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Pour chaque personne qu'ils aident (bleu), les dix médicaments les plus lucratifs 
aux États-Unis ne parviennent pas à améliorer  

les conditions d’entre 3 et 24 personnes (rouge).

Schork, N.J., 2015. Personalized medicine: time for one-person trials. Nature.

Malgré ses succès la médecine reste « imprécise »… 

4
JDZucker

JDZucker

… espoir d’une fin de la médecine « one-size-fit all »

➞ la bonne intervention au bon patient au bon moment.



… et l’émergence de la médecine de précision… 
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➞ fournir les meilleurs soins disponibles à chaque patient, sur la base d'une 
stratification en sous-classes de maladies sur une base biologique commune.

Shaikh et al., “Translational Radiomics: Defining the Strategy Pipeline and Considerations for Application-Part 1: From Methodology to Clinical 
Implementation,” JACR, 2018.

Par exemple: médecine de précision pour le diabète
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J. Merino and J. C. Florez, “Precision medicine in diabetes: an opportunity for clinical translation,”  
Ann. N.Y. Acad. Sci., vol. 1411, no. 1, pp. 140–152, Jan. 2018.

En Afrique, le diabète (5,7% de la population adulte est maintenant affectée) et les maladies cardiovasculaires tuent plus que le SIDA.

Les données « Omiques » permettent de nous caractériser très 
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Analyser nos propre cellules Analyser nos bactéries

F. S. MD, et al., “Translational Radiomics: Defining the Strategy Pipeline and Considerations for Application-Part 1: From 
Methodology to Clinical Implementation,” Journal of the American College of Radiology, 2018 Metagenomics 

~10,000,000 de gènes

Vers une médecine de précision des maladies intégrant la  métagénomique.
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class	1 class	2Cirrhose	du	foie non	cirrhotique

Signature géniques impliquant plusieurs  
gènes bactériens parmi des millions de gènes …
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IA et médecine… une longue  histoire
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1950 1955 1974 1980 2010 2020

Naissance

Systèmes experts  Réseaux convolutifsTest de Turing

HiverPrécurseur Renaissance App. Profond Age d’or

Réseaux de neurones

expert 
maladies 

infectieuses

Médecin

Le système expert MYCIN (1970) Watson for Oncology (2013)

https://www.youtube.com/watch?v=UpFHNGF4F8o&pbjreload=10

Intelligence Artificielle : compréhension/perception/décision

méningite?

antibiotique !

…mais l’IA et les données massives 
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Systèmes experts  Réseaux conv.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Test de Turing

Intelligence Artificielle : compréhension/perception/décision

Apprentissage Automatique
Apprentissage Profond

HiverPrécurseur Renaissance App. Profond Age d’or

Réseaux de neurones

… transforme la médecine… c’est déjà presque une vielle nouvelle !

Classification des cancer de la peau du niveau d’un expert dermatologue 
(Nature,2017)
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A. Esteva, et al., “Dermatologist-level classification of skin cancer with deep neural networks,” 
Nature, 2017.

1 million de paramètres

pré-entrainé avec  
1.2 millions d’images et 757 classes



Des systèmes basés sur une collaboration homme-machine peuvent 
faire mieux que l’IA seule…
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Deep Learning Drops Error Rate for Breast 
Cancer Diagnoses by 85% 

JAMA, vol. 318, no. 22, pp. 2199–2210, 
Dec. 2017.

https://siecledigital.fr/2018/10/15/une-ia-by-google-detecte-le-cancer-avec-

une-precision-de-99/

L’approbation des usages médicaux de l’IA est en marche… forte des 
performances en prédiction…
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E. J. Topol, “High-performance medicine: the convergence of human and artificial intelligence,” Nat Med, pp. 1–13, Jan. 2019.

Mais ce n’est pas la fin des radiologistes ! …  
juste le début d’une médecine plus humaine ?
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« Pour l'instant, remplacer un radiologiste n’est juste pas 
possible. Gregory Moore, vice-président Healthcare chez 
Google puis Microsoft (!) et lui-même radiologue, a observé 
qu'"il faut littéralement des milliers d'algorithmes pour 
pouvoir reproduire ce qu'un radiologiste peut faire un jour 
donné.»  

