
Probabilités, statistique et 
théorie de l’apprentissage



?

Evaluation d’une hypothèse

Introduction générale

119

Structure typique d’un problème d’apprentissage automatique

classifieur

classe prédite

Environnement de 
production 

Performance suffisante pour 
l’application considérée ?

Entraînement (procédure de recherche)

Données d’entraînement

Perte

Espace de recherche

Hypothèse/paramètre

Fonction de perte

???

Modélisation probabiliste



?

Evaluation d’une hypothèse

Introduction générale

120

Structure typique d’un problème d’apprentissage automatique

classifieur

classe prédite

Environnement de 
production 

Performance suffisante pour 
l’application considérée ?

Entraînement (procédure de recherche)

Données d’entraînement

Perte

Espace de recherche

Hypothèse/paramètre

Fonction de perte

???

Probabilités, statistique 
et théorie de l’apprentissage



Espérance

121

Cas continu

Cas discret
<latexit sha1_base64="EGRFwQwNvYTNYo+oTTSaD/SEyME=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkItWNUBTBZQX7gDSEyXTSDp1JwsxEWmIW/oobF4q49Tfc+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMBqSpqKKkU4sCOI+I21/eD3x2w9ESBqF92ocE5ejfkgDipHSkmce3DgdF17Crky4l46ydBRXRieZZ5atqjUFXCR2TsogR8Mzv7q9CCechAozJKVjW7FyUyQUxYxkpW4iSYzwEPWJo2mIOJFuOr0/g8da6cEgErpCBafq74kUcSnH3NedHKmBnPcm4n+ek6jgwk1pGCeKhHi2KEgYVBGchAF7VBCs2FgThAXVt0I8QAJhpSMr6RDs+ZcXSeu0ateqtbuzcv0qj6MIDsERqAAbnIM6uAUN0AQYPIJn8ArejCfjxXg3PmatBSOf2Qd/YHz+ABydlY0=</latexit>

E[X] =
X

x

xp(x)

<latexit sha1_base64="ndHJI1uiXG72GEST/3kV0bjBo0U=">AAAB/XicbVDJSgNBEK2JW4xbXG5eGoMQL2FGJHoRgiJ4jGAWmAyhp6eTNOnpGbp7JHEI/ooXD4p49T+8+Td2loMmPih4vFdFVT0/5kxp2/62MkvLK6tr2fXcxubW9k5+d6+uokQSWiMRj2TTx4pyJmhNM81pM5YUhz6nDb9/PfYbD1QqFol7PYypF+KuYB1GsDZSO39w4zY9dIlaTOh0EBcHJ8Fg1M4X7JI9AVokzowUYIZqO//VCiKShFRowrFSrmPH2kux1IxwOsq1EkVjTPq4S11DBQ6p8tLJ9SN0bJQAdSJpSmg0UX9PpDhUahj6pjPEuqfmvbH4n+cmunPhpUzEiaaCTBd1Eo50hMZRoIBJSjQfGoKJZOZWRHpYYqJNYDkTgjP/8iKpn5accql8d1aoXM3iyMIhHEERHDiHCtxCFWpA4BGe4RXerCfrxXq3PqatGWs2sw9/YH3+AEGglHw=</latexit>

E[X] =

Z
xp(x)dx

Espérance

Cas continu

Cas discret

<latexit sha1_base64="y0zhxMcIdqCtXtgmNaOsDrUUQug=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgqsyIL1wV3bisYh/QGUsmzbShmcyQZJQy9APc+CtuXCji1g9w59+YaQtq64HA4Zxzyb3HjzlT2ra/rNzc/MLiUn65sLK6tr5R3NyqqyiRhNZIxCPZ9LGinAla00xz2owlxaHPacPvX2R+445KxSJxowcx9ULcFSxgBGsjtYul4MwNse75QXo9vBWuZN2exlJG9z+ySdllewQ0S5wJKcEE1Xbx0+1EJAmp0IRjpVqOHWsvxVIzwumw4CaKxpj0cZe2DBU4pMpLR8cM0Z5ROiiIpHlCo5H6eyLFoVKD0DfJbEM17WXif14r0cGplzIRJ5oKMv4oSDjSEcqaQR0mKdF8YAgmkpldEelhiYk2/RVMCc70ybOkflB2jstHV4elyvmkjjzswC7sgwMnUIFLqEINCDzAE7zAq/VoPVtv1vs4mrMmM9vwB9bHNyH0nFQ=</latexit>

f : Rn ! R

<latexit sha1_base64="8eIIHJTlvFknuoqN9SYYkWSwDqQ="></latexit>

E[f(X)] =

Z

x1

Z

x2

· · ·
Z

xn

f(x1, x2, . . . , xn)p(x1, x2, . . . , xn)dx1dx2 . . . dxn

<latexit sha1_base64="b2SXZ4BXsX9qcJAm26kFhRONmKw="></latexit>

E[f(X)] =
X

x1

X

x2

· · ·
X

xn

f(x1, x2, . . . , xn)p(x1, x2, . . . , xn)
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Linéarité de l’espérance

