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Complex systems engineering theory is a scientific theory

Eric Feron∗

King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

The proper design of complex engineering systems is what allows corporations and nations
to distinguish themselves in a global competition for technical excellence and economic well-
being. After quickly reviewing the central elements of systems engineering, we map all of them
onto concepts of mathematics such as theorems and proofs, and onto scientific theories. This
mapping allows the protagonists of complex systems engineering and design to map existing
techniques from one field to the others; it provides a surprising number of suggestions for
improving system design, especially system architecture, by leveraging advanced mathematical
and / or scientific concepts in a productive way. In return, mathematicians and computer
scientists can benefit from this bridge by bringing to bear many of their automated theorem
provers to help with the design of complex systems. Clear classifications of what is "hard" and
what is "easy" in mathematical proofs can instantaneously map onto similar appreciations
for system design and its reliance on engineers’ creativity. Last, understanding system design
from the mathematical-scientific viewpoint can help the system engineer think more maturely
about organizing the multitude of tasks required by systems engineering.

I. Introduction
Systems Engineering is concerned with putting several elements together to produce an emergent property that

none of the individual components is capable of perform alone. Certain systems can be very simple. For example, the
assembly of wax and wick gives a candle that can produce light for a long duration, something that neither the wax nor
the wick may do alone. Likewise, the synergy of amadou and flint gives a mechanism to light up the candle, something
neither element may do alone [1, vol II, p. 244]. A functionally equivalent, but far more complex modern illustration is
the assembly of a lightbulb with the hugely complex electrical, world-wide power network via a socket. Some systems
may be quite complex, such as in trains, computers, refineries and power plants. These systems are complex because
they involve many items whose individual abilities are not capable, alone, of producing what the system produces. In
general, it is considered good practice that the system have some use, that is, that the emergent property be supportive of
an objective need. The need might be individual or societal. However, expressing a need of deep significance is not
always necessary, especially at the didactic levels when students still develop their skills through education and practice
and for whom designing an entire functional system may greatly exceed the duration of their academic studies. The
emergent property expressed as a need for putting the system together is, however, a powerful source of motivation that
should not be discouraged when it arises in anyone’s mind.

Systems Engineering has long been present as the core of what constitutes "engineering". In popular culture, the
"genius engineer" is often hailed as a single individual who has put together an evil piece of powerful machinery. The
"genius engineer" is also often hailed as the single individual who develops a piece of machinery that "saves the world".
Nowhere are these characters better illustrated than in Hergé’s famous comic strips series, "Les aventures de Tintin" and
"Les aventures de Jo, Zette, et Joko". In the former, the "good engineer" is decidedly the "Professeur Tournesol", who,
by coming up with a series of sometimes bizarre inventions, proposes genius systems to meet or even anticipate the
increasingly challenging needs of Hergé’s technical ecosystem, including machinery to explore the bottom of the Sea,
see "Le secret de la Licorne" [2] and "Le trésor de Rackham le Rouge" [3]. In "les aventures de Joe, Zette et Joko",
Ingénieur Legrand is a responsible head-of-household who comes up with many systems, ranging from suspended
bridges, see "La Vallée des Cobras" [4], to stratospheric airplanes, see "Le testament de Mr. Pump" [5] and "Destination
New York" [6]. Evil engineers and scientists are also well-represented, especially in "Le Manitoba ne répond plus" [7],
where a mad scientist has designed an enormous piece of machinery including a submarine base and a secret weapon
aimed at ransoming the western world through piracy attacks on transatlantic cruise ships. Parodic versions of the "mad
engineer/scientist" litter the literature and movie scenes, such as in "The Spy who shagged me", where subjects of
derision include not only the concept of evil scientist by introducing Dr. Evil and his alter ego "Mini-Me", but also
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modern universities by emphasizing the necessity of his obtaining a doctoral degree to become capable of realizing his
evil dream.

It is worthy to note that all these cultural efforts reflect a highly individualistic mentality commonly found in the
"western hemisphere", where a single individual ends up spearheading and achieving major scientific and technical
advances for the good or the bad of humanity. Newton (multiple mathematical and scientific discoveries), Gauss
(mathematics) , Hilbert (Mathematics), Renard and Krebs (first dirigible, 1884), the Wright brothers (heavier than
air flight, 1903), von Braun (first human landing on the moon) and Qian Xuesen (Chinese space program) are all
credited, individually or in small groups of two or three at most, with the entirety of the discoveries attributed to them.
More recently, Black Scholes (Option pricing), Wolfgang Ketterle (atom engineering and manipulation), Albert Fert
(Magnetoresistance), Elon Musk (SpaceX and Tesla) are witnesses to this continuing fascination for the "lone genius".
Reality about systems engineering is increasingly far from this story scheme however, with entire teams of people
working together to produce today’s wonders of the world. Witnesses of this trend are Boeing’s 787, Airbus’ A380, or
the Moderna Covid Vaccine that may not be attributed to any outstanding individuals but, rather, outstanding teams of
individuals instead. Going further, the conception, design, implementation, validation, operation and retirement of large
systems increasingly includes computers and robots whose absence would make all current complex systems impossible
to build. In that regard, the celebration of the group of engineers who contributed to the construction of North Korea’s
first missile, "Ri Hong Sop, head of North Korea’s Nuclear Weapons Institute, and Hong Sung Mu, deputy director
of the ruling Workers’ Party of Korea’s munitions industry department" [8], is a testimony to the softening stance of
the country on a "winner takes all", since it might be argued that a truly totalitarian regime would have found the sole
contributor to the program to be its political leader. Looking at today’s China, recent progress in quantum computing
and particle entanglement for communications do not emphasize individuals, but rather teams, to be recognized as true
inventors and demonstrators of "first of a kind" research achievements [9]. The growing necessity of large teams that
includes scientists, engineers, mathematicians, computers and robots to produce significant technological innovations
can be justified by the increased complexity of systems to be built. To most, the tour de force consisting of the James
Webb telescope or Ingenuity, the Ingenuity Mars Helicopter cannot be thought of outside the context of a large team
effort with no "winner" as might be construed by increasingly antiquated beliefs. One of the last bastions of such
thinking lies with universities whereby most, if not all, faculty promotions are based on individual performance as
opposed to high-performance teams, thereby being more revealing of American corporate structures than true research
achievement structures. The learned scientific and technological societies are not foreign to this notion, by awarding
membership to individual performers not only based on their individual performance, but also the amount of money
they have been able to be responsible for at some point or some other. This cheap ersatz is, indeed, revealing of the
team-based nature of the citation while maintaining the superficial and increasingly outdated notion of "winner".

All that said, the vanishing possibility of one individual making a significant contribution to systems engineering
remains. It is also an attempt at justifying the sole authorship of this paper. "Doing engineering systems and engineering
science" now requires large teams, studying the science that underlies systems engineering can be done, though it might
be initiated by an individual provided the proper level of abstraction and core elements of knowledge are utilized. It is
with this thought in mind that the author believes he has been able to make a dent into defining a science of system
engineering. In that regard, the author is indebted to Edward Crawley, whose realism and confidence have formed the
intellectual and material basis allowing this paper to be written in near-optimal conditions [10]. Other authors dear to
the author’s heart are Pierre Teilhard de Chardin, on the one hand, and Edgar Morin, on the other hand. The first one
provides the author with the view that no documented work, including his, is definite enough to claim full eternity,
because the world as we know it is consistently dynamic and in accelerated evolution [11]. Morin is also present because
his exceptional longevity combined with a brilliant mind has allowed him to develop one of the most thorough and most
current theories of complex systems, with very well-articulated views allowing him to understand complex systems
ranging from early physical systems to advanced human societies in an integrated fashion [12]. For the curious mind,
Morin provides a very useful discussion on some of his other predecessors with whom the present work is closely
related, including von Bertalanffy [13], and Ashby [14]. Compared with von Bertalanffy’s, the present work attempts to
position complex systems engineering science as deeply as possible in the direction of science and mathematics while
carefully avoiding the introduction of "systems magic" ∗, that is, unsubstantiated moves or irrational thinking. Just like
Teilhard, Morin’s work is there to be always renewed and advanced in the light of the latest evolutions of the world.