« En libérant les médecins des tâches qui interfèrent avec la 
connexion humaine, l'IA créera un espace pour la véritable 
guérison qui a lieu entre un médecin qui peut écouter et un 
patient qui doit être entendu. »

(Topol, 2019)
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RGPD et modèles interprétables : droit et confiance

● Règlements de l'UE (Règlement général sur la protection des données (GDPR) en vigueur le 
25 mai 2018) sur la prise de décision algorithmique et un "droit d’explication".
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Vanthienen, et al. Performance of classification models from a user perspective. Decision Support Systems 51, 782- 793,(2011). 

Goodman, B. & Flaxman, S. R. European Union Regulations on Algorithmic Decision-Making and a "Right to Explanation". AI magazine, 2017

● Une explication de la prédiction est désirée par médecins et patients lorsque un modèle doit 
être validé avant d'être déployé en routine➞ confiance

A. Vellido,  et al., “Machine learning in critical care: state-of-the-
art and a sepsis case study,” BMEO,2018.

erreur pas (trop) grave… erreur gravissime…

Equité/Fairness : l’IA est biaisée par les données… 
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Une étude récente a révélé que certains programmes de reconnaissance faciale classent incorrectement 
moins de 1 % des hommes à la peau claire, mais plus d'un tiers des femmes à la peau foncée. 


Que se passe-t-il lorsque l'on se fie à de tels algorithmes pour diagnostiquer le mélanome sur une peau 
claire ou foncée… ?

Un programme apprends à partir des données qu’on lui donne et 
qui peuvent donc être … biaisées 

... L'application basée sur l'IA peut être exposée, en quelques minutes, à plus 
de cas qu'un clinicien ne pourrait en voir dans de nombreuses vies.  
L'application basée sur l'IA est capable de surpasser les dermatologues …

Buch, V. H. Artificial intelligence in medicine: current trends and future possibilities. Br J Gen Pract  (2018).

OUI MAIS 

Larry Hardesty | MIT News Office 
February 11, 2018

On sait aussi que l’ « IA » peut aussi être menacée par des « attaques adversariales »…
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J. Su, et al. “One pixel attack for fooling deep neural networks.,” CoRR, 2017.

Akhtar & Mian, “Threat of Adversarial Attacks on Deep Learning in Computer Vision: A Survey,” arXiv.org, 02-Jan-2018.

…se  pose la problème de la « responsabilité » des algorithmes 
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Qui est responsable en cas d’erreur ?

Finlayson, et al., “Adversarial Attacks Against Medical Deep 
Learning Systems.,” arXiv, 2018.

Expliquer la décision de la machine peut éviter des erreurs !



En Machine Learning il y a souvent un compromis entre  
performance/précision et interpretabilité
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interpretabilité

Précision

linear 
models

Concise 
decision trees

SVM

KNN

RNN

Random Forest

Interpretabilité et Machine Learning
Type A - Interpréter les modèles boîtes noires 

• Saliency Maps Model distillation (soft DT) 

Type B - Interpréter les prédictions des modèles boîtes noires 

Stratégie basée sur les perturbations pour générer des explications locales pour les prédictions. 

• Feature Attribution methods:  LIME (Ribeiro et al. ’16)

• Feature Importance : SHAP values (Lundberg,NIPS’17) 
 

Type  C - Apprendre des modèles intrinsèquement interprétables 

• Arbres de décision, Modèles de score, Modèles linéaire, Régression régularisée, … 
• « Désenchevêtrement de représentation » Fonction objectif (InfoGAN, Chen&al.16) 22
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credits: Y. Chevaleyre

Rajpurkar,  et al.  (2018).

A- Interpréter les boites noires
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Poplin,  et al.  Nature Medicine 2018.

Prédiction de facteurs de risque cardiovasculaire que l'on ne croyait pas présents/quantifiables ds les images rétinienne

➞ l'âge (erreur absolue moyenne en 3.26 ans), 
➞ le sexe (aire sous la courbe caractéristique de fonctionnement du récepteur (AUC) = 0,97),  
➞ le statut tabagique (AUC = 0,71),  
➞ la tension artérielle systolique (erreur absolue moyenne inférieure à 11,23 mmHg) et  
➞ les événements cardiaques indésirables majeurs (AUC = 0,70). 

