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Abstract

The point has repeatedly been made that validation is a crucial success factor in demonstrating the scientific
contribution and ensuring the adoption of results. Still, researchers in design science validate their research
findings too infrequently. We must all evaluate our claimed contributions on open benchmarks to improve
validation quality and foster cumulative research. In this paper, we propose a meta-model to standardise and
operationalise the concept of open scientific benchmarks in design science and to guide communities of
researchers in the co-development of scientific benchmarks.

Keywords: open science, design research, benchmarking, model-based systems engineering (MBSE),
product architecture

1. Introduction

1.1. Context: Where is the trust in engineering design research?

As seen through the media, it is hard to escape the conclusion that there is a growing mistrust of science
among the public. The climate and COVID crises show that the acceptance of science and technology
is on the wane. The distrust of science and technology affects not only large sections of the population
but also propagates through the scientific and industrial communities for many reasons, including the
lack of reproducibility - i.e., obtaining consistent results using the same input data, data collection
method, and data analysis method - and replicability - i.e., getting consistent results across studies aimed
at answering the same scientific question, each of which has obtained its own data, data collection
method and data analysis method -, failure to report failures, exaggeration and cherry-picking of results,
etc. Although validation is one crucial success factor in demonstrating the scientific contribution and
ensuring the adoption of results by companies, "there is this concern that design research does not live
up to the standards of science: it is creating in a sense too many theories and models, which jeopardises
the coherence of the discipline and which indicates that design research does not yet have the means to
test and refute design theories and models™” (Vermaas, 2014).

1.2. Problem: Lack of validation and cumulative research in engineering design

The point has repeatedly been made that researchers in design science validate their research findings
too infrequently (Tomiyama, 2020; Isaksson et al., 2020; Cash, 2018; Barth et al., 2011; Eckert et al.,
2003). Moreover, the lack of research data validation and openness hampers cumulative research.
Indeed, we do not observe any means to operationalise cumulative science within the design research
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communities. The rapid disclosure of research results in design research papers does not support
cumulative research as most papers are of poor quality compared to the quality criteria for reproducible
and replicable research. What can we do to improve this situation?

Although no research method or empirical evaluation is perfect, it is far superior to merely asserting that
a design theory, process, method or technology is valuable. In a nutshell, we are much better at proposing
new results than at validating them. We can blame the lack of open data requirements and evaluation
from government funding agencies and grant-givers, the intense pressure to publish academic - often
incomplete - work, the use of bibliometric parameters to measure successful careerism, the competitive
research grant programs and many other factors compromising the quality of research validation in
engineering design. Nevertheless, in the end, it is the author’s responsibility to make quantitative
judgements with fair comparisons to the state of the art and be able to communicate their research
methods and results in a very convincing and open way. We may argue that the responsibility is
increasingly being shifted to the individual. Researchers have to be good, but it must also be tackled by
research institutions such as government funding agencies, grant-givers, policymakers and communities
of academics and industry practitioners, such as the Design Society, INCOSE, CIRP, etc.

The value of benchmarks has been thoroughly discussed (Sim et al., 2003). Using benchmarks results
in a more rigorous examination of contributions. Benchmarking promotes collaborative open research,
and replication is built into the method. Appropriately deployed, benchmarking is not about winning a
contest but surveying a landscape. The presence of benchmarks in design research would state that
contributions ought to be evaluated against clearly defined standards. The benchmarking process would
require us to examine our understanding of design research. Still, excellent communication and
collaboration will lead to a more substantial consensus on the fundamental problems, research goals and
methods and encapsulate this knowledge in an evaluation. However, the lack of a standardised and
operational definition of scientific benchmarks in design research stands as a research gap.