∗The author would like to thank Dimitri Mavris for coining this expression during a common student PhD defense.

2



II. Systems engineering today
Systems engineering covers a very large array of activities often summarized by the sequence of repeated acts of

Conceiving, Designing, Implementing, Operating, and retiring a system, as inspired by Crawley’s "CDIO" educational
concept [15]. Often arranged in the famous "Vee diagram" for safety-critical systems, shown in Fig. 1, or spiral,
waterfall and "agile" diagrams otherwise, these tasks include themselves other tasks, and they are detailed below.

Fig. 1 The Vee diagram for System Engineering

A. Conceiving
The conception of complex systems is probably one of the most exalting areas of engineering, because it is about

identifying societal needs and addressing them on time at affordable costs. Some systems have been conceived centuries
before they have been built. This is the case of many of Da Vinci’s inventions, which include the helicopter. When a
conceived system is built too early, the system may be technologically or economically infeasible. Such is the case of
the first Iridium satellite constellation, whose low bandwidth and high operating costs led to the quasi-disappearance of
Motorola its sponsor [16]. When a conceived system is built too late, the system may have already been developed by
the competition. Thus, conceiving a system is notoriously independent of whether the system will eventually be built or
not, and many system concepts remain "in boxes" instead of turning into products. There seems to be a remarkable
number corporate entities who came up with remarkable system concepts, but who were incapable of performing their
development on-time. This is the case of Kodak, which is known worldwide for its camera films. Very early on, Kodak’s
engineers came up with the concept of digital camera, which was then discarded for fear that the new concept would
damage Kodak’s traditional business. When Kodak eventually adopted the electronic camera concept and designed
its own, it was technologically and logistically so far behind its competition that it could not catch up and eventually
dwindled to a corporate entity worth only one hundredth the top value it reached in 1996 [17]. "Just-in-time", successful
system conception is therefore a tricky business that requires a lot of astuteness to properly weigh needs, technical
feasibility, and, possibly, the need new engineering science. Gathering as much knowledge as possible is the sure way
to address a dilemma that is similar to the alerting system concept derived from signal detection theory [18]. Early
conception may lead to decisions made in the wake of a "false alarm", that is, an opportunity that is only an illusion and
can yield significant economic losses for corporate agents. Late conception may lead to useless decisions performed in
the wake of a "missed detection", whereby the true opportunity was recognized earlier by the competition, often leading
the corporate agent to far bigger economic losses. A probabilistic interpretation of the range of possible policies to
trigger the initiation of a project or not can be adapted from [18] to produce a "Corporate System Operating Curve"
shown in Figure 2. A key element of the "Corporate System operating curve" is that it solely depends on the technical
excellence of the corporate entity involved. A corporate entity endowed with less technical and human excellence is
always "dominated" by a corporate entity with more technical and human excellence.
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Fig. 2 Corporate Operating Curves and system conception trade-off

Except in rare cases (global dominance of one operating point over all others), the choice of an operating point, that
is, the threshold to transform an initial conception into a full system development project is heavily dependent of external
factors, such as the available budget, market share, social urgency, and other factors, not the least being the time horizon
involved and sociological factors. Choosing to develop a self-driving car early may make sense for a young startup
carried by reputation and an "investment wave", essentially motivated by the prospect of a costly purchase. However,
such a decision may be senseless for a large automotive manufacturer and its surrounding socio-system, for whom
maintaining a solid and established market share over the short term to guarantee employee paychecks and shareholder
rewards is more important. Better informed corporations always end up taking better decisions, that is, decisions based
on globally better corporate operating curves will, on average, become more profitable. A well-known case at the
strategic level is the Koch conglomerate, which purchased entire oil pipelines to use them as reliable sensors of current
and future fossil fuel needs, thereby enabling efficient pre-positioning to optimally anticipate evolving needs [19].

B. Designing
Designing is the phase where the systems engineer proceeds with planning the embodiment of the concept. Designing

entails several phases, including: Defining the system’s functional requirements and holding all parties accountable to
them; refining the requirements and identifying "nonfunctional requirements", all the way down to identifying elements
of hardware and software that, in principle, can be matched by existing components or must be custom-designed. Owing
to the imperfection of this refinement task, control tasks of an analytic nature must be introduced for the purpose of
making sure that lower level requirements and, eventually, hardware, are "consistent" with upper-level requirements.
Each sub-phase is very important and contains many opportunities for development and maturation, now described in
more detail.

1. Definition of functional requirements
This step is critical as it conditions the value and cost of the entire follow-up process. The functional requirements

capture, in no ambiguous terms, what the system is about: For example, a functional requirement for a lighting system
might be to produce at least 100 lumen continuously, while maintenance phases may occur no more often than twice per
yer and not exceed three minutes. Functional requirements are the exact point at which the system developer and its client
meet. For that reason, they have been taking an increasingly important role in the redaction of contracts and they form a
legal basis upon which client and developer can base arguments in case of "downstream disagreements" on development
and operating costs, reliability, time to obsolescence, etc. The client can then use the functional requirements to argue
they have not been developed by the technology provider. The provider can use the same functional requirements to
deflect the addition of unplanned functional requirements during the design process, also named "requirements creep",
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which has been denounced as a major source of uncontrolled cost increases for large engineering projects. To the extent
legal language allows it, it is possible to bring nuance to the functional requirements, for example to rank them in order
of importance, difficulty, cost, or other objective factors.

2. Extracting non-functional requirements that emerge from functional requirements, all the way to elemental levels that
may be either purchased, custom-developed, or further studied: Architecting the system
Architecting is one of the most creative parts of the system design process: Indeed, the entire decomposition

of the system’s functional requirements into lower-level requirements down to its more mature component requires
extensive knowledge, astuteness, and speed. Comparable to its civil engineering embodiment [20], a good architect
possesses encyclopedic knowledge allowing him to connect all components to arrive at a final result that meets the
functional requirements. A tribute to the creativity involved in architecture, successful systems are often named after
their architects: For example, the Palais Brongniard, the Eiffel Tower, and the Palais Garnier, located in Paris, are all
named after their architects. The recognition of architects as the pivotal elements of a given engineering feat is not
universal: St Peter’s Basilica does not bear the name of Michelangelo, and the Airbus A320 does not bear the name of
Bernard Ziegler, although both individuals can be justifiably called the architects of their realizations, with Bernard
Ziegler’s key contribution being the fly-by-wire architecture of the A320 [21]. On the other hand, Russian tradition has
always assigned the name of aircraft to their architects(Gourevich, Mikoyan, Sukhoi and Tupolev). The noble role of
architecture, which mixes creative talent with uncompromising rigor, makes it the subject of some of the most modern
textbooks devoted to systems engineering, such as [10]. A good architect is fundamentally a creative individual who
knows how to apply a large knowledge base to think of simple architectures that very likely fit within the rules defined
by technical, safety, financial, or social requirements.

