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Abstract

Human-Systems Integration (HSI) is progressively becoming a central discipline. HSI is
grounded on the co-construction of Technology, Organizations and People’s activities and
jobs. HSI also requires the association of physics, cognitive engineering and arts. Physics
provides necessary knowledge, rules and constraints that an engineer needs to build a system
that works. Cognitive engineering provides knowledge, rules and constraints that are
necessary to safely, efficiently and comfortably use a system. However, neither physics nor
cognitive engineering provide insights or methods that support creativity. Consequently, arts
should be integrated into STEM to make STEAM (with an “A” for Arts). In this paper,
integration will be presented as creativity and abduction. Visualization supports integration
by making abstract constructs more tangible and facilitating effective learning. We will see
how during the design of what became NASA Space Exploration Vehicle (SEV), we worked
with artists and cartoonists, who helped us visualize possible scenarios. They first drew
cartoons that were displayed around a room and developed animations. We not only used
them as tangible visualizations of our concepts, but also as mediating representations that
integrated multiple participants views. This paper is also based on the experience of ISU
Space Studies Program 2012 where we carried out a project on “what space can contribute
to global STEM education”, which clearly anticipated the shift from STEM to STEAM. We
will advocate that space leaders of tomorrow should physically, cognitively and creatively
investigate a specific planet, that is Earth in addition to the other ones. This development is
true for both governmental and commercial space activities. We will conclude on the fact
that HSI is both a technique and an art, and qualifies for being a STEAM discipline.

In 2017, we carried out a study? on Human—Systems Integration (HSI) verification principles for Commercial
Space Transportation (CST). CST HSI safety, efficiency, and comfort were analyzed with respect to four
critical areas: (1) design and layout of displays and controls (we assume that displays and controls are
computer based), (2) mission planning, (3) restraint and stowage, and (4) human factors in vehicle operations.
We used the most recent approaches in human-centered design, which integrates technology, organization,
and people from the very beginning of the design process and all along the life cycle of systems, including
manufacturing, delivery, training, operations, and dismantling. This was an interdisciplinary effort mixing
Science, Technology, Engineering, and Mathematics (STEM?). We realized how much STEM was useful,
and we realized how much it should be better considered in engineering education, training and practice. We
also realized how much creativity and design thinking are important in a new field such as CST, and more

"' On April 8™, 2016, I gave a talk and started a discussion on education, creativity, information society and technology
at the Foosaner Art Center in Melbourne, Florida. The day after, my school and a few motivated people had a workshop
on “STEAM on the Space Coast.” We discussed on the integration of art together with science and technology. We had
a brainstorming session that led to the production of a few important ideas and concepts. This short paper is a follow up.
2 Boy, G.A., Doule, O., Kiss, D.M. & Mehta, Y. (2018). Human—Systems Integration Verification Principles for
Commercial Space Transportation. New Space Journal, Mary Ann Liebert, Inc., Vol. 6 No. 1, DOI:
10.1089/space.2017.0040.

3 NSF (U.S. National Science Foundation) scientific administrators introduced the STEM acronym in 2001.
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generally commercial space. This is the reason why arts should be integrated into STEM to make STEAM
(with an “A” for Arts).

Engineers know how to develop logical reasoning based on physics theories and mathematics to make new
systems. More recently, human factors and ergonomics penetrated engineering in order to make these systems
more usable and useful. In addition, current systems include large amounts of software that makes them more
artificially intelligent. Human factors in computing systems led to considering cognition seriously in the
design of human-machine systems. Cognitive engineering was born in the eighties to support such design
(Norman, 1986)*. Cognitive engineering was specifically considered during the development of increasingly
automated commercial aircraft (Boy, 1998)°. Furthermore, we have come to a point where systems’
complexity, maturity, flexibility, stability and sustainability have to be considered during the whole life cycle
of a system (Boy, 2016)°. Everything changes rapidly, and it is very difficult to predict what will happen
next. This is the reason why Human-Systems Integration (HSI) is progressively becoming a central
discipline. HSI is grounded on the co-construction of Technology, Organizations and People’s activities and
jobs (Boy, 2013)7. HSI also requires the association of physics, cognitive engineering and arts. Physics
provides necessary knowledge, rules and constraints that an engineer needs to build a system that works.
Cognitive engineering provides knowledge, rules and constraints that are necessary to safely, efficiently and
comfortably use a system. However, neither physics nor cognitive engineering provide insights or methods
that support creativity.