Prédiction des facteurs de risque cardiovasculaire à partir de photographies du fond de la rétine par l'apprentissage profond

B. Interpreter les predictions des boîtes noires
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➞ convertir les prédictions en un point en un modèle interprétable : séparateur linéaire.

LIME (Local Interpretable Model agnostic Explanations

Feature Importance

https://medium.com/berkeleyischool/how-to-use-machine-learning-to-predict-hospital-readmissions-part-2-616a0c920ab1

Ribeiro&al.“’Why Should I Trust You?’ 2016

https://www.oreilly.com/learning/introduction-to-local-interpretable-model-agnostic-explanations-lime

➞ La diminution totale de l'impureté du noeud (pondérée par la probabilité d'atteindre ce noeud) calculée en moyenne sur tous les arbres de l'ensemble. 



C- Modèles « Intrinsèquement » interprétables

•Concision (nombre de noeuds d’un arbre) 
•Modèles applicables " manuellement " pour obtenir une décision 
•Opérations simples (+,-,*, opérateurs logiques), valeurs entières

y ⇠ x1 � x4 + x5 + x8 � x14▸  Example 1: Modèle linéaire discret

▸  Example 2: Scores

▸ Critère d’interpretabilité
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 Kellett et al 2008
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Exemple 1: diagnostic métagénomique intereprétable et précis

JDZucker
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Diagnostic actuel:  
• biopsie 40% 
• symptômes cliniques ou imagerie 60%

Qin N. et al. Nature 2014

Régression pénalisée

Modèle prédictif à partir de 
l’abondance de quelques espèces 

bactériennes

Cirrhose du foie

Diagnostic très performant, non invasif

JDZucker

Inspirés par les relations écologiques, nous avons proposé les 
modèles Bin/Ter/Ratio (BTR), qui quantifient les interactions 
en comparant l’abondance des taxons.
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Prifti	et	al.	(in	press)

# #



Les modèles BTR sont extrêmement simple …
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Veillonella unclassified + Clostridium perfringens 
< 18.0 % then class = healthy

TERNARY
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HEALTHYUNHEALTHY

 
Streptococcus_anginosus + Veillonella_unclassified - Alistipes_indistinctus 

< 8.3 % then class = healthy

RATIO

Subdoligranulum unclassified / 
(Megasphera micronuciformis + Streptococcus anginosus)

> 81 then class = healthy
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< 18.0 % then class = healthy
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Streptococcus_anginosus + Veillonella_unclassified - Alistipes_indistinctus 

< 8.3 % then class = healthy

RATIO

Subdoligranulum unclassified / 
(Megasphera micronuciformis + Streptococcus anginosus)

> 81 then class = healthy
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•ENET sélectionne 159 variables sur 462. 
•SVM avec noyau linéaire utilise les 462 variables. 
•Seulement 1 des 500 arbres utilisés dans Random Forrest est représenté ici.

30

JDZucker

JDZucker

Prifti	et	al.	(in	press)

Les modèles BTR affichent des performances similaires avec 
SOTA pour tous les ensembles de données.
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** * * * * * ** * ** * * * ** * * ** *
marker whole tax species genus family order class phylum pathway
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La performance prédictive diminue avec la spécificité 
taxonomique (Cirrhose db)
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BTR model outperforms Cirrhosis Dysbiosis Ratio (from expert knowledge)
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Bajaj et al, doi:papers3://publication/doi/10.1016/j.jhep.2013.12.019 (2014). Prifti	et	al.	(in	press)

BTR

2- ème exmple : le score DiaRem dans la chirurgie bariatrique améliore le 
diabète de type 2 et le est utilisé pour prédire sa rémission

Amélioration des maladies métaboliques 
En particulier T2D (amélioration rapide avant une 

perte de poids importante)

perte de poids
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Score Diarem : meilleur score (2013) ; validé sur des cohortes 
indépendantes.

Still	et	al	Lancet		endocrinology	2013;	
35
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 Reconstruction automatisée de scores de Diarem
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Sokolovska, N., Y. Chevaleyre and J.-D. Zucker (AISTATS 2018). 
Sokolovska, N., Y. Chevaleyre and J.-D. Zucker (DA2PL’2016)



Construction de score formalisée comme un problème d’optimisation
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Fully Corrective Binning (FCB) algorithm 
Sokolovska, N., Y. Chevaleyre and J.-D. Zucker (AISTATS 2018). 

