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Storage of Information





Google:  40,000 Searches /sec

 3.5 Billion  Searches / day

20 Petabyte/day=20 million GigaBytes/day

~1000 Exabytes = ~1000 billion GigabyteThe current capacity of Google



Youtube: 4 Million hours of new clips each day



Black hole and information



Information, entropy and Surprize



Information and Surprise

A B

Probability of Winning

hA = h(pA)
<latexit sha1_base64="lEj0cotm2B2HF+RKv1c1MGUp2M4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBb0IrV48VrCt2Iaw2W6apZtN2N0IJfRfePGgiFf/jTf/jds2B219MPB4b4aZeX7CmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QUfFqSS0TWIeywcfK8qZoG3NNKcPiaQ48jnt+qObqd99olKxWNzrcULdCA8FCxjB2kiPode8CquJ1zz1yhW7Zs+AlomTkwrkaHnlr/4gJmlEhSYcK9Vz7ES7GZaaEU4npX6qaILJCA9pz1CBI6rcbHbxBJ0YZYCCWJoSGs3U3xMZjpQaR77pjLAO1aI3Ff/zeqkOLt2MiSTVVJD5oiDlSMdo+j4aMEmJ5mNDMJHM3IpIiCUm2oRUMiE4iy8vk0695pzV6nfnlcZ1HkcRjuAYquDABTTgFlrQBgICnuEV3ixlvVjv1se8tWDlM4fwB9bnDy5Rj/A=</latexit>



h(p)
<latexit sha1_base64="VBlaVRgMOHGFqsYqZvSxOKLQ3/4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBT0WvXisYGuhDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1NaW9/Y3CpvV3Z29/YPqodHXR2nitAOiXmsegHWlDNJO4YZTnuJolgEnD4Gk9vcf3yiSrNYPphpQn2Bx5KFjGCTS1E9OR9Wa27DnQOtEq8gNSjQHla/BqOYpIJKQzjWuu+5ifEzrAwjnM4qg1TTBJMJHtO+pRILqv1sfusMnVllhMJY2ZIGzdXfExkWWk9FYDsFNpFe9nLxP6+fmvDaz5hMUkMlWSwKU45MjPLH0YgpSgyfWoKJYvZWRCKsMDE2nooNwVt+eZV0mw3votG8v6y1boo4ynACp1AHD66gBXfQhg4QiOAZXuHNEc6L8+58LFpLTjFzDH/gfP4AZJONzw==</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>



A B

Game 1

C D

Game 2



h(PAC) = h(PA) + h(PC)
<latexit sha1_base64="uCXHrA+OfZkJ2ckhIFMKgrOvpfw=">AAACBHicbZDLSsNAFIYn9VbrLeqym2ARWoSSVEE3Qms3LiPYC7QhTKaTduhkEmYmQglZuPFV3LhQxK0P4c63cZpmoa0/DHz85xzOnN+LKBHSNL+1wtr6xuZWcbu0s7u3f6AfHnVFGHOEOyikIe97UGBKGO5IIinuRxzDwKO4503b83rvAXNBQnYvZxF2AjhmxCcISmW5enlSTWw3abXTtHadcSutnU2qttuuuXrFrJuZjFWwcqiAXLarfw1HIYoDzCSiUIiBZUbSSSCXBFGcloaxwBFEUzjGA4UMBlg4SXZEapwqZ2T4IVePSSNzf08kMBBiFniqM4ByIpZrc/O/2iCW/pWTEBbFEjO0WOTH1JChMU/EGBGOkaQzBRBxov5qoAnkEEmVW0mFYC2fvArdRt06rzfuLirNmzyOIiiDE1AFFrgETXALbNABCDyCZ/AK3rQn7UV71z4WrQUtnzkGf6R9/gDeBpZN</latexit>

