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INTRODUCTION

Systems engineering is widely practiced but poorly structured. There are process models,
handbooks, and maturity frameworks — but much less work has been done to understand it
from the bottom up. Most treatments start from practice and generalize. What happens if
we go the other direction? Can we construct a simple framework that better anchors our
understanding?

First principles thinking seeks to decompose a subject to its most basic established truths
and then build it back up through reason. The exercise is ontological: what are the essential
dimensions of a concept — the things that, if removed, mean you are no longer talking about
that concept? What properties logically follow from those dimensions? And what happens
when you compose or intersect such concepts?

This treatment applies the first principles process to systems engineering by examining its
two constituent ideas separately — systems and engineering — and then asking what
emerges when the subject of engineering is a system. But does systems engineering have its
own first principles?

Let’s begin the inquiry with definitions.
A system is a set of components interacting to fulfill a larger function.
Engineering is isolating and formalizing complexity to compose a solution to a problem.

Systems engineering is composing systems—and the organizations that build them—to
generate and sustain capability that no part could produce alone.



DIMENSIONS OF A SYSTEM

Four dimensions define what a system is. Remove any one and you are no longer
describing a system.

Function. Something is a system — rather than a collection of pieces — if its parts
collectively produce a behavior or capability that no part produces alone. Function is the
organizing principle: it determines which parts matter, which interactions are relevant,
and where boundaries are drawn. Without function, there is no basis for calling anything
a system.

Parts. A system is composed of distinguishable entities. The parts are not the system —
the system is what the parts do together.

Interaction. Parts influence each other’s state and behavior. Without mutual influence,
you have a collection, not a system. The pattern of interactions — their topology,
strength, and mechanisms — constitutes the system’s structure. Not all interactions are
equal; some dominate and some are negligible, and which you attend to is a modeling
choice.

Boundary. A system is distinguished from its environment by a boundary. Boundaries
are modeling choices drawn by observers for purposes — there is no objectively correct
decomposition. But boundaries are also physical: energy, matter, and information cross
them. Every boundary serves some purposes and obscures others.

Systems also nest — a part can itself be a system, and this nesting has no fixed depth.
Nesting means that behavior at each level has properties not present at adjacent levels, and
verification at one level provides no guarantee at another.



FIRST PRINCIPLES OF SYSTEMS

Three things are true about every system — properties that hold whether or not anyone is
engineering. These are not part of the definition; they are consequences of being a system.

Time. Interactions unfold temporally. Sequence matters: A then B is not B then A.
Rates matter: fast and slow interactions in the same system produce different behaviors
than if their speeds were reversed. Delays matter: latency in feedback loops determines
whether systems stabilize, oscillate, or diverge. Effects accumulate: fatigue, drift,
learning, and debt are all products of interactions cascading over time. A system is not a
configuration — it is a configuration plus a trajectory.

Energy. The resource that sustains interactions and maintains coherence. Without a
continual source of energy, systems trend toward loss of coherence. Stability is a
dynamic achievement, not a default state. Energy can be generalized to whatever
resource, when withdrawn, causes the system to dissipate — capital, compute,
maintenance.

Information. Systems contain, transmit, and transform information. The state of one
part carries information about the states of others through their interactions.
Information is a physical property of the system itself, not just a feature of the observer’s
model. As Ashby established, you cannot manage a system that has more variety than
your model of it — but the variety exists in the system whether or not anyone is modeling
it.



DIMENSIONS OF ENGINEERING

Five dimensions define what engineering is. Remove any one and you are no longer
describing engineering.

Agents. Entities capable of purposeful action. Engineering requires a manipulator.
Agency is what separates engineering from natural processes.

Models. Simplified representations of the world that enable reasoning. Models abstract
and isolate relevance — useful precisely because they omit, but dangerous for the same
reason.

Preferences. Desired states of a world. A problem is a gap between current state and
preferred state. Preferences are plural, conflicting, and incompletely known —
sometimes even to the agents who hold them.

World. The manipulable substrate — not necessarily physical. Software, formal
systems, and computational structures are also substrates. A world has persistence:
modifications endure, and the designed world accumulates.

Manipulation. Causal intervention that produces patterned consequences. If
interventions didn’t produce reliable effects, engineering would be indistinguishable
from randomness.



FIRST PRINCIPLES OF ENGINEERING

Two things are true about every engineering endeavor — realities that have consequences
if ignored. These are not part of the definition; they are what the engineer must contend
with.

Constraints. Properties of the world that limit what is achievable. Physical laws,
available resources, time, and the accumulated residue of prior engineering. Constraints
are what make problems hard and what force tradeoffs.

Knowledge. The agent’s model of causal relationships within the world. Always
quantifiable, conditional, bounded, and incomplete. Engineering knowledge is empirical
— acquired through observation of the consequences of manipulation, always subject to
the limits of the domain in which it was calibrated. Knowledge is also perishable — the
world changes, the artifact changes the world, and yesterday’s model may no longer
predict the world today.



PRINCIPLES OF SYSTEMS ENGINEERING

Systems engineering is composing systems—and the organizations that build them—to
generate and sustain capability that no part could produce alone.

Engineering a system produces capability that no part could generate alone —
while its techniques simultaneously generate unknowns that threaten it. This is
a central paradox of systems engineering: understanding requires reduction, and reduction
creates ignorance. The discipline must manage both the ignorance it inherits from an
incomplete understanding of the world, and the ignorance that is manufactured through the
act of decomposing, abstracting, and bounding.

Ignorance must be actively countered. To compensate for decomposition and
formalization losses, embed tolerance and feedback directly into the system. Tolerances
catch the inevitable errors that result from imperfect information at boundaries. Feedback is
the active equivalent — dynamically relieving stressors rather than passively tolerating
them. For rare out-of-distribution events, the system may log and discard what tolerance
and feedback cannot handle, treating it as noise. For novel trends, a second feedback level
can actively recalibrate the system, allowing it to adapt rather than just stabilize.

The building organization is itself a system, subject to every principle in the systems
list. It has parts (teams, roles), interactions (communication, coordination), boundaries
(contracts, org charts), energy (budget, attention), and information (specifications,
institutional knowledge). The organizational composition shapes the technical
decomposition, and the technical architecture creates organizational dependencies. They
co-evolve whether or not that co-evolution is managed. The systems engineer must hold
both in view.

The organizational analogs to tolerance and feedback are necessary but insufficient.
Structural mirroring — reflecting teams, roles, and contracts in the technical architecture —
is straightforward. The harder problem is synergy and network effects, which require
mandating integration points, sharing accountability, and assigning cross-functional
ownership. Departments left alone will self-isolate; emergence requires deliberate forcing
functions.

Systems engineering is therefore a discipline of managing ignorance in service of
transcendent capability. The systems engineer's task is not to eliminate error—which is
impossible—but to anticipate, absorb, and adapt to it well enough that composition becomes
possible. Every tool the discipline employs is ultimately in service to that mission.