1.3. Statement of contribution

Two years ago, researchers belonging to the French national special interest group S.mart co-specified
and co-developed a web-based version-control and collaborative platform (https:/github.com/GIS-S-
mart/Welcome) where communities of researchers can engage in the building of a sustainable evidence-
based validation ecosystem (Pinquié et al., 2022). This collaborative space intends to enable a
community of researchers to engage in an asynchronous collaboration for:

1. the co-definition of fundamental and practical research problems, goals, solutions, metrics, and
2. the fair and systematic evaluation of competing or complementary research proposals on open
benchmarks with agreed-upon measurement protocols, metrics and benchmark exercises.
The contribution presented in this paper is twofold. First, a meta-model helps formally define,
standardise, and operationalise the concept of scientific benchmarks to guide communities of
researchers in design science in the sustainable co-development of new benchmarks. Second, an instance
of the meta-model applied to the activity of concept finding for the model-based architecture design
synthesis (MBADS) of engineered systems illustrates how to operationalise the meta-model.

1.4. Outline

In section 2, the paper begins by briefly reviewing the literature and discussing the lack of validation in
design research with the activity of concept finding in an MBADS approach as an illustrative example.
Section 3 will contribute to the improvement of validation in design research by proposing a meta-
model, guidelines and a case study for operationalising the co-development of community-based open
design benchmarks. Section 4 concludes the paper and suggests future works.

2. Literature review
2.1. Lack of validation in engineering design

The validation (“Does the method solve the problem?”’) and evaluation (“How well a method works and
under which circumstances”) of results is a scorching topic in design research. Indeed, although
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researchers developed guidelines that help validate design research (Isaksson et al., 2020; Hein and
Lamé, 2020; Blessing and Chakrabarti, 2009; Carolyn C. Seepersad et al., 2006; Frey and Dym, 2006),
design research often recommends loose sets of recommendations rather than reproducible and
replicable procedures. Various reasons explain this lack of focus on validation (Gericke et al., 2022).
Moreover, design research is interdisciplinary, and using multiple research methods is difficult (Eckert
et al., 2003). Literature reviews drew up extensive lists of research methods (Barth et al., 2011;
Escudero-Mancebo et al., 2023) and design research objectives (Eckert et al., 2004; Cantamessa, 2003).
When mixing research methods from multiple research areas, many challenges can arise due to the
individual research cultures of each discipline involved.

Publishing or making our data available to others is not considered standard practice. As measured by
the French Open Science Barometer, researchers in design science keep their results more confidential
than other disciplines, with only 10 % of French publications in engineering which mention the sharing
of their data and 15% that include a "Data Availability Statement" between 2013 and 2021, whereas 86
% of French publications in engineering mention the use of data’. This lack of openness is all the more
regrettable, given that the opening up of data forces researchers to guarantee data quality. We may
assume that it is mainly because we are primarily focused on getting grant money, and the influence of
outside sponsors, such as industrialists, limits the openness of research data. Still, it is necessary to open
our data to a scientific community that examines the same research question from multiple angles over
time because one data collection effort does not lead to a definitive answer. Research methods and
results should be well documented, with enough detail so that other teams can attempt to reproduce or
replicate the findings and expand upon them. If they come up with the same general results over time,
all of these efforts give evidence for the scientific truth of the findings.

We can also blame the competitive calls for research proposals and industrial situations that push us to
make claims of contribution, which are often too broad and too complex to provide objective evidence
justifying the claims (Isaksson et al., 2020) before the research project runs out of time and money
(Blessing and Chakrabarti, 2009; Gericke et al., 2003).

Finally, among the objectives perused by researchers in design science, the development of new methods
ranks at the top, and their validation is still a significant challenge. For instance, the influence of
background knowledge (Lukas Paehler et al., 2023) hampers the evaluation of new design methods as
it is practically impossible for the creators of the method to try out the method in numerous contexts as
they need to be trained in the domains of application (Gericke et al., 2020). Conversely, when designers
want to use a new design method, designers in the domain of application need to be trained on the
method (Frey and Dym, 2006) before interpreting and adopting it, often in an organisational context that
requires a collective adoption (Hein and Lamé, 2020). A recent study of the current practice to validate
design methods in design research indicates a lack of standard metrics (Eisenmann et al., 2021).
Researchers can evaluate their proposals on open benchmarks to provide evidence of the claimed
contributions. Scientific benchmarks advance a discipline by improving the science and increasing the
cohesiveness of the community. In computer science, benchmarks serve as ground truth for a transparent
evaluation using standard datasets, metrics and benchmarking protocols (Hirsch and Hofer, 2022;
Thiyagalingam et al., 2022). The results of several evaluations can sometimes lead to a central collection
of solutions that help to know what works, for whom, and under which circumstances and select solutions
with ease. A benchmark emerges through a synergetic process of technical knowledge and social
consensus proceeding in tandem. As a technical and social artefact, a scientific benchmark has a strong
positive effect on research as it increases concern in the validation of the results, especially when used by
a research community that is sufficiently well-established and has a culture of collaboration (Sim et al.,
2003). Examples of benchmark exercises in engineering design include the landing gear system (Boniol
et al., 2017), the thermostat and flight control system (Lempia and Miller, 2009) and the wheel brake
system?. The welcome page of the open and community-based benchmarking platform? lists a collection
of open benchmark exercises. However, most exercises are not characterised according to research goals.
For instance, the landing gear case study cannot directly be used to benchmark candidate methods and