h(PAPC) = h(PA) + h(PC)
<latexit sha1_base64="7DpDuJ6+0QO/5i3HAxl2A3/l0Pw=">AAACBHicbZDLSsNAFIYnXmu9RV12M1iEFqEkVdCNUO3GZQR7gTaEyXTSDJ1MwsxEKCELN76KGxeKuPUh3Pk2Ti8Lbf1h4OM/53Dm/H7CqFSW9W2srK6tb2wWtorbO7t7++bBYVvGqcCkhWMWi66PJGGUk5aiipFuIgiKfEY6/qg5qXceiJA05vdqnBA3QkNOA4qR0pZnlsJK5njXjtfMq1czzqunYUUbVc8sWzVrKrgM9hzKYC7HM7/6gxinEeEKMyRlz7YS5WZIKIoZyYv9VJIE4REakp5GjiIi3Wx6RA5PtDOAQSz04wpO3d8TGYqkHEe+7oyQCuVibWL+V+ulKrh0M8qTVBGOZ4uClEEVw0kicEAFwYqNNSAsqP4rxCESCCudW1GHYC+evAztes0+q9XvzsuNm3kcBVACx6ACbHABGuAWOKAFMHgEz+AVvBlPxovxbnzMWleM+cwR+CPj8wdpzJYE</latexit>

h(p) = ↵ log(p)
<latexit sha1_base64="N98sTsLuPeYCDzPyiTPReM6TpsM=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQN2WmCroRim5cVrAP6Awlk2Y6oZlkSDLCMNRfceNCEbd+iDv/xrSdhbYeuHByzr3k3hMkjCrtON9WaW19Y3OrvF3Z2d3bP7APj7pKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weR25vceiVRU8AedJcSP0ZjTkGKkjTS0q1E9Obv2EEsiBD0mxuY5tGtOw5kDrhK3IDVQoD20v7yRwGlMuMYMKTVwnUT7OZKaYkamFS9VJEF4gsZkYChHMVF+Pl9+Ck+NMoKhkKa4hnP190SOYqWyODCdMdKRWvZm4n/eINXhlZ9TnqSacLz4KEwZ1ALOkoAjKgnWLDMEYUnNrhBHSCKsTV4VE4K7fPIq6TYb7nmjeX9Ra90UcZTBMTgBdeCCS9ACd6ANOgCDDDyDV/BmPVkv1rv1sWgtWcVMFfyB9fkD/9iTtA==</latexit>



A B

1

2
<latexit sha1_base64="91NJnNiONkuys7ZNVnXzJ8MXsG4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7dbMLuRCghP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3czvPHFtRKwecZpwP6IjJULBKFqp1w81ZZmXZ/V8UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLn5X5qeELZhI54z1JFI278bH5yTs6tMiRhrG0pJHP190RGI2OmUWA7I4pjs+zNxP+8XorhjZ8JlaTIFVssClNJMCaz/8lQaM5QTi2hTAt7K2FjalNAm1LZhuAtv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMIjhGV7hzUHnxXl3Phata04xcwJ/4Hz+ADqOkTc=</latexit>

h(p) = � log2(p)
<latexit sha1_base64="zTDb6pm3n5xQtOUAVH+52ngczzM=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8Ei1IUlqYJuhKIblxXsBdoQJtNJO3QyCTMToYY+iRsXirj1Udz5Nk7bLLT1h4GP/5zDOfMHCWdKO863tbK6tr6xWdgqbu/s7pXs/YOWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPR7bTefqRSsVg86HFCvQgPBAsZwdpYvl0aVpLT67Mejwd+zaBvl52qMxNaBjeHMuRq+PZXrx+TNKJCE46V6rpOor0MS80Ip5NiL1U0wWSEB7RrUOCIKi+bHT5BJ8bpozCW5gmNZu7viQxHSo2jwHRGWA/VYm1q/lfrpjq88jImklRTQeaLwpQjHaNpCqjPJCWajw1gIpm5FZEhlphok1XRhOAufnkZWrWqe16t3V+U6zd5HAU4gmOogAuXUIc7aEATCKTwDK/wZj1ZL9a79TFvXbHymUP4I+vzB6WSkcg=</latexit>

