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Case Study - Airline Operations

How valid safe and secure components can still produce systemic instability

Central finding

Every aircraft can be airworthy, every crew member qualified, every passenger
authenticated, every bag screened, every flight plan accepted and every local
command authorized - and the airline operation can still become unstable.

The missing judgment is time-dependent. It asks whether the whole operation can absorb the next valid
action now, given the state of aircraft rotations, crews, passengers, baggage, gates, runways, air traffic
restrictions, weather and the recovery margin that remains.

Thought exercise by Stability Engineering Institute
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1 Before the first departure

At 4:30 in the morning, the airport looks quiet. Most passengers see a terminal beginning to wake: lights
come on, counters open and the first departure boards fill. The airline operations center sees something
else. It sees a moving network that has already inherited yesterday.

Aircraft arrived during the night with different fuel states, maintenance histories and next assignments.
Some crews slept at home; others reached airport hotels after delayed inbound flights. Bags accepted the
night before wait in transfer areas. Catering trucks, fuelers, tow crews and cleaners move toward aircraft
that must be ready in a precise sequence. Dispatchers review weather, flight plans, runway conditions and
notices to air missions. Air traffic managers assess demand against available airspace and runway capacity.

Now imagine the operating scale represented by American Airlines, Delta Air Lines and United Airlines.
Across their networks, thousands of flight legs must be assembled every working day. Across the broader
United States airspace system, the Federal Aviation Administration reports service to more than 44,000
flights and more than 3 million airline passengers on an average day. Each traveler may bring an itinerary, a
connection, a seat assignment, a checked bag, accessibility needs and a promise made by the schedule.

The following events form a composite operating day. They do not describe an incident at any named carrier.
The three airlines simply make the scale familiar. The case study follows the kind of dependencies common
to every large network operation.

The operation begins before the traveler arrives

A passenger experiences a journey as a sequence: check in, clear security, wait at the gate, board, fly,
connect and retrieve a bag. The airline must create all of those conditions at the same time. The aircraft
must be present and airworthy. The assigned gate must be open. The pilots and flight attendants must be
qualified, legal for duty and physically located where the flight begins. Fuel, catering, cleaning and baggage
loading must finish before pushback. The flight plan must remain usable after weather and air traffic
restrictions are considered.

The airline sells a seat on one flight. Operationally, it promises the temporary alignment
of many moving systems.

2 The system is entangled on the time axis

Airline operations are often represented as objects: passengers, bags, aircraft, crews, gates and flights. The
harder truth is that every object is also a clock. A passenger has a boarding cutoff and a connection window.
A checked bag has a transfer window. A crew has a report time, a duty limit and required rest. An aircraft has
a departure slot, a maintenance interval and a later rotation. A gate has an occupancy plan. A runway has a
demand queue. Weather has a forecast horizon and a moving boundary.

These clocks are not synchronized by nature. They are temporarily aligned by planning, buffers and
continuous intervention. A ten-minute delay may be harmless when every downstream margin is large. The
same ten minutes can cancel a flight when a crew is near its duty limit, a gate is needed by an arriving
aircraft and connecting passengers have only a narrow transfer window.
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The reservoirs of stability

Operational margin What it absorbs What happens when it is exhausted

Schedule buffer

Gate and ramp slack

Crew duty margin

Aircraft and maintenance

slack

Passenger and baggage
connection time

Airspace and runway
capacity

Recovery resources

Small variations in boarding, taxi, flight
time and servicing

Early arrivals, late departures and
equipment movement

Routine delay and reassignment

Inspection findings, substitutions and

repair time

Walking, screening, transfer and loading
variation

Demand peaks, reroutes and weather
avoidance

Spare aircraft, reserve crews, empty
seats and alternate gates

Delay becomes inherited by later legs instead of being
absorbed.

Aircraft wait for gates; ramp congestion blocks other
work.

A qualified crew becomes legally unavailable before
completion.

A safe maintenance decision propagates through the
rotation.

People and bags diverge from the intended itinerary.

Queues grow faster than the network can discharge
them.

Every local recovery consumes the options needed
elsewhere.

