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EXECUTIVE SUMMARY 

The use of open source drastically lowers the barrier to design innovative SoCs which is an area that 
Europe excels in and strongly depends on in key application sectors. It is a disruptive approach and 
strong competences in this field are being developed in China, the US and India. It is important in order 
to remain competitive and ensure sovereignty that Europe responds and puts in place a roadmap and 
initiatives to consolidate ongoing European activities. The development of a strong European open 
source ecosystem will drive competitiveness, enable greater and more agile innovation and give 
greater economic efficiency. At the same time, it will remove reliance on non-EU developed 
technologies where there are increasing concerns over security and safety. This is important for key 
markets such as automotive, industrial automation, communications, health and defence. Notably 
open source can be used as a sovereignty tool providing an alternative to licensing IPs from non-EU 
3rd parties. However, this will only be possible if there is a critical mass of European contributors to 
open source projects so that a European fork is possible (i.e. create a fully equivalent variant of a given 
technology) if necessary. 

The realization of such a critical mass requires a radical change in working across the board with 
leadership and contribution from major European industrial and research players and other value 
chain actors. An approach similar to the European Processor Initiative which brings together key 
technology providers and users in the supply chain is needed, but with the goal of producing open 
source IP. To realize this, there are several key needs: 

1) Build or Take Part in Sustainable Open Source Communities. Strong engagement with initiatives 
such as OpenHW Group, CHIPS Alliance, etc. should be encouraged to get and maintain 
industrial-grade solutions. Here there is a need to avoid fragmentation (creating too many 
communities) or purely European communities (resulting in disconnection with global 
innovation). A challenge is that current communities are young and essentially deliver processor 
cores and related SW toolchains. They need to extend their offer to richer catalogs including high 
end processors, interconnects, peripherals, accelerators, Operating System (OS) and SW stacks, 
Integrated Development Environments (IDE)/Software Development Kits (SDK) and extensive 
documentation. 

2) Promote Open Source Electronic Design Automation (EDA) and Computer Aided Design (CAD) 
tools. Open source hardware targeting ASIC implementations require software tools for 
implementation. The licensing costs for a single implementation quickly amount to several 
hundred thousand Euro which is key barrier. High quality open source EDA tools are thus needed 
for industrial-grade open source IP cores. Europe also has a low footprint in the world of CAD 
tools, which are critical assets to design and deliver electronics solutions. Promotion of open 
source CAD tool initiatives are opportunities to bridge this gap. 

3) Strong engagement with RISC-V International. For processors Reduced Instruction Set 
Computers (RISC) are a core element and involvement in RISC-V International should be 
encouraged to influence and comply with the “root” specifications. Currently, RISC-V 
standardizes the instruction set, but additional fields will require standardization in the future 
to support more interoperability considering SoC interconnect, chiplet interfaces, turnkey trust 
and cybersecurity, safety primitives, etc. 

4) Support Cooperative Funded Projects. It is important to support open source cooperative 
funded projects to maximize collaboration and create a significant European critical mass to 
compete with China and the USA. The goal should be to ensure that 80-100% of the intellectual 
property produced by these projects is delivered as open source so that European actors can 
exploit these results. Participants could be motivated to deliver significant open source 
contributions via offering a higher funding rate. 

5) Changing Perceptions to Open Source. For open source to be broadly adopted by the European 
ecosystem, the barriers to adoption have to be tackled. In particular, there is a perception that 
building defendable intellectual property is difficult, if not impossible, with open source. This is 
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a key challenge for obtaining financing for open source-based start-ups. This requires a 
redefinition of the business model for many European IP providers, design service providers and 
public research centers. EU advocacy and financial support is needed for start-ups, SMEs and 
public research centers to encourage the adoption of open source. At the same time public 
endorsement of open source and material contribution to open source projects from the leading 
European semiconductor vendors is critical to provide credibility and momentum to open source 
at a European level. The European design service vendors can also play a key role in supporting 
the open sourcing of major vendors’ IPs with financial support from the EU. 

6) Address cross cutting issues. In order to meet the needs of applications there is a need to 
address a number of cross cutting issues such as scalability, certification for safety in different 
application domains, and security. This requires consideration at both the component level and 
system level.  

To address these 6 key needs the Working Group has defined a strategic roadmap considering short 
(2-5 years), medium (5-10 years) and long term (>10 years) goals. The success of the roadmap depends 
on European actors working closely together to create a critical mass of activities that enhance and 
expand the European open source community and its influence on the world stage. The Working 
Group strongly advocates that this roadmap of activities is supported via coordinated European level 
actions to avoid fragmentation and ensure that Europe retains technological sovereignty in key 
sectors. 

1 INTRODUCTION 
Europe has a core competence in designing innovative System-On-Chips (SoC) for key application 
sectors such as automotive, industrial automation, communications, health and defence. The 
increasing adoption of open source, however, is disruptive as it drastically lowers the barrier to design. 
Already competing nations, e.g. China, the US and India are investing heavily in open source HW and 
SW and in order to remain competitive and maintain sovereignty in key sectors where there are 
increasing concerns over security and safety there is a need for Europe to respond by creating a critical 
mass in open source. The development of a strong European open source ecosystem will also drive 
competitiveness as it enables greater and more agile innovation at much lower cost. However, to 
achieve this there is a need to align and coordinate activities to bring key actors together  to avoid 
fragmentation within Europe. 

This document thus develops and presents a high-level roadmap for Open Source HW/SW & RISC-V 

based Intellectual Property (IP) blocks which are of common interest to multiple companies and 

organizations, considering design IP and supporting EDA tools. The aim of the roadmap is to 

consolidate ongoing European activities through the presentation of a number of concrete ideas, 

topics and priority areas for IP-blocks and future research in order to build sovereignty & competitive 

advantage in Europe towards future processor design and usage.  

The report is ordered to highlight the growing adoption of open source around the world, the benefits 

of adopting open source, key European ecosystem players, the market position and competition in 

the domain, how sovereignty can be addressed via open source and what Europe needs to do to create 

a strong and competitive critical mass in this area. The roadmap is then presented considering 

processors (RISC-V, beyond RISC-V, ultra-low power and high-end), accelerators (Domain Specific 

Architectures, peripherals and SoC), software (compilers, debuggers, Operating Systems, …) and EDA 

Software. Cross cutting issues (scalability, safety and security), important in key European 

applications, are also considered. 
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2 INCREASING ADOPTION OF OPEN SOURCE 
The interest in open source is rapidly rising as 

shown in Figure 1 with the number of 

published academic papers exploding in the 

area of RISC-V. This presents a major 

discontinuity for SoC design. The use of open 

source drastically lowers the barrier to design 

innovative SoCs which is an area that Europe 

excels in and strongly depends on in key 

application sectors. Use of open source also 

allows a research center or company to focus 

its R&D effort on innovation, leveraging an 

ecosystem of pre-validated IP that can be 

freely assembled and modified. This is 

disruptive in a market where traditionally a set of IPs is designed in house at a cost that is only 

accessible to a few companies, or where alternatively 3rd party IPs are licensed by companies with 

constraints on innovation due to architecture. A key advantage of open source is that it provides a 

framework that allows academia and companies to cooperate seamlessly, leading to much faster 

industrialization of research work.  

There are many parallels between open source hardware and open source software. There have been 
key exemplars in the software domain such as GNU and Linux which started as an educational project 
in 1991 and has now become dominant in several verticals (High Performance Computing (HPC), 
embedded computing, servers, etc.) in synergy with open source infrastructure such as Transmission 
Control Protocol/Internet Protocol (TCP/IP) network stacks. While there are a lot of commonalities in 
term of benefits, pitfalls and the transformative potential of the industry, there are also significant 
differences coming from the physical embodiment of any Integrated Circuit (IC) design via a costly and 
timely process. A key aspect of open source business models is the licensing model and Open 
Hardware projects typically also include extensive documentation and software for simulation, 
validation and testing. 

Permissive licensing is a mechanism whereby the rights holder gives permissions and imposes very few and 
lightweight obligations in exchange. For example, one obligation might be to explicitly mention the original 
author in a piece of modified work. The piece of modified work, and any larger work in which it is included, 
do not need to be released under the same license.  

Weakly-reciprocal licensing, whereby a licensee who modifies the work must release the modified version 
under the same license. This is where reciprocity comes in. The licensee gets a piece of work with a number 
of permissions, but must share back in exchange, therefore contributing to a virtuous circle of sharing. The 
“weak” in “weakly reciprocal” refers to the fact that the reciprocity obligations do not extend beyond the 
initial piece of work that was shared. The original piece of work can be embedded in a larger work and the 
sources for that larger work do not need to be released under an open source license. 

Strongly-reciprocal licensing is a sharing regime whereby the obligations to share back extend to any larger 
piece of work embedding the originally licensed work. 

Documentation Licensing - When considering documentation, the de-facto standard for sharing is the 
Creative Commons family of licenses. These include CC0 (permissive with no attribution requirement), CC-BY 
(permissive with an obligation to recognize the original authors) and CC-BY-SA (reciprocal). These three 
licenses are adequate to share documentation in the context of the open hardware developments. 

Table 1: Key Licensing Approaches 
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It is important to choose appropriate licenses for each of the released components. Copyright law is 
“all rights reserved” by default. This means that putting a file somewhere on the web is not enough 
because the recipients of that file do not have the basic permissions they need to allow copying, 
modification and publishing of modified versions of that file. Licenses provide the permissions that 
the rights holder grants to users so they can benefit from and contribute to the open source effort. 
There are several pros and cons to different licensing approaches. For software, the best choice of 
license depends on the project. Apache v2 is a modern permissive license which is used in many 
successful open source software projects. GNU Lesser General Public License (LGPL v3) and Mozilla 
Public License (MPL2) are also good choices in weakly-reciprocal contexts, and GNU General Public 
License (GPL v3) is the de-facto standard for strongly reciprocal work. When considering hardware and 
IC design there are some issues with using open source software licenses. This applies mainly to 
reciprocal regimes and permissive licensing is a 
much simpler in practice. As such Apache v2 
can be used as a permissive license for 
hardware projects in the IC design realm with 
alternatives being Solderpad v2.1, which takes 
Apache v2 as a basis and modifies some terms 
to better adapt them to a hardware context. 
More specifically the CERN Open Hardware 
License comes in three variants: permissive, 
weakly-reciprocal and strongly-reciprocal, 
providing a one stop shop for hardware 
licensing. The reciprocal variants take into 
account the specificities of IC design and its 
legal and commercial environment. 

 

3 BENEFITS OF OPEN SOURCE WITHIN THE VALUE CHAIN 
The ecosystem is wide ranging and diverse including the semiconductor industry, verticals and system 
integrators, SMEs, service providers, CAD tools providers, open source communities, academics and 
research. It is an area where there is great scope to create innovative start-ups and service offers (such 
as RedHat). The benefits and attraction of adoption of open source depends on the type of actor and 
their role within the value chain. These can include: 

• Creating innovative products with lower costs and access barriers. 

• Providing a faster path to innovation and smoother cooperation between actors (academic, 
research, industry, SME, alliances) as no Non-Disclosure Agreement (NDA) and commercial license 
need to be negotiated. 

• Influencing technical choices and specifications. 

• Allowing customization of open source IP to user needs, delivering differentiating products. 

• Sharing development costs. 

• Reducing risks related to third-party IP (unbalanced commercial relationship, end of maintenance/ 
discontinued products, export control and trade wars). 

• For RISC-V compliant processors, the advantage of the open source SW ecosystem (compilers, 
debuggers, Operating Systems, frameworks, etc.). 

• Building support and design service businesses based on open source IP (such as RedHat). 

• Conducting research with easier access to digital technologies. 

• Using open source material to educate talented students who will fuel future European successes. 

• Better auditing of security and safety, ensuring that solutions can be fully audited and 
checked/verified (e.g. possibility to look for back doors in open source IPs). This is not possible for 
IPs licensed from 3rd parties. 

Recommendation - In the context of the proposed 

open source hardware initiative, it is important to 

specify licensing terms which will maximize the 

positive impact on commercial actors and society in 

general. Taking into consideration the current state of 

the IC design ecosystem and the different business 

models available to actors in the open hardware 

scene, it is reasonable to limit the set of 

recommended hardware licenses to those allowing 

combination with proprietary blocks, i.e. either 

permissive or weakly-reciprocal licenses. 
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4 KEY OPEN SOURCE ECOSYSTEM PLAYERS 
The attraction of open source is clear and there is a growing community of developers and 

contributors to open source repositories both within Europe and at the global scale. A danger is 

fragmentation of effort and there is a need to strengthen European activities to create a critical mass 

that can contribute both at the European level, but also on the world stage. This is to ensure that 

European needs are serviced and that there is more resilience to forks in development that may be 

deleterious to European interests. Key initiatives identified by the Working Group are described in 

Table 2.  

RISC-V International is probably one of the most well-known players in open hardware, but it only works on 
the RISC-V Instruction Set Architecture (ISA) and related specifications. Many entities and individuals have 
designed RISC-V compatible cores, processors and SoC (https://riscv.org/exchange/cores-socs/). Among 
them, there are two well-known organizations that host open source co-operations: CHIPS Alliance and 
OpenHW Group. lowRISC is also notable being mostly recognized for the OpenTitan project. 

 

OpenHW Group is a not-for-profit, global organization driven by its members and individual contributors 
where hardware and software designers collaborate in the development of open source cores, related IP, 
tools and software. OpenHW provides an infrastructure for hosting high quality open source HW 
developments in line with industry best practices and builds upon the ETH-Zurich/University of Bologna PULP 
open source project. A good fraction of its 60+ members are from the EU (companies and research centers), 
some being involved in its governance. The Group hosts the development of several RISC-V cores, CV32E4 
embedded family deriving from RI5CY and CVA6 application cores deriving from ARIANE and will extend with 
TAIGA (from Simon Fraser University) and CV32E20 (compact core deriving from Ibex/Zero-riscy). SoC-level 
projects are also in the pipeline, as well as several software projects relating to the cores. The list and status 
of projects can be found at  

https://github.com/openhwgroup/core-v-docs/blob/master/program/dashboard/Dashboard.md 

 

CHIPS Alliance is pursuing a vision of creating a completely open hardware ecosystem, with tools, IP, cores, 
interconnects and more. As a Linux Foundation project it is based in USA but includes parties from all over 
the world, including EU companies like Antmicro. CHIPS should be viewed as a key strategic partner in pushing 
the open source technologies to the market. CHIPS Alliance is developing a number of improvements in the 
open tools workflow, verification, standardization, chiplets and other fields, including: 

• SystemVerilog parsers, formatters, linters and other tooling – Verible, Surelog, UHDM, sv-tools (led 
by Google & Antmicro) 

• Open source Universal Verification Methodology (UVM) support in Verilator (led by Antmicro & 
Western Digital) 

• The OpenROAD/OpenLANE and OpenFASoC Application Specific Integrated Circuit (ASIC) design 
flows (led by Precision Innovation UCSD/UMich, etc.) 

