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Abstract

This chapter aims to address some salient aspects of the engineering sciences and their methodology

in scientific research, cumulating in a methodology of scientific modeling in the engineering sciences.

A noticeable difference between scientific research in the engineering sciences by comparison with
scientific research in the basic sciences, is the role and character of phenomena, which in the basic
sciences serve as aids in discovering and testing theories, while the engineering sciences analyze
(physical-technological) phenomena in view of technological functioning or malfunctioning. Scientific
research on technological problem-solving and innovation, therefore, is better cast in terms of
design-concepts that are based on functional interpretations of phenomena. This also has
consequences for the ways in which (physical-technological) phenomena are investigated and on the
specific character of scientific knowledge for creating or controlling them by means of physical-

technological circumstances.

Scientific modeling of technological systems is central to the engineering sciences, encompassing
both the modeling of physical-technological phenomena in specific physical-technological contexts as
well as the modeling of technological artifacts producing specific phenomena. A methodology is
proposed for how scientific models of (physical or physical-technological) phenomena are

constructed, which is on par with the well-known hypothetical-deductive methodology.
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Keywords: Physical phenomena, physical-technological phenomena, scientific concepts, design
concepts, scientific models, mathematical modeling, methodology, epistemic aims, epistemic tools,

technological artifacts, hypothetical deductive method, B&K method.

1. Introduction

Scientific research in the engineering sciences is ubiquitous and nowadays accounts for more
research effort than the so-called fundamental or basic natural sciences. Nevertheless, within
mainstream philosophy of science relatively little attention has been paid to this type of application

oriented scientific research.

The term engineering sciences, however, can be ambiguous and can elicit different understandings.
Commonly, the emphasis is on the engineering part of the term, although in this paper the focus will

be on the science part — that is, on scientific research in the context of technological applications.

This chapter aims to address some salient aspects of the engineering sciences and their
methodology, cumulating in a methodology of scientific modeling in the engineering sciences. Section
Two aims to characterize the engineering sciences by comparison with scientific research in the basic
sciences. A noticeable difference is the role and character of phenomena (see Textbox 1), which in
the basic sciences serve as aids in discovering and testing theories, while the engineering sciences
analyze (physical-technological) phenomena in view of technological functioning or malfunctioning.
Scientific research on technological problem-solving and innovation, therefore, is better cast in terms
of design-concepts that are based on functional interpretations of phenomena, which is the topic of
Section Three. Section Four elaborates on the ways in which (physical-technological) phenomena are
investigated and on the specific character of scientific knowledge for creating or controlling them by
means of physical-technological circumstances (see Textbox 1). It will appear that scientific modeling
of technological systems is central to the engineering sciences, encompassing both the modeling of
physical-technological phenomena in specific physical-technological contexts as well as the modeling
of technological artifacts producing specific phenomena. Section Five explains how scientific models
of (physical or physical-technological) phenomena are constructed, and proposes a methodology for
their scientific modeling (the B&K method, Figure 1 right-hand side), which is on par with the well-
known hypothetical-deductive methodology (the HD method, also called the empirical cycle, Figure
1). Each section concludes with some remarks about concepts (Textboxes 1 and 2) and methodology

(Textboxes 3, 4, 5, 6) that prepare for the B&K method of constructing scientific models.



Textbox 1: Clarification of concepts: phenomena and target systems

The term (physical) phenomena refers to existing or non-existent, observable or non-observable,
often functionally interpreted physical objects, properties and processes (including regularities
and mechanisms). The adjective ‘physical’ aims to indicate that phenomena exist or potentially
exist in the real-world (both nature and technology). The term phenomenon is often used in
research-contexts to indicate the ‘object of study.” Additionally, the term is used to indicate
objects, properties and processes that (supposedly) cause or affect the investigated phenomenon

or target-system (see question Q2 in the caption of Figure 1).

The engineering sciences investigate physical-technological phenomena, which can be
technological objects, properties and processes, but also technologically produced physical
phenomena. For example, a membrane, an electro-magnetic coil and a prosthesis are
technological objects, which have specific properties, or which function by means of specific
processes. Examples of technologically produced physical phenomena are light, sound, electricity,
chemical compounds and all kinds of material properties. Additionally, the term target-system

will be used, which is better suited when studying a technological artifact (see Fig 1, Q2).

2. Whatis Engineering Science?

When it comes to the term engineering science philosophers, as well as lay-people, often focus on
the engineering part of the term, according to which it is synonymous with engineering and
technology (e.g., Vincenti 1990, Meijers ed. 2009). With this interpretation, engineering science
becomes synonymous with technological design (with bridges, cars and tools as paradigm examples),
the development of technological artifacts (such as materials, instruments, devices, industrial
processes and other systems), and research towards rational methods of engineering design and
development. In this chapter, the emphasis is on the science part, taking the engineering sciences as
scientific fields that in many respects resemble basic natural sciences, but with a number of salient

differences.?