3. Analytical system verification and validation
Often dubbed "verification and validation of the left leg of the Vee", these verification tasks are tedious but very

necessary, because the consequences of a faulty consistency check at the "ideal level" can be disastrous when truly
expensive steps involving hardware are undertaken. What system verification lacks in direct creativity constitutes,
nevertheless, an infinite source of creativity for designing tools, progressively encompassing increasingly advanced
system evaluation methods ranging from precise requirements tracing to formal software evaluation methods, finding
process-based system design evaluations on the way. The profusion of new and legacy companies specialized in
"analytical system verification" is a witness of the importance of these subjects in system design. The analytical
verification and validation steps are typically done by using a mix of simulations and more synthetic, analytical methods.
At the lowest levels of detail, one often finds well-identified elements: Detailed software requirements, electric, electronic
and mechanical components. These components usually come with a specification sheet that summarizes their important
characteristics. These specification sheets, whenever they are available, form a very attractive basis to initiate the analytic
verification and validation of detailed system design. The analytical verification of complex assemblies of parts is
particularly important when safety or huge capital expenditures are at stake. For example, structural engineers involved
with the design of the wings of an aircraft spend huge efforts on the accurate prediction of the wing’s destruction load:
Too low, and the wing presents a possible safety liability [22]. Too high and the wing is too heavy, therefore inefficient.
Accuracy is critical because the effective load to destruction test is performed when the "iron bird", or aircraft ground
model is completed, and many additional expenses have been engaged.

C. Integrating
Building the system begins as soon as physical and executable software components are ordered by the system

engineering company. System building consists of assembling the system itself, on the one hand, and regularly auditing
and executing control operations on what has been built, on the other hand.

1. Parts purchase
The process of purchasing and assembling parts, whether for prototypes or for the first production system, signifies

the first engagement of the overall system engineering process with hardware and operational elements. As such, it
also marks the beginning of often-irreversible, far more expensive activities that find their justification in the foregoing
design phase. When parts are purchased, it is very important that they comply with the specifications used during
design. While many parts have a shelf life that largely exceeds the system’s lifetime, a great deal of concern must be
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addressed regarding the parts with very short shelf life. This is the case of electronic components at the time when
this paper is written. Short shelf life often implies "instability" of specifications and performance, which may have a
very significant impact on the resulting product. This is the case with avionics, which abruptly faced the shortage of
traditional single-core processors and had to switch to multicore systems successfully, but at great pains [23]. This
instability can be felt even for the simplest of systems. For example, the educational system shown in Fig. ?? has
suffered from the extreme instability and diversity of Arduino models and manufacturers.

Fig. 3 Educational one-degree-of-freedom helicopter experiment with faulty Arduino board (courtesy Tangi-
bles that Teach).

As a result, an entire batch of the manufactured systems was defective and could not be operated by its intended
users. Perhaps surprisingly, software, which is, in appearance, easiest to change at the touch of a keyboard, has also
shown to be one of the most stable elements of large complex systems, especially when the systems are safety-critical.
This no-nonsense stability has been, in part, caused by the numerous accidents following careless handling of software
development processes [24].

2. Parts assembly
Parts assembly, whether electrical or mechanical, is necessary for the purpose of putting a working system, or at

least a credible system prototype, together. This apparently benign activity can often offer very serious challenges, and
the most entertaining and critical incidents may be found in the aerospace literature. Often, the interfaces between
assembled parts constitute an especially generous source of issues; for example, it was discovered during its construction
that matching electric rods of the Airbus A380 were not aligned from one fuselage section to the next, owing to
incompatible versions of the same computer-aided design software used at two different Airbus design offices [25].

Assembly may also occur, for example, at the interface of hardware and software, where multiple issues can also
arise: For example, software programmed for floating-point arithmetic might meet fixed-point arithmetic processors or
vice-versa, and upward-downward compatibility rules very often find themselves at a loss when mutual acceptance
rules are stressed by safety requirements. Issues of insufficient hardware memory are also very common, especially if
software requirement creep is not kept under control. Note such issues do not yield unsuccessful outcomes everywhere:
Recently developed optimizing, qualified compilers [26] have generated a lot of interest to palliate the memory shortage
of many airborne systems subject to very tight certification requirements.

3. Quality Control mechanisms
The state of the art in today’s systems engineering requires extensive analysis and/or testing of all parts and assembled

subsystems for the purpose of making sure that the expected behavior (presumably obtained during the "left side of the
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Vee") is met by what is experimentally observed. The case of dissonance between expected and observed behavior
may be problematic, and needs to be recorded and resolved in any case. The absence of comprehensive resolution and,
possibly, redesign, may lead to far more costly issues later in the system engineering process. While intermediate control
operations associated with subsystems are named "verification", the final control operation related to the assembled
system is called "validation". With one person’s system being his/her prime’s subsystem, certain validation experiments
in the context of a subcontractor may be verification experiments in the context of the prime contractor. In general,
validation is excessively important because it implicitly refers to the terms of a contract made, implicitly or explicitly,
between a client and a service or system provider. Usually, the validation test is the last step before delivery to the client,
if the system is highly customized and one-of-a-kind, or before manufacturing if a large number of such systems is
considered for production.

D. System operation, maintenance, and system retirement and memory
The operation of systems, especially complex systems, constitute an endless source of inspiration and investigation.

Neglecting system retirement and not maintaining system memory is often ill-advised, in part because much can
be learned from the autopsy and well-organized legacy of past systems, much of which can be "recycled" for the
development of future systems, regardless of the technological innovation that may also come into its making.

1. System operation
The operation of a system is primarily aimed at bringing the intended utility, or functionality, to the client or clients

who have ordered the system in the first place. However, and as the systems involved become increasingly complex,
there is a growing quality of dialog between the client and the system developer throughout the system’s life, with
corresponding contractual modalities. Indeed, the operation of a system provides also a goldmine of information (and
not only) to the technology developer, while growing insight from the developer may lead to very useful upgrades for
the system. As systems grow in complexity, the contractual nature of the relation between manufacturers and operators
changes dramatically. For example, aircraft engine manufacturers and their clients often operate via leasing mechanisms,
which offer far more contractual flexibility than a simple sale / purchase transactions. In other cases, the manufacturer
and its client operate at a very high level of fusion and share their Research and Development activities; such is the case
with Thales and Australia’s air traffic control services, Airservices Australia [27]. One positive aspect of this fused
relationship is the ability for Australia to be far more agile than its Western world allies to welcome experimentation with
futuristic concepts, such as Advanced Air Mobility, which benefits many corporations such as Boeing-owned Wisk [28].
Another example of never-ending relation between system manufacturers and their clients include the automotive
world. Car recalls, most often for safety, are commonplace and usually follow the occurrence of non-immediate system
operation issues and their resolution. If resolution is impossible or rejected by the manufacturer, continued vehicle
operation may interfere with engineering ethics [29]. At airlines, it is well-known that some of the most interesting
engineering jobs are in with Maintenance, Repairs and Operations (MRO), where many engineering and scientific tasks
are assumed daily to identify aircraft malfunctions resulting from damage or wear and tear. In that regards, Delta is
famous for running its own JT8D jet engine derivatives maintenance and repair operation because the airline kept flying
DC-9 aircraft derivatives well past its domestic competitors in the USA as long as energy prices were low.

