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Overview

= Polymorphous Embedded Systems

= A Model-Integrated Approach:

Metadata Authoring Toolkit

= Capturing Machine Model Metadata
= Application Representation

Design Space Exploration Tool
= PCA Mapping as a Design Space
= Semantic Translation onto Desert
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Embedded Systems

= Proliferation: Cell Phones, Drive-by-wire
technologies, Avionics, toaster ovens, etc
= Moore’s law: more transistors on a chip
How to best utilize the computing power?
= Application requirements and feature sets
complicate designs
= Increasingly difficult to implement correct
and efficient systems
Platform utilization efficiency
Application development efficiency
= Verification through testing and simulation
Increasingly difficult

= More sophisticated approaches to system
design must be adopted
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Polymorphous Computing
Architectures

= Computing is inherently heterogeneous
Performance varies across classes of
architectures
Different algorithms “prefer” certain Quad || 2| Quad || 2| Quad | 2| Quad | &
architectures Quad | 8| ouad | 8| quad | 8] quad | 8
= The Curse of Moore’s Law Quad | 2| quad | 2] quad | 2| quad | 2
Superscalar/dynamic approaches bring o | e | ey 1 P
diminishing returns as issue width
In_CreaseS . . A-switch || B-switch Off—chip_tmﬁmory
Highly-scalable approaches increasingly swite
difficult to program | quad | 2] quad | 2] quad [ 2] quad [ 2
- Eolymorphoy’s Computing: create a ouad | 8l ovea | 8 ovad | €[ ouaa | &
morphable” architecture ~ — — -
. . . d| < d| < df<c dil <
Single chip that can be configured play the |22 5| jg]ouad gl ed g
role of each class of traditional Quad | ¥} Quad | ¥ Quad | Zf Quad | £
archlte_ctures _ _ _ 0505|0505 05 05 05|05
Reconfigurable at design time or runtime MB MB MB MB MB MB MB MB

Tailor the architecture to fit the shape of
the application
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Polymorphous Application @
Development

= Applications s specified in high-level programming languages
Streamlt & Brook
Posix-like C thread API
= Streaming and Threaded Virtual Machines
Provide runtime system support for programming model abstractions
= Compiler-based infrastructure to map applications to architectures
High-Level Compiler for global mapping and optimization
Low-Level Compiler for binary translation

Streamlt | ‘ C/C++ | | Brook ‘ | Others... ‘

[Stable APIs (SAPI)

e S R e

Target

High Level Compilers e ""'“"“'J

Abstraction Layer Stream VM | Thread VM
(SAAL) API API

[Stable Architecture Virtual Machine API

|
D avel Compile J

Binaries
L TRIPS || MONARCH || SmartMemories | RAW | | Others...
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A Model-Integrated Approach

= Metadata Authoring Toolkit -’

(MAT) — T Semantic
Model application and > Trandlation
architecture metadata
Faciliate tool tool integration

= Design Space Exploration Code Machine

Toolkit (DSETool) Generation Model
Model application Generation
composition, architecture Y CE
configuration, and hw/sw ﬂ Swoamit | | cicer | [ Brook | [ omersw.
mapping as a Design Space TN — N\
Search the space for near- jg
optimal configurations siaoe s (TR | }

B AP AP ]

0 pye 0 prfe
Binaries 1
TRIPS || MONARCH || SmartMemories =~ | RAW | | Others...
6
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CAMachineModel: a
GME-based modeling
paradigm for Machine
Model metadata

Visual specification of
metadata

Icons for Processors,
Memories, Networks

Lines to represent
resource connectivity

Morphs & Morph
interactions specified

Numerical metadata
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2.1, Root Object

Dhject D scripdion

Simgle root object that represents the entire machine
e

2.2, Primary Objecis

Chject Deescription
| |
Ingredisnt A arclateciure-specific hardware imgrediem
...... P A poleniin] processor resource

A potential memory bank resource

n Meat A |_u_||.._-|-_1|;|| network link resource

fat Dhefinees a set of bardware ingredients that can be

comligired to produce a set of resomees

PCA Machine Model Specification
- PCAMachineModel Metamodel

mm_Root

<+ WordSize:  Integer [*®

. BigEndian : Boolean
mm_Ingredient o AddressSize : Integer o mm_Morph
) ¢ ¢ ¢ )
0.*
mm_Proc .