The shift from STEM to STEAM, anticipated by designers (Maeda, 2012)8, can be described as a drastic
evolution from local linear engineering of complicated systems, such as cars, airplanes and chemical plants,
to holistic non-linear design of complex systems, such as the Internet and air traffic management®. Indeed,
it takes creativity to elaborate something complex that works. For example, making wine involves physics
(e.g., knowledge of weather, soil, chemistry) and cognition (i.e., knowledge of various combinations of
grapes, awareness of correlations between rain, sunshine and soil). But these kinds of knowledge are not
enough because you always have to make decisions and act. It takes abduction!’. “There is no difference (at
the highest level) between cold speculative intelligence and artist’s intuition. There is something artistic in
scientific discovery and something scientific in what naive people denote ‘artist’s genius intuitions.” What
they have in common is the beauty of abduction.” (Eco, 1995)!.

Since this paper is dedicated to the very specific topic of “STEAM for Space Leaders of Tomorrow,” we
have to address the difficult process, and talent, of industrial integration, and more specifically'> HSI. When
a painter creates a new color, orange for example, the artist takes a bit of red and a bit of yellow, mixes them,
observes the result, assesses if it is close to a satisfactory target, adds a bit of red, and so on until the artists
makes a final decision: the kind of orange that he or she has in mind! This is creativity as integration. This
is precisely what current engineering and science education misses today. Why? First, engineers are very

4 Norman, D.A. (1986). Cognitive Engineering. In D. A. Norman & S. W. Draper (Eds.), User Centered System Design:
New Perspectives on Human-Computer Interaction. Hillsdale, NJ: Lawrence Erlbaum Associates.

5 Boy, G.A. (1998). Cognitive Function Analysis. Praeger/Ablex, USA; ISBN 9781567503777.

® Boy, G.A. (2016). Tangible Interactive Systems: Grasping the Real World with Computers. Springer, U.K. ISBN 978-
3-319-30270-6.

7 The TOP Model (for Technology, Organizations and People) is presented in Boy, G.A. (2013). Orchestrating Human-
Centered Design. Springer, U.K. ISBN 978-1-4471-4338-3.

8 Maeda, J. (2012). STEM to STEAM: Art in K-12 Is Key to Building a Strong Economy. Edutopia. Edutopia
(https://www.edutopia.org/blog/stem-to-steam-strengthens-economy-john-maeda). John Maeda, former president of the
Rhode Island School of Design, advocated that design thinking and creativity are essential ingredients for innovation,
and for that matter championed the STEM to STEAM movement.

9 21% century complexity results from massive socio-technical interconnectivity, communication and interaction among
a larger number of entities (e.g., aircraft), and consequently requires new approaches departing from 20" century
reductionism toward complexity analysis and improvement of familiarity with complex systems and definition of new
infrastructures and functions.

10 Abduction is a type of reasoning that consists in inferring probable causes of an observed fact (i.e., we establish the
most likely cause of an observed fact and state, as an hypothesis, that the fact probably results from this cause).

1 Eco, U. (1995). De Superman au surhomme, Livre de Poche, Paris.

12 The term “specifically” may not be appropriate here if we consider that HSI incorporates systems engineering, and not
the other way around as traditional engineering works.
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well educated and trained in physics and mathematics. However, they do not usually have enough creativity
insight and abduction inference capabilities. Therefore, STEAM education programs should bring such
creativity and abduction skills and knowledge. We are talking about risk taking here (Boy & Brachet,
2010)'3, Risk taking is a matter of abduction (i.e., trial and error) based on recurring preparation in a variety
of contexts. In commercial space for example, we need to create and play a large number of missions in
human-in-the-loop simulation (HITLS) setups, which we will make progressively more tangible. Note that
HITLS are not only related to human space flights, since in commercial space in general (manned and
unmanned) there will be mission control rooms that will need to analyzed, designed, tested and used.
Commercial space requires agile developments incrementally tested based on safety, efficiency and comfort
principles and criteria.