A stable day is not a day without variation. It is a day in which variation remains smaller than the system's
capacity to absorb, coordinate and recover from it. Instability begins when multiple margins shrink together

and local decisions can no longer be evaluated in isolation.
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3 Instability one : Weather and traffic metering

0620 LOCAL TIME

The morning departure bank is building. A line of thunderstorms develops sooner than forecast along a
heavily used corridor. The weather information is valid. Air traffic control correctly reduces the flow rate
through the affected sectors. Dispatchers correctly reroute some flights and add fuel. Gate agents correctly
hold boarding on flights whose departure times have moved.

No component is defective. The forecast changed because the atmosphere changed. The air traffic
restriction protects separation and prevents the sector from accepting more aircraft than it can safely
handle. The dispatch release reflects the latest routing. Each local decision is defensible.

The systemic effect appears through time. Aircraft scheduled to leave at 6:35 remain at gates required by
inbound flights at 7:05. Those arriving aircraft are told to wait on remote taxiways. Their passengers remain
seated while connecting time drains away. Ramp crews that were scheduled to service the arriving flights
cannot begin. Baggage teams wait for aircraft while transfer bags continue to arrive from other gates. A
departure queue forms behind a runway whose usable rate has fallen.

The cascade

o Asafe traffic restriction reduces throughput below the schedule's planned demand.

e Departures occupy gates longer than planned, so arriving aircraft lose gate access.

e |Late gate arrival compresses cleaning, fueling, catering and boarding into the next departure window.

e Passengers miss connections even when both flight segments eventually operate.

o Aircraft and crews begin their next assignments late, carrying the disturbance beyond the weather area.

The instability is not simply the storm. It is the conversion of reduced airspace capacity into gate conflict,
connection loss, baggage delay and network-wide schedule displacement. The storm is external. The
cascade is created by coupling.

What a stability layer would ask

A conventional flight-by-flight view asks whether each flight may depart under the new conditions. A
systemic stability view asks which departures should be admitted, delayed, resequenced or canceled so
that the remaining network stays recoverable. It tracks the rate at which gate, crew, connection and aircraft-
rotation margins are being consumed. It may decide that an early, targeted cancellation preserves more
journeys than allowing every flight to accumulate an uncoordinated delay.

The locally correct action is to protect each flight. The systemically stable action may
be to protect the network's remaining recovery capacity.
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4 Instability two : A maintenance release delay

0915 LOCAL TIME

An aircraft scheduled for a four-leg rotation reports an indication that requires inspection. The flight crew
enters the discrepancy. Maintenance control follows the approved procedure. A technician examines the
aircraft, consults the maintenance documentation and waits for a part and an additional test. The aircraft is
not released until the work is complete.

This is the safety system working correctly. The aircraft remains unavailable because airworthiness takes
precedence over schedule. Yet the decision does not remain local to the aircraft. The rotation was supposed
to carry four different passenger populations through three airports. Its first delay changes the starting
condition of every later leg.

Operations considers a swap. Another aircraft is available, but it has a different seat layout. Moving it solves
the departure problem and creates a new seat-assignment problem. Some passengers lose selected seats;
a few may no longer fit in the available cabin. The substitute aircraft was also the spare that another station
expected to use if an inbound flight arrived late. Using it here consumes recovery margin elsewhere.

The hidden commitments inside one tail number

An aircraft assignment is more than a vehicle reservation. It carries maintenance requirements, crew
qualifications, fueling needs, catering plans, gate compatibility, passenger capacity, cargo limits and future
geographic position. A swap changes all of them at once. The replacement can be safe, authorized and
operationally suitable while still increasing the fragility of the network.

Valid local decision Immediate benefit Displaced consequence

Hold the original aircraft for Preserves airworthiness Consumes schedule, gate and crew margin.
inspection

Substitute a spare aircraft Protects the current departure Removes a recovery option from another station.
Change aircraft type Restores lift capacity Triggers seat, crew, catering and loading changes.
Delay for the repair Preserves the planned Carries delay into later legs and connections.

configuration

A stability layer would not second-guess the maintenance determination. It would evaluate the network
consequence of each safe alternative. It would ask where the remaining spare capacity is most valuable,
which downstream rotation has the most recoverable margin and whether a controlled cancellation
prevents a larger evening collapse.