One unit of information



A B

H = �PAlog(PA)� PBlog(PB)
<latexit sha1_base64="QFpCXN19hmZJ/8vMeLWQKyVCDKA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovQLixJFXQj1LrpsoJ9QBvCZDpph04mYWYilNCVG3/FjQtF3PoN7vwbJ20W2nph4Dzu5c49XsSoVJb1beRWVtfWN/Kbha3tnd09c/+gLcNYYNLCIQtF10OSMMpJS1HFSDcSBAUeIx1vfJv6nQciJA35vZpExAnQkFOfYqS05JrHjeuzpnsDWTiEJQ3KmtVTpkm97JpFq2LNCi4DOwNFkFXTNb/6gxDHAeEKMyRlz7Yi5SRIKIoZmRb6sSQRwmM0JD0NOQqIdJLZGVN4qpUB9EOhH1dwpv6eSFAg5STwdGeA1Egueqn4n9eLlX/lJJRHsSIczxf5MYMqhGkmcEAFwYpNNEBYUP1XiEdIIKx0cgUdgr148jJoVyv2eaV6d1Gs1bM48uAInIASsMElqIEGaIIWwOARPINX8GY8GS/Gu/Exb80Z2cwh+FPG5w+EO5X4</latexit>

Shannon Entropy



H(X) = �
X

x

Pxlog(Px)
<latexit sha1_base64="xvjkPEXsPanjD5uyafROT2SFozs=">AAACAnicbVDLSgMxFM34rPU16krcBIvQLiwzVdCNUHTTZQX7gHYYMmmmDU0yQ5IRy1Dc+CtuXCji1q9w59+YtrPQ1gOXHM65l5t7gphRpR3n21paXlldW89t5De3tnd27b39pooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Gbit+6JVDQSd3oUE4+jvqAhxUgbybcPa8V26eq0qxLuP8C6KRb1i+Yt+XbBKTtTwEXiZqQAMtR9+6vbi3DCidCYIaU6rhNrL0VSU8zION9NFIkRHqI+6RgqECfKS6cnjOGJUXowjKQpoeFU/T2RIq7UiAemkyM9UPPeRPzP6yQ6vPRSKuJEE4Fni8KEQR3BSR6wRyXBmo0MQVhS81eIB0girE1qeROCO3/yImlWyu5ZuXJ7XqheZ3HkwBE4BkXgggtQBTVQBw2AwSN4Bq/gzXqyXqx362PWumRlMwfgD6zPH6XHla0=</latexit>

Shannon Entropy

x

<latexit sha1_base64="iVBDhzQ/C2qpjAOYJm0i4GlIvKw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2FZoQ9lsJ+3azSbsbsQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1VrzVqlfp3HUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f6H+NAw==</latexit>

P (x)

<latexit sha1_base64="795pymTG9vz+t7Sk7jkXwdC7OkI=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFOqx6MVjBfsB7VKyabYNTbJLkhXL0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5SpVkkH8wspr7AY8lCRrDJpFb16XJYrrg1dwG0TrycVCBHa1j+GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdGGVEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xITXfspknBgqyXJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj4ynZELzVl9dJ56rm1Wv1+3qleZPHUYQzOIcqeNCAJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHTQuNwg==</latexit>



H(X) = �
X

x

Pxlog(Px)
<latexit sha1_base64="xvjkPEXsPanjD5uyafROT2SFozs=">AAACAnicbVDLSgMxFM34rPU16krcBIvQLiwzVdCNUHTTZQX7gHYYMmmmDU0yQ5IRy1Dc+CtuXCji1q9w59+YtrPQ1gOXHM65l5t7gphRpR3n21paXlldW89t5De3tnd27b39pooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Gbit+6JVDQSd3oUE4+jvqAhxUgbybcPa8V26eq0qxLuP8C6KRb1i+Yt+XbBKTtTwEXiZqQAMtR9+6vbi3DCidCYIaU6rhNrL0VSU8zION9NFIkRHqI+6RgqECfKS6cnjOGJUXowjKQpoeFU/T2RIq7UiAemkyM9UPPeRPzP6yQ6vPRSKuJEE4Fni8KEQR3BSR6wRyXBmo0MQVhS81eIB0girE1qeROCO3/yImlWyu5ZuXJ7XqheZ3HkwBE4BkXgggtQBTVQBw2AwSN4Bq/gzXqyXqx362PWumRlMwfgD6zPH6XHla0=</latexit>

A useful expression

H = ⟨log
1
p ⟩p



A B

Zero Entropy High Entropy

Entropy and Information

Zero Information High Information



You should call it entropy, for two reasons: 

In the first place your uncertainty function has been
 used in statistical mechanics under that name, so it already has a name. 