Consequently, schools and education systems should develop human-centered programs that enable
harmonious co-development of technology, organizations and people (Figure 1), where students have the
opportunity to try, make errors and correct until they understand how a system works and can be used
appropriately. Design thinking, which involves ideation, storytelling, actual design, agile development and
delivery of solutions, should be articulated with systems thinking, which articulates structures and functions
of systems of systems being developed. Design thinking provides a method; systems thinking provides
conceptual support. Our approach is problem-driven, that is a problem should be stated first and solved
second. Problem stating is often more an art than a technique. We need sometimes to create new syntax and
semantics to enable problem to be well stated and further solved. Let’s present a few famous examples.

Organizations

Figure 1. Technology, Organizations and People (The TOP Model) for Space Leaders.

Sir Isaac Newton (1643-1727), known as one of the most influential physicists, was also a great
mathematician and natural philosopher. One of his main questions was, “why are the orbits of the planets in
an ellipse?” From this question, he derived differential and integral calculus'. This piece of mathematics
was the basis of the construction of vehicles. For example, velocity “V” is the derivative of a space variable
“x”, expressed as “dx/dt.” Most of us learned that at school, often in an abstract manner! However, now we
can see this derivative directly on the speed indicator of our car or motorcycle, and quickly understand what

it is (Figure 2). Visualization makes abstract constructs more tangible and facilitates effective learning.

13 Boy, G.A. & Brachet, G. (2010). Risk Taking. Dossier of the Air and Space Academy, Toulouse, France, ISBN 2-
913331-47-5.

14 Differential and integral calculus was created by Newton to state the various problems related to cinematics and
dynamics. It is used universally today.
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Learning them that way should not remove the need for rationalization. This is why I believe that technology
provides us with concrete trivial answers to theoretical fundamental questions.

Figure 2. Abstract representation versus tangible visualization of speed.

Let’s take another example demonstrating that engineering, mathematics and art can be successfully
associated. Computer graphics designers currently use Bézier parametric curves and surfaces in their
complex drawings. A few know that Dr. Pierre Bézier, their inventor, was an engineer with Renault cars. He
contributed to design the Renault 4CV car bodies. He associated physics and mathematics (i.e., physical
tangibility and figurative tangibility !*). I learned corresponding mathematical functions during my
undergraduate studies in mathematics as abstract constructs. Today, we can present them visually on a screen,
vary parameters, and ultimately show their tangibility (i.e., purpose, possibilities and forms). Beyond obvious
use of Bézier curves in engineering, the same mathematical construct can be used in art, and produce beautiful
drawings — real pieces of art.

If we just saw that physicists, mathematicians and engineers can help artists expressing new worlds, art can
help technological design also. During the design of what became NASA Space Exploration Vehicle (SEV),
we worked with artists and cartoonists, who helped us visualize possible scenarios. They first drew cartoons
that were displayed around a room. We not only used them as tangible visualizations of our concepts, but
also as mediating representations of views other participants had (Figure 3). They also developed animations
that played exactly the same role, immensely facilitating cooperation among design team members.
Designing technology is not only a matter of introspection, using personal knowledge and experience to
produce concrete artifacts; it is also and foremost a matter of outrospection'®, using others’ knowledge and
experience. It is a matter of empathy, which is the power of understanding and imaginatively entering into
another person’s feelings. When the artist is able to express such feelings, the result is valuable for the entire
design team. Such a participatory design approach is certainly very valuable for commercial space.

Figure 3. Outrospection and design thinking process for the development of NASA Lunar Rover.