Safety correctly removes one aircraft from service. Stability determines how the rest of
the system should reorganize around that fact.
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5 Instability three : A legal crew becomes unavailable

1140 LOCAL TIME

The aircraft is ready, the weather has improved and passengers are seated. The crew is qualified for the
aircraft and the route. Their credentials are valid. Their assignments were legal when the day began. After the
morning delays, however, the projected completion time approaches the crew's duty limit.

Crew scheduling is governed by rules intended to prevent fatigue and preserve safety. Those limits are not
defects to be optimized away. At a particular minute, however, a flight can cross from operable to
inoperable because the available crew can no longer complete it within the permitted duty period. The
aircraft, passengers and baggage may all be ready while the human operating authority expires.

A reserve crew is located. One member is across the airport. Another is qualified but would reach the
destination without enough remaining duty margin to operate the planned return. A third can complete both
legs but is scheduled for a different flight whose passengers are already boarding. Reassigning that crew
rescues the present flight by transferring instability to another part of the network.

A moving boundary

Authentication and authorization treat crew status as a credential. Stability treats it as a time-varying
envelope. A crew can be fully qualified and assigned, yet no longer possess enough temporal margin for the
trajectory that remains. The relevant question is not only whether the crew may operate the flight, but
whether the entire planned sequence can finish without crossing the limit.

The effects now reach beyond one cancellation. Passengers must be rebooked into seats that other
recovery plans were counting on. Baggage already loaded must be reconciled and possibly removed. The
aircraft may remain at a constrained gate. The reserve crew pool shrinks. Customer-service queues
lengthen as notifications, hotel needs and missed connections accumulate.

What a stability layer would ask

The layer would treat duty margin as a shared, depleting resource and forecast threshold crossings before
boarding begins. It would compare the value and propagation cost of alternative crew assignments across
the network, not only the feasibility of the present flight. It would also require the operational plan to settle
after a reassignment: crew records, passenger messages, baggage instructions, aircraft routing and the next
station's expectations must all converge on the same reality.

A qualified crew is not a static asset. It is a moving authorization whose usefulness
depends on time remaining and the sequence still to be flown.
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6 Instability four : The gate moves but the journey does not
move together

1410 LOCAL TIME

An inbound flight arrives late and cannot reach its planned gate. Airport operations assigns another gate. The
change is valid. The airline publishes the new location. The departure display updates. The mobile
application sends a notification. Gate agents move to the new podium. A tug redirects equipment. Each
system reports success.

The passengers, bags and workers do not update at the same rate. Some travelers are already walking
toward the old gate. A passenger without reliable mobile service sees the display only after reaching the
original concourse. A wheelchair-assistance team has an earlier work order. Transfer bags have been routed
toward a belt position associated with the original gate. A catering truck approaches through a ramp lane
that is now blocked by another aircraft.

The flight still exists, but its participants temporarily occupy different versions of it. The database record
says Gate 32. The passenger's boarding pass says Gate 18. The baggage operation has accepted a change
message but has not completed the physical transfer. The new gate is technically available, yet the ramp
team has not settled from the previous aircraft.

State agreement is not physical convergence

Digital systems often treat acknowledgement as completion. In a moving operation, acknowledgement may
only start the transition. A gate-change message can be authentic, correctly authorized, syntactically valid
and individually permissible. The rendezvous is not ready until people, bags, vehicles, equipment and local
procedures converge within a workable boarding window.

If boarding begins too early, late-arriving passengers and special-assistance travelers may be separated
from the flight. If baggage loading continues against stale routing, bags may miss the aircraft or require
reconciliation. If pushback is attempted before the ramp has cleared, safety constraints correctly stop the
movement and consume more time.

What a stability layer would ask

The layer would represent the gate change as a state transition with measurable completion conditions. It
would ask whether passenger wayfinding, accessibility services, baggage routing, ground equipment, crew
presence and ramp readiness have actually converged. Until then, the command is accepted but not
settled. The departure should not inherit a false assumption of completion.

