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Problème considéré

<latexit sha1_base64="0i2UKLHfYtt1TysO3+ueecAjAbI="></latexit>

f : X ! R <latexit sha1_base64="CyhLkvpA/mnv/O6cBzQwiGwFZEI="></latexit>

ei : X ! R
<latexit sha1_base64="vlR2cmz9ir3h6vJJ4G6ypMb+gT4="></latexit>

ci : X ! R

<latexit sha1_base64="83rkSV+16eaXn99OeDO7nyNMzl8=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVUGKoEocKCVMHCRpHoQ2pC5LhOa9VxIttBraIOLPwKCwMIsfIRbPwNbpsBWo50dY/OuVf2PX7MqFSW9W3klpZXVtfy64WNza3tHXN3rymjRGDSwBGLRNtHkjDKSUNRxUg7FgSFPiMtf3A18VsPREga8Ts1iokboh6nAcVIackzi8H9MbyADuWBlw51c25C0kPjoDw88sySVbGmgIvEzkgJZKh75pfTjXASEq4wQ1J2bCtWboqEopiRccFJJIkRHqAe6WjKUUikm06PGMNDrXRhEAldXMGp+nsjRaGUo9DXkyFSfTnvTcT/vE6ignM3pTxOFOF49lCQMKgiOEkEdqkgWLGRJggLqv8KcR8JhJXOraBDsOdPXiTNk4pdrVRvT0u1yyyOPCiCA1AGNjgDNXAN6qABMHgEz+AVvBlPxovxbnzMRnNGtrMP/sD4/AFDTpc+</latexit>

f⇤ = inf
x2⌦

f(x)

<latexit sha1_base64="Zem7mJeWf8VElCShz5E6QANahuE=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5KIVI+iF29WsCo0oWy203bp7ibuToQSBP+KFw+KePV3ePPfuK05+PVg4PHeDDPzkkwKi0Hw4U1Nz8zOzVcWqotLyyur/tr6pU1zw6HFU5ma64RZkEJDCwVKuM4MMJVIuEqGJ2P/6haMFam+wFEGsWJ9LXqCM3RSx9+MzhT0GY003NAIVIYjC9jxa0E9mID+JWFJaqREs+O/R92U5wo0csmsbYdBhnHBDAou4a4a5RYyxoesD21HNVNg42Jy/h3dcUqX9lLjSiOdqN8nCqasHanEdSqGA/vbG4v/ee0ce4dxIXSWI2j+taiXS4opHWdBu8IARzlyhHEj3K2UD5hhHF1iVRdC+Pvlv+Ryrx426o3z/drRcRlHhWyRbbJLQnJAjsgpaZIW4aQgD+SJPHv33qP34r1+tU555cwG+QHv7RP2XpWE</latexit>

⌦ 6= ;

<latexit sha1_base64="2o6cSFaJ/nEhFMEHvULVQNSqW5A=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjSupYB/QxDKZTtqhk0mYmSgl9D/cuFDErf/izr9xkmahrQcGDufcyz1z/JgzpW372yqtrK6tb5Q3K1vbO7t71f2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yXXmdx+pVCwS93oaUy/EI8ECRrA20oN0mXBDrMd+kN7OBtWaXbdzoGXiFKQGBVqD6pc7jEgSUqEJx0r1HTvWXoqlZoTTWcVNFI0xmeAR7RsqcEiVl+apZ+jEKEMURNI8oVGu/t5IcajUNPTNZJZQLXqZ+J/XT3Rw6aVMxImmgswPBQlHOkJZBWjIJCWaTw3BRDKTFZExlphoU1TFlOAsfnmZdM7qTqPeuDuvNa+KOspwBMdwCg5cQBNuoAVtICDhGV7hzXqyXqx362M+WrKKnUP4A+vzB+YHkso=</latexit>

r 2 N
<latexit sha1_base64="CMaunT8r3fVew5ohPCg3Eg2OIBs=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjSupYB/QxDKZTtqhk0mYmSgl9D/cuFDErf/izr9xkmahrQcGDufcyz1z/JgzpW372yqtrK6tb5Q3K1vbO7t71f2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yXXmdx+pVCwS93oaUy/EI8ECRrA20oNymXBDrMd+kN7OBtWaXbdzoGXiFKQGBVqD6pc7jEgSUqEJx0r1HTvWXoqlZoTTWcVNFI0xmeAR7RsqcEiVl+apZ+jEKEMURNI8oVGu/t5IcajUNPTNZJZQLXqZ+J/XT3Rw6aVMxImmgswPBQlHOkJZBWjIJCWaTw3BRDKTFZExlphoU1TFlOAsfnmZdM7qTqPeuDuvNa+KOspwBMdwCg5cQBNuoAVtICDhGV7hzXqyXqx362M+WrKKnUP4A+vzB+eYkss=</latexit>

