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PART I — THE MISSING DIMENSION



STRUCTURE  
Three possibilities:
1. concrete, 
2. mathematical, 
3. computational

─MODEL DESCRIPTION ─
CONSTRUAL
1. assignment, 
2. scope, 
3. dynamical fidelity,
4. representational fidelity

THE WORLD 
(target system)

A philosopher’s take



STRUCTURE  
Three possibilities:

1. Concrete, physical scale model of San Francisco Bay

2. Mathematical, Lotka-Volterra

3. Computational, Schelling's segregation model

A philosopher’s take

Source: http://nifty.stanford.edu/2014/mccown-schelling-model-segregation/



CONSTRUAL

1. assignment, 

2. scope, 

3. dynamical fidelity,

4. representational fidelity

A philosopher’s take

x = Adriatic sardine population

Small pelagic species under moderate 
exploitation regimes

Does it predict well? 

Does it predict well for the right 
reasons?



What the construal 
does not include: a 

model’s telos 

A model commissioned by a large 
industrial conglomerate will differ 

from one produced by a local 
fisherman organisation



What the construal 
does not include: a 

model’s telos 

Schelling segregation: an agent moves if 
fewer than a third of its neighbours are of 
the same type. The construal is silent on 
redlining, restrictive covenants, racially 

selective mortgage lending …  
Source: http://nifty.stanford.edu/2014/mccown-schelling-model-segregation/



CONSTRUAL
1. Assignment → Sign 
2. Scope         → Object 
3.      ?            Interpretant 

http://publications.jrc.ec.europa.eu/repository/
bitstream/JRC92162/lbna26921enn.pdf

• the sign / representamen 
• an object  
• an “interpretant  

Construal versus Charles Sanders Peirce’s 
triadic conception of the sign as structure 
connecting three elements



Sign ➔ Cry 

Object ➔ Predator  

Interpretant ➔ Behaviour

                  Telos

The African vervet 
monkey 

(Cercopithecus aethiops) 
can distinguish with its 
cry the nature of the 

predator: aerial (eagle), 
terrestrial mammalian 

(leopard), snake 

http://publications.jrc.ec.europa.eu/repository/
bitstream/JRC92162/lbna26921enn.pdf



Weisberg gives us the anatomy of a 
model. What it misses in its political 

physiology



PART II — SENSITIVITY AUDITING





Sensitivity auditing: “Sensitivity auditing is a wider consideration 
of the effect of all types of uncertainty, including structural 
assumptions embedded in the model, and subjective decisions 
taken in the framing of the problem” (European Commission, 
2021).

European Commission. November 2021. “Better Regulation: Guidelines and Toolbox.” 
https://ec.europa.eu/info/law/law-making-process/planning-and-proposing-law/better-
regulation-why-and-how/better-regulation-guidelines-and-toolbox_en

https://www.nature.com/articles/s41599-023-01704-z#ref-CR24


“We define ‘sensitive’ in a way that 
does not appear to be widely shared 
in the modelling community. We call 
a parameter sensitive not when a 
change in it changes the value of an 
output number but when it changes 
the policy conclusions we would 
draw from the model” (p. 132)

1982
Memento interpretant



→ When modelling, move horizontally rather 
than vertically   

Rodrik’s rules about models (and GSA)

• Economics is a collection of models; cherish their 
diversity.

• It's a model, not the model. 
• Make your model simple enough to isolate specific 

causes and how they work, but not so simple that it 
leaves out key interactions among causes. 

• Unrealistic assumptions are OK; unrealistic critical 
assumptions are not OK



Sensitivity auditing: “Sensitivity auditing is a wider consideration 
of the effect of all types of uncertainty, including structural 
assumptions embedded in the model, and subjective decisions 
taken in the framing of the problem” (European Commission, 
2021).

European Commission. November 2021. “Better Regulation: Guidelines and Toolbox.” 
https://ec.europa.eu/info/law/law-making-process/planning-and-proposing-law/better-
regulation-why-and-how/better-regulation-guidelines-and-toolbox_en

https://www.nature.com/articles/s41599-023-01704-z#ref-CR24


Sensitivity auditing in the EC Guidelines (p. 563)  

“In general, sensitivity auditing stresses the idea 
of clearly communicating the extent to which 
particular models can be used to support policy 
decisions and their results can be trusted, taking 
into account as much as possible all forms of 
potential uncertainty, …”



Sensitivity auditing in the EC Guidelines (p. 563)  

“… and to
anticipate criticism by third parties. In particular, 
one should avoid giving the impression of false 
confidence by ‘quantification at all costs’.” 



