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Where will we have the highest levels of 
deforestation? 

When will we reach a tipping point for 
melting of the Greenland ice sheet? 

What is this object in my remote sensing data? 
Who is most responsible for the 
deforestation at a given place? 

Will I conquer the entire world? 



P(C|X)
Bayesian Classifier

Human Intelligence
Artificial Intelligence

The answers to these questions are all predictions
What do we/can we do about it?



N(ab)/N(b) 
= P(a|b)



What are my C?

What is my ensemble? 2479 Mexican municipalities

What are my X?

Extensive

Intensive

Intensive

• 98 interval variables divided into 6 types: 39 Social, 19 Economic, 18 
Governmental, 19 Climatic, 2 Forest cover, 1 Area.

• Extensive and intensive predictors considered: e.g., “Population in 
extreme poverty” vs. “% of population in extreme poverty” 

• All variables are mapped to the municipal level
• Municipalities are rank ordered for each variable and divided into deciles 

to determine 10 features. In total we have 1058 features. 
• Two Mexican Government programs considered “Sembrando Vida” and 

“Pago por Servicios Ambientales (PSA)”

PSA: This program aims to promote the recognition of the value of the environmental services provided 
by forest, agroforestry ecosystems and natural resources, in addition to supporting the creation of 

markets for these services through various programs that have been evolving in the current decade. 

These programs support communities, ejidos, Regional Forestry Associations, and forest landowners. 
https://www.gob.mx/conanp/documentos/pago-por-servicios-ambientales-en-areas-naturales-protegidas

The 10% of municipalities with the highest…



What is my P(C|X)?

X = (X1, X2,…, X98)

For the Decision Cycle we need to know the “whys” - which Xi are: 
• Important
• Believable (statistically)
• Causal (direct, indirect, very indirect,…)
• Actionable (is it a variable we can change, e.g., climate = no, government program = yes)

P(C|X) = P(C|X1, X2,…, X98)
As a number this can tell us the where and when of deforestation. It won’t tell us the “why”. 

Use a Bayesian approach: P(C|X) = P(X|C)P(C)/P(X).  And then P(C|X,X’) = 
P(X´|C,X)P(C|X)/P(X´|X). And then…

P(X|C) → ς𝑖=1
𝑀 𝑃(𝜉𝑖|𝐶)         Assume a factorization of the likelihood (weight of evidence)

 𝑆 𝐶 𝑋 = ln
𝑃 𝐶 𝑋

𝑃 ҧ𝐶 𝑋
= σ𝑖=1

𝑀 𝑆𝑖 + 𝑆0.        𝑠𝑖 = ln(𝑃(𝜉𝑖|𝐶)/𝑃(𝜉𝑖| ҧ𝐶)). 𝑠0 = ln
𝑃 𝐶

𝑃 ҧ𝐶

𝜀 𝐶 𝜉𝑖 = 𝑁(𝜉𝑖)(P(C|𝜉𝑖) − 𝑃(𝐶))/ 𝑁(𝜉𝑖)(𝑃(𝐶)(1 − 𝑃 𝐶 )

98 dimensional Deforestome space, 
in reality its 1058 dimensional

Importance

Believability

So far, so good using “AI”

Let’s start simple with M = N: Total factorization – Naïve Bayes approximation



ImportanceBelievability
Null hypothesis

What about causality? What about actionability?

𝑃 𝑋𝑖 =
𝑁 𝑋𝑖

𝑁

𝑃 𝑋𝑖 𝐶 =
𝑁 𝐶𝑋𝑖

𝑁 𝐶

𝑃(𝑋𝑖| ҧ𝐶)=
(𝑁 𝑋𝑖 −𝑁 𝐶𝑋𝑖 )

(𝑁−𝑁 𝐶 )

𝑃 𝐶 = 𝑁(𝐶)/𝑁

The “Building Blocks”

Note that all the top 

drivers are extensive



What about causality?

Bradford Hill 1965

For two potential causes represented as binary variables we have: 
P(C|11), P(C|10), P(C|01), P(C|00)
“AB testing” – look for where cause 1 is present without cause 2, and vice versa, where 
they´re both present (to look for “epistasis”) and where they´re both absent (to look 
for other causes)  

The bigger the score the more likely that it is causal

This will tell us whether the associations are statistically significant

Probability given you’re in climatic niche 
conditions and HIGH program support

Probability given you’re in climatic niche 
conditions and NO program support

Probability given you’re in climatic niche 
conditions and you don’t care about the 
program (marginal probability)



How good are the models? Very good, but you’re only as good as the 
predictability of the data you’re working with

Note that the model for C = top 2% 
of municipalities with most 
deforestation has AUC = 0.98!

Sembrando Vida is a very predictive 
niche factor, while climate isn’t 

Government programs are not very 
predictive of the anti-niche but climate is



We can use our Bayesian classifier to create a regression model for any continuous 
variable Y(X), such as area deforested, by regressing on S(C|X): 
Example: Y(X) = F(S(C|X)); Y(X) = Area lost as a percentage of municipal area

Why are these municipalities 

“high” score but little 
deforestation?

Can get the profile X = (X1, X2,…, X98) for each and every 
municipality to understand why it is low or high % loss 



https://chilam.c3.unam.mx/en/home
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   ∏  i = 1 M  P (  𝜉 i | C )


  S  ( C | X ) =   ln ⁡   (    P  ( C | X )  P  (   C - | X ) ) =  ∑  i = 1 M   S i +  S 0


   s i = ln ⁡ ( P (  𝜉 i | C )


  P (  𝜉 i |  C - ) )


   s 0 =   ln ⁡   (    P  ( C )  P  (   C - ) )


  𝜀  ( C |   𝜉 i ) = N (  𝜉 i


   𝜉 i ) − P ( C ) ) /   N (  𝜉 i ) ( P ( C ) ( 1 − P  ( C ) )


  P  (   X i ) =   N  (   X i ) N


  P  (   X i | C ) =   N  (  C  X i )  N  ( C )


  P (  X i |  C -


    ( N  (   X i ) − N  (  C  X i ) )  ( N − N  ( C ) )


  P  ( C ) = N ( C ) / N