An example of an engineering science is scientific research in the context of chemical engineering.

Chemical engineering as an engineering discipline aims at designing and building industrial processes

1 See Boon 2011a. In a recent article, | argue that a so-called physics paradigm of science prevents us from
recognizing engineering science as a scientific practice. As an alternative, | propose an engineering paradigm of
science (Boon 2017b).



for converting chemicals or raw materials into specific chemical compounds or materials that meet
specific functions. Scientific research in the field of chemical engineering typically concerns how to
produce a specific chemical compound or material that meets the functional and quality

requirements in an effective, reliable, safe and economically feasible manner.

That is why the engineering sciences qua science deal both with scientific knowledge concerning
questions such as how a product or technological device can be made that meets specific functional
and quality requirements, and how industrial processes for the production of a product or device
must be designed and built. These how to questions are usually analyzed in terms of a whole series of
guestions about mutually coordinated aspects, for example, parallel and serial sub-processes that
together form the intended technological configuration or system. Examples of how to questions in
chemical engineering concern sub-processes such as: how to produce a specific chemical compound
(e.g., a medicine or agricultural chemical); how to achieve the desired chemical conversion or
material property and to prevent the undesirable ones (e.g., by using a catalyst or by control of
physical-chemical circumstances); how to separate the desired from the undesired compounds (e.g.,
by distillation or membrane filtration processes); and, how to optimize these sub-processes to reduce
costs related to chemicals, energy and waste. Similar types of questions are asked in the context of
developing technological devices in material sciences, electrical engineering, mechanical engineering,

biomedical engineering and so forth.

In engineering scientific research these questions are phrased as being about phenomena (Textbox
1), which are physical and/or technological objects (e.g., a protein, a membrane, an electrical circuit,
a prosthesis), properties (e.g., hydrophobic, magnetic, electrical resistant, elastic) and processes (e.g.,
chemical production processes, conduction of heat, electro-magnetic processes, transfer of
momentum, conversion of energy). Furthermore, a phenomenon often consists of sub-phenomena,

which will be explained in more depth in Section Four.

Scientific research is crucial to design and development in the sense that scientific research aims at
knowledge for the design and development of technology. Here it is important to keep in mind that
scientific research aimed at knowledge for is basically motivated by how to questions in technological

contexts (see above and Textbox 2).



Textbox 2: Clarification of concepts: Knowledge of phenomena

Similar to the distinction between real-world and knowledge of that world stressed by Giere et al.
(2006), a conceptual distinction is needed between phenomena and knowledge of phenomena.
The term knowledge of phenomena will cover different types of epistemic artifacts, such as:
descriptions of phenomena (Fig. 1, Q2 and Q5); concepts of phenomena (e.g., ‘elasticity’,
‘conductivity,” ‘sound-waves,” ‘prosthesis,” ‘energy,” ‘motor,” ‘amplifier’; Fig. 1, Q2); explanations
of phenomena (e.g., Fig. 1, Q8 and Q9); measurements of (aspects of) phenomena (Fig. 1, Q6);

and, scientific models of phenomena (center Fig. 1).

Additionally, phenomenological laws are the verbal or mathematical representations of
reproducible phenomena (Boon 2011b, 2017a). For example, technological devices in an
experimental set-up (e.g., Boyle’s, Hooke’s and Ohm’s experiments), produce reproducible
physical-technological phenomena that are represented by sentences (e.g., ‘there exists an
inversely proportional relationship between the pressure and the volume of a gas,’ or ‘increasing
the pressure causes a decrease of the volume’) and/or by mathematical equations that relate

measured quantities (e.g., P.V=c, F=k.x, and V=L.R).

Engineering sciences aim at knowledge of phenomena that can be used to answer ‘how to’
questions. As this knowledge is meant to be used in epistemic activities by humans or computers
(e.g., regarding questions ‘how to’ create, design, optimize, etc.) the types of knowledge just
mentioned are also called epistemic artifacts. Hence, research aims at knowledge for specific
epistemic purposes (Fig. 1, Q3) — for example, a mathematical model of the phenomenon (Fig. 1,

center) can be used to make predictive calculations.

Physical-technological phenomena can be created, controlled, optimized etc. by means of
physical-technological circumstances, (e.g., temperature, pressure, light, field-strength, chemical
composition, material properties, and features of the technological device). Therefore, qualitative
or quantitative knowledge of a physical-technological phenomenon (e.g., the model in Fig. 1)
must include the role of relevant physical-technological circumstances (see questions Q5 and Q6

in the caption of Figure 1).

An example is scientific research into membranes. This concerns, for example, the question of how to
make a material with which dissolved molecules such as sea salt or proteins can be separated from a
fluid, for technological applications such as the production of drinking water from seawater, and
medical applications such as kidney dialysis. Another example is research into technological artifacts

such as prostheses.