A message can arrive everywhere while the operational fact it describes has not yet
become true everywhere.
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7 Instability five : The recovery spiral

1730 LOCAL TIME

By late afternoon, weather has improved and runway capacity is returning. This should be the beginning of
recovery. Instead, every organization acts quickly to reclaim lost performance. Airlines release held flights,
swap aircraft, call reserves, move gates and protect high-value connections. Passengers rebook through
mobile applications and call centers. Ground handlers reprioritize bags. Air traffic managers revise
departure sequences as demand rises.

Each action is reasonable when viewed from its own queue. Together, they can produce a second
disturbance. Too many departures become ready at once. Gate plans change repeatedly. Crews walk
toward one aircraft and are redirected to another. Passengers accept new itineraries that are invalidated
minutes later by another swap. Baggage instructions are issued, superseded and reissued while physical
bags remain in motion.

The network begins to oscillate. A flight is protected, then canceled, then reinstated with another aircraft.
Connections are held, released and held again. Local optimizers respond to a shared state that is already
stale. Every correction changes the problem that another team is solving.

When recovery consumes recovery

Spare aircraft, reserve crews, gate slack, empty seats and customer-service capacity are the shock
absorbers of the operation. During a recovery spiral, local decisions consume those resources faster than
the system can replenish them. The system may still look busy and responsive, but its ability to recover is
falling.

This is the most revealing instability because no single initiating failure remains. Weather may have started
the day, but the late disturbance is endogenous. It is created by interacting recovery actions. A cybersecurity
audit finds trusted users and uncompromised systems. A safety audit finds procedures protecting aircraft
and people. A transaction log finds authorized changes. The instability exists in timing, feedback and
coupling among valid actions.

What a stability layer would ask

The layer would limit the rate of plan changes, preserve scarce recovery resources, coordinate decisions
that compete for the same gate or crew and impose settling periods after consequential swaps. It would
distinguish an urgent change from repeated thrashing. It could deliberately slow local optimization to
accelerate network recovery.

The operation does not fail because nobody is trying to recover it. It becomes unstable
because too many valid recovery actions compete inside the same shrinking envelope.
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8 What all five instabilities have in common

The five events look different at the component level. One begins with weather, one with maintenance, one
with crew legality, one with a gate change and one with recovery itself. Their systemic structure is similar. A
valid local action changes shared conditions faster than all dependent participants can observe, align and
settle.

Instability What remains valid safe or secure What becomes unstable

Weather and traffic Forecast updates, separation rules, Throughput, gate occupancy, rotations and
metering reroutes and holds connection timing

Maintenance release delay  Airworthiness procedures and the decision  Aircraft rotation, spare allocation and downstream

to withhold release service

Crew duty limit Qualifications, scheduling rules and The remaining sequence of flights and available
fatigue protections reserve capacity

Gate and baggage Authorized gate change and correctly Physical convergence of people, bags, equipment

divergence delivered messages and ramp state

Recovery spiral Individually reasonable swaps, rebookings Network coherence, settling and remaining recovery
and reprioritizations margin

The hierarchy still passes

In every example, the actor can be authenticated. The action can be authorized. The message can be well
formed and meaningful. The action can comply with local policy and protect safety. The missing judgment
lies above those checks.

1. Authentication establishes who issued the operational action.

2. Authorization establishes whether that person or system may issue it.

3. Protocolvalidity establishes whether receiving systems can process it.

4. Semantic validity establishes whether the action makes sense in the local state model.
5. Local permissibility establishes whether a rule forbids the action.

6. Rendezvousreadiness establishes whether the affected participants have aligned and settled.
7. Dynamic stability establishes whether the whole can absorb the action while remaining

observable, bounded and recoverable.

The airline case makes the missing layer visible: an operation can pass every
component-level test and still lack the margin to accept the next action now.

