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The TRISTAN project aims to expand and industrialize the
European RISC-V ecosystem to compete effectively with exist-
ing commercial alternatives. This initiative specifically targets
the critical challenges in the development of Electronic Design
Automation (EDA) tools, essential for RISC-V-based solutions,
by leveraging the synergy between the open-source community
and industrial solutions. This paper presents an overview of
the current landscape of TRISTAN’s EDA flow, highlighting
specific tools and methodologies that streamline the early
design phases of RISC-V-based systems. We explore the unique
features of these tools, emphasizing how they complement each

other to strengthen the overall design process.
Index Terms—TRISTAN, RISC-V, Electronic Design Automa-
tion

I. INTRODUCTION

The European Chips Act considers the creation and expan-
sion of a RISC-V open-source ecosystem to be a strategic
investment towards Europe’s ambition to double the value of
the design and production of semiconductors in Europe by 2030
[1]. In this context, the TRISTAN project has been funded
under the Chips JU program and comprises 46 stakeholders,
with the goal of consolidating the European RISC-V ecosystem
to compete with existing proprietary alternatives and to propose
open-source solutions [2]. The Electronic Design Automation
(EDA) team consists of around twenty partners from both
industry and academia, combining their expertise to advance
RISC-V tooling in support of the European roadmap [3].

Central to the TRISTAN initiative is a comprehensive suite of
EDA tools and methods designed to accelerate and streamline
the development of RISC-V-based systems. This paper show-
cases a range of the proposed tools intended to confront the
following key requirements:

o Open-source tools for pre-silicon validation and early

architectural exploration, with performance and power

considerations alongside SW validation, fostering collab-
orative tool development.

o Automated flows for model generation, including top-
down high-level synthesis and bottom-up ML-based model
generation, essential for making HW design accessible to
a broader audience without requiring in-depth expertise.

« Interoperability frameworks and open-source standards for
interfacing between open-source and proprietary tools,
ensuring flexible design flows and compatibility across
different IP models.

« Verification tools for security and safety assessment of HW
design, suitable for critical applications such as automotive
and space.

The TRISTAN EDA contributions focus mainly on the early
front-end design phases, including architectural exploration,
design and implementation, and verification. With the project
being in an intermediate stage, this paper captures the current
tool landscape and highlights a selection of the proposed tools
and methods for each of the aforementioned design phases.

II. OVERVIEW OF TRISTAN EDA TOOLS

The TRISTAN EDA tools aim to enrich the RISC-V ecosys-
tem and streamline the development of Integrated Circuits
(ICs). Figure 1 categorizes these tools based on their open-
source or commercial nature and their correspondence to the
four main stages of a typical IC design flow, i.e., architecture,
design and implementation, verification, synthesis and layout.

The architecture stage involves high-level and early design
tasks, including architectural exploration and behavioral design
of core and custom extension IPs. High-level models, instruc-
tion set simulators (ISS), and virtual prototyping solutions
enable the estimation of extra-functional system properties,
such as performance or power, as well as the validation of
HW/SW functionality. These models and simulation tools are
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Fig. 1. Overview of the current TRISTAN tools and their IC Design Flow categorization. Grey- or blue-colored blocks correspond to the respective open-source
or commercial tools. The tools are classified based on their association with the respective phases of the IC design flow.

crucial for exploring the extensive design space formed by the
various configurations of cores, ISA extensions, and peripheral
IP within the RISC-V ecosystem.

The implementation stage focuses on tools to streamline the
design, implementation, and integration of RTL IPs. TRISTAN
tools in this category cover automated HDL generation and
facilitate standardized IP reuse and integration, enhancing effi-
ciency throughout all phases of IC development.

The verification stage encompasses solutions for simulation-
based and formal verification methods on both component and
system levels. These capabilities are essential for improving
code quality and robustness, as well as verifying safety and
security properties.

In addition to tools specific to each design stage, some
TRISTAN tools and frameworks cover multiple stages allowing
different abstraction levels to be mixed, in a co-simulation envi-
ronment or through specific APIs and DSLs (Domain Specific
Languages). This is particularly useful for assessing consistency
between reference models and RTL implementations, and for
mapping SW requirements to different HW abstraction levels
to predict PPA metrics (i.e. Performance, Power, Area) for HW
design exploration.

