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Plan du cours (prévisionnel)

9 séances de 3h


Partie 1 (DM1) : algèbre linéaire et probabilités


1. Notions de bases sur les preuves (+ Algèbre linéaire?)


2. Algèbre linéaire (+ Probabilités?)


3. Probabilités


Partie 2 (DM2): statistique et optimisation


4. Statistiques


5. Optimisation


Partie 3 (DM3): 


6. Optimisation sous contraintes


7. Optimisation stochastique


8. Théorie de l’apprentissage


9. Putting it all together
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Statistique

• Introduction générale


• Statistique inférentielle non asymptotique (classique)


• Statistique inférentielle asymptotique (classique)


• Statistique inférentielle non asymptotique (haute 
dimension)


• Statistique inférentielle asymptotique (haute dimension)



Introduction

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>

Functional f : P ! E
<latexit sha1_base64="IskVtQQt7y/LvVm7+wTN01nYeGI=">AAACGHicbVBNS8NAEN34WetX1aOXxSJ4qkkVFE9FUTxWsCo0pUy2m3bpZhN2J2oJ/Rle/CtePCjitTf/jZvag18PBh7vzTAzL0ikMOi6H87U9Mzs3Hxhobi4tLyyWlpbvzJxqhlvsFjG+iYAw6VQvIECJb9JNIcokPw66J/k/vUt10bE6hIHCW9F0FUiFAzQSu3Sro/8HnWUnaWK5RJIOqThkR8B9hjIrD70tej2ELSO7+hpu1R2K+4Y9C/xJqRMJqi3SyO/E7M04gqZBGOanptgKwONgkk+LPqp4QmwPnR501IFETetbPzYkG5bpUPDWNtSSMfq94kMImMGUWA783vNby8X//OaKYaHrUyoJEWu2NeiMJUUY5qnRDtCc4ZyYAkwLeytlPVAA0ObZdGG4P1++S+5qla8vUr1Yr9cO57EUSCbZIvsEI8ckBo5J3XSIIw8kCfyQl6dR+fZeXPev1qnnMnMBvkBZ/QJ/gOg+A==</latexit>

Cadre général

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



• Estimation ponctuelle


• Estimation par intervalle

Introduction

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>

Functional f : P ! E
<latexit sha1_base64="IskVtQQt7y/LvVm7+wTN01nYeGI=">AAACGHicbVBNS8NAEN34WetX1aOXxSJ4qkkVFE9FUTxWsCo0pUy2m3bpZhN2J2oJ/Rle/CtePCjitTf/jZvag18PBh7vzTAzL0ikMOi6H87U9Mzs3Hxhobi4tLyyWlpbvzJxqhlvsFjG+iYAw6VQvIECJb9JNIcokPw66J/k/vUt10bE6hIHCW9F0FUiFAzQSu3Sro/8HnWUnaWK5RJIOqThkR8B9hjIrD70tej2ELSO7+hpu1R2K+4Y9C/xJqRMJqi3SyO/E7M04gqZBGOanptgKwONgkk+LPqp4QmwPnR501IFETetbPzYkG5bpUPDWNtSSMfq94kMImMGUWA783vNby8X//OaKYaHrUyoJEWu2NeiMJUUY5qnRDtCc4ZyYAkwLeytlPVAA0ObZdGG4P1++S+5qla8vUr1Yr9cO57EUSCbZIvsEI8ckBo5J3XSIIw8kCfyQl6dR+fZeXPev1qnnMnMBvkBZ/QJ/gOg+A==</latexit>