s 2 N

<latexit sha1_base64="6zx8WcaDJJum7SGM3VLJZWBkvNc="></latexit>

min
x2X⇢Rd

f(x) sous les contraintes

⇢
ei(x) = 0, i = 1..r
ci(x)  0, i = 1..s

<latexit sha1_base64="ldTIyVOw9U2VNlV9zu9TdlqE3dc="></latexit>

⌦ = {x 2 X| ei(x) = 0, cj(x)  0, i = 1..r, j = 1..s}

Hypothèses :
<latexit sha1_base64="ccgt19J7kExLskOjxpRbtdNGuY4=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBBEMOyKRE8S9OIxgnlAsobZyWwyZHZ2nekNhJDv8OJBEa9+jDf/xsnjoIkFDUVVN91dQSKFQdf9dpaWV1bX1jMb2c2t7Z3d3N5+1cSpZrzCYhnrekANl0LxCgqUvJ5oTqNA8lrQux37tT7XRsTqAQcJ9yPaUSIUjKKV/PDxlFyTs6ZQIQ5aubxbcCcgi8SbkTzMUG7lvprtmKURV8gkNabhuQn6Q6pRMMlH2WZqeEJZj3Z4w1JFI2784eToETm2SpuEsbalkEzU3xNDGhkziALbGVHsmnlvLP7nNVIMr/yhUEmKXLHpojCVBGMyToC0heYM5cASyrSwtxLWpZoytDllbQje/MuLpHpe8IqF4v1FvnQziyMDh3AEJ+DBJZTgDspQAQZP8Ayv8Ob0nRfn3fmYti45s5kD+APn8wdEAZEm</latexit>

f⇤ > �1
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Lagrangien associé au problème

avec :

<latexit sha1_base64="u61YbZJmmUecJVGr96IvjDGvSL0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVoUcqMaHUjFN24cFGhL2inJZPJtKGZB0lGWoZ+iRt/xY0LRQRX+jdm2llo64WEk3Pu4eYeO2RUSMP41jJLyyura9n13Mbm1vaOvrvXEEHEManjgAW8ZSNBGPVJXVLJSCvkBHk2I017eJPozQfCBQ38mhyHxPJQ36cuxUgqqqef3xVGJ7DjRepiyuagIryCbmFUhMcJ3a2RFM/Ubg2rd0/PGyVjWnARmCnIg7SqPf2z4wQ48ogvMUNCtE0jlFaMuKSYkUmuEwkSIjxEfdJW0EceEVY8XW8CjxTjQDfg6vgSTtnfjhh5Qow9W3V6SA7EvJaQ/2ntSLqXVkz9MJLEx7NBbsSgDGCSFXQoJ1iysQIIc6r+CvEAcYSlSjSnQjDnV14EjdOSWS6V78/yles0jiw4AIegAExwASrgFlRBHWDwCJ7BK3jTnrQX7V37mLVmtNSzD/6U9vUD48ueqw==</latexit>

L(x, µ,�) = f(x) + µT e(x) + �T c(x)

<latexit sha1_base64="JkNAqjdRJuLX4XVHTQTtwX09NRM=">AAACEXicbVC7TsMwFHXKq5RXgJHFokIqS5VUqLAgVbAwFqkvKQ2R4zqtVceJbAdRVf0FFn6FhQGEWNnY+BucNAO0HMnyuec+7Hv8mFGpLOvbKKysrq1vFDdLW9s7u3vm/kFHRonApI0jFomejyRhlJO2ooqRXiwICn1Guv74Os1374mQNOItNYmJG6IhpwHFSGnJMyu48nAKL6GDPVuzPsReLbv7g0jJNJQ6dO9anlm2qlYGuEzsnJRBjqZnfukROAkJV5ghKR3bipU7RUJRzMis1E8kiREeoyFxNOUoJNKdZhvN4IlWBjCIhD5cwUz93TFFoZST0NeVIVIjuZhLxf9yTqKCC3dKeZwowvH8oSBhUEUwtQcOqCBYsYkmCAuq/wrxCAmElTaxpE2wF1deJp1a1a5X67dn5cZVbkcRHIFjUAE2OAcNcAOaoA0weATP4BW8GU/Gi/FufMxLC0becwj+wPj8AYFOmlo=</latexit>