Sensitivity auditing in the EC Guidelines (p. 563)  

“In some cases there is simply not enough
data, or the process is too complex, to give a 
meaningful quantitative prediction.”



1. Check against rhetorical use of mathematical modelling
2. Adopt an ‘assumption hunting’ attitude
3. Detect garbage in, garbage out (GIGO)
4. Find sensitive assumptions before they find you
5. Aim for transparency
6. Do the right sums 
7. Focus the analysis on the key question answered by the model, exploring the entire space of the assumptions 

holistically

Verbatim from



•Nutrition and Public Health
•Sustainability, Ecological Footprint (EF)
•Global Hydrological Models
•Sociohydrology, Coupled Human and Water Systems (CHAWS)
•Food Security
•Education, Programme for International Student Assessment (PISA) test

Applying sensitivity auditing to different cases:

practicum



Nutrition and Public Health: Lifestyle habits such as diet, smoking, and 
physical activity level are epidemiologically linked to non-communicable 
diseases (NCD). Models study the societal and economic impact of 
prevention policies

Applying sensitivity auditing to different cases:



Rhetorical use: Markov-chain models adopted where simpler representations would do 

Assumption hunting: unexplored assumptions on dose-response, dose-intake variation 
across cohorts, intervention timeframe, and the pool of NCDs 

GIGO: artificially constrained uncertainty in nutrient intake. Anticipate criticism: missing-
data imputation never tested by UA/SA

Do the right sums: In the JANPA (Joint Action on Nutrition and Physical Activity) model, 
flattening health onto a purely economic dimension overlooks the social and cultural value of 
lifestyle and nutrition 

Find sensitive items + transparency + UA/SA: the JANPA model is privately owned, 
unavailable for scrutiny. UA/SA: most studies use one-factor-at-a-time, which fails for 
non-additive models



1. Giampietro, M., and Saltelli, A., 2014, Footprints to nowhere, Ecological Indicators, 46, 610–621.
2. Goldfinger, S., Wackernagel, M., Galli, A., Lazarus, E., Lin, D., 2014, Footprint facts and fallacies: A 

response to Giampietro and Saltelli (2014) “Footprints to Nowhere”, 46, 622–632.
3. Giampietro, M., and Saltelli, A., 2014, Footworking in Circles, Ecological Indicators, 46 (2014) 260–263. 
4. Alessandro Galli, Mario Giampietro , Steve Goldfinger , et al., 2016, Questioning the ecological footprint , 

Ecological Indicators, 69, 224–232.

The Ecological Footprint 
A four-article kerfuffle concluding in an exemplary dialogue 





2024 edition



The Ecological Footprint suggests compressing  
sustainability to a single metric (acres of equivalent land)
 

Earth Overshoot Day = 365*
Global Biocapacity

Humanity’s Ecological Footprint 



- Rhetorical use: presented as a measure of ecological limits, but largely a balancing of CO₂ 
emissions against land as a sink 

- Assumption hunting: neglects declining CO₂absorption as forests age; paradoxically rewards 
replacing natural ecosystems with productive human-made vegetation. Offsetting a flow with a stock 
(Kg of CO2 per year versus square meters of land). The total dependence upon energy-related 
pressures 

 
- GIGO: no error on biocapacity (only a data-quality score). The implausible accuracy (Earth 

Overshoot Day 2025 = July 24)

- Right sums: Paradoxical policy implications; in Agriculture EF would justify ecologically unsound 
land conversion. The anti-trade bias (Stiglitz report p. 71). 

