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Introduction: Software Defined Vehicles Q%

P
Next-gen Software-Defined Vehicles (SDV) are reshaping automotive electronics,

moving complexity from hardware to software through zonal controllers.
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Introduction: Software Defined Vehicles

Next-gen Software-Defined Vehicles (SDV) are reshaping automotive electronics,
moving complexity from hardware to software through zonal controllers.

Why?
® Functional consolidation reduces
hardware and wiring costs.

e Software and hardware evolve on |i;l%
C_]

independent life cycles. C)

® Rich OSes fuel advanced tasks,
from infotainment to ADAS.
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Introduction: Software Defined Vehicles

Next-gen Software-Defined Vehicles (SDV) are reshaping automotive electronics,
moving complexity from hardware to software through zonal controllers.

Why? How?
® Functional consolidation reduces @ Fewer chips, more intelligence: from
hardware and wiring costs. | dozens of MCUs to a few clustered < />
high-IPC 64-bit MPUs.
e Software and hardware evolve on |i;l%
independent life cycles. CIC_ )

® Rich OSes fuel advanced tasks,
from infotainment to ADAS.
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Introduction: Software Defined Vehicles

Next-gen Software-Defined Vehicles (SDV) are reshaping automotive electronics,
moving complexity from hardware to software through zonal controllers.

Why? How?

e Functional consolidation reduces @ Fewer chips, more intelligence: from

hardware and wiring costs. dozens of MCUs to a few clustered /

high-IPC 64-bit MPUs.

e Software and hardware evolve on |i;l%

independent life cycles. CIC_ ) l
e Rich OSes fuel advanced tasks, Good news:

from infotainment to ADAS. Automotive IDMs are betting on RISC-V.
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Introduction: Software Defined Vehicles

Next-gen Software-Defined Vehicles (SDV) are reshaping automotive electronics,
moving complexity from hardware to software through zonal controllers.

Why? How?
Fewer chips, more intelligence: from
dozens of MCUs to a few clustered /

high-IPC 64-bit MPUs.
e Software and hardware evolve on |i;l%
l

® Functional consolidation reduces
hardware and wiring costs.

(®)

independent life cycles. C)

e Rich OSes fuel advanced tasks, Good news:
from infotainment to ADAS. Automotive IDMs are betting on RISC-V.
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An Open-Source Cluster for automotive MPUs

Multi-core MPUs require coherent memory hierarchies to support SMP execution.
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An Open-Source Cluster for automotive MPUs

Multi-core MPUs require coherent memory hierarchies to support SMP execution.
1,2,3.

The open-source landscape today

® Custom HDLs
e Custom protocols

Complex third-party SoC
integration and certification

e Many-core platform using
directory based coherence

‘ I Excessive overhead for embedded
low core count clusters

1). Balkind et al. “OpenPiton: An Open Source Manycore Research Framework”. In: SIGARCH Comput. Archit. News 44.2 (2016). .
2p. Mantovani et al. “Agile SoC Development with Open ESP”. In: Proceedings of the 39th International Conference on Computer-Aided Design. 2020.
3A. Amid et al. “Chipyard: Integrated design, simulation, and implementation framework for custom socs”. In: leee Micro 40.4 (2020). : A RISC
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An Open-Source Cluster for automotive MPUs

Multi-core MPUs require coherent memory hierarchies to support SMP execution.

The open-source landscape today'>: We introduce the Culsans cluster:
e Custom HDLs e Synthesizable SystemVerilog
® Custom protocols e Industry-standard AMBA4 ACE
Complex third-party SoC ® Based on industry-academia backed
integration and certification OpenHW’s CVA6 and HPDCache
e Many-core platform using L’ Bring your own SoC
directory based coherence ® Snoop-based MOESI coherence

b Excessive overhead for embedded

b Optimal performance and cost
low core count clusters

for low core count (2-8)

1). Balkind et al. “OpenPiton: An Open Source Manycore Research Framework”. In: SIGARCH Comput. Archit. News 44.2 (2016).