2. System retirement
System retirement consists of disposing of the system after its end of life. Depending on the nature of the system,

retirement may be performed gradually or all at once. It may "leave traces behind" or not, depending on the attention
spent by society to its environment, its safety, or other factors. One of the emblematic representatives of the issues
surrounding system retirement is the civil nuclear industry, where the retirement of used combustible, on the one hand,
and that of the nuclear plants, on the other hand was unanticipated at best. Other emblems include the story of the
French sisterships aircraft carriers "Clémenceau" and "Foch", who experienced drifting across oceans after the countries
who agreed to welcome them for demolition eventually refused them for environmental reasons [30, 31]. Retiring
systems is also the source of multiple opportunities. This is the famously the case for the Ford model T, whose retired
cars were scrupulously examined to identify parts that suffered no or little wear, with the goal of reducing their quality
so their wear and tear characteristics be better aligned with those of the car as a whole. Similar comments hold today
with the repetitive use of this procedure on the Lockheed C-130, a turboprop aircraft in the longest production run ever
from 1954 onward. The large number of C-130 being retired while the production system is still in production keep
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providing very valuable information for incremental improvements of newer models, resulting in an airframe whose
performances are difficult to match safely by brand new designs. Today’s C-130 closest competitor is the Brazilian
Embraer KC-390 [32]. The jury is still out, deciding the value of this aircraft relative to its precursor.

E. The role of the human
Humans are, more often than not, key components of a complex system. Either the system is designed to handle

or manipulate humans, such as in aircraft, automobiles, or radiation therapy machines, or they are em operated by
humans. In the first case, the immediate consequence is the imperative requirement for absolute safety, especially if a
commercial transaction supports the exposure of the individual to the system. Indeed, the human life is considered
sufficiently precious that it is not preferred to be given a value in engineering design considerations. Instead, the system
is required to meet difficult and often unverifiable safety criteria, such as the requirement for accidents not to occur more
than once per billion hours of operation for commercial aircraft. In the second case, when the human operates the
system, the human is, de facto, part of the system. In that case, the human is often described as one of the most capable,
most adaptable form of non-engineered systems. Teilhard de Chardin epitomizes this admiration for humanity in [11].
More recently, some societies faithfully maintain the culture of the super-hero, that is, the culture of a human being
who is endowed with super-powers. This is particularly the case in the Anglo-Saxon world where super-heroes have
been populating the minds of every child since the early 20th century: Think of Superman, Spiderman, and Zatana as
single, "winner-takes-all" superheroes. More recently, teams of superheroes, such as The Incredibles, keep this myth of
humanity’s extra-ordinary skills while adapting to new socio-cultural norms. The enduring superhero myth might be
tied to the great level of resistance expressed by the Anglo-Saxon industry to move ahead with altering the royal status
of the human in many high-performance systems. The quasi-universal belief that humans are universally adaptable
to new systems has led many people to over-rely on the human in ways that (i) abuse their technical abilities and (ii)
grossly exaggerate their responsibility in case of system malfunction. The idealization of the human leads many of them
to their loss, as beautifully allegorized by Mérimée [33] † and illustrated by numerous technological system failures.

1. Emerging engineering science
One of the most difficult, yet fascinating aspects of system design is the identification of the needs for engineering

science. Much of engineering science is loosely driven by engineering needs and tends to look at natural and physical
phenomena regardless of their eventual use. Engineering science driven by engineering challenges offers the perspective
of immense satisfactions if successful. This "top-down" approach to Engineering science often meets with the far more
common "bottom-up" approach favored by many engineering scientists. Top-down engineering science achievements
include, for example, the understanding of aerodynamic and aeroelastic phenomena [34, 35] , or Lithium-Ion electricity
storage [36]. Conversely, bottom-up science, such as the discovery of the double helix structure of the DNA [37] is
progressively becoming engineering science and leading to innumerable innovations in bio-engineering. The same can
be said about Newton’s formulation of the classical mechanics hypothesis, whose application to engineering system
design is now universal.

III. Mathematical and scientific theories
Mathematical and scientific theories are essential to the theory of systems engineering that will follow in this report.

Theories can, in general, be seen as a coherent ensemble of results based on a limited number of mathematical axioms
and many un-invalidated scientific hypotheses.

A. Mathematical theories
When only axioms are involved, the theory is mathematical in nature. The axioms supporting a given mathematical

theory form a "small", coherent set of assumptions that are necessary to create a number of "results", expressed as
theorems and supported by definitions. The definitions are arbitrary and never right nor wrong, except if they are
grammatically incorrect. For example, the notion of equivalence relation between elements of a given set (a relation
that is reflexive, symmetric, and transitive) is not immediately concerned with whether such a relation exists - it does
-. Moreover, this definition is not direct, but is made by defining its three essential properties. In the worst case, the

†The author learned about the human idealization / apotheosis meaning of Mérimée’s "La Vénus d’Ille" in 1992 from Michel Serres, then
professor at Stanford University
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definition of an object may lead to trivial sets, such as the empty set or the set of all objects. However, when chosen
judiciously, definitions can create and name very useful objects, such as groups, rings, fields, integrals, derivatives, to
name a few, and "compactify" notations by creating higher-order abstractions. Within the framework given by a set of
axioms, theorems are then expressed as properties of the defined objects, and consist of the following essential elements:
A set of assumptions, a property, and a logical reasoning leading the analyst from the assumptions to the property. For
a candidate theorem to become a theorem, it is necessary that the assumptions be "correct", which means that they
must be consistent with the initial set of axioms. Moreover, the logical path from the assumptions to the final statement
must also be correct. Some mathematical theorems are quite famous for their value and their simplicity. For example,
consider groups and the notion of right-inverse.

Theorem [38]: When elements of a group have a right inverse, then they also have a left inverse.

B. Scientific hypotheses
Scientific theories are mathematical theories based on a collection of axioms and complemented with "scientific

laws" resulting from the observation of physical phenomena. For example, such scientific laws include Newton’s
universal gravitation law and classical dynamics, both of which are useful representations of universal phenomena.
Newton law of dynamics casually implies

F = ma,

where F is the sum of the forces applied to a system of mass m, resulting in the acceleration a. Now, Newton’s law,
when it is defined this way, is far from complete and, perhaps, quite dangerous when put in the hands of untrained
individuals. A more appropriate enunciation of Newton’s law requires the definition of reference frames and a domain of
validity, which looks far more like a definition than "a law". Once the notion of reference frame (a purely mathematical
object per se) is defined, a more correct statement might look like
Definition: An inertial reference frame is a reference frame where the identity

F = ma

holds for any given set of particules. F is the sum of the external forces applied to the particules, m is the total mass of
the particules (assumed constant), and a is the acceleration of the center of mass of the particules.

The "law" that follows can be expressed as a scientific finding:
Scientific finding: There exist inertial reference frames, including the Earth (over short time periods), the Sun-

Centered Celestial Equatorial Frame (SCCEF) (over much longer time periods), the International space station (over
very short time period), and many others.

Of course, we now since the late 19th century that Newton’s scientific finding "works" when speeds do not exceed a
small fraction of the speed of light, which is still quite acceptable for most engineering applications. One most notable
exception is the GPS global positioning system. In essence, the syntax of a scientific finding is not very different from
that of a theorem or an axiom, discussed thereafter.