Variance
Moment
Moment centré
Covariance

<latexit sha1_base64="tyscH4K0p42Q7KZjJzsanUau2KI=">AAACI3icbZDLSsNAFIYn9VbrrerSzWAR6qYk4g1BEKXgUsFqIYlhMp20QyeTMHMilNB3ceOruHGhiBsXvouT2oW2Hhj4+b9zOHP+MBVcg21/WqWZ2bn5hfJiZWl5ZXWtur5xq5NMUdaiiUhUOySaCS5ZCzgI1k4VI3Eo2F3Yvyj43QNTmifyBgYp82PSlTzilICxgupJ0xMsAtfTWRzk/NQZ3sucBLwd8KGneLcH/in+DQ1r1g3drQTVmt2wR4WnhTMWNTSuq6D67nUSmsVMAhVEa9exU/BzooBTwYYVL9MsJbRPusw1UpKYaT8f3TjEO8bp4ChR5knAI/f3RE5irQdxaDpjAj09yQrzP+ZmEB37OZdpBkzSn0VRJjAkuAgMd7hiFMTACEIVN3/FtEcUoWBiLUJwJk+eFrd7DeewcXC9Xzs7H8dRRltoG9WRg47QGbpEV6iFKHpEz+gVvVlP1ov1bn38tJas8cwm+lPW1zfQpaRU</latexit>

E

"
nX

i=1

aiXi

#
=

nX

i=1

aiE(Xi)

<latexit sha1_base64="bdjrnxNfHxVBfB2yQe/XgkdYPN0=">AAACCHicbZC7SgNBFIZn4y3GW9TSwsEgxMKwG7w1QlAClhFMsrBZw+xkNhkye2HmrBiWlDa+io2FIrY+gp1v4+RSaPSHgY//nMOZ83ux4ApM88vIzM0vLC5ll3Mrq2vrG/nNrYaKEklZnUYikrZHFBM8ZHXgIJgdS0YCT7Cm178c1Zt3TCoehTcwiJkbkG7IfU4JaKud320BuwcZpA0ih47t4nNcdYr2YVXzwW3ZbecLZskcC/8FawoFNFWtnf9sdSKaBCwEKohSjmXG4KZEAqeCDXOtRLGY0D7pMkdjSAKm3HR8yBDva6eD/UjqFwIeuz8nUhIoNQg83RkQ6KnZ2sj8r+Yk4J+5KQ/jBFhIJ4v8RGCI8CgV3OGSURADDYRKrv+KaY9IQkFnl9MhWLMn/4VGuWSdlI6vjwqVi2kcWbSD9lARWegUVdAVqqE6ougBPaEX9Go8Gs/Gm/E+ac0Y05lt9EvGxzdzOZhR</latexit>

Var[X] = E[(X � E[X])2]
<latexit sha1_base64="NV987KfFTxluU5j9G2V+sIQ+J0Y=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8RzAM2a5idzCZjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uMOFMG9f9dgpLyyura8X10sbm1vZOeXevqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBUOryd+64kqzaS4N6OEBjHuCxYxgo2Vmjd++2EYdMsVt+pOgRaJl5MK5Kh3y1+dniRpTIUhHGvte25iggwrwwin41In1TTBZIj71LdU4JjqIJteO0ZHVumhSCpbwqCp+nsiw7HWozi0nTE2Az3vTcT/PD810WWQMZGkhgoyWxSlHBmJJq+jHlOUGD6yBBPF7K2IDLDCxNiASjYEb/7lRdI8qXrn1bO700rtKo+jCAdwCMfgwQXU4Bbq0AACj/AMr/DmSOfFeXc+Zq0FJ5/Zhz9wPn8AJsmO3g==</latexit>

E[Xk]
<latexit sha1_base64="/j+A4gN1LjixtQhXKMrPFr1zPOc=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSLUgyURv45FKXisYNtAGstmu2mXbjZxd1Mopb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMCxLOlLbtb2tpeWV1bT23kd/c2t7ZLeztN1ScSkLrJOaxdAOsKGeC1jXTnLqJpDgKOG0G/duJ3xxQqVgsHvQwoX6Eu4KFjGBtJL/qldzTquf6J499v10o2mV7CrRInIwUIUOtXfhqdWKSRlRowrFSnmMn2h9hqRnhdJxvpYommPRxl3qGChxR5Y+mR4/RsVE6KIylKaHRVP09McKRUsMoMJ0R1j01703E/zwv1eG1P2IiSTUVZLYoTDnSMZokgDpMUqL50BBMJDO3ItLDEhNtcsqbEJz5lxdJ46zsXJYv7s+LlZssjhwcwhGUwIErqMAd1KAOBJ7gGV7hzRpYL9a79TFrXbKymQP4A+vzB/6CkPc=</latexit>