• A number of open source Analog tools (with diverse university involvement) 

• The RISC-V Doman Validation (DV) verification environment (led by Google) 

• The Chisel Hardware Description Language (HDL) and related tools (led by SiFive / Berkeley) 

• Advanced Interface Bus (AIB) open source chiplet standard and reference implementation 
(spearheaded by Intel) 

• Field Programmable Gate Array (FPGA) Interchange format, an interoperability standard for open 
and closed source FPGA tooling which can be used as a reference for similar activities in the ASIC 
domain (Antmicro / Google) 

 

SkyWater technologies are pursuing a new, open foundry model where their 130nm Process Design Kit (PDK) 
has been open sourced together with Google, E-Fabless, Antmicro and a number of university partners in a 
crowdsourcing design platform leveraging also open source IPs and EDA tools. Other PDKs are likely to follow 

https://riscv.org/exchange/cores-socs/
https://github.com/openhwgroup/core-v-docs/blob/master/program/dashboard/Dashboard.md
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suit. The 3-some partnership offers free access to MPW (Multi Project Wafers) sponsored by Google. 
SkyWater is considered to be quite US-Centric. 

 

EUROPRACTICE is a highly effective integrated service for Europe, that has been supported by the European 
Commission for more than 25 years. EUROPRACTICE lowers the entry-barrier for academic institutions and 
less well-established companies (i.e. start-ups and other SMEs) by offering affordable access to a rich portfolio 
of industrial-grade design tools and prototyping technologies for customized ASICs, Micro-electromechanical 
Systems (MEMS) and photonics. The service includes initial advice, training and ongoing support, reduced 
entry costs and a clear route to chip manufacture and product supply. 

 

FOSSi: The Free and Open Source Silicon (FOSSi) Foundation predates the OpenHW Group and the CHIPS 
Alliance, with a strong European presence on its Board of Directors. It is completely different in that no big 
corporate actors are involved in its governance. Its legitimacy in the open source silicon arena is derived from 
their long-standing commitment to facilitate the sharing of open source digital designs and their related 
ecosystems. In this regard, they are well known for organizing the ORConf and LatchUp conference series, as 
well as managing librecores.org, a place on the Web to share HDL code, seen as the evolution of the old 
opencores.org. 

Table 2: Key Open Source Initiatives 

Going forward the Working Group advocates for building upon and consolidation of Open Source 

Hardware (OSH) communities where there is a significant participation of European actors, e.g. the 

OpenHW Group, which is a worldwide initiative, and the CHIPS Alliance, which has a strong US 

footprint. Notably OpenHW is registered in Canada (a more neutral country) and is in the process of 

creating OpenHW Europe, as a working group hosted by the Eclipse Foundation (registered in 

Belgium). The OpenHW Group pays strong attention to verification (processes, environment, 

coverage, etc.) and open source availability of most verification artefacts. There is also a focus on 

designs written in widespread Hardware Description Languages (HDLs) to ease adoption by many 

teams and a rule not to include technology subject to export control laws in any jurisdiction. The CHIPS 

Alliance provides governance, structure and legal assistance including patents and export controls 

offering the opportunity for collaboration on legal aspects of open hardware. 

Key in Europe is EUROPRACTICE and this already offers significant support for open hardware ICs 

through a design sharing agreement, which is a legal agreement that requires EUROPRACTICE 

members to share the IP that they have developed with other members. The standard academic 

license agreements for IC design tools preclude the sharing of IP, so this design sharing agreement is 

absolutely essential for any serious open source hardware endeavour. EUROPRACTICE could extend 

its current offering and organize an IP exchange system, where academic members could submit 

their IC IP and gain access to all of the member contributed IP by signing a single agreement to join 

this ‘club’ rather than concluding a design sharing agreement for each individual piece of IP. Routes 

to commercialization from this pool would also exist. Furthermore, EUROPRACTICE could negotiate 

with its European foundries (such as GLOBALFOUNDRIES, STMicroelectronics and X-FAB) to organize 

low-cost themed design challenges, similar to the Google-Skywater sponsorship. Ideally, this should 

fuel hardware exchange between innovators (in the form of chiplets), which would require a standard 

interposer offer on which chiplets can be tested and brought together into a system. 
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5 MARKET DRIVERS AND COMPETITION 

A key market challenge is that most of the current open source hardware technology resources are 
located outside of Europe, especially in the United States, in China (which has strongly endorsed RISC-
V based open source cores) and India which has a national project. For China, open source is an 
industrial policy tool and important part of its push for technological autonomy1. When Huawei lost 
its license to use Google’s Android operating system in May 2019, it responded by developing its own 
operating system HarmonyOS. Huawei plans to switch in 2021 to this proprietary system for all its 
smartphones and hopes to turn Harmony into the world’s most advanced operating system for 5G 
phones and IoT applications. The system is open source, meaning that developers can access, copy, 
edit and share its source code. 

HarmonyOS is just one demonstration of how important open source technology development is in 
China, a country often seen as discouraging decentralized forms of innovation. China is bolstering the 
development of a vibrant open source ecosystem. By participating in international open source 
projects Chinese firms and developers gain access to foreign software and hardware. Chinese 
companies are also now active contributors to the international open source community. For the 
Chinese government, open source is an industrial policy tool that could help reduce reliance on foreign 
technologies amid expanding US export controls that are cutting Chinese companies off from 
American technologies. 

China has become a major 
consumer of and contributor to 
open source technologies and a 
recent survey by the Ministry of 
Industry and Information 
Technology (MIIT) affiliated think 
tank China Academy for 
Information and Communications 
Technology, highlighted that 87.4% 
of Chinese firms use open source 
technologies. Chinese users are the 
second most prolific group on 
GitHub after the United States, and 
two out of the top five most 
followed GitHub accounts are 
Chinese. 

Figure 2: Share of Open Source Contributions by Region in 2020 

Maintaining Europe’s Sovereignty and Competitiveness 

This raises the question of how can Europe maintain sovereignty and stay competitive in a rapidly 
developing open source market? The traditional value of the European landscape lies in its diversity 
and collaborative nature which reflects the nature of open source very well. EU funding looks 
favorably on open source solutions and there are well-established educational institutions which are 
of a less litigious / patent-heavy nature as compared to US private universities. The diversified industry 
within Europe is also a strength that can be leveraged to push the EU’s competitiveness in open 
hardware. Even if European open hardware contributions can also be used in other parts of the world, 
this typically means that original maintainers or major contributors to a given technology continue to 
have a large influence on a specific project (e.g. ETHZ’s leading role in the open RISC-V cores 
ecosystem). 

 
1 https://merics.org/en/short-analysis/china-bets-open-source-technologies-boost-domestic-innovation 

https://www.globaltimes.cn/content/1200552.shtml
https://www.sohu.com/a/417689970_114760
https://www.scmp.com/abacus/news-bites/article/3041250/huaweis-harmonyos-source-code-will-be-available-developers-next
https://www.globaltimes.cn/content/1200993.shtml
https://www.globaltimes.cn/content/1200993.shtml
https://interconnected.blog/open-source-in-china-the-players/
https://interconnected.blog/open-source-in-china-the-players/
http://www.caict.ac.cn/kxyj/qwfb/bps/202010/t20201016_360023.htm
https://octoverse.github.com/#the-world-of-open-source
https://octoverse.github.com/#the-world-of-open-source
https://github.com/search?o=desc&q=followers%3A%3E%3D1000&ref=searchresults&s=followers&type=Users
https://merics.org/en/short-analysis/china-bets-open-source-technologies-boost-domestic-innovation
https://merics.org/sites/default/files/2021-05/MericsPrimer%20OpenSource2xExhibit1_1.png
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To get sufficient return on investment for Europe, a focus should be given to application domains 
where there is stronger impact: automotive, industrial automation, communications, health, 
defence, critical systems, IoT, cybersecurity, etc. These application domains convey specific 
requirements towards open source technologies: safety, security, reliability, power and 
communication efficiency. 

The key to sovereignty in the context of open source is the involvement in the governance of the 
various projects (CHIPS alliance, OpenHW group, etc.) and the achievement of a critical mass of EU 
contributors to these projects so that a fork could be pursued if this is forced onto EU contributing 
members. 

Competitiveness in the context of open source should be looked at in a reversed manner, that is, how 
much competitiveness European players would lose by not adopting open source. Open source is 
becoming a major contributor to innovation and economic efficiency of the players who broadly adopt 
the approach. The massive on-going adoption of open source in China, from leading companies to 
start-ups and public research centers, with strong support from both the central and regional 
authorities, is a very interesting trend in China’s strategy to catch up in semiconductors. 

While this document focuses on open source IC 
design IPs, the major control point from a 
sovereignty stand point is EDA (Electronic 
Design Automation) tools, which are strictly 
controlled by the US, even for process nodes for 
which Europe has sovereign foundries. Europe 
has significant capabilities in this area in 
research, which it regularly translates into start-
ups for whom the only exit path currently is to 
be acquired by US controlled firms. Open source 
EDA suites exist but are limited to process nodes 
for which PDK is considered as a commodity 
(90nm and above). A possible compromise 
approach, complementary to the development 
of open source EDA, is to emphasize 
compatibility of open source IP design with 
proprietary, closed source design tools and 

flows. This objective can be achieved with efforts on two fronts: (I) promote licensing agreement 
templates for commercial EDA tools that explicitly allow the development of open hardware: this is 
especially important when open hardware is developed by academic partners in the context of EU-
funded R&D actions, as current academic licenses (e.g. as negotiated by EUROPRACTICE) can often 
not be used for commercial industrial activities. (II) even more importantly, emphasis should be put in 
promoting open standards for data exchange of input and outputs of commercial EDA tools (e.g. gate-
level netlists, technology libraries). Proprietary specifications and file exchange formats can hinder 
the use of industry-strength tools for the development of open source hardware. This matter 
requires a specific in-depth analysis to propose an actionable solution.  

Develop European Capability to Fork if Needed 

Open source also brings more protection against export control restrictions and trade wars, as was 
illustrated in 2019 when the US Administration banned Huawei from integrating Google proprietary 
apps in their Android devices. However, Huawei was not banned from integrating Android as it is open 
source released. Regarding US export rules, a thorough analysis is provided by the Linux Foundation 
at https://www.linuxfoundation.org/resources/publications/understanding-us-export-controls-with-
open-source-projects/. 

Recommendation - European Key Digital 

Technologies (KDT) calls should bring benefits to 

open hardware. Use of this hardware by 

proprietary demonstrations (including software, 

other hardware, mechanical systems, in key 

sectors automotive, industrial automation, etc.) 

would be beneficial for pushing acceptance of open 

hardware. Calls could formulate a maximum rate 

(e.g. 30% of volume) for such demonstrations. It 

should be required that proposals do not merely 

implement open interfaces (e.g. RISC-V) but also 

release implementations (e.g. at least 50% of 

volume). It is reasonable to demand that the open 

source licenses of such released implementations 

allow combination with proprietary blocks. 

https://www.linuxfoundation.org/resources/publications/understanding-us-export-controls-with-open-source-projects/
https://www.linuxfoundation.org/resources/publications/understanding-us-export-controls-with-open-source-projects/
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Even for technologies developed in other parts of the world that have been open sourced and adopted 
in Europe at a later stage, the ability to potentially “fork” i.e. create a fully equivalent variant of a 
given technology is a critical capability from a digital sovereignty perspective. Should another 
geopolitical block decide to disrupt open source sharing by preventing the use of future open source 
IPs by EU players, the EU would need to carry on those developments with EU contributors only, or at 
least without the contribution of the adversary block. For this there needs to be a critical mass of 
European contributors available to take on the job if necessary. 

The realization of such a critical mass will require an across-the-board change of working, with 
leadership and contribution from major European players (industrial and research) as well as a myriad 
other contributors. To achieve this there is a need to build or take part in sustainable open source 
communities (OpenHW Group, CHIPS Alliance, etc.) to get and maintain industrial-grade solutions. 
Care needs to be taken to avoid fragmentation (creating too many communities) or purely European 
communities with a disconnection from global innovation. A challenge is that current communities 
are young and essentially deliver processor cores and related SW toolchains. They need to extend 
their offer to richer catalogs including high end processors, interconnects, peripherals, accelerators, 
Operation Systems and SW stacks, IDE and SDK, extensive documentation, etc.  

Open source hardware targeting ASIC implementations requires software tools for implementation 
where licensing costs for a single implementation quickly amount to several hundred thousand Euro. 
There is thus a need for high quality open source EDA tools supporting industrial-grade open source 
IP cores. Europe also has a low footprint in the world of CAD tools, which are critical assets to design 
and deliver electronics solutions. Recent open source CAD tool initiatives are opportunities to bridge 
this gap.  

Considering processors involvement in RISC-V International should be encouraged to influence and 
comply with the “root” specifications. RISC-V standardizes the instruction set, but additional fields will 
be needed in future for interoperability: SoC interconnect, chiplet interfaces, turnkey trust and 
cybersecurity, safety primitives, etc. Open source initiatives should be funded to maximize 
collaborations and reach a significant European critical mass, to compete with China and the USA. 
A significant portion, e.g. 80-100%, of the intellectual property produced in these funded projects 
should be delivered as open source, so that European actors can exploit these results. Participants 
providing significant open source contributions could also be rewarded with a higher funding rate. 

The is also a need for an educational program to encourage the more broad adoption of open source 
by the European ecosystem. This needs to tackle barriers such as the perception that building 
defendable intellectual property is difficult, if not impossible, with open source so that financing 
becomes more available for open source-based start-ups. This also redefines the business model of 
the large number of European IP providers, design service providers and public research centers. EU 
advocacy for open source and financial support, specifically start-ups, SMEs and public research 
centers adopting open source, would help in securing this transition. There is also a need for public 
endorsement of open source and material contribution to open source projects from leading 
European semiconductor vendors to provide credibility and momentum to open source at the 
European level. These actors have a wealth of non-differentiating IPs that they could contribute which 
would greatly benefit the European ecosystem. Underpinning this the European design service 
vendors can play a key role in supporting the open sourcing of major vendors’ IPs, with financial 
support from the EU. 
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6 TOWARDS AN OPEN SOURCE HARDWARE AND SOFTWARE 

ROADMAP FOR EUROPE 
The roadmap for common priority IPs covers the following areas: 

• Processors (RISC-V, beyond RISC-V, ultra-low power and high-end) 

• Accelerators -Domain Specific Architectures 

• Peripherals and SoC  

• Software (Compilers, Debuggers, Operating Systems, etc.) 

• EDA Software 

Cross cutting systems issues important for applications sectors are also considered such as scalability, 

safety and security. 

 

Processors (RISC-V, beyond RISC-V, ultra-low power and high-end) 
 

The Working Group has identified 
the strategic key needs for the 
development and support for: 

1) a range of different domain 
focused processors, 

2) the IP required to build 
complete SoCs and, 

3) the corresponding software 
ecosystem(s) for both digital 
design tools and software 
development. 