.
il
2p. Mantovani et al. “Agile SoC Development with Open ESP”. In: Proceedings of the 39th International Conference on Computer-Aided Design. 2020.
3A. Amid et al. “Chipyard: Integrated design, simulation, and implementation framework for custom socs”. In: leee Micro 40.4 (2020). : A RISC
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Contribution: the Culsans cluster

Three key components make up the Culsans cluster:

CVA6S+: RV64GC 6-stage dual-way superscalar core BP  PIPELINE

b Branch prediction (BP) exploration to optimize
area versus accuracy
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Contribution: the Culsans cluster

Three key components make up the Culsans cluster:

CVA6S+: RV64GC 6-stage dual-way superscalar core BP PIPELINE

b Branch prediction (BP) exploration to optimize L11S L1 HPDS Q&

drea versus acCcuracy ACE ACE n
ARBITER

HPDCache: pipelined, out-of-order, non blocking cache

L> Extended to support ACE coherent transactions
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Contribution: the Culsans cluster

Three key components make up the Culsans cluster: 2-8 cores

BP PIPELINE

CVA6S+: RV64GC 6-stage dual-way superscalar core .
7))

© o

b L1I1$ L1 HPD$ >

>

O

b Branch prediction (BP) exploration to optimize
area versus accuracy

ACE ACE n
ARBITER

HPDCache: pipelined, out-of-order, non blocking cache
CACHE COHERENCE UNIT

L> Extended to support ACE coherent transactions

Cache Coherence Unit (CCU)
New open-source IP enforcing snoop-based

MOESI coherence over AMBA4 ACE
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CVAG6S+: branch predictor exploration

We consider four predictors to find the best area-accuracy trade-off:

¥

e
R RISC
KRS .. v
. AR : Aalto-yl .
ETHzirich = j/ ALMA KATER STUDIORUM A Ratto-unversitetet /7 570 Ky >2\<< Chips-IT 13 SUMMIT EUROPE 2026

\oisss B Aalto University = &7 & &AL~ ./ ceicctronics




CVAG6S+: branch predictor exploration

We consider four predictors to find the best area-accuracy trade-off:

e | Bimodal: | scalar CVA6 default
simple 2-bit saturating counter per PC

L> Cheap but context-unaware
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CVAG6S+: branch predictor exploration

We consider four predictors to find the best area-accuracy trade-off:

e | Bimodal: | scalar CVA6 default
simple 2-bit saturating counter per PC

L> Cheap but context-unaware

e Gshare:
XORs PC with global branch history
L} , captures correlations
e
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CVAG6S+: branch predictor exploration Q%

P

We consider four predictors to find the best area-accuracy trade-off:

e | Bimodal: | scalar CVA6 default o | Private history: | CVA6S+ default
simple 2-bit saturating counter per PC per-branch history table

L> Cheap but context-unaware L> Highly accurate but area-costly

® Gshare:

XORs PC with global branch history

L} , captures correlations
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CVAG6S+: branch predictor exploration Q%

P

We consider four predictors to find the best area-accuracy trade-off:

e | Bimodal: | scalar CVA6 default o | Private history: | CVA6S+ default
simple 2-bit saturating counter per PC per-branch history table
L> Cheap but context-unaware L> Highly accurate but area-costly
® Gshare: e Tournament (gshare + bimodal):
XORs PC with global branch history meta-predictor choosing the sub-predictor
L} , captures correlations L} Many configurations,

balanced area-accuracy trade-off
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CVAG6S+: branch predictor exploration Q%

P

We sweep across different {predictor type, number of entries, history length}.
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CVAG6S+: branch predictor exploration Q%

=]

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET
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CVAG6S+: branch predictor exploration Q%

=]

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET

F . S Tama
® bimodal - 128e :
e I
References
Notation:
e = entries,
h = history bits
.
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CVAG6S+: branch predictor exploration

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET

: | ® tournament - bimodal 128e + gshare 256e/6h |
Io : | ¢ tournament - bimodal 256e + gshare 256e/6h I

References Identified via design space exploration

Notation:
e = entries,
h = history bits
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CVAG6S+: branch predictor exploration

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET

: | ® tournament - bimodal 128e + gshare 256e/6h |
Io : | ¢ tournament - bimodal 256e + gshare 256e/6h I

References Identified via design space exploration

Predictor area (normalized)

Notation:
e = entries,
h = history bits

Corner:
SS, 0.72V, -40°C
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CVAG6S+: branch predictor exploration

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET

| | ® tournament - bimodal 128e + gshare 256e/6h |

| | | ® tournament - bimodal 256e + gshare 256e/6h ,
References Identified via design space exploration
Predictor area (normalized) Instructions per Cycle (IPC) —_— Accuracy (%)
1.20 ] - % 0
X ey - 20 Notation:
nael = | e = entries,
1.10 eoil h = history bits
mas| o Corner:
1.00 1 SS, 0.72V, -40°C
20 A
0.95 - |
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CVAG6S+: branch predictor exploration

