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The Equation That Describes History

How mathematics attempts to capture the complexity of human civilizations

A note before we begin: No mathematics degree required. There is one equation in
this article, and we will spend the entire article learning to read it — slowly, together, one
piece at a time. Think of it less as a formula and more as a sentence written in an

unfamiliar language. By the end, you will be able to read it.

Introduction: Can History Have an Equation?

In 1687, Isaac Newton published a small book that changed everything. It contained a
handful of equations describing the motion of objects under the influence of forces. From
those equations — a few lines of mathematics — you could calculate the orbit of the Moon,
predict the return of comets, understand the tides. The universe, it turned out, speaks

mathematics.
Ever since, people have wondered: does history speak mathematics too?

Not the history of kings and battles — that will always require novelists and storytellers. But
the larger rhythms of human civilization: the rise and fall of empires, the outbreak of
revolutions, the collapse of states, the spread of ideas across continents. Could these too be

captured in an equation?

This is the question at the heart of a field called Computational Macrohistory. And the
answer, carefully hedged and honestly stated, is: perhaps partially, yes — with important

limits that are themselves mathematically precise.

There is a crucial difference, though, between the philosophy of history and the science of
history. Philosophy proposes narratives: grand interpretive arcs that organize the past into
coherent schemes. Science demands something harder and more uncomfortable —

falsifiable models, quantitative predictions, measurable errors. A science of history would
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need to commit to specific claims and accept the possibility of being wrong. It would need, in

a word, equations.
The equation we are going to explore looks like this:

oX
B = F(X,0)+ V- (DVX) +£(t)

It will look intimidating right now. That is fine. By the time we reach the end of this article,
every symbol in it will feel like an old acquaintance. And more importantly, you will
understand not just what it says, but why it had to be written this way — why it could not be

simpler, and what it honestly cannot do.

Let us start at the very beginning.

Part One: Taking a Snapshot of a Society

What is the "state" of a country?

Before we can describe how a society changes, we need a way to describe what it is at any

given moment. This sounds simple. It is not.

If someone asks you "how is Tunisia doing right now?", you might mention the economy, or
the political situation, or social tensions, or the mood of the population. You would not give a

single number. You would give a list — probably a long one.

That list, formalized and made precise, is what mathematicians call a vector. Think of it as a
row of measuring instruments, each one pointed at a different aspect of society, each one
returning a single number. Taken together, those numbers give you a complete "snapshot" of

a country at a particular moment in time.

¢« What is a vector? Just a list of numbers that belong together. A weather
forecast is a vector: temperature 18°C, humidity 65%, wind 12 km/h, pressure
1013 hPa. Four numbers, one snapshot of the atmosphere. Our
society-snapshot works exactly the same way — just with 25 numbers instead of
4, and a far more complex system to describe. Mathematicians write it as a bold

letter X, and sometimes draw it as a column of numbers in parentheses. The
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phrase "twenty-five-dimensional space" sounds alarming, but it just means: a
filing cabinet with 25 drawers, where every possible state of every possible

society occupies exactly one combination of drawer positions.

In the framework of Computational Macrohistory (CMH), that snapshot — called the state

vector and written as X — contains exactly 25 numbers, organized into five groups of five:

Demographics — Is the population young or old? Are people moving to cities? Is there a
large generation of young adults with limited opportunities? (This last one, the share of
15-24 year olds in the population, turns out to be particularly important — we will come back
toit.)

Economics — What is the average income? How unequal is the distribution of wealth? How

many young people are unemployed? How fast is the economy growing?

Politics — Is the government democratic or authoritarian? How stable has it been? How
much does corruption corrode institutions? How much of the national income does the state

actually collect?

Social — How educated is the population? How much do people trust each other and the

state? How widespread is internet access? How religiously cohesive is the society?

Collective psychology — Do people believe the government is legitimate? Are they
optimistic about the future? Is there a widespread sense of frustration and grievance? Is

there a propensity to take to the streets?

Twenty-five numbers. An imperfect snapshot, certainly — reality is always richer than any

model. But surprisingly powerful, as we shall see.

The full, formal list is:

Group Variables

D — Demographics | Population growth rate - Youth bulge (ages 15-24) - Urbanization

rate - Net migration - Dependency ratio
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E — Economics

GDP per capita - Gini inequality coefficient - Inflation - Youth

unemployment - Real GDP growth

P — Politics Polity democracy score - Government longevity - Civil liberties -
Corruption index - State fiscal capacity
S — Social Ethnic fractionalization - Average education - Internet penetration -

Social trust - Religiosity

Y — Psychology

Regime legitimacy - Economic optimism - Social stress - National

pride - Propensity to protest

Why does the shapshot need to change?

A snapshot of Tunisia in the year 2000 would look very different from a snapshot in 2010.

The economy had grown, but inequality had grown too. Youth unemployment had climbed.

Internet access had expanded dramatically. The political system had remained frozen under

Ben Ali's authoritarianism. The collective mood had darkened.

Each of these shifts is a change in one of those 25 numbers. The whole story of the decade

— the accumulating pressures, the rising tensions, the conditions ripening for explosion — is

written in how those 25 numbers moved over time.

