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Concepts

Self-adaptation: runtime action changing structure, functionality and/or
parametersof a system accordingto environment,useror self-sensingnfo.

[F.D. Macias-Escriva, et al. éSelfadaptive systems A surveyof current approachesresearchchallengesand applications In Expert Systems
with Applications, 2013]

-

System  self-adaptation: combination awareness and reconfiguration
CERBER Reconfigurationdecidedinside the systemitself by a self-adaptation manager,
whichhassomedegreesof freedomwhen decidingwhich modificationsto apply



Triggers for Adaptation

ENVIRONMENTAL AWARENESS: Influenceof the environmenton the system,i.e.
M daylightvs. nocturnal,radiationlevelchangesetc.
‘ Sensorsare needed to interact with the environment and capture conditions
variations

USER/EXTERNALLY-COMMANDED: SystemUserinteraction,i.e. userpreferences,
commanddrom SoSmanagerqthe boss) etc.
Properhumanmachineinterfacesare neededto enableinteraction and capture
commands

SELF-AWARENESS: The internal status of the systemvarieswhile operating and
mayleadto reconfigurationneeds,i.e. chiptemperaturevariation,low battery.
Statusmonitorsare neededto capturethe statusof the system



Types of Adaptation

FUNCTIONALITY-ORIENTED:
To adapt functionality becausethe CPSmission changes,or the data being

processecchangesand adaptationis required
It maybe parametric(a constantchangesr fully functional (algorithmchanges)
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REPAIR-ORIENTED:

For safety and reliability purposes,adaptation may be used in case of faults.
Adaptationmay add selthealingor seltrepair features e.g.: HW task migration

for permanentfaults, or scrubbing(continuousfault verification)and repair I

EXTRA-FUNCTIONAL REQUIREMENTS-ORIENTED:
Functionalityis fixed, but systemrequiresadaptationto accommodateo changing

requirements,.e. executiontime or energyconsumption




Autonomous System Adaptation

Autonomic Computing Self-adaptive systems

[Horn 2001Kephartet al. 2003; March 2004] Se'f_*
Address complexity and adaptation properties
needs of future applications [Salehiet al. 2009]
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[ Accomplish high level goals J

No external control
No human intervention

Runtime decision taking

Self-Adaptiveness

Self-Optimising Self-Healing

Self-Protecting

Self-Configuring

\
>

Optimising behaviour

J

Self-Awareness Context-Awareness




Towards more robust and autonomous systems

Levels of autonomy With reconf. Devices, e.g. FPGAS
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Sourc&  Yalténomyandspacesystem® ¥ { {/Ahanas$ N
IEEHTranson AutomationControl, 2009
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Adaptation Loop
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Adaptation Loop

Adapt

Reconfigure the heterogenous
(HW-SW) computing
infrastructure. Multiple fabrics.
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Adaptation Loop: Generalities

Who makes what?

Adaptation AThese components are somewhat
monitors present in all type of adaptable systems

Aln the CPS domain, they all are

: contained in the CYBER part.
Adaptation KPI models AThey need to coexist with the mission
fabric tasks.
AAdaptation may also require:
Adaptation Adaptation
engine manager

A Predictability (how much does it take)
A Safety (it cannot die while reconfiguring)

A Security (secured sensing, secured
bitstreamg

A Realtime constraints (adapting too late
can be critical)

10



Adaptation Loop: Monitors

Adaptation
monitors

Adaptation

Adaptation Adaptation
engine manager

Context awareness (PHY):

A Sensor fusion for multiple and,
possibly, heterogeneous senso

A Can be at CPS or CPSoS level

Seltawareness (CYB):
A Performance sensors
A Energy sensors

A Fault detectors

Heterogeneous fabrics require a
variety of CYB sensaofs
homogeneizations required.




Adaptation Loop: KPI Models

Modelsestimate factorsthat

Adaptation zlght trigger adgptatlon, |.e.h
monitors motor consuming too muc
power (PHY);

Atask going too slow (CYB);

: Abattery low (CYB).
Adapta_tlon KPI models 4 (
fabric
Lightweightenough to run on the

CYB part.

: : Features:
Adaptation Adaptation A CYB models are architecture
engine manager specific

APHY models are application
dependent.