Sokolovska, N., Y. Chevaleyre and J.-D. Zucker (DA2PL’2016)

Le score DiaRem avancé: l’AdDiaRem 

ANR DiagnoLearn N. Sokolovska (PI) 2018-2020
38
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La procédure d’apprentissage s'appuie sur IBM ILOG CPLEX Optimization Studio2 qui effectue l'optimisation sous contrainte efficacement. 
En particulier, des contraintes d'intégrité sont ajoutées au problème d'optimisation pour obtenir des solutions entières. 

En utilisant notre algorithme Fully Corrective Binning (FCB) 

L’AdDiaRem est aujourd’hui utilisé en routine
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DiaRem AdDiaRem

Plan
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I. Médecine de précision et big (Omics) data 

II. Apprentissage Artificiel et médecine de précision 

III. Pourquoi des modèles interprétables en médecine ? 

IV. Deux (ou un) exemples de modèles interprétables  

V. Conclusion



2 vues sur l’interpretabilité et le machine learning
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There has been an increasing trend in healthcare and criminal 
justice to leverage machine learning (ML) for high-stakes pre-
diction applications that deeply impact human lives. Many of 

the ML models are black boxes that do not explain their predictions 
in a way that humans can understand. The lack of transparency and 
accountability of predictive models can have (and has already had) 
severe consequences; there have been cases of people incorrectly 
denied parole1, poor bail decisions leading to the release of dan-
gerous criminals, ML-based pollution models stating that highly 
polluted air was safe to breathe2 and generally poor use of limited 
valuable resources in criminal justice, medicine, energy reliability, 
finance and in other domains3.

Rather than trying to create models that are inherently interpre-
table, there has been a recent explosion of work on ‘explainable ML’, 
where a second (post hoc) model is created to explain the first black 
box model. This is problematic. Explanations are often not reliable, 
and can be misleading, as we discuss below. If we instead use models 
that are inherently interpretable, they provide their own explana-
tions, which are faithful to what the model actually computes.

In what follows, we discuss the problems with explainable ML, fol-
lowed by the challenges in interpretable ML. This document is mainly 
relevant to high-stakes decision making and troubleshooting models, 
which are the main two reasons one might require an interpretable 
or explainable model. Interpretability is a domain-specific notion4–7, 
so there cannot be an all-purpose definition. Usually, however, an 
interpretable machine learning model is constrained in model form 
so that it is either useful to someone, or obeys structural knowledge 
of the domain, such as monotonicity (for example, ref. 8), causality, 
structural (generative) constraints, additivity9 or physical constraints 
that come from domain knowledge. Interpretable models could use 
case-based reasoning for complex domains. Often for structured 
data, sparsity is a useful measure of interpretability, because humans 
can handle at most 7 ± 2 cognitive entities at once10,11. Sparse models 
allow a view of how variables interact jointly rather than individually. 
We will discuss several forms of interpretable machine ML models 
for different applications, but there can never be a single definition; 
for example, in some domains sparsity is useful, and in others it is 

not. There is a spectrum between fully transparent models (where we 
understand how all the variables are jointly related to each other) and 
models that are lightly constrained in model form (such as models 
that are forced to increase as one of the variables increases, or models 
that, all else being equal, prefer variables that domain experts have 
identified as important; see ref. 12).

A preliminary version of this manuscript appeared at a work-
shop, entitled ‘Please stop explaining black box machine learning 
models for high stakes decisions’13.

Key issues with explainable ML
A black box model could be either (1) a function that is too com-
plicated for any human to comprehend or (2) a function that is 
proprietary (Supplementary Section A). Deep learning models, 
for instance, tend to be black boxes of the first kind because they 
are highly recursive. As the term is presently used in its most com-
mon form, an explanation is a separate model that is supposed to 
replicate most of the behaviour of a black box (for example, ‘the 
black box says that people who have been delinquent on current 
credit are more likely to default on a new loan’). Note that the term 
‘explanation’ here refers to an understanding of how a model works, 
as opposed to an explanation of how the world works. The termi-
nology ‘explanation’ will be discussed later; it is misleading. I am 
concerned that the field of interpretability/explainability/compre-
hensibility/transparency in ML has strayed away from the needs 
of real problems. This field dates back to the early 1990s at least  
(see refs. 4,14), and there are a huge number of papers on interpre-
table ML in various fields (that often do not have the word ‘interpre-
table’ or ‘explainable’ in the title, as recent papers do). Recent work 
on the explainability of black boxes—rather than the interpretability 
of models—contains and perpetuates critical misconceptions that 
have generally gone unnoticed, but that can have a lasting negative 
impact on the widespread use of ML models in society. Let us spend 
some time discussing this before discussing possible solutions.