15 Concepts of physical and figurative tangibility were developed in my book of 2016 (cited above).

16 The term “outrospection” was coined by Roman Krznaric, a cultural thinker and writer on the art of living and social
change. He published books, such as Empathy, The Wonderbox and How to Find Fulfilling Work. He is entertaining a
blog on emphaty that is worth seeing (https://www.romankrznaric.com/)..
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Working in such a creative and open environment, mediated by appropriate technology, possible futures are
developed and tested. If it is impossible to predict the future, it is possible to create it and test it. It is
interesting today to read again Jules Verne’s books, and see how much we have done since then. For example,
Jules Verne, a French science-fiction writer of the 19" century, wrote a novel, “Around the world in eighty
days” (Verne, 1973)"7. Today, astronauts in the Space Station “fly” around the world in ninety minutes! This
looks like transforming dreams into reality. The opposite turned out to be true, that is transforming technology
reality into dreams. The Lumiére brothers invented the cinematograph that enables great movie directors to
make us dream. With computing visualization means that we have today, imagine what a group of artists
together with designers, engineers and computer scientists can do! Think about using this kind of technology
for commercial space scenario-based design...

During the Summer 2012, I was in charge of a team project within the framework of the International Space
University Space Studies Program, “what space can contribute to global STEM education!8.” 34 students
coming from 17 countries worked on this topic for 9 weeks (Figure 4).

®TUDIES,

" S Vi\

Figure 4. ISU SSP12 STEM to STEAM team.

They were all graduates and most of them professionals in a variety of domains related to space and
astronautics. We had lectures from renowned specialists, including astronauts, engineers, philosophers,
artists, physicians and of course educators. A report was produced (Boy, 2012)". It includes positions on
what STEM could be in the 21 century, mutual influences among technology, organizations and people in
current and future societal changes, best time to learn STEM, literacy and mathematics and other things.
Space experience was used to analyze how cognition, innovation and risk taking helped going beyond what
we could do on planet Earth, and discover new kinds of knowledge. The Apollo experience, for example,
is a tremendous legacy to humanity in terms of knowledge design by doing. One of the first photos of

17 Vernes, J. (1873). Around the World in Eighty Days (Le Tour du monde en quatre-vingt jours). Re-published in 1984
by Poche, Paris, France, and in 1990 by Scholastic Inc., NY, USA.

18 The exact opposite of this paper’s topic. An interesting perspective to compare with what STEAM can bring to space
leaders. On one side, space can bring motivation to people learning STEM, and we saw that arts should be added into the
picture because best specialists in space have been proven to be open-minded and great creators (e.g., problem solving
skills deployed in Apollo 13 successful accident). On the other side, STEAM can bring creativity and abduction to space
inventors and leaders of tomorrow.

19 Boy, G.A. (2012). What Space can contribute to Global Science, Technology, Engineering, and Mathematics (STEM)
Education. Proceedings of the 63" International Astronautical Congress, International Astronautical Federation. Naples,
Italy.
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the Earth rising over the moon’s horizon, taken during the Apollo 8 mission, constitutes a tangible expression
of the fact that the Earth is a spherical object! Today, we have the confirmation of gravitational waves that
Albert Einstein predicted mathematically 100 years ago. STEM enables this incremental knowledge design
by associating abstract concepts and concrete objects. Without NASA and other space agencies, we could go
further than what we knew before. Again, technology provides us with concrete trivial answers to theoretical
fundamental questions. Therefore, STEAM education programs should bring such creativity and abduction
skills and knowledge, more specifically for commercial space.

This reflection will be extended to the evolution of our everyday life on planet Earth. Technology never stops
to evolve. New codes and practices are emerging from the use of technology. The speed of changes is
increasing. No surprise that some people get lost. It is therefore excellent timing to discuss and improve our
understanding of what these changes really are, why they are happening, how they happen, who is concerned
and how, what can we do to better master these changes... and so many other issues that all of us have in
mind related to these changes. What are the main descriptors of these changes? Planet Earth evolves. We
need to take care of it and adapt to it, and not only use it for our own short-term benefits. Climate change and
all sort of diversity disorders will soon or later push us to explore our planet like we would explore the
Moon or Mars.