1. Un-invalidated scientific hypotheses
Un-invalidated scientific hypotheses are the codification of experimental observations, where the codification, which

looks like a theorem because it contains (i) assumptions that usually capture the range over which some kind of (ii)
formalization or mathematical abstraction consistent with the experimental observations remains un-invalidated. If an
experimental observation is inconsistent with the scientific hypothesis (or model) then the model is not valid anymore,
and it must be modified according to standard procedures of either changing the assumptions or changing the "statement".
For example, the Newtonian model has been changed in two different ways. First, the statement of F = ma has been

informally changed to F = m
d
dt

v/

√
1 − vT v/c2, where c is the speed of light. The second option has been to limit the

domain of validity of Newton’s law as described in the foregoing. There are very few scientific hypotheses that resits any
form of invalidation attempts. Among the best known, general relativity offers a spectacular view of an un-invalidated
theory, despite numerous attempts. Such attempts went beyond simple observation of nature to include sophisticated
physics experiments, such as Gravity Probe B [39], on the one hand, and the later research by Maurice Allais ‡.

‡See http://www.fondationmauriceallais.org/the-physicist/?lang=en
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C. Elements of mathematical and scientific theories
The elements of mathematical theories are many, and they include the introduction of the axioms, the definition of

the appropriate quantities on an as-needed basis, and the constructions of theorems.

1. Axioms
The definition of mathematical axioms is a recurrent theme that keeps attracting the attention of mathematicians

worldwide. A number of axioms have been postulated, and they constitute a field of great attention today, as axioms
form the basis upon which all mathematical theories exist. One example of axioms is Peano’s axioms [40], which
are the axioms for the natural numbers and allow one to build the entire number theory, if they are completed by
the axioms that allow one to manipulate sets, such as the axiom of choice, and possibly others. One of the essential
characteristics of a set of axioms is consistency, that is, one axiom may not be contradicted by a logical combination of
the axioms belonging to the set. The act of discovering axioms of practical interest is one that requires a significant level
of creativity, and post people in the general population rely on axioms that they do not know are even there.

2. Definitions
Definitions are tools that help mathematical or scientific work work in several regards. One of them is to simply

name objects that otherwise would take too long to write, or only for the sake of naming them. For example, considering
a right triangle, it is useful to name the edges of the triangle. Indeed, the word "hypotenuse" takes many characters
to write, and it is named as "h" or "c" in most right triangle diagrams (add picture here). The free-body diagram is
one accepted way to perform accurate and relevant definitions and is especially useful for geometrical figures and
engineering / physical diagrams. In other cases, the definition must be written explicitly according to the needs of the
work to be performed.

3. Lemmas and Theorems
Lemmas and theorems are there to establish "results" based on available axiomatic theories. Theorems are essential

to the development of important new elements within the framework offered by a given mathematical or scientific
theory. In essence, theorems require three elements, denoted as (i) a claim, (ii) a set of hypotheses, and (iii) a logical
set of arguments that is based solely on the hypotheses and establishes that the claim is true. There exists a complete
taxonomy of theorems: Theorems, lemmas, propositions, and corollaries share the same structures, and provide further
information about the function of the claim they contain: The claim may be intermediate for a lemma, a minor "result"
for a proposition, the consequence of a theorem for a corollary. The name "Theorem" is usually reserved for important
claims, such as Fermat’s theorem, Pythagoras’ theorem and others.

IV. Linking the system engineering process to mathematical and scientific theories
We now state the scientific hypothesis that is the central result of this paper, and we provide some elements that

support this hypothesis. We then sketch possible possible invalidation strategies, although such an effort, which is most
welcome and desirable, will require more focused and collective efforts for invalidation efforts to conclude about the
validity of the hypothesis.

Hypothesis: System engineering theory is a scientific theory and a system is a synthesized and un-invalidated,
manufactured scientific hypothesis.

A. General system design practices and processes
Many design methods come together with the celebrated Vee diagram shown in the foregoing. The Vee diagram

recommends that all "electronic" and conceptual studies be completed before material goods be used and transformed
according to the needs of the system. This no-nonsense approach is regularly challenged by alternate approaches, which
include "spiral" and "agile" approaches. The spiral approach, which may also be called "do it, then do it right" §, consists
of repeatedly completing design cycles resulting in increasingly appropriate systems. This practice is common for
small systems, such as those designed within universities and small contractors. However, they create risks as soon as
significant hardware is involved, since hardware is considered expensive to purchase, test, and integrate. That said, there
are also many possible benefits of a spiral approach, not the least being the early identification of scientific hypotheses

§The author would like to thank Professor David Miller at MIT for giving this convenient and illuminating description
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that must be answered before the system is completed. Such scientific questions and hypotheses are more prone to arise
when dealing with demanding, one-of-a-kind projects, such as the De Haviland Comet (whose crashes launched much
work on structural fatigue), the Handley Page O/400 aerial bomber during World War one (whose loss led to the study
of flutter), etc. The early identification of such questions is essential to the development of fully mature, high-quality
products, but finding them most often requires building mock-up versions of the system allowing researchers to quickly
identified unanswered scientific questions. See [41] as an example. Answering these questions clearly is all the more
important when the system is safety-critical or otherwise very valuable. This includes health care devices, weapon
systems, advanced processors, and banking systems. Sometimes, the solution to the scientific problems may take years,
or even decades. This is the case, for example, with composite materials, whose progressive introduction in aircraft
has culminated when the Boeing 787 featured a fuselage mostly made with composite materials [42]. Often however,
the identification of difficult scientific questions can lead the design team operating within a for-profit organization
to set aside the chosen approach and opt for another, more predictable path. The current interest for and investment
in self-driving cars has led to raising a multitude of very difficult engineering science questions and corresponding
hypotheses, such as "can a fully automated car ever mix with human traffic", whose outcome, "yes" or "no" remains
uncertain at best, and for which the necessity of a positive answer has already required modifying the hypothesis
several times and delaying many deadlines, making the whole enterprise look increasingly like those associated with
quantum computing and industrial power from atomic fusion. One consequence of an engineering system design
program with many open scientific questions, such as all the foregoing enterprises, is the very high probability of
cost overruns, perhaps exceeding initial budgets paid for by governments and investors by an order of magnitude or
more. Historically, one of the best known expedients to support system developments involving the solution to many
scientific problems, especially those with an experimental nature, has been the support of large organizations, such as
governments, corporate entities with extra-ordinary financial means, or a mix of both. Bearing in mind that one of
the core missions of governments is to ensure the well-being of its population, many of the programs supported by
governments end up investing very significant amounts in defense systems. Such defense systems offer the additional
advantage that they are usually more tolerant to failures and loss of personnel, so they offer the perspective for the
faster development of operational systems, although these systems are mere prototypes for their use in commercial
applications. That has certainly been the case for the introduction of jet engines, first used in military systems before
being translated to commercial applications, and is initiated for autonomous ground vehicles [43].

B. Matching the Vee diagram with systems engineering science
Despite the limits of the Vee diagram discussed in the foregoing, it provides a useful support to our claimed systems

engineering theory relative to a well-accepted and well-understood system engineering practice. An approximate
correspondence diagram showing the relation of the various phases of Vee diagram to the essential elements of systems
engineering science described in this report and its central hypothesis is shown in Fig. 4.

Fig. 4 System engineering theory as applied to the Vee diagram. Left: Vee diagram. Right: Projection of the
systems engineering science hypothesis onto the Vee diagram.