It is a myth that there is necessarily a trade-off between accuracy 
and interpretability. There is a widespread belief that more complex 
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tions ongoing in their cores, which can last 

for hundreds of millions to many billions 

of years, depending on their mass. When 

such a star exhausts the hydrogen fuel in 

its core, it expands enormously, shatters any 

close-enough planet, and becomes a white 

dwarf. Thereafter, what remains of the 

planetary system may move close enough to 

the star to become subject to collisions and 

to strong tidal forces, grinding the remain-

ing planetary cores (3). This leaves behind 

a shroud of rocky debris of various sizes, 

ranging from micrometer-sized dust parti-

cles to kilometer-sized bodies (4, 5). In some 

cases, because of the high temperature and 

strong irradiation present in proximity of a 

white dwarf, these rocks release metal-rich 

gas, giving rise to a disk of gas and debris 

surrounding the white dwarf. The presence 

of circumstellar gas is indicated by metal 

emission lines in the stellar spectrum (6).

Only a few white dwarfs are known to 

host a gas disk, and the rocky body detected 

by Manser et al. orbits one of those. Because 

of the chaotic motion present in the disk 

surrounding 20 to 25% of white dwarfs (also 

known as “polluted” white dwarfs), there is 

a continuous infall of rocky, planetary mate-

rial onto the stellar surface, which reveals 

itself through the presence of metal absorp-

tion lines in the stellar spectrum (7, 8). This 

accretion of rocky material is continuous 

because the strong stellar gravity brings any 

metal lying on the surface into the inner 

layers within a very short time scale (7, 9). 

Therefore, by analyzing the metal absorp-

tion and emission lines in the spectrum of a 

polluted white dwarf, it is possible to iden-

tify the composition of the circumstellar gas 

and/or rocks forming the disk (2). The study 

of Manser et al. also concluded that the den-

sity of the planetesimal should be between 

7.7 and 39 g/cm3, which is compatible with 

that of pure iron and of Earth’s core. It is 

therefore plausible that the planetesimal is 

the remnant core of a shattered planet.

Theoretical models of the orbital evolu-

tion of planetary systems indicate that pos-

sibly large (a few to hundreds of kilometers 

in diameter), rocky bodies might survive the 

last stages of stellar evolution toward the 

white dwarf phase (10, 11). Furthermore, the 

existence of numerous polluted white dwarfs 

indicates that planetesimals indeed orbit 

around these stars. However, planetesimals 

orbiting white dwarfs have been directly 

found in just one case using the Kepler space 

telescope and the transit method (12), despite 

the large number of polluted white dwarfs 

discovered to date, the fact that white dwarfs 

are the descendant of almost all planet hosts 

known to date, and that their small size facili-

tates the detection of transiting bodies.

The method of Manser et al. has revealed 

the presence of planetesimals without the 

need for the particular orbital geometry that 

is required by the transit method. It could 

therefore be used to identify the presence of 

planetesimals orbiting other polluted white 

dwarfs and advance the study of the plane-

tary systems evolution. Furthermore, because 

planetesimals orbiting white dwarfs are be-

lieved to be the remnant cores of shattered 

planets, studying the spectra of polluted 

white dwarfs known to be surrounded by 

planetesimals enables one to gain informa-

tion about the chemical composition and 

metal abundances of the infalling material—

that is, planetary cores (13). This kind of char-

acterization is not possible for bodies in the 

solar system, including Earth.