In the second place, and more important, nobody knows what entropy 
really is, so in a debate you will always have the advantage.

John von Neumann



H(X, Y ) = − ∑
x,y

p(x, y)log2 p(x, y)

Joint Information

Day

Round

X
Y



Conditional Information

Day

Round

X
Y

H(X |y) := − ∑
x

p(x |y)log p(x |y)

y

H(X |Y ) ≥ 0



Conditional Information

Day

Round

X
Y

H(Y |x)

x

H(Y |X)



H(X) ≤ H(X, Y )

H(Y ) ≤ H(X, Y )

در دو حادثه اطلاعات بیشتری از یک حادثه هست.



ln(x) < x − 1

∀ q(x)

An important Inequality

⟨log2
q
p ⟩p

≤ 0



یک ویرایش دیگر:

⟨log2
q
p ⟩p

≤ 0

H ≤ ⟨log2
1
q ⟩p



q(x) =
1
Ω

H(X) ≤ log2 Ω

نتیجه یک

H ≤ ⟨log2
1
q ⟩p



H(X, Y ) ≤ − ∑
x,y

p(x, y)log2 q(x, y)

q(x, y) = p(x)p′ (y) H(X, Y ) ≤ H(X) + H(Y )

نتیجه دو:



P1 P2

H

نتیجه سه:

If you want a maximum, mix it more and more.
If you want a mimum, purify it more and more.

λH(P1) + (1 − λ)H(P2) ≤ H(P0)

P0



Proof:

λH(P1) + (1 − λ)H(P2) ≤ H(P0)
P1 P2

H

P0

= ∑ p0 log
1
p0

− λp1 log
1
p1

− (1 − λ)p2 log
1
p2

H0 − λH1 − (1 − λ)H2

= λ∑ p1 log
p1

p0
+ (1 − λ)p2 log

p2

p0
≥ 0



Mutual Information

Day

Round

X
Y

x

H(X, Y ) = H(X) + H(Y |X)

I(X : Y ) := H(X) + H(Y ) − H(X, Y ) ≥ 0

I(X : Y ) := H(X) − H(X |Y )



H(X |Y, Z) ≤ H(X |Y)

 شرط های بیشتر آنتروپی را کم می کند.

Strong Subadditivity

نتیجه چهار:



یک معنای دیگر از زیرجمع پذیری قوی:

H(X, Y, Z) − H(Y, Z) ≤ H(X, Y ) − H(Y )

H(X, Y, Z) − H(Y, Z) − H(X) ≤ H(X, Y ) − H(Y ) − H(X)

I(X : Y, Z) ≥ I(X : Y )

دانستن   Y و Z  اطلاعات بیشتری در باره X   به ما می دهد 
. Y تا دانستن تنها 



آنتروپی نسبی  و تعبیر آن به عنوان فاصله

A B C D

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>

1

4
<latexit sha1_base64="57AQCybepGGgdcloq8e8KUPOrvI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lqQY9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4hugozLJAUm6XJRlAoMCs//xyOuGQUxs4RQze2tmE6ITQFsShUbgrf68jrpNureVb3x0Ky1bos4yugMnaNL5KFr1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifPz2YkTk=</latexit>

1

2
<latexit sha1_base64="91NJnNiONkuys7ZNVnXzJ8MXsG4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7dbMLuRCghP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3czvPHFtRKwecZpwP6IjJULBKFqp1w81ZZmXZ/V8UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLn5X5qeELZhI54z1JFI278bH5yTs6tMiRhrG0pJHP190RGI2OmUWA7I4pjs+zNxP+8XorhjZ8JlaTIFVssClNJMCaz/8lQaM5QTi2hTAt7K2FjalNAm1LZhuAtv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMIjhGV7hzUHnxXl3Phata04xcwJ/4Hz+ADqOkTc=</latexit>