In essence, the expression of the system’s functional requirements is the formulation of a scientific hypothesis,
"there exists an experimental construct that meets the client’s needs". This hypothesis is immediately followed by the
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formulation of a mathematical hypothesis, which is similar in nature to "mathematical physics" and aims at proving that,
in theory, the functional requirements/scientific hypothesis is true. Like any mathematical analysis, the mathematical
hypothesis arising from the functional requirements might be proved, disproved, or remain unanswered ¶. Following the
standard practice of mathematical physics, the proof, which is based on mathematical axioms, scientific laws, and their
close cousins named parts specification sheets, must be extensively verified and often completed to avoid or clarify any
errors and inconsistencies. They must also be optimized as quickly outlined below. The right side of the Vee, which
is devoted to the construction of the physical system, matches on-to-one with the construction of the item that will
confirm the scientific hypothesis "does there exist a system, either pre-existing or designed, that meets the functional
requirements"? By alternating steps of verification and construction, the assembly process follows the proof of the
mathematical hypothesis as it attempts to confirm experimentally the analytical prediction of the mathematical model.
In that regard, the "right side of the Vee" is no less important than the "left side of the Vee". To illustrate the importance
of that step, one might remember that no construct predicted by mathematical physics has resulted into the attribution of
the Nobel Prize until experimental confirmation occurs [44].

C. Consequences of the hypothesis. "Left side of the Vee diagram"
Before embarking into arguments that validate or invalidate the foregoing hypothesis, it is interesting to go after its

potential consequences and applications. Among such consequences, some are there to dispel, modernize, or formalize
certain well-known practices. For example, there is considerable discussion about the value of the Vee diagram relative
to other system engineering paradigms such as waterfall, spiral, and agile development methods. Bringing the discussion
under the light of scientific evaluation criteria as introduced above can only help restore objectivity in what often turns
into an intellectual brawl. Others open the possibility of system science to make, perhaps, fast-forward progress by using
standard tools used in science for the purpose of supporting, or even improving, the system design process. Last, the
insight acquired through a genuine science of system engineering is to possibly impact the lives of the many engineers
and technicians involved in the process of designing systems by providing them with a clear map of the skills required to
perform each phase of a complex system design in the context of a complete and clear framework.

1. System architecture
The phase that immediately follows (or runs concurrently with) the definition of the system functional requirements

is the definition of a system architecture, which we define here as the activity whereby the functions are supported by a
set of increasingly detailed requirements, and that ends where actual building blocks (computer programs, hardware
elements) are identified. For "classical systems", where no new Engineering Science needs to be identified and
performed, the identification of a system architecture is mathematically equivalent to establishing a mathematical proof
based on assumptions (specification sheets for existing parts, theorems, and known science) and leading to a theorem,
that is a mathematical representation of the system that meets a mathematical description of the requirements the
functional requirements. Once this equivalence is identified, it opens the gates for a dialog between the definition of a
system architecture and mathematics, applied mathematics, theoretical physics and computer science.

The establishment of system architectures can, for example, greatly benefit from the type of creativity exercised by
good mathematicians, theoretical physicists, and computer scientists to establish proofs supporting their intended goals.
The kind of constraints established by the functional requirements, and therefore the need to establish a specific theorem
requires a high level of excellence in terms of desired creativity and rigor, compared with that required for "fooling
around" with fantasy goals or, worse, when the goals are discovered at random during mathematical manipulations. The
techniques used by pure mathematicians to establish theorems not unlike Fermat’s theorem or Poincaré’s conjectures, or
those used by applied mathematicians to establish the necessary theorems to evaluate the dynamic behavior of flexible
structures [45, 46] can be immensely useful in support of defining a good system architecture. A natural consequence of
this observation is the need for system architects to have a solid mathematical culture, most notably a good familiarity
with and appreciation for the construction of mathematical proofs, where a reasoning mistake, which is a normal part of
the training of the mathematical mind, is usually far less costly than similar errors occurring during the design of a
complex system.

In return, the kind of challenges presented by "proving" the functional requirements established by societal needs
should not escape the attention of mathematicians, who might see interesting challenges to exercise their sagacity and,
perhaps, the source of interesting new mathematical problems. In particular, the added value of proof simplification,

¶This last possibility is a natural consequence of K. Gödel’s incompleteness theorems
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which is not always considered for what it is worth, becomes screaming in system architecture design. Indeed, given
functional requirements, a simple architecture is far more valuable than a complex equivalent architecture, because it
often leads to a reduction in the number of parts and complex interactions that all make a system less reliable and more
expensive. In addition, one of the key aspects of engineered systems is the quest for the lowest possible cost given
functional requirements. This demand brings a powerful and structuring component to the architecture exploration
problem: At equivalent functionality level, an architecture that results into a system with lower development or operating
costs is preferable. This powerful component gives a special status to mathematical techniques that aim at optimizing
costs/benefit analyses in a diversity of frameworks. Generality of an optimization technique is therefore considered to be
a key attribute, and explains the progressive and somewhat irreversible tendency of optimization techniques to belong to
the essential toolset of systems engineering practice. While the generality and usefulness of optimization techniques
cannot be denied, the process of optimizing, or simplifying, proofs runs far further and constitutes one area of its own
right in mathematics and computer science. One of its possible impacts is how well such proofs can be welcome by the
engineering community, and most notably the community whose job is to certify safety-critical systems.

From the "computer aided architecture design" perspective, many computer tools could be used to achieve the
foregoing purposes. That includes many existing theorem provers, such as PVS [47], Coq [48], KeyMaera [49],
Isabelle [? ] and more recent efforts [50]. The key element for these tools to become productive is to "feed" them with
the proper knowledge in terms of mathematical and physical science. While this task is necessarily tedious, it is also
necessary and it requires bringing together mathematics, natural, and engineering scientists to cover the whole range
of desired backgrounds. The net result will be a systematic codification of knowledge allowing system development
users not to have the same level of knowledge as those currently in charge of large system development projects, and
therefore reduce system development costs, including their duration. An additional benefit of emphasizing rigor (without,
evidently, reducing creativity), is facilitating the necessary verification and validation of the resulting architecture - a
pure theoretical product - by systematically linking low-level requirements, whether they are scientific facts or technical
specifications, to their high-level counterparts, all the way up to the functional requirements themselves, thus bringing
rigor and clarity to the entire "left side of the Vee" activities. In that regard, they represent a very significant way of the
future for products such as Doors and Jama ‖. Another benefit of using such tools is the extraordinary analyses and
decompositions that have been performed by the developers of these tools, in particular a systematic decomposition of the
"process of proof", including automatic steps, such as skolemization, and highly creative steps, such as instantiation, and
a clear definition of the logical environments used to establish these proofs, such as propositional logic, first-order logic,
or higher-level, computationally more challenging logical frameworks [38]. Linear temporal logic and its close neighbor,
signal-temporal logic, also come as a convenient logical environments to handle system temporal specifications. Most
recently, the automated tools to establish proofs of theorems have been completed by new technologies, such as artificial
intelligence. By looking over hundreds of proofs and training the appropriate artificial cognitive architecture, some
researchers have been able to perform automated theorem discovery [51].