Because of their small size, white dwarfs 

are faint. The discovery of Manser et al. 

required observations conducted with the 

10.4-m Gran Telescopio Canarias in La 

Palma, Spain, which is one of the largest 

in the world. Future similar discoveries 

will therefore require high-efficiency in-

struments and large telescopes. The range 

of extremely large telescopes in Chile and 

Hawaii, currently under construction or 

planned, will have primary mirrors that are 

30 to 40 m in diameter. This should be the 

ideal platform for finding more planetesi-

mals orbiting white dwarfs and exploring 

the innermost regions of planets.        j
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By Elizabeth A. Holm

T
he science fiction writer Douglas 

Adams imagined the greatest com-

puter ever built, Deep Thought, 

programmed to answer the deep-

est question ever asked: the Great 

Question of Life, the Universe, and 

Everything. After 7.5 million years of pro-

cessing, Deep Thought revealed its answer: 

Forty-two (1). As artificial intelligence (AI) 

systems enter every sector of human en-

deavor—including science, engineering, 

and health—humanity is confronted by the 

same conundrum that Adams encapsulated 

so succinctly: What good is knowing the 

answer when it is unclear why it is the an-

swer? What good is a black box?

In an informal survey of my colleagues 

in the physical sciences and engineering, 

the top reason for not using AI methods 

such as deep learning, voiced by a substan-

tial majority, was that they did not know 

how to interpret the results. This is an im-

portant objection, with implications that 

range from practical to ethical to legal (2). 

The goal of scientists and the responsibil-

ity of engineers is not just to predict what 

happens but to understand why it hap-

pens. Both an engineer and an AI system 

may learn to predict whether a bridge will 

collapse. But only the engineer can explain 

that decision in terms of physical models 

that can be communicated to and evalu-

ated by others. Whose bridge would you 

rather cross?

Scientists and engineers are not alone in 

their skepticism of black box answers. The 

European Union General Data Protection 

Regulation (GDPR), introduced in 2018, 

guarantees subjects “meaningful informa-

tion about the logic involved” in automatic 

decision-making based on their personal 

data (3). The legal interpretation of this 

regulation is under debate, but the mis-

trust of inexplicable systems is evident in 

the statute.
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tions ongoing in their cores, which can last 

for hundreds of millions to many billions 

of years, depending on their mass. When 

such a star exhausts the hydrogen fuel in 

its core, it expands enormously, shatters any 

close-enough planet, and becomes a white 

dwarf. Thereafter, what remains of the 

planetary system may move close enough to 

the star to become subject to collisions and 

to strong tidal forces, grinding the remain-

ing planetary cores (3). This leaves behind 

a shroud of rocky debris of various sizes, 

ranging from micrometer-sized dust parti-

cles to kilometer-sized bodies (4, 5). In some 

cases, because of the high temperature and 

strong irradiation present in proximity of a 

white dwarf, these rocks release metal-rich 

gas, giving rise to a disk of gas and debris 

surrounding the white dwarf. The presence 

of circumstellar gas is indicated by metal 

emission lines in the stellar spectrum (6).

Only a few white dwarfs are known to 

host a gas disk, and the rocky body detected 

by Manser et al. orbits one of those. Because 

of the chaotic motion present in the disk 

surrounding 20 to 25% of white dwarfs (also 

known as “polluted” white dwarfs), there is 

a continuous infall of rocky, planetary mate-

rial onto the stellar surface, which reveals 

itself through the presence of metal absorp-

tion lines in the stellar spectrum (7, 8). This 

accretion of rocky material is continuous 

because the strong stellar gravity brings any 

metal lying on the surface into the inner 

layers within a very short time scale (7, 9). 

Therefore, by analyzing the metal absorp-

tion and emission lines in the spectrum of a 

polluted white dwarf, it is possible to iden-

tify the composition of the circumstellar gas 

and/or rocks forming the disk (2). The study 

of Manser et al. also concluded that the den-

sity of the planetesimal should be between 

7.7 and 39 g/cm3, which is compatible with 

that of pure iron and of Earth’s core. It is 

therefore plausible that the planetesimal is 

the remnant core of a shattered planet.

Theoretical models of the orbital evolu-

tion of planetary systems indicate that pos-

sibly large (a few to hundreds of kilometers 

in diameter), rocky bodies might survive the 

last stages of stellar evolution toward the 

white dwarf phase (10, 11). Furthermore, the 

existence of numerous polluted white dwarfs 

indicates that planetesimals indeed orbit 

around these stars. However, planetesimals 

orbiting white dwarfs have been directly 

found in just one case using the Kepler space 

telescope and the transit method (12), despite 

the large number of polluted white dwarfs 

discovered to date, the fact that white dwarfs 

are the descendant of almost all planet hosts 

known to date, and that their small size facili-

tates the detection of transiting bodies.