 
- Find sensitive items + transparency + UA/SA: equivalence factors are not openly traceable — 

obtainable only via a satellite workbook available on request. UA/SA: near-total omission of 
uncertainty characterisation, no sensitivity  



Global Hydrological Models: produce spatially distributed estimates of irrigation water 
requirements; used by the UN, World Bank, and IPCC to inform water, climate, and 
food-security policy

Applying sensitivity auditing to different cases:



Rhetorical use: cutting-edge complexity, unmatched by the quality of input data; withdrawals are 
well approximated by a simple linear regression on irrigated area alone. For a complex coupled 
land-surface hydrology model (MESH), the variability of model output was primarily determined 
by 4 of the 100 input factors 

Assumption hunting: an implicit "engineering vision" that privileges technological solutions over 
farmers' practices and know-how

Do the right sums: geopolitics, ownership, and access to water go unaddressed 

Find sensitive items + transparency + UA/SA: mixed record — some models are open-source 
(LPJmL, VIC, PCR-GLOBWB), others are opening up (WaterGAP), but code is rarely commented, 
and manuals are scarce. UA/SA is mostly piecewise OAT or model ensembles that don't 
systematically sample the uncertainty space, making ensemble convergence hard to interpret.



•Sociohydrology, Coupled Human and Water Systems (CHAWS),  a 
response to the perceived failure of the traditional paradigm in 
water resource management;  CHAWS study how the hydrological 
cycle changes according to interactions among natural and human 
forces tackling cross-scale dynamics, and uncertainty

Applying sensitivity auditing to different cases:



Rhetorical use: excess detail — factors piled on to compensate for missing knowledge of 
human behaviour

Assumption hunting: "black-box" assumptions about values, beliefs, and livelihoods

GIGO: underplayed uncertainty biases projections (e.g. flood-damage underestimation; 
"optimal building elevation" shifting once deep uncertainties are admitted). 

Do the right sums: The concentration of substantial data and computational resources 
within international organisations may exacerbate North-South power asymmetries and 
foster data colonialism. Models ask "what is the most likely future?" rather than "what 
future do we want?“

Find sensitive items + transparency + UA/SA: models typically not open-access, often 
limited to single case studies with weak documentation. UA/SA: the relative bright spot — 
only two studies, but they perform genuine global SA across both internal dynamics and 
external sociopolitical factors.



Education, Programme for International Student Assessment (PISA) test. 
OECD triennial test of 15-year-olds' problem-solving, producing country 
rankings since 2000; subject of a 2014 open-letter moratorium call.

Applying sensitivity auditing to different cases:

Cited by 95 (Google Scholar) 



Tue 6 May 2014 08.00 CEST

A high-impact 
dispute between 

educationalists and 
the OECD  



Rhetorical use: narratives claim that PISA scores causally drive GDP growth. 

Assumption hunting: a one-size-fits-all benchmark assuming all countries pursue a 
knowledge-economy path, excluding curricular differences and other subjects. 

GIGO: only standard error reported; biases from excluding special-needs students, new 
immigrants, and self-selecting weaker pupils go uncounted — sometimes pushing samples 
below the designers' own reliability threshold

Do the right sums: makes the purely "economic" case for education — growth rather than 
Bildung, self-cultivation, emancipation; the same logic drives university rankings and a global 
market in higher education

Find sensitive items + transparency + UA/SA: calls to test rank volatility against assumptions 
and methods have gone unheeded



Main pattern:

•the most consequential choices are often not numerical: they concern 
problem framing, indicator selection, omitted variables, boundary choices, 
and implicit values, e.g. what is the full spectrum of consequences of 
obesity 
•scope creep and Goodhart's law (PISA becoming the target)
•the complexity-vs-purpose trade-off, e.g., in hydrology, MESH model: 4 
of 100 factors drove output variability

Applying sensitivity auditing to different cases:



p. 44 “Any … measures necessarily 
involve a loss of information […] 
and distorts behavior” (Porter, 
1995)

This is what we normally call 
Goodhart’s law, from Charles 
Goodhart. "When a measure 
becomes a target, it ceases to be a 
good measure"

Charles Goodhart

Also known as Campbell's law (1976) https://en.wikipedia.org/wiki/Goodhart%27s_law 

https://en.wikipedia.org/wiki/Goodhart's_law


Forward-looking applications 
The previous six cases retrospectively deconstructed existing quantifications

The next four prospective illustrations of how different lenses — including sensitivity auditing, 
alongside global uncertainty quantification and sensitivity analysis — could enrich EU impact 
assessment



Climate, Energy, and Sámi Herders

The quantification / decision Whether to re-internalise or externalise production of innovative 
goods (EV batteries, data centres, green manufacturing) and the renewable power to sustain them 
— e.g. a Scandinavia–Iceland supergrid vs. local energy islands. 

