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Flexible Embedded Systems!?

Increasing Number
of Systems

Bigger Infrastructures
More Service
Performance De
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When to stop?

Quickly changing
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C .e the software!

Replace existing

Devices

Sometime:

/vasteful.

Change and Reuse
flexible HW & SW

Easier.
Faster.
Cheaper.
Sustainable.

What if HW is the limit?

Marcel Baunach (baunach@tugraz.at) / EAS Group

Is it really “easier”?
What is possible?

What are the challenges? ,
Where are the limits? u
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Challenges in Flexible Embedded Systems Design...

Application Software

=» Dynamic Composition
of Software Modules

System Software

=» Verification & Portability
for new and changing Architectures

MCU / CPU

=>» ASIC/FPGA Designs
=» Partial Reconfiguration

Electronics

=» Electronics Generation
=» Dynamic Power Analysis

Marcel Baunach (baunach@tugraz.at) / EAS Group

Teaching / Education

RTOS Design
MCU Design

Hardware/Software for Flexible RISC-V based Systems
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M. Kissich, M. Baunach: “FazyRV: Closing the Gap between 32-Bit and Bit-Serial RISC-V Cores with a Scalable Implementation” (CF 2024) ﬂTU
M. Kissich, M. Baunach: “Formal Property Verification for Early Discovery of Functional Flaws in Digital Designs: A Designer's Guide” (DSD 2023) Grazm

FazyRV:A scalable RISC-V core Hﬁy
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Yet another RISC-V core?

Closes the Gap between 32-Bit and Bit-Serial.

=> Goal: Area vs. Performance trading

norm. Performance

=> ISA: RV32| user specification compliant 0 500 1OIOO 15l00
Logic Cells (Lattice iCE40 / IceStorm)
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M. Kissich, M. Baunach: “FazyRV: Closing the Gap between 32-Bit and Bit-Serial RISC-V Cores with a Scalable Implementation” (CF 2024) ﬂTU
M. Kissich, M. Baunach: “Formal Property Verification for Early Discovery of Functional Flaws in Digital Designs: A Designer's Guide” (DSD 2023) Grazm

FazyRV:A scalable RISC-V core Hﬁy
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Yet another RISC-V core! % - - - TEVEISers 1 R/2R BRAM or LUT/FF RAM
AN
Closes the Gap between 32-Bit and Bit-Serial. I (e & " Tregs
< > m[]"eg'r"[]IIl
é: g >§ result Cor DI:I
= Goal: Area vs. Performance trading =1 3l regfile
> 2 \
=> ISA: RV32l| user specification compliant ' LUTIFF RAM
=>» Scalability: 1,2, 4, or 8-bit data path width | somd {] 2,
=>» Abstraction: No hand optimization at gate level N - - -T--s--=-=----- -¢' - -
dmem

=> Variants: “MIN” C “INT” c “CSR”
single-port vs. dual-port RAM
BRAM vs. LUT RAM
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M. Kissich, M. Baunach: “FazyRV: Closing the Gap between 32-Bit and Bit-Serial RISC-V Cores with a Scalable Implementation” (CF 2024) ﬂTU
M. Kissich, M. Baunach: “Formal Property Verification for Early Discovery of Functional Flaws in Digital Designs: A Designer's Guide” (DSD 2023) Grazm

E FazyRV:A scalable RISC-V core o _wo Hﬁy
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=> ISA: RV32I user specification compliant 500 550 600 650 700 750 800
Logic Cells (Lattice iCE40 / IceStorm)

EEA arith/logic E= control load/store shift

=> Scalability: 1, 2,4, or 8-bit data path width
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M. Kissich, M. Baunach: “FazyRV: Closing the Gap between 32-Bit and Bit-Serial RISC-V Cores with a Scalable Implementation” (CF 2024) ﬂTU
M. Kissich, M. Baunach: “Formal Property Verification for Early Discovery of Functional Flaws in Digital Designs: A Designer's Guide” (DSD 2023) Grazm

FazyRV:A scalable RISC-V core Hﬁy

PLRISC-V

TT06: FazyRV-ExoTiny

@ FazyRV-ExoTiny
2 bit chunk size
QSPI XIP

7 (6) general-purpose inputs (outputs)
SPI peripheral, programmable CPOL m
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Yet another RISC-V core?