Figure 3: RISC-V Core IP Roadmap V0.2 

To align the software roadmap to the hardware IP core development roadmap, efforts should be 
focused on supporting RISC-V implementations that correspond to the RV64GC and RV32GC set of 
extensions. At the same time the creation/adoption of RISC-V profiles (microprocessor configurations) 
should be encouraged in the community. To scope this there is a need for an overall roadmap for RISC-
V microprocessor core IP for specific market focus areas. A challenge is that microprocessor core IP 
comes in many shapes and sizes with differing requirements to meet the needs of applications ranging 
from 'toasters to supercomputers' as shown in Figure 3. In order to pursue this the Working Group 
has concentrated on a subset of this broader landscape whilst leveraging the underlying logic and 
thought process. 

To be successful the IP roadmap must encompass attributes such as performance, scalability, software 
compatibility and deliver high levels of architectural reuse over many years of robust product creation. 
The focus has been on microprocessor core IP that drives system solutions ranging from edge IOT 
devices to manycore compute platforms which are key to many European applications. This needs to 
meet the challenges of scalability and must be sustainable in years to come. At the same time software 
and digital design tooling needs to be developed to support the foundational RISC-V IP. A key aim has 
been to leverage global open source hardware and software projects to maximize European reuse, 
avoid duplication and strategically direct investment. 
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Accelerators – Domain Specific Architectures 

Accelerators are a key need and for many application domains, as meeting non-functional 
requirements (e.g., performance, energy efficiency, etc.) is often difficult or impossible using general-
purpose processor instruction sets such as RV32IM or RV64GC. This is true, for example, in machine 
learning and cryptography, but it also applies to high-performance storage and communications 
applications. The use of extended instruction sets to enable more parallel processing, such as RISC-V 
“P” for Single Input Multiple Data (SIMD) processing and RISC-V “V” for full-scale vector processing, 
can provide significant performance and/or efficiency gains, however, even higher gains are 
achievable in many cases by adding application domain-specific features to a hardware architecture.  

This has led to the concept of Domain-Specific Architectures (DSA) which was highlighted by computer 
architecture pioneers John Hennessy and David Patterson in their 2018 Turing Award Lecture2 (the 
“Nobel Prize” of computer science and computer engineering). Here Domain-Specific Architectures 
were noted one of the major opportunities for the further advances in computer architecture to meet 
future non-functional targets. 

Accelerators are one approach to implement a DSA. They do not provide all of a system’s functionality, 
but instead assist more general-purpose processors by the improved execution of selected critical 
functions. In many cases, this “improvement” means “faster” execution, leading to the name 
“accelerator”, however, it can also mean “more energy efficient” or “more secure”, depending on the 
requirements. In order for the accelerator to exceed the capabilities of a general-purpose system on 
a similar semiconductor process node, the micro-architecture of the processor is highly specialized 
and very specific to the actual algorithm it implements. For example, machine-learning accelerators 
dealing with the efficient inference for Artificial Neural Networks will have very different micro-
architectures depending on whether they aim to operate on dense or sparse networks. They, in turn, 
will have very different architectures from accelerators dealing, e.g., with 3D-Stereovision 
computations in computer vision for autonomous driving, or Quantum Computing-resistant 
cryptography for secure communications. 

In most cases, accelerators rely on conventional digital logic and are designed/implemented/verified 
as is usual for the target technology (e.g., FPGA, ASIC). They would thus profit immediately from all 
open source advances in these areas, e.g., open source EDA tools. Open sourcing the accelerator 
designs themselves will benefit the ecosystem by encouraging reuse, standardization of testing and 
verification procedures and in inducing more academic interest and research. Some open sourced 
accelerators have seen widespread use. Successful cases include NVIDIA’s NVDLA3 Machine Learning 
inference accelerator, or the 100G hardware-accelerated network stack from ETHZ4. 

The opportunity for much higher impact when using open source for accelerators lies not so much 
in the accelerators themselves, but in the hardware and software interfaces and infrastructures 
enabling their use. 

Accelerators are integrated into the surrounding computing system typically in one of three 
approaches (although others exist, e.g. network-attached accelerator appliance).  

Custom Instructions: At the lowest level, the accelerator functions can be tightly integrated with an 
existing processor pipeline and are accessed by issuing special instructions, sometimes called 
custom instructions or ISA eXtensions (ISAX). This model is suitable for accelerator functions that 
require/produce only a limited amount of data when operating and thus easily source their operands 
and sink their result from/to one the processor’s existing register files (e.g., general-purpose, floating-
point or SIMD). The key benefit of this approach is the generally very low overhead when interacting 
with the accelerator from software. This approach has been exploited for decades in processors such 

 
2 https://cacm.acm.org/magazines/2019/2/234352-a-new-golden-age-for-computer-architecture/fulltext 
3 http://nvdla.org/ 
4 https://github.com/fpgasystems/Vitis_with_100Gbps_TCP-IP 
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as the proprietary Tensilica and ARC cores and is also used, for example, in Intel’s AES-NI instructions 
for accelerating Advanced Encryption Standard (AES) cryptography. In the RISC-V domain, companies 
such as Andes Technologies (Taiwan) emphasize the easy extensibility of their cores with custom 
functionality. In the open source area, ETHZ has implemented their Xpulp5 instructions, showing 
significant performance gains and code-size reduction over the base RISC-V ISA. 

Custom instructions generally require deep integration into a processor’s base microarchitecture that 
is often difficult with many proprietary offerings, e.g., from Arm. In the open source RISC-V hardware 
ecosystem, though, custom instructions have become a very effective means towards Hennessy & 
Patterson’s Domain-Specific Architectures. Examples of custom functionality added in this manner 
include Finite-Field Arithmetic for Post-Quantum Cryptography6 , digital signal processing7 , or 
machine-learning8 .  

However, due to their need for deep integration into the base processor, such custom instructions are 
generally not portable between cores. What would be desirable is a lightweight, flexible interface for 
the interactions between base core and the accelerator logic realizing the custom functionality. This 
interface would need to be bidirectional as for example instruction decoding would still be performed 
by the base core, and only selected fields of the instruction would be communicated to the 
accelerator. The accelerator, in turn, would pass a result to the base core for write-back into the 
general-purpose register file. Additional functionality required includes access to the program counter 
computations, to realize custom control flow instructions (this is missing from UCB’s RoCC interface), 
and the load/store-unit(s) for custom memory instructions. A key aspect of an efficient custom 
instruction interface will be that the unavoidable overhead (hardware area, delay, energy) is only paid 
for those features that are actually used. For example, a simple Arithmetic Logic Unit (ALU) compute 
operation should not require interaction with the program counter or memory access logic. With a 
standard (de-facto or formal) interface in place, R&D work on tightly integrated accelerators could 
port across different base processors. 

Loosely Coupled Accelerators: More complex accelerators that require or produce more data than 
can easily be provided/accepted by a base processor core are generally not integrated into the core 
pipeline itself, but are coupled more loosely using industry-standard protocols such as Arm AMBA. 
The communication requirements of the accelerator determine the specific flavour of interface used, 
which can range from Advanced Peripheral Bus (APB) for low-bandwidth interaction, or Advanced 
High-Performance Bus (AHB)/Advanced eXtensible Interface (AXI) for higher-performance 
accelerators. These loosely coupled accelerators accept commands from one or more base cores using 
memory-mapped interactions and are then capable of accessing their input and output data 
independently using Direct Memory Access (DMA) operations. Since these accelerators are integrated 
into a system using standard protocols, they are very portable. For example, the open source NVIDIA 
machine-learning accelerator has been successfully integrated into a number of open source and 
proprietary Systems-on-Chips.  

However, for more complex accelerators, the open source ecosystem is much sparser when advanced 
capabilities are required. Two examples of this are shared-virtual memory and/or cache-coherent 
interactions between the accelerators and the software-programmable base cores. Both mechanisms 
can considerably simplify using the interaction between software on the base cores and accelerators, 
especially when more complex data structures (e.g., as used in databases) need to be operated on. To 

 
5 https://www.research-
collection.ethz.ch/bitstream/handle/20.500.11850/461404/CARRV2020_paper_12_Perotti.pdf?sequence=1&isAllowed=y 
 
6 https://www.athene-
center.de/en/research/publications/?tx_vierwdcrisp_publications%5Bpublication%5D=2338&tx_vierwdcrisp_publications%
5Baction%5D=show&cHash=aba405ca3a9a90d328778a67ce99e7d2 
7 https://riscv.org/wp-content/uploads/2017/12/Tue1212-Customization_of_a_RISC_V_Processor_Zachariasova.pdf 
8 https://edge.seas.harvard.edu/files/edge/files/carrv_workshop_submission_2019_camera_ready.pdf 

https://www.research-collection.ethz.ch/bitstream/handle/20.500.11850/461404/CARRV2020_paper_12_Perotti.pdf?sequence=1&isAllowed=y
https://www.research-collection.ethz.ch/bitstream/handle/20.500.11850/461404/CARRV2020_paper_12_Perotti.pdf?sequence=1&isAllowed=y
https://edge.seas.harvard.edu/files/edge/files/carrv_workshop_submission_2019_camera_ready.pdf
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achieve shared-virtual memory, the accelerator and the base core(s) need to share address 
translations, invalidations, and fault-handling capabilities. The UCB RoCC interface achieves this by 
leveraging the capabilities of the underlying base core (Rocket, in most cases). However, for better 
scalability across multiple accelerators, it would be beneficial to have a dedicated Input-Output 
Memory Management Unit (IOMMU) serving just the accelerators, possibly supported by multiple 
accelerator-specific Translation-Lookaside Buffers (TLBs) to reduce contention for shared resources 
even further. However, no such infrastructure exists in an open source fashion. Currently, designers 
following Hennessy & Patterson’s ideas towards accelerator-intensive systems do not just have to 
design the (potentially complex) accelerators themselves, but they also often have to start “from 

scratch” when implementing the 
supporting system-on-chip architecture 
allowing these accelerators to actually 
operate. Portable, scalable and easily 
accessible open source solutions are 
sorely needed to lower this barrier of 
entry. 

High Speed DRAM Interfaces: Accelerators are often employed for highly data-intensive problems 
(e.g., graphics, vision, machine-learning, cryptography) that need to store significant amounts of 
data themselves, and/or require high-performance access to data via a network. Thus, the 
availability of high-speed interfaces to Dynamic Random Access Memory (DRAM), ideally even in the 
form of forward-looking 2.5D/3D memory technologies such as High Bandwidth Memory (HBM), and 
to a fast network or peripheral busses such as PCI Express, are absolutely crucial for the use of and 
research into accelerators. In most cases, it does not make sense to design an accelerator if it cannot 
interact with sufficient amounts of data. Moving up further in the layers of systems architecture, 
accelerators are not just used today as IP blocks in a system-on-chip, but also as discrete expansion 
boards added to conventional servers, e.g., 
for datacenter settings. This not only 
applies to Graphics Processing Units 
(GPUs), as the most common discrete 
accelerator today, but also to many 
machine learning accelerators such as 
Google’s TPU series of devices. This usage 
mode will become even more common, 
now that progress on the required 
peripheral interfaces for attaching such 
boards to a server, specifically: Peripheral 
Component Interconnect Express (PCIe) has 
finally picked up again with PCIe Gen4 and 
Gen5. Not only do these newer versions 
have higher transfer speeds, they also 
support the shared-virtual memory and 
cache-coherent operations between host and the accelerator board, using protocol variants such as 
Cache Coherent Interconnect for Accelerators (CCIX) or Compute Express Link™ (CXL). Designing and 
implementing a base board for a PCIe-based accelerator, though, is an extremely complex endeavor. 
Not just from a systems architecture perspective, but there are also many practical issues, such as 
dealing with high-frequency signals (and their associated noise and transmission artifacts), providing 
cooling in the tight space of a server enclosure, and ensuring reliable multi-rail on-board power-
supplies.  

These issues are much simplified when using one of the many FPGA based prototyping/development 
boards which have (mostly) solved these problems for the user. High-speed on-chip interfaces are 
provided by the FPGA vendor as IP blocks, and all of the board-level hardware comes pre-

Recommendation - To enable easier design and use of 

novel accelerator designs open source system-on-chip 

templates should be developed providing all the 

required external (e.g., PCIe, network, memory) and 

internal interfaces (e.g., Arm AMBA AXI, CHI, DRAM and 

interrupt controllers etc.), and into which innovative 

new accelerator architectures can be easily integrated. 

These template SoCs could then be fitted to template 

PCBs providing a suitable mix of IO and memory (as 

inspired by FPGA development boards) to the custom 

SoC. Ideally, all of this would be offered in a “one-stop-

shop" like approach, similar to the academic/SME ASIC 

tape-outs to EUROPRACTICE for fabrication but in this 

case functional PCIe expansion boards. 

Recommendation - Low-level generic and higher-level 

domain-specific frameworks should be made available 

in an easily accessible open source manner. For the 

lower-level frameworks, the goal should be portable and 

scalable solutions that support the selected model(s) of 

computation in a lightweight modular manner. 
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implemented. While these boards are generally not a perfect match to the needs of a specific 
accelerator (e.g., in terms of the best mix of network ports and memory banks), a reasonable 
compromise can generally be made choosing from the wide selection of boards provided by the FPGA 
manufacturers and third-party vendors. This is not available, however, to academic researchers or 
SMEs that would like to demonstrate their own ASICs as PCIe-attached accelerators. To lower the 
barrier from idea to usable system in an open source ecosystem, it would be highly desirable if 
template Printed Circuit Board (PCB) designs like FPGA development boards were easily available, 
into which accelerator ASICs could easily be inserted, with all of the electrical and integration issues 
already being taken care of. Providing these templates with well-documented and verified designs 
will incentivize designers to release their work in public domain.  

Hardware is one aspect of an accelerator, but it also needs to be supported with good software. This 
can range from generic frameworks, e.g., wrapping task-based accelerator operations using the 
TaPaSCo9 system, to domain-specific software stacks like Tensor Virtual Machine (TVM)10 for targeting 
arbitrary machine-learning (ML) accelerators. Combinations of software frameworks are also possible, 
e.g., using TaPaSCo to launch and orchestrate inference jobs across multiple TVM-programmed ML 
accelerators11.  

To enable broader and easier adoption of accelerator-based computing, a two-pronged approach 
would be most beneficial. Lower-level frameworks, like TaPaSCo, should provide broad support for 
accelerators operating in different models of 
computation, e.g., tasks, streams/dataflow, 
hybrid, Partitioned Global Address Space 

(PGAS), etc., drawing from the extensive prior 
work in both theoretical and practical 
computing fields. Many ideas originating in 
the scientific and high-performance 
computing fields originally intended for 
supercomputer-scale architectures have 
become increasingly applicable to the parallel 
system-on-chip domain. Lower-level 
frameworks can be used to provide 
abstractions to hide the actual hardware-
level interactions with accelerators, such as programming control registers, setting up memory maps 
or copies, synchronizing accelerator and software execution, etc. Application code can then access the 
accelerator using a high-level, but still domain-independent model of computation, e.g., launching 
tasks, or settings up streams of data to be processed by the hardware. 