Cadre général

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

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

f̂ : ⌦ ! E
<latexit sha1_base64="YCYw882rwJF1xas9wQnpP+BZT3w=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwFGaioHgKiuDNCGaBTAg1nZ6kSc9Cd40Shpy8+CtePCji1W/w5t/YWQ6a+KDg8V4VVfW8WAqNtv1tZRYWl5ZXsqu5tfWNza389k5NR4livMoiGamGB5pLEfIqCpS8ESsOgSd53etfjvz6PVdaROEdDmLeCqAbCl8wQCO18/tuDzD1h+fUvQl4F6irRLeHoFT0QK/a+YJdtMeg88SZkgKZotLOf7mdiCUBD5FJ0Lrp2DG2UlAomOTDnJtoHgPrQ5c3DQ0h4LqVjt8Y0kOjdKgfKVMh0rH6eyKFQOtB4JnOALCnZ72R+J/XTNA/a6UijBPkIZss8hNJMaKjTGhHKM5QDgwBpoS5lbIeKGBoksuZEJzZl+dJrVR0joul25NC+WIaR5bskQNyRBxySsrkmlRIlTDySJ7JK3mznqwX6936mLRmrOnMLvkD6/MHmvmYkQ==</latexit>

pO⇠P (f(P ) 2 R(O)) ⇡ 1� ↵
<latexit sha1_base64="05ZlvGeJ3OPSHrDqi7u508f/v+I=">AAACFHicbZDLSgMxFIYz9V5vVZdugkUYEctMFXQpunHXKlaFzlDOpBkbmsmEJCOWoQ/hxldx40IRty7c+Taml4Vafwh8/OccTs4fSc608bwvpzA1PTM7N79QXFxaXlktra1f6TRThDZIylN1E4GmnAnaMMxweiMVhSTi9Drqng7q13dUaZaKS9OTNEzgVrCYETDWapV2ZSuvBZoluN53Y7e+gwMm8IVb27EEUqr0Hvt7AXDZgVap7FW8ofAk+GMoo7HqrdJn0E5JllBhCAetm74nTZiDMoxw2i8GmaYSSBduadOigITqMB8e1cfb1mnjOFX2CYOH7s+JHBKte0lkOxMwHf23NjD/qzUzEx+FORMyM1SQ0aI449ikeJAQbjNFieE9C0AUs3/FpAMKiLE5Fm0I/t+TJ+GqWvH3K9Xzg/LxyTiOebSJtpCLfHSIjtEZqqMGIugBPaEX9Oo8Os/Om/M+ai0445kN9EvOxzfqvpw7</latexit>

R : ⌦ ! 2Imf
<latexit sha1_base64="B2CrgJxE2oEz1IAEc/lAS6I1Ja0=">AAACD3icbVA9SwNBEN3z2/gVtbRZDIpVuIuCYiXaaOUHxgRyMext5pLF3btjd04NR/6BjX/FxkIRW1s7/42bmEITHww83pthZl6QSGHQdb+csfGJyanpmdnc3PzC4lJ+eeXKxKnmUOaxjHU1YAakiKCMAiVUEw1MBRIqwc1Rz6/cgjYiji6xk0BdsVYkQsEZWqmR37zYp/6pghajvhatNjKt4ztaus58hHvUKjtR3bDbyBfcotsHHSXegBTIAGeN/KffjHmqIEIumTE1z02wnjGNgkvo5vzUQML4DWtBzdKIKTD1rP9Pl25YpUnDWNuKkPbV3xMZU8Z0VGA7FcO2GfZ64n9eLcVwr56JKEkRIv6zKEwlxZj2wqFNoYGj7FjCuBb2VsrbTDOONsKcDcEbfnmUXJWK3naxdL5TODgcxDFD1sg62SIe2SUH5JickTLh5IE8kRfy6jw6z86b8/7TOuYMZlbJHzgf3+a6nJ0=</latexit>



• Estimation ponctuelle


• biais


• variance


• risque

Statistique inférentielle non 
asymptotique (classique)
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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>