The method of Manser et al. has revealed 

the presence of planetesimals without the 

need for the particular orbital geometry that 

is required by the transit method. It could 

therefore be used to identify the presence of 

planetesimals orbiting other polluted white 

dwarfs and advance the study of the plane-

tary systems evolution. Furthermore, because 

planetesimals orbiting white dwarfs are be-

lieved to be the remnant cores of shattered 

planets, studying the spectra of polluted 

white dwarfs known to be surrounded by 

planetesimals enables one to gain informa-

tion about the chemical composition and 

metal abundances of the infalling material—

that is, planetary cores (13). This kind of char-

acterization is not possible for bodies in the 

solar system, including Earth.

Because of their small size, white dwarfs 

are faint. The discovery of Manser et al. 

required observations conducted with the 

10.4-m Gran Telescopio Canarias in La 

Palma, Spain, which is one of the largest 

in the world. Future similar discoveries 

will therefore require high-efficiency in-

struments and large telescopes. The range 

of extremely large telescopes in Chile and 

Hawaii, currently under construction or 

planned, will have primary mirrors that are 

30 to 40 m in diameter. This should be the 

ideal platform for finding more planetesi-

mals orbiting white dwarfs and exploring 

the innermost regions of planets.        j
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tions ongoing in their cores, which can last 

for hundreds of millions to many billions 

of years, depending on their mass. When 

such a star exhausts the hydrogen fuel in 

its core, it expands enormously, shatters any 

close-enough planet, and becomes a white 

dwarf. Thereafter, what remains of the 

planetary system may move close enough to 

the star to become subject to collisions and 

to strong tidal forces, grinding the remain-

ing planetary cores (3). This leaves behind 

a shroud of rocky debris of various sizes, 

ranging from micrometer-sized dust parti-

cles to kilometer-sized bodies (4, 5). In some 

cases, because of the high temperature and 

strong irradiation present in proximity of a 

white dwarf, these rocks release metal-rich 

gas, giving rise to a disk of gas and debris 

surrounding the white dwarf. The presence 

of circumstellar gas is indicated by metal 

emission lines in the stellar spectrum (6).

Only a few white dwarfs are known to 

host a gas disk, and the rocky body detected 

by Manser et al. orbits one of those. Because 

of the chaotic motion present in the disk 

surrounding 20 to 25% of white dwarfs (also 

known as “polluted” white dwarfs), there is 

a continuous infall of rocky, planetary mate-

rial onto the stellar surface, which reveals 

itself through the presence of metal absorp-

tion lines in the stellar spectrum (7, 8). This 

accretion of rocky material is continuous 

because the strong stellar gravity brings any 

metal lying on the surface into the inner 

layers within a very short time scale (7, 9). 

Therefore, by analyzing the metal absorp-

tion and emission lines in the spectrum of a 

polluted white dwarf, it is possible to iden-

tify the composition of the circumstellar gas 

and/or rocks forming the disk (2). The study 

of Manser et al. also concluded that the den-

sity of the planetesimal should be between 

7.7 and 39 g/cm3, which is compatible with 

that of pure iron and of Earth’s core. It is 

therefore plausible that the planetesimal is 

the remnant core of a shattered planet.

Theoretical models of the orbital evolu-

tion of planetary systems indicate that pos-

sibly large (a few to hundreds of kilometers 

in diameter), rocky bodies might survive the 

last stages of stellar evolution toward the 

white dwarf phase (10, 11). Furthermore, the 

existence of numerous polluted white dwarfs 

indicates that planetesimals indeed orbit 

around these stars. However, planetesimals 

orbiting white dwarfs have been directly 

found in just one case using the Kepler space 

telescope and the transit method (12), despite 

the large number of polluted white dwarfs 

discovered to date, the fact that white dwarfs 

are the descendant of almost all planet hosts 

known to date, and that their small size facili-

tates the detection of transiting bodies.