Closes the Gap between 32-Bit and Bit-Serial.

=> Goal: Area vs. Performance trading
=> ISA: RV32l| user specification compliant
=>» Scalability: |, 2,4, or 8-bit data path width

=>» Abstraction: No hand optimization at gate level

=> Variants: “MIN” c “INT” c “CSR”
single-port vs. dual-port RAM
BRAM vs. LUT RAM

=> Tools: Open Source Software only
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=> FazyRV: Open Source License!

1
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https://iti.tugraz.at/FazyRV
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T. Scheipel, F. Angermair, M. Baunach: ,,moreMCU: A Runtime-reconfigurable RISC-V Platform for Sustainable Embedded System’’ (DSD 2022)

Ty

“ moreMCU: Partial Reconfiguration at Runtime

Yet another RISC-V core?

Allows logic modifications at runtime.

=» Goal:
= [SA:

Application specific Logic
Extensible (Base: RV32I)

=> Peripherals: Extensible

11
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moreMCU
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T. Scheipel, F. Angermair, M. Baunach: ,,moreMCU: A Runtime-reconfigurable RISC-V Platform for Sustainable Embedded System’’ (DSD 2022) ﬂTU
Grazm

H moreMCU: Partial Reconfiguration at Runtime moreMCU

R RISC

Yet another RISC-V core? 0 ex] FPGA
ex, |-+ :
Allows logic modifications at runtime. ?’Tl’_DlD» -~
[ %
|
=> Goal: Application specific Logic 5
=> ISA: Extensible (Base: RV32l) i M =] ] B :‘Zi . Reconfiguration
=> Peripherals: Extensible Core| | Controller
=>» Reconfiguration: @ @
Managed by OS (Profiling in HW/SW) < ntercomnect >
Bitstream loading in HWV (in parallel to SW exec) @ @ @ @
Memories PerSi ;::cral s PeFrIii:):::‘i Is g;‘t::t:-:: ;.]f.
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T. Scheipel, F. Angermair, M. Baunach: ,,moreMCU: A Runtime-reconfigurable RISC-V Platform for Sustainable Embedded System’’ (DSD 2022) ﬂTU
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moreMCU: Partial Reconfiguration at Runtime moreMCU

Pl RISC
USERMODE  KERNEL MODE
Caskoxccuton | Smartds
Yet another RISC-V core? | ek eecution
Allows logic modifications at runtime.

=> Goal: Application specific Logic
=> ISA: Extensible (Base: RV32l) Execute new

native instruction

=> Peripherals: Extensible

=>» Reconfiguration:

Managed by OS (Profiling in HW/SW)
Bitstream loading in HW (in parallel to SW exec)

=» Overhead for new instructions

Emulated: ~83 cycles SR i
Native: 0 cycles
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T. Scheipel, F. Angermair, M. Baunach: ,,moreMCU: A Runtime-reconfigurable RISC-V Platform for Sustainable Embedded System’’ (DSD 2022) ﬂTU
Grazm

moreMCU: Partial Reconfiguration at Runtime moreMCU

i RISC
~ RPsfor RPs for
P /~  flexible flexible
Yet another RISC-V core? ' N peripherals instruction's%’“"x%

Allows logic modifications at runtime.

=> Goal: Application specific Logic
=> ISA: Extensible (Base: RV32l)

=» Peripherals: Extensible = e '

=>» Reconfiguration:

Managed by OS (Profiling in HW/SW)
Bitstream loading in HWV (in parallel to SWV exec) S WS

. . Measurement clock cycles time
9 Ove I”h ead fOI” new Instructions «; reconfiguration of flexible peripherals 1897 838  37.957ms
§ reconfiguration of custom instructions 5621104 112.422ms .
{ Emulated: ~83 C)’Cles = reconfiguration OS overhead 16 320ns static
r . instruction emulation OS overhead 83 1.660 us
.‘ Natlve: O C)’Cles = traditional software 659  13.180 us area
et . g OS emulated instruction 692  13.840 us
EA native instruction 1 20ns