1 https://barometredelascienceouverte.esr.gouv.fr/donnees-de-la-recherche/disciplines?id=disciplines.partage
2 https://es-static.fbk.eu/projects/air6110/
3 https://github.com/GIS-S-mart/Welcome (not all benchmarks implement the proposed meta-model yet)
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tools that aim at improving the early verification of engineered systems designs because there are no
metrics to compare competing solutions, no testing procedure, and it only deals with discrete behaviour
that does not consider continuous physics-based hydraulic and electric power flows. We may think that
the validation of engineering design research is much more complicated than the validation of computer
science research, but arguments such as " we would need several years to get evidence", "our design
situation is really special”, "we cannot replicate the simulation as we do not have the computing resources"
are no different from other disciplines. For instance, climate research, a discipline that requires more
computing resources to solve research questions on highly complex situations and over a very long period,
created the Coupled Model Intercomparison Project 6 (CMIP6), which has been internationally adopted
as a shared infrastructure that serves as the provision of benchmarks against which to compare
improvements in models and prediction quality. The same when researchers argue that “the influence of
designers' knowledge is too important to get comparable results”; disciplines like Human-Computer
Interaction are facing the same challenges but adopt the scientific method.

2.2. What is model-based architecture design synthesis?

Design synthesis (Kryssanov et al., 1999) is a problem-solving activity that involves exploring a design
space to find solutions that satisfy a set of needs. This paper focuses on computational or model-based
design synthesis, which is the algorithmic implementation and execution of design creation on a
computer to leverage computational speed and depth of calculation to reduce the tedium for human
designers and augment the process of searching the space of alternatives for a preferred solution (Cagan
etal., 2005). However, this paper goes beyond existing model-based design synthesis definitions limited
to the computation of design solutions (Rosich et al., 2016). Indeed, in this paper, MBADS is a design
process which relies on computer-based automatic problem-solving techniques to generate architecture
design solutions that are correct by construction. Examples include (Yvars and Zimmer, 2022, 2021;
Ribeiro Dos Santos et al., 2019; Menu et al., 2018; Hartmann et al., 2018; Menu and Nicolai, 2017;
Rosich et al., 2016; Nuzzo et al., 2014; Broodney et al., 2012). Based on this definition, MBADS is a
4-activity design process that is relatively similar to the one proposed in the contract-based design
synthesis CONDENSe (Ribeiro Dos Santos et al., 2019):

1. Requirements development aims to define a problem space based on functional requirements
and design constraints. A functional requirement is an agreed-upon expectation for a system to
perform a function at a specified level of performance under some conditions. A set of
requirements is sometimes over-constrained by design constraints, which are limitations on the
design or implementation of a system externally imposed by a stakeholder or external system.
Constraints cannot be traded off and make certain designs “not allowed” whereas requirements
make certain designs inappropriate for their intended use. The problem space includes all design
solutions acceptable concerning the set of requirements and constraints, but all acceptable
design solutions are not feasible for technical, economical, [...], or legal reasons.

2. Concepts finding is an activity that intends to find incomplete sets of design variables,
parameters and constants defining the set of acceptable and feasible conceptual under-defined
design solutions. A design variable is an unknown variable whose value is computed at step 4
problem solving. A design parameter is a known design variable with a fixed value set after a
design synthesis iteration concluded by an agreed-upon design decision; therefore, it is not
calculated at step 4 problem solving. A constant has an immutable value which remains the
same between two computations. Concept finding also partially defines the equations between
the design variables, parameters and constants.