` : Rd ⇥Rd ! R
<latexit sha1_base64="26XO9LzIVmxgvykNtg8Sbd4qtuQ=">AAACJXicbVDLSgMxFM34rPVVdekmWARXZaYKirgounFZxT6gM5ZMJtOGZiZDckcpQ3/Gjb/ixoVFBFf+iuljUVsPBA7nnEvuPX4iuAbb/raWlldW19ZzG/nNre2d3cLefl3LVFFWo1JI1fSJZoLHrAYcBGsmipHIF6zh925GfuOJKc1l/AD9hHkR6cQ85JSAkdqFq7zLhLjEbkSg64fZ/eAxcIFHTM8q2FW80wWilHyeibYLRbtkj4EXiTMlRTRFtV0YuoGkacRioIJo3XLsBLyMKOBUsEHeTTVLCO2RDmsZGhOzh5eNrxzgY6MEOJTKvBjwWJ2dyEikdT/yTXK0oZ73RuJ/XiuF8MLLeJykwGI6+ShMBQaJR5XhgCtGQfQNIVRxsyumXaIIBVNs3pTgzJ+8SOrlknNaKt+dFSvX0zpy6BAdoRPkoHNUQbeoimqIohf0hj7Q0Hq13q1P62sSXbKmMwfoD6yfX/YspjM=</latexit>



• Statistique suffisante


• Maximum de vraisemblance

Outils pour la construction 
d’estimateurs ponctuels
2.2. Statistics, Sufficiency, and Completeness 103

2.2.2 Sufficiency and minimal sufficiency

Having discussed the reduction of the σ-field σ(X) by using a statistic
T (X), we now ask whether such a reduction results in any loss of infor-
mation concerning the unknown population. If a statistic T (X) is fully as
informative as the original sample X , then statistical analyses can be done
using T (X) that is simpler than X . The next concept describes what we
mean by fully informative.

Definition 2.4 (Sufficiency). Let X be a sample from an unknown pop-
ulation P ∈ P , where P is a family of populations. A statistic T (X) is
said to be sufficient for P ∈ P (or for θ ∈ Θ when P = {Pθ : θ ∈ Θ} is a
parametric family) if and only if the conditional distribution of X given T
is known (does not depend on P or θ).

Definition 2.4 can be interpreted as follows. Once we observe X and
compute a sufficient statistic T (X), the original data X do not contain any
further information concerning the unknown population P (since its con-
ditional distribution is unrelated to P ) and can be discarded. A sufficient
statistic T (X) contains all information about P contained in X (see Ex-
ercise 36 in §3.6 for an interpretation of this from another viewpoint) and
provides a reduction of the data if T is not one-to-one. Thus, one of the
questions raised in Example 2.1 can be answered as follows: it is enough to
just look at x̄ and s2 for the problem of measuring θ if (X̄, S2) is sufficient
for P (or θ when θ is the only unknown parameter).

The concept of sufficiency depends on the given family P . If T is suffi-
cient for P ∈ P , then T is also sufficient for P ∈ P0 ⊂ P but not necessarily
sufficient for P ∈ P1 ⊃ P .

Example 2.10. Suppose that X = (X1, ..., Xn) and X1, ..., Xn are i.i.d.
from the binomial distribution with the p.d.f. (w.r.t. the counting measure)

fθ(z) = θz(1 − θ)1−zI{0,1}(z), z ∈ R, θ ∈ (0, 1).

For any realization x of X , x is a sequence of n ones and zeros. Consider
the statistic T (X) =

∑n
i=1 Xi, which is the number of ones in X . Before

showing that T is sufficient, we can intuitively argue that T contains all
information about θ, since θ is the probability of an occurrence of a one
in x. Given T = t (the number of ones in x), what is left in the data set
x is the redundant information about the positions of t ones. Since the
random variables are discrete, it is not difficult to compute the conditional
distribution of X given T = t. Note that

P (X = x|T = t) =
P (X = x, T = t)

P (T = t)

7



Statistique inférentielle non 
asymptotique (classique)

What about tail probabilities ?


• Concentration inequalities


• Markov’s bound 


• Hoeffding’s bound


• Application : intervalle de confiances non-asymptotique

8

p(X � t)  E[X]