c(x) = [c1(x) c2(x) . . . cs(x)]
T

<latexit sha1_base64="k3wtaz+WWfdhxPe9QUUcrxXTvTw=">AAACEXicbVDLTgIxFO3gC/E16tJNIzHBDZkhBt2YEN24xIRXAuOkUy7Q0OlM2o6REH7Bjb/ixoXGuHXnzr+xDCwUPEnTc899tPcEMWdKO863lVlZXVvfyG7mtrZ3dvfs/YOGihJJoU4jHslWQBRwJqCumebQiiWQMODQDIbX03zzHqRikajpUQxeSPqC9Rgl2ki+XYDCwym+xG3wXcM6GPxSene6kVbTUJrQu6v5dt4pOinwMnHnJI/mqPr2lxlBkxCEppwo1XadWHtjIjWjHCa5TqIgJnRI+tA2VJAQlDdON5rgE6N0cS+S5giNU/V3x5iESo3CwFSGRA/UYm4q/pdrJ7p34Y2ZiBMNgs4e6iUc6whP7cFdJoFqPjKEUMnMXzEdEEmoNibmjAnu4srLpFEquuVi+fYsX7ma25FFR+gYFZCLzlEF3aAqqiOKHtEzekVv1pP1Yr1bH7PSjDXvOUR/YH3+AIyummE=</latexit>

e(x) = [e1(x) e2(x) . . . er(x)]
T

<latexit sha1_base64="sDv5WIFxIRu0LmNviICs7zlngsA=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3UfOpyidu9UtmreDPgZeLnpAw56r3SV7evaBozaakgxnR8L7FBRrTlVLBJsZsalhA6IgPWcVSSmJkgm107wadO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8TmqjqyDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQEVXQj+4svLpHle8auV6t1FuXadx1GAYziBM/DhEmpwC3VoAIUHeIZXeEMKvaB39DFvXUH5zBH8Afr8AS+6juQ=</latexit>

x 2 X

<latexit sha1_base64="R1k0tBGpOdJ3YMUSHON73cUb6To=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KolIdVl047KKfUBTy2Q6aYdOJmFmIpaQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98zxY86Udpxva2V1bX1js7RV3t7Z3du3DyptFSWS0BaJeCS7PlaUM0FbmmlOu7GkOPQ57fiT69zvPFKpWCTu9TSm/RCPBAsYwdpIA7vihYnHhBdiPfaD9C57kAO76tScGdAycQtShQLNgf3lDSOShFRowrFSPdeJdT/FUjPCaVb2EkVjTCZ4RHuGChxS1U9n2TN0YpQhCiJpntBopv7eSHGo1DT0zWSeUS16ufif10t0cNlPmYgTTQWZHwoSjnSE8iLQkElKNJ8agolkJisiYywx0aausinBXfzyMmmf1dx6rX57Xm1cFXWU4AiO4RRcuIAG3EATWkDgCZ7hFd6szHqx3q2P+eiKVewcwh9Ynz+BzpTD</latexit>

µ 2 Rr
<latexit sha1_base64="VCb/NP+Wvio09YtySMHLawrf/Pc=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm2ARXJVEpLosunFZxT6giWUymbRDJ5MwMxFK7MJfceNCEbf+hjv/xkmbhbYeGDicey73zPETRqWy7W+jtLS8srpWXq9sbG5t75i7e20ZpwKTFo5ZLLo+koRRTlqKKka6iSAo8hnp+KOrfN55IELSmN+pcUK8CA04DSlGSkt988Bl2hwgl3I3Qmroh9nt5F72zapds6ewFolTkCoUaPbNLzeIcRoRrjBDUvYcO1FehoSimJFJxU0lSRAeoQHpacpRRKSXTfNPrGOtBFYYC/24sqbq740MRVKOI18784xyfpaL/816qQovvIzyJFWE49mhMGWWiq28DCuggmDFxpogLKjOauEhEggrXVlFl+DMf3mRtE9rTr1WvzmrNi6LOspwCEdwAg6cQwOuoQktwPAIz/AKb8aT8WK8Gx8za8kodvbhD4zPH3oelms=</latexit>

� 2 Rs
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Fonction duale

Problème dual

Résultats

<latexit sha1_base64="s1pq5zlCIZjzxYMCd1yGKewlZFo=">AAACGXicbVBNS8MwGE79nPOr6tFLcAgTxmhFphdh6MWDhwnuA9ZS0izdwtK0JqlslP0NL/4VLx4U8agn/43ZVkE3Xwh5eD5I3sePGZXKsr6MhcWl5ZXV3Fp+fWNza9vc2W3IKBGY1HHEItHykSSMclJXVDHSigVBoc9I0+9fjvXmPRGSRvxWDWPihqjLaUAxUpryTOuu6IRJyWE60kFH8Bw6lAdeOtAXbI2ui4MSHBvgj8MzC1bZmgycB3YGCiCbmmd+OJ0IJyHhCjMkZdu2YuWmSCiKGRnlnUSSGOE+6pK2hhyFRLrpZLMRPNRMBwaR0IcrOGF/J1IUSjkMfe0MkerJWW1M/qe1ExWcuSnlcaIIx9OHgoRBFcFxTbBDBcGKDTVAWFD9V4h7SCCsdJl5XYI9u/I8aByX7Uq5cnNSqF5kdeTAPjgARWCDU1AFV6AG6gCDB/AEXsCr8Wg8G2/G+9S6YGSZPfBnjM9vcOWetw==</latexit>