E[(X � E[X])k]
<latexit sha1_base64="sOyROvbzyv4TIrMfGUddhxvdMfw=">AAACEHicbVDLSgMxFM3UV62vqks3wSJOQcuM+NoIRRFcVrDtlOlQMmmqwcyD5I5Yhn6CG3/FjQtF3Lp059+YtrPQ6oHLPZxzL8k9fiy4Asv6MnJT0zOzc/n5wsLi0vJKcXWtoaJEUlankYik4xPFBA9ZHTgI5sSSkcAXrOnfng395h2TikfhFfRj5gXkOuQ9TgloqVPcbgO7BxmkZ9HdwHR2WmV8gs9d09k9dx2vbLZ0b3llr1MsWRVrBPyX2BkpoQy1TvGz3Y1oErAQqCBKubYVg5cSCZwKNii0E8ViQm/JNXM1DUnAlJeODhrgLa10cS+SukLAI/XnRkoCpfqBrycDAjdq0huK/3luAr1jL+VhnAAL6fihXiIwRHiYDu5yySiIviaESq7/iukNkYSCzrCgQ7AnT/5LGnsV+7BycLlfqp5mceTRBtpEJrLREaqiC1RDdUTRA3pCL+jVeDSejTfjfTyaM7KddfQLxsc3itKaWw==</latexit>

Cov(X,Y ) = E[(X � E[X])(Y � E[Y ])]

Bilinéarité de la covariance
<latexit sha1_base64="Tmf+FFIbwth08RkOjMW1uve+ItI="></latexit>

Cov

0

@
nX

i=1

aiXi,
mX

j=1

bjYj

1

A =
nX

i=1

mX

j=1

aibjCov(Xi, Yj)
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Cas continu

Cas discret

<latexit sha1_base64="3xZRHRfWEZmaPG9cs2KMZDIU1cY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvQgpQZkepGKLpxWcE+oB1KJs20oZlMSDLiMNZfceNCEbd+iDv/xrSdhbYeuHByzr3k3uMLRpV2nG8rt7K6tr6R3yxsbe/s7tn7By0VxRKTJo5YJDs+UoRRTpqaakY6QhIU+oy0/fH11G/fE6loxO90IogXoiGnAcVIG6lvF0X54TGpiHJSgZfQPE6SSt8uOVVnBrhM3IyUQIZG3/7qDSIch4RrzJBSXdcR2kuR1BQzMin0YkUEwmM0JF1DOQqJ8tLZ8hN4bJQBDCJpims4U39PpChUKgl90xkiPVKL3lT8z+vGOrjwUspFrAnH84+CmEEdwWkScEAlwZolhiAsqdkV4hGSCGuTV8GE4C6evExap1W3Vq3dnpXqV1kceXAIjkAZuOAc1MENaIAmwCABz+AVvFlP1ov1bn3MW3NWNlMEf2B9/gA5LJM3</latexit>

p(x|y)p(y) = p(x, y)

<latexit sha1_base64="oDgMF2SiynxtmcX1ZEW8eprnFi4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkoiUt0UiiK4rGAfkoYymU7boZNJmJlIQ1pw46+4caGIW3/CnX/jtM1CWw9cOJxzL/fe44WMSmVZ30ZmaXlldS27ntvY3NreMXf36jKIBCY1HLBAND0kCaOc1BRVjDRDQZDvMdLwBlcTv/FAhKQBv1NxSFwf9TjtUoyUltrmwbXTHN2XYxeWYYtylQzDwnAUn3SG47aZt4rWFHCR2CnJgxTVtvnV6gQ48glXmCEpHdsKlZsgoShmZJxrRZKECA9QjziacuQT6SbTH8bwWCsd2A2ELq7gVP09kSBfytj3dKePVF/OexPxP8+JVPfCTSgPI0U4ni3qRgyqAE4CgR0qCFYs1gRhQfWtEPeRQFjp2HI6BHv+5UVSPy3apWLp9ixfuUzjyIJDcAQKwAbnoAJuQBXUAAaP4Bm8gjfjyXgx3o2PWWvGSGf2wR8Ynz8d25c4</latexit>

E[X|Y = y] =

Z
xp(x|y)dx

<latexit sha1_base64="+fg8ekQVjgQDwcDaYH3tMIsQ+GQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkoiUt0UiiK4rGAfkoYwmU7boZMHMxNpSLNx46+4caGIW//BnX/jtM1CWw9cOJxzL/fe44aMCmkY31puaXlldS2/XtjY3Nre0Xf3miKIOCYNHLCAt10kCKM+aUgqGWmHnCDPZaTlDq8mfuuBcEED/07GIbE91Pdpj2IkleToh9dWe3xfjW1YhR0ReU4ySpNRWBqN45PU0YtG2ZgCLhIzI0WQoe7oX51ugCOP+BIzJIRlGqG0E8QlxYykhU4kSIjwEPWJpaiPPCLsZPpFCo+V0oW9gKvyJZyqvycS5AkRe67q9JAciHlvIv7nWZHsXdgJ9cNIEh/PFvUiBmUAJ5HALuUESxYrgjCn6laIB4gjLFVwBRWCOf/yImmels1KuXJ7VqxdZnHkwQE4AiVggnNQAzegDhoAg0fwDF7Bm/akvWjv2sesNadlM/vgD7TPH/2/mEk=</latexit>