The 21% century started with a new worldwide economy, Internet and terrorism, among other things. Linear
STEM approaches are proving their inefficiency facing resulting new challenges. We have entered into the
era of complexity science. Reductionism worked during the 20" century as a primary framework for STEM
to build washing machines, cars, aircraft and nuclear power plants. However, current exponentially growth
of Earth population and interconnectivity induces emerging phenomena, typical to complex systems.
Consequently, complexity has to be taken seriously. Reductionist simplicity is not the only remedy to handle
complexity. We need to become more familiar with complexity instead. We need to re-learn to see the world
from various angles. This is why we need to move from Cartesian thinking to Leonardo da Vinci’s thinking.

It is not unusual to see people facing a screen nowadays, whether it is a television, a laptop, a tablet or a
smartphone — so will be astronauts on the Moon or planet Mars. They interact with data, information and
knowledge, which could be natural or artificial. Indeed, they may interact with various kinds of computer
programs, databases or other people via computer networks. No matter where they are, the location does not
matter any longer, as long as they have access to the cloud! Computer-supported communication is replacing
face-to-face communication. What are the advantages and drawbacks of such a change?

Experience and expertise are crucial. This reminds me the time when I was a child living in the countryside
during the summer with shepherds. I more specifically remember one of them who taught me some basic
rules of thumb that enabled him to anticipate weather. An example was, “Red sky at night, shepherd’s
delight.” Of course, I put this kind of knowledge at work and watched the sky at night, a beautiful red sky! I
concluded that we would have a beautiful sunny day! The day after unfortunately, the sky was grey and it
rained. I came back to the shepherd, telling him about my experience. He just smiled and told me, “you did
not watch the sky correctly, and you did not choose the right rule of thumb!” It took me a while before I
started to understand how to observe the sky and associate the right rules of thumb. A long time after, I
learned about meteorology and other things, and I associated these shepherd’s heuristics with scientific
knowledge. In fact, shepherds were using the Arts of Memory that the old Greeks practiced to transfer
knowledge (Yates, 1966)°. Old Greeks associated concrete objects and abstract concepts. In modern terms,
we could say that they associate virtual things with tangible things. Making sense about something whether
by grasping it physically and/or figuratively (i.e., cognitively) is a matter of tangibility (Boy, 2016). This is
exactly what we should consider when we design virtual artifacts that are intended to model and simulate
real things. On the one hand, they are functionally testable — good news from an HSI point of view — but not
necessarily tangible structurally. On the other hand, modeling and simulation enable participatory design
(i.e., mix experience, expertise and creativity). Commercial space requires this kind of approach.

Knowledge is a small contributor to understanding. It is the first time in the history of humanity that our
individual memory is no longer only in our head, but extended in the cloud easily reachable with a few clicks
on our favorite computing device. This new extended memory is tremendously more complete that what we

20 yates, F. (1966). The Art of Memory. First published by Routledge & Kegan Paul in 1966. Reprinted by Routledge in
1999, 11 New Fetter Lane, London EC41 4EE. 10 Volumes: ISBN 0-415-22043-2.
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can learn in our life. However, knowledge access does not guarantee understanding. Understanding
requires critical thinking, reflective processes and experience. Understanding requires that we put this
data, information and knowledge into action. Knowledge needs to be constantly viewed from many angles
and transformed with respect to various contexts to be useful and finally tangible. Experiencing knowledge
is crucial for us to conduct an effective and harmonious life.