Research topics in the engineering sciences can be motivated in various ways, ranging from
pragmatic problem-solving to more fundamental innovative approaches, which are the subject of
Section Three. In a pragmatic approach, research is usually motivated by specific problems of a
technology, and often starts off with a systematic ‘trial-and-error’ approach in an experimental set-
up to investigate which physical-technological factors have an effect (see Textbox 2). This pragmatic
approach could be characterized as the transition between engineering and science. While a
researcher in an engineering context who follows this approach is satisfied with finding a workable
solution, scientific research in the engineering sciences usually aims at a more fundamental
understanding of the phenomena involved. For example, if the technological problem is to improve
the selectivity of a specific membrane, experiments will be set up to examine relevant interrelated
physical-technological factors (e.g., the chemical structure of the membrane, selectivity, efficiency,
permeability, fouling, strength, membrane thickness, pore size and size distribution, osmotic
pressure and shear stress), and investigate how changes of the material properties affect these
factors, vice versa. Also, existing scientific understanding of these factors will be used to design the
experimental set-up and to interpret the measurements, which results in increasing scientific
understanding of the specific physical-technological phenomena (i.e., materials, properties and

processes) involved.

Summing up, similarity between the engineering sciences and the basic natural sciences consists in
aiming to understand phenomena scientifically. In both cases, this can be done in a systematic ‘trial
and error’ manner and in a more fundamental way, which often requires more innovative scientific
approaches (Section Three). Both develop and use technological instruments for experimentally
generating and investigating the phenomena. Also, both adopt systematic approaches and scientific
methodology to check the results. Additionally, both aim at scientific modeling, the results of which
are published in scientific articles. A salient difference, however, is due to the application-context of
designing and developing technological artifacts. Therefore, in the engineering sciences, the
epistemic aim of investigating phenomena and of developing technological instruments is not firstly
to discover or test scientific theories, but rather, to obtain knowledge for how a functionally relevant
phenomenon is created, produced, improved, controlled, manipulated, prevented or optimized

through physical-technological circumstances (Textbox 2).

This application context of aiming at knowledge for reasoning about phenomena in specific physical-
technological circumstances, i.e., knowledge that enables and guides epistemic agents’ reasoning
about a phenomenon in physical-technological circumstances actually implies that the term
‘ohenomenon’ has a slightly different meaning in the engineering sciences (Textbox 1) — and thus

also differs from how the philosophy of science usually thinks about phenomena (e.g. Hacking 1983,



Bogen & Woodward 1999, Bailer-Jones 2009). As already said, in basic natural sciences, phenomena
are aids to research. Conversely, in engineering sciences phenomena are part of the goals of
research. Furthermore, phenomena are interpreted in terms of their physical features and in terms
of their technologically relevant (dys)function. They have a dual nature so to speak (Kroes 1998,
2010; Weber et al. 2013). It is also important to recognize that in the basic natural sciences, scientific
understanding of phenomena is usually detached from technology — phenomena are often presented
as somehow ‘free-floating’ in nowhere. Contrariwise, in the engineering sciences, phenomena are

firstly understood as ‘embedded’ in physical and physical-technological circumstances.

Textbox 3: Methodology: Towards the B&K method of (re-)constructing scientific models — from

technological function to phenomena.

How do the indicated similarities and differences between the engineering sciences and the basic
natural sciences affect methodology? A few aspects can already be pointed out. To begin with,
scientific research in the engineering sciences is motivated by a technological application context,
which requires a specific methodological approach when specifying the research question (Fig. 1,
Q1). The research question relates to, say, the proper (or improper) functioning of technological
artifacts, which is understood in terms of physical-technological phenomena (Fig. 1, Q2).
Accordingly, scientific research aims at practical and scientific understanding of how these
phenomena are technologically produced (or created, prevented, controlled, improved,
manipulated, optimized, affected, etc.), that is, at the construction of the scientific model of the
phenomenon (center of Fig. 1, right-hand side), which usually goes hand-in-hand with the
development of technological devices and procedures (for their actual production, or their
creation, prevention, control, improvement, etc.), and often also with the development of

computer programs for simulating them in the development and design phase.

3. Design-concepts in the engineering sciences

Innovative approaches often start with a new design-concept for a specific technological function.
Whereas a more pragmatic approach aims to improve the performance of an already existing
technology, not fundamentally changing the physical-technological way in which the specific
technological function is achieved, a more innovative approach starts from asking whether the same
technological function can perhaps be achieved in a different way. A well-known strategy is
biomimicry or bioinspired approaches, where scientists learn from nature by looking how specific

functions are generated in biological systems (e.g., how natural membranes work, how



photosynthesis produces energy, or how musculoskeletal systems work). An innovative strategy can
aim at solving existing problems, but also at new innovative opportunities that no one has ever
thought of. Creative minds look at salient phenomena from a functional perspective, thereby
inventing new design-concepts for new ways of achieving technological functions. Let us look at a

few examples that elaborate on technologies for the production of sugar.