q(µ,�) = inf
x2X

L(x, µ,�)

<latexit sha1_base64="YlR3HNb8Jg1XP8BopANyL3xcy6Q="></latexit>

max
(µ,�)2D

q(µ,�) sous les contraintes �i � 0, i = 1..s

<latexit sha1_base64="V/x+xFKaOAtRMV2SUG4b18FN5B0="></latexit>

D = {µ,� | q(µ,�) > �1}Domaine

<latexit sha1_base64="6meC+gxLABBJVM8IONE6ZD85iIU="></latexit>

D est convexe et q est concave sur D

<latexit sha1_base64="QWuS+gH6XOP731gBNaElP1bVaek="></latexit>

q⇤ = sup
µ2Rr, �2Rs,�i�0, i=1..s

q(µ,�)

<latexit sha1_base64="PIa7rMGYj8KXRXgxkdTMjTdSMJg=">AAAB8nicbVBNSwMxEM36WetX1aOXYBGkh7IrUj0WvXisYD9guy3ZdLYNzSbbJCuU0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut7O2vrG5tZ3bye/u7R8cFo6OG1qmikKdSi5VKyQaOBNQN8xwaCUKSBxyaIbDu5nffAKlmRSPZpxAEJO+YBGjxFjJH3VKbQ4jHHVK3ULRLbtz4FXiZaSIMtS6ha92T9I0BmEoJ1r7npuYYEKUYZTDNN9ONSSEDkkffEsFiUEHk/nJU3xulR6OpLIlDJ6rvycmJNZ6HIe2MyZmoJe9mfif56cmugkmTCSpAUEXi6KUYyPx7H/cYwqo4WNLCFXM3orpgChCjU0pb0Pwll9eJY3LslcpVx6uitXbLI4cOkVn6AJ56BpV0T2qoTqiSKJn9IreHOO8OO/Ox6J1zclmTtAfOJ8/PwWQmA==</latexit>

q⇤  f⇤ (dualité faible)

avec
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 Dualité forte, convexité et qualification des contraintes

Théorème 1:  

68

<latexit sha1_base64="0SXu7bwNv5iQ4MJidY1dFN0cKwM="></latexit>

(Un ensemble polyhédral est un ensemble qui peut être obtenu comme l’intersection
d’un ensemble fini de demi-espaces fermés)

Théorème 2 :  

<latexit sha1_base64="ohRMBSLxlYat1hso5WJ9M2j+ug0="></latexit>

Si X est polyhédral, si f est convexe et si les contraintes ei et cj sont a�nes,
alors il n’y a pas d’écart dual: q⇤ = f⇤

<latexit sha1_base64="LwneItw5Sb7EzR8UtOTXNo8IBG0="></latexit>

Slater’s condition. Si X est convexe, si f est convexe, si les contraintes ci
sont convexes, si les contraintes ej sont a�nes et s’il existe un point x0 dans
l’intérieur relatif de X tel que ci(x0) < 0 et ej(x0) = 0 pour i = 1..s et j = 1..r,
alors il n’y a pas d’écart dual: q⇤ = f⇤

<latexit sha1_base64="lAliZxApXdu9aqVzi2eZqFifjmQ="></latexit>

(L’intérieur d’un ensemble et cet ensemble privé de sa frontière. L’intérieur
relatif d’un ensemble S est l’intérieur de cet ensemble au sein de son enveloppe
a�ne, c’est à dire au sein du plus petit espace a�ne contenant S.)
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Retrouver la solution du primal à partir de la solution du dual en cas de dualité forte

<latexit sha1_base64="7Irh9xcqvyMzqgX1LLpVFB6bqOg="></latexit>

En cas de dualité forte (q⇤ = f⇤), les conditions :

• x⇤ 2 X et ei(x⇤) = 0 et cj(x⇤)  0 (faisabilité primale)

• �⇤ � 0 (faisabilité duale)

• x⇤ = argminx2X L(x, µ⇤,�⇤) (optimalité Lagrangienne)