t
<latexit sha1_base64="iu0NAJRA9tSoCecBsFwBCz0E5xs=">AAACB3icbVDLSsNAFJ3UV62vqktBBotQNyWpgi6LIrisYNtAEspkOmmHTh7O3AgldOfGX3HjQhG3/oI7/8Zpm4W2Hrjcwzn3MnOPnwiuwDS/jcLS8srqWnG9tLG5tb1T3t1rqziVlLVoLGJp+0QxwSPWAg6C2YlkJPQF6/jDq4nfeWBS8Ti6g1HCvJD0Ix5wSkBL3fJhUsW222f3GE5coZsbSEKza8f2xhmMu+WKWTOnwIvEykkF5Wh2y19uL6ZpyCKggijlWGYCXkYkcCrYuOSmiiWEDkmfOZpGJGTKy6Z3jPGxVno4iKWuCPBU/b2RkVCpUejryZDAQM17E/E/z0khuPAyHiUpsIjOHgpSgSHGk1Bwj0tGQYw0IVRy/VdMB0QHATq6kg7Bmj95kbTrNeu0Vr89qzQu8ziK6AAdoSqy0DlqoBvURC1E0SN6Rq/ozXgyXox342M2WjDynX30B8bnD9mgmLA=</latexit>

t � 0
<latexit sha1_base64="y0O9D8vo2+9ZQQ/6AjYAs84WPGo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilNvaG/JG4/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+bnTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jsZCM0ZyokllGlhbyVsRDVlaBMq2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCsno8h</latexit>

t � 0
<latexit sha1_base64="y0O9D8vo2+9ZQQ/6AjYAs84WPGo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilNvaG/JG4/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+bnTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jsZCM0ZyokllGlhbyVsRDVlaBMq2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCsno8h</latexit>

p

 �����

nX

i=1

(Xi � µ)

����� � t

!
 2 exp

✓
� 2t2

n(b� a)2

◆

<latexit sha1_base64="h0crzSslbZ3y6Joi07A1IxfF6dw="></latexit>
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Statistique

• Introduction générale


• Statistique inférentielle non asymptotique (classique)


• Statistique inférentielle asymptotique (classique)


• Statistique inférentielle non asymptotique (haute 
dimension)


• Statistique inférentielle asymptotique (haute dimension)



• Convergence presque sûre ou presque partout


• Convergence en probabilité


• Convergence en loi


• Convergence en moyenne quadratique

Modes de convergence

10



Loi forte des grands 
nombres

62 1. Probability Theory

Example 1.31. Let {Xn} be a sequence of random variables satisfying√
n(Xn−c) →d N(0, 1). Consider the function g(x) = x2. If c $= 0, then an

application of Corollary 1.1 gives that
√

n(X2
n − c2) →d N(0, 4c2). If c = 0,

the first-order derivative of g at 0 is 0 but the second-order derivative of
g ≡ 2. Hence, an application of result (1.78) gives that nX2

n →d [N(0, 1)]2,
which has the chi-square distribution χ2

1 (Example 1.14). The last result
can also be obtained by applying Theorem 1.10(iii).

1.5.4 The law of large numbers

The law of large numbers concerns the limiting behavior of sums of indepen-
dent random variables. The weak law of large numbers (WLLN) refers to
convergence in probability, whereas the strong law of large numbers (SLLN)
refers to a.s. convergence.

The following lemma is useful in establishing the SLLN. Its proof is left
as an exercise.

Lemma 1.6. (Kronecker’s lemma). Let xn ∈ R, an ∈ R, 0 < an ≤
an+1, n = 1, 2, ..., and an → ∞. If the series

∑∞
n=1 xn/an converges, then

a−1
n

∑n
i=1 xi → 0.

Our first result gives the WLLN and SLLN for a sequence of independent
and identically distributed (i.i.d.) random variables.

Theorem 1.13. Let X1, X2, ... be i.i.d. random variables.
(i) (The WLLN). A necessary and sufficient condition for the existence of
a sequence of real numbers {an} for which

1

n

n∑

i=1

Xi − an →p 0 (1.80)

is that nP (|X1| > n) → 0, in which case we may take an = E(X1I{|X1|≤n}).
(ii) (The SLLN). A necessary and sufficient condition for the existence of a
constant c for which

1

n

n∑

i=1

Xi →a.s. c (1.81)

is that E|X1| < ∞, in which case c = EX1 and

1

n

n∑

i=1

ci(Xi − EX1) →a.s. 0 (1.82)

for any bounded sequence of real numbers {ci}.