And this is where the equation comes in. It does not describe the snapshot itself. It describes

the motion — the rule governing how the snapshot changes from one moment to the next.

il

What is a differential equation? Ordinary equations tell you what

something is: "the temperature is 20°C." Differential equations tell you how fast

something is changing: "the temperature is dropping at 2°C per hour." They

describe motion rather than position, velocity rather than location. Newton used

differential equations to describe planetary orbits. He could not write "the Earth

is at position X at time T" — that would require knowing the answer in advance.

Instead he wrote: "the Earth's acceleration at every moment equals the
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gravitational pull it feels at that moment." From that simple rule, with appropriate
starting conditions, the entire orbit follows automatically. Our equation does the

same for society — it gives the rule of motion, not the destination.

The symbol 0X /ot on the left side of our equation is exactly this: the "speed" at which the
25-number snapshot is changing at any given instant. Think of it as a social speedometer —

not where society is, but how fast it is moving and in which direction.

Part Two: The Three Forces That Move History

Our equation has three terms on the right-hand side. Think of them as three distinct forces
acting simultaneously on our society-snapshot, combining to produce the actual trajectory of

history. Let us meet them one by one.

The first force: the engine within

The first term is written F(X,0). It is the most important one, and the most complex.

It represents the internal logic of a society — the way its own variables interact with each
other to generate tendencies, pressures, and trajectories that come from within, not from
outside. In plainer language: it is the reason why a society in a certain state tends to move in

a certain direction, all else being equal.

¢+ What is a "function"? A function is simply a rule: you put something in, you
get something out. A thermometer is a function — put in temperature, get out a
number on a scale. The function F' in our equation is more complex: you put in
the entire 25-number snapshot of a society and its structural background, and it
returns a description of how each of those 25 numbers is currently changing.
Think of it as the internal compass of the system: given where you are, here is

the direction you are heading.
What kinds of forces does [’ capture? Two types, working in opposite directions.

Forces that stabilize. Every society has mechanisms that resist change and push it back
toward equilibrium. When unemployment rises too high, emigration increases and wages

adjust. When a government becomes too repressive, internal negotiation or external
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pressure moderates it. When inequality grows too large, redistributive pressures — through
taxation, populist politics, or social unrest — tend to reduce it, at least partially. These are
like the restoring force of a spring: the more you stretch it, the harder it pulls back. They are

one reason most societies are stable most of the time.

Mathematically, a pure stabilizing force on any one variable looks like a gentle tug back
toward a resting value: the further you are from the equilibrium, the stronger the tug. The
system "forgets" perturbations gradually, returning to its normal state the way a pendulum

swings back to hanging straight down.

Forces that amplify. But there are also mechanisms that work in the opposite direction —
where a small change triggers a larger change in the same direction. A government that
loses legitimacy collects fewer taxes, delivers fewer services, loses more legitimacy still. A
generation of unemployed graduates, connected through social media, organizes, protests,
recruits more protesters, makes the state look weaker, recruits more again. An economic
crisis undermines political stability, which worsens the investment climate, which deepens

the economic crisis.

These are called positive feedbacks, and they are the engines of rapid historical
transformation. Mathematically, they produce exponential growth — a variable that doubles,
then doubles again, then doubles again — until eventually it hits some structural limit of the

real world, like a state's capacity for coercion or an economy's resource base.

The function F' always contains both types simultaneously. Whether a society stabilizes or
tips into crisis depends on which forces are stronger at that particular point in the
25-dimensional space. This is why context matters so deeply in history: the same political
shock that a robust, legitimate government absorbs easily can send a fragile, contested one

spiraling into collapse.

There is also a second ingredient in F': the letter 8, pronounced "theta." This represents the
structural background — the slow-moving features of a society that define the rules of the

game without being easily changed in the short term.

Think of the difference between the price of bread in a market (variable — changes every
week) and the legal system that governs property rights (structural — changes over
decades, through legislation, court decisions, constitutional reform). Both influence economic

life, but on incomparably different time scales. The parameters ¢ capture this second layer:
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geography, cultural traditions, colonial history, the constitutional structure, whether oil

revenues allow a government to buy social peace, the collective memory of past traumas.

Two societies can have identical 25-number snapshots and yet evolve very differently,
because their theta is different. Saudi Arabia and Tunisia in 2010 had similar proportions of
young people and similar authoritarian governance. But Saudi Arabia's oil revenues provided
state employment that Tunisia could not offer, lowering effective youth unemployment and
creating a distributive contract between government and governed that Tunisia simply did

not have. The theta was different — and that changed everything.

¢ Fixed points, limit cycles, and the ball on a landscape. Imagine a hilly
landscape. Place a ball anywhere on it, and it rolls toward the nearest valley and
stays there — that valley is a stable fixed point, a state toward which the system
naturally returns after any small disturbance. The top of a hill is an unstable
fixed point. the ball can balance there in theory, but the slightest nudge sends it
rolling away permanently. Some systems settle not into a fixed point but into a
repeating cycle — like a pendulum that keeps swinging indefinitely.
Mathematicians call these limit cycles, and they appear in history too: the
regular rhythm of economic boom and bust, of political reform and reaction.
Societies exist on a landscape shaped by F' and 6. Most of the time, most
societies sit in valleys. Revolutions happen when — slowly, almost invisibly —

the landscape reshapes itself until what was a valley becomes a hilltop.