• µ⇤
jcj(x

⇤) = 0, j = 1..s (complémentarité)

sont des conditions nécessaires et su�santes pour que x⇤ soit une solution opti-
male du problème primal et (µ⇤,�⇤) une solution optimale du problème dual.
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1. Optimisation lisse sans contraintes


2. Optimisation lisse avec contraintes


3. Analyse convexe et dualité Lagrangienne


4. Ouverture vers l’optimisation non-lisse


5. Algorithmes d’optimisation
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1. Optimisation lisse sans contraintes


2. Optimisation lisse avec contraintes


3. Analyse convexe et dualité Lagrangienne


4. Ouverture vers l’optimisation non-lisse


5. Algorithmes d’optimisation
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Sous-gradient (subgradient)

Convexe Non-convexe

Domaine de recherche ouvert

Cas particulier utile en 
apprentissage automatique :

<latexit sha1_base64="yU8ow9aq98x2B7pxR2jg+KbCFYk="></latexit>

Condition nécessaire de minimum local pour la
somme d’une fonction lisse (pas forcément con-
vexe) et d’une fonction convexe (pas forcément
lisse) :

Soit f : Rd ! R de classe C1 et g : Rd ! R
une function convexe. Si x⇤ est un minimum local
de f + g, alors :

0 2 rf(x⇤)+@g(x⇤) = {rf(x⇤)+x | x 2 @g(x⇤)}.

<latexit sha1_base64="rTesUKZ7kBqp9t07xXXoNTRptd8="></latexit>

Condition nécessaire de minimum local pour
une fonction convexe (pas forcément lisse) :

Soit f : Rd ! R une function convexe. Si x⇤

est un minimum local de f , alors : 0 2 @f(x⇤)

<latexit sha1_base64="9C16aabTIKBvzy2e3w33Y0xe3e8="></latexit>

@f(x0)

<latexit sha1_base64="bvsJcAYewG8YXuyUWF2inJEcDfM=">AAACLXicbZDLSsNAFIYn3o23VpduBougICUpom4KRTcuK1gVapDJ9CQdnMmEmROxhL6CW30Ln8aFIG59DZO2i3o5MPDx/+fMnPnDVAqLnvfuzMzOzS8sLi27K6tr6xuV6uaV1Znh0OFaanMTMgtSJNBBgRJuUgNMhRKuw/uz0r9+AGOFTi5xkEKgWJyISHCGpRTtPe7fVWpe3RsV/Qv+BGpkUu27qrN129M8U5Agl8zaru+lGOTMoOAShu5tZiFl/J7F0C0wYQpskI+WHdLdQunRSJviJEhH6vREzpS1AxUWnYph3/72SvE/r5thdBLkIkkzhISPH4oySVHT8ue0JwxwlIMCGDei2JXyPjOMY5GPuzt9Feq02eDqgIYaUasxGxH3sXlcooRoREEeg1aAZjB0ixj936H9hatG3T+qH10c1lqnk0CXyDbZIXvEJ8ekRc5Jm3QIJ33yRJ7Ji/PqvDkfzue4dcaZzGyRH+V8fQPHY6XE</latexit>

f(x)

<latexit sha1_base64="o4ARiIDsc5HE886nQ21Jwd6Wpj4=">AAACKnicbZDLSgMxFIYz3q23VpdugkVwIWVGpHVTEN24VLAqtEPJpGemwWQyJGfEMvQJ3Opb+DTuxK0PYtrOwtuBwMf/n5Oc/FEmhUXff/fm5hcWl5ZXVitr6xubW9Xa9o3VueHQ4VpqcxcxC1Kk0EGBEu4yA0xFEm6j+/OJf/sAxgqdXuMog1CxJBWx4AyddPXYr9b9hj8t+heCEuqkrMt+zdvpDTTPFaTIJbO2G/gZhgUzKLiEcaWXW8gYv2cJdB2mTIENi+mmY7rvlAGNtXEnRTpVv08UTFk7UpHrVAyH9rc3Ef/zujnGJ2Eh0ixHSPnsoTiXFDWdfJsOhAGOcuSAcSPcrpQPmWEcXTiV/e9Xoc7aR1wd0kgjajVjI5IhtlsTlBBPKSwS0ArQjMYVF2PwO7S/cHPUCJqN5tVx/fSsDHSF7JI9ckAC0iKn5IJckg7hBMgTeSYv3qv35r17H7PWOa+c2SE/yvv8AhFYpO8=</latexit>x

Version KKT disponible pour le cas 

convexe non-lisse sous contraintes
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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

Algorithme 
d’optimisation

Espace de recherche

Hypothèse/paramètre

Fonction de perte ???