When one learns chemistry in high-school and sees a stoichiometric equation of how glucose (sugar)
is produced from carbon dioxide and water, vice versa: 6 CO; (g) + 6 H,0 (I) = CsH1206 (aq) + 6 O, (g),
one may tend to believe that this is how glucose can be produced industrially. This thought is a
rudimentary design-concept. However, this chemical conversion is not effective, nor economically

feasible, and in any case impossible to do in a simple way.

What seems feasible, is another design-concept in which carbon dioxide is converted by means of
sunlight into glucose or other ‘energy-rich’ compounds such as hydrogen gas or ethanol, by using
natural catalysts. This design-concept is attractive because it can help to solve the problem of storing
solar energy (e.g., as produced by solar panels on roofs). ‘Clean’ energy-rich compounds thus
produced can then be supplied to already existing technological systems that produce electrical
energy or heat by converting these compounds back to CO, (carbon dioxide) and H,0 (water). Hence,
the general, ‘to be realized’ design-concept is artificial photo-synthesis to harness solar energy (e.g.,
Pandit et al. 2006, Ong et al. 2018). Yet, this general design-concept needs to be made more concrete
— it needs to be translated into design-concepts of realizable technological systems for fulfilling the

technological function of artificial photo-synthesis.

The development of an artificial photosynthesis technology faces major challenges. For instance, how
to create an effective, robust, etc. (bio-inspired) catalyst for CO>-reduction by sunlight; how to create
a carrier for the catalyst; and, how to create a large surface-area at which the sun shines and artificial
photosynthesis takes place. One design-concept to meet these challenges is to create a high surface-
area on which sunlight can shine and artificial photosynthesis can take place, by means of a reactor
consisting of shallow micro-channels. In this so-called opto-fluidic micro-reactor a membrane
separates the CO,-containing gas-phase from the water-phase flowing through the micro-channels.
The membrane is also the carrier for the catalyst that promotes photosynthesis. Hence, the
membrane has three functions: it is the surface at which photosynthesis takes place; it selectively
allows transport of specific molecules across the membrane; and it separates the water-flow that

transports the energy-rich products from the gas-flow that transports CO; (Huang et.al. 2018).

Design-concepts also concern the bio-inspired catalyst, which are inorganic molecules called artificial

light-harvesting antennas. Scientific research firstly aims at finding molecules that transfer charge



(electrons), and next, at understanding the properties of these light-harvesting antennas — for
instance, in order to design molecular structures that have the highest possible electron-transfer

efficiency (e.g. Uosaki et al. 1997; Gust et al 2001; Dubey et al. 2016).

Summing up, the engineering sciences typically start from problems regarding specific functions or
dysfunctions. Crucially, scientific researchers aim to understand these problems in terms of physical-
technological phenomena (i.e., objects, properties and processes). From an engineering science
perspective, physical phenomena can be naturally or technologically generated — in this latter case,
we call them physical-technological phenomena. Also, phenomena can cause the functioning but also
the malfunctioning of a technology. The engineering sciences, therefore, can be understood as aimed
at the creation and control of physical-technological phenomena through technological means. The
epistemic task is scientific knowledge for how to do this. This knowledge concerns the physical-
technological phenomena, including the technological devices that can be understood in terms of

desired functional and undesired dysfunctional phenomena.

Textbox 4: Methodology: Toward the B&K method of (re-)constructing scientific models — from

phenomena to design-concepts.

The examples in this section show how scientific researchers in the engineering sciences are
innovative by inventing new design-concepts for specific functions, which often start at a very
general level. The challenge is to translate these into more concrete design-concepts, for
instance, a concept of a technological system that actually does the job. This is where scientific
research starts, and also, where many brilliant ideas ultimately fail (Fig. 1, Q1 and Q2 cover this
dynamics). The presented examples also show that although a general design-concept is often
inspired by functional aspects elsewhere (e.g., bio-mimicking or bio-inspired technology), the
functional parts (e.g., natural membranes, micro-channels and catalysts in natural photosynthesis
and musculoskeletal systems) usually are not literally reproduced in the technology. Instead, the
task of the engineering sciences is to find out how functional objects, properties and processes
that are not yet existent, but that are presented as design-concepts, can be created by ‘artificial’
technological means. Importantly, this also implies that the engineering sciences not only aim at
utilizing existing phenomena, but also at creating physical-technological phenomena that do not

exist as yet (Boon 2012, 2017a).
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4. Scientific knowledge for creating or controlling physical-technological
phenomena