Adaptation Loop: Manager

According tgpredefined criterig

Adaptation the manager musgévaluatethe
monitors situation and try tooptimise
misbehaving parameters, i.e. Is

there a better energy efficient

Adaptation solution?
KPI models Optimization problem, solved by
different means:

ANon-Linear programming
A Polyhedral approaches

: : A Genetic algorithms
Adaptation Adaptation ADeep learning
engine manager AX o

It must be dynamic, with sufficie
Dynamic response




Adaptation Loop: Adaptation Engine

Adaptation
monitors
Adaptation
fabric

Adaptation
engine

KPI models
Adaptation
manager

Provide means to perform fabric
adaptation.
A Fabriedependent
As2y Qi GtF 1S
what the manager states

SW.

A Dynamic task assignment;

A Symmetric Sharethemory;
Taskio coreassignment ilNoC

HW:

AVirtual Reconfiguration (VRC);

A Dynamic Partial Reconfiguratio
(DPR).




Adaptation Loop: Adaptation Fabric

The addressed components mu

Adaptation contain sufficient flexibility to
monitors allow adaptation.

HW adaptatiorgranularity:

Adaptation ATiny element#\ fine-grain
fabric KPI models A Functions? coarsegrain
A Mixed-grain approaches

HW fabrictypes

: : ADPR on Large regioAs slots,
Ad:‘r?tﬁéon A%Z%ta""t'e?” Reconfigurable Regions (RRS)
J J AVRC on large functio®s CGRA

ADPR or VRC on small areas of
large section®y HW overlays




Example: Evolvable HW

An Evolvable HW System based on
asingle processing systolic array /

MicroBlaze
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g

Memory

Memory
Controller

s

A. Otero, R. Salvador, J. Mora, E. de la TofRee3goL.Sekanina
"A fast Reconfigurable 2D HW core architecture on FPGAs for
evolvable Selddaptive Systems", AHS 2011
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Example: Evolvable HW

An Evolvable HW System based on
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"A fast Reconfigurable 2D HW core architecture on FPGAs for
evolvable Selddaptive Systems", AHS 2011
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Example: Evolvable HW

An Evolvable HW System based on
asingle processing systolic array
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System Is adaptable and generalizable

Training Result
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Example: Evolvable HW system

HH

F L

L.
£
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e
£
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Adaptation Loop: Results
A Adaptation Fabric: Systolic array overlay A Fast evolution: > 140.000 evals/sec, total: 1 sec
A Array works at 400 Mpixels/sec

A Monitor: Fitness compute unit
A Small: 2 CLBs per PE

A KPI: Sum of absolute differences (to minimise) _ . :
A Adaptation M . Genetic algorith A Generalizable (noise filtering, edge detection,
aptation Manager: Genetic algorithm image enhancement, etc.)

A Adaptation engine: DPR on FPGA frames A Scalable (grows or shrinks)
18A Selthealing
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Scalability and evolution for increased fault tolerance

Evolution with accumulated faults and scaling strategy

Fault 1 Fault 2 Fault 3 Fault 4 Scale to 4x5

Scale to 5x5 Fault 5 Fault 6

AR

Fitness

100000

)

A

-

G 8 o

i

10000 T
o 100000 200000

Generation

300000 400000 500000

Example of evolution with accumulated faults (threshold

at 2x initial fitness)

A 4x4 recovers from 2 faults in average
A 7x7recovers from 12 faults in average

Lifetime of the system extended 6 times



A Adaptive CPS: The CERBERO approach
ABig Picture. The CERBERO Adaptation Loops at CPS and CPSoS levels
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CPS Self-Adaptation in the CERBERO Project
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CERBERO CPS & SoS Self-Adaptation
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PHYSICAL
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CERBERO CPS Self-Adaptation

ACrossayer ApproachA CPS CPSofevel

A All elementsin the adaptation loop areincluded
AMonitoring
A Contextawarenes#y Multiple sensorst+ SensoiFusion

A SeltawarenessA HW and SW tasks common monitoring
infrastructure’ PAPI

AKPlextractionA PHYand CYBERintime models
A Adaptation managementA Dynamictaskmanagement
A SPIDER
A Adaptation fabrics
A HWadaptationA mixed-grain,multiple solutions

A ARTICB, MDC, Justin-Time composition, and
mixedapproaches

A SWadaptationA Taskmigrationbetweencores

CERBER 23
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Monitors and KPIs in CERBERO

ADAPTATION MONITORS: hardware/software trackers for the status of the fabr|c

CYBER PHYSICAL
CYBER PHYSICAL
CYBER PHYSICAL
. Application
Requirements Graph
o AYe D O
System Layer - Cross Layer (CPSs) Model
___________________________________ ]
1
: a System
Adaptation Adaptation 1 Adaptation E |
p— Engine Engine : Engine =>:.
” i ! Environment
meneoemes
SW-Based HW-Based Sensor : o |
Processing Processing Layer "
\ A 55 oo alepje s e RNl L e = e T = b = = ===
Adaptation Adaptation Adaptation || | |
Monitors Monitors Monitors ’ [
7 4
2 _, _, Cross Layer
CERBER / (CPSo0Ss)