Modélisation probabiliste
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Continuous density 
interpretation



4.3

Soient a et b deux réels tels que a < b et soit X une variable aléatoire réelle de loi uniforme

sur l’intervalle [a, b]. Soit c un réel de l’intervalle [a, b].

1) Quelle est la probabilité que X soit supérieur à c ? Et celle que X soit strictement

supérieur à c ?

Les deux probabilités sont identiques et valent
b�c
b�a .

4.4

On a représente sur le graphe ci-dessous la densité de probabilité d’une variable aléatoire

réelle X.

1) La densité de probabilité de X prend une valeur supérieure 1 en X = 0.4. Cela vous

parait-il normal ? Justifiez votre réponse.

L’aire sous la courbe doit être égale à 1 mais la densité en un point particulier peut être

supérieure et même arbitrairement grande.

Soit x une réalisation de X.

2) Quelle est la probabilité d’avoir x = 0.1 ? Quelle est la probabilité d’avoir x = 0.4 ? Est

il plus probable d’observer x = 0.4 ou x = 0.1 ? A quel point (approximativement) ?

La probabilité que x soit 0.1 ou 0.4 est 0. Par contre, il est environ 5 fois plus probable

d’observer X = 0.4 que x = 0.1.

9
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réelle X.
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Calcul des probabilités
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Modèles graphiques 
(dirigés)

<latexit sha1_base64="IjmRo1lnN4+L12ElWPlPg17B+1c="></latexit>

p(X1, X2, . . . , Xn) =
nY

i=1

p(Xi|X⇡i)

<latexit sha1_base64="rMBB66hKhXlQtU3ACuYs3LvKsbw="></latexit>

Cadre très courant en apprentissage automatique : variables aléatoiresX1, X2, ..., Xn

avec densité de probabilité pour la loi jointe p(X1, X2, . . . , Xn) se factorisant
dans un modèle graphique dirigé G = (1, 2, . . . , n, E), c’est à dire qu’on peut
écrire :

<latexit sha1_base64="qHKf/IbFfKu/SK69WwM8Uwxd/fI="></latexit>

où ⇡i indique les parents du nœud i dans le graphe G.
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Rappels importants
<latexit sha1_base64="k64KnKCeuaTZDp7kz45+nZ4ja5c=">AAACFXicbVBNS8MwGE7n15xfU49egkPYYJR2yPQiDL14nOC2wjZKmqZbXJrWJBVG2Z/w4l/x4kERr4I3/43ptoNuPhDy5Hnel7zv48WMSmVZ30ZuZXVtfSO/Wdja3tndK+4ftGWUCExaOGKRcDwkCaOctBRVjDixICj0GOl4o6vM7zwQIWnEb9U4Jv0QDTgNKEZKS26xGpcdl1bgBexRrmD2squOW6uapqlvXvEdN73rcXIP6cQtlizTmgIuE3tOSmCOplv86vkRTkLCFWZIyq5txaqfIqEoZmRS6CWSxAiP0IB0NeUoJLKfTreawBOt+DCIhD56tKn6uyNFoZTj0NOVIVJDuehl4n9eN1HBeT+lPE4U4Xj2UZAwqCKYRQR9KghWbKwJwoLqWSEeIoGw0kEWdAj24srLpF0z7bpZvzktNS7nceTBETgGZWCDM9AA16AJWgCDR/AMXsGb8WS8GO/Gx6w0Z8x7DsEfGJ8/jCmb/g==</latexit>

p(Xi) =

Z
p(X1, X2, ..., Xn)dXj 6=i

<latexit sha1_base64="XAPTG79KeJIgPLR0KjQ0/Xqy8g0="></latexit>

p(Xi, Xj) =

Z
p(X1, X2, ..., Xn)dXk/2{i,j}

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .

Marginales

Conditionnelles
<latexit sha1_base64="xINhY1p3R2JpdzbRN4V7n6jW7Pc=">AAACB3icbZBNS8MwGMfT+TbnW9WjIMEhbCCjFZlehKEXjxPcVthKSbN0y5a+kKTCqLt58at48aCIV7+CN7+NadeDbv4h8Mv/eR6S5+9GjAppGN9aYWl5ZXWtuF7a2Nza3tF399oijDkmLRyykFsuEoTRgLQklYxYESfIdxnpuOPrtN65J1zQMLiTk4jYPhoE1KMYSWU5+mFUsRz6YDmjakqjKryEmXUC05ujl42akQkugplDGeRqOvpXrx/i2CeBxAwJ0TWNSNoJ4pJiRqalXixIhPAYDUhXYYB8Iuwk22MKj5XTh17I1QkkzNzfEwnyhZj4rur0kRyK+Vpq/lfrxtK7sBMaRLEkAZ495MUMyhCmocA+5QRLNlGAMKfqrxAPEUdYquhKKgRzfuVFaJ/WzHqtfntWblzlcRTBATgCFWCCc9AAN6AJWgCDR/AMXsGb9qS9aO/ax6y1oOUz++CPtM8fUOyXDQ==</latexit>

p(Xi|Xj)p(Xj) = p(Xi, Xj)