Even higher levels of abstraction, with their associated productivity gains, can be achieved by making 
the newly designed accelerators available from domain-specific frameworks. Examples include the 
TVM for machine learning, or Halide12 for high-performance image and array processing applications. 
These systems use stacks of specialized Intermediate Representations (IR) to translate from domain-
specific abstractions down to the actual accelerator hardware operations (e.g. TVM employs Relay13, 
while Halide can use FROST14). Ideally, to make a new accelerator usable in one of the supported 
domains would just require development of a framework back-end for mapping from the abstract IR 
operations to the accelerator operations and the provision of an appropriate cost-model, to allow the 

 
9 https://github.com/esa-tu-darmstadt/tapasco 
10 https://tvm.apache.org/ 
11 https://sampl.cs.washington.edu/tvmconf/slides/2019/E12-Florian-Stock.pdf 
12 https://halide-lang.org/ 
13 https://arxiv.org/pdf/1810.00952 
14 http://groups.csail.mit.edu/commit/papers/2018/frost_workshop.pdf 

Recommendation - For higher-level frameworks, 

future open source efforts should be applied to 

leveraging existing domain-specific solutions. Here, a 

focus should be on making the existing systems more 

accessible for developers of new hardware 

accelerators. Such an effort should not just include the 

creation of “cookbook”-like documentation, but also 

scalable code examples that can be easily customized 

by accelerator developers, without having to invest 

many person-years of effort to build up the in-house 

expertise to work with these frameworks. 

https://tvm.apache.org/
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automatic optimization passes included in many of these domain-specific frameworks to perform their 
work.  

It should be noted that the development of OpenCL 2.x is a cautionary tale of what to avoid when 
designing/implementing such a lower-level framework. Due to massive overengineering and design-
by-committee, it carried so many mandatory features as baggage that most actual OpenCL 
implementations remained at the far more limited OpenCL 1.x level of capabilities. This unfortunate 
design direction, which held back the adoption of OpenCL as a portable programming abstraction for 
accelerators for many years, was only corrected with OpenCL 3.0. This version contains a tightly 
focused core of mandatory functionality (based on OpenCL 1.2) supported by optional features that 
allow tailoring to the specific application area and target accelerators. 

From a research perspective, it would also be promising to study how automatic tools could help to 
bridge the gap between the domain-specific frameworks, e.g., at the IR level, and the concepts used 
at the accelerator hardware architecture levels. Here, technologies such as the Multi-Level IR (MLIR)15 
proposed for integration into the open source Low Level Virtual Machine (LLVM) compiler framework 
may be a suitable starting point for automation. 

 

Peripherals and SoC Infrastructure 

 

SoC Infrastructure 

In addition to processor cores, it is also very 
important to have a complete infrastructure to 
make SoCs and be sure that all IPs are 
interoperable and well documented (industry 
grade IPs). This requires the necessary views of 
IPs (IDcard with maturity level, golden model, 
Register-Transfer Level (RTL), verification suite, 
integration manual, Design For Test (DFT) 
guidelines, drivers) which are necessary to 
convince people to use the IPs. As highlighted 
system-on-chip (SoC) templates are needed that 
provide all the required external (e.g., PCIe, 
network, memory) and internal interfaces and 
infrastructures (e.g., Arm AMBA AXI, Coherent 
Hub Interface (CHI), DRAM and interrupt 
controllers, etc.), and into which innovative new 
IPs could be easily integrated. High-speed lower-level physical interfaces (PHYs) to memories and 
network ports, are designed at the analog level, and are thus tailored to a specific chip fabrication 
process. The technical details required to design hardware at this level are generally only available 
under very strict NDAs from the silicon foundries or their Physical Design Kit (PDK) partners. Providing 
access to this information would involve inducing a major shift in the industry. As a compromise 
solution, though, innovation in open source hardware could profit immensely if these lower-level 
interface blocks could be made available in a low-cost manner, at least for selected chip fabrication 
processes supported by facilitators such as EUROPRACTICE for low-barrier prototyping (e.g., the 
miniASIC and MPW programs). 

For open source hardware to succeed, standard interfaces such as DRAM controllers, Ethernet 
Media Access Controllers (MACs) and PCIe controllers need to be either available as open source 

 
15 https://mlir.llvm.org/ 

Recommendation - Blocks do not solely consist of 

(relatively portable) digital logic, but they also have 

analog components in their high-speed physical 

interfaces (PHY layer) that must be tailored to the 

specific ASIC fabrication process used. Such blocks 

should be provided for the most relevant of the 

currently EUROPRACTICE-supported processes for 

academic/SME prototype ASIC runs. The easy 

exchange of IP blocks between innovators is 

essential leveraged by both the EDA companies 

and IC foundries. An exemplar is the 

EUROPRACTICE enabled R&D structure of CERN 

where different academic institutions collaborate 

under the same framework to exchange IP. 
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itself, or at a very low cost at least for academic research and SME use. If they are not, then the 
innovation potential for Europe in both of these areas will often go to waste, because new ideas simply 
cannot be realized and evaluated beyond simulation in real demonstrators/prototypes. For a 
complete SoC infrastructure, it is necessary to have an agreed common interconnect at the: 

• processor/cache/accelerator level (similar to the Arm Corelink Interconnect, or the already 
existing interconnect specifications for RISC-V such as TileLink.16): in the open source area, 
support for cache-coherency exists in the form of the TileLink protocol, for which an open 
source implementation is available from UC Berkeley. However, industry standard protocols 
such as AMBA ACE/CHI do not have open source implementations (even though their licenses 
permit it). This makes integration of existing IP blocks that use these standard interfaces with 
open source systems-on-chips difficult. 

• memory hierarchy level, for example between cores for many-core architectures (NUMA 
effects) and between cores and accelerators, 

• peripheral level (e.g. Arm’s AMBA set of protocols).  

The communication requirements of the accelerators determine the specific flavor of interface used, 
which can range from APB for low-bandwidth interaction, or AHB/AXI for higher-performance 
accelerators. 

Networks on a Chip 

Networks on a Chip (NoCs) and their associated routers are also important elements for 
interconnecting IPs in a scalable way. Depending on requirements, they can be synchronous, 
asynchronous (for better energy management) or even support 3D routing. Continuous innovations 
are still possible (and required) in these fields.  

Verification and Metrics 

IPs need to be delivered with a verification suite and maintained constantly to keep up with errata 
from the field. For an end-user of IP the availability of standardized metrics is crucial as the 
application scenario may demand certain boundaries on power, performance, or area of the IP. This 
will require searches across different repositories with standardized metrics. One industry standard 
benchmark is from the Embedded Microprocessor Benchmark Consortium (EEMBC)17, however, the 
topic of metrics does not stop at the typical performance indicators. It is also crucial to assess the 
quality of the verification of the IP with some metrics. In a safety or security context, it is crucial for 
the end-user to assess in a standardized way the verification status in order to conclude what is still 
needed to meet required certifications. Using standardized metrics allows end users to pick the most 
suited IP for their application and get an idea on needed additional efforts in terms of certifications. 

Another aspect is in providing trustworthy electronics. This is a continuous effort in R&D, deployment 
and operations, and along the supply chains. This starts with trustworthy design IPs developed 
according to auditable and certifiable development processes, which give high verification and 
certification assurance (safety and/or security) for these IPs. These design IPs including all artefacts 
(e.g., source code, documentation, verification suites) are made available ensuring integrity, 
authenticity and traceability using certificate-based technologies. Traceability along the supply chain 
of R&D processes is a foundation for later traceability of supply chains for components in 
manufacturing and deployment/operation. 

 

 
16 https://sifive.cdn.prismic.io/sifive%2Fcab05224-2df1-4af8-adee-8d9cba3378cd_tilelink-spec-1.8.0.pdf or 
https://bar.eecs.berkeley.edu/projects/tilelink.html 
17 http://eembc.org 

https://sifive.cdn.prismic.io/sifive%2Fcab05224-2df1-4af8-adee-8d9cba3378cd_tilelink-spec-1.8.0.pdf
https://bar.eecs.berkeley.edu/projects/tilelink.html
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Chiplet and Interposer Approach 

Another domain which is emerging and where Europe can differentiate itself is in using the 2.5D 
approach, or “chiplets + interposers”. This is already enabled by EUROPRACTICE for European 
academics and SMEs. The idea is to assemble functional circuit blocs (called chiplets, see 
https://en.wikichip.org/wiki/chiplet) with different functions (processor, accelerator, memories, 
interfaces, etc.) on an “interposer” to form a more complex System-on-Chip. The interposer 
technology physically hosts the chiplets and ensures their interconnection in a modular and scalable 
way, like discrete components on a Printed Circuit Board. This approach can range from low-cost 
systems (with organic interposers), to high end silicon-based passive and active interposers, up to 
photonic interposers. In active interposers, the interposer also includes some active components that 
can help with interconnection (routers of a NoC), interfacing or powering (e.g. Voltage converters).  

The industry has started shifting to chiplet-based design whereby a single chip is broken down into 
multiple smaller chiplets and then “re-assembled” thanks to advanced packaging solutions. TSMC 
indicates that the use of chiplets will be one of the most important developments in the next 10 to 
20 years. Chiplets are now used by Intel, AMD and Nvidia and the economics of this has already 
been proved by the success of the AMD chiplet-based Zen architecture. As shown by the 
International Roadmap for Devices and Semiconductors (IRDS) roadmap, chiplet-based design is 
considered as a complementary route for More Moore scaling. 

Chiplet-based design is an opportunity for the semiconductor industry, but it creates new technical 
challenges along the design value chain: architecture partitioning, chiplet-to-chiplet interconnect, 
testability, CAD tools and flows and advanced packaging technologies. None of the technical 
challenges are insurmountable, and most of them have already been overcome through the 
development and characterization of advanced demonstrators. They pave the way towards the 
“domain specific chiplet on active interposer” route for 2030 as predicted by the International 
Roadmap for Devices and Semiconductors. 

With chiplet-based design, the business model moves from a soft IP business to a physical IP business, 
one in which physical IP with new interfaces is delivered to a new actor who integrates it with other 
outsourced chiplets, tests the integration and sells the resulting system. According to Gartner, the 
chiplet market size (including the edge) will grow to $45B in 2025 and supporting chiplet-based 
design tools are available. A challenge is that the chiplet eco-system has not yet arrived due to a lack 
interoperability between chiplets making chiplet reuse difficult. For instance, it is not possible to mix 
an AMD chiplet with a XILINX one to build a reconfigurable multi-core SoC. Die-to-Die (D2D) 
communication is the “missing link” to leverage the chiplet-based design ecosystem, and its 
development in open source would enable a wide usage and could become a “de-facto” standard. 

The Die-to-Die interface targets a high-bandwidth, low-latency, low-energy ultra-short-reach link 
between two dies. Different types of interfaces exist and the final choice for a system lies in the desire 
to optimize six often competing, but interrelated factors: 

1. Cost of packaging solutions 
2. Die area per unit bandwidth (square mm per Gigabits per second) 
3. Power per bit 
4. Scalability of bandwidth 
5. Complexity of integration and use at the system level 
6. Realizability in any semiconductor process node 

 

The ideal solution is an interconnect technology that is infinitely scalable (at fine-grained resolution), 
low power, area-efficient, totally transparent to the programming model, and buildable in a low-cost 
silicon and packaging technology. There are two classes of technologies that service this space: 

https://en.wikichip.org/wiki/chiplet
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• Parallel interfaces: High-Bandwidth Interface (HBI), Advanced Interface Bus (AIB) and “Bunch 
of Wires” (BoW) interfaces. Parallel interfaces offer low power, low latency and high 
bandwidth, but at the cost of requiring many wires between Die. The wiring requirement can 
only be met using Silicon interposer or bridging technology. 

•  Serial Interfaces : Ultra Short and eXtra Short Reach SerDes. Serial interfaces significantly 
reduce the total number of IOs required to communicate between semiconductor chips. They 
allow the organic substrate to provide the interconnection between dies and enable the use 
of mature System-in-Package technology. 

One difficulty of the Die-to-Die approach is that no communication standard currently exists to 
ensure interoperability. In early 2020, the American Open Compute Project (OCP) initiative addressed 
the Die-to-Die standardization by launching the Open Domain Specific Architecture (ODSA) project 
that aims to bring more than 150 companies to collaborate on the definition of different 
communication standards suitable for inter-die communication. 

The SoC infrastructure for “chiplet-based” 
components will require PHY and MAC layers of 
chiplet-to-chiplet interfaces based on standard and 
open source approaches. These interfaces could be 
adapted depending on their use: data for computing 
or control for security, power management, and 
configuration. This interposer + chiplet approach will 
leverage European technologies and even foundries, 
as the interposer does not require to be in the most 
advanced technology and could embed parts such as 
power converters or analog interfaces. The chiplets 
can use the most appropriate technology for each 

function (memory, advance processing, support chiplets and interfaces). Interoperability, that could 
be brought by open source HW, is key for the success, together with supporting tools for integration, 
test and validation.  

Regarding the connection of SoCs to external devices, some serial interfaces are quite mature in the 
microcontroller world and there is little differentiation between vendors in the market. It would make 
sense to align on standard implementations and a defined set of features that can be used by different 
parties. Open source standard implementations could contribute to the distribution of standards. 
However, there are also domain specific adaptions that require special features which would make it 
hard to manage different implementations. 

 

7 SUPPORTING SOFTWARE 

The software infrastructure necessary for a successful hardware ecosystem contains Virtual 
Prototypes (Instruction Accurate and Clock Accurate simulators), compilers and linkers, debuggers, 
programmers, integrated development environments, operating systems, software development kits 
and board support packages, artificial intelligence frameworks and more. Indeed, the idea of open 
source originates from the software world and there are already established and futureproof 
software projects targeting embedded systems and hardware development such as LLVM, GDB, 
OpenOCD, Eclipse and Zephyr. The interoperability and exchangeability between the different parts 
of the SW infrastructure are important fundamentals of the ecosystem. 

 

Recommendation - The chiplet-based 

approach is a unique opportunity to leverage 

European technologies and foundries creating 

European HW accelerators and an interposer 

that could leverage European More-than-

More technology developments. To achieve 

this, inter-operability brought by open source 

HW is key for the success, together with 

supporting tools for integration, test and 

validation. 
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Virtual Prototypes 

Virtual Prototypes (VP) play a major role in different phases of the IP development and require 
different types of abstraction. They can range from cycle accurate models which are useful for timing 
and performance estimations, to instruction accurate models, applicable for software development, 
design-space exploration, and multi-node simulation. Independent of the VP abstraction level, these 
platforms should strive towards modelling the IP to be functionally as close to real hardware as 
possible, allowing users to test the same code they would put on the final product. 

As modeling IP is usually a task less complex than taping out new hardware revisions, VPs can be 
effectively used for pre-silicon development. Modeling can be either done in an abstract way, or using 
RTL, or by mixing these two approaches in a co-simulated environment. VPs can bring benefits not 
only to hardware manufacturers that want to provide software support for their customers but also 
to customers in that they can reuse the same solutions to develop end products. Having models for 
corresponding open source IP could be beneficial for establishing such IP. With this in mind, it would 
be reasonable to provide a permissively licensed solution, allowing vendors to close their non-public 
models. 