9 Airlines already manage parts of stability

Large airlines do not run without coordination. Operations control centers, dispatchers, maintenance
control, crew scheduling, airport control centers and customer-service teams continuously manage
disruptions. Air traffic control and traffic flow management regulate demand against airspace and runway
capacity. Safety Management Systems organize hazard identification and risk controls. These are
substantial stability practices.
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The case study does not claim that aviation lacks operational control. It identifies the boundary created
when control is divided among organizations, applications and operating domains. An airline sees its own
fleet and customers. An airport sees shared gates, runways and surface movement. Air traffic management
sees airspace demand. A ground handler sees work orders and equipment. Each possesses a legitimate but
partial picture.

The unresolved gap

Fragmented control works while margins remain generous and changes propagate slowly enough for human
coordination. It becomes strained when many dependencies change at once. The missing layer is a
generalized, cross-domain runtime view that represents the current rendezvous among flights, aircraft,
crews, passengers, bags, gates, airspace and recovery resources. It must track not only current state, but
also the velocity of change, unfinished transitions and the credibility of the next recovery path.

The stability layer does not replace dispatch, maintenance, crew control, airport
operations or air traffic management. It gives their valid decisions a shared dynamic
context.

10 What the airline stability layer must see

A system-wide stability service begins with a live coupling map. The unit of analysis is not a flight record in
isolation. Itis the active rendezvous that temporarily binds an aircraft, crew, passenger population, baggage
set, gate, runway path, air traffic clearance and downstream rotation.

Stability function Operational question Representative signal

Shared state Which version of the plan is physically true now? Aircraft position, gate occupancy, boarded
passengers, loaded bags, crew presence

Time alignment Which clocks are approaching a boundary? Duty margin, connection time, slot validity,
maintenance interval, boarding cutoff

Coupling map Which journeys and later flights depend on this Aircraft rotation, crew pairing, passenger connections,
action? gate succession
Margin accounting What capacity remains to absorb variation? Spare aircraft, reserves, gates, empty seats, ramp

capacity, service queues

Change velocity Is the operating plan changing faster than Gate swaps, rebookings, tail swaps, reroutes and
participants can settle? repeated notifications

Recovery path If the plan fails, is there a credible bounded Diversion options, reaccommodation capacity,
alternative? replacement crew, tow or remote stand

Settling evidence Did the operational consequences actually Confirmed baggage transfer, crew acceptance,
converge? passenger movement and ramp clearance

A continuous verdict

The layer would express stability as an envelope and margin, not a permanent label. A departure can be
admissible at 10:02 and inadmissible at 10:12 after gate occupancy, crew duty and destination weather
change. A gate swap can be authorized immediately while remaining operationally unsettled. A flight can be
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safe to operate and still be the wrong flight to launch if doing so collapses the recoverability of the evening
network.

The verdict therefore has to be renewed whenever the participants, timing, topology or consequence
changes. It should support graduated responses: warn, throttle, sequence, hold, segment, cancel, recover
and verify closure. A binary allow-or-deny gate is too crude for a system whose stability depends on how
much margin remains.

11 Managing margin across the whole

Airline performance is often measured flight by flight: on-time departure, completion factor, baggage
delivery and customer complaints. Those measures matter, but they can reward local actions that consume
system-wide resilience. Holding one departure may protect connecting passengers while blocking a gate
needed by three inbound flights. Using a spare aircraft may preserve one high-profile route while removing
the only recovery option at another station.

A stability layer manages the portfolio of margins. It identifies which buffers are interchangeable and which
are not. Ten minutes of schedule buffer cannot replace an absent qualified crew. An open gate cannot
compensate for a closed runway. Empty seats on a later flight can absorb displaced passengers, but only if
their baggage, crew and destination constraints also align.

The governing objective

The objective is neither perfect punctuality nor maximum utilization. Maximum utilization removes slack;
zero delay is impossible in a changing environment. The objective is a safe, bounded and recoverable
operation that delivers a reasonably satisfying journey to the largest feasible passenger population.

That objective may justify actions that appear locally inefficient: leaving a spare aircraft unused until the
uncertainty clears, canceling a flight before passengers board, protecting a reserve crew for a later bank,
slowing the rate of gate changes or refusing another schedule revision until earlier physical changes have
settled. Stability sometimes preserves future options instead of consuming them for the nearest visible
problem.