Figure 1 — Stable vs. Unstable Equilibrium

Stable equilibrium Unstable equilibrium

(ball returns after perturbation) {(ball falls away after perturbation)

And there is a fourth kind of event, rarer and more dramatic than any of the above: the
bifurcation. This is when the landscape itself changes shape — when a valley disappears

and becomes a hilltop, or a new valley suddenly opens up where none existed before. A

7


https://www.codecogs.com/eqnedit.php?latex=F#0
https://www.codecogs.com/eqnedit.php?latex=%5Ctheta#0

Fontaise Institute of Computational Social Science (FICSS) Lugano, Switzerland — 2026

gradual, continuous change in some parameter (rising inequality, spreading literacy,
advancing technology) suddenly crosses a threshold, and the qualitative structure of the

entire system transforms.

¢+ What is a bifurcation? The word comes from Latin: bi (two) + furca (fork).
Imagine slowly bending a plastic ruler. For a long time, nothing visible happens
— the ruler bends slightly but stays in one piece. Then, at a critical point, it
snaps suddenly into a new shape. That snap is a bifurcation: a sudden
qualitative change triggered by a gradual quantitative one. Revolutions look like
this. For years or decades, pressure accumulates while the system appears
stable. Then something crosses a threshold, and the transition happens with
breathtaking speed. The apparent "unpredictability” of revolutions is not a sign
that nothing was changing — it is a mathematical property of nonlinear systems
near a bifurcation point. The physicist would say: the system was always going

to snap. We just could not see exactly when.

This is one of the most valuable insights that mathematics brings to the study of history. The
sensation that revolutions "come from nowhere" is not evidence of missing causes. It is
evidence of a nonlinear system approaching a bifurcation. The causes were always there —

accumulating, invisible in their gradual progress. The mathematics tells us where to look.
The second force: contagion across space

The second term, V ° (DVX), is the most mathematically imposing, but the idea behind it

is beautifully simple: what happens in one place affects neighboring places.

Revolutions inspire other revolutions. Financial crises spread across borders. Ideas diffuse
from cities to villages and from one country to the next. A protest movement in one capital
gives courage — and tactical knowledge — to activists in the next. Migration carries not just
people but expectations, grievances, and information. None of this is captured by looking at
each country in isolation, as if history happened in separate sealed containers. And that is

exactly what the second term corrects.

The mathematical machinery used to describe this spread is borrowed from physics —
specifically, the same equations that describe how heat spreads through a metal bar, how a
drop of ink diffuses through a glass of water, how a virus propagates through a population.

The core intuition is beautiful in its simplicity: differences create flow. If one end of a metal
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bar is hot and the other is cold, heat moves from hot to cold until the temperature equalizes.

The greater the temperature difference, the faster the flow.

In our social model, the same principle applies. If one region has much higher social stress
than a neighboring region — if Tunisia is at boiling point while its neighbors are merely
simmering — that stress creates a diffusion pressure, a tendency to spill across borders
through the channels that connect societies: shared media, migration routes, trade networks,

cultural kinship, satellite television, social media.

¢ Gradient and diffusion — in plain language. Imagine a map of youth
unemployment across the Arab world in 2010. Tunisia and Egypt are dark red —
very high. Saudi Arabia and Kuwait are pale — very low. The "gradient" is
simply the steepness of that color change across the map: where it transitions
sharply from dark to light, the gradient is large; where it is uniformly colored, the
gradient is near zero. In physics, large gradients produce large flows — heat
rushes from hot to cold, water rushes from high pressure to low. In our model,
large differences in social stress between neighboring countries produce large

diffusion pressure. This is why the Tunisian revolution did not stay in Tunisia.

Figure 2 — The Gradient: Direction of Steepest Change

How to read this
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The gradient VEs points from low to high youth unemployment — indicoting the direction social pressure “flows.”

The letter D in this term is not a simple number but a matrix — a table of numbers that
encodes how fast different variables spread in different directions. Diffusion is not the same
in all directions: ideas travel faster along railway lines than across mountain ranges,
migration flows follow established corridors, commercial ties create asymmetric channels of

influence. In the digital age, the matrix [) must also account for the topology of online
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networks — where two countries physically distant can be "adjacent" because millions of

their citizens follow the same social media feeds.

This last point matters enormously. Internet access (one of our 25 variables) is not only a
state variable — it actively reshapes the diffusion matrix D itself, accelerating the
propagation of every other signal across the network. The Arab Spring was the first major
test case of this phenomenon at scale: a regional wave of instability that moved not just
through geographic proximity but through the architecture of Facebook, YouTube, and Al

Jazeera.