Marcel Baunach (baunach@tugraz.at) / EAS Group Hardware/Software for Flexible RISC-V based Systems World RISC-V Days 2026, Graz


mailto:baunach@tugraz.at

T. Scheipel, M. Ogris, M. Baunach: “You Shall Not Stall: Achieving RISC-V On-Demand Runtime-Reconfiguration using SCAIE-V” (DSD 2025) ﬂTU
Grazm

moreMCU: Partial Reconfiguration at Runtime moreMCU
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L. Moser, M. Kissich, T. Scheipel, M. Baunach: “Greyhound: A Reconfigurable and Extensible RISC-V SoC and eFPGA on IHP SG13G2” (AUSTROCHIP 2025) ﬂ
Graz-

moreMCU as ASIC: Greyhound RISy
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V. Manjunath, J. P. Puerta, T. Scheipel, M. Baunach: “MiKB-RAG: A Microarchitecture Knowledge Base Framework for Embedded Software Development” (SAC 2026) ﬂTU

Grazm

=8 CoEvolve: Co-Evolution of HW & SW C+EVOLVE

T A
-
Challenge: Reference Source
Hardware changes, requirements change. Code
Software must adapt and stay
functional & correct. Requirements, Refersycs
Standards, Hardware
Regulations Documentation
Idea:
Implement an automated porting/adaptation
workflow that supports developers through
Al & FM. New New
Requirements, Hardware
» Regulations Documentation
|. Understand
2. Generate
— 3. Verify
. (ﬁﬁneon 4. Deliver
o - Source Code

4« AUMOVIO
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V. Manjunath, M. Baunach: “A Framework for Static Analysis and Verification of Low-Level RTOS Code” (AEIC 2024)
R. Martins Gomes, B. Aichernig, M. Baunach: ,,A Framework for Embedded Software Portability and Verification: from Formal Models to Low-level Code” (SoSym Journal 2024)

Ty

SmartOS: Kernel Verification and Portability

System Software for Flexible Hardware?

Formal Methods for Porting and Verification.

=» Goal:

=>» Formal Models (Event-B, Dafny, LEAN)

Verification

Code Generation

|

B 01000101
000001
i 0101 -
M 0011
]
EA
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Transit to new Architectures
Exploit new Features of
reconfigurable Architectures

Event-B

Kernel_entry
saveCtz{runT ask)

/

osProgress

T~

O
H (osFinal) «—

= saveCtr(runTask)

2 f_sav2reg; currClx)
os_kernelMode := TRUE

currlizec ;= kernel_body

Hardware/Software for Flexible RISC-V based Systems

>
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SnartlS

ustainable modular adaptive real-time Operating System

P RISC

[entryNTS) o [osManualEntry]

S
(osBody)

[osAutoExit) -~ [osManualExit]

osExit /

LLVM-IR

%R8 = call i16 @llvm.read_register.il6(r8)
%rTsk = load 116, i16* @rTask

// t_saved[rTask]

%gepRT = getelementptr 116, il6* Qt_saved,

Q i16 %rTsk
// t_saved[rTask][mR8], with mR8=5

%gepMR8 = getelementptr i16, i16#* YgepRT,
i1l6 5
store i16 %R8, i16* %gepMR8

KEernel_entry:

push
push
push
push
push
push
push
push
push
push
push
push
monwr

mov

mow

jmp

rls
rld
rl3
rlz
rll
rlo
T3
ra
7
I
rs

r4

tos_runningTask, £d ASM

sp, 0
#1; 4
kern

wZzird}
os_kernelMode
el body

RISC-V/MSP430/Aurix/...
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L. Batista Ribeiro, F. Lorber, U. Nyman, K. G. Larsen, M. Baunach: ,,A Modeling Concept for Formal Verification of OS-Based Compositional Software* (FASE 2023)
L. Batista Ribeiro, D. Nagarajan, V. Manjunath, T. Ali-Ahmad, M. Baunach: ,,Verifying Liveness and Real-Time of OS-Based Embedded Software” (DSD 2022)

Ty

SmartOS: Compositional Application Software

Modular Application Software?