NumRegisters : Integer 0 -
M anu al m ap p' n g Of InstructionSize : Integer mm_Net mm_Mem

Frequency: Integer L - Real Size : Integer
S pec to Metamodel NumSIMDClusters : Integer Bgtr?gv(\:}i/dth : Rggl
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PCAMachineModel Metamodel =
PCAMachineModel Schema

mm_Root

¢

WordSize:  Integer [*

: BigEndian : Boolean
mm_Ingredient G AddressSize : Integer o mm_Morph
R UDM-based Automatic
o.r Translation
mm_Proc .

NumRegisters : Integer 0~ -

InstructionSize :  Integer mm_Net mm_Mem

Frequency: Integer L . Real Size : Integer

NumSIMDClusters : Integer thr?gv(\:/)i/dm : Rggl

<xsd:complexType name="mm_RootType">
<xsd:sequence>
<xsd:element name="mm_Ingredient” type="mm_IngredientType" minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="mm_Mem" type="mm_MemType" minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="mm_M  orph" type="mm_MorphType" minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="mm_Net" type="mm_NetType" minOccurs="0" maxOccurs="unbounded"/>
<xsd:element name="mm_Proc" type="mm_ProcType" minOccurs="0" maxOccurs="unbounded"/>
</xsd:sequence>
<xsd:attribute name="BigEndian" type="xsd:boolean" use="required"/>
<xsd:attribute name="Wor dSize" type="xsd:long" use="required"/>
<xsd:attribute name="Addr essSize" type="xsd:long" use="required"/>
</xsd:complexType>




Tool Integration: Machine Models
for High Level Compiler

i e v WA
# T =
: . S 3 HLC-compliant XML
; 3 - i i
Lol <Root >
= & _,r-' i <Name>TRIPS</Name>
14 | <AddressSize>64</AddressSize>
; <WordSize>64</WordSize>
wir ; <BigEndian>true</BigEndian>
= <Proc>
= <Name>GridProcessor</Name>
=) : <SupportsUserCode>true</SupportsUserCode>
= <ContextSwitch>1000</ContextSwitch>
= . M 8 <Multiplexing>2</Multiplexing>
<Freg>1</Freq>
U DM Translatlon X SLT <NumSIM DClusters>16</NumSIMDClusters>
</Proc>
<Net>
<Name>Grid-L1Instr</Name>
<mm_Root name="TRIPS" WordSize="64" BigEndian="true" AddressSize="64" > <L atency>6.000000</L atency>
<mm_MemCACHE Size="32768" name="L1DataCache" CacheContent="DATA" <Bw>32.000000</Bw>
CacheCoherent="true" Cachel inesize="32" CacheWriteback="true" CacheAssociativity="2" /> </Net>
<mm_MemRAM Size="268435456" name="GMEM" RAM Coherence="COHERENT" /> </Root>
<mm_MemRAM Size="262144" name="SRF"' RAM Coherence="UNCACHEABLE" />
<mm_Net Bw="32.000000" name="Grid-L1Instr" Latency="6.000000" />

<mm_Proc_UserCode Freg="1" name="GridProcessor" NumRegs="128" ContextSwitch="1000"
NumSIMDClusters="16" BranchMispredict="10" >

</mm_Proc_UserCode>
</mm_Root>

PCAMachineModel.xsd-
compliant XML
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A Software Model

= Application composed of a set of concurrent, interdependent
tasks

= Tasks consume data, produce data

= Application modeled as a directed graph
Vertices represent software tasks (or “components”)
Edges represent data dependence

= Execution behavior of a task captured as attributes
Worst-case execution time, latency, throughput, etc

S
S
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Hierarchical Composition of PCA
Software

= Polymorphous Software

CompOSition PCAComponent
Components model Tasks o | L Port
L. %-*| PortNumber : Integer | % —
Port Associations model data ast 0. PortAssociation
dependencies PacketSize : Integer
Distin gu iIsh between ThreadComponent | | AlternativeComponent | | StreamComponent
Streaming and Threaded ;
Tasks ;‘O
= Hierarchical abstraction ThreadGroup 0.r
ThreadFunctionName :  String Kernel
Complex components NumThreadsForked :  Integer
. DoNotDistributeHag : Boolean KernelName : String
COmPOSed from Slmple LatencyEstimate : Double ImplementationFile :  String
ThroughputEstimate :  Double MemoryFootprint : Integer
com pO nents SchedulePeriod : Double WorkingSetSize : Integer
WCETEstimate : Double ThroughputEstimate : Double
= M etad ata ThreadMemonyFootprint : Integer LatencyEstimate : Double
ThreadWorkingSetSize : Integer