¢ Divergence — sources and sinks. When something diffuses across a
landscape, some points act as sources — things spread outward from them, like
a revolution that inspires its neighbors, or a financial crisis emanating from a
global banking hub. Other points act as sinks — things flow inward and
accumulate, like a capital city that concentrates migration, wealth, and grievance
from across the country. Still other points are in balance — as much flows in as
flows out. The "divergence" in the mathematical term V- measures exactly this
at every point: is this location a source, a sink, or in balance? A source has
negative divergence (more leaves than arrives). A sink has positive divergence
(more arrives than leaves). The answer shapes how we model the future

trajectory of that location.

Figure 3 — Divergence: Sink, Source, and Equilibrium

™ ' %
SINK SOURCE BALANCE
7-(DVX) > 0 J-(DVX) J{DVX) =0

W IR RN
/'\ /\ /'\

Tensions, ideas, or A revolution, crisis, or Flows pass through;

\ peaple acenmulate here. J \ innovation spreads outward A no net acenmulation.

Divergence tells us whether social dynamics are concentrating (sink), radiating (source), or in transit (balance) at each location.
The second term therefore does something the first term cannot: it connects the fate of one

society to the fate of its neighbors. The Arab Spring is impossible to understand as eleven

independent national histories. It is a single regional event propagating across a connected
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system, following the landscape of structural stress as faithfully as heat follows the

temperature gradient in a conducting solid.

The third force: the noise of history

The third term is just two symbols: e(t) — "epsilon of t." The smallest-looking term. And in a

sense, the most honest.

It represents everything the rest of the equation does not capture. The unexpected. The

singular. The unforeseeable.

A man named Mohamed Bouazizi set himself on fire in front of a municipal building in a
small Tunisian town on December 17, 2010. He was a street vendor whose cart had been
confiscated by a local official. His act of desperate protest ignited a revolution that toppled a
government in 28 days and sent shockwaves across an entire civilization. No model — no
matter how sophisticated, no matter how rich in data — could have predicted that specific

man, on that specific day, doing that specific thing, in front of that specific building.

That is epsilon. It is not an admission of failure. It is an honest acknowledgment of
something deep and real: history contains irreducible randomness, and any model that

pretends otherwise is lying.

¢ Stochastic — what scientists mean by "partly random." The word comes
from the Greek stokhastikos, meaning "able to guess." A stochastic process is
one that is partly predictable and partly not — like the weather, or the exact
moment a radioactive atom decays, or whether a particular protest will grow into
a revolution or fizzle out over a weekend. The mathematics of stochastic
processes was largely developed in the twentieth century, building on the
observation of pollen grains jittering unpredictably under a microscope
(so-called Brownian motion). Adding epsilon to our equation is how we formally
say: "we know there are things we cannot predict, and we are choosing to be
honest about that, building it into the structure of the model itself rather than

pretending otherwise."

But epsilon is not just about spectacular singular events. It has three distinct sources, each

operating at a different level.
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First: intrinsic randomness. Even without any dramatic external shock, large populations
exhibit stochastic behavior. The decisions of millions of individuals — whether to emigrate,
how to vote, whether to join a protest — are influenced by factors that no aggregate model
can fully capture. When the numbers are large enough, these fluctuations average out. But
in the decisive moments of history, it is often small groups — a revolutionary committee, a
cabinet meeting, a circle of officers deliberating whether to obey orders — whose individual
decisions determine which of many possible trajectories the system follows. At that scale,

randomness is not small. It is dominant.

Second: exogenous shocks. Beyond the system's own internal randomness, there are
events that arrive from outside: a pandemic, a drought, a technological breakthrough, a
global financial crisis, the unexpected death of a leader, a volcanic eruption that disrupts
harvests across a continent. None of these can be predicted as deterministic functions of the
system's state variables. They enter the equation as perturbations — sudden alterations of

the initial conditions that then propagate through the deterministic and diffusive terms.

Third: reflexivity. This is the source with no analogue anywhere in natural science.

Societies are composed of people who can read the model.

Consider the situation carefully. If a study predicts that a particular regime will fall with 60%
probability within three years, and that study becomes public knowledge, then: the regime
may implement reforms, altering the structural variables and changing the probability.
Opposition movements may coordinate more boldly, knowing that structural conditions favor
them. Foreign governments may intervene, either to shore up the regime or to prepare for
the transition. Investors may withdraw capital in anticipation. Every one of these reactions
changes the actual trajectory — and therefore changes the probability that the original

prediction was correct.

A hurricane does not change course because a meteorologist published a forecast. A
dictator very well might change policy because a political scientist published a risk
assessment. This self-referential quality — the fact that the object of study can observe and
respond to being studied — is called reflexivity, and it is unique to the social sciences. In
Computational Macrohistory it is treated not as a reason to abandon modeling, but as a
feature of the system that must itself be modeled: a feedback mechanism in which the act of

prediction becomes part of what is being predicted.
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Epsilon is where all three of these irreducible uncertainties live. It is not a concession — it is

what makes the model honest.

Part Three: The Equation, Reassembled

We have now met all three forces. Let us look at the equation one more time, and read it

aloud in plain language:

oX
"The rate at which a society's state changes over time equals: the push from its own internal
dynamics — plus the pull from neighboring societies through diffusion — plus the irreducible

noise of history."