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET

| | ® tournament - bimodal 128e + gshare 256e/6h |

| | | ® tournament - bimodal 256e + gshare 256e/6h ,
References Identified via design space exploration
Predictor area (normalized) Instructions per Cycle (IPC) —_— Accuracy (%)
1.201 ] : %
W2 Notation:
= can Sl mae = e = entries,
1.10 TN h = history bits
e . Same Corner:
= SamelPC | | accuracy 55,0.72V, -40°C
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CVAG6S+: branch predictor exploration

We sweep across different {predictor type, number of entries, history length}.

e Benchmarks: Embench-loT e Technology: GlobalFoundries 12nm FinFET

(® bimodal - 128e : | ® tournament - bimodal 128e + gshare 256e/6h '
| : | ® tournament - bimodal 256e + gshare 256e/6h l

53 Tournament predictors: up to —36% area, iso-performance

Predictor area (normalized) Instructions per Cycle (IPC) —_— Accuracy (%)
1.20 1 90% 91%

Notation:
e = entries,
h = history bits

1.151 80 -

1.10 -

o . Same | Corner:
= SamelIPC | | accuracy >, 0.72V, -40°C
0.95 1 I )
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HPDCache: ACE extension

We extend OpenHW's HPDCache to support ACE,
covering both cache-side and interface changes:

1
‘_" [
H 15} H- =
[
Ctrl Plpe
ncached
Handler

HPDCache Mem intf.

aysedddH

Memory Adapter EEEEEE e
AMBA4 AXI intf.
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HPDCache: ACE extension

We extend OpenHW's HPDCache to support ACE,
covering both

Cache side:
e New snoop handler

A o e me me e mw

e MOESI cacheline state tracking H I H I E :

e Control pipeline rework for snoop transactions £ e §

. (1]
Coherent ATOPs and LR/SC m

Interface: Wgte R(;\d
e AXI to ACE transition (Memory Adapter) S0 Memory Adapter  [RERaS I
AMBA4 ACE intf.

v

Enabling direct cache-to-cache transfer of dirty data across cores ‘
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CCU: architecture

The CCU is a new open-source IP built around a cvaes:  BHPDS Sl

2-8 cores

frontend/backend split to implement a coherent er
interconnect:
-
O
O
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CCU: architecture

2-8 cores
The CCU is a new open-source IP built around a
. ) CVAG6S+ HPD$ subsystem
frontend/backend split to implement a coherent
interconnect: S e
e Core-side interface: ACE 8
e Frontend: pipelined point of serialization for — LRISC filter
incoming transactions, LR/SC tracking
e
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CCU: architecture

The CCU is a new open-source IP built around a |
. ) CVAG6S+ HPD$ subsystem

frontend/backend split to implement a coherent

interconnect:

® Core-side interface: ACE

® Frontend: pipelined point of serialization for
incoming transactions, LR/SC tracking

e Backend: pipelined snoop channel handling
(AC/CR/CD) and writebacks

e Memory-side interface: AXI

it SR

AXI intf.
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Culsans: experimental setup

The dual-core coherent cluster is integrated in the Tightly coupled cluster

Linux-capable Cheshire SoC
® Functional validation on Xilinx VCU128 FPGA

® ASIC synthesis in GlobalFoundries 12nm FinFET

BP PIPELINE

+

N

2 L11$ L1 HPD$
>

|
I
| ACE ACE
| O ARBITER

( CACHE COHERENCE UNIT

SoC CROSSBAR

Q.
<
7))

SoC specific Last Level $

Main Memory
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Culsans: experimental setup

The dual-core coherent cluster is integrated in the

Linux-capable Cheshire SoC
® Functional validation on Xilinx VCU128 FPGA

® ASIC synthesis in GlobalFoundries 12nm FinFET

Cheshire's software stack is extended to support:
® SMP Linux: full symmetric multiprocessing
® RTEMS: real-time POSIX compliant OS for

mixed-criticality workloads
SoC specific

Aalto-yliopisto 7 P ‘
Aalto-universitetet &z%_ ’l
STMicroelectronics
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Tightly coupled cluster

‘-I,-) BP PIPELINE

O o}
< L1I$ L1 HPD$ =
> 7))

