required for time constraints under 100 time
units.

T H1 H2 H3 P

1 20 100

2 20 100

3 12 10

4 12 10

5 20 100

Cost function:
C=20 #(H1) + 25 #(H2) + 30 # (H3) + cost(processor) + cost(memory)



Result
mFor a time constraint of 100 time units and cost(P)<cost(H3):
H1 H2 H3 P
20 100

20 100
12 10
12 10

H1
A
20 100 | | @ i
Solution: @
T1 — H1 "

OO~ WODN -~ -

T2 > H2 N )
T3> P \\ P
T4 > P P1

15 - H1
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Separation of scheduling and partitioning
mCombined scheduling/partitioning very complex;
& Heuristic: Compute estimated schedule
mPerform partitioning for estimated schedule

mPerform final scheduling

mlf final schedule does not meet time constraint,
go to 1 using a reduced overall timing constraint.

t t
Actual execution time —1—

o —+ Actual execution time
approx. execution time 1=

-~ approx. execution time

1st Ilteration 2" Iteration




Codesign Verification

m Run SW on the native verllog Simulator
Application-specific
prOCeSSC)r hardware

m Simulate HW (Verilog)
Process 1 | Process 1
Software

process 1 \
Bus interface

Unix sockets

2?;?;:;62 Verilog PLI




Validation flow
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"Foresight Co-Design

SCP Cost Test Cost

User- State Mini- Library |
! System Functional || defined Machines specs Elements
Requirements » Behavior Block || Reusables
| Capture Diagram Integrated Toolset
Data Flow Architecture | Resource
Monitors Block Diagram | Specification
i ; e
System
| Characteristics
' Derived from v v
. Foresight Gate Count Lines of Code ;
' Cost Analysis HW SW |
(GhOSt) I/0 Count Number Up Dev. Cost Dev. Schedule
Die Size Fab. Cost Maintenance Cost

___________________________________________________________________________________________________________________________________

___________________________________________________________________________________________________________________________________

\ 4

Metrics Cost

System Performance System CO'DGS'Q N PI’OCGSS
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Industry Initiatives

m Seamless Co-Verification Environment-CVE
m Proridium (Foresight)
Customers: Boeing, Microsoft, Raytheon, Oracle etc.
m SystemC (language)
m CoWare
Cosimulation and IP integration
m New FPGA synthesis tools incorporate CPUs

m Platform-based design

Platform: predesigned architecture that designers can use
to build systems for a given range of applications



Summary

m HW/SW codesign is complicated and limited
by performance estimates

m Algorithms are in research and development,
much of the work is still done by expert designers
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Sources and References

m Peter Marwedel, "Embedded Systems
Design,” 2004.

m Giovanni De Micheli @ EPFL

m Vincent Mooney @ Gatech
m Nikil Dutt @ UCI
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CMOQOS VLSI Trends

Today Tomorrow

Yesterday
(1980s)

ProcCcssors

Processe
Processors platform SoC
'

reconfigurable
(no processor)

struc. ASIC

gate arrays

ASICs

(no processor)

a1 (OF
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Increasing Customization Cost

m Top cost drivers
Estimated Cost - gl Verification (40%)

$85 M -390 M . :
Architecture Design (26%)
Example: Design with Embedded DeSign
80 M transistors in = 1400 man months (SW)
100 nm technology = 1150 man months (HW)
HW/SW integration
I( 12 — 18 months )I
&
& & o & S &
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Responses to Increasing Cost

m General purpose ISA
Universality = high volumes and reuse
Abstraction > compilation technologies and high
application/development productivity

m Custom silicon for embedded platforms in

sufficiently high volumes

Domain specific ISAs, e.g., DSPs
Application Specific Standard Products
Reconfigurable hardware

m HW/SW Codesign
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HW/SW Codesign Issues

m Task level concurrency management

Which tasks in the final system?
m High level transformations

Transformation outside the scope of traditional compilers
m Hardware/software partitioning

Which operation mapped to hardware, which to software?
m Compilation

Hardware-aware compilation
m Scheduling

Performed several times, with varying precision
m Design space exploration

Set of possible designs, not just one.
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Partitioning Analysis

C or C++ specification

m Result of J
Compllatlon |S Cﬂnmpiler iﬂseﬂiprnfilirg rnarks)
synthesizable HDL &&=
and assembly code
for the processor CLDGE{I Gandideie F’reselectinn)

m Compiler & profiler étimate hamreimmemema@
determine and calculate speedup
dependence and ( Rerform partitioring )
rough performance ( Somper generates Code )
estimates v T

Eehavioural WHDOL Assembly code
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HW & SW Foundries

m HW1 m SW1

LS| Logic ASIC Wafer
Foundry Data

m 0.18 um feature size

Nominal to High
development effort

= 8 inch wafers m S\W2
m O layers :
TSMC 018 Wafer Low to Nominal
Processing development effort
m HW2

Samsung Semiconductor
ASIC Wafer Foundry Data

m 0.35 um feature size
m 6 inch wafers
m 4 layers

TSMC 035 Wafer
Processing
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MIXED Implementation

Using HW1 and SW1

Software development Testin
100% PN /
! [
= 80% - -
()
© Packaging
-ug 60% - Fabrication ] Reuse Of
Toolin
- Dosind » Gate-level IP
S 40% - ’ |
£ °  Code
5
o 20% - —
O% I I T I T T I T
2z £ 5 2 g8 58 2 & § £
d N. ﬁ'h O‘ (\I- ﬂ" O“ C\I‘ ﬂ: !5
S g g 8 8 8 ¢ 8 8 §
- o o o o o =4 o o o
T ©S 2 = 8 8

Production Quantity and Level of Reuse



Total Cost ($/chip)

45
40 OO 0 S
35 —a—= -
30 A
25 [
20 .
15 f - S\
w7

5 / <& HW1/SWA1 B HW1/SW2

A HW2/SWA1 O HW2/SW2

Total Cost Per Chip

oL

|

0

10 20 30 40 50 60 70 80 90 100

Percent Custom Hardware

10,000 Units
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Co-simulation for HW & SW

m [ransistor-level accurate
post layout SPICE model

m Gate-level accurate
precise HDL gate delay model
m Cycle accurate
correct transitions at clock edges
timing information between edges is thrown away

m Bus accurate
cycle accurate bus model
behavioral model of processor, hardware

m Instruction set accurate
instruction set simulator used for processors
used for early design space exploration



" A
Co-Design Methodology

Architecture Function

SyntheSiS Mapping