The left side is the social speedometer — not where society is, but how fast each of its 25

dimensions is moving right now. The right side is the sum of three forces driving that motion.

What strikes me most about this equation is not its complexity but its honesty. It does not
hide uncertainty. It does not pretend that each country exists in isolation. It does not claim
that history obeys deterministic laws. Each of these acknowledgments is written explicitly
into the structure of the formula — not tucked away in a footnote, but present as a named

mathematical term.

Compare this with the great historical philosophies: "history is determined by class struggle"
(Marx), "history is the product of the spirit of the people" (Herder), "history is made by great
men" (Carlyle). These are powerful narratives — but they are difficult to falsify. You cannot
calculate by how much class struggle predicts a revolution, attach a confidence interval, and
test whether the number holds across different cases. The equation, in its apparent aridity, is
actually more open: it says exactly what it assumes, commits to specific predictions, and

accepts that evidence could prove it wrong.

And the three terms taken together capture something important about what makes history
hard to understand. The internal dynamics (F') explain why some societies are structurally

fragile while others are robust. The spatial diffusion term explains why events do not respect
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national borders. The noise term (&) explains why even a perfectly calibrated model cannot

tell you which month the revolution will begin.

Part Four: What the Equation Can and Cannot Do

When each force dominates

The three terms do not always contribute equally. Different historical moments are
characterized by the dominance of different forces — and recognizing which regime a

system is in changes how we should interpret what we see.

When F dominates and the other two terms are small, the system follows nearly
deterministic trajectories close to the attractors of its internal dynamics. This is the regime of
historical "normality": stable institutions, moderate growth, gradual evolution. Most of the

world, most of the time. Predictions are relatively reliable over a medium-term horizon.

When the diffusion term dominates, we are in a period of intense inter-regional contagion:
the great eras of globalization, the spread of revolutionary ideas, synchronized financial
crises. Local diversity diminishes as systems converge. Paradoxically, this convergence
makes the world more vulnerable to simultaneous shocks — when all systems resemble

each other, a crisis that hits one tends to hit all.

When positive feedbacks in £’ amplify the noise term ¢ to the point that trajectories become
highly sensitive to initial conditions, the system enters a chaotic regime. Small differences
in starting conditions lead to completely different outcomes over time. This is the regime of
great revolutions, sudden state collapses, rapid transformations that leave contemporaries

— and later historians — struggling to identify the decisive turning point.

The wall at the horizon

Here is one of the most beautiful and humbling results in the mathematics of complex

systems.
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In chaotic systems, two trajectories that start almost identically — say, Tunisia with 30.7%
youth unemployment versus Tunisia with 30.8% — diverge over time. Slowly at first, then
faster and faster, until after some years they are completely different. This is the famous

butterfly effect: small differences in initial conditions lead to large differences in outcomes.

It means there is a fundamental limit on how far ahead any model can predict. Not because
we lack computing power. Not because we need more data. But because the mathematical
structure of the system makes precise long-run prediction literally impossible — regardless

of how perfect the model is.

¢ The Lyapunov Wall is named after the Russian mathematician Aleksandr
Lyapunov (1857-1918). Imagine releasing two identical weather balloons one
meter apart. After a week of chaotic atmospheric turbulence, they might be
thousands of kilometers apart. The "Lyapunov exponent” measures exactly how
fast this divergence happens. A large exponent means the system loses
memory of its initial conditions quickly; a small one means the memory lasts
longer. Beyond the Lyapunov horizon — the point where initial uncertainties
have amplified beyond usefulness — prediction is no better than guessing. For
the atmosphere, this horizon is roughly two weeks. For socio-political systems,
estimates suggest it lies somewhere between two and ten years. And critically:
this is not a technological limitation. No computer, however powerful, no dataset,
however comprehensive, can push the horizon further out. It is baked into the

mathematics of chaos itself.

The Lyapunov Wall does not make the equation useless. It tells us precisely what kind of
knowledge is achievable and what kind is not. We can legitimately say: "Tunisia in 2010 had
structural conditions historically associated with a high probability of severe instability within
three years." We cannot legitimately say: "The revolution will begin on January 14." The first
statement is science. The second is false confidence — and being able to calculate the

difference is one of the most valuable things the equation gives us.

What the model actually produces

Instead of a single predicted future, stated with false precision, the model produces a
probability distribution over possible futures: a range of outcomes with an honest
estimate of how likely each one is.

A properly stated CMH forecast looks like this:
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"Based on structural conditions in Tunisia in 2010, the probability of severe
political instability within three years is estimated at 35%, with a 95% confidence
interval between 20% and 50%. The highest-risk variables are youth
unemployment, regime authoritarianism, and the rapid growth of internet
access. Limitations: the exact timing of any transition is unpredictable; singular

exogenous events (epsilon) are not modeled."”

This is not an oracle. But it is enormously more useful than nothing. It converts vague
anxiety into ranked, actionable priorities. An international institution with this information in
2009 would have had three years to focus preventive diplomacy precisely on the variables

the model identified as most dangerous. That is not a small thing.