The reductionist framing treats climate policy as simply swapping fossil for renewable generation, 
ignoring local social and environmental costs (documented harm to reindeer migration and the Sámi, 
affirmed by a court ruling)

Source: https://www.nationalgeographic.com/

Do the right sums: Explore a wider set of 
concerns and stakeholders, such as the Sámi 
people,  and their aspirations



Climate and Water Security

The quantification: Promotion of sprinkler and drip irrigation as water-saving 
technologies under the EU Water Framework Directive and the 2012 Blueprint, 
endorsed by model-based assessments and cost-benefit analysis, especially for 
Southern Europe.

UA/SA reveals that official figures understate the range of EU irrigated area by 2050; 
global hydrological models may miss uncertainties spanning two orders of magnitude at 
grid-cell level. Irrigation efficiency turns out to drive withdrawal estimates more than 
climate uncertainty, which has received more attention. 

Assumption hunting: Neglect of non-market alternatives such as farmer-led irrigation 



Biodiversity and Pollinator Decline

The quantification/policy: The threat to bees and other 
pollinators — ~87 of 124 leading global food crops depend on 
insect pollination — and the EU pesticide authorisation 
procedure (Regulation 1107/2009) governing neonicotinoids

Assumptions hunting: A neutral, evidence-based assessment 
is revealed to be conflicted by vested interests and lobbying. 
The case calls for a stronger integration of experts — 
entomologists with social scientists, legal scholars, and 
policymakers — and stakeholders 

The analysis surfaces a neglected policy option: crop 
insurance shown to be cheaper for growers than prophylactic 
neonicotinoid use



Pandemic modelling

The quantification: Pandemic modelling and cost-benefit analysis feeding into the European 
Green Growth plan

UA & SA contested a value-of-statistical-life calculation for which US social distancing 
yielded a ~$5.2 trillion net benefit

Do the right sums and assumption hunting: How mathematical modelling, with its promises of 
precision, generated a perfect storm in public trust in science



PART III — Exercises 



Crime hotspot / predictive policing 

“A model trained on past arrest data predicts where crime will 
occur, and police are deployed accordingly” 

What would sensitivity auditing investigate or say?  

By which rule? 



Hospital quality rankings by mortality rate

“Hospital A has higher post-surgery mortality than Hospital B, so it 
is lower quality” 

What would sensitivity auditing investigate or say?  

By which rule? 



Teacher value-added scores

“We can rank teachers by how much their pupils' test scores rise” 

What would sensitivity auditing investigate or say?  

By which rule? 



Cost-benefit analysis of a flood defence 

“The model says building the levee is not cost-effective” 

What would sensitivity auditing investigate or say?  

By which rule? 



University rankings

“University A is ranked 14th and University B 42nd, so A is the 
better university — students should choose A” 

What would sensitivity auditing investigate or say?  

By which rule? 



PART IV — Quantitative story telling



What is quantitative storytelling? 

• Feasibility (compatibility with external 
constraints),

• Viability (compatibility with internal 
constraints), and

• Desirability (compatibility with normative 
values adopted in the given society)

via negativa



Instead of proving policy options, try to falsify them, 
because: 

“…we know what is wrong with more clarity than what 
is right, and that knowledge grows by subtraction

… easier to know that something is wrong than to find 
the fix …

Actions that remove are more robust than those that 
add because addition may have unseen, complicated 
feedback loops”



Aviation fuel
Mandating that a rising share of aviation fuel be "sustainable" (SAF — biofuels and synthetic 
e-fuels [electricity → hydrogen → synthesis → combustion]) lets the EU keep growing air 
travel while meeting climate targets. A model projects that a 2040 blending mandate cuts 
aviation lifecycle CO₂ by, say, 40%, so the policy is on track.