Formal Methods for Integration Checks.

=» Goal: Partial Updates at Runtime.

Guarantee correct Operation.

=> Independent Formal
OS & Application Model (Uppaal)

Marcel Baunach (baunach@tugraz.at) / EAS Group

isinterrupt _proceed!
isInterrupt = false Check

execDone[KERNEL]?
[ I

execute[KERNEL]!

SnmartlS

Sustainable modular adaptive real-time Operating System

Urpvz R

( lisInterrupt ® p
_syscall[sid]!
sid=0

waitEvent?
p2 = INFINITE, sid = SC_WEFOR

waitEventFor? sid = SC_ WEFOR

notifyEvent? sid = SC NOTEV

setEvent? sid = SC_SETEV

vield? sid = SC YIELD

sleep? sid=SC_SLEEP, p2 = EV_NONE

releaseResource? sid = SC_RERES

getResourceFor? sid = SC GRFOR

getResource? p2 = INFINITE, sid = SC GRFOR

timerlnt?_isinterrupt = true

[ kernelEntry!
kernelMode = true,
_setReturn(SUCCESS)

OS Model

(sid == SC_SLEEP && ( p1 1= INFINITE && p1 < MIN_INTERVAL)) ||
((sid == SC_WEFOR || sid == SC_GRFOR) && (p2 != INFINITE && p2 < MIN_INTERVAL)}

_proceed! sid=0, p1=0, p2 =0, _setReturn(FAILURE)

OS_TASKENTRY (taskSort) {
while (1) {

waitEvent! 7\ dispatch[id]? O

=
]
'_l.
o+
=
<
(D
=
o+
o
i<
i
0
i
it
v

quickSort (buffer, BUFSIZE);

for (int 1i=0; i<BUFSIZE; i++)
printf ("\n\%u", buffer[il):

O

pl= evSort

OS or other tasks running.

L 4

_____ O

} Application Code

Hardware/Software for Flexible RISC-V based Systems

setEvent! ,-\dispatch[id]? O
pl= evSortedU )

Application Model
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T. Scheipel, D. Beikircher, F. Riedl: “Microcontroller Design, Lab: HaDes-V Instruction Guide” (DOI: 10.3217/nytm4-grv34) TU
M. Kissich, K. Weinbauer, M. Baunach: “Improving Embedded Software Development Courses: A Student Attentive Data-Driven Approach” (ECSEE 2025) Grazm

Teaching & Education

HAD$S-V Snart0S

Sustainable modular adaptive real-time Operating System

Yet another RISC-V core? Yet another RTOS?

Teach students how to build Teach students how to build
their own CPU their own OS Kernel

=> Language: SystemVerilog => Language: C/ASM

=> ISA: RV32I =>» Target:  MPS430 / RISC-V (from 2027)

=>» Method: Implement logic & =>» Method: Implement & analyze for
synthesize for an FPGA correctness, timing, etc.

student
implementation

> Student Code Submission >
) TaEsysen e """
golden 8‘~ = (2]
ﬂ reference sent 0 = g - B
=}

,,,,, s

1 1 1

| r— =~
B 01000101 L
| 01000001

0101 - : N o
- 11 1 ‘ ‘ - € T Test Results ... (4
)’ omom|i
(L i

License

ravssv)  OFR e
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)
Flexible Embedded Systems!? Thank'you!
A Summary...

Replace existing
Devices

It can be done!

SnartlS HG_.ZY Sometime:
« Requires HW/SW Co-Evolution moreMCU Ti
(instead of Co-Design)
/vasteful.

* New concepts required at all system levels:
Electronics (engergy, flexibility), Logic (manufacturing, complexity),
System Software (portability), Applications (composition) Change and Reuse

flexible HW & SW

* Reconfigurable hardware still resource demanding:
Energy, space, cost, ...

Easier.
* Rigorous methods required for Tfineon o (Cl;\aSteh )
roving correctness of modifications eaper!
P 8 #+AUMovIo Sustainable.

* Tooling & Education to support HW/SWV engineering

* Experts & Al required! cgE)’%‘ﬁff [ |
—J é Z/ - = A '
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