The honest limits

A good scientist is more interested in the limits of their model than in its apparent successes.

Here, stated plainly, are the main limitations of this approach.

The dimensionality problem. To apply the equation, we need to know the function F' —
specifically, the strength of every interaction between every pair of variables. With 25
variables, the number of possible pairwise interactions is 300. With triplets, it grows to over
2,000. Estimating all of these from historical data requires far more observations than we
have. In practice, we must choose which interactions to include based on theoretical
reasoning, then test whether those choices hold up on data the model has never seen. This

is a genuine constraint, not a temporary technical inconvenience.

The causation problem. When youth unemployment rises before a revolution, we observe
a correlation. But does unemployment cause instability? Or do both stem from a third factor
— a global recession, a drought, a collapsing export market — that drives them both
simultaneously? Separating genuine causal mechanisms from mere correlations in
observational data (data collected without controlled experiments) is one of the hardest
methodological problems in the social sciences. CMH uses several tools — cross-country
comparisons, theory-derived causal models, statistical tests for temporal precedence — but

none of them fully solves the problem.

Non-stationarity: the rules change. The equation assumes that the function F' remains
approximately stable during the period of analysis. But societies rewrite their own rules over
time. The industrial revolution fundamentally altered economic dynamics. Universal suffrage

transformed political dynamics. The internet transformed social dynamics. A model
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calibrated on 1900—1950 data will not transfer cleanly to 2000—2050. This limits the historical
depth from which data can be usefully drawn, and it means that every model has an implicit

expiry date.

Missing data and systematic bias. Many of the 25 variables can only be reliably measured
for the past few decades and for countries with functioning statistical agencies. Authoritarian
regimes tend to produce poor data — or actively falsified data — precisely for the most
politically sensitive variables. This creates a systematic bias: models are calibrated on the
more transparent, more moderate, better-documented cases. Their performance on the most

extreme and most secretive cases is inherently harder to validate.

Overfitting: the danger of too much flexibility. With 25 variables and hundreds of possible
interactions, a sufficiently flexible model can fit any historical dataset almost perfectly —
including the random noise. A model that memorizes the past does not understand it. The
only protection against this is rigorous testing on data the model has never seen: held-out
countries, held-out time periods, out-of-sample validation. This is harder in historical analysis
than in, say, medical clinical trials, because crises are rare events and historical datasets are

never large enough.

Part Five: The Arab Spring — A Worked Example

Let us make all of this concrete with a case that is close enough in time to feel real and

distant enough to analyze with some detachment.

Tunisia 2010: reading the warning signs

In the CMH framework, the aggregate risk of political instability is summarized by a single
composite number called the Systemic Stress Index (SSI). Think of it as a dashboard
warning light: when it turns red, the structural conditions for a crisis are in place. It is not a

prediction — it is a reading of accumulated pressure.

The SSI combines five of our 25 variables, each weighted according to how strongly it is

historically associated with political crises:

e Youth Bulge — the share of the population aged 15-24. A large cohort of young

adults creates both social energy and economic pressure on the labor market.
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Gini coefficient — a standard measure of economic inequality, ranging from 0
(perfect equality) to 1 (one person owns everything).

Youth unemployment — the share of 15—24 year olds without work. Few variables
predict instability as consistently as a large, educated, unemployed young
generation.

Polity Score — a standard measure of regime type, from —-10 (fully autocratic) to
+10 (fully democratic). Counterintuitively, fully consolidated democracies and fully
consolidated autocracies are both more stable than intermediate regimes — the most
dangerous zone is in between.

Internet penetration — the share of the population online, used as a proxy for the

capacity to organize, coordinate, and share grievances at scale.

For Tunisia in 2010, these numbers told an unmistakable story:

What we measured Tunisia What it means

2010

Youth Bulge (ages 15-24) 19.8% Nearly 1 in 5 people is a young adult

Economic inequality (Gini) 0.41 Moderate-high; significant wealth
concentration

Youth unemployment 30.7% Nearly 1 in 3 young people without work

Regime type (Polity Score) -4 Semi-authoritarian; limited political freedoms

Internet penetration 36.8% High for the region; Facebook massively
adopted

The SSI for Tunisia was among the highest in the region. The structural conditions for a

crisis were not hidden. They were measurable, sitting in plain sight in publicly available data.
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What the model could not tell us — what no model can tell us — was the precise moment,

the precise spark, the precise sequence of events.

Compare this with Saudi Arabia in the same year. Youth unemployment was just 6.9% — oil
revenues funded state employment that effectively purchased social peace. Internet
penetration was lower. Despite the more extreme authoritarianism (Polity Score -10), the
SSI was structurally lower. The economic buffer was real, and the model correctly identified

it as stabilizing.

This does not mean Saudi Arabia was a good society. It means the model identified,
correctly, that the structural pressure was lower — and that the same revolutionary wave that

swept Tunisia was much less likely to produce the same outcome there.