E[X|Y = y] =
X

x

xp(x|y)
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<latexit sha1_base64="tCzYmXyoi4v9id/e6DXHYgDhK9s=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJeNsIRSm4rGAvkoYymU7aoZNJmJkUSuybuHGhiFvfxJ1v47TNQqs/DHz85xzOmT9IOFPacb6swtLyyupacb20sbm1vWPv7jVVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQxvpvXWiErFYnGvxwn1I9wXLGQEa2N1bbvmtX10hWqegccH3+/aZafizIT+gptDGXLVu/ZnpxeTNKJCE46V8lwn0X6GpWaE00mpkyqaYDLEfeoZFDiiys9ml0/QkXF6KIyleUKjmftzIsORUuMoMJ0R1gO1WJua/9W8VIeXfsZEkmoqyHxRmHKkYzSNAfWYpETzsQFMJDO3IjLAEhNtwiqZENzFL/+F5knFPa+c3Z2Wq9d5HEU4gEM4BhcuoAq3UIcGEBjBE7zAq5VZz9ab9T5vLVj5zD78kvXxDYI9kk4=</latexit>

E[X] = E[E[X|Y ]]

Variance conditionnelle

Loi de l’espérance totale

Loi de la covariance totale
<latexit sha1_base64="npWSMQY4y1z4XKNc+/Q6OO5J+10=">AAACMnicbVDLSgMxFM3UV62vUZdugkUQLGVGRN0IRRF0p2B16nQomTRtQzMPkjtiGftNbvwSwYUuFHHrR5ipXdjWAyGHc+4hucePBVdgWa9Gbmp6ZnYuP19YWFxaXjFX165VlEjKqjQSkXR8opjgIasCB8GcWDIS+ILd+N2TzL+5Y1LxKLyCXsy8gLRD3uKUgJYa5nkd2D3IID2J7vquU6p5+AiPaKeu83DrlfCpW9O3h3c0Gw9lRsMsWmVrADxJ7CEpoiEuGuZzvRnRJGAhUEGUcm0rBi8lEjgVrF+oJ4rFhHZJm7mahiRgyksHK/fxllaauBVJfULAA/VvIiWBUr3A15MBgY4a9zLxP89NoHXopTyME2Ah/X2olQgMEc76w00uGQXR04RQyfVfMe0QSSjolgu6BHt85UlyvVu298v7l3vFyvGwjjzaQJtoG9noAFXQGbpAVUTRI3pB7+jDeDLejE/j63c0Zwwz62gExvcPTs+qMA==</latexit>

Cov[X,Y ] = Cov[E[X|Z], E[Y |Z]] + E[Cov[X,Y |Z]]

Covariance conditionnelle
<latexit sha1_base64="kzpDrcI0D6JvAtwlCo0plFoe6hk=">AAACKXicbVDLSgMxFM34tr6qLt0Ei1BBy4yIuhGKpeCygtWp06Fk0rQNJjNDckcsQ3/Hjb/iRkFRt/6IaTuCrwMhJ+fcy809QSy4Btt+syYmp6ZnZufmcwuLS8sr+dW1Cx0lirI6jUSk3IBoJnjI6sBBMDdWjMhAsMvgujL0L2+Y0jwKz6EfM1+Sbsg7nBIwUitfbgK7BSXTSnQz8Nwd3GhK3sZXPj7GVa/o7lY9N1O2iw3z+vK3s7uVL9glewT8lzgZKaAMtVb+qdmOaCJZCFQQrT3HjsFPiQJOBRvkmolmMaHXpMs8Q0MimfbT0aYDvGWUNu5EypwQ8Ej93pESqXVfBqZSEujp395Q/M/zEugc+SkP4wRYSMeDOonAEOFhbLjNFaMg+oYQqrj5K6Y9oggFE27OhOD8XvkvudgrOQelg7P9Qvkki2MObaBNVEQOOkRldIpqqI4oukMP6Bm9WPfWo/VqvY9LJ6ysZx39gPXxCTNrpB0=</latexit>

Cov[X,Y | Z] = E[(X � E[X | Z])(Y � E[Y | Z]) | Z]

<latexit sha1_base64="MKhL5TzCQc0lmlUD6eCh6I9M5zk=">AAACGHicbVDLSgNBEJyNrxhfUY9eBoMQQeKuSPQiBHPxGME8JFnC7GQSh8zsLjO9wbDkM7z4K148KOI1N//GSbKCJhY0FFXddHd5oeAabPvLSi0tr6yupdczG5tb2zvZ3b2aDiJFWZUGIlANj2gmuM+qwEGwRqgYkZ5gda9fnvj1AVOaB/4dDEPmStLzeZdTAkZqZ09bwB5BybhG1KjZaEnewfcuvsI/ejkYjPKNk8Q5bmdzdsGeAi8SJyE5lKDSzo5bnYBGkvlABdG66dghuDFRwKlgo0wr0iwktE96rGmoTyTTbjx9bISPjNLB3UCZ8gFP1d8TMZFaD6VnOiWBBz3vTcT/vGYE3Us35n4YAfPpbFE3EhgCPEkJd7hiFMTQEEIVN7di+kAUoWCyzJgQnPmXF0ntrOAUC8Xb81zpOokjjQ7QIcojB12gErpBFVRFFD2hF/SG3q1n69X6sD5nrSkrmdlHf2CNvwHh9J+l</latexit>

Var[X | Y ] = Cov(X,X | Y )