3. Problem modelling is the formal definition of a computational design problem that can be
solved with computer-based automatic problem-solving techniques. To get a complete
computable design problem, it is often necessary to complete the identification of the set of
design variables, parameters and constants and their relationships.

4. Problem solving consists in automatically solving the computational design problem by
providing solutions that are correct by construction with respect to the set of requirements. A
solution is a set of values for the design variables that characterise the selected concepts.
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The problem-solving objective pursued by an MBADS process is not unique and often not well specified
in existing contributions. So far, we have identified six MBADS objectives adapted from an existing
taxonomy (Yvars and Zimmer, 2021). Still, a more systematic review of the literature and industrial
tasks related to system architecting and the validation with a systematic case study is necessary to justify
this taxonomy rigorously. The six objectives include MBADS for...

1. Architecture generation: generate system elements, which can be subsystem functions,
abstract logical units or concrete hardware/software implementations, and their interfaces
satisfying a set of requirements. See an example in (Hartmann et al., 2018).

2. System configuration: generate system architectures that are variants of a reference meta-
architecture based on cardinalities and compatibility relationships between interchangeable
system elements (i.e., subsystems or components). See an example in (Menu and Nicolai, 2017).

3. Resource allocation: allocate hardware and/or software system elements to system functional
requirements. See an example in (Yvars and Zimmer, 2022).

4. Space allocation: space allocation defines the bounding box of the subsystems and their spatial
position and orientation within a system. See an example in (Rosich et al., 2016)

5. Interfaces routing: define the path and wrap for each physical interface between two
subsystems within the system bounding box. See an example in (Formentini et al., 2022).

6. System sizing: to determine the value of unknown design variables of a system element. See
an example in (Yvars et al., 2009).

An MBADS process usually combines several objectives and can be applied successively with the
results of a first iteration (e.g., architecture generation) that serves as input for a second iteration
pursuing a new objective (e.g., system configuration). Moreover, the inputs and outputs of each activity
depend on the objective of the MBADS process. For example, the output of the activity "concepts
finding" is different if the objective is "system configuration™ or "system sizing". The former provides
architecture alternatives, whereas the latter gives a single configured architecture. To illustrate our
definition of an open scientific benchmark, this paper evaluates competing and/or complementary
claimed contributions related to the MBADS process for system sizing.

2.3. Model-based architecture design synthesis for system sizing

MBADS for system sizing is a 4-activity process starting from developing a set of requirements leading
to a first problem space within which one can search candidate concepts of solution. The preferred
concepts are then formally defined as a computable design problem for which automatic solving
techniques can be applied to find a list of solutions that are correct by construction.

Table 1. Activities of a model-based architecture design synthesis process for system sizing

Requirements development

Inputs: - Set of expected system functions.

- A system architecture with a given configuration.

Outputs: | - Set of functional requirements.

- Set of design constraints.

Concepts finding

Inputs: Outputs of the activity "requirements engineering".

Outputs: | - Set of typed design variables with their range of acceptable values.

- Set of design parameters, each with a fixed value.

- Set of constants, each with an unmodifiable value.

- Preliminary set of relationships between design variables, design parameters, and constants.
Problem modelling

Inputs: Outputs of the activity "concepts finding".

Outputs: | - Complete set of design variables, design parameters, and constants.

- Complete set of relationships between design variables, design parameters, and constants.
Problem solving

Inputs: Outputs of the activity "problem modelling".

Outputs: | At least one value for each design variable.

DESIGN THEORY AND RESEARCH METHODS 99

https://doi.org/10.1017/pds.2024.12 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2024.12

2.4. Claimed contributions of design synthesis, focus on concepts finding

In our scope, which is limited to the process of design synthesis for system sizing, we will focus on the
activity of concept finding as defined in Table 1. Several design methods supported by a toolset claim
to support concept finding (Albert et al., 2009; Pailhés et al., 2011; Suh, 2001). They were not explicitly
developed for a model-based approach but are broad and claim to be generic enough to support engineers
willing to solve any architecture design problem.