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>

A B C D

n1 n2 n3 n4

P Q

Relative Entropy



N0 = 45 N1 = 55

N=100

p0 = ? p1 = ?Guess



4555 5445

10000

p0 = ? p1 = ?



n1 n2 n3 n6…

N

p1 p2 p3 p6



P(p |q) = 2−ND(p∥q)

Kullback-Leibler Divergence

D(p∥q) = ⟨log
p
q

⟩p

PN(p |q) =
N!

(Np1)!(Np2)!⋯(Npk)!
qNp1

1 qNp2
2 ⋯qNpk

k



D(p(x, y)∥p(x)q(y)) = I(X : Y)

Relative Entropy and Mutual Information



قضیه اول شانون: فشرده سازی اطلاعات



A B C D

A                00
B                01
C                10
D                11

AABABCDABAADCABA 00000100011011000100001110000100 

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>

1

4
<latexit sha1_base64="57AQCybepGGgdcloq8e8KUPOrvI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lqQY9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4hugozLJAUm6XJRlAoMCs//xyOuGQUxs4RQze2tmE6ITQFsShUbgrf68jrpNureVb3x0Ky1bos4yugMnaNL5KFr1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifPz2YkTk=</latexit>

1

2
<latexit sha1_base64="91NJnNiONkuys7ZNVnXzJ8MXsG4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7dbMLuRCghP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3czvPHFtRKwecZpwP6IjJULBKFqp1w81ZZmXZ/V8UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLn5X5qeELZhI54z1JFI278bH5yTs6tMiRhrG0pJHP190RGI2OmUWA7I4pjs+zNxP+8XorhjZ8JlaTIFVssClNJMCaz/8lQaM5QTi2hTAt7K2FjalNAm1LZhuAtv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMIjhGV7hzUHnxXl3Phata04xcwJ/4Hz+ADqOkTc=</latexit>

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>



A                0
B                10
C                110
D                111

00100110111010001111100100 

AABABCDABAADCABA 

00000100011011000100001110000100 

A B C D

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>

1

4
<latexit sha1_base64="57AQCybepGGgdcloq8e8KUPOrvI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lqQY9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4hugozLJAUm6XJRlAoMCs//xyOuGQUxs4RQze2tmE6ITQFsShUbgrf68jrpNureVb3x0Ky1bos4yugMnaNL5KFr1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifPz2YkTk=</latexit>

1

2
<latexit sha1_base64="91NJnNiONkuys7ZNVnXzJ8MXsG4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7dbMLuRCghP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3czvPHFtRKwecZpwP6IjJULBKFqp1w81ZZmXZ/V8UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLn5X5qeELZhI54z1JFI278bH5yTs6tMiRhrG0pJHP190RGI2OmUWA7I4pjs+zNxP+8XorhjZ8JlaTIFVssClNJMCaz/8lQaM5QTi2hTAt7K2FjalNAm1LZhuAtv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMIjhGV7hzUHnxXl3Phata04xcwJ/4Hz+ADqOkTc=</latexit>

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>



A                0

B                10

C                110

D                111

� log(PA) = 1
<latexit sha1_base64="Tj98SGp3owcjggoyEQkwgOfLzL4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahHiy7VdCLUPXisYL9gG4p2TTbhmaTJckKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aWiSK0QSSXqh1gTTkTtGGY4bQdK4qjgNNWMLqb+q0nqjST4tGMY9qN8ECwkBFsrOSf+VwOyvXezem11yuW3Io7A1omXkZKkKHeK375fUmSiApDONa647mx6aZYGUY4nRT8RNMYkxEe0I6lAkdUd9PZzRN0YpU+CqWyJQyaqb8nUhxpPY4C2xlhM9SL3lT8z+skJrzqpkzEiaGCzBeFCUdGomkAqM8UJYaPLcFEMXsrIkOsMDE2poINwVt8eZk0qxXvvFJ9uCjVbrM48nAEx1AGDy6hBvdQhwYQiOEZXuHNSZwX5935mLfmnGzmEP7A+fwBIhyQcA==</latexit>