• Estimation par intervalle, tests d’hypothèses

• Estimation ponctuelle

Analyse statistique
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P
<latexit sha1_base64="GH4lnl7xiOBJEv5hdGjYXKo68Lw=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJXe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zKrDkbVKpuzZ2DrBKvIFUo0BxUvvrDmKURV8gkNabnuQn6GdUomOSzcj81PKFsQke8Z6miETd+No88I+dWGZIw1vYpJHP190ZGI2OmUWAn84hm2cvF/7xeiuGNnwmVpMgVW3wUppJgTPL7yVBozlBOLaFMC5uVsDHVlKFtqWxL8JZPXiXtes27rNUfrqqN26KOEpzCGVyAB9fQgHtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AiGeRag==</latexit>

Modèle statistique
<latexit sha1_base64="aIHsIl+W1zraQvxmA88EAkeKhOY=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5iJBz0GvXgRIpgFkhB7OpWkSc/02F0jxCH4K148KOLV//Dm39hZDpr4oODxXhVV9YJYCoOe9+1klpZXVtey67mNza3tHXd3r2pUojlUuJJK1wNmQIoIKihQQj3WwMJAQi0YXI792gNoI1R0i8MYWiHrRaIrOEMrtd2Da9Vp3oEEatBKBsV9Am037xW8Cegi8WckT2Yot92vZkfxJIQIuWTGNHwvxlbKNAouYZRrJgZixgesBw1LIxaCaaWT60f02Cod2lXaVoR0ov6eSFlozDAMbGfIsG/mvbH4n9dIsHveSkUUJwgRny7qJpKiouMoaEdo4CiHljCuhb2V8j7TjKMNLGdD8OdfXiTVYsE/LRRvivnSxSyOLDkkR+SE+OSMlMgVKZMK4eSRPJNX8uY8OS/Ou/Mxbc04s5l98gfO5w+7xpVn</latexit>

Observations
<latexit sha1_base64="YXy3JFld41rc4LguT0NZ4F2+g24=">AAAB83icbZA9SwNBEIbn4leMX1FLm8UgWIW7WGgZtLEzgvmA5Ah7m7lkyd7esbsXCEf+ho2FIrb+GTv/jZvkCk18YeHhnRlm9g0SwbVx3W+nsLG5tb1T3C3t7R8cHpWPT1o6ThXDJotFrDoB1Si4xKbhRmAnUUijQGA7GN/N6+0JKs1j+WSmCfoRHUoeckaNtXoPgUY1WbDulytu1V2IrIOXQwVyNfrlr94gZmmE0jBBte56bmL8jCrDmcBZqZdqTCgb0yF2LUoaofazxc0zcmGdAQljZZ80ZOH+nshopPU0CmxnRM1Ir9bm5n+1bmrCGz/jMkkNSrZcFKaCmJjMAyADrpAZMbVAmeL2VsJGVFFmbEwlG4K3+uV1aNWq3lW19lir1G/zOIpwBudwCR5cQx3uoQFNYJDAM7zCm5M6L86787FsLTj5zCn8kfP5A3TOkfM=</latexit>

O ⇠ P
<latexit sha1_base64="o8iDVvgK0OP9ZsskzKA8tnwXDRY=">AAAB7nicbVBNSwMxFHxbv2r9qnr0EiyCp7JbBT0WvXizgrWFdpFs+rYNTbJLkhVK6Y/w4kERr/4eb/4b03YP2joQGGbmkfcmSgU31ve/vcLK6tr6RnGztLW9s7tX3j94MEmmGTZZIhLdjqhBwRU2LbcC26lGKiOBrWh4PfVbT6gNT9S9HaUYStpXPOaMWie1bruGS9J4LFf8qj8DWSZBTiqQw+W/ur2EZRKVZYIa0wn81IZjqi1nAielbmYwpWxI+9hxVFGJJhzP1p2QE6f0SJxo95QlM/X3xJhKY0YycklJ7cAselPxP6+T2fgyHHOVZhYVm38UZ4LYhExvJz2ukVkxcoQyzd2uhA2opsy6hkquhGDx5GXyUKsGZ9Xa3XmlfpXXUYQjOIZTCOAC6nADDWgCgyE8wyu8ean34r17H/NowctnDuEPvM8ftpCPKA==</latexit>

Distribution
<latexit sha1_base64="bKDyDfrSA3AmrYkMYqY5yCQNT1U=">AAAB83icbVC7SgNBFL3rM8ZX1NJmMAhWYTcWWga1sIxgHpAsYXYymwyZmV3mIYQlv2FjoYitP2Pn3zibbKGJBwbOPede7p0TpZxp4/vf3tr6xubWdmmnvLu3f3BYOTpu68QqQlsk4YnqRlhTziRtGWY47aaKYhFx2okmt7nfeaJKs0Q+mmlKQ4FHksWMYOOk/p3boFhk82JQqfo1fw60SoKCVKFAc1D56g8TYgWVhnCsdS/wUxNmWBlGOJ2V+1bTFJMJHtGeoxILqsNsfvMMnTtliOJEuScNmqu/JzIstJ6KyHUKbMZ62cvF/7yeNfF1mDGZWkMlWSyKLUcmQXkAaMgUJYZPHcFEMXcrImOsMDEuprILIVj+8ipp12vBZa3+UK82boo4SnAKZ3ABAVxBA+6hCS0gkMIzvMKbZ70X7937WLSuecXMCfyB9/kDdmiR9A==</latexit> P 2 P