Unified access to Monitors: PAPI

PAPI (Performance API) : Standard SW approach for performance
Extension to HW
Extension to energy and fault monitors

Adaptation Engine Embedded Models

¢ A Measurements
Adaptation Fabric i Linux Based OS

Reconfigurable Hardware

i
Event Trigger 2 1 Event Counter 2
[ — [0 111 i 2
L}
rrrrrr i PAPIFY
1
H 1

Adaptation '
Monitors
CERBER 25




Execution model for ARTICoS

/ Model estimationsvs. realmeasurements
o Kernel AES256 CTR
o Platform#1: HiReCookieNode (table)
o Platform#2: KC705 Board (table and figure)

1100
10a0

1000

Reference
1 block, 32kB
2 blocks, 64kB

ng

Pcore(t) = Pbase (t) + Pdma(t) + Z nexi(t) * Pexi(t)
i=1

Pmem(t) = 1)7718"1,5 + Pmem,d (t)

3 blocks, 96kB

4 blocks, 128kB
5 hlocks, 160kE
& blocks, 192K

950

800

B0 [ et g ' it .'_' -t T s ;

Power (vl

550 : ' ' ' : L '
0 1 2 3 4 5 B 7 &}

CERBER Time (ms)
26

Parameter
KC705 HiReCookie

B 6.93 5
P; 38.66 44.55
B 31.57 22.21

Prems 792 91.6

Prem.a (read) 768 133.4
Prem,a (write) 1368 101.25



Self-Adaptation Management: CERBERO style

ADAPTATION MANAGER: highlevel entity with runtime decisioamaking capabilities

\ CYBER PHYSICAL

~_ CYBER PHYSICAL
CYBER PHYSICAL
. Application
Requirements Graph
System Layer eds ross Layer (CPSs) Model
_______________________________ Soocooooooood
Computing Layer
: a System
Adaptation 1 =
: 2 |
Engine 1 >
1 I
Kpi | TS =~ | Heterogeneous | :_ e ————y Environment
1
Embedded 1| sw-Based HW-Based ; Sensor : - |
Models : Processing Processing 1 Layer 1 "
T T e T R Nl !
Adaptation Adaptation || ||
Monitors Monitors ’ [
7 4
_, 7 Cross Layer
CERBER k (CPSo0Ss)




Runtime Management Systems

AWHO:
AOpenMP

[OpenMP 4.5 Specification, Nov. 2015, www.openmp.org/wp-content/uploads/openmp-4.5.pdf]

ALLVMRuntime

[compiler-rt.llvm.org] EVALUATE
AOpenCL

[OpenCL Specification Version 2.2 , online: www.khronos.org/registry/OpenCL/specs/opencl-2.2.pdf]

AWHAT:

ADeploy applications on the fly on the available computational, o
communicationand storageresourcespy usinggreedystrategies

AWHY:

COMPARE
AFunctionaheeds
AHOW:

A Functionallnformation by meansof imperativeMoCs f»

- DECIDE




Energy vs. Execution Time vs. Fault Tolerance

Runtime configurable tradeoff between energy, computing performance and fault toleranc

A R R SN PR e S R ‘ Increased fault tolerance

ol CaseD | (SIMPle, double, triple

: Memoryi-bounc[ed execution : redundancy)
ag| . 1400 MB/S @ 100 MHz (32-bit words): " A i N
: 2,5 MB in 6.554 ms (381.45 MB/s) : : @
I Bus occupancy: 95.86% - : : :

Lo A
. 25 I
£ 1 2 _
. p=4 I : : ’ ! : : :
Max. Acceleration e r] TR S S A S U U e
- = 1 : o ; d : : :
AND energy efficiency 2 1 b
: Lol e e
when FPGA is fully busy "> i+ = : :
1 i : - - :
n ; v | = Simplex 1 work-tem per work-groug
A 5 U Y| =——t——DnR 1 work-tem per sweark-group
it i : J| = TMR 1 waork-tem per work-group
k... "-.~" T _________ R || — & Simplex 2 work-tems per work-graup |
I : : H| =& DMR 2 wark-tems per swark-grougp
1 : : . : ThiR 2 wwark-itemns per wark-grougp
0 1 1 I T T

0 10 20 30 a0 all &0 0 Gl g0
E ian Ti - . .
xecution Time (me) Good scalability when increasing