In scientific research that aims at (technologically) creating or developing the function indicated by
the design-concept, knowledge of physical-technological phenomena can play several roles.
Researchers may aim to technologically mimic the physical phenomena, which requires scientific
research that gets them from a mere description of the phenomenon to a scientific model of it that
allows for its technological reproduction in a more or a less literal fashion (Fig. 1, right-hand side). For
instance, researchers may try to technologically create chlorophyll molecules in order to develop
artificial photosynthesis technology, but often these kinds of approaches are not feasible.
Nevertheless, in-depth scientific understanding of the phenomenon (e.g., knowledge of the chemical
structure of the chlorophyll molecule, its bio-chemical mechanism and its energetic efficiency) is of
crucial importance (Pandit et al. 2006, Dau et al. 2017). As was illustrated above, rather than literally
mimicking, researchers often only aim at utilizing the underlying ‘physical principles’, which involves
the interpretation of the functioning of the phenomenon at a more abstract conceptual level. For
example, scientific research that aims at developing ‘artificial photosynthesis’ builds on knowledge of
the phenomenon ‘electron-transfer by chlorophyll molecules’ as a principle by which solar energy is
harnessed. This knowledge is used to develop artificial inorganic molecules that can do the electron-

transfer in a ‘similar’ fashion (e.g., Uosaki et al. 1997; Dubey et al. 2016).

Another role played by knowledge of physical phenomena in the (technological) creation, control or
development of the function indicated by the design-concept is based on a modular approach that is
made possible by thinking in terms of phenomena. In the engineering sciences —technologically
produced— physical-technological phenomena are conceived as physical building-blocks for
physically creating, managing and developing technological functions. Scientific knowledge of
physical-technological phenomena, therefore, consists of epistemic building-blocks for the design and
development of a specific technological function. Hence, modular knowledge of phenomena enables
and guides the understanding of a design-concept in terms of mutually interacting phenomena — also
indicated by higher-level/lower-level, horizontal/vertical and parallel/sequential phenomena as well
as networks thereof. Knowledge of phenomena is usually represented through scientific models
(center of Fig. 1, right-hand side), and the modular approach allows for the construction of so-called
multi-scale models. Hence, this scientific approach prompts scientific researchers to analyze a

specific functional phenomenon in terms of a combination of interacting phenomena.

In chemical engineering, for example, the full chemical process for, say, producing a chemical

compound, is analyzed in terms of more basic phenomena such as: desired and undesirable chemical
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reactions in producing the intended chemical compound; the transport of liquids, gases and solids
within the device; the transport of chemical compounds by means of fluid flow and diffusion
processes within the fluid; the transport of heat by convection and conduction, and other physical

processes such as absorption, dissolution, ionization, precipitation, vaporization and crystallization.?

A crucial strategy in the engineering sciences is to analyze physical phenomena in nature and as
produced by technological devices in terms of more basic physical phenomena. Importantly,
although physical phenomena are referred to as individual physical entities, they should not be
understood as entities that exist independently. Many physical phenomena are technologically
generated and are in that sense dependent on physical and technological circumstances. Examples of
technologically produced phenomena —i.e., physical-technological phenomena- are electrical
currents, electro-magnetic waves, piezo-electricity, super-conductivity and selective permeability of
membranes. Other ‘naturally occurring’ phenomena only manifest at specific, controlled physical-
technological conditions (e.g., catalyzed chemical reactions, boiling-point of a substance, standing
sound-waves, electron beams and Rontgen rays). Nevertheless, in order to be recognized as a
phenomenon at all, it must manifest itself in a reproducible manner (Bogen and Woodward 1988).
From a technological point of view, it is precisely these characteristics of phenomena that make them

technologically interesting and, moreover, manageable for scientific research.

Therefore, different from the more naive view of independently existing phenomena as we often see
in textbooks, it is stressed here that technologically relevant phenomena need to be understood as in
a relationship with relevant physical and technological circumstances. The task of scientific research
in the engineering sciences is then to generate scientific knowledge of physical or physical-
technological phenomena significant to specific technological problems or functions that take into

account the role of relevant physical-technological circumstances (see Textbox 2).

Furthermore, in the engineering sciences, descriptions, conceptions, explanations, measurements
and scientific models of physical or physical-technological phenomena are closely related to design-
concepts, but this relationship is multi-layered. As has been illustrated above, knowledge of salient
physical or physical-technological phenomena often inspires a design-concept when the observed or
purported phenomenon is interpreted in terms of a specific function. Photosynthesis (i.e., a
purported, non-observable phenomenon that causes observed physical or physical-technological
phenomena) is interpreted in terms of the function ‘energy-production’; while the human

musculoskeletal system can be interpreted in terms of ‘mechanical movement and support of the

2 e.g. Westerterp et al. (1984). See Schneider et al. 2003 for an accessible example on modeling interacting
phenomena, and see Boon 2008 for an explanation of these types of diagrammatic models.
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body,” and next, as a design-concept for the exoskeleton. Making these creative leaps between
‘knowledge of a phenomenon’ to ‘function of the phenomenon’ involves an act of ‘seeing as’ by an

engineering mind that asks how the phenomenon can be practically and technologically utilized.