2. Open problems in system architecture designs
As in many system engineering problems, encountering open problems can be both a curse and a blessing, depending

on how it is looked at. The open problems can be of a mathematical nature or of a scientific nature. These problems
may appear as a "missing theorem or lemma", or it may also appear as a "missing scientific hypothesis", that is, a piece
of un-invalidated scientific knowledge, during the architecture design effort. In both cases, the open problem prevents
the architecture design task to be completed without extra effort. For example, many aircraft have been known to run
into a problem when embedded software was found too big to fit within the available memory resulting into reduced
capability compared with the proposed functional requirements. From an industrial systems engineering perspective,
encountering open mathematical or scientific problems is a curse, because the event automatically increases the budget
of the system development and, in extreme cases, it can put the entire system in jeopardy: What if the theorem to
be proven is wrong or the scientific hypothesis cannot be validated? From a scientific perspective, and although the
uncovered issues have genuine value, they may be judged of "limited interest" and not be addressed, perhaps unless
appropriate funding is arranged to tackle these problems. Regardless, when a contract has been established around a
given set of functional specifications, it is everyone’s interest to identify open problems as early as possible and to solve
them quickly if necessary. In that regard, some level of automation is also possible, based on the same theorem provers
as already discussed in the foregoing. Unlike "closed" system design problems that may often rely on techniques such
as combinatorial constraint satisfaction or operations research, the intrusion of "open" problems throws a monkey’s

‖The author would like to thank Mr. Kemi Lewis for introducing the author to this requirements tracing tool.
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wrench into the system design problem and corporations are naturally allergic to them. Discovering these issues early
and therefore quickly is very important so as to evaluate their significance and take remedial action. Often, scientific
or mathematical issues can be resolved by basic research. One major case was the development of Compcert, that
was shown to provably produce safety-critical, optimized binary code. The memory savings offered by Compcert had
immediate impact on relieving the pressure exercised on many aircraft due to limited available memory [26]. It is
worthy to note that automatically establishing the theoretical impossibility of a given engineering design because it
contradicts mathematical or scientific principles is extremely interesting for the same reasons, and such an exercise
might be worth investigating in its own right.

D. Consequences of hypothesis: Right hand side of the "Vee diagram"
The right hand side of the "Vee diagram" shown in Fig. 1 can be seen as the experimental validation of the theoretical

construct postulated by the "left side of the Vee" activity. While the "left hand side of the Vee" is essentially an analytical
effort aimed at establishing the analytical plausibility of the system feasibility, the "right hand side of the Vee" is about
demonstrating it experimentally, by building the system itself. If the system were a major scientific hypothesis, the Nobel
prize could be obtained by its designers and builders by completing the "right hand side of the Vee", thus confirming the
old saying "the proof in the [recipe for the] pudding is in the eating" ∗∗. Unlike mathematics and the activities pertaining
to "left part of the Vee", where erroneous proofs do not result in significant damages other than possible contradictory
debates, experimentally invalidated scientific hypotheses (that is, unverified or invalidated subsystems and system) can
result in astronomical cost increases, the abandonment of the project, or human casualties if the system is safety-critical.
In any case, much of the validation and testing activities are important elements of the trust that may be put into
the system, and must be treated with the same level of care as any scientific experiment. That said, software often
escapes standard scientific evaluation because it is a purely mathematical, man-made element of the system that often
operates in closed-loop with the rest of the system. The mathematical nature of software places special demands on its
verification, which in many regards is similar, if not identical to, the process of building mathematical proofs of proper
behavior, and therefore lends itself to meeting the demands of an exhaustive investigation. Existing advisory documents,
such as RTCA DO-178C [? ] or RTCA DO-333 [? ] recognize the existence of tools that perform exhaustive and
mathematically consistent evaluations of software, such as Polyspace and Astrée [52]. Some of these tools, such as
Polyspace [53], have now been widely accepted for low-level software analysis, looking for possible divide-by-zero and
array index out-of-bound errors, for example. In addition, the recent introduction of qualified optimizing compilers [26]
is making verifying the binary codes resulting from these compilers unnecessary in principle since all basic verification
tasks may be made at the level of source code (mostly in C).

1. The human component
"Only" the human component of a system appears to be very resistant to the foregoing discussion. Indeed, the

human being features astonishing adaptation capabilities supported by a very versatile body combined with a very
adaptive neural structure. It has been determined, however, that the human is not as adaptive as unaware people might
think. Many experiments, such as the "volley ball players" (cite experiment here) reveal the highly selective nature
of human attention and the necessity for a human to abandon certain tasks, such as surveillance, to help him to focus
his attention on one demanding task, such as tracking an object. It has also been observed that human judgement can
be impaired by an over-tendency to prioritize recent observation over the cumulative information obtained from past
measurements. Last, it is also well-known that human rote memory is highly culture-specific and it can be more limited
than originally thought [54, 55]. Last, there is a great deal of unawareness of the tasks and requirements that may merge
when a given function is allocated to the human operator. All these elements contribute to making it difficult to build a
universal model of human sensing and decision making [56]. However, many reliable, validated task-specific models of
the human operator [57] have been produced that can be used with confidence in new engineering system designs. Like
any other element and function of a system, the ability to anticipate the need for establishing a new model of the human
operator prior to "bending metal" can greatly reduce the risk of producing an unmanageable new system. One example
of this is where one contributor to the 737 MAX deadly accidents was, among other reasons, an inappropriate model of
modern human pilot capabilities and knowledge [58].

Another element of the "human component" that may be misunderstood is the legal aspects of human participation
to the operation of a complex system. Unlike most components of the complex system, the personal liability of the

∗∗The author would like to acknowledge Alan Epstein for uttering this sentence during an MIT meeting also attended by the author

14



human operator might be engaged, should a faulty system behavior be noticed. In principle it is often the case that one
of the human operators of a given system is responsible for it and also free to undertake any action aiming at preserving
its safety. When accidents happen, his situation and the sharp departure of real life conditions from this ideal model
can often result in significant legal problems whose may be produced several years later. For the sake of compactness
and of the engineering focus of this paper, these legal aspects will not be pursued any further than stating they may be
stipulated as part of the definition of the system’s functional requirements and handled analytically. In aviation for
example, it is often the case that mishaps be reported and handled with maximum confidentiality by trusted agencies,
such as the US National Transportation Safety Board, to avoid possible criminalization and negative impact on the
"learning from mistakes" mechanisms in place to improve system safety [59].

E. Validation and invalidation of hypothesis: Cross-validation with existing programs in Systems Engineering
The (in)validation of the proposed hypothesis is a long a tedious task that cannot be comprehended in this report and

probably represents several years of observations. In fact, it can only be the result of a contradictory debate that is by
definition the fruit of many collaborations. That said, a first invalidation effort may be performed by examining the
course offerings of academic units devoted to systems engineering. For that purpose, only the academic units explicitly
featuring the name "systems engineering" are considered. The investigated institutions are not, by far, exhaustive.

1. Systems Engineering at University 1
Consider for example the undergraduate and graduate curricula of the department of Industrial and Systems

Engineering at University 1 †† A cursory look at the graduate program indicates a great diversity of courses related to
mathematical or approximately mathematical analyses, such as simulation and computational tools in the latter case.
However, the presence of fundamental mathematics and the related understanding of elementary math, such as theorems
and proofs, is not explicitly covered by the curriculum. Instead, the curriculum "jumps" into offering more specialized
courses which, to our opinion, may blur the overarching image of Systems Engineering that alone, can give a clear
justification to each and every courses. Two additional points stand out in the curriculum, which include (i) a careful
treatment of human presence in engineered systems, and (ii) an initiation to engineering law. The presence of these two
areas was initially absent from the report and human presence has been restored, thus showing the usefulness of the
validation/ invalidation process used in this paper. Engineering law is essentially a social activity and is mentioned
only in passing because this report focuses strictly on the scientific and analytical aspects of system design. Two areas
of systems engineering appear to have been neglected that should naturally be included in this curriculum: One is a
precise description of the systems engineering process (in essence an expanded version of this paper), and the second
on is a systematic introduction to the fundamental processes of math (axiomatic theories of mathematics, concept
of theorem, including proof design). Whether these skills or vistas are actually necessary in practical system design
remains to be validated belongs to the realm of future work. However, the author believes that the synthetic image of
system engineering provided by this report already carries the abstract elements allowing the students to initiate their
undergraduate or graduate studies with a clear and compact road map allowing them to map their system engineering
needs onto their needs for additional knowledge. This map may come handy as the number of disciplines required to
address any industrial and system engineering project grows very fast, and students may only spend a limited number of
years at any college.