Margin is not waste. In a tightly coupled real-time enterprise, margin is the stored
capacity to recover.

12 Why Agentic Al makes the layer more necessary

Airline operations already resemble the environment into which Agentic Al is moving: large populations,
changing membership, incomplete information, physical consequences and continuous time pressure. Al
agents will increasingly assist with crew recovery, aircraft swaps, passenger reaccommodation, baggage
routing, gate planning, maintenance decisions and customer communication.

Each agent may be competent within its assigned function. Each can obey identity, security and policy
controls. The risk appears when agents optimize different parts of the same operating day at machine
speed. A crew agent may protect legal coverage. A passenger agent may protect connections. A gate agent
may maximize utilization. A maintenance agent may reposition aircraft. Their recommendations become
one another's changing environment.
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Faster decisions can improve recovery when they share a stable reference. Without one, speed increases
causal velocity: more plans change before previous changes settle, more systems act on stale state and
more recovery resources are committed simultaneously. The airline case therefore gives a concrete
meaning to the missing layer described in the foundational chapter.

The role of GUDIYA

GUDIYA places the stability function outside the private objective space of any one actant. The Grid
maintains the shared reference. Cognitive Rendezvous Management defines the interaction envelope for
consequential coordination. The GUDIYA Cookie carries identity, authority, state lineage, unfinished work
and stability obligations as cognition moves between embodied and non-embodied actants.

In airline terms, the Grid would not fly the aircraft, repair it, assign the crew or control the runway. It would
observe the changing relationships among those functions, forecast margin loss and coordinate pacing,
sequencing, containment and recovery before individually valid actions combine into a systemic event.

Agentic Al does not create the airline's coupling problem. It can make that problem
operate faster than fragmented human coordination can safely resolve.

13 Conclusion

A large airline day is built from legitimate work. Passengers are identified and screened. Bags are tagged and
inspected. Aircraft are maintained and fueled. Crews are qualified and scheduled. Gates are assigned. Flight
plans are filed. Weather, runway conditions and notices are reviewed. Air traffic control protects separation.
Every function can perform correctly and the combined operation can still lose coherence.

The five examples show how this happens.

e Weather and traffic restrictions reduce throughput while the schedule continues to demand it.
e Acorrect maintenance decision displaces an aircraft rotation.

e Avalid crew assignment expires as delay consumes duty margin.

e Agate change reaches databases before people, bags and equipment converge.

e Recovery actions amplify one another until recovery capacity itself becomes scarce.

These are not primarily failures of identity, authorization, syntax, security or component safety. They are
failures of dynamic admissibility. The system accepted locally valid actions without a sufficiently current
judgment about timing, coupling, unfinished transitions and remaining margin.

Airline operations therefore make the missing layer tangible. The layer must see the whole operating field,
maintain a time-indexed view of its couplings, forecast where margin is being lost, coordinate actions that
draw on the same recovery resources and verify that transitions have physically settled. Its purpose is
practical: preserve safety, keep the operation recoverable and deliver a reasonably satisfying journey even
when the day departs from plan.

Canonical formulation

A flight can be valid. An aircraft can be safe. A crew can be legal. A passenger can be
cleared. A bag can be screened. A plan can be authorized. The journey can still be
unstable. The missing layer manages whether the whole can absorb what happens
next.
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T T—

- THE MISSING LAYER

A Complex Adaptive System Needs a Stability Layer
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Reference points

Federal Aviation Administration. Air Traffic By The Numbers. The FAA reports more than 44,000 flights and more than 3 million airline
passengers served daily, based on fiscal year 2024 figures.

United States Department of Transportation. Air Travel Consumer Reports. The report structure covers flight delays, mishandled
baggage, oversales, complaints and related service outcomes.

Federal Aviation Administration. National Airspace System Status. This operational dashboard illustrates the real-time status and
constraint environment of the national airspace system.
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https://www.faa.gov/air_traffic/by_the_numbers
https://www.transportation.gov/individuals/aviation-consumer-protection/air-travel-consumer-reports
https://nasstatus.faa.gov/