Textbox 5: Methodology: Toward the B&K method of (re-)constructing scientific models — The

production of scientific knowledge

Scientific research can produce different types of scientific knowledge about a phenomenon
under study. An elementary form of scientific knowledge of a physical phenomenon is observed
regularities in measurements, which are represented by means of phenomenological laws or
mathematical equations that describe causal relations, correlations or statistical relationships
between observed and measured variables (also see Textbox 2). Scientific models of the
phenomenon are a more sophisticated form of scientific knowledge. These models can be
mathematical, causal-mechanistic or diagrammatic models, or a combination of these, which
includes multi-scale and network models (Fig. 1, Q4). In the engineering sciences, scientific
knowledge production is also guided by epistemic purposes in specific technological application
contexts (Fig. 1, Q1), while it is confined by available knowledge (Fig. 1, Q8) and (experimentally

or computationally generated) data about the phenomenon (Fig. 1, Q5).

5. Constructing and reconstructing scientific models: the B&K method next to the
HD method

In the engineering sciences, education in mathematical modeling of phenomena and technological
systems is strongly developed. Several mathematical approaches can be distinguished (e.g., Dym
1980/2004). The most rudimentary approach starts from reproducibly measured, quantitative data-
sets and aims to find mathematical patterns or structures in them, represented by an algorithm, such
as linear or exponential equations (considered phenomenological laws such as Boyle’s law or Hooke’s
law) or a set of equations that forms a mathematical model for a specific phenomenon or system.
Another approach is to translate a conceived mechanism into a mathematical model. Examples are
the Lotka-Volterra model of predator-prey dynamics and the Maxwell-Boltzmann model for
describing the mean distribution of non-interacting particles at random velocity in statistical
mechanics. Yet another well-known approach is to interpret a system or phenomenon as being a
specific type (e.g., a harmonic oscillator as being a Newtonian system), and then construct a

mathematical model by derivation from the fundamental (axiomatic) theory (i.e., fundamental
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theories such as Newtonian mechanics, quantum mechanics, fluid mechanics, thermodynamics and
electro-magnetism) for this (idealized) type of system. In scientific practices, mathematical models
are often constructed through a combination of these approaches, including the construction of

diagrammatic models (Boon 2008).

Surprisingly, however, engineering science education often pays little attention to non-mathematical
ways of scientific modeling. Rather, the hypothetical-deductive method (e.g., as in Hempel 1966) is
usually put forward as a methodology to test explanations of observed phenomena (i.e., the
hypothesis in the HD method, Fig. 1, left-hand side), while assuming that the way in which
hypotheses come about is either a highly creative process, or rather superficially by inductive
inference, as in ‘all swans are white.” Hence, although HD reasoning definitely plays a role in testing
hypotheses, it hardly provides guidance to how scientific models that explain physical-technological
phenomena (e.g., in terms of non-observable phenomena and physical-technological circumstances)

are put together.

This defective representation of the construction of scientific models is a serious shortcoming of
textbooks in the engineering sciences. This shortage is also present in the Philosophy of Science and
in the Philosophy of Engineering.® Another deficiency due to not teaching students how scientific
models for phenomena are constructed is the way in which explanatory or causal-mechanistic
models (e.g., the model of DNA) are usually presented in textbooks. These models suggest first that
the phenomenon has been observed in science; second, that the phenomenon exists independent of
physical or physical-technological conditions; and, thirdly, related to the above, it is usually not
reported how the phenomenon is actually detected, nor, how it is produced or manipulated by
means of technological devices — that is, it is often not made clear how the purported (non-
observable) phenomenon is connected with the tangible world. In short, explaining scientific
research in terms of the HD-method only, does not serve to understand how scientific knowledge for

specific epistemic tasks (such as those described in this chapter) is produced and utilized.

Since Morgan & Morrison’s (1999) collection Models as Mediators it is generally accepted that
scientific models often are autonomous epistemic artifacts, rather than merely derived from
fundamental theories, as was assumed in the semantic view of theories.* Accordingly, Boumans
(1999) argues that scientific models consist of several ‘ingredients,” and that the way in which these

ingredients are put together already provides quite a bit of the justification of the model. Knuuttila

3 Some notable exceptions are: Magnani & Bertolotti (eds. 2017), Nersessian (2009 a, b, ¢, 2012), Sterrett
(2002, 2006, 2009, 2014, 2017).