� log(PB) = 2
<latexit sha1_base64="Q8yPQJdhf9MC/JeEeHE6UfYg7Fk=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahHiy7VdCLUOrFYwX7Ad2lZNNsG5pNliQrlNK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47reTW1vf2NzKbxd2dvf2D4qHRy0tU0Vok0guVSfEmnImaNMww2knURTHIaftcHQ389tPVGkmxaMZJzSI8UCwiBFsrORf+FwOyo1e/fy22iuW3Io7B1olXkZKkKHRK375fUnSmApDONa667mJCSZYGUY4nRb8VNMEkxEe0K6lAsdUB5P5zVN0ZpU+iqSyJQyaq78nJjjWehyHtjPGZqiXvZn4n9dNTXQTTJhIUkMFWSyKUo6MRLMAUJ8pSgwfW4KJYvZWRIZYYWJsTAUbgrf88ippVSveZaX6cFWq1bM48nACp1AGD66hBvfQgCYQSOAZXuHNSZ0X5935WLTmnGzmGP7A+fwBJSeQcg==</latexit>

� log(PC) = 2
<latexit sha1_base64="GiSoQgQ0I3gvkAidtMXz/DrFjPA=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahHiy7VdCLUOzFYwX7Ad2lZNNsG5pNliQrlNK/4cWDIl79M978N6btHrT1wcDjvRlm5oUJZ9q47reTW1vf2NzKbxd2dvf2D4qHRy0tU0Vok0guVSfEmnImaNMww2knURTHIaftcFSf+e0nqjST4tGMExrEeCBYxAg2VvIvfC4H5Uavfn5b7RVLbsWdA60SLyMlyNDoFb/8viRpTIUhHGvd9dzEBBOsDCOcTgt+qmmCyQgPaNdSgWOqg8n85ik6s0ofRVLZEgbN1d8TExxrPY5D2xljM9TL3kz8z+umJroJJkwkqaGCLBZFKUdGolkAqM8UJYaPLcFEMXsrIkOsMDE2poINwVt+eZW0qhXvslJ9uCrV7rI48nACp1AGD66hBvfQgCYQSOAZXuHNSZ0X5935WLTmnGzmGP7A+fwBJq6Qcw==</latexit>

� log(PD) = 2
<latexit sha1_base64="2125ENctvIYsHZ3E0YR2gY/D4SU=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahHiy7VdCLUNSDxwr2A7qlZNNsG5pNliQrlKV/w4sHRbz6Z7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7K6tr6R3yxsbe/s7hX3D5paJorQBpFcqnaANeVM0IZhhtN2rCiOAk5bweh26reeqNJMikczjmk3wgPBQkawsZJ/5nM5KNd7d6fX1V6x5FbcGdAy8TJSggz1XvHL70uSRFQYwrHWHc+NTTfFyjDC6aTgJ5rGmIzwgHYsFTiiupvObp6gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeFVN2UiTgwVZL4oTDgyEk0DQH2mKDF8bAkmitlbERlihYmxMRVsCN7iy8ukWa1455Xqw0WpdpPFkYcjOIYyeHAJNbiHOjSAQAzP8ApvTuK8OO/Ox7w152Qzh/AHzucPKDWQdA==</latexit>