 

Compilers and Dynamic Analysis Tools 

Compilers significantly influence the performance of applications. Important open source compiler 
projects are LLVM (Low Level Virtual Machine) and GCC (GNU Compiler Collection). The LLVM 
framework is evolving to become the ‘de facto’ standard for compilers. It provides a modular 
architecture and is therefore a future-proof solution compared to the more monolithic GCC.  

MLIR (Multi-Level Intermediate Representation) is a novel approach from the LLVM framework to 
building a reusable and extensible compiler infrastructure. MLIR aims to address software 
fragmentation, improve compilation for heterogeneous hardware, significantly reduce the cost of 
building domain specific compilers, and aid in connecting existing compilers together. Such flexibility 
on the compiler side is key to providing proper software support for the novel heterogeneous 
architectures made possible by the flexibility and openness provided by RISC-V. Note that both LLVM 
and GCC include extensions such as AddressSanitizer or ThreadSanitizer that help developers to 
improve code quality. 

In addition, there are various separate tools such as Valgrind18 and DynamoRIO19 that strongly depend 
on the processor’s instruction set architecture. Valgrind is an instrumentation framework for building 
dynamic analysis tools to detect things like memory management and threading bugs. Similarly, 
DynamoRIO is a runtime code manipulation system that supports code transformations on any part 
of a program while it executes. Typical use cases include program analysis and understanding, 
profiling, instrumentation, optimization, translation, etc. For wide-spread acceptance of RISC-V in 
embedded systems, it is essential that such tools include support for RISC-V. 

Similar to hardware components, for safety-critical applications compilers must be qualified regarding 
functional safety standards. Here, the same challenges and requirements exist as for hardware 
components. For this reason, today mainly commercial compilers are used for safety-critical 
applications. These compilers are mostly closed source. 

 

 
18 https://valgrind.org/ 
19 https://dynamorio.org/ 

https://valgrind.org/
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Debuggers 

In order to efficiently analyze and debug code, debuggers are needed that are interoperable with 
chosen processor architectures as well as with custom extensions. Furthermore, debuggers should 
use standard open source interface protocols such as GDB (GNU Project Debugger) so that different 
targets such as silicon, FPGAs or Virtual Prototypes can be seamlessly connected. 

 

Operating Systems 

Chip design consists of many tradeoffs, and these trade-offs are best validated early by exercising the 
design by system software. For instance, when providing separated execution environments, it is a 
good idea to validate early that all relevant shared resources are separated efficiently. While this in 
principle should be easy it can be surprisingly difficult as highlighted by the Spectre/Meltdown 
vulnerabilities. 

 

Real Time Operating System (RTOS) 

Most of the common RTOS have already been ported to RISC-V (https://github.com/riscv/riscv-
software-list#real-time-operating-systems), including the most popular open source options such as 
FreeRTOS and Zephyr RTOS. Even Arm’s mbed has been ported to one RISC-V platform 
(https://github.com/GreenWaves-Technologies/mbed-gapuino-sensorboard), though mainline/wide 
support will most likely not happen. One of the key aspects of the OS is application portability. This 
can be achieved by implementing standard interfaces like POSIX which does not lock the software into 
a certain OS/Vendor ecosystem. There are many RTOS, but two key examples of relevance are: 

Zephyr RTOS - Zephyr has been aligning with RISC-V as a default open source RTOS option. Currently 
RISC-V International itself is a member of the Zephyr project, along with NXP and open hardware 
providers Antmicro and SiFive. Zephyr is a modular, scalable RTOS, embracing not only open tooling 
and libraries, but also an open and transparent style of governance. One of the project’s ambitions is 
to have parts of the system certified as secure (details of the certification process and scheme are not 
yet established). It is also easy to use, providing its own SDK based on GCC and POSIX support. The 
RISC-V port of Zephyr covers a range of CPUs and boards, both from the ASIC and FPGA worlds, along 
with 32 and 64-bit implementations. The port is supported by many entities including Antmicro in 
Europe. 

Tock - Tock provides support for RISC-V. Implemented in Rust, it is especially interesting as it is 
designed with security in mind, providing language-based isolation of processes and modularity. One 
of the notable build targets of Tock is OpenTitan. Tock relies on an LLVM-based Rust toolchain. 

 

Hypervisor  

A hypervisor provides virtual platform(s) to one or more guest environments. These can be bare-bone 
applications up to full guest operating systems. Hypervisors can be used to ensure strong separation 
between different guest environments for mixed criticality, such platforms also have been called 
Multiple Independent Level of Safety and Security (MILS) or a separation kernel20. When a guest is a 
full operating system, then that guest already uses different privilege modes (such as user mode and 
supervisor mode). The hypervisor either modifies the guest operating system (paravirtualization) or 
provides full virtualization in “hypervisor” mode. RISC-V is working on extensions for hypervisor 
mode, although these are not yet ratified. Some hypervisors running on RISC-V are listed at 
https://github.com/riscv/riscv-software-list#hypervisors-and-related-tools. 

 
20 Tverdyshev, et al., MILS Architecture, 2013, EURO-MILS, http://dx.doi.org/10.5281/zenodo.45164. 

https://github.com/riscv/riscv-software-list#real-time-operating-systems
https://github.com/riscv/riscv-software-list#real-time-operating-systems
https://github.com/GreenWaves-Technologies/mbed-gapuino-sensorboard
https://github.com/riscv/riscv-software-list#hypervisors-and-related-tools
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At the moment, a number of hypervisors for critical embedded systems exist, provided by non-
European companies such as Data61/General Dynamics, Green Hills, QNX and Wind River, and in 
Europe by fentiss, Hensoldt, Kernkonzept, Prove & Run, Siemens and SYSGO. Many of these are being 
ported/or could be ported to RISC-V. A weakness is that these hypervisors usually have to assume 
hardware correctness. An open RISC-V platform would offer the opportunity to build assurance 
arguments that cover the entire hardware/software stack. Any new European RISC-V platform should 
be accompanied by a strong ecosystem of such hypervisors. 

In the field of system software such as RTOS/hypervisors, currently there are several products which 
are closed source and have undergone certifications for safety (e.g. IEC 61508, ISO 26262, DO-178) 
and security (e.g. Common Criteria), and others 
which have not undergone certification and are 
open source. The existence of value chains as 
closed products on top of an open source 
ecosystem can be beneficial for the acceptance of 
the open source ecosystem, and is common to 
many ecosystems. An example is the Linux 
ecosystem which is used for all kinds of closed 
source software as well.  

 

NextGen OS for Large Scale Heterogeneous Machines 

To address the slowdown of Moore’s law, current 
large-scale machines (e.g. cloud or HPC) aggregate 
together thousands of clusters of dozen of cores 
each (scale-out). The openness of the RISC-V 
architecture provides multiple grades of 
heterogeneity, from specialized accelerators to 
dedicated ISA extensions, and several opportunities 
for scalability (e.g. large-scale cache coherency, 
chiplets, interconnects, etc.) to continue this trend 
(scale-in). However, manually managing the 
hardware-induced heterogeneity of the application 
software is complex and not maintainable.  

 

Electronic Design Automation (EDA) Tools  

Implementing a modern 
design flow requires a 
significant amount of EDA 
tools as shown in Figure 4 – 
see21 which states “With 
billions of transistors in a 
single chip, state-of-the-art 
EDA tools are indispensable 
to design competitive 
modern semiconductors”.  

Figure 4: Xpedition Package Integrator Suite (Source: Siemens) 

 
21 https://www.semiconductors.org/strengthening-the-global-semiconductor-supply-chain-in-an-uncertain-era/ 

Recommendation - If publicly funded research in 
the open hardware domain makes available some 
core results such as the used software/hardware 
primitives (such as HDL designs and assembly 
sequences using them) under permissive or 
weakly-reciprocal licenses, then these results can 
be used by both kinds of systems. 

Recommendation - There is a need for 

research on RISC-V flexibility to revisit how to 

design together hardware and operating 

systems in order to better hide the 

heterogeneity of large machines to users, 

taking into account potential disruptive 

evolutions (non-volatile memory changing the 

memory hierarchy, direct object addressing 

instead of file systems, Data Processing Units 

to offload data management from processors). 
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Traditionally, EDA has been dominated by mostly US-based closed source commercial vendors. With 
projects like Verilator open source activities for specific parts of the design flow have also started to 
gain traction. However, open source support is still far from allowing a competitive fully open source 
design flow, especially when targeting digital design in advanced technologies, necessitating the co-
existence of the existing commercial tools and upcoming open source ones for many years to come. 

Open source tools are essential for introducing new companies and more developers into the field; 
especially developers with a software background who can bring in innovation in hardware-
software co-design. Developers typically do not need to license their daily tools anymore and can 
freely work together across teams and organizations using massive collaboration hubs such as GitHub 
or GitLab. These benefits and capabilities need to be enabled via open source tooling for the sector to 
keep up with the demand for talent and innovation. A vital EDA community already exists in Europe 
with companies focusing on point solutions within the broader semiconductor flow. Significant 
investment into open source tooling as well as cross-region collaboration is needed to energize the 
sector. Contrary to common belief, the current EDA giants stand to benefit significantly from open 
source tooling investment, as there will be continued 
need for large, experienced players while open 
source solutions will enable new use cases and 
provide improvements in existing flows. New 
business opportunities will be created for the 
existing EDA players by incorporating new open 
source development. The recent acquisition of 
Mentor (one of the three leading EDA companies) by 
Siemens, means that it joins the European EDA 
community and can collaborate with the local 
ecosystem to support European sovereignty. The top 
EDA companies spend $1B+ annually on R&D costs to continue innovating, so to provide meaningful 
progress in the open source space, continued investment from the public sector and cross-border 
collaboration are needed to bridge the gap. Open source EDA should be a long-term goal in order to 
further the European sovereignty objectives, but existing European proprietary EDA will need to be 
utilized when necessary in the short to mid-term due to the significant investment that would be 
required to create a competitive, full flow open source EDA solution. 

Large semiconductor and system companies use their pool of proprietary EDA licenses to design, verify 
and get their open source-based designs ready for manufacturing with the expected productivity and 
yield. However, they may also be interested to introduce software-driven innovations into parts of the 
flows and can benefit greatly from the economies of scale of open source, enabling large teams to use 
the same tools free of charge. Smaller companies and research organizations need access to a 
comparable level of professional EDA tools which the large EDA vendors will most likely provide 
through a variety of business models (Cloud offering, specific terms for start-up, research licenses, 
Software as a Service (SaaS), etc.). The EC is continuing to invest to build a European open source EDA 
tooling ecosystem, encouraging open interchange formats and making sure current tools do not 
introduce restrictions on utilization on open source hardware designs independently from the open 
source hardware license used.  

Considering the safety requirements of some of the IPs under discussion here, open source offers a 
unique possibility to create transparent, auditable processes for ensuring safety. Much like in the case 
of open source software, common procedures and pooling efforts through oversight bodies (such as 
the Zephyr RTOS or RISC-V Safety Committees) can be used to provide safety certificates or packages 
to reduce the burden of safety compliance off the shoulders of developers. 

Recommendation - Current proprietary EDA 

tools can help open source design IP 

development get off the ground if they are 

available at sufficiently low cost and provided 

the tool licensing does not restrict the 

permissive open source usage of the 

developed design IPs, but a sustained and long 

term investment into open source tooling is 

needed to build a sustainable ecosystem. 
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The key to enabling open source tooling in the EDA space (which will most likely also benefit existing, 
proprietary vendors) is in enabling specific components of the proprietary flows to be replaced by 
open source alternatives which can introduce point innovations and savings for the users. This should 
be encouraged by focusing part of the EU investment on interoperability standards which could 
allow the mixing of open and closed ASIC tools, much like the FPGA Interchange Format driven by 
CHIPS Alliance is doing for FPGAs. RISC-V is another example in the hardware space of how closed and 
open source building blocks can coexist in the same space and reinforce each other as long as there 
are common standards to adhere to. EDA tools are exploited in various parts of the development chain 
including lifecycle management, architecture exploration, design and implementation as well as 
verification and validation. 

 

Lifecycle Management 

A state-of-the-art development process comprising continuous integration and continuous 
delivery/deployment is at the core of typical projects. A key aspect is requirements traceability, both 
on the core and up to the system level to ensure that the verification of the requirements can be 
demonstrated. This is crucial for certification of safety (e.g. ISO 26262) where an IP can be used as a 
safety element by rigorously providing the requirements and then by ensuring that they are satisfied 
during integration. Another useful data point for users to decide if they should trust a particular 
configuration of an IP is the "proven in use" argument. This necessitates collecting data on which 
configurations of the IP has been taped out in given projects and the collection of related errata from 
the field. Here open source hardware provides the opportunity to propose better traceability metrics 
and methods than proprietary counterparts. Complete designs can be shared and even manufacturing 
information on proper processes and good practices, as well as lifecycle management for open source 
hardware. This does not preclude the “out of spec” use of open source hardware in other domains 
such as low critical applications and education. 

EDA tooling needs to support tracing the standardized verification metrics from IP level to system 
level. To successfully span the hierarchies from core to system level, a contract-based design is 
crucial, allowing to share interface contracts along the supply chain. This needs language and tooling 
to make it accessible to architects and designers. The open source toolchains, IPs and verification 
suites allow scaling the continuous integration/continuous deployment systems in server 
infrastructure reducing the build and test time. Proprietary solutions often require dedicated licensing 
infrastructure effectively preventing it from being used in scalable, distributed testing infrastructure. 
Different licensing and/or pricing of proprietary EDA tools for open source development may help to 
leverage the existing technology at the early stage in the open source development, before the open 
source alternatives are readily available. 

 

Architecture Exploration 

It is crucial to make the right architecture choices for the concrete application requirements before 
starting down a particular implementation choice. This requires tool support to profile at a high 
abstraction level of the application before software is developed. Usually, hardware is first modeled 
as a set of parameterized self-contained abstractions of CPU cores. Additional parameterized 
hardware components can then be added and software can be modeled in a very abstract level, e.g. 
a task graph and memory that get mapped to the hardware resources such as processing units. 
Simulating executions on the resulting model allows analysis of the required parameters for the 
hardware components. This can include some first impressions on power, performance, area for 
given parameter sets, as well as first assessments of safety and security. The derived parameter sets 
of the abstract hardware models can then be used to query the existing IP databases with the 
standardized metrics to identify matching candidates to reach the target systems goals. 
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The profiling can provide Power Performance Area requirements for instructions and suggest ways of 
potentially partitioning between accelerators and the relevant ISA instructions can be explored to 
meet these requirements. Ideally, a differentiated power analysis can already be started at this level, 
giving a rough split between different components like compute, storage, and communication. This 
can then be refined the more detail. 

A widely used methodology is Model-Based System Engineering (MBSE) which focuses on using 
modeling from requirements through analysis, design, and verification. For the application of 
processor cores, this would mean the use of Domain Specific Languages (DSLs) down to the ISA level 
to capture the hardware/software breakdown. The breakdown would then be profiled before starting 
implementation of any design or custom instructions on top of a core. The modeling should lend itself 
for use in High-Level Synthesis (HLS) flows. 