Component execution
properties captured as model
attributes
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Requirements as Constraints

-‘L

= “The system shall exhibit latency of no more than ten
milliseconds”

= QOCL syntax

constraint latencyConstraint() { system.latency() < 10 }
= Constraints model

Application requirements

Component and resource dependencies
= Classes of constraints:

Performance: Latency from Compatibility: Task C must Resource: Task B requires
A through C less than 10 ms be co-located with Task D a processor with at least one

Compatibility: Logical floating point unit
Processor PO requires Logical
Memory MO

s O O O
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Polymorphous Computing
__ Mapping Problem
= Goal: Coarse-grained mapping of PCA applications onto resources, subject to
constraints
Resolution to component implementation alternatives
Tasks mapped to & statically scheduled on processors
Communications mapped to network links, local memories
Temporal & spatial partitioning of morphable resources

Latency(B,D) constraint latency()
>= { Latency(B,D) < 5}

[ ]

—— Ny,

Local RAM

DCache
1 Network Link



DESERT

= Neema, Vanderbilt University

= DEsign Space ExploRation Tool
Map multi-modal dataflow-based application to heterogeneous architecture
Constraints formally model design requirements
Uses OBDD-s to symbolically represent and prune large design space

Symbolic Design Space Representation

Y ———— -

Application [ Binary OBDD \\‘.
Space i Encoding Representatior !
i \ / Symbolic | !
| \\ / Design Spacg | . :
N \\ OBD)D/ | = Symbolic representation
| inary \ i :
Mode Space _:\_> Encoding _>Repres;5ntati o i of des g_n Space i
R ESGEEEEEEEEE T oo st sl = Symbolic representation
o VA \'1"\';7'“, ; } of constraints
' 1 I | mbolic | . .
Constraints |—»| rasng | | OBDD =1 | b o | | = Symbolic constraint
1 | Composing Representatior] | ! satisfaction | | L.
L ) | ; application

Symbolic Constraint Representation

Re-encoding/Iterative Pruning
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Domain-independent
design space modeling
language

Hierarchical tree structure

Space contains Elements

Elements composed of
Elements

= AND decomposition: part/whole
relationship

= OR decomposition: models
choice

= LEAF decomposition: leaf node
in the tree
Constraints apply at a
particular context

DeserSystem

Modeling Design Spaces In
DESERT

DesertBase

id: Integer

SystemMame : String

name : String

externallld : Integer

I
Il |

ConstraintSet Space Relation

decomposition : Boolean | | type : String
+ +
i context =G
Constraint [ Element 0= ElementRelation
Expression : String F| decompaosition : Boolean *--
j' -:Istll].."
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DSE Semantic Translation

PCAComponent ._‘

Port src

Constraint

' PortNumber : Integer of

Expression : String

PortAssociation
dst|0.*
PacketSize : Integer

ThreadComponent AlternativeComponent StreamComponent

*
0..*

DesertBase
ThreadGroup o CeserSystemn —

ThreadFunctionName :  String K | o - id: ) Integer
NumThreadsForked:  Integer ernel SystermMame : String narme : String
DoNotDistributeFlag :  Boolean KernelName : String externallD : Integer
LatencyEstimate : Double ImplementationFile :  String

ThroughputEstimate :  Double MemoryFootprint : Integer

SchedulePeriod : Double WorkingSetSize : Integer

WCETESstimate : Double ThroughputEstimate : Double

ThreadMemoryFootprint : Integer LatencyEstimate : Double

ThreadWorkingSetSize : Integer

ConstraintSet Space Relation

decomposition : Boolean | | type : String
+

Constraint contenxt Elerment e -
0= 0.1 [T ElementRelation

expressiaon ; String 7| decaomposition : Boolean t--
j dst |07

4
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DSE Semantic Translation

PCAComponent
Port
. Src
Constraint 0o+ s
o 0- PortNumber : Integer 0. —
Expression : String |~ astlor PortAssociation
PacketSize : Integer