4 Clear accounts of the semantic view can be found in Suppe (1989) and Giere (2010). Cartwright (1983, 1989,
1991) and Morgan & Morrison (1999) have convincingly argued that this view is very restricted on the role of
models in science.
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and | have elaborated on this idea, resulting in a more specific list of elements that usually play a role
in building scientific models. Moreover, we argue that researchers can actually use scientific models
for epistemic tasks because of how models are built, rather than models being first and foremost
objective, human-independent representations of their real-world target (Boon & Knuuttila 2009;

Knuuttila & Boon 2011).>

Textbox 6: Methodology: Toward the B&K method of (re-)constructing scientific models

The B&K method for (re-)constructing scientific models considers scientific models for physical or
physical-technological phenomena. It suggests that a model can be analyzed in terms of several
elements. The B&K method consists of ten questions to systematically analyze these elements
(see caption Fig 1, questions Q1-10). Thereby, it allows the analysis of the elements that play a
role in constructing a scientific model or in reconstructing how a model is put together.
Importantly, this list is not intended to present an algorithm by means of which the scientific
model can be derived — as seems to be the case in mathematical modeling based on fundamental
theories. Instead, the B&K method guides the process of gathering relevant information —
including different types of scientific knowledge— about the phenomenon, which researchers
need to fit together into a scientific model that suits their epistemic purpose(s). Vice versa, the
B&K method guides the reconstruction of scientific models (e.g., models presented in scientific

articles or research projects) by systematically retrieving the elements that went into them.®

5 An elaborate example to introduce and illustrate this approach by reconstructing Sadi Carnot’s model of the
ideal heat-engine has been presented in Knuuttila & Boon (2011). The current chapter, only presents an
outline. Nevertheless, based on teaching the B&K method in analyzing scientific articles and research projects
in engineering science education, the original list of eight elements in Knuuttila & Boon (2011) has been
expanded with ‘problem-context’ (Q1) and ‘hypotheses’ (Q9), resulting in the ten questions listed in the
caption of Figure 1. Also, in teaching, | have started to call it the B&K method for (re-)constructing scientific
models (Fig 1, right-hand side and caption), as an alternative to the traditional HD-method (Fig 1, left-hand
side).
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Figure 1 (right-hand side): The B&K method consists of ten ‘what is/are?’ questions (Q1-10) to systematically
determine the concrete elements that are ‘built-in’ the scientific model: (Q1) Problem context? (Q2) Target-
system or physical-technological phenomenon (P) for which the model is constructed? (Q3) Intended epistemic
function(s) of the model? (Q4) Model type? (Q5) Relevant (physical and/or technical) circumstances and
properties (i.e., those that affect the phenomenon)? (Q6) Measurable (physical-technological) variables (i.e., by
which variables is a non-observable phenomenon connected to the tangible world, or, by which variables is the
phenomenon or target-system affected)? (Q7) Idealizations, simplifications and abstractions? (Q8) Knowledge
(theoretical knowledge, knowledge of sub-phenomena, phenomenological laws, empirical knowledge) and
theoretical principles used in the construction of the model? (Q9) Hypotheses (e.g., new concepts and
explanations) ‘built-in’ the model? (Q10) Justification and testing of the model? The red arrows indicate
elements that can be modified when testing and improving the model. The yellow square surrounding the

modeling process indicates the testing phase in Q10.

Basically, the collection of questions (Q1-10) that form the heart of the B&K method, account for
several important characteristics of scientific modeling in the engineering sciences. The first
characteristic is that the target-system or physical-technological phenomenon of interest (Q2) is often
investigated in a broader, more complex problem-context (Q1), and that the scientific model of the
phenomenon must be such that it allows for epistemic uses in that problem-context (Q3). Thus, the
intended epistemic uses may call for a specific type of model (Q4). For instance, if researchers aim at
investigating the dynamic behavior of the system in computer simulations, one needs a
mathematical model, but if researchers aim at knowledge of how to create a specific function, a
(causal-)mechanistic or network model is needed. Hence, what the scientific model of the

phenomenon ‘looks like’ is partially determined by this context.
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A second characteristic is that researchers usually aim to investigate and to scientifically model a
functional or dysfunctional phenomenon --or target-system-- in isolation. Hence, whereas the
problem-context (Q1) refers to the function of a technological artifact, the specific research usually
focuses on specific (sub-)phenomena or parts of the target-system (Q2), for instance, (sub-
Jphenomena or parts that are held causally responsible for the (mal-)functioning of the technological

artifact, or on discovered (sub-)phenomena found in measured data (Boon 2012).

A third characteristic is that the construction of scientific models builds on existing knowledge (Q5
and Q8). To begin with, scientific models are therefore considered hubs for bringing together and
integrating relevant information and scientific knowledge about the phenomenon. Gathering
knowledge about the phenomenon is not only based on textbook knowledge and scientific literature,
but is also often produced in an interaction with developing and using experimental (and computer)
models (Nersessian & Patton 2009b,c). The B&K method distinguishes two types of knowledge,
although there may be overlap. Q5 focuses on knowledge about the physical-technological
circumstances affecting the phenomenon, while Q8 focuses on all kinds of scientific knowledge about
the phenomenon or target-system P — including knowledge of ‘lower-level’ phenomena that are held
causally responsible for (properties and functioning of) the phenomenon or target-system P. Clearly,
the construction of the model depends on available knowledge, i.e., the sophistication of a scientific
field. Yet, the phenomenon or target-system do not provide information about what should be
included in the model. Instead, the expertise of scientific researchers is crucial for deciding which
information and scientific knowledge about the phenomenon is relevant to the model (and in view of

the intended epistemic aim of the model, Q3).