X1, X2, . . . variables aléatoires i.i.d.
<latexit sha1_base64="ox0ZP7FtJKEi3EVwZiImaQuUnCg="></latexit>
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Théorème de la limite 
centrale

1.5. Asymptotic Theory 69

∑kn

j=1 σ
2
nj are uniformly negligible as n → ∞. If Feller’s condition is as-

sumed, then Lindeberg’s condition is not only sufficient but also necessary
for result (1.93), which is the well-known Lindeberg-Feller CLT. A proof can
be found in Billingsley (1986, pp. 373-375). Note that neither Lindeberg’s
condition nor Feller’s condition is necessary for result (1.93) (Exercise 158).

A sufficient condition for Lindeberg’s condition is the following Lia-
pounov’s condition, which is somewhat easier to verify:

kn∑

j=1

E|Xnj − EXnj |2+δ = o(σ2+δ
n ) for some δ > 0. (1.97)

Example 1.33. Let X1, X2, ... be independent random variables. Suppose
that Xi has the binomial distribution Bi(pi, 1), i = 1, 2,..., and that σ2

n =∑n
i=1 Var(Xi) =

∑n
i=1 pi(1 − pi) → ∞ as n → ∞. For each i, EXi =

pi and E|Xi − EXi|3 = (1 − pi)3pi + p3
i (1 − pi) ≤ 2pi(1 − pi). Hence∑n

i=1 E|Xi − EXi|3 ≤ 2σ2
n, i.e., Liapounov’s condition (1.97) holds with

δ = 1. Thus, by Theorem 1.15,

1

σn

n∑

i=1

(Xi − pi) →d N(0, 1). (1.98)

It can be shown (exercise) that the condition σn → ∞ is also necessary for
result (1.98).

The following are useful corollaries of Theorem 1.15 (and Theorem
1.9(iii)). Corollary 1.2 is in fact proved in Example 1.28. The proof of
Corollary 1.3 is left as an exercise.

Corollary 1.2 (Multivariate CLT). Let X1, ..., Xn be i.i.d. random k-
vectors with a finite Σ = Var(X1). Then

1√
n

n∑

i=1

(Xi − EX1) →d Nk(0, Σ).

Corollary 1.3. Let Xni ∈ Rmi , i = 1, ..., kn, be independent random
vectors with mi ≤ m (a fixed integer), n = 1, 2,..., kn → ∞ as n → ∞, and
infi,n λ−[Var(Xni)] > 0, where λ−[A] is the smallest eigenvalue of A. Let
cni ∈ Rmi be vectors such that

lim
n→∞

(
max

1≤i≤kn

‖cni‖2

/ kn∑

i=1

‖cni‖2

)
= 0.

12



Transformations continues 
et théorème de Slutsky

60 1. Probability Theory

convergence of the joint c.d.f. of (Xn, Yn). This is different when →d is re-
placed by →p or →a.s.. The following result, which plays an important role
in probability and statistics, establishes the convergence in distribution of
Xn +Yn or XnYn when no information regarding the joint c.d.f. of (Xn, Yn)
is provided.

Theorem 1.11 (Slutsky’s theorem). Let X, X1, X2, ..., Y1, Y2, ... be ran-
dom variables on a probability space. Suppose that Xn →d X and Yn →p c,
where c is a fixed real number. Then
(i) Xn + Yn →d X + c;
(ii) YnXn →d cX ;
(iii) Xn/Yn →d X/c if c "= 0.
Proof. We prove (i) only. The proofs of (ii) and (iii) are left as exercises.
Let t ∈ R and ε > 0 be fixed constants. Then

FXn+Yn(t) = P (Xn + Yn ≤ t)

≤ P ({Xn + Yn ≤ t} ∩ {|Yn − c| < ε}) + P (|Yn − c| ≥ ε)

≤ P (Xn ≤ t − c + ε) + P (|Yn − c| ≥ ε)

and, similarly,

FXn+Yn(t) ≥ P (Xn ≤ t − c − ε) − P (|Yn − c| ≥ ε).