<latexit sha1_base64="rDnb235s3FX2WBsNNmNmQCEHA6c=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmqoMuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO2iy09cDA4Zx7uWdOkHCmtON8W6W19Y3NrfJ2ZWd3b//Arh52VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMbnK/+0ClYrG419OE+hEeCRYygrWRBna1hTwmkBdhPSaYZ63ZwK45dWcOtErcgtSgQGtgf3nDmKQRFZpwrFTfdRLtZ1hqRjidVbxU0QSTCR7RvqECR1T52Tz6DJ0aZYjCWJonNJqrvzcyHCk1jQIzmUdUy14u/uf1Ux1e+RkTSaqpIItDYcqRjlHeAxoySYnmU0MwkcxkRWSMJSbatFUxJbjLX14lnUbdPa837i5qzeuijjIcwwmcgQuX0IRbaEEbCDzCM7zCm/VkvVjv1sditGQVO0fwB9bnD6HVk5o=</latexit>

f̂(O) ⇡ f(P )
<latexit sha1_base64="+p5uZ34mLC8R+zpJTOnzhfU8CmM=">AAACAXicbVDLSsNAFJ34rPEVdSO4GSxCuylJFXRZdOPOCvYBTSiT6aQdOpkJMxOxhLrxV9y4UMStf+HOv3HaZqGtBy4czrmXe+8JE0aVdt1va2l5ZXVtvbBhb25t7+w6e/tNJVKJSQMLJmQ7RIowyklDU81IO5EExSEjrXB4NfFb90QqKvidHiUkiFGf04hipI3UdQ5tf4B0Fo1LN2XooySR4gFGpXq56xTdijsFXCReToogR73rfPk9gdOYcI0ZUqrjuYkOMiQ1xYyMbT9VJEF4iPqkYyhHMVFBNv1gDE+M0oORkKa4hlP190SGYqVGcWg6Y6QHat6biP95nVRHF0FGeZJqwvFsUZQyqAWcxAF7VBKs2cgQhCU1t0I8QBJhbUKzTQje/MuLpFmteKeV6u1ZsXaZx1EAR+AYlIAHzkENXIM6aAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AEbilX0=</latexit>

<latexit sha1_base64="jmHVtrcLZUIi9eG2ly+OTmdl0MM=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2AruJAyI3jBVVEUlxXsBdpSMumZNphJhiSjlKEv4cZXceNCEbeCO9/GTNuFtx8CH/85h5zzBzFn2njep5ObmZ2bX8gvFpaWV1bX3PWNupaJolCjkkvVDIgGzgTUDDMcmrECEgUcGsHNWVZv3ILSTIprM4yhE5G+YCGjxFir6+5dSEEzFMA54FKIT3A7ImZACU+ro7Zi/YEhSsk7fF7qukWv7I2F/4I/hSKaqtp1P9o9SZMIhKGcaN3yvdh0UqIMoxxGhXaiISb0hvShZVGQCHQnHV81wjvW6eFQKvuEwWP3+0RKIq2HUWA7s4X171pm/ldrJSY87qRMxIkBQScfhQnHRuIsItxjCqjhQwuEKmZ3xXRAFKHGBlmwIfi/T/4L9f2yf1g+uNovVk6nceTRFtpGu8hHR6iCLlEV1RBF9+gRPaMX58F5cl6dt0lrzpnObKIfct6/ALcznos=</latexit>

Fonctionnelle f : P ! E
<latexit sha1_base64="raos0gv0h4WXlDOgSL1y2Trgy/Q=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZmCj2VRBJcV7APboWTSO21oJjMkGaEM/Qs3LhRx69+4829M21lo64HA4Zx7ybknSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqz0eKsNj6jBVPVKZbfizkCWiZeTMuSo90pf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9miSfk1Cp9EsbKPmnITP29kdFI63EU2Ekbb6gXvan4n9dJTXjlZ1wmqUHJ5h+FqSAmJtPzSZ8rZEaMLaFMcZuVsCFVlBlbUtGW4C2evEya1Yp3UTm/r5Zr13kdBTiGEzgDDy6hBndQhwYwkPAMr/DmaOfFeXc+5qMrTr5zBH/gfP4A1qGRCQ==</latexit>

Estimateur
<latexit sha1_base64="kUs1Dsb74jgkDaK//ZP3GGZ99N0=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd2Aj2OIF48RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD/UU+6WyW3HnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn81PnZJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTtCF4yy+vkla14l1VLu+r5Vo9j6MAp3AGF+DBNdTgDhrQBAZDeIZXeHOk8+K8Ox+L1jUnnzmBP3A+fwBDBo3L</latexit>