Michel de Montaigne (1533 —1592), one of the most significant philosophers of the French Renaissance, had
a direct influence on Bacon, Descartes, Rousseau, Asimov and Shakespeare. He wrote, “we are better to have
a well-made rather than a well-filled head.” This is what I mean when I bring the distinction between
knowledge and understanding. The gap between knowledge and understanding can be filled through
experience and action. This is why learning by doing is so important. Students are currently trained to perform
well for exams. Most of the time, they do not have enough time to learn and there is too much to absorb.
Quantity is often preferred to quality of learning. Consequently, what remains in the end is a poor capacity
to handle real-world situations. It takes time to understand, and this precious time cannot be scarified.
Understanding is linking concepts and thinks among each other, and using them to solve problems. Quality
learning is about personal knowledge design. Knowledge is better used when it is personally designed and
tested, like when you design and test a concrete object (e.g., designing a house). Abstractions are more solid
when they are designed in action. That way, they are not only cognitive constructs but also embodied skills.

Finally, the following points®! are open for discussion to support the development of STEAM for space
leaders of tomorrow both in government and commercial space:

o Communication is crucial (people should be more aware of the STEAM movement, and STEAM
should be made more tangible to public; STEAM motivation should be more developed; promote
delivery, e.g., posters, papers, visualization, marketing, exhibition);

e Action is crucial (ideas should be transformed into actions; STEAM should be made fun, joyful and
effective; STEAM environments should be set up locally; collaborative STEAM programs should be
developed, for example a “Learning by Design” project should be implemented; transportation
resources should be developed; redesign existing spaces into creative spaces; empathy in early
education; develop inter-disciplinary programs and exchanges; write a STEAM proposal and send it to
science regional and national authorities; find out STEAM jobs needs (i.e., employability; getting
children interested in STEAM by developing hands on activities and improving learning effectivity);

e A STEAM home (a building should be allocated to STEAM activities within the organization or
community that takes care of it);

e Programs should be developed associating Art and STEM (promote same weight for art and science;
immersion into STEAM activities and environments);

e Teachers’ motivation (incentives; salaries; STEAM workshops; financial resources; grants);

e Collaborative work (Space Centers-Universities STEAM experts; school events; STEAM think tank;
cooperative development of STEAM products; online platform for exchanges; share STEAM products;
collaborative projects; set up an experience feedback on STEAM content use);

o Intensify institutional relations (industry, research, academia, FabLab, Maker Space; promote
STEAM in industry).

Summarizing, Human-Systems Integration (HSI) is a new discipline that involves traditional human factors
and ergonomics, human-computer interaction, complexity science, organization design and management,
life-critical systems, modeling and simulation (mainly human-in-the loop simulations) and cognitive
engineering. HSI is a combination of human-centered design and systems engineering (Boy & Narkevicius,
2013)?2. It also requires to consider artificial intelligence as an important resource for the development of
autonomy and flexibility on both human and machine sides. Finally, HSI would not be possible without

2L On April 9™, 2016, when I was working at Florida Institute of Technology and NASA Kennedy Space Center, I
organized a workshop on the Space Coast, and these points constitute a reformulation of the recommendations that were
elaborated then.

22 Boy, G.A. & Narkevicius, J. (2013). Unifying Human Centered Design and Systems Engineering for Human Systems
Integration. In Complex Systems Design and Management. Aiguier, M., Boulanger, F., Krob, D. & Marchal, C. (Eds.),
Springer, U.K. 2014. ISBN-13: 978-3-319-02811-8.
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creativity, design thinking and systems thinking. HSI is both a technique and an art, and qualifies for
being a STEAM discipline.

This article started with an example on STEAM for commercial space leaders. At this point, we can see that
HSI, considered as a technique and an art, is crucial for commercial space in many ways: (1) stakeholders
should be creative; (2) they should be able to cooperate in teams of teams; (3) design and development teams
should have both a technical background as well as a human and organizational sciences background. What
they should have the most is critical thinking and collaborative spirit. As an example, California Association
for STEAM Education (CASE) currently develops programs for students to learn and apply critical skills in
highly immersive and inspiring space STEAM activities?>. Commercial space will require such education
that considers at the forefront disciplines such as automation, robotic, artificial intelligence, globalization,
collaboration... and human-centered design expertise and experience.

23 https://www.thecase.net/case-space-school