If t − c, t − c + ε, and t − c − ε are continuity points of FX , then it follows
from the previous two inequalities and the hypotheses of the theorem that

FX(t − c − ε) ≤ lim inf
n

FXn+Yn(t) ≤ lim sup
n

FXn+Yn(t) ≤ FX(t − c + ε).

Since ε can be arbitrary (why?),

lim
n→∞

FXn+Yn(t) = FX(t − c).

The result follows from FX+c(t) = FX(t − c).

An application of Theorem 1.11 is given in the proof of the following
important result.

Theorem 1.12. Let X1, X2, ... and Y be random k-vectors satisfying

an(Xn − c) →d Y, (1.76)

where c ∈ Rk and {an} is a sequence of positive numbers with limn→∞ an =
∞. Let g be a function from Rk to R.
(i) If g is differentiable at c, then

an[g(Xn) − g(c)] →d [∇g(c)]τY, (1.77)

1.5. Asymptotic Theory 59

Other examples of applications of Theorem 1.9 are given in Exercises
135-140 in §1.6. The following result can be used to check whether Xn →d

X when X has a p.d.f. f and Xn has a p.d.f. fn.

Proposition 1.18 (Scheffé’s theorem). Let {fn} be a sequence of p.d.f.’s
on Rk w.r.t. a measure ν. Suppose that limn→∞ fn(x) = f(x) a.e. ν and
f(x) is a p.d.f. w.r.t. ν. Then limn→∞

∫
|fn(x) − f(x)|dν = 0.

Proof. Let gn(x) = [f(x) − fn(x)]I{f≥fn}(x), n = 1, 2,.... Then

∫
|fn(x) − f(x)|dν = 2

∫
gn(x)dν.

Since 0 ≤ gn(x) ≤ f(x) for all x and gn → 0 a.e. ν, the result follows from
the dominated convergence theorem.

As an example, consider the Lebesgue p.d.f. fn of the t-distribution tn
(Table 1.2), n = 1, 2,.... One can show (exercise) that fn → f , where f is
the standard normal p.d.f. This is an important result in statistics.

1.5.3 Convergence of transformations

Transformation is an important tool in statistics. For random vectors Xn

converging to X in some sense, we often want to know whether g(Xn)
converges to g(X) in the same sense. The following result provides an
answer to this question in many problems. Its proof is left to the reader.

Theorem 1.10. Let X, X1, X2, ... be random k-vectors defined on a prob-
ability space and g be a measurable function from (Rk,Bk) to (Rl,Bl).
Suppose that g is continuous a.s. PX . Then
(i) Xn →a.s. X implies g(Xn) →a.s. g(X);
(ii) Xn →p X implies g(Xn) →p g(X);
(iii) Xn →d X implies g(Xn) →d g(X).

Example 1.30. (i) Let X1, X2, ... be random variables. If Xn →d X ,
where X has the N(0, 1) distribution, then X2

n →d Y , where Y has the
chi-square distribution χ2

1 (Example 1.14).
(ii) Let (Xn, Yn) be random 2-vectors satisfying (Xn, Yn) →d (X, Y ), where
X and Y are independent random variables having the N(0, 1) distribution,
then Xn/Yn →d X/Y , which has the Cauchy distribution C(0, 1) (§1.3.1).
(iii) Under the conditions in part (ii), max{Xn, Yn} →d max{X, Y }, which
has the c.d.f. [Φ(x)]2 (Φ(x) is the c.d.f. of N(0, 1)).

In Example 1.30(ii) and (iii), the condition that (Xn, Yn) →d (X, Y )
cannot be relaxed to Xn →d X and Yn →d Y (exercise); i.e., we need the
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Plan du cours (prévisionnel)

9 séances de 3h


Partie 1 (DM1) : algèbre linéaire et probabilités


1. Notions de bases sur les preuves (+ Algèbre linéaire?)


2. Algèbre linéaire (+ Probabilités?)


3. Probabilités


Partie 2 (DM2): statistique et optimisation


4. Statistiques


5. Optimisation


Partie 3 (DM3): 