The contagion: why the wave spread

When Ben Ali fled Tunisia on January 14, 2011, something changed not just in Tunisia's 25

numbers. It changed in the collective psychology of every connected society in the region.

The variable we call "perceived feasibility of political change" — one of the five
collective-psychological variables in our state vector — shifted dramatically across the Arab
world. The impossible had happened. A long-entrenched autocrat had been overthrown by
mass protest in less than a month. Suddenly, for millions of people in Egypt, Libya, Yemen,

Syria, and Bahrain, the question could this happen here? had a new answer.

This is the diffusion term in action. The shift in Tunisia's psychological variable created a
steep gradient between Tunisia and its neighbors — a difference so large that it immediately
began to "flow" across borders, transmitted by satellite television, by social media, by phone

calls between diaspora communities, by the simple knowledge that it had been done.

The wave did not strike equally everywhere. The diffusion pressure was highest toward
countries where the SSI was already elevated — Egypt, Libya, Yemen, Syria. It was
attenuated toward countries with strong economic buffers — Saudi Arabia, Kuwait, the UAE.
The diffusion followed the gradient of pre-existing structural stress, just as heat flows faster

toward colder objects.

Two countries that illustrate this beautifully: Egypt and Jordan. Both had elevated SSls. Both
experienced significant protests. Egypt had a revolution; Jordan did not. The difference?

Jordan's government moved quickly with economic concessions and political gestures,
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activating the stabilizing feedbacks in F' before the diffusion-driven amplification could reach
critical momentum. The mathematics does not tell us this was inevitable — it tells us the
structural conditions were present for both outcomes, and that the difference was made in

the space between the Lyapunov Wall and the bifurcation point.

What the model could not predict — and why that matters

It would be dishonest to end this case study without an accounting of the model's failures,

which are as instructive as its successes.

The model would not have predicted the exact timing — December 2010 for the Bouazizi
incident, January 14 for Ben Ali's departure, February 11 for Mubarak's resignation. The
Lyapunov Wall makes precise timing fundamentally impossible to predict. This is not a

deficiency of the model; it is a mathematical fact about chaotic systems.

The model would not have predicted the specific role of Mohamed Bouazizi. A singular

individual act of that kind is exactly what e(t) represents — irreducibly stochastic, causally
consequential, and in principle unpredictable. The structural conditions were present before
Bouazizi. The spark could have been something else. The timing would have been different.
Perhaps the wave would have come in 2012, or 2013. Perhaps with a different initial trigger,

it would have taken a different form. The equation cannot tell us which.

The model would not have fully predicted the speed and reach of the social media
amplification. Facebook, YouTube, and Twitter were not passive channels — they actively
altered the geometry of the diffusion matrix D in real time, compressing the effective
distance between Cairo and Tunis, between Benghazi and Damascus, in ways that a model
calibrated on pre-2008 data could not have fully anticipated. This is the non-stationarity
problem made vivid: a structural novelty that changed the rules of diffusion faster than the

model could adapt.

These failures do not invalidate the model. They mark its honest boundaries — and marking
boundaries honestly is a form of scientific integrity that is worth more, in the long run, than

overclaiming successes.

Part Six: Why This Complexity Is Necessary
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At this point a reasonable reader might ask: with all these limitations, is this complexity really

necessary? Would it not be better to use simpler, more transparent models?

The answer is that the equation is not complex due to mathematical caprice. It is the
minimum complexity compatible with the phenomena it tries to describe. Each term captures

something that cannot be removed without losing contact with reality.

A model without F' — without internal dynamics — cannot explain why some societies are
structurally fragile and others are robust. It can correlate variables with outcomes but cannot

explain them.

A model without the diffusion term treats each country as a sealed container. It cannot
explain the Arab Spring as a regional wave. It cannot explain why financial crises

synchronize across borders. It misses the entire spatial dimension of history.

A model without € pretends to a certainty that does not exist. It produces predictions without
confidence intervals, point estimates without distributions — and a point estimate without

uncertainty bounds is not science, it is theater.

There is also something worth saying about the value of the equation even before we have
fully solved it or perfectly calibrated it. Writing down the equation is already a scientific act of
some significance. It commits us to specific claims about the structure of the problem: that
history is continuous (not a series of discrete jumps), that it depends on current conditions
(not pure randomness), that it has a spatial dimension (not purely local), that it is uncertain
(not deterministic). Each of these claims is testable. Each could be wrong. And the
willingness to commit to testable claims — to be refutable — is what separates science from

storytelling.

Conclusions: The Honest Equation

We set out to read a single equation, and we have.

%_}f — F(X,0) + V- (DVX) + (1)
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It says: the way a society changes over time is driven by its own internal dynamics, by what
is happening in neighboring societies, and by the irreducible unpredictability of singular

human events.

What | find most remarkable about this equation is not what it claims, but what it refuses to
claim. It does not promise to predict the future. It does not pretend that history is
deterministic. It does not treat each country as if it existed in isolation. It does not hide

uncertainty — it places it, explicitly, as the third term in the formula itself.