ThreadComponent AlternativeComponent StreamComponent

*
0..*

DesernBase
ThreadGroup o CeserSystemn —
ThreadFunctionName :  String K | o - id: ) Integer
NumThreadsForked:  Integer erne SysternMame ; String Name ; String
DoNotDistributeFlag :  Boolean KernelName : String wemnallD : Integer
LatencyEstimate : Double ImplementationFile :  String
ThroughputEstimate :  Double MemoryFootprint : Integer
SchedulePeriod : Double WorkingSetSize : Integer
WCETESstimate : Double ThroughputEstimate : Double o
ThreadMemoryFootprint : Integer LatencyEstimate : Double
ThreadWorkingSetSize : Integer |
Canstraintsat fT Space | Relation

decomposition : Ell:unlean/ type : String

+ 4/

Constraint contenxt Elerment e -
0= 0.1 [T ElementRelation

expressiaon ; String 7| decaomposition : Boolean t--
j dst |07

Z
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DSE Semantic Translation

PCAComponent ._‘

Port src

Constraint

' PortNumber : Integer of

BExpression : String

PortAssociation
dst|0..*
PacketSize : Integer

TheadComponent AlternativeComponent StreamComponent

*
0..*

DesernBase
ThreadGroup o CeserSystemn —
ThreadfrunctionName :  String - - id: Integer
Integer Kernel SystermMame : String T lname String
DoNotl}istributeFlag :  Boolean KernelName : String externallD : Integer
i Double ImplementationFile :  String
Double MemoryFootprint : Integer
Double WorkingSetSize : Integer
: Double ThroughputEstimate : Double
ThreadMeloryFootprint : Integer LatencyEstimate : Double
ThreadWorkingSetSize : Integer
ConstraintSet Space Relation

decomposition : Boolean | | type : String
+

4

i ontext =ro
Constraint o Elernent o ElementRelatian
expression : String 7| decaomposition : Boolean t--
j dst |07
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DSE Semantic Translation

PCAComponent ._‘
Port
src
Constraint 0.* |g= s
o 0-*| PortNumber : Integer |°-

Expression : String

PortAssociation
dst|0.*
PacketSize : Integer

ThregeComponent AlternativeComponent Stream onent

2 AN

t_‘ ’
0.*
DesertBase

ThreadGroup = CeserSystemn —
- - - id : Integer
ThreadFunctionName :  String el - St T DT . Sy
NumThreadsForked :  Integer [Trstesdigme - String hame. - =ling
DoNotDistributeFlag : Boolean KernelName : String externallD : Integer
LatencyEstimate : Double ImplementationFle :  String
ThroughputEstimate:  Double MemoryFootprint : Integer
SchedulePeriod : Double WorkingSetSize : Integer
Double ThroughputEstimate : Double
ThréaqMemoryFootprint : Integer LatencyEstimate : Double~ \
ingSetSize : Integer \\
ConstraintSet Qpace Relation
Alternaﬂve(:omponent OR- decnmpns\tinn :Boolean | | type : String
L. 4 4
Decomposition
0." Ly
. Constraint L Element e -
Thread & Stream Component: L i 5] __|ElementReiation
expressiaon ; String \&| decompaosition : Boolean

AND-Decomposition

ThreadGroup & Kernel: LEAF
nodes



DSE Semantic Translation

PCAComponent ._‘

Port src

Constraint

' PortNumber : Integer of

Expression : String

PortAssociation |
dst|0..*
\ PacketSize : Integer

ThreadComponent AlternativeComponent StreamComponent

*
0..*

DesernBase
ThreadGroup o DesertSystem —

ThreadFunctionName :  String Kernel Svsterni - St T Id: . InBttEger
NumThreadsForked:  Integer ystemiame . string name . ] fing
DoNotDistributeFlag :  Boolean KernelName : String externallD : Integer

LatencyEstimate : Double ImplementationFile :  String

ThroughputEstimate :  Double MemoryFootprint : Integer

SchedulePeriod : Double WorkingSetSize : Integer

WCETESstimate : Double ThroughputEstimate : Double

ThreadMemoryFootprint : Integer LatencyEstimate : Double

ThreadWorkingSetSize : Integer

ConstraintSet Space Relation
decomposition : Boolean | | type : String
4 4

Constraint contenxt Elerment e >

0.* 0.1 0.7 ( ElementHelation
- -

expressiaon ; String 7| decaomposition : Boolean ]
j dst |07
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Summary

= Polymorphous Embedded Computing
Advanced, scalable computer architectures
Use architecture reconfiguration to tailor platforms to fit
applications

= Model-Based System Specification

Intuitive, formally analyzable visual system specifcation
language
Capture applications, architectures, metadata and
constraints

= Model-Based Tool Integration

Semantic translators map models in one language onto a
different langauge

Machine model mapping to XML
Mapping of polymorphous design space onto DESERT
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