The method of Manser et al. has revealed 

the presence of planetesimals without the 

need for the particular orbital geometry that 

is required by the transit method. It could 

therefore be used to identify the presence of 

planetesimals orbiting other polluted white 

dwarfs and advance the study of the plane-

tary systems evolution. Furthermore, because 

planetesimals orbiting white dwarfs are be-

lieved to be the remnant cores of shattered 

planets, studying the spectra of polluted 

white dwarfs known to be surrounded by 

planetesimals enables one to gain informa-

tion about the chemical composition and 

metal abundances of the infalling material—

that is, planetary cores (13). This kind of char-

acterization is not possible for bodies in the 

solar system, including Earth.

Because of their small size, white dwarfs 

are faint. The discovery of Manser et al. 

required observations conducted with the 

10.4-m Gran Telescopio Canarias in La 

Palma, Spain, which is one of the largest 

in the world. Future similar discoveries 

will therefore require high-efficiency in-

struments and large telescopes. The range 

of extremely large telescopes in Chile and 

Hawaii, currently under construction or 

planned, will have primary mirrors that are 

30 to 40 m in diameter. This should be the 

ideal platform for finding more planetesi-

mals orbiting white dwarfs and exploring 

the innermost regions of planets.        j
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ARTIFICIAL INTELLIGENCE

In defense of 
the black box
Black box algorithms 
can be useful in science 
and engineering

By Elizabeth A. Holm

T
he science fiction writer Douglas 

Adams imagined the greatest com-

puter ever built, Deep Thought, 

programmed to answer the deep-

est question ever asked: the Great 

Question of Life, the Universe, and 

Everything. After 7.5 million years of pro-

cessing, Deep Thought revealed its answer: 

Forty-two (1). As artificial intelligence (AI) 

systems enter every sector of human en-

deavor—including science, engineering, 

and health—humanity is confronted by the 

same conundrum that Adams encapsulated 

so succinctly: What good is knowing the 

answer when it is unclear why it is the an-

swer? What good is a black box?

In an informal survey of my colleagues 

in the physical sciences and engineering, 

the top reason for not using AI methods 

such as deep learning, voiced by a substan-

tial majority, was that they did not know 

how to interpret the results. This is an im-

portant objection, with implications that 

range from practical to ethical to legal (2). 

The goal of scientists and the responsibil-

ity of engineers is not just to predict what 

happens but to understand why it hap-

pens. Both an engineer and an AI system 

may learn to predict whether a bridge will 

collapse. But only the engineer can explain 

that decision in terms of physical models 

that can be communicated to and evalu-

ated by others. Whose bridge would you 

rather cross?

Scientists and engineers are not alone in 

their skepticism of black box answers. The 

European Union General Data Protection 

Regulation (GDPR), introduced in 2018, 

guarantees subjects “meaningful informa-

tion about the logic involved” in automatic 

decision-making based on their personal 

data (3). The legal interpretation of this 

regulation is under debate, but the mis-

trust of inexplicable systems is evident in 

the statute.
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“…by analyzing…the 
spectrum of a polluted 
white dwarf, it is possible to 
identify the composition of 
the circumstellar gas and/or 
rocks forming the disk.”

26    5 APRIL 2019 • VOL 364 ISSUE 6435

Published by AAAS

on April 6, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Prise de décisions à enjeux élevés santé, justice pénale, etc.  
➞ La voie à suivre est de concevoir des modèles intrinsèquement interprétables

Nous ne pouvons pas utiliser boîte noire AI pour trouver le lien de causalité, ou de compréhension   
➞ Acceptons les boîte noires en ce qu’elle optimisent des résultats et susciter l'inspiration.
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La médecine de précision annonce un bouleversement dans la prise en 
charge des patients, leur parcours de soin et leur suivi grâce à l’IA. 

Nouveaux diagnostics moléculaires (omiques) et d’imagerie  
- stratification des maladies  ➞ meilleurs diagnostic, 
- aide au prognostic   ➞ meilleurs choix des traitements, 
- désert médicaux    ➞ tri des patients les plus à risques. 

Progrès de l’IA et du Deep Learning posent des questions éthiques sur 
son adoption en médecine : équité/confiance/transparence/interprétabilité 

L’IA doit aider les cliniciens à être plus efficace mais l’interpretabilité 
joue un rôle clé pour la confiance, la compréhension des biais, et 
contribuer à la recherche de l’étiologie des maladies➞ « XAI » médicale  
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