But

Cadre général

<latexit sha1_base64="g/ay7Go09JDKui9wKD7TTiGurRY=">AAACCXicbVDJSgNBEO2JW4xb1KOXxiB4CjPihqegCN6MYBbIhFDT6Uma9Cx01yhhmKsXf8WLB0W8+gfe/Bs7y0GjDwoe71VRVc+LpdBo219Wbm5+YXEpv1xYWV1b3yhubtV1lCjGayySkWp6oLkUIa+hQMmbseIQeJI3vMHFyG/ccaVFFN7iMObtAHqh8AUDNFKnSN0+YOpnZ24A2Gcg0+vMVaLXR1AquqeXnWLJLttj0L/EmZISmaLaKX663YglAQ+RSdC65dgxtlNQKJjkWcFNNI+BDaDHW4aGEHDdTsefZHTPKF3qR8pUiHSs/pxIIdB6GHimc3SvnvVG4n9eK0H/tJ2KME6Qh2yyyE8kxYiOYqFdoThDOTQEmBLmVsr6oIChCa9gQnBmX/5L6gdl57h8dHNYqpxP48iTHbJL9olDTkiFXJEqqRFGHsgTeSGv1qP1bL1Z75PWnDWd2Sa/YH18AzlRmq0=</latexit>

f̂ : O ! E



Analyse statistique
• Problème de l’induction, inséparable de la démarche scientifique 

dans son ensemble


• Bayésien vs fréquentiste et autres (“best systems” etc.)


• Question d’interprétation de la modélisation probabiliste dans 
un cadre applicatif donné (que représentent les probabilités 
considérées ?)


• Une méthode formelle n’est donc pas intrinsèquement 
“Bayésienne” ou “fréquentiste”, tout dépend de son utilisation 


• Référence sur le sujet : https://plato.stanford.edu/entries/
probability-interpret/
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• biais


• variance


• risque

Qualité statistique d’un estimateur 
ponctuel
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bP (f̂) = EO⇠P [f̂(O)]� f(P )
<latexit sha1_base64="IqLf9ymgpKT2/xy7iKO8E4Xvi+M=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VoF9akCroRiiK4awT7gDSEyXTSDp08mJkIJeQz3Pgrblwo4rY7/8Zpm4W2HrhwOOde7r3HixkV0jC+tcLK6tr6RnGztLW9s7un7x+0RZRwTFo4YhHvekgQRkPSklQy0o05QYHHSMcb3U79zhPhgkbhoxzHxAnQIKQ+xUgqydXPPNeq9IZIpn5Whdfwzk2bPUEDaGWpneuVZtXJ4Cn0K1bV1ctGzZgBLhMzJ2WQw3L1Sa8f4SQgocQMCWGbRiydFHFJMSNZqZcIEiM8QgNiKxqigAgnnT2WwROl9KEfcVWhhDP190SKAiHGgac6AySHYtGbiv95diL9KyelYZxIEuL5Ij9hUEZwmhLsU06wZGNFEOZU3QrxEHGEpcqypEIwF19eJu16zTyv1R8uyo2bPI4iOALHoAJMcAka4B5YoAUweAav4B18aC/am/apfc1bC1o+cwj+QJv8AGRjnhY=</latexit>

kbP (f̂)k2
<latexit sha1_base64="e5PMPrnsfgDoO2wt4MynX7Jx7GM=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRahXkpSBT0WvXisYFuhCWGz3bRLN5uwuxFLmr/ixYMiXv0j3vw3btsctPXBwOO9GWbmBQmjUtn2t1FaW9/Y3CpvV3Z29/YPzMNqV8apwKSDYxaLhwBJwignHUUVIw+JICgKGOkF45uZ33skQtKY36tJQrwIDTkNKUZKS75ZdaeB3667I6SyMD9zp37TN2t2w57DWiVOQWpQoO2bX+4gxmlEuMIMSdl37ER5GRKKYkbyiptKkiA8RkPS15SjiEgvm9+eW6daGVhhLHRxZc3V3xMZiqScRIHujJAayWVvJv7n9VMVXnkZ5UmqCMeLRWHKLBVbsyCsARUEKzbRBGFB9a0WHiGBsNJxVXQIzvLLq6TbbDjnjebdRa11XcRRhmM4gTo4cAktuIU2dADDEzzDK7wZufFivBsfi9aSUcwcwR8Ynz9ZIpP9</latexit>

VarP (f̂) = VarO⇠P [f̂(O)]
<latexit sha1_base64="w4MLHQ0rHY94xD6hKYC9JIx6klY=">AAACJXicbVDLSsNAFJ34tr6qLt0MFqHdlEQFXSgU3bhrBfuAJpTJdGIHZ5IwcyOWkJ9x46+4caGI4MpfcdpmYVsPDBzOOZc79/ix4Bps+9taWFxaXlldWy9sbG5t7xR391o6ShRlTRqJSHV8opngIWsCB8E6sWJE+oK1/Yfrkd9+ZErzKLyDYcw8Se5DHnBKwEi94oUL7AmUTFtEZb1G2R0QSIOsgi/xlJPWXc0lbmTdPFGuV7xesWRX7THwPHFyUkI5Gr3ih9uPaCJZCFQQrbuOHYOXEgWcCpYV3ESzmNAHcs+6hoZEMu2l4yszfGSUPg4iZV4IeKz+nUiJ1HoofZOUBAZ61huJ/3ndBIJzL+VhnAAL6WRRkAgMER5VhvtcMQpiaAihipu/YjogilAwxRZMCc7syfOkdVx1TqrHt6el2lVexxo6QIeojBx0hmroBjVQE1H0jF7RO/qwXqw369P6mkQXrHxmH03B+vkFZ5qlxw==</latexit>