<latexit sha1_base64="nMKnRQNWGWJQcKqEEnWTOI8uZoc=">AAACEnicbVDLSgMxFM3UV62vUZdugkVooZQZkepGKLpxWcG2A+0wZNJMGyfzIMkIZew3uPFX3LhQxK0rd/6N6XRAbT2QcHLOvdzc48aMCmkYX1phaXllda24XtrY3Nre0Xf3OiJKOCZtHLGIWy4ShNGQtCWVjFgxJyhwGem6/uXU794RLmgU3shxTOwADUPqUYykkhy9Glcsh9ag5dzeq8vP3n4VnsMfo5YZjl426kYGuEjMnJRBjpajf/YHEU4CEkrMkBA904ilnSIuKWZkUuongsQI+2hIeoqGKCDCTrOVJvBIKQPoRVydUMJM/d2RokCIceCqygDJkZj3puJ/Xi+R3pmd0jBOJAnxbJCXMCgjOM0HDignWLKxIghzqv4K8QhxhKVKsaRCMOdXXiSd47rZqDeuT8rNizyOIjgAh6ACTHAKmuAKtEAbYPAAnsALeNUetWftTXuflRa0vGcf/IH28Q3gSpp4</latexit>

p(Xi, Xj |Xk)p(Xk) = p(Xi, Xj , Xk)

<latexit sha1_base64="pbKcRD2He1JXJ2Ei1POZlA5kC8c=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WooCURqW6EohuXFWwbaEOYTCft2MkkzEyEUvsVbvwVNy4UcSvu/BsnaRbaemDg3HPu5c49fsyoVJb1bRQWFpeWV4qrpbX1jc0tc3unJaNEYNLEEYuE4yNJGOWkqahixIkFQaHPSNsfXqV++54ISSN+q0YxcUPU5zSgGCkteeZxXHE8+uB4d0fQ8YaHaZlTeAEzM61yyTPLVtXKAOeJnZMyyNHwzK9uL8JJSLjCDEnZsa1YuWMkFMWMTErdRJIY4SHqk46mHIVEuuPsrAk80EoPBpHQjyuYqb8nxiiUchT6ujNEaiBnvVT8z+skKjh3x5THiSIcTxcFCYMqgmlGsEcFwYqNNEFYUP1XiAdIIKx0kiUdgj178jxpnVTtWrV2c1quX+ZxFMEe2AcVYIMzUAfXoAGaAINH8AxewZvxZLwY78bHtLVg5DO74A+Mzx+pe5vt</latexit>

p(Xi|Xj , Xk)p(Xj , Xk) = p(Xi, Xj , Xk)

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit>. . .
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Calcul des probabilités

Problème considéré : calculer

Méthode générale : 
- exprimer la probabilité conditionnelle en termes de probabilités 

marginales

- utiliser les independences conditionnelles spécifiées par le modèle 

graphique pour calculer ces probabilités marginales

<latexit sha1_base64="l64RRmEmSkRaRWLK+bktNlPOQxw=">AAACKHicbVDLSgMxFM34rPU16tJNsAgVZJgpUt1ZdOOygn1AOwyZNNOmzTxIMkIZ53Pc+CtuRBTp1i8xnU5BWw+EnHvOvST3uBGjQprmRFtZXVvf2CxsFbd3dvf29YPDpghjjkkDhyzkbRcJwmhAGpJKRtoRJ8h3GWm5o9up33okXNAweJDjiNg+6gfUoxhJJTn6dVRuOwl1rPQcZqSiiGEYeTVKn9Q9nNvDuT0rWHrm6CXTMDPAZWLlpARy1B39vdsLceyTQGKGhOhYZiTtBHFJMSNpsRsLEiE8Qn3SUTRAPhF2ki2awlOl9KAXcnUCCTP190SCfCHGvqs6fSQHYtGbiv95nVh6V3ZCgyiWJMCzh7yYQRnCaWqwRznBko0VQZhT9VeIB4gjLFW2RRWCtbjyMmlWDKtqVO8vSrWbPI4COAYnoAwscAlq4A7UQQNg8AxewQf41F60N+1Lm8xaV7R85gj8gfb9A/36o4M=</latexit>

p(Xi1 , Xi2 , ..., Xik |Xj1 , Xj2 , ...Xjl)
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Loi Gaussienne multivariée
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Example Distributions