A fourth characteristic is that the scientific model must account for how (aspects of) the
phenomenon or target-system are latched to the tangible world — how are these aspects detected in
measurements (Q6) and how is the phenomenon or target-system affected by physical-technological
conditions (Q5). It is important to notice that not all relevant conditions (Q5) are actually measurable
(Q@6). Pointing out what is measurable, indicates the confines within which a scientific model is built.
Additionally, the measurable variables and parameters determine the testability of the model (Q10).
Aspects in the model that cannot somehow be latched to (imaginable) measurable or observable
data do not make sense, which is why in scientific research scientific modeling often goes hand-in-
hand with the development of experimental and measurement procedures (Boon 2017a), and also,
why the construction of scientific models is confined by measurement procedures (even if only

conceivable and not yet actual) and available data.

Fifth, the B&K method points out several elements common to model-building. Usually, modeling

involves idealizations, abstractions and simplifications (Q7). Different from the naive idea that



17

models are idealization of something else —implying that idealizations etc. are made on the basis of
some kind of unpolished picture of the non-observable(!) phenomenon or aspects of the target-
system—, idealizations, abstractions and simplifications rather concern the heterogeneous bits of
information and scientific knowledge that go into the model (Q5 and Q8). Making the decisions on
‘what goes in and what not,” involves, for instance, a trade-off between simplicity and exactness,
which needs to be assessed in view of the epistemic purpose of the model (Q3). Another important
aspect of model-building is that hypotheses of all kinds may be built into the model (Q9). These
hypotheses are sometimes ‘real discoveries’ concerning explanations of the phenomena, but often
just ‘small insights’ concerning assumptions on the relevance of physical and technological
circumstances (Q5) or sub-processes (Q8), or the assumptions made in simplifications and

idealizations (Q7).

Finally, a crucial characteristic of modeling is that the model needs to be justified and tested (Q10).
As said, part of the justification is already done through justified decisions by researchers along the
lines of the questions in the B&K method. Additionally, the model can be tested by comparison
between model-predictions and outcomes of experiments or computer-simulations — which is the
type of justification basically assumed in the semantic view (e.g., Suppe 1989, Giere 2010). Negative

test-results will require reconsidering justification of the elements built into the model.

It is not claimed that every scientific model necessarily entails these ten elements. Rather, the B&K
method aims at providing a schema that assist the (re)construction of scientific models of
phenomena, similar to the way in which the schema of the hypothetical-deductive method assists in

recognizing elements playing a role in the dynamics of scientific research that aims at theories.

Lastly, the B&K method provides important insights into the general character of scientific models in
the engineering sciences. In the philosophy of science, it is widely held that models represent their
target (the physical or physical-technological phenomenon), and debate concerns what constitutes
this representational relationship. As said, scientific models presented in the basic sciences seem to
suggest that there is a similarity relationship as in a drawing or a photo. Yet, this suggestion is
epistemologically unsound. Furthermore, in the philosophy of science it is often assumed that
models are mere non-linguistic entities (mathematical structures, pictures, diagrams), whereas the
B&K method emphasizes that scientific models also entail descriptive, numerical and theoretical,
empirical and practical ‘background’ information relevant to the phenomenon or target-system, and
also that this content is critical to epistemic uses of scientific models. Constructing and
understanding scientific models in the engineering sciences, therefore, crucially involves the

elements pointed out in the B&K method.
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7. Further Reading

e Hans Radder (2003) edited a collection The Philosophy of Scientific Experimentation, which presents state
of the art philosophical studies of the role of technological instruments in scientific experimentation. In a
review article about this collection, | distinguish between three different roles of technological
instruments: to measure, to model and to manufacture (Boon 2004).

e Sven Ove Hansson (2015), in a similar fashion, has edited a collection The Role of Technology in Science, in
which already more emphasis is put on scientific research aiming at the development of the technology, in
addition to the role of technology in testing scientific theories.

e Wybo Houkes and Pieter Vermaas (2010), in Technical Functions: On the Use and Design of Artifacts have
addressed the issue of technological functions from the perspective of the design of technological artifacts,
in which — different from the methodology presented in this chapter, the role of the users of artifacts is
pivotal. This work is discussed by the authors and reviewers in Weber et al. (2013).

e Anthonie Meijers (2009) has edited a handbook in the philosophy of science: Philosophy of Technology and
Engineering Sciences. This handbook touches on many important issues in engineering and engineering
sciences. One of the ideas put forward is the notion of technological knowledge as an autonomous kind of
knowledge, which is critically discussed in Boon (2011a).

e Mary Morgan and Margaret Morrison (1999) have edited the collection Models as Mediators, which has
played a pivotal role in attention to the role of models and modeling in scientific research.

® Daniella Bailer-Jones’ (2009) monograph presents a comprehensive account of Scientific Models in

Philosophy of Science.
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