RP (f̂) = EO⇠P [`(f(P ), f̂(O))]
<latexit sha1_base64="voCwZi9bqUKb84ZH40KdwLQHLk4=">AAACHHicbVDLSsNAFJ34rPUVdelmsAgpSElaQTdCUQR3jWIf0IQwmU7aoZMHMxOhhH6IG3/FjQtF3LgQ/BunbRbaemDgcM653LnHTxgV0jS/taXlldW19cJGcXNre2dX39tviTjlmDRxzGLe8ZEgjEakKalkpJNwgkKfkbY/vJr47QfCBY2jezlKiBuifkQDipFUkqfXineebTgDJLNgXIYX8NrLGo6gIbTHXYcwZgSGXT6BecJolMuup5fMijkFXCRWTkogh+3pn04vxmlIIokZEqJrmYl0M8QlxYyMi04qSILwEPVJV9EIhUS42fS4MTxWSg8GMVcvknCq/p7IUCjEKPRVMkRyIOa9ifif101lcO5mNEpSSSI8WxSkDMoYTpqCPcoJlmykCMKcqr9CPEAcYan6LKoSrPmTF0mrWrFqlertaal+mddRAIfgCBjAAmegDm6ADZoAg0fwDF7Bm/akvWjv2scsuqTlMwfgD7SvH1MSnwk=</latexit>

<latexit sha1_base64="uBkqGpwHRAh8wpFdfz/HC3Vne9M=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpF26uwm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTDjTxvO+ndLK6tr6RnmzsrW9s7tX3T941HGqKLZozGPVCYlGziS2DDMcO4lCIkKO7XB8m/vtJ1SaxfLBTBIMBBlKFjFKTC71kPN+tebVvRncZeIXpAYFmv3qV28Q01SgNJQTrbu+l5ggI8owynFa6aUaE0LHZIhdSyURqINsduvUPbHKwI1iZUsad6b+nsiI0HoiQtspiBnpRS8X//O6qYmug4zJJDUo6XxRlHLXxG7+uDtgCqnhE0sIVcze6tIRUYQaG0/FhuAvvrxMHs/q/mX94v681rgp4ijDERzDKfhwBQ24gya0gMIInuEV3hzhvDjvzse8teQUM4fwB87nDxCmjkU=</latexit>

` Fonction de coût

<latexit sha1_base64="5RIcYbkOJLMQHSr7WxHUmNKPWa4=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQktSfOGq6MZlBfuAJobJdNIOnUnCzEQa2q7c+CtuXCji1m9w5984bbPQ6oGBwzn3cuccP2ZUKsv6MnJz8wuLS/nlwsrq2vqGublVl1EiMKnhiEWi6SNJGA1JTVHFSDMWBHGfkYbfuxr7jXsiJI3CW5XGxOWoE9KAYqS05Jm7DmHsAvYPYepwFEsVQWfYP0qdoVe+K3tm0SpZE8C/xM5IEWSoeuan045wwkmoMENStmwrVu4ACUUxI6OCk0gSI9xDHdLSNEScSHcwiTGC+1ppwyAS+oUKTtSfGwPEpUy5ryc5Ul05643F/7xWooJzd0DDOFEkxNNDQcKgDjvuBLapIFixVBOEBdV/hbiLBMJKN1fQJdizkf+Serlkn5ZObo6LlcusjjzYAXvgANjgDFTANaiCGsDgATyBF/BqPBrPxpvxPh3NGdnONvgF4+Mbt7WYBg==</latexit>

` : x, y 7! kx� yk22Décomposition biais-variance du risque dans le cas
<latexit sha1_base64="RCSwOFEJ5D92smjSoTcclEaN888=">AAACJnicbVDJSgNBEO1xjXGLevTSGISIEGaC2yUQ9OIxilkgE4eeTk/SpGehu0YMk3yNF3/Fi4eIiDc/xc5yiIkPCh7vVVFVz40EV2Ca38bS8srq2npqI725tb2zm9nbr6owlpRVaChCWXeJYoIHrAIcBKtHkhHfFazmdm9Gfu2JScXD4AF6EWv6pB1wj1MCWnIyxXunnLM7BBJvcIKL2Ab2DNJPqkQOZp1TbPfdGcHuO4XHgpPJmnlzDLxIrCnJoinKTmZot0Ia+ywAKohSDcuMoJkQCZwKNkjbsWIRoV3SZg1NA+Iz1UzGbw7wsVZa2AulrgDwWJ2dSIivVM93dadPoKPmvZH4n9eIwbtqJjyIYmABnSzyYoEhxKPMcItLRkH0NCFUcn0rph0iCQWdbFqHYM2/vEiqhbx1kT+/O8uWrqdxpNAhOkI5ZKFLVEK3qIwqiKIX9IaG6MN4Nd6NT+Nr0rpkTGcO0B8YP79woqSK</latexit>

RP (f̂) = VarP (f̂) + kbP (f̂)k22