I

I

| ACE ACE
| O ARBITER
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Main Memory
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Culsans: experimental setup

The dual-core coherent cluster is integrated in the

Linux-capable Cheshire SoC
® Functional validation on Xilinx VCU128 FPGA

® ASIC synthesis in GlobalFoundries 12nm FinFET

Cheshire's software stack is extended to support:
® SMP Linux: full symmetric multiprocessing
® RTEMS: real-time POSIX compliant OS for
mixed-criticality workloads
Multithreaded benchmarks: SoC specific
e Splash-3: suite of 11 benchmarks,

parallelized via pthread
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Tightly coupled cluster

J) BP PIPELINE

O o}
< L11IS L1 HPDS &
> 7))

I

I

| ACE ACE
| O ARBITER
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Last Level $
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Culsans: performance evaluation Q%

P
Bl Single Core mm Dual Core € Speedup

- 2.5
B . We evaluate the speedup of the dual-core
O 3,000 k@ m o sssesli sss sssseesaeea e . 2D . .
N TR N A R cluster over a single core baseline.
g 12,9, [ 2 @ Benchmarks: Splash3 on SMP Linux
9 L 10 8
s
o - 0.5
Q
o
. 0.0
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Culsans: performance evaluation Q%

P
Bl Single Core mm Dual Core € Speedup

= 26
B . We evaluate the speedup of the dual-core
) 3000 Jeogs e e (I cal opeeau 20 . .
g 0oy 3.t 0 o el i) g cluster over a single core baseline.
g 12,9, [ 2| e Benchmarks: Splash3 on SMP Linux
LZ’ L 10 8 :
S 1.80x geomean speedup over single core
g - 0.5
3
; 0.0
&8 g8
Cz\O
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Culsans: performance evaluation Q%

P
Bl Single Core mm Dual Core € Speedup

= 249

0 . We evaluate the speedup of the dual-core

O 3000 k@l s s e e s cal opeeau 2.0 . .
L b I el i) g cluster over a single core baseline.
g 12,9, [ 2| e Benchmarks: Splash3 on SMP Linux
LE L 10 8 :
S —| 1.80x geomean speedup over single core
é - 0.5
L

I 0.0

.- % | ..z, Weevaluate the speedup of the dual-core

29 1.27 1.2.7 e .
= P e 2% cluster using {CVA65+, HPDCache} versus
1.21 ¢ o s 1,
118 117 116 1.16 117 ,#° {CVA®6, legacy WB cache}":
Qg“’% Q‘;\'Ofo\d & (Joé\. Q§\+ Ooé\' & Qoé\. &
F & O & S > S O
& T 0@ &
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Culsans: area estimation
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Conclusion

We introduce Culsans, an open-source cache-coherent cluster for automotive 64b
MPUs, built on OpenHW's CVA6S+ and HPDCache.
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We introduce Culsans, an open-source cache-coherent cluster for automotive 64b
MPUs, built on OpenHW's CVA6S+ and HPDCache.

e CVAG6S+ branch predictor optimization: 10-36% predictor area reduction with no
accuracy loss

e HPDCache extended to support AMBA4 ACE coherent transactions

e New open-source CCU enforcing snoop-based MOESI coherence over AMBA4 ACE
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We introduce Culsans, an open-source cache-coherent cluster for automotive 64b
MPUs, built on OpenHW's CVA6S+ and HPDCache.

CVAG6S+ branch predictor optimization: 10-36% predictor area reduction with no
accuracy loss

HPDCache extended to support AMBA4 ACE coherent transactions

New open-source CCU enforcing snoop-based MOESI coherence over AMBA4 ACE
The cluster achieves 1.80x geomean speedup on Splash-3 vs. single core

<2% per-core area overhead, with the CCU requiring only 35 kGE
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Conclusion Q%
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We introduce Culsans, an open-source cache-coherent cluster for automotive 64b
MPUs, built on OpenHW's CVA6S+ and HPDCache.

CVAG6S+ branch predictor optimization: 10-36% predictor area reduction with no
accuracy loss

HPDCache extended to support AMBA4 ACE coherent transactions
New open-source CCU enforcing snoop-based MOESI coherence over AMBA4 ACE

The cluster achieves 1.80x geomean speedup on Splash-3 vs. single core

<2% per-core area overhead, with the CCU requiring only 35 kGE

Future work: scalability to 4-8 cores, power characterization, functional safety
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