The last IC design stages are out of the scope of TRISTAN.
Because of the limited availability of open-source approaches
at the synthesis and layout stage, existing commercial tools and
methodologies are used for these critical and complex steps.

The following sections present a subset of TRISTAN tools
and methodologies for each of the early three design stages

outlined above.

III. TOOLS AND METHODS FOR ARCHITECTURE
EXPLORATION

In the early stages of HW design, high-level models play
a critical role in SW validation and design space exploration,
allowing functionality, performance, and power to be evaluated
without the need for physical prototypes. High simulation speed
is essential to support the iterative nature of HW/SW co-design,
enabling rapid design refinement and exploration. Balancing
accuracy and speed is crucial to maximize efficiency, enabling
thorough performance optimization and early power analysis
within feasible time frames.

Given the wide range of tools and methods available for
architectural exploration, this section focuses on three critical
categories. First, we introduce GVSoC, a virtual prototyping
tool of RISC-V platforms. Next, we present MESSY and
kMLeon, which are tailored for modeling extra-functional prop-
erties, including performance and power. Finally, we introduce
SUNRISE, a comprehensive framework for evaluating SoC
designs using different simulation solutions. Together, these
tools give HW designers critical insight to refine designs and
improve overall system performance.

A. GVSoC for RISC-V Virtual Prototyping

GVSoC [4] is an event-driven simulator for modeling RISC-
V-based platforms, including cores, HW units, and peripherals.
This tool is specifically designed for scenarios where a balance
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Fig. 2. Overview of GVSoC. The diagram depicts the main components of
the simulation tool (C/C++ IP models, Python generators, JSON architectural
description) and provides an overview of the internal timing model.

between accuracy and simulation speed is critical. Unlike func-
tional simulators, which sacrifice accuracy for execution speed,
GVSoC can model complex architectural details at different
levels without the strict need to fully emulate the cycle-by-
cycle operations. This feature facilitates virtual prototyping
and design space exploration (DSE) tasks, where achieving
realistic workload simulations and I/O interactions limiting the
simulation time is essential. Experimental assessments show
that GVSoC achieves a peak simulation speed of 25 MIPS
(Million Instructions Per Second) and a maximum of 10%
mismatch between simulation and cycle-accurate emulation
approaches (i.e., using RTL or FPGA).

The GVSoC design, depicted in Figure 2, combines Python
and C++ to achieve flexibility in the configuration phase
and performance during execution. Python scripts describe
the platform configuration, enabling fast setup and parameter
adjustment, while C++ classes provide efficient, detailed mod-
els for system components, ensuring high simulation speed.
Designers can further reduce the programmatic complexity
of the architectural configuration through JSON files. This
multi-language approach significantly simplifies the support
of new ISA extensions. In TRISTAN, we extended the core
model to support mixed-precision arithmetic instructions and
model new peripherals (i.e., a smart DMA engine and a matrix
multiplication accelerator). Architecture designers implemented
the support for ISA extensions and HW units by extending
foundational C++ classes, while system designers leveraged
these models to configure new platform targets.

GVSoC includes a clock engine that simulates a clock
source with a queue of associated events, each carrying a data
payload and a callback function. Events scheduled together are
grouped within a time window T, in a circular buffer, allowing
cycle-by-cycle execution, with simultaneous events processed
sequentially. Any instance of a model component can add new
events anytime if they fall within the 7;, window; otherwise,
they are stored in an ordered queue and processed once a
circular lap completes. The choice of the algorithm to compute
the slot and the position in the ordered queue represents the
main trade-off between accuracy and simulation performance

when a designer provides a new model.

B. Methodologies for Extra-Functional Property Modeling

Considering extra-functional properties, such as power and
temperature, is crucial to tame the complexity of modern het-
erogeneous systems. Two methods are available in TRISTAN
for modeling extra-functional properties that are compatible
with integration into virtual prototyping tools: (1) kMLeon
uses machine learning to automatically generate models, elim-
inating the need for in-depth hardware knowledge and en-
abling efficient high-level model generation from lower-level
descriptions; (2) MESSY is based on SystemC modeling that
can be tailored to specific user requirements without the need
for lower-level models, making it ideal for early-stage design
exploration.

1) kMLeon for ML-based Performance Modeling: The avail-
ability of cycle-accurate models and simulators enables auto-
matic derivation of more abstract, higher-level models. These
abstractions speed up evaluation processes such as SW perfor-
mance evaluation and HW architecture exploration.

In TRISTAN, we focus on the automated generation of
performance models from RTL simulations using machine
learning techniques. These models are designed to seamlessly
integrate with high speed simulators, including instruction set
simulators and virtual prototypes, to achieve an optimal balance
between simulation speed and accuracy. The resulting flow is
depicted in Figure 3.

For model generation, we use kMLeon [5], an ML-based tool
that automates the generation of extra-functional properties. It
provides full automation for model exploration and validation,
allowing users to select models that best meet their needs in
terms of accuracy, speed, and interpretability.

For model integration with fast simulators, the only re-
quirement is the support for instruction-level counting. The
framework operates in two phases: an online phase where the
simulator gathers per-type instruction counts and an offline
phase where these counts are fed into the ML-based model
to predict performance, thereby enhancing both accuracy and
simulation efficiency.

This methodology has been applied to the OpenHWGroup’s
CVAG architecture [6], available in TRISTAN. Using Verilator,
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Fig. 3. Overview of the ML-driven model generation framework. The training
phase uses cycle-accurate traces to generate performance models, which then
predict new applications performance in the inference phase.
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Fig. 4. MESSY: integration of SystemC-AMS and GVSoC through a bus-
based architecture to achieve extra-functional awareness in virtual platforms.

detailed RTL traces are generated, formatted, and then provided
as input to kMLon for model generation and exploration.
QEMU [7] has been used as a fast simulator that supports
modern architectures and conforms to the latest RISC-V com-
munity standards, ensuring compatibility with both standard
and custom extensions. First experimental results show that,
with minimal impact on overall simulation speed compared to
QEMU, the proposed framework achieves an average relative
error in performance estimation of less than 7% and a maximum
relative error of less than 19% compared to Verilator.

2) MESSY for SystemC Power Modeling: MESSY (Multi-
layer Extra-functional Simulator in SystemC) is an open-
source framework that integrates functional RISC-V simulation
(achieved with GVSoC) with SystemC-AMS, that is used to
model extra-functional aspects. The choice of GVSoC allows
a tight integration of TRISTAN RISC-V tools (Section III-A),
while SystemC AMS [8] is a widespread solution for virtual
platforms and for simulating extra-functional aspects [9], [10].

The proposed architecture to integrate GVSoC and Sys-
temC AMS exploits a bus-centric paradigm (Figure 4). The
simulation features one bus for each modeled aspect (e.g.,
functionality and power), and each system component may
be connected to each bus: e.g., a core will have a functional
implementation that describes instruction processing connected
to the functional bus, and a power model that estimates
the corresponding power demand exported to the power bus.
The mutual interdependency between functional and extra-
functional aspects is then achieved through an information
exchange between the models of the same component (e.g., the
instruction being processed by the core is propagated to the
power model to estimate the corresponding current demand).

Both GVSoC and SystemC AMS are event-driven. This
allows designers to easily integrate the two simulations, with
SystemC AMS acting as the master of the simulation. At the
beginning of the simulation, SystemC AMS instantiates the
GVSoC ISS together with SystemC-AMS components. The
subsequent simulation proceeds by alternating the execution
of GVSoC (through invocations of the step_until () API
function) and SystemC-AMS. Whenever the SW executing in
GVSoC needs to communicate with a bus-connected functional
component in SystemC-AMS, the request is intercepted by Sys-
temC AMS from GVSoC AXI operations and then propagated
to the functional bus. In the case of GVSoC-dependent extra-

functional models, information can be extrapolated from GV-
SoC through dedicated APIs (e.g., get_instant_power ()
for power demand).

This dual-instance approach allows for a synchronized and
detailed simulation of both the functional interactions and
power consumption dynamics within the system. This proved
to allow effective design space exploration, aware not only of
the functionality but also of extra-functional dimensions, such
as energy autonomousness and optimization [11].

C. SUNRISE for SoC Design Evaluation

SUNRISE - a Scalable Unified RESTful Infrastructure for
System Evaluation - provides users a unified approach to uti-
lizing virtual prototyping solutions, facilitate access to various
simulation technologies and boost cooperation by leveraging
decentralized compute resources for deployment of simulation
workloads and definition of open APIs. HW architects and
algorithm developers can easily evaluate SoCs and IPs by
using the Evaluation API (EvalAPI) whereas the SoC and
IP providers can integrate their simulation models using the
System API (SysAPI). SUNRISE can be used throughout the
development process as different types of simulation models
are supported. Figure 5 shows an overview of the SUNRISE
framework. In the TRISTAN project, two successful RISC-V
IP integrations have been shown together with Codasip and
MINRES.

From an industrial perspective, the adoption of the Evalua-
tion API (EvalAPI) will lead to the long awaited industry-wide
democratization of custom compute. Using well-defined stan-
dards, it is now possible to evaluate the performance of software
commits on an ever-increasing variety of IP configurations and
instantly compare the outputs through a unified data format,
as demonstrated by Codasip. This will enable software-driven
hardware development and could open the door to Al-assisted
co-design of the HW/SW stack.

The different levels of abstraction, which can be covered by
the System API, are prototyped during the TRISTAN project
by deploying virtual platforms based on DBT-RISE [13] and
SCC components, as well as implementation models based on
the TGC cores [14] from MINRES. The approach of a standard
API allows a content provider to focus on demonstrating the
value in a defined environment while the content user focuses
on evaluating the results of the workload.
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Fig. 5. SUNRISE framework overview. Figure reused from [12].



IV. TOOLS AND METHODOLOGIES FOR DESIGN AND
IMPLEMENTATION

One key issue in designing and integrating circuits is man-
aging the increasing complexity of today’s systems. Method-
ologies and frameworks to save design time and effort are
crucial to reduce manual errors while maintaining flexible
but efficient solutions during the design process. To address
some aspects of these challenges, this section introduces two
approaches developed within TRISTAN focused on efficient
IP generation and management. First, we propose a custom
instruction acceleration flow based on the commercial tool
Catapult HLS. Subsequently, we cover Kactus2, an IP-XACT
conform open-source toolset for SoC design and management.

A. High-Level Synthesis HW Acceleration Flow with Catapult

Catapult High-Level Synthesis (HLS) and Verification [15]
is a cutting-edge platform for accelerating the IC design flow.
Catapult HLS automates the generation of optimized RTL code
from C/C++ and SystemC, significantly reducing hardware
design time and effort. The tool seamlessly integrates into
existing verification flows and enables design space exploration
to meet stringent performance, power, and area requirements.

In TRISTAN, we leverage Catapult HLS to develop an
application-specific implementation flow for HW acceleration
using custom instructions. Our goal is to provide an automated
tool to accelerate RISC-V applications while reducing design
time and effort for the IC designer. Figure 6 illustrates the flow
and high-level architecture of the resulting system. The user
provides the flow with a C/C++ algorithm and manually selects
the specific custom instruction code sections to be implemented
in hardware. Based on this manual custom instruction segmen-
tation, the flow partitions the algorithm into C/C++ hardware
accelerator functions and the remaining C/C++ SW code. The
accelerator functions are embedded into a C/C++ wrapper
and subsequently converted into an RTL description utilizing
Catapult. The resulting HDL wrapper accelerator is compliant
to OpenHW Group’s Core-V eXtension interface specification
(CV-X-IF) [16], thus can be integrated with any RISC-V core
supporting the interface (as indicated in Figure 6). GCC is
used to generate the binary for the selected RISC-V core.
Within TRISTAN, we utilize the Core-V cores CVA6 [6] and
CV32E40X [17] to enhance and test the generated wrappers.

C/C++ Algorithm

HW/SW Partitioning

RISC-V
Core

Wrapper

CVXAF - accelerator

Accelerator
Functions

eXtension
Interface

(CV32E40X,
CVAS, ...)
HW Generation

SW Compilation

RTL Wrapper
Accelerator

Fig. 6. Flow diagram (left) of the proposed Catapult-based HLS flow, and
high-level block diagram (right) of the resulting HDL system consisting of the
selected RISC-V core and flow-generated wrapper accelerator.

(

B. IP Composition with IP-XACT & Kactus2

The reuse of IPs is a more and more prominent part of SoC
design through both the fabless design companies as well as the
availability of open source IPs. IP-XACT [19] standard aims
to formalize IP data exchange format for reuse, integration,
and automation. Formalized data allows integration to be done
more easily by ensuring that correct information is documented.
For IP, IP-XACT information describes the structural model,
memory content, and connectivity. This standard also defines
a formal generator interface that enables tools to more easily
automate the integration of IPs and use flows as well as the
generation of design, documentation, and verification for them.
IP-XACT defines a standardized way to implement vendor
extensions to enable users to add any custom information.

Kactus2 [20] is an IP-XACT based open-source toolset for
designing SoCs. Kactus2 enables users to either package their
existing IPs with IP-XACT format or to create new ones
directly in it. Packaged IPs can be used with graphical hardware
design tools to create hierarchical designs that can be generated
into HDL. Diagram connectivity for memory-mapped designs
enables users to generate HW/SW co-design files, such as
memory address headers, device trees, system view description
(SVD), and Renode platform files. This enables designers to
gain additional benefits from conforming to standards on top
of SoC structural modeling and documentation. The scope of
IP-XACT and Kactus2 is depicted in Figure 7.

V. TOOLS AND METHODOLOGIES FOR FORMAL
VERIFICATION

Two different formal verification workflows of RTL designs,
used for different purposes, have been proposed in TRISTAN.
The open-source pArchiFI tool is used to evaluate security
properties, while the commercial OneSpin tool is used to
evaluate the functionality of hardware designs. This section
focuses on the pArchiFI tool.

Fault-Injection (FI) consists in applying abnormal physical
stress to the HW to modify the behavior of the microelectronics.
This leads to the appearance of incorrect values called faults in
the micro-architecture as detailed by Yuce [21]. These faulty
values can be recovered or propagated through the processor
circuit and potentially lead to observable effects at the software
level. For instance, this can result in skipping an instruction,
reading or writing to a wrong address in memory [22]. The
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Fig. 7. Scope of IP-XACT defined with blue and Kactus2 with red. Figure
reused from [18].



observable effects of the faults can then be exploited by an
adversary. To comprehensively locate and characterize FI-based
vulnerabilities, developing a formal model of the processor
helps to identify which FI attacks, targeting the hardware,
defeat a given security requirement often expressed at the
software level.

pArchiFI [23] is an open-source tool dedicated to the for-

mal modeling and verification of microarchitecture-level fault
injections and their effects on complex HW/SW systems. Such
a system-level model requires:

1) The HW model of the processor provides a cycle-accurate
formal model of both the combinatorial and sequential
logics constituting a processor design.

2) The SW model describes the sequence of instructions,
represented in a binary form and applied as constraints
on the initial state of the HW model.

3) The fault model indicates how the physical attack in-
terferes with the HW model. A fault model has three
dimensions: temporal, spatial, and effect. The temporal
dimension specifies the targeted clock cycles by the
attack. The spatial dimension describes which signals can
be modified by the fault. Finally, the effect dimension
defines which values can be applied to the faulty signals.

4) The security property is necessary to identify if an FI
attack can lead to new vulnerabilities by encoding the
expected software behavior.

The Yosys toolchain [24] generates the HW model for different
model-checking environments. We demonstrated the practical
use of pArchiFI on RISC-V use cases using state-of-the-art
model-checking tools for HW verification [23], [25]. We have
extended this approach with a notion called k-fault-resistant
partitioning to solve the fault propagation problem when
assessing redundancy-based HW countermeasures [26]. We
applied this methodology to the OpenTitan secure element and
formally prove the security of its CPU’s HW countermeasure
to single bit-flip injections. Besides that, we demonstrated
that previously intractable problems, such as analyzing the
robustness of OpenTitan running a secure boot process, can
now be solved by a co-verification methodology that leverages
k-fault-resistant partitioning.

VI. CONCLUSION

This paper provides the current state of the TRISTAN EDA
tools landscape, highlighting a selection of proposed tools and
methodologies. The goal is to build a comprehensive set of
tools in which open-source and commercial solutions co-exist
to drive the European RISC-V ecosystem forward. On the one
side, open-source tools and frameworks foster customization
and interoperability across different flows and enable collabo-
rative research and development. On the other side, established
commercial tools with reliable maturity levels remain essential,
in particular for the critical stages of the design process.
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