2. Systems Engineering at University 2
The overall department of Industrial and Systems Engineering at University 2 offers no elements that invalidate the

central hypothesis of this paper. It is worthy of further study to determine whether the proposed courses related to
Engineering Economy are relevant to Systems Engineering as defined in this report, therefore invalidating its central
hypothesis, or whether they constitute a useful complement to a solid engineering education. Certain elements of the
hypothesis proposed in this report are missing from University 2’s program, most notably as they relate to the presence
of the human in the system, which can hardly be dismissed given the evidence regularly provided by the news. A closer
look at University 2’s undergraduate program reveals that no program explicitly mentions systems engineering as a
declared track. Likewise, no MS program explicitly states "systems engineering". The same comment applies to the
PhD program.

While not claiming that systems engineering is not evaluated as worthy of consideration by the department of
††The names of the universities studied as part of this effort have been withheld for confidentiality.
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Industrial and Systems Engineering at University 2, it might be useful for this department to resolve this apparent
contradiction and make systems more visible.

3. Systems Engineering at University 3
Systems Engineering at University 3 can be found in a program dedicate to systems design and management, a

graduate program. The program offers several features mentioned in the foregoing, and contains several elements
that complement what is discussed in this paper. On the one hand, a course is found on multi-disciplinary design
optimization that acknowledges the very broad range of technical disciplines required to execute a design project
successfully. Theoretically speaking, such an activity belongs to the "architecture design" introduced in the foregoing,
and mathematically belongs to the realm of (automatically) proving and optimizing a given theorem. On the other hand,
a course is offered that focuses on real options for product and systems design, and the question arises as to whether the
topics addressed by this course invalidate the hypothesis presented in this report. We argue that with our definition of
systems engineering, the hypothesis is not invalidated. Rather, Real Options for Product and Systems Design constitutes
a peripheral set of knowledge that certainly forms a very desirable complement to System design as it helps financial
people manage a portfolio of such systems and, as such, is completely relevant to the "management" part of the program.
Likewise, the courses offered on project management and teamwork are essential to the implementation of successful
system engineering designs and completely fit inside the name of the program. However, they offer the means, but not a
concise, analytic, and scientific foundation for the system design process. Surprisingly perhaps, but consistent with the
foregoing educational programs, the program does not forcefully introduce mathematics and the essential mechanisms
of proof building. Validating the usefulness of all basic mathematical arguments to support any architecture design
effort sits beyond the intent of this report but could form the basis for further investigations.

4. Systems Engineering as per the Accreditation Board for Engineering and Technology (ABET) criteria
ABET writes the following criteria for undergraduate engineering programs that include “systems (without other

modifiers)” in their title: "There are no program-specific criteria beyond the General Criteria." Without going into
further details, the general engineering criteria include courses in mathematics and sciences, the use of engineering
tools, a form of general education (foreign languages, writing, other humanities), and a "capstone project", focused on a
significant system design effort. Again, the requirements do not depart from those described in this report. However,
a synthetic view of what constitutes "system engineering" is not present. That view would be well-covered by the
hypothesis proposed in this report, assuming its essence remains after more extensive invalidation efforts.

5. Theory weaknesses: The human presence in large-scale systems engineering
Several arguments may be brought forward to further invalidate the proposed theory. Most of them are related to the

relation of the human to the design process ‡‡. Indeed, systems engineering science as described above tends to forget
the human-centric nature of the system engineering process. This fact is shared with ALL mathematical and scientific
theories however. Indeed, the myth of the lone and successful researcher is rapidly decreasing in favor of teams of
researchers with the increased complexity of the problems at stake, and exchanges through conferences presentations,
journal papers, and new media that include Youtube, Arxiv, and even Twitter at the time this paper is written. It will
therefore not be studied further.

Another argument may criticize mathematics as a central tool for the design of high-performance systems. Indeed,
many systems have been built and successfully operated without explicit reference to mathematics as it is known today.
We contend, however, that projects that do not rely on rigorous mathematics at one point or another fail to perform
optimally or are so unique, such as the Lockheed C-130 system currently, that the methods used are hardly transferrable
to new projects. It is worthy to note that there are efforts in developing a formalism named soft computing to support
the informal engineering and other activities that dominate everyday life. [60]

‡‡The author would like to thank Vincent Martinot-Lagarde for indicating his view that complex systems engineering is, first and foremost, a
human adventure driven by αγαπη, a form of love by humans for humans that appears in ancient Greek.
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F. Initial recommendations for systems engineering education

1. General recommendations
Perhaps the greatest impact of the paper is to dismantle the commonly accepted idea that systems engineering and

engineering science must compete for the attention of the researcher and the student. In particular, a close examination
of systems engineering science reveals that system design includes both solid mathematical and experimental demands.
As such, systems engineering projects (often called system design projects) more than fulfill the requirements for a
demonstrated practice of engineering science. Given their strong attractiveness to motivated engineering students,
"design-oriented projects" should definitely be encouraged: Why deprive the student from a pleasant and motivating
way to discover science, and to learn the fundamental tenets of mathematics and creativity as added, implicit benefits?
That said, it is clear that poorly understood design projects, such as designing an n-th version of Lockheed’s C-130
"Hercules", is likely not to stress any specific aspects of engineering science or design, and can easily provide a very
incomplete system engineering education ersatz via computer-aided design tools and approximate mathematics.

2. The importance of feedback
One key element of any engineered system is the ubiquitous presence of feedback. Indeed, bringing two physical

elements together instantly creates a feedback relation between these two elements. Consider for example a pen and its
cap of the kind shown in Fig. 6.

Fig. 5 A pen and its cap.

The pen and its cap form a system. As shown in Fig. 6, the pen and its cap are independent. Once the cap is put on
the pen (the design of the pen allows the cap to be placed on either end of the pen), then they mutually interact in such a
way that they remain together over most normal use conditions. More precisely, according to Newton’s laws used in the
appropriate reference frame, the two elements apply forces and moments equal in magnitude and opposite in moments
in such a way that the system may be written as the traditional negative feedback loop shown in Fig. ??. 6.

Fig. 6 A pen and its cap attached together, expressed as negative feedback loop. The forces and moments
satisfy Fpc = Fcp and Mpc = Mcp .

Note the dry friction and moments F and M are effectively acting as feedbacks as they allow the cap and the pen to
stay bonded together despite a range of disturbing forces and moments. From thereon, multiple feedbacks loops can be
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added to the system that tend to make it increasingly "smart" as more sophisticated elements, especially computing
elements, are included.

Conclusion
The author has formulated the possible existence of an authentic science of complex systems engineering. Inspired

by the earlier works of Morin and Teilhard de Chardin, the discussion that followed brings initial elements that define
this science. It then gives a preview of the practical applications of this science for the purpose of accelerating the
design of large complex systems, on the one hand, and improving or perfecting the education of systems engineers, on
the other hand. An initial attempt at invalidating the hypothesis is presented, although further invalidation efforts and
the establishment of a healthy debate involving more players are necessary.

Dedication
The author dedicates this report to the late Professor Joseph Homer Saleh, whose input was essential to the genesis

of the ideas expressed in this document.
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