— the number of HW accelerators
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Energy vs. Quality of Service

o

55 8 §

4 64x64 blodks [u] ]

0.750 |

Runtime configurable tradeoff between energy and computation precision

Decreased Energy
Consumption per

e lOGRCY_lUMB@182MHZ -19%

== reconf_lume@182MHz

reconf_luma_mF (8@182MHz, 7@179MHz;
5@172MHz3@167MHz)

8 7 5 3
#of taps

Decreased QoS

30

Decreased Energy

49%

- \\”l 8%
—|egacy chromae@193MHz |
—&—reconf_chroma@193MHz \
\,1 38%
3@186MHz,2@180M Hz)
4 | 3 2

#of taps I

Decreased QoS



SPIDER

Modeling Runtime Multi/Many-core
Framework Adaptation Architecture
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Self-Adaptation Management: CERBERO style

ADAPTATION ENGINES: hardware/software changing the fabric configuratign

CYBER PHYSICAL
CYBER PHYSICAL
CYBER PHYSICAL
. Application
Requirements Graph
System Layer Cross Layer (CPSs) Model
System

Fabrics

KPIs

Adaptation

Adaptation

Engine

Adaptation
Engine

Adaptation
Engine

Embedded

Models

SW-Based
Processing

HW-Based
Processing

Sensor
Layer

Hybrid

Environment

y N

Adaptation

Monitors

)~ — — -

Adaptation

Monitors

N|

~
~

v

/

’

7 Cross Layer

(CPSo0Ss)



VRC & DPR

VRCA4 Virtual Reconfigurable Circuits [ —

AHigh reconfiguration speed : >
ALower operation speedfuxand size) B -
AHigher Area Overhead B R _1 -
ATechnology independent (ASIC or FPGA) '4}_
-
DPRA4 Dynamic and Partial Reconfiguration []
A Lower reconfiguration speeds o |\|/'

A Better operation speed (nmux/less logic) —
A Better Resource Utilization (no dark logic) —
A Higher Flexibility and Scalability —

A Technology dependent (FPGA) — -
33




Self-Adaptation Management: CERBERO style

HETEROGENOUS ADAPTATION FABRIC:

computing and sensing resourceies
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Adaptation fabrics addressed in CERBERO



Adaptation fabrics addressed in CERBERO
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Adaptation fabrics addressed in CERBERO
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Adaptation fabrics addressed in CERBERO
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Adaptation fabrics addressed in CERBERO
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ARTICo? - Transaction Modes
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MDC tool - Dataflow to HW I\/Iapping
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MDC Tool - Coprocessor Generator
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CG Reconfiguration: Adaptation Types in MDC

Functional

Non

Functional
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CG Reconfiguration: Adaptation Types in MDC
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CG Reconfiguration: Runtime KPI Trade-Offs

Multi-Profile System
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ACERBERO Beyond SoA & Take-Out
A Key Advancements and Integration
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Mixed-Grain Adaptivity: SOA

Wi2) Wil w(oICI3Ixi3] Z[3]¥(3] c2l x2)zi21vz) (1] xi1] 2(2)v[1)

Clo] x(o] z{ovio]
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] | | ]
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b il ]
T 153 s 2 116 I [s1 |14 10 150
—| outputselector + FF(4bit-register) Shirl
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[K. Inoue, et al. 6A VariableGrain Logic Cell and Routing Architecture for a
Reconfigurable IP Coré. In ACM Transactions on Reconfigurable Technology and
Systems, 2010]

TheVariableGrainLogicCell(VGLCarchitectureis basedon a 4-bit
adder including configuration bits, and can perform operations
such as arithmetic logic, random logic, and multiplexing in any
application
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Mixed-Grain Adaptivity: SOA

Wi2) WLIW(CICI3IXI3] Z(3]Y(3] (21 xzjzia)viz) C[1] x[a] Z(2)v(2) Clo] x(o] z{ovio]

[K. Inoue, et al. 6A VariableGrain Logic Cell and Routing Architecture for a

l_% % % " %,M_L“ Reconfigurable IP Coré. In ACM Transactions on Reconfigurable Technology and
AR AR R | | Sstems 20t0) N .
. P I I TheVariableGrainLogicCell(VGLCarchitectureis basedon a 4-bit
T *tl,r BLE adder inclgding qonfiggration bits, apd can perfc_)rm c_)pe_rations
B e e e gy P O such as arithmetic logic, random logic, and multiplexing in any
WUT| outputselector + FF(4bit-register) hien” app| ication