3. An illustrated definition of an open designh research benchmark
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Figure 1. Meta-model formally defining the concept of benchmark in design research

This section aims to illustrate how to apply the benchmark meta-model (Figure 1) to define an open
benchmark related to concepts finding for MBADS*. The proposed community-based open science
platform is concerned primarily with benchmarks created and used by a technical research community,
especially the engineering design research community. The benchmark seeks to 1) improve validation
quality; 2) facilitate reproducibility if not replicability; 3) foster cumulative research in engineering
design; and 4) rapidly learn the essence of background knowledge with an interest in finding its leading
edge. The benchmark community gathers the four co-authors, each with his background leading to a
mix of expertise. Although members of the engineering design research community may not want to
open and share the dirty details of their research data, this proposal does not force them to share all their
data, especially input data provided by industrial partners. However, we must all evaluate our claimed
contributions using the same tasks and experimental materials to improve validation quality and foster
cumulative research.

3.1. Introduction

The introduction should briefly discuss the primary discipline(s) of the research and the goal of the
benchmark. In this particular case, the scientific benchmark concerns mainly the engineering design,
systems engineering, and product lifecycle management of industrial and scientific communities, and
its goal is to collect and compare competing or complementary contributions claiming to improve the
activity of concept finding in an MBADS process for system sizing.

*https://github.com/GIS-S-mart/Benchmark-7_Model-Based-Architecture-Design-
Synthesis/blob/main/Benchmarks/Benchmark-MBADS_System_Sizing-Concept_Finding.md
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3.2. Glossary

The definition of the glossary is crucial to establish a shared conceptualisation amongst the members of
a domain of discourse, especially in design, where the community defining or using the benchmark
gathers contributors from different disciplines. Defining the vocabulary (e.g., design synthesis, design
concepts, system architecture, problem modelling, etc.) was our first activity within our benchmark
community. To share a common understanding of ambiguous keywords, contributors shall agree upon
the meaning of the keywords by systematically providing a definition and synonyms. Contributors
should reuse existing terms and definitions from existing standards and not invent new ones unless they
have a particular concept that requires the introduction of a new keyword and definition.

3.3. Body of knowledge

The body of knowledge is the background knowledge upon which researchers will draw on and
contribute in theory or practice. This benchmark aims to increase the knowledge related to the activity
of concept finding (Section 2) in the MBADS approach for system sizing introduced (Table 1).

3.4. Research objective

A research objective is a measurable goal pursued by the benchmark community. Design research
objectives belong to two fundamental objectives (Eckert et al., 2004). On the one hand, one can
identify new design knowledge by better understanding design as a complex human-centric activity.
In this paper, the fundamental research objective is to improve the activity of concept finding in an
MBADS process for system sizing. The benchmark community had to agree upon fundamental, co-
designed, measurable research objectives with objective evidence transparently shared online. One
can create knowledge by proposing a new measurable research objective, a new design method that
helps engineers find architecture design concepts or a new means to evaluate the claimed
contributions. On the other hand, one can improve existing design knowledge by increasing the level
with which a measurable research objective has been met. For instance, one can enhance an existing
design method to increase the number of design variables identified during the concept finding
activity. Improving new knowledge is inherent to creating new one since a subtle understanding of
how a design activity works often suggests improvement opportunities. In design research, we often
believe our research objective is new and claim a unique contribution with evidence based on our own
example design problem and evaluation metrics. Consequently, cumulative research is minimal
without shared fundamental research objectives.

3.5. Claimed contributions

This section is the collection of candidate research proposals, which pretends to meet the research
objective and, once applied to the collection of benchmarks, must provide empirical evidence that the
research objectives have been met. Comparisons of contributions claiming to improve the concept
finding activity are often unfair because they mix five elements: (1) the design philosophy, including
the axioms, postulates, assumptions, and convictions taken to be true to serve as a premise or starting
point for further reasoning and arguments, (2) the design method in line with the design philosophy
and prescribing the concepts to be captured and the design procedure to be followed by the
practitioner; (3) the modelling language for encoding the concepts; (4) the modelling software that
supports the modelling of the concepts found by the practitioner using the preferred modelling
language; and (5) the modelling method, that is, the procedure to be followed by the practitioners to
model the concepts using the preferred modelling language and software. As an example, we
benchmarked a proposal that 1) adopts a lean engineering design philosophy, 2) combines Function,
Physical Principle and Technology (FPPT) and Skins Skeletons (SK2) as a design method, 3) uses the
FPPT and SK2 Domain Specific Languages (DSL) based on Ecore, 4) uses Eclipse as modelling
software, and 4) follows the modelling method to model FPPT-SK2 concepts with FPPT and SK2
DSLs in Eclipse.
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3.6. Benchmark