hli = �
X

i

Pi logPi = H(X)
<latexit sha1_base64="6XM2fqOqQUaetfSzxLaUY6HagLs=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARqmBJqqCbQtFNlxXsBZpQJtNJOnQyCTMToZS+gxtfxY0LRdy6cefbOEmz0NYfDnz85xxmzu/FjEplWd9GYWV1bX2juFna2t7Z3TP3DzoySgQmbRyxSPQ8JAmjnLQVVYz0YkFQ6DHS9ca3ab/7QISkEb9Xk5i4IQo49SlGSlsD88xhiAeMQOaIDOrnjkzCAYUtXQ6LghTqzUrvdGCWraqVCS6DnUMZ5GoNzC9nGOEkJFxhhqTs21as3CkSimJGZiUnkSRGeIwC0tfIUUikO81umsET7QyhHwldXMHM/b0xRaGUk9DTkyFSI7nYS83/ev1E+dfulPI4UYTj+UN+wqCKYBoQHFJBsGITDQgLqv8K8QgJhJWOsaRDsBdPXoZOrWpfVGt3l+XGTR5HERyBY1ABNrgCDdAELdAGGDyCZ/AK3own48V4Nz7mowUj3zkEf2R8/gC4D5zC</latexit>

A B C D

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>

1

4
<latexit sha1_base64="57AQCybepGGgdcloq8e8KUPOrvI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lqQY9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4hugozLJAUm6XJRlAoMCs//xyOuGQUxs4RQze2tmE6ITQFsShUbgrf68jrpNureVb3x0Ky1bos4yugMnaNL5KFr1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifPz2YkTk=</latexit>

1

2
<latexit sha1_base64="91NJnNiONkuys7ZNVnXzJ8MXsG4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7dbMLuRCghP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ3czvPHFtRKwecZpwP6IjJULBKFqp1w81ZZmXZ/V8UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLn5X5qeELZhI54z1JFI278bH5yTs6tMiRhrG0pJHP190RGI2OmUWA7I4pjs+zNxP+8XorhjZ8JlaTIFVssClNJMCaz/8lQaM5QTi2hTAt7K2FjalNAm1LZhuAtv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMIjhGV7hzUHnxXl3Phata04xcwJ/4Hz+ADqOkTc=</latexit>

1

8
<latexit sha1_base64="JDSIlWpckE5ub1eg+hoHrh9ZmcE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI9FLx4r2A9IQ9lsN+3SzW7YnQgl5Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSK4Adf9dkobm1vbO+Xdyt7+weFR9fika1SqKetQJZTuh8QwwSXrAAfB+olmJA4F64XTu7nfe2LacCUfYZawICZjySNOCVjJH0Sa0MzLs2Y+rNbcursAXideQWqoQHtY/RqMFE1jJoEKYozvuQkEGdHAqWB5ZZAalhA6JWPmWypJzEyQLU7O8YVVRjhS2pYEvFB/T2QkNmYWh7YzJjAxq95c/M/zU4iaQcZlkgKTdLkoSgUGhef/4xHXjIKYWUKo5vZWTCfEpgA2pYoNwVt9eZ10G3Xvqt54uK61bos4yugMnaNL5KEb1EL3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0OskT0=</latexit>



p
<latexit sha1_base64="BwpPxwBjOuOmyz0fSekCnW3Fr/w=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7sdAyaGOZgLlAsoTZydlkzOyFmVkhLCmtbCwUsfUp8hx2PoMv4eRSaOIPAx//fw5zzvFiwZW27S8rs7K6tr6R3cxtbe/s7uX3D+oqSiTDGotEJJseVSh4iDXNtcBmLJEGnsCGN7iZ5I0HlIpH4Z0exugGtBdynzOqjVWNO/mCXbSnIsvgzKFQPh5Xvx9PxpVO/rPdjVgSYKiZoEq1HDvWbkql5kzgKNdOFMaUDWgPWwZDGqBy0+mgI3JmnC7xI2leqMnU/d2R0kCpYeCZyoDqvlrMJuZ/WSvR/pWb8jBONIZs9pGfCKIjMtmadLlEpsXQAGWSm1kJ61NJmTa3yZkjOIsrL0O9VHQuiqWqUyhfw0xZOIJTOAcHLqEMt1CBGjBAeIIXeLXurWfrzXqflWasec8h/JH18QPItpCg</latexit>

q
<latexit sha1_base64="V0rQmMELEF+WGK0Pp1lKElOIlg4=">AAAB6HicbZC7SgNBFIbPxluMt6ilIoNBsAq7sdAyaGOZgLