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Partial and run-time reconfigurable FPGAs
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Partial and run-time reconfigurable FPGAs offer huge potential for design of adaptive systems
m New functions can be loaded from a configuration memory into the reconfigurable area
during run-time, while the rest of the FPGA continues with its operation
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Partial and run-time reconfigurable FPGAs offer huge potential for design of adaptive systems
m New functions can be loaded from a configuration memory into the reconfigurable area
during run-time, while the rest of the FPGA continues with its operation

? How to exploit this technology for system design?
m Current lack of system-level design methodologies to exploit technology

m Suitable high-level models and refinement steps have to be identified
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L Motivation and Basic Idea
Modelling of Adaptivity

Basic Idea: Adaptive Process
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m Functions can be used as signal values

m Adaptive Process executes function that is provided at time instance for execution

Functionality is provided from the outside and "loaded” into the adaptive process.
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ForSyDe (Formal System Design)

ForSyDe is a design methodology targeting heterogeneous embedded systems design
ForSyDe envisions a correct-by-construction design process
ForSyDe consists of modelling libraries and tools for different steps of the design flow

ForSyDe is based on the functional programming paradigm and a sound theoretical base
in form of models of computation

The ForSyDe modelling framework is implemented in Haskell and SystemC

ForSyDe supports several models of computation

ForSyDe vision
{% From high-level model to real-time implementation
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ForSyDe Application Model
ForSyDe follows the tagged-signal model (Lee and Sangiovanni-Vincentelli, 1998).

m An application is modelled as hierarchical concurrent process network

m Processes belonging to different models of computation communicate via MoC interfaces

m ForSyDe libraries in Haskell and SystemC to support the designer to create a formal
model exist for several MoCs

m e.g. synchronous MoC, continuous time MoC, SDF MoC, SADF MoC

MoC A MoC Interface MoC B

Signal e

Process
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ForSyDe (Synchronous Model of Computation)

Signals

s = {vo,v1,Vv2,...}

m A signal is modelled as a set of events, where each
event has a tag and a value.

m In the synchronous model of computation the tag is
given by the position in the signal.
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ForSyDe (Synchronous Model of Computation)

Signals

ForSyDe model

1 s = signal [1,2,3,4]
s ={vo,Vv1,vp,...} & T

m A signal is modelled as a set of events, where each

event has a tag and a value. Simulation in ForSyDe (Haskell)

m In the synchronous model of computation the tag is P> 2
given by the position in the signal. {1,2,3,4}
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ForSyDe (Synchronous Model of Computation)

Processes

A process is modelled using a process constructor (here
zipWithSY) that takes function(s) and/or values as
arguments.

Sin,0
_—
{Vo,07 Vo1, - - ~} Sout
Sin1 N {f(vo,0,v0,1),f(vi,0,v11),...}

{V1,0, Vii,-- }
zipWithSY f
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ForSyDe (Synchronous Model of Computation)

Processes

ForSyDe model

A process is modelled using a process constructor (here

zipWithSY) that takes function(s) and/or values as ! S(; = Eegrel E1’2’3’4] ]
= si 1 [10,20,30,40
arguments. CoE T e v
g 3 adder = zipWithSY (+)
Sin,0
s
s
{Vo,o7\;g,1,~~~} out Simulation in ForSyDe
in,1 {f(vo,0,v0,1): f(vi,0,v1,1)s -}
{V107V113"'} 3
’ ’ s hci> adder sO si
zipWithSY f %11 22,33, 44}
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ForSyDe (Synchronous Model of Computation)

Basic process constructors

Process constructors are classified into combinational and sequential process constructors.

m Combinational process constructors

Sin,
- ghci> s1 = signal [1,2,3,4]
{vo,0,v0,1,---} Sout s - s
Sin.1 ghci> s2 = signal [10,20,30,40]

{f(vo,0,v0,1),f(v1,0,v1,1), .-}

{V1,07V1,17~-}

ghci> zipWithSY (*) sl s2
zipWithSY f {10,40,90,160%}

m Sequential process constructors

Sout

{vo,v1,...} {s0,vo,v1,...}

ghci> delaySY O si
{0’152,3:4}

delaySY
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ForSyDe: Adaptive Process

Sin,0
e
{la2a3747~ . } Adaptive Sout
Sin,1 Process /| {11,20,-27,44,...}

e
{10,20,30,40,...}

Ingo Sander =



ForSyDe: Adaptive Process
ForSyDe model

1 adaptive = zipWith3SY ($)
2 s_f = signal [(+),(*),(-),(#)]

{(+)7(*)7(7)7(+)7} 3 s 0 = signal [1’2’3,4]
4

signal [10,20,30,40]

s_1

Sin,0
e
1.2.3.4, . i Sou
{1,2,3,4,...} [ Adaptive ' Simulation in Haskell
Sin,1 Process [ (11,20, -27,44,...}

E—
{10,20,30,40,.. .} ghci> adaptive s_f s_0 s_1

{11,40,-27,44}

The functional programming paradigm, where functions are treated as first-class citizens, is a
perfect match for modelling adaptivity.
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Modelling Adaptive Systems in ForSyDe

Tutorial Encoder/Decoder Example

Key‘<1,24,~~>

Encodmg Decodlng
<f(x)=x+1,f(x)=x+2,- Functlon Functlon <f(x)=x—-1,f(x)=x—2,--- >

<3,6,-
Decoder
S|gna| Encoded Slgn’ Decoded Slgnal

Adaptive Processes
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Modelling Adaptive Systems in ForSyDe

Tutorial Encoder/Decoder Example

Key|<1,2,-- >

1 module Adaptivity where
2 generate generate

. Encoder Decoder
3 import ForSyDe.Shallow

Encodin: Decodin

4 AR =Xt LX) = x 2> l Furction) Fution l< Fx) = x—LAx) =x 2>
5 system s_key s_in = (s_enc, s_dec) where
6 s_dec = decoder s_decF s_enc PPy 36> (00N <ads
7 s_encF = genEnc s_key Signal Encoded Signal Decoded Signal
8 s_decF = genDec s_key
9 s_enc = encoder s_encF s_in Adaptive Processes
10
11 genEnc = mapSY (+)
12 genDec = mapSY f where
13 fxy=y-x
14 decoder = zipWithSY ($)
15  encoder = zipWithSY ($)
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Modelling Adaptive Systems in ForSyDe

Tutorial Encoder/Decoder Example

© 00 N O R W N

e e e =
Gk W N = O

Key|<1,2,-- >

generate generate
Encoder Decoder

module Adaptivity where

import ForSyDe.Shallow
Encoding Decoding

<f(x)=x+1Lf(x)=x+2,---> l Function Function l< fx)=x—1Lf(x)=x—2--->
system s_key s_in = (s_enc, s_dec) where

s_dec = decoder s_decF s_enc <24 <36, > <24,...>
— ———————| Decoder | —=
s_encF = genEnc s_key Signal Encoded Signal Decoded Signal

s_decF = genDec s_key

s_enc = encoder s_encF s_in Adaptive Processes
genEnc = mapSY (+)
genDec = mapSY f where
fxy=y-x ghci> s_key = signal [1..5]
decoder = zipWithSY ($) ghci> s_in = signal [2,4..10]
encoder = zipWithSY ($) ghci> system s_key s_in
{2,4,6,8,10}
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D Metodobgradmtiessems BRI
Conceptual Design Methodology for Adaptive Systems

Application Model A Virtual Platform Model P
(class/comp) (semantics) (class/comp) (functions)
[ ADomain | | Models of | N fctional | m Application Model is modelled in ForSyDe
I I | | B ]
i Ontology |1 Computation Ontology Blocks ] .
[ ! et i Rttt ! m Virtual Platform Model captures
derivesl dcrivcsl . . gL .
reconfiguration capabilities of possible
Classification of application Classification of virtual plat- I f
model elements form model functional blocks ta rget p atforms

input to m L

class=classification
comp=composition

J m Mapping Rules are used to generate a
input to m feasible Virtual Implementation Model

Mapping Rules
m:A—>P=1

resulte i m Virtual Implementation Model is

Feasible Virtual Tm- synthesised into final implementation
plementation Model [
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_Design Methodology for Adaptive Systems [
Virtual Platform Model

Handler, Steward, and Worker

ProgDev ReconDev m Handler initiates reconfiguration
m Steward prepares and executes
Handler; Worker, reconfiguration
m Worker executes current functionality
Control bus Data )
SRR, AU : bus m Configuration Repository contains the
Steward; available functions that can be executed
i Control bus by th K
Do y the worker
Control
________ Bus _____ Handler, Steward, and Worker can be imple-
' Configuration 1 mented on programmable and reconfigurable de-
| Repository ! vices.
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Mode Reconfiguration

ProgDev
trol bus
Control bus Worker,
Steward; Data bus
Handler
Data & | Control bus !
Control
Bus
T T e !
1
i Configuration ' Mode Reconfig-
1 Repository ! uration based
1

[

444+’configuration1+44+
—>’ configurations ’—>

’L‘171 —]

[

SWITCH

Zl,n —]

F—4;+’configurationl—%;+

Iy,

Implementation in hardware

LOdTAS

01

Reconfiguration is implemented on a programmable device. All configurable functions are pre-
implemented on the device and selected at run-time.
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Function Reconfiguration

ReconDev

Control b

ontrol bus Worker;

Steward; Data bus

Handler
Data & | Control bus !
Control
Bus
FTTTTTTTTToTTToo ) Function Recon-
! Configuration ' figuration based,
! Repository ] considering mem-
|
1

ory fetch

1,1
—_—
77777777777777 01
R Worker [—
configuration; |1 “17
1 EEmm—
configuration, |, ﬂ
I
I
| Sf1
I

Implementation on run-time reconfigurable

FPGA

Reconfiguration is implemented on a run-time reconfigurable device. The available functions
are stored in a configuration repository and loaded at run-time into the reconfigurable device.
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Tutorial Encoder/Decoder Example
Partitioning

: Skey :

‘ l ‘

L g : Partitioning decision:

! cipherGen '

: P ! m Handler and Steward shall be
ProgDev : implemented on programmable device
Senck m Worker shall be implemented on
‘ reconfigurable device

1 Sinput Senc Soutput |

> decipher —— |

; ReconDev E
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Tutorial Encoder/Decoder Example

Virtual Implementation Model

ProgDev ReconDev
Skey static: T :
sf cipherGen scheduling ' cipherGen’ :Senc —
i steward Sinput
Skey Static sorrre s : Sene :
s i sched. i decipherGen’: decipher
Sp-1 decipherGen : 4
] steward SdecF
et configurations Soutput
fetch
rmmme e Yo
configurations | | fadd. fsub !
fetch | ? 1

m Following the mapping rules the virtual implementation model is generated

m To yield the final implementation, the virtual implementation model has to be synthesised
into the final implementation (ongoing work)
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Conclusion
Runtime reconfigurable architectures Methodology
m Balanced trade-off between performance m Functional high-level adaptivity ForSyDe
and flexibility model based on formal MoCs
m Can dynamically change adaptive part of m Virtual platform model
the hardware implementation without m Formal base provides an important step
changing other parts of the system towards correct-by-construction
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Conclusion
Runtime reconfigurable architectures Methodology
m Balanced trade-off between performance m Functional high-level adaptivity ForSyDe
and flexibility model based on formal MoCs
m Can dynamically change adaptive part of m Virtual platform model
the hardware implementation without m Formal base provides an important step
changing other parts of the system towards correct-by-construction

Challenge: Generating an efficient implementation

m Mapping of a high-level model that does not require and contain low-level architectural
knowledge into an efficient partial reconfigurable HDL implementation

m Important step has been taken by providing an abstract virtual platform model; more
work in particular on synthesis to the final implementation is required
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L Conclusion and Future Work |
Ongoing and Future Work

Synthesis implementation flow Extensions
m Supporting the synchronous MoC m Add support for SADF MoC
m Implementing mode and function m Heterogeneous Modelling
reconfiguration m Different controller implementations:
m Goal: automated synthesis tool m Hardware controller

m Software controlling run-time

= Vendor-independent reconfigurable hardware
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Ongoing and Future Work

Synthesis implementation flow Extensions
m Supporting the synchronous MoC m Add support for SADF MoC
m Implementing mode and function m Heterogeneous Modelling
reconfiguration m Different controller implementations:
m Goal: automated synthesis tool m Hardware controller

m Software controlling run-time

= Vendor-independent reconfigurable hardware

Challenge: Correctness during reconfiguration

m During reconfiguration: Input data cannot be processed and needs to be discarded or
buffered

m After reconfiguration: Process possibly buffered data

m Challenge: How to achieve functional and timely correctness?
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L Conclusion and Future Work |
Supporting Project and Links to ForSyDe

The work in this presentation has been supported by the following projects:
m Designing Adaptive Systems with Run-Time Reconfigurable Architectures (Vinnova,
Sweden, 2023-2025)
m FLYMOV Engineering Research Center for the Aerial Mobility of the Future (FAPESP,
Brazil, 2023-2027)

More information on ForSyDe

m ForSyDe web page: https://forsyde.github.io/

m ForSyDe tools are developed under a permissive open source license and publicly available
on https://github.com/forsyde

WVINNOVA FLYMOV &

Sweden’s Innovation Agency
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- Pwerwns
Further Reading

m The initial concepts for modelling adaptivity in ForSyDe have been formulated in (Sander
and Jantsch, 2008).

m An overview of ForSyDe with emphasis on the modelling framework is given in (Sander
et al., 2017).

m The ForSyDe implementation of the scenario-aware data-flow model is described in
(Bonna et al., 2019).

m The concept of a systematic design flow using virtual implementation models was
introduced in (Loubach et al., 2021)

m Heterogeneous modelling using several models of computation has been addressed in
(Duarte et al., 2025).
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