6. Optimisation sous contraintes


7. Optimisation stochastique


8. Théorie de l’apprentissage


9. Putting it all together
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Optimisation sans 
contraintes

f : Rn 7! R
<latexit sha1_base64="/7HYHm9YFtilBtav2UmbSnFpbs0="></latexit>

min
x

f(x) ?
<latexit sha1_base64="Jm6SFxl1VTF4t2vUHJnWgPnMTH4="></latexit>

x⇤ est un minimum global de f ssi pour tout x 2 Rn, f(x⇤)  f(x)
<latexit sha1_base64="HTZ64D3o5vAV0YyxArNb5nsojEo="></latexit>

x⇤ est un minimum local de f ssi il existe un ensemble ouvert U ⇢ Rn

contenant x⇤ tel que pour tout x 2 U , f(x⇤)  f(x)
<latexit sha1_base64="TaNvouGrWcMvagBpazk1106LIyA="></latexit>
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Analyse
Concept central lim

x!a
f(x) = l ?

<latexit sha1_base64="pC6a4XFLQavwfFqXc8PIBc0HQqY="></latexit>

Dans Rn, La boule ouverte Bo(x, ✏), centrée sur x et de rayon ✏ associée à
la norme Euclidienne est l’ensemble des points y de Rn tels que kx� yk2 < ✏

<latexit sha1_base64="mOhK02FS52kyVBkc+gAUov7OOPs="></latexit>

Dans Rn, La boule fermée Bf (x, ✏), centrée sur x et de rayon ✏ associée à la
norme Euclidienne est l’ensemble des points y de Rn tels que kx� yk2  ✏

<latexit sha1_base64="KxuGT0qAweQ9eb97DXuHTV2Lp6w="></latexit>

U est un ouvert de Rn ssi U ⇢ Rn et pour tout x dans U , il existe ✏ > 0,
tel que Bf (x, ✏) ⇢ U .

<latexit sha1_base64="CAykajiFtWs9Fib6nR/43Sa3Suo="></latexit>

U est un fermé de Rn ssi son complément dans Rn est un ouvert de Rn
<latexit sha1_base64="/P2OlJNO+XtaRgtzUsaiKdW4z8U="></latexit>

Notions de base de topologie
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Jacobienne, gradient
f : U ⇢ Rn ! Rm, de classe C1

<latexit sha1_base64="59n6eAb8Q0UghZ0cI6HrTMpbCP8="></latexit>

Dérivée partielle

Matrice Jacobienne (transposée du gradient si m=1)

f : x 7! (f1(x), f2(x), . . . , fm(x))
<latexit sha1_base64="Fmt4IWExWtg0U+5cckaqTAOwK8Q="></latexit>

@fi
@xj

: (a1, . . . , an) 7! lim
h!0

fi(a1, . . . , aj�1, aj + h, aj+1, . . . an)� fi(a1, . . . , aj , . . . , an)

h
<latexit sha1_base64="W3x2XBn/U24STtRXX8qLs+hJrcM="></latexit>

“Chain rule”
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Optimisation sans 
contraintes

f : Rn 7! R
<latexit sha1_base64="/7HYHm9YFtilBtav2UmbSnFpbs0="></latexit>

min
x

f(x) ?
<latexit sha1_base64="Jm6SFxl1VTF4t2vUHJnWgPnMTH4="></latexit>

x⇤ est un minimum global de f ssi pour tout x 2 Rn, f(x⇤)  f(x)
<latexit sha1_base64="HTZ64D3o5vAV0YyxArNb5nsojEo="></latexit>

x⇤ est un minimum local de f ssi il existe un ensemble ouvert U ⇢ Rn

contenant x⇤ tel que pour tout x 2 U , f(x⇤)  f(x)
<latexit sha1_base64="TaNvouGrWcMvagBpazk1106LIyA="></latexit>
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Conditions d’optimalité
Conditions nécessaires, premier ordre

<latexit sha1_base64="RdeHUBuyH3WJCjzpf254MozL0H8="></latexit>

Si x⇤ est un minimum local et f est de classe C1 sur un ouvert U ⇢ Rn

contenant x, alors rf(x⇤) = 0
<latexit sha1_base64="6gRqGUmyzp9Ob+27tMsy8TyUQlA="></latexit>
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