LTI “

E:Cunfiguration Memory bit o3l o[ o1 ool

*Dedicated Line

[A. Thomas, et al. dHoneyComb An Application-Driven Online Adaptive
Reconfigurable Hardware Architecture. In International Journal of
Reconfigurable Computing, 2012]

HoneyCombis an adaptable dynamically reconfigurable
cell array. Cellsare composedof a routing unit and a
functionalmodule Routingunits, responsibleof connecting
neighbours, compose the reconfigurable communication
network. Functionalmodulescan be enabled,disabled,or

I
L H

Routing unit

Functional
module

HoneyComb cell structure

modifiedusingDPR
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Mixed-Grain Adaptivity: SOA

Fault Free Area |

Fault Prone Area

DsSP

RISC

Custom
i Block

RISC

DSP

Custom
Block

[I. Sourdis, et al. dDesyre Ondemand system reliabilitye. In Microprocessors and
Microsystems, 2013].

The DeSyRé&occontainsdifferent sub-componentssurroundedby
reconfigurableinterconnects If a fault occurs,the sub-component
canbe replaced with re-routing, retargetingfunctionalitieson an
unused sub-component, or by a functionally equivalentinstance
implementedin FGreconfigurablehardware
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Mixed-Grain Adaptivity: SOA

[Fault Free Areal Fault Prone Area [I. Sourdis, et al. dDesyre Ondemand system reliabilityé&. In Microprocessors and
Microsystems, 2013].
Il The DeSyRé&occontainsdifferent sub-componentssurroundedby
=" |7 e=eel|| | reconfigurableinterconnects If a fault occurs,the sub-component
canbe replaced with re-routing, retargetingfunctionalitieson an
unused sub-component, or by a functionally equivalent instance
R implementedin FGreconfigurablehardware
[C. M. Diniz, et al. éRunTime Accelerator Binding for TileBased MiXed | ( cusomisun sviecton )| (soiceorom Instuctions 1)

Grained ReconfigurableArchitectureg. Conference on Field Programmable

Logic and Applications, 2014]
Mixed-grained reconfigurationis used within the tiles of Y TE Tie mercomedton

tile-basedprocessorEachtile consistsof multiple CGand

FGreconfigurableelements

Legend: Reconfigurable elements
(Run-Tlme Accelerator Bmdm;D CG, Coarse-grained

Section FG: Fine-grained

Mixed-grained reconfigurable arra\y\
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Self-Adaptation & Mixed-Grain: Beyond SoA



Self-Adaptation & Mixed-Grain

Partially reconfigurable CG
arrays, with identical
Processing Elements

. Beyond SoA

CERBERO Mixed-Grain Support
ARTICo® + MDC
Partially reconfigurable slots of
the FPGA (ART[Cmmpliant)
filled with heterogeneous
application specific CG
datapaths (MDC compliant).
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Self-Adaptation & Mixed-Grain: Beyond SoA

Partially reconfigurable CG Lack of self-adaptivity support
arrays, with identical for heterogeneous
Processing Elements environment

CERBERO Mixed-Grain Support CERBERO Self-Adaptation

ARTICo® + MDC Manager
Partially reconfigurable slots of Build proper hardware
the FPGA (ARTICmmpliant)  abstractions fed with real time
filled with heterogeneous monitored and sensed data, to

application specific CG enable seHadaptive behaviours.
datapaths (MDC compliant).
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Self-Adaptation & Mixed-Grain: Beyond SoA

Partially reconfigurable CG Lack of self-adaptivity support Lack of frameworks to
arrays, with identical for heterogeneous partition functionalities and
Processing Elements environment design Processing Elements

CERBERO Mixed-Grain Support CERBERO Self-Adaptation CERBERO Tool Set
ARTICo® + MDC Manager
Partially reconfigurable slots of Build proper hardware CERBERWoI Set ispecifically
the FPGA (ARTICmmpliant)  abstractions fed with real time conceived to support designers
filled with heterogeneous monitored and sensed data, to in the different phases of
application specific CG enable seHadaptive behaviours. deployment, from partitioning
datapaths (MDC compliant). (DSE and automatic

mapping/scheduling) to
customization (HLS and
deployment)

CERBER& 48



Mixed-Grain: The Best of Both
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Mixed-Grain: The Best of Both
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Multi-Grain Adaptivity
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Tutorial:
Multi-Grain Reconfiguration
for Advanced Adaptivity in
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Adaptivity Support: CERBERO Tool Set
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Design-Time Support 4 HW Run-Time Adaptivity
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Design-Time Support 4 HW Run-Time Adaptivity
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Design-Time Support 4 HW Run-Time Adaptivity
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