Tackle this via quantitative storytelling first, and prepare for a global sensitivity analysis, 
assuming you have access to the model. What factors would you vary in the analysis 



Part V GSA’s dos and don'ts



54

Simulation

 Model

parameters

Resolution levels

data

errors
model structures

uncertainty analysis

sensitivity analysis
model 

output

feedbacks on input data and model factors

Sample modelling choices via ‘triggers’. Global sensitivity 
analysis becomes thus a modelling of the modelling process = 
multiverse analysis  



Example of using triggers: an integer in [1-5] is 
used to select one out of 5 possible 
evapotranspiration formulae at each model run

Trigger=an integer variable, 
whose value is determined 
via ‘Russian roulette’ in 
Monte Carlo jargon

Russian roulette as depicted in the 1925 film 
The Night Club. Source: Wikipedia Commons 



➔ Don’t sample just parameters and boundary 

conditions: explore the space of assumptions thoroughly

One can sample more than just factors: 

• modelling assumptions,

• alternative data sets, 

• resolution levels, 

• policies  

Simulation

 Model

parameters

Resolution levels

data

errors
model structures

uncertainty analysis

sensitivity analysis
model 

output

feedbacks on input data and model factors



Look at policy options versus existing uncertainties: e.g., test whether the choice 
of the model determines the choice of the policy  



Use global sensitivity analysis to gauge 
the right level of complexity 

Source: Saltelli, A. (2019). Statistical versus mathematical modelling: A 
short comment. Nature Communications, 10, 1–3. 
https://doi.org/10.1038/s41467-019-11865-8



Don’t confuse the map with the territory
 

If you do, sensitivity analysis will not save you



Useless Arithmetic: Why Environmental Scientists Can't Predict the Future
by Orrin H. Pilkey  and  Linda Pilkey-Jarvis, Columbia University Press, 2009. 

Orrin H. Pilkey

<<It is important, however, to recognize that the 
sensitivity of the parameter in the equation is what is 
being determined, not the sensitivity of the 
parameter in nature>>



<<…If the model is wrong or if it is a poor 
representation of reality, determining the sensitivity of 
an individual parameter in the model is a meaningless 
pursuit>>



One of the examples discussed concerns the Yucca 
Mountain repository for radioactive waste. TSPA model 
(for total system performance assessment) for safety 

analysis. 

TSPA is Composed of 286 sub-models. 



TSPA (like any other model) relies on 
assumptions → one is the low permeability of 
the geological formation → long time for the 
water to percolate from surface to disposal 



The confidence of the stakeholders in TSPA was not helped when 
evidence was produced which could lead to an upward revision of 4 

orders of magnitude of this parameter 
(the 36Cl  story)



In the case of TSPA (Yucca mountain) a range of 0.02 to 1 
millimetre per year was used for percolation of flux rate. 

→… SA useless if it is instead ~ 3,000 millimetres per year.



“Scientific mathematical modelling 
should involve constant efforts to 

falsify the model”

➔ Organized skepticism (as per CUDOS)

Communalism, Universalism, Disinterestedness, Organized 
Skepticism, from sociology of science, Robert K. Merton. 



Don’t run the model just once

There is much to learn by running the model 
a few times, especially during model building  



Lubarsky's Law of Cybernetic Entomology: 
there is always one more bug!



Keep in mind that a model routinely used 
to produce point estimates may become 

non-conservative when the uncertainty is 
plugged in 



• How much land will need to 
be irrigated by the year 
2050? 

• Here the dashed lines 
represent deterministic 
model predictions from 
different models and 
datasets (from FAO & others 

organizations); 
• An uncertainty analysis 

(grey histogram) reveals 
that the models are non-
conservative: the need 
might be much larger



NEVER vary all factors by the same amount 
Be it 5%, 10%, or 20%



Speculative scenario in which ten 
uncertain input probabilities are varied 
by an arbitrary 10% — as if they were 
truly equally uncertain — with no 
theoretical or empirical basis for such a 
choice



In a numerical experiment relating to a real-
life application, the range of uncertainty of 
each input is a crucial input to the analysis, 

and often the most expensive to get



Consider that sensitivity analysis can: 

• surprise the analyst (consider the multiverse 
example) 

• uncover technical errors in the model (personal 
experience) 

• identify critical regions in the space of the inputs 

Source: The Simpson, 20th Television Animation 
(The Walt Disney Company)



Consider that sensitivity analysis can : 

surprise the analyst, 
uncover technical errors in the model, 
identify critical regions in the space of the inputs, 
avoid type II errors 
establish priorities for research 
simplify models 
falsify models (show that a model is false or irrelevant)  
defend against your own model being falsified  



The End
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