This is, | want to suggest, a model for how science should approach complex human
phenomena. Not with false confidence, but with calibrated humility. Not with the pretension
of omniscience, but with the honest acknowledgment that some things are knowable and
some are not — and that the boundary between those two categories can itself be

calculated.

The equation cannot tell us when the next revolution will happen. It can tell us where the soil
is fertile, how fertile it is, and which variables are doing the most to cultivate it. In a world
where early warning can mean the difference between preventive diplomacy and
humanitarian catastrophe, that partial knowledge is not a consolation prize. It is something of

real, practical value.

History does not have a simple equation. But it has this one. And this one, read carefully,
teaches us something important: not just about how societies move through time, but about
the nature of knowledge itself — what can be known, what cannot, and the honesty it takes

to tell the difference.

The universe may speak mathematics. History speaks a different dialect of the same
language: a little noisier, a little more entangled with its own observers, a little less willing to
yield to clean formulas. But mathematical nonetheless — and richer, not poorer, for those

complications.

Want to go deeper? The complete mathematical framework — including all 25
variables, the formal dynamical equations, and empirical results for eleven
MENA countries during the Arab Spring — is available open-access in the CMH
Working Paper Series on Zenodo. The papers are technical, but every idea in

them is exactly what we explored here, stated with full rigor.
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Appendix: A Closer Look at the Mathematics

This section is for readers who want to see more of the formal detail behind the concepts

discussed above. It can be skipped entirely without losing the main argument.

The state vector in full

The 25-number snapshot X is formally written as:
X:(Dl,...,Dg), El,...,E5, Pl,...,Pg,, Sl,...,Sg,, \Ifl,...,‘ll5)

Each group has exactly five variables. The demographic group (D)) covers: population
growth rate, youth bulge (share aged 15-24), urbanization rate, net migration rate,
dependency ratio. The economic group (F') covers: GDP per capita, Gini coefficient,
inflation, youth unemployment, real GDP growth. The political group (P) covers: Polity
democracy score, government longevity, civil liberties, corruption, state fiscal capacity. The
social group (S) covers: ethnic fractionalization, average education level, internet
penetration, social trust, religiosity. The collective-psychological group (W) covers:
perceived regime legitimacy, economic optimism, social stress, national pride, propensity to

protest.

Negative and positive feedbacks

A pure stabilizing (negative) feedback on variable : takes the form:
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dX;
dt

= —a, (X — X7)

where X; is the equilibrium value and @i controls the speed of return. The solution is

exponential decay toward equilibrium — the system "forgets" perturbations with a

characteristic time of 1/042'.

A pure amplifying (positive) feedback produces exponential growth:

dX; .
df' = +Bz, Xz — X1<t) = XZ(O), eﬁlt

which must eventually be halted by some structural ceiling. Real systems contain both
simultaneously. The interaction between youth unemployment (E4) and internet penetration

(53) in driving political instability (P5) is multiplicative, not additive:

dPs

bl VS Ey-Sadt---
I + 7y, Ly - O3 +

Neither variable alone is sufficient to generate the mobilization potential — the combination

is what creates the effect.
The diffusion term in detail
In a spatially homogeneous system, the diffusion term simplifies to:

V- (DVX) = D,V*X

where V? is the Laplacian — the sum of second spatial derivatives. This is Fourier's heat
equation: a Gaussian "spike" of stress in any variable broadens over time, spreading
outward while the total amount is conserved. In an anisotropic system (where diffusion is
faster in some directions than others), D becomes a full matrix, capturing the preferential

channels through which social dynamics propagate.

The stochastic term and Ito calculus

When e(t) is included, the equation becomes a stochastic differential equation (SDE). The

standard formulation uses a Wiener process W(t) (mathematical Brownian motion):
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AW (1)
dt

() = (X, 1),

where U(Xa 75) controls the intensity of the noise and may depend on the current state
(multiplicative noise). The rigorous treatment of such equations requires Itd calculus,

developed by the Japanese mathematician Kiyosi It in the 1940s. The result is that instead

of a single predicted trajectory, the model produces a probability density p(x,1) over state
space, evolving according to the Fokker—Planck equation — giving us not a single future but

a map of how probable each possible future is.
The Lyapunov Wall

In a system with maximum Lyapunov exponent /\max, two trajectories starting distance

|5X(0)‘ apart diverge on average as:

[6X(8)] ~ [6X(0)], ="

If Amax > 0, the system is chaotic. The prediction horizon is approximately 1/)‘max. For

CMH systems, estimates place Amax € [0.1,,0.5] per year, giving a horizon of 2—10 years.
This result is independent of model quality or data quantity — it is a structural consequence

of nonlinear dynamics.

The Systemic Stress Index

The SSI for a country at time 1 is:

SSI(t) = wy Da(t) + we Ea(t) + w3 Ey(t) — wyPi(t) + wsS5(t)

The negative sign on P reflects that higher Polity scores (more democratic regimes) are
associated with lower instability risk. The weights W1 through W5 are estimated from
historical data. Ongoing work within the CMH program aims to extend this index to fifteen
variables and twenty-five or more countries, moving beyond the five-variable

proof-of-concept toward a richer empirical foundation.
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