Distribution PDF or PMF Mean Variance

Bernoulli(p)

⇢
p, if x = 1
1� p, if x = 0.

p p(1� p)

Binomial(n, p)
�n
k

�
pk(1� p)n�k for k = 0, 1, ..., n np np(1� p)

Geometric(p) p(1� p)k�1 for k = 1, 2, ... 1
p

1�p
p2

Poisson(�) e���k

k! for k = 0, 1, ... � �

Uniform(a, b) 1
b�a for all x 2 (a, b) a+b

2
(b�a)2

12

Gaussian(µ,�2) 1
�
p
2⇡
e�

(x�µ)2

2�2 for all x 2 (�1,1) µ �2

Exponential(�) �e��x for all x � 0,� � 0 1
�

1
�2

Read review handout or Sheldon Ross for details 2

2Table reproduced from Maleki & Do’s review handout by Koochak & Irvin
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Random Vectors

Given n RV’s X1, ...,Xn, we can define a random vector X s.t.

X =

2

6664

X1

X2
...
Xn

3

7775

Note: all the notions of joint PDF/CDF will apply to X .

Given g : Rn ! Rm, we have:

g(x) =

2

6664

g1(x)
g2(x)
...

gm(x)

3

7775
,E[g(X )] =

2

6664

E[g1(X )]
E[g2(X )]

...
E[gm(X )]

3

7775
.



89

Covariance Matrices

For a random vector X 2 Rn, we define its covariance matrix ⌃
as the n ⇥ n matrix whose ij-th entry contains the covariance
between Xi and Xj .

⌃ =

2

64
Cov [X1,X1] . . . Cov [X1,Xn]

...
. . .

...
Cov [Xn,X1] . . . Cov [Xn,Xn]

3

75

applying linearity of expectation and the fact that
Cov [Xi ,Xj ] = E[(Xi � E[Xi ])(Xj � E[Xj ])], we obtain

⌃ = E[(X � E[X ])(X � E[X ])T ]

Properties:

I ⌃ is symmetric and PSD

I If Xi ? Xj for all i , j , then ⌃ = diag(Var [X1], ...,Var [Xn])
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Multivariate Gaussian

The multivariate Gaussian X ⇠ N (µ,⌃), X 2 Rn:

p(x ;µ,⌃) =
1

det(⌃)
1
2 (2⇡)

n
2

exp

✓
�1

2
(x � µ)T⌃�1(x � µ)

◆

The univariate Gaussian X ⇠ N (µ,�2), X 2 R is just the special
case of the multivariate Gaussian when n = 1.

p(x ;µ,�2) =
1

�(2⇡)
1
2

exp

✓
� 1

2�2
(x � µ)2

◆

Notice that if ⌃ 2 R1⇥1, then ⌃ = Var [X1] = �2, and so

I ⌃�1 = 1
�2

I det(⌃)
1
2 = �
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Some Nice Properties of MV Gaussians

I Marginals and conditionals of a joint Gaussian are Gaussian

I A d-dimensional Gaussian X 2 N (µ,⌃ = diag(�2
1, ...,�

2
n)) is

equivalent to a collection of d independent Gaussians
Xi 2 N (µi ,�2

i ). This results in isocontours aligned with the
coordinate axes.

I In general, the isocontours of a MV Gaussian are
n-dimensional ellipsoids with principal axes in the directions of
the eigenvectors of covariance matrix ⌃ (remember, ⌃ is
PSD, so all n eigenvectors are non-negative). The axes’
relative lengths depend on the eigenvalues of ⌃.



Visualizations of MV Gaussians

E↵ect of changing variance
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Visualizations of MV Gaussians

If Var [X1] 6= Var [X2]:
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Visualizations of MV Gaussians

If X1 and X2 are positively correlated:
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Visualizations of MV Gaussians

If X1 and X2 are negatively correlated:

95
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Multivariate Gaussian
Définition générale

Distributions conditionnelles

Distributions marginales ?

⌃̄ = ⌃11 �⌃12⌃
+
22⌃21

<latexit sha1_base64="faNxzm/k53VvvkRayaFS2UWYylQ="></latexit>

µ̄ = µ1 +⌃12⌃
+
22(a� µ2)

<latexit sha1_base64="nol8nx+QBOKx7WHujoOtkMjKGcA="></latexit>

p(x1 | x2 = a) = N (µ̄, ⌃̄), with
<latexit sha1_base64="JGH0l1WMP2Qf3UVOnr+Ebv65CiQ="></latexit>