Recently, thanks to the popularization of open source hardware (which pushes more software 
engineers into the hardware industry) as well as a fast-moving landscape of modern AI software 
which in turn requires new hardware approaches, more software-driven architecture exploration 
methods are being pursued. For example, the Custom Function Unit (CFU) group within RISC-V 
International is exploring various acceleration methods and tradeoffs between hardware and 
software. Google and Antmicro are developing a project called CFU Playground22 which allows users 
to explore various co-simulation strategies tightly integrated with the TensorFlow Lite ML framework 
to prototype new Machine Learning accelerators using Renode and Verilator. 

 

Design & Implementation 

Architecture exploration leads to a generic parameterized model. This requires a modeling language 
that offers sufficient expressiveness and ease of use for wide acceptance. A challenge is that typically 
engineers engaged in the architecture exploration process do not come from a hardware background 
and are unfamiliar with SystemC or SystemVerilog, the established hardware languages. Modern 
programming languages like Python or Scala are thus gaining traction as they are more widely 
understood. An architecture exploration process requires the availability of models and an easy way 
to build a virtual platform and exchange models by implementations as soon as they become available. 
This procedure enables early HW/SW Co-Design in a seamless and consistent manner. 

A traditional Register-Transfer Level development process manually derives RTL from a specification 
document. To address the large scope of parameterized IPs targeted in this initiative, more 
automation is required. The parameterized Instruction Set Architecture (ISA) models for processors 
lend themselves for a high-level synthesis (HLS) flow where detailed pipeline expertise is not 
required by the users unless they require the highest performance. This is crucial for enabling a 
wider audience to design and verify processors. The design process thus lends itself to a high degree 
of automation, namely offering some form of HLS starting from the parameterized models. For 
processors, for example, synthesizing the instruction behavior from an ISA model and thus generating 
the RTL is feasible for a certain class of processors. The design process should also generate system 
documentation in terms of: 

● System memory map 
● Register files of each component 
● Top level block diagram 
● Interconnection description 

 
The documentation needs to be created in both user and machine-readable forms allowing manual 
and automated verification. 

 
22 https://github.com/google/CFU-Playground 

https://github.com/google/CFU-Playground
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RTL development flows should rely on continuous integration processes, such as automated checking 
via linting and Design Rule Checks (DRC). There is a possibility for RISC-V specific linting or DRC. Similar 
checks can be applied down the flow after synthesis to catch simple mistakes which often result in 
huge consequences. 

It is important to add some monitoring components in the design phase, among other things to 
address threats that cannot be fully verified during development or that arise because of 
hardware/software interaction. In addition to an early security threat warning, monitoring is also 
needed for the safety. Design integrity and performance should also be monitored. While RISC-V offers 
a generic performance counter mechanism, not much has been standardized, creating an overhead 
to get specific counters like cache statistics integrated into the toolchain. Common C++ libraries for 
accessing the counters should be available.  

Debug logic with a more active role is needed to replace today’s mostly passive monitors. 
Heterogeneous cores, each with their individual debug features, creates additional software 

challenges. The generated monitoring and debug data 
can be evaluated with in-system software or off-loaded 
from the chip. In order to evaluate the comprehensive 
monitor and debug data from such a SoC new 
analytics and visualization tools will need to be 
developed. There is also a need for system level and 
context specific debug tailored to applications like 
automotive, 5G, HPC. 

 

Verification & Validation 

Verification management needs to be tightly integrated with lifecycle management for traceability 
from requirements to verification. Verification should benefit as much as possible from the models 
produced by architecture exploration creating golden models for verification with coverage goals. 
At the system level there are hard challenges like cache coherency and there is a need for portability 
of tests across different levels. State-of-the art verification approaches use simulation based and 
formal approaches. The introduction of automated formal verification has made the approach 
available to typical design and verification engineers allowing them to set up the targeted checks of 
the application much faster than they would in a simulation-based flow. The approaches are 
complementary, lowering the overall verification effort with formal verification applications, while 
at the same time increasing verification quality in the crucial areas with formal proofs compared to 
an incomplete simulation. To further enable a broad user base for custom processors, the verification 
side of the flow also needs a high degree of automation, for example deriving large parts of the 
verification from the parameterized models also used on the HLS side to create the implementations. 
For safety related projects, state-of-the-art tools and methodologies must be used driving the use of 
formal verification.  

Cores and IPs should come with a reference flow similar to what is provided by Arm, allowing to re-
run the provided verification in various tools, be it proprietary or open source. The CHIPS Alliance is 
developing an open source RISC-V core code generator/verification framework called RISC-V DV23 
which the OpenHW Group24 is also using as the base of a simulation-based environment for 
verification of their cores. The CHIPS Alliance is working towards a fully open source Universal 
Verification Methodology verification flow based on Verilator25. However, the OpenHW environment 
still needs a proprietary simulator to run the full verification. Only a small subset of the verification 

 
23 https://github.com/google/riscv-dv 
24 https://github.com/openhwgroup/core-v-verif 
25 https://antmicro.com/blog/2021/07/open-source-systemverilog-tools-in-asic-design/#uvm-is-in-the-picture 

Recommendation - There is a need for a high 

degree of automation for adding various 

monitors in the design flow without having 

to manually pick a suitable monitor IP or 

even to design, configure and wire it up 

from scratch, which can be very error prone. 

https://github.com/openhwgroup/core-v-verif
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suite can be run on the open source EDA tool. 
For open source design IPs with industrial 
strength verification, there is no short or mid-
term availability of an open source EDA tool 
suite that provides simulation-based and 
formal verification. Achieving an industrial 
strength verification with open source EDA 
verification tools is a long term goal. 

Another example of open source verification work can be found in the OpenTitan project26 which 
provides a valuable example of an open source, continuous delivery system whose coverage and 
status can be traced for every commit. Software-based frameworks like cocotb are also gaining 
traction, especially with engineers and teams with a software background, and while they are 
incompatible with traditional Universal Verification Methodology (UVM) style verification, many new 
open source IP implementations adopt them. Hardware description languages based on modern 
programming languages like migen/nMigen (Python based), CHISEL, SpinalHDL (Scala based) provide 
their own simulation and verification flows. Since the above languages are derived from modern 
programming languages, they can easily reuse testing methodologies known from the software world.  

As an example Antmicro’s Renode while used mainly for software development and testing, provides 
a means to create complex simulation 
environments based on the Hardware 
Description Language (HDL) code of both 
cores and peripheral IPs. This creates an 
easy way to test IP in complex software 
scenarios, instead of synthetic, hand-crafted 
tests. In addition, it gives the possibility to 
work on software development in the pre-
silicon phase of an ASIC project reducing the 
overall time-to-market. 

 

Tool Qualification for Safety-Critical Applications 

In the automotive industry, a classification according to ISO 26262 is necessary for all design and 
verification tools that should be used in a safety-critical environment. If the classification shows that 
the tool could introduce errors into the design and these errors would not be detected by another 
step in the design flow, a tool qualification is needed.  

This leads to a significant challenge for the quality of the tools. By having a sophisticated development 
process handling requirements traceability, change management and comprehensive documentation, 
the work on the user side to qualify a tool can be significantly reduced. Furthermore, proof of 
comprehensive test suites and therefore the complete verification of the tool is necessary for a tool 
verification. 

 

 

 

 
26 https://docs.opentitan.org/hw/ 

Recommendation - For open source EDA tools, 
establishing collaboration models realizing a 
sophisticated design and verification process is an 
important topic. Maintaining an EDA tool for safety-
critical applications after an initial release also 
requires a significant amount of both manpower 
and computing resources to ensure persistent tool 
quality and up to date safety collaterals. 

 

 

Recommendation - For the standard protocols used to 
connect the design IPs, the use of Verification IP (VIP) is 
strongly encouraged. VIP allows all protocol rules on the 
controller or peripheral sides to be checked, thus 
ensuring IP blocks from different vendors can properly 
communicate. Formal VIP is another typical application 
where formal verification is easy to setup and gives great 
verification results. A focus should be on the protocols 
used in the design IPs – be it the AMBA protocols or open 
source ones like OBI1, OCP1, or TileLink. 

 

https://docs.opentitan.org/hw/
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8 CROSS CUTTNG REQUIREMENTS 

Scalability and Enhanced Instruction Sets 

Instruction sets have traditionally been managed by a single “owner” (Intel, Arm) and their evolutions 
over time have been slow, lagging application requirements. This is because the ISA-owners are not 
strongly motivated to modify or overhaul their ISA and they hesitate to invest the required R&D and 
engineering effort, typically engaging only under extremely heavy customer requests. This situation 
has completely changed with the advent of the RISC-V open ISA, mostly for two reasons: 

(i) from a technical viewpoint the RISC-V ISA is designed to be modular and extensible, with 
adequate provisions for ensuring backward compatibility issues 

(ii) R&D and commercial efforts to extend the RISC-V ISA for specific application domains can 
be initiated as community efforts, with cost and risk sharing and can be also used to 
provide differentiated value-added solutions.  

As a consequence of this paradigm shift toward open ISAs enabled by RISC-V, major innovation 
opportunities are enabled on open cores with enhanced instruction sets. The faster innovation cycle 
which is now possible by coupling ISA and core enhancements in an open source setting, has been 
demonstrated in several domains. Notable examples are: open extensions for supporting quantized 
computations in machine learning, with particular emphasis on deep neural network inference, 
general digital signal processing extensions (e.g. Single Instruction Multiple Data (SIMD), fixed-
precision arithmetic), and security extensions (e.g. Galois field operations, bitwise operators). It is also 
important to note that extensions that have been successfully prototyped as non-standard ISA 
enhancements and have gathered wide adoptions, can then be moved toward new standardized parts 
of the ISA.  

Scalability is also another important opportunity created by the RISC-V instruction set architecture. 
RISC-V does not prescribe a limit to instruction encoding size. In addition to the already standardized 
16-bit, 32-bit and 64-bit instructions, it is also possible to specify intermediate (e.g. 48-bit) and even 
larger instructions sizes: 128-bit instructions are already been worked on in the RISC-V standardization 
committees. 

Safety Certification – Open Standards; Safety-Ready Toolchains 

RISC-V is promising for applications in the high assurance market due to potential cost reductions 
from easier access to innovation, flexible and rapid design processes, stability and modularity, and 
availability as white box27. When considering safety there is a need to consider both the hardware 
component level and also the system level taking into account the interplay between hardware and 
software. At the hardware level the safety-critical hardware components should ideally be developed 
to sectoral safety standards. For example, in the automotive sector the key standard is the ISO 26262 
standard which contains development process requirements in order to avoid systematic and random 
faults. These address management processes during the development lifecycle, role definitions, 
hazard analysis, risk assessment and development processes. These include conditions for 
requirements tracing, confidence levels of tools used for development and verification and verification 
requirements. Certifying a system that contains hardware components that are not developed 
according to the ISO 26262 is still possible but elaborate.   

 
27 H. Legenvre, P. Kauttu, M. Bos, and R. Khawand, “Is Open Hardware Worthwhile? Learning from Thales’ Experience with 

RISC-V,” Research-Technology Management, vol. 63, no. 4, pp. 44–53, Jul. 2020, doi:10.1080/08956308.2020.1762445; 

Blind, Knut, Mirko Böhm, Paula Grzegorzewska, Andrew Katz, Sachiko Muto, Sivan Pätsch, and Torben Schubert. “The 

Impact of Open Source Software and Hardware on Technological Independence, Competitiveness and Innovation in the EU 

Economy,” 2021, https://ec.europa.eu/newsroom/dae/redirection/document/79021 
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In addition to the open source availability of source code, the open source availability of verification 
artefacts (verification plans, test benches, reference simulators, assertions, test sequences...) can be 
enablers of white-box analyses and certification 
processes. Notably the OpenHW Group already 
publishes these verification artefacts28, however, 
available documentation of the verification 
process itself still might not be sufficient especially 
for the highest assurance levels (ISO 26262 ASIL D, 
DO254 DAL A...) where additional, and often very 
costly, verification practices might be needed.  

EDA tools can be used for implementing and assessing the safety of hardware components. 
Automation plays a key role in order to avoid the need for RTL coding and development of verification 
strategies in the otherwise largely automated process. Similarly, tool support for adding and validating 
security mechanisms is needed. It is important to be able to assess the impact of safety or security 
mechanisms as much as possible based on models used as input to the design phase, i.e., before the 
design is completely done. In addition to assessing single safety/security mechanisms, the assessment 
at the system level is also crucial, including the fulfilling of critical timing deadlines in real-time safe 
systems. A key challenge is the huge parameter space of typical IPs as validation is needed for each 
and every concrete parametrization that is used. For safety in particular, support for specific 
certification flows like Failure Modes, Effect and Diagnostic Analysis (FMEDA), is of huge value for 
integrators. 

At the system level a key issue is to guarantee Worse Case Execution Time (WCET) deadlines for the 
execution of critical tasks. For any time-critical system, requirements specify maximum response 
times. An issue is that most hardware manuals now do no not publish steps/cycles/execution times 
making a-priori determination of execution time difficult. In the past this information was available, 
e.g. Intel 486/Pentium manuals.29 However, newer processor (Intel, PowerPC, Arm) manuals do not 
provide such numbers for multiprocessors like the P4080.30 A workaround is to replace clock cycle 
analyses by own empirical time measurements which suffices for average case behavior, but is 
inefficient and/or unsafe for assessing worst-case execution time. 

 

Security 
Common Criteria security certifications for simple hardware IP such as smart cards31 exist, however, 
for more complex processors, security is still in its infancy and it is not possible to buy a Common 
Criteria certified general purpose multicore processor. To get around this currently companies have 
to make liability limiting statements such as “The underlying hardware […] is working correctly and 
has no undocumented or unintended security critical side effect on the functions of ...” However, 
relying on the hardware’s documented interface alone can be insufficient, as there may be parts of 
the hardware-software system architecture that cannot be inspected by the software developer. For 
instance, the Spectre/Meltdown vulnerabilities which appeared in 2018 were unexpected for almost 
all OS vendors.  

 
28 https://core-v-verif-verification-strategy.readthedocs.io/en/master/ 
29 Wilhelm, Reinhard. “Determining Reliable and Precise Execution Time Bounds of Real-Time Software.” IT 
Professional 22, no. 3 (May 1, 2020): 64–69. https://doi.org/10.1109/MITP.2020.2972138. 
30 Kästner, Daniel, Markus Pister, Simon Wegener, and Christian Ferdinand. “Obtaining Worst-Case Execution 
Time Bounds on Modern Microprocessors.” Nuremberg, 2018. https://www.absint.com/papers/2018_ew_tw.pdf; 
Agirre, Irune, Jaume Abella, Mikel Azkarate-Askasua, and Francisco J. Cazorla. “On the Tailoring of CAST-32A 
Certification Guidance to Real COTS Multicore Architectures.” In 2017 12th IEEE International Symposium on 
Industrial Embedded Systems (SIES), 1–8. Toulouse: IEEE, 2017. https://doi.org/10.1109/SIES.2017.7993376.  
31 https://www.sogis.eu/documents/cc/domains/sc/JIL-Composite-product-evaluation-for-Smart-Cards-and-similar-devices-
v1.5.1.pdf 

Recommendation - In order to make the use of 
open source hardware components possible in 
automotive applications, artifacts and methods 
have to be defined that help with certifying these 
components. A start could be the 
implementation of quality-management systems 
in open source projects.  

 

https://core-v-verif-verification-strategy.readthedocs.io/en/master/
https://www.absint.com/papers/2018_ew_tw.pdf
https://doi.org/10.1109/SIES.2017.7993376
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In an exhaustive search of hardware-software systems (3800 publicly available security targets and 
evaluation reports available from commoncriteriaportal.org) it is noted that the focus is on describing 
hardware at a high level without going into the micro-architectural side effects. Often unjustified 
assumptions on hardware are made and no references were found to key issues such as “branch 
predict*”, “translation lookaside buffer”, or “branch history buffer” with very few mentions of “cache 
flush”. Evaluation reports do, however, exist on the analysis of the security properties for public-key 
cryptography including both VHDL and software analysis. A recent effort on the security side is 
Accellera’s SA-EDI (Security Annotation for Electronic Design Integration) that establishes a link to 
CWE (Common Weakness Enumeration). A continuing challenge is long-term security as there is a 
need to continually innovate to guard against future new attacks. 

 

The Way Forward - Hardware-Software Contracts for Safety and Security 
Safety and security properties need 
to be known and can be 
summarized in the concept of 
hardware-software codesign with 
contracts as shown in Figure 5. In 
this open hardware allows 
development of hardware-aware 
system software and system 
software-aware hardware. 

Figure 5: Hardware/Software Contracts 

In this approach rely-guarantee relations are made between hardware and software called “hardware-
software contracts” 32. Here there is a key need to bring together hardware providers and software 
providers to develop and produce a general-purpose open hardware platform or at least core 
components with access to the full hardware-
software contract, allowing safety and security 
certification. This should be based on an instruction 
set architecture used in an existing or upcoming 
ecosystem, such as RISC-V. At the same time a 
verification methodology that provides reasonable 
assurance for the platform/its core components is 
needed. These verification artefacts need to be 
published to allow them to be used in use cases.  

  

 
32 E.g. Ge, Qian, Yuval Yarom, and Gernot Heiser. “No Security Without Time Protection: We Need a New 
Hardware-Software Contract.” Proc. 9th Asia-Pacific Workshop on Systems  - APSys, 2018. 
https://doi.org/10.1145/3265723.3265724. 

Recommendation - For supporting safety and 
security there is a need to demonstrate and 
share verification environments and artifacts 
of open source hardware at medium 
assurance levels and also at higher Safety 
Integrity Levels (SIL), e.g. safety SIL 4/ASIL D, 
security Common Criteria EAL 6 and higher, 
firstly addressing simple systems and then 
moving to complex systems. 
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9 RECOMMENDATIONS & ROADMAP 

In this section the important elements of the proposed Roadmap for European Sovereignty in Open 

Source HW & SW and RISC-V Technologies are given. This is based on the key messages derived from 

the previous discussions of hardware technology, supporting software and cross cutting requirement 

needs. These are summarized below: 

• Domain-Specific Architectures/Accelerators are one of the major opportunities for advances in 

computer architecture and have great innovation potential for academia and industry. 

• Accelerators need to be integrated with a general-purpose computing environment, in hardware 

at the chip- and system-levels, as well as into software stacks and programming tools to fully 

exploit their potential. 

• Hardware integration requires significant engineering effort (interface IP blocks, high-

performance printed circuit board design) that impedes innovation on accelerators by smaller 

players, such as the academia and SMEs, who often initiate open source efforts. 

• The innovation potential could be unlocked by funding R&D into open standardized interfaces, 

and their corresponding hardware realizations, as well as scalable & reusable technology 

templates at both the system-on-chip and computing system-levels. These could then be used by 

innovators to turn their accelerator architecture ideas into practically usable artefacts (open 

source releases, products and services offered around the open source releases). 

• The challenges of providing software support for innovative accelerators should be addressed. 

This requires R&D funding for new or improved general purpose accelerator integration software 

stacks, targeting one or [more] models of computation. Better developer support is also needed 

for adding new accelerators to established domain specific software frameworks, e.g., machine 

learning or image processing. 

• The existing design sharing and commercialization mechanisms that exist within EUROPRACTICE 

should be leveraged to promote exchange of developed IP blocks between collaborators and 

commercialization of IP developed in whole or part within academia. (Note this is already done by 

the particle physics community to collaborate and contribute designs to CERN). 

• Funding should be provided to commission the development/licensing of the required artefacts 

(e.g., for IP blocks, interfaces and templates) from academia or industry in an open source manner. 

These should then be made available to users in a “one stop shopping" approach similar to the 

existing EUROPRACTICE Foundry Access service. Support should also be provided for training & 

supporting users of the artefacts for a multi-year time period. 

• For general-purpose and domain-specific accelerator software stacks a more decentralized 

approach is needed. Funding should be offered to academia and industry to create/provide the 

required artefacts in an open source manner, which could then be disseminated using established 

channels (e.g., github, local repositories). These artefacts may encompass documentation, 

training materials, and sample back-end implementations for established domain-specific 

accelerator frameworks. Training and support are also required for a multi-year time period. 

• Creating an open source hardware/software ecosystem for innovation in accelerators and 
domain-specific architectures will require funding schemes which ensure that, after an initial 
broader experimentation phase, future funds are directed at those technologies that prove most 
beneficial in practice, e.g., measured in actual user uptake. 
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Figure 6: Example process for RISC-V  

In order to meet the needs of the future it is important to sketch out a proposed process that is 
required to create a working processor. This is done in Figure 6 highlighting the necessary steps and 
activities in terms of design, fabrication and testing considering the hardware and software aspects. 
At the application level non-functional properties such as WCET for safety and security need to be 
addressed. The process shown has been derived for RISC-V, but it could be updated at a later stage 
for other IP’s. 

Going beyond this there is a need to develop other IPs. A non-exhaustive list of other IPs identified by 

the Working Group that will be required in order to give a good coverage of open source cores for 

making SoCs is given in Table 3. These could be used for monolithic SoC integration and for chiplet 

integration. 
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• Memory controllers addressing Double Data Rate (DDR), Low Power Double Data Rate 
(LPDDR), High Bandwidth Memory (HBM) and handling the different end use applications 
and processing types. 

• RISC-V based power management controller with placeholder for customer-specific 
sensors and actuators. 

• RISC-V based security controller with placeholder for customer-specific secure elements 
(Physical Unclonable Function (PUF), cryptographic IPs, etc.). 

• Coherent cache infrastructure for many-cores with controller directory. 

• Scratchpad memory infrastructure for many-cores with smart DMA. 

• NoC with on-chip interfaces at router level to connect cores (coherent), memory (cache or 
not) and IOs (IO coherent or not). 

• SerDes library in line with PCIe standards. 

• PCIe controllers and switches. 

• Chiplet and interposer interfacing units (similar to pads) (only for chiplet + interposer 
approach). 

• Trace and debug solutions. 

• Monitoring IP for safety, security, design integrity. 

• Guidelines for selection of low/medium speed peripherals (I2C, UART, SPI, etc.). 

Table 3: List of IPs Required 

All of these IPs have to be delivered with a verification suite and will need to be maintained constantly 
to keep up with errata from the field and to incorporate newer requirements.  

The availability of standardized metrics is crucial. The application scenario may demand certain 
boundaries on power, performance, or area of the IP, so searches across different repositories with 
standardized metrics on these indicators are needed to successfully use these IPs. Building on 

standardized metrics for all these crucial features, 
end users will be able to pick the most suited IP for 
their application and get an idea on needed 
additional efforts in terms of certifications. 

IPs including all artefacts (e.g., source code, 
documentation, verification suites) should be made 
available ensuring integrity, authenticity and 
traceability using certificate-based technologies. 
Traceability along the supply chain of R&D 
processes is a foundation for later traceability of 
supply chains for components in manufacturing and 
deployment/operation. 

Finally, an ecosystem of chiplet + interposers can be enabled via open source development. The key 
“missing link” here is Die-to-Die (D2D) communication. This is needed to create a chiplet-based design 
ecosystem. Development of Open source D2D communication could become one of the most 
important developments in coming years enabling wide-scale use of chiplets with potential to 
become a “de-facto” standard. 

In the following sections the specific recommendations and needs are broken down. 

Development of open source hardware 

• Fund the creation of open source or easily accessible low-cost/no-cost, fundamental building 
blocks (e.g., chip IPs (including processors – RISC V, accelerators, peripherals, data management 
IPs, debug, etc.), templates for SoCs/chiplets/interposers/PCBs, software frameworks for 
heterogeneous SoC operation) that reduce the high engineering effort required to practically 

Recommendation - Innovation in open source 
hardware would profit immensely if lower-
level interface blocks could be made available 
in a low-cost manner, at least for selected chip 
fabrication processes supported by facilitators 
such as EUROPRACTICE to allow low-barrier 
prototyping (e.g., the miniASIC and MPW 
programs). The availability of automated SoC 
composition is also desirable to quickly 
transform innovation into Proof of Concept and 
to bring productivity gains and shorter time-to-
market for industrial projects. 
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realize a new hardware design and allow creators from academia and SMEs to focus on their actual 
innovation. 

• The building blocks should have all the views, software supports (drivers), test and documentation 
so that they can be easily combined (interoperable) and used (support). 

• Make these building-blocks available for free, or with only minimum financial and administrative 
overheads, from “one stop shops”, e.g., by integrating them into service portfolios of 
organizations such as OpenHW Group or EUROPRACTICE. 

• Ensure that these building blocks are distributed under an open source license that is adapted to 
hardware artefacts allowing exploitation by all stakeholders (semiconductor industry, OEMs, 
SMEs, academy/research, etc.). 

 

Community support 

• Provide a one stop shop model with long-term activities and overall support (e.g. advice for 
licensing, productization, etc.) for SMEs and start-ups. 

• Encourage the use of standard specifications and standardization efforts when gaps are identified. 

 

Development of a Chiplets+ interposer ecosystem in Europe 

• Encourage an ecosystem of chiplet + interposers via open source development. Die-to-Die (D2D) 
communication is the “missing link” to leverage the chiplet-based design ecosystem, and its 
development in open source would enable a wide adoption and could result in a “de-facto” 
standard. 

• A SoC infrastructure template should be developed that includes communication between IPs, 
interfaces with memories and the external world, supported by tools that allow the easy 
integration of new chiplets. A validation suite should be developed allowing the rapid design of a 
complete SoC from various Open source (or not) IPs, together with a set of “best practices” 
allowing SMEs, start-ups and industries to “make the step” towards the chiplet+interposer 
approach.  

Tools, validation, methods and demonstration 

• The development of industrial strength open source design IPs would benefit greatly from 
proprietary EDA tools. The licensing of the EDA tools should be made available under appropriate 
conditions, not at the prohibitive prices paid by commercial end-users, and with permissive 
licensing of the designed IPs. 

• Funding should be provided to create an open source EDA ecosystem. The effort should be guided 
by the steps (e.g., logic synthesis, placement, routing) of a typical ASIC EDA flow, and proceed by 
incrementally replacing one or more closed-source steps with open source tools. To enable the 
required interoperability between open and closed source tools (similar to the FPGA/ASIC space) 
open interfaces (e.g., APIs, data formats) between the steps are required to allow open source in 
and open source out. 

• The development of re-usable verification infrastructure (e.g. IP blocks accompanied by test 
frameworks) should be supported. 

• Industrial demonstrators using Open source IPs (RISC-V hardware, accelerators and SoC IPs) 
should be supported to validate the complete chain. If these industrial demonstrators include 
Printed Circuit Boards, the designs of the PCBs should also be licensed under an appropriate open 
hardware license. Similarly, software developed for these demonstrators and any documentation 
should be made available under appropriate software and documentation licenses. 
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Special focus on European need in term of safety/security solutions 

• Research projects creating methods to develop safety- and security-critical open source hardware 
should be supported. Key aspects are collaboration, documentation, verification and certification 
in open source communities. 

• A re-usable verification infrastructure (e.g. IP blocks accompanied by test frameworks) for 
safety/security should be established. 

• Industrial demonstrators using RISC-V hardware, especially in the safety/security area, should be 
supported to promote hardware/software co-certification for safety and security. 

 

Global Longer-Term Recommendations 

In addition to short term goals there are also longer-term goals that need to be supported to create a 

European critical mass and ecosystem in open source. At the same time there is a need to educate the 

public and industry on the economic and sovereignty benefits of open source approaches. 

Non-profit organization for coordinating European Open Source HW IP providers 

• A neutral non-profit organization should be set up for coordinating European Open Source HW IP 
providers. The aim of this organization should be to develop a compliance standard that certifies 
interoperability and industrial readiness of Open Source HW solutions. The organization should 
also orchestrate market specific requirements (e.g. safety and security features for the 
automotive or industrial automation domains). Although the organization could be funded by the 
EU, it should be open also for companies outside the EU to avoid the emergence of closed Open 
Source HW IP clusters around the world. A role for the EU could be in providing funding to create 
or support organization(s) (or a coordinated network of organizations) in providing long-term 
support and maintenance for key open source hardware building blocks/templates and software 
tools. This could follow non-profit models such as CERN/European Space Agency, or for-profit 
endeavors such as Red Hat in the Linux world. 

• Set-up an IP exchange system between academia and industry (integrated in a one stop shop 
model). This will encourage new business models for EDA vendors, design & IP houses and IC 
foundries. 

• Ensure that services that allow the realization of test chips or small production runs will continue 
to support prototyping and small series manufacturing in Europe. This includes providing all the 
libraries (PDKs) and support for transforming open sources IPs into silicon chips. 

 

Educational measures 

• It is very important to communicate the advantages and reasons for open source hardware to the 
public and industry in an effective way. This requires development of appropriate pedagogical 
material and communication campaigns. In particular, it is necessary to explain how open source 
hardware can have a very positive impact on the economy of the EU, and why it is strategically 
important in guaranteeing digital sovereignty. 

• To change mind sets the EC should provide incentives to public institutions in the EU, including 
e.g. universities and research laboratories, so that workers in those institutions contribute more 
to open hardware developments, with that work appropriately recognized in their career 
development. Open Hardware should become the default paradigm for all hardware development 
in publicly financed institutions. 
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Summary Table : Key Topics and Timescales 

A roadmap needs concrete actions and timescales in order to become operational. The Working Group 
has thus developed a detailed list of key topics which need addressing in the short term (2-5 years), 
medium term (5-10 years) and long term (>10 years). These can be used as input into strategic actions 
to address the core aspects and needs highlighted in this report. Notably there will also be a need for 
political or bilateral actions between specific stakeholders to take the roadmap forward.  

Topics Overall  
Topics 

Short Term 
(2-5 years) 

Mid Term 
(5-10 years) 

Long Term 
(> 10 years) 

Open HW 
Base Building 
Blocks 

Repository for 

open source 

HW base 

building blocks. 