A benchmark is the combination of a benchmark exercise and a benchmark protocol. However,
evaluating a claimed contribution on a benchmark exercise can require following several benchmark
protocols, or a protocol can serve as an evaluation procedure for several benchmark exercises.

3.6.1. Benchmark exercise

A benchmark exercise is an example problem that is representative of actual problems. It is essential to
build confidence in the appropriateness of the benchmark exercise that will be used to validate the
claimed contributions (Carolyn C. Seepersad et al., 2006). Demonstrate the usefulness of claimed
contributions for some example design problems require establishing a minimum level of similarity
between the benchmark exercises and the actual problem for which the claimed contributions are
intended. So far, we have proposed a coupling bolts benchmark exercise and plan to create new ones.

3.6.2. Benchmark protocol

A benchmark protocol is the precise and repeatable benchmarking procedure to reproduce or replicate
a given evaluation. By following the benchmark protocol, someone should be able to reproduce, if
not replicate, the evaluation of a claimed contribution on the related benchmark exercises.

3.7. Benchmarks collection

The usefulness of a claimed contribution to a benchmark exercise may be anecdotic. All research
methods have a flaw or two, and one data collection effort does not lead to a definitive answer to a
research question. It is necessary to demonstrate the usefulness of a claimed contribution beyond an
example problem. Nevertheless, defining a benchmark exercise that serves as an example problem that
encompasses all properties of the actual problem is difficult. Thus, to build confidence in genericity and
identify limits, we can use a set of benchmark exercises to confirm or disconfirm that a claimed
contribution meets the research objectives. A benchmark collection is a set of benchmark exercises
whose union covers all characteristics of the actual problem. The current version of the benchmark
collection includes only one benchmark with the coupling bolt benchmark exercise and its benchmark
protocol. However, to provide objective evidence on the genericity and limits of each claimed
contribution, it is necessary to develop new benchmarks with different characteristics. Continued
evolution of a benchmark collection is also essential to prevent researchers from making changes to
optimise the performance of their contributions on a particular set of tests.

3.8. Empirical evidence

Empirical evidence is data collected through observation or experimentation using a quantitative and/or
qualitative research method to confirm or disconfirm the belief that the claimed contribution meets the
research objectives. Quantitative empirical evidence is a quantitative performance indicator or metric
that measures the degree to which the research goal of concept finding has been achieved. If possible,
empirical evidence must be quantitatively and not only qualitatively compared to the alternative
contributions fairly and transparently. Anecdotal evidence is empirical evidence resulting in the
evaluation of a contribution to a single benchmark exercise. Researchers should use existing metrics and
not invent new ones unless they measure additional aspects not covered by existing ones. Therefore,
any change to existing metrics must be motivated and explained.

3.9. References
References are published materials for any open data stored in a benchmark repository.

4. Conclusion and future works

This paper proposed a meta-model to formally define benchmarks to improve validation quality and
foster cumulative research in engineering design. The expected minimum viable content for each
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element of the meta-model is specified with guidelines and illustrated on the activity of concepts finding
in a model-based architecture design synthesis (MBADS) process for system sizing.

In future works, we will mature the current benchmark and invite researchers in design science to
contribute by evaluating their research proposals or participating in the co-development of the
benchmark content. Involving external researchers will enable us to validate the utility and usability of
the benchmarking ecosystem. We will also develop a sound taxonomy of systems architecting problems
and extend the benchmark to cover the other activities of the MBADS process for system sizing and
deal with different MBADS objectives. Finally, we plan to create a new interface to help non-experts in
GitHub contribute and explore an ecosystem of benchmarks by navigating via separate entries.
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