Create in open source all 
the elements required to 
create a complete SoC: 
(1) Support the creation 
of: 

• High-speed open 
source memory 
infrastructure (DDR3+, 
SDRAM, HBM 
memories); 

• Open source High 
performance 
interfacing: PCIe 
Gen3+, Ethernet 1+G, 
and USB 2.0+ 
interfaces and 
controllers, including 
process-specific 
analog PHY (SerDes) 
components; 

• Open source Test, 
trace, debug IP blocks 
(e.g., JTAG, etc.); 

• All the ancillary 
functions (power 
management, SPI, I2C, 
etc.) as open source 
blocks. 

Remark: All the IPs should 
be interoperable and 
composable to build a 
complete SoC. 
(2) Create support for 
heterogeneous many-core 
open source SoCs (e.g., 
scalable coherent caches, 
scratchpad memories, w/ 
smart DMA, and a 
coherency-capable 
network-on-chip). 
(3) Create open source 
Inter-chip communication 
links with 2+ Gb/s per pin. 
(4) Create open source 
template ASIC SoC and 
PCB designs, the latter for 

Support updates of base 
building blocks to track 
emerging standards, 
possibly also adding 
support for 2.5D/3D 
technologies such as 
HBM. 
Supporting open source 
infrastructure for easy 
building of SoC from 
various sources of IPs, as 
automated as possible. 

Support 
updates of 
base building 
blocks to track 
emerging 
standards and 
technologies. 
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Topics Overall  
Topics 

Short Term 
(2-5 years) 

Mid Term 
(5-10 years) 

Long Term 
(> 10 years) 

PCIe-attached 
accelerators, similar to 
existing FPGA-based 
evaluation/prototyping 
boards, but for plugging-in 
user-provided ASICs. 
(5) Establish easy and 
affordable “one stop” 
access to and support for 
the technologies 
developed in (1-5). 

Processors  Verified open 
source 
hardware for 
high-assurance 
systems by 
whitebox 
approach. 

Provide public artifacts for 
safety and security by 
architecture at low 
assurance level. 
Provide public artifacts for 
safety and security by 
architecture at high 
assurance level, e.g. 
including formal models. 

Demonstrate how the 
approach can be carried 
over to more complex 
compositional 
architectures (e.g. 
multipipeline CPU, a full 
advanced embedded 
board or even general 
purpose desktop 
computer mainboard). 

Based on 
feedback of 
previous 
work. 

 High end 
application 
cores for High 
performance 
embedded 
system and/or 
general purpose 
application (link 
with EuroHPC-
call on HPC 
processors). 

Develop Multi-core Out of 
Order 64-bit open source 
infrastructure with all the 
near memory 
communication support 
(caches) and 
communication (fast cores 
to cores and core to 
accelerators). This should 
be suitable for various 
instances of processor IP. 

Move coprocessor 
functions inside the core 
by adding new 
instructions (variable 
precision, vector, tensor, 
etc.) with full software 
environment support 
(compiler, libraries) and 
validation/verification 
environment. 

 

 Open Cores (32-
bit) with 
support for 
advanced 32-bit 
ISA and system 
extensions such 
as security, 
vector (Zve), 
tiny FP (Zfinx), 
DSP, bit-
manipulation, 
fast interrupts 
(CLIC) for critical 
workloads 
(TinyML, near-
sensor 
processing, 
secure IoT 
stacks). 

-  Create parametrizable 
open source soft RISC-V 
cores and a range of 
associated interoperable 
IPs (e.g. interconnect), 
supported by open 
source EDA flow. 

 

Domain-
Specific 
Accelerators 

Flexible 
Hardware/Soft
ware 

(1) Create open source 
template system-on-chip 
designs including 

Update SoC templates, 
software-stacks and 
reusable accelerators to 

Update SoC 
templates, 
software-
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Topics Overall  
Topics 

Short Term 
(2-5 years) 

Mid Term 
(5-10 years) 

Long Term 
(> 10 years) 

Frameworks for 
Accelerator-
intensive 
System-on-
Chips. 

processors, on-chip/off-
chip memory and 
peripheral 
interfaces/controllers 
enabling the easy insertion 
of domain-specific 
accelerators. 
(2) Create open source 
software-stacks (e.g., 
middleware, drivers, 
advanced OS integration, 
programming tools) for 
interacting with the 
accelerators from 
software. 
(3) Create reusable and 
configurable state-of-the-
art open source domain-
specific accelerators for 
common operations, e.g., 
in the areas of security 
(crypto), Machine 
Learning/AI, 
communications, 
information processing, 
etc. 

track the state-of-the-
art, possibly moving to 
full support for 2.5D/3D 
technologies such as 
multi-process 
heterogeneous stacks). 

stacks and 
reusable 
accelerators 
to track the 
state-of-the-
art. 

Interconnect 
for real-time 
and mixed 
criticality 

Verified open 
source 
interconnects. 

Create a verified open 
source real-time 
interconnect PoC 
Develop verified ready-to-
use Design IP blocks for 
safety-critical 
interconnects. 
Demonstrate use of 
interconnects by 
integrating with existing 
RISC-V open hardware 
CPUs, memory controllers, 
and other relevant 
resources. 
Provide verification 
environment for real-time 
interconnect, including 
formal proof of worst-case 
execution time. 

Create verified open 
source real-time 
interconnects, including 
mixed-criticality and 
security. 
Develop verified ready-
to-use Design IP blocks 
for real-time 
interconnect for mixed 
criticality. This 
interconnect shall give 
system integrators full 
control over allocation of 
available bandwidth to 
different subjects. 
Demonstrate use of 
interconnects by 
integrating with existing 
RISC-V open hardware 
CPUs, memory 
controllers, and other 
relevant resources. 
Provide verification 
environment for target 
for real-time 
interconnect, including 
formal proof of worst-
case execution time, 

Based on 
feedback of 
previous 
work. 
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Topics Overall  
Topics 

Short Term 
(2-5 years) 

Mid Term 
(5-10 years) 

Long Term 
(> 10 years) 

including mixed 
criticality cases. 

Software Organize: Open 
Source SW. 
 
 
Develop: 
Software Tools. 
 
 
 
Execute: Real 
Time Operating 
Systems. 

Establish Euro Centralized 
SW Open Source 
Consortium. 
 
Support compiler projects 
-Code density 
-Performance 
-Memory Hierarchy 
 
Create Safety Certified 
Open Source RTOS (e.g. 
Zephyr). 

Create Open source ISA 
Extension design 
tooling/management 
(Simulate/Iterate/ 
Create). 
Create Open source Core 
validation Test SW. 
 
Create Open source 
Safety/Security 
Certification Tooling 
ISA migration tools. 

Create Open 
source AI 
Codesign 
tools, HW/SW 
optimized. 

Methodology 
& EDA Tools 

Open source 
ASIC 
development 
tools, including 
interoperability 
of open and 
closed source 
tools. 
 

(1) Develop open source 
interoperability standards 
to interface between 
different parts of the ASIC 
development toolchain 
(both open and closed), 
encouraging proprietary 
vendors to adopt the 
standard. 
(2) Identify and target 
investment in open source 
replacements for specific 
parts of the flow 
(synthesis, linting, 
formatting, simulation, 
place and route, Static 
Timing Analysis, Design 
Rule Checking etc.). Focus 
on integration and 
functionality, e.g., in the 
form of stable and easy-
to-use reference flows, 
rather than state-of-the-
art algorithms. 
(3) Create Open source 
tools for new, more 
software-driven 
verification 
methodologies, possibly 
based on next-generation 
hardware description 
languages, tested on open 
source IPs. 
(4) Investment in open 
source CI infrastructure 
for open source IPs/cores, 
extracting metrics, 
providing feedback to 
change requests. 

(1) Enhance open source 
verification tools 
towards state of the art, 
adding more 
automation, point tools, 
interactive debug 
capabilities, and 
integration with 
requirements tracing. 
(2) Extend open source 
tool flows to also cover 
non-functional aspects, 
allowing certifiably 
secure and/or safe 
designs. 
(3) Update initial open 

source tools with more 

advanced algorithms for 

better QoR and support 

for more advanced 

processes, focusing on 

those with fabrication 

capabilities located in 

Europe.  

(4) Extend open source 

toolflow to cover a 

larger part of the 

complete EDA pipeline. 

Focus on achieving a 

front-to-back open 

source tool flow capable 

of handling less complex 

designs on commodity 

processes. 

Complete 
front-to-back 
open source 
EDA tool flow 
capable of 
realizing even 
more complex 
industrial and 
academic 
designs with 
acceptable 
results, 
targeting 
current 
fabrication 
processes. 
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Topics Overall  
Topics 

Short Term 
(2-5 years) 

Mid Term 
(5-10 years) 

Long Term 
(> 10 years) 

(5) Perform investment 
studies on using selected 
open source tools in the 
flow to realize and 
evaluate practically 
relevant sample designs, 
where innovation can be 
produced using older, 
lower-complexity 
processes. 

 Chiplets & 
interposers for 
modular 
architectures. 

Develop an Open source 
Die-to-Die (D2D) 
communication interface 
to leverage the chiplet-
based design ecosystem to 
enable wide usage with 
target to become a “de-
facto” standard. 

Develop and promote a 
SoC infrastructure for 
“chiplet-based” 
components, with all the 
views and tools allowing 
easy partitioning and use 
of various chaplets (from 
various origins). Provide 
support for active 
interposers. 

Develop 
support for 
photonic 
interposers 
and evolution 
of automated 
toolset 
environment 
to increase 
productivity of 
developers. 

 Analog IPs. For SoC, develop analog 
IPs which are an inherent 
part of the design 
solutions (PLL, FLL, DC/DC, 
ADC/DAC...). This will also 
help address the 
resistance of EDA 
companies to allow open 
sourcing of Analog IPs. 

  

 Economics and 
social aspects of 
open hardware. 

Perform research on 
economics and social 
aspects of open hardware. 

  

Table 4: Key Topics and Timescales 

10 CONCLUDING REMARKS 

This report highlights the need for a strong European open source ecosystem to drive competitiveness 
and enable greater and more agile innovation. There are increasing concerns over security and safety 
in application markets such as automotive, industrial automation, communications, health and 
defence where there is a reliance on non-EU developed technologies. Notably open source can be 
used as a means of retaining sovereignty when the only alternative is to license IPs from non-EU 3rd 
parties. This is only possible if there is a critical mass of European contributors to open source projects 
so that a European fork is possible (i.e. create a fully equivalent variant of a given technology) if 
necessary. 

A key message is that there is a need to build or take part in sustainable open source communities 
such as OpenHW Group, CHIPS Alliance, etc. This is important to get and maintain industrial-grade 
solutions. Care must be taken to avoid fragmentation by creating too many communities or becoming 
European centric leading to disconnection with global innovation. A challenge is that the current 
communities are young and deliver limited processor cores and W toolchains. There is a need to 
extend the offer to the community with high-end processors, interconnects, peripherals, accelerators, 
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Operating Systems and SW stacks, Integrated Development Environments (IDE)/Software 
Development Kit (SDK) with supporting documentation. 

A major issue is the availability of Open Source EDA and CAD tools. In addition to open source 
hardware targeting ASIC implementations there is a need for development tools that do not incur 
significant licensing costs. Here high quality open source EDA tools are needed for industrial-grade 
open source IP cores. A challenge is that Europe has a low footprint in the world of CAD tools, which 
are critical assets to design and deliver electronics solutions, but there are open source CAD tool 
initiatives which may bridge this gap. 

Considering processors, the involvement in RISC-V International should be strongly encouraged to 
influence and comply with the “root” specifications. Currently, RISC-V standardizes the instruction set, 
but additional fields will be needed in the future for more interoperability considering SoC 
interconnect, chiplet interfaces, turnkey trust and cybersecurity, safety primitives, etc. At a European 
level it is important to support open source cooperative funded projects to maximize collaborations 
and create a significant European critical mass to compete with China and the USA. The goal should 
be to ensure that 80-100% of the intellectual property produced is delivered as open source so that 
European actors can exploit these results. Participants could also be motivated to deliver significant 
open source contributions via offering a higher funding rate. 

For open source to be broadly adopted by the European ecosystem, a number of barriers need to be 
addressed. In particular, there is a perception that building defendable intellectual property is difficult, 
if not impossible, with open source. This is a key challenge for obtaining financing for open source 
based start-ups. This requires a redefinition of the business model for many European IP providers, 
design service providers and public research centers. EU advocacy and financial support is needed for 
start-ups, SMEs and public research centers to encourage the adoption of open source. At the same 
time public endorsement of open source and material contribution to open source projects from the 
leading European semiconductor vendors is critical to provide credibility and momentum to open 
source at European level. The European design service vendors can also play a key role in supporting 
the open sourcing of major vendors’ IPs, with financial support from the EU. 

In order to meet the needs of applications there is a need to address a number of cross cutting issues 
such as scalability, certification for safety in different application domains, and security. This requires 
consideration at both the component level and system level.  

 

Key Topics  

A number of key topics which need addressing are highlighted in the report. These include “open 
hardware base building blocks”, “verified open source hardware & interconnect” “chiplets and 
modular interposers”, and EDA-tools. More specifically work on open hardware base building blocks 
should target highlighting benefits of open hardware through proprietary demonstrations (including 
software, other hardware, mechanical systems) to push the acceptance of open hardware. 
Considering processors, verified open source hardware should consider leveraging existing open 
hardware design IP suitable for high-assurance verification and the development of a re-usable 
verification infrastructure, which includes a complete verification plan considering module level 
verification, silicon technology specific verification and system integration verification including 
safety, security and other non-functional aspects (e.g., code quality, clock domain crossing, reset 
domain crossing, power domain crossing, resource efficiency, power efficiency). This should also 
consider IP blocks accompanied by verification frameworks for safety/security starting from ESL down 
to RTL. The aim here would be to release these frameworks and tests under permissive or weakly 
reciprocal licenses. The use of open source verification technology should be encouraged but 
leveraging non-open source verification technologies (e.g. simulation tools, formal verification tools, 
HW emulators) is also possible, as long as the output of the tools can be integrated and checked with 
open source verification environments. Going a step further to gain acceptance of open source it 
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would be beneficial to demonstrate certification according to relevant safety and security standards 
with use cases/demonstrations. This should also include verified open source real-time interconnects, 
considering mixed-criticality and security.  
 
Chiplets and interposers for modular architectures have been highlighted as an opportunity for the 
semiconductor industry and here there is a need to address the technical challenges such as 
architecture partitioning, chiplet-to-chiplet interconnect, testability, CAD tools and flows, advanced 
packaging technologies. Die-to-Die (D2D) communication, in particular, is the “missing link” to 
leverage the chiplet-based design ecosystem, and its development in open source would enable a 
wide use of the approach and could become a “de-facto” standard. This needs to target a high-
bandwidth, low-latency, low-energy, ultra-short-reach link between dies. 

Open source ASIC development tools are a necessary element of the hardware ecosystem, enabling 
unlimited access to experimentation and lowering barriers to implementing new ideas by all actors, 
including new players with a more software background. The availability of at least some open source 
components that could be used for ASIC design will allow for increased automation, new developer-
focused workflows and open the door for cloud- and AI-assisted EDA design. 

Finally, other important topics that need addressing are the economics and social aspects of open 
source hardware innovation as the approach is a significant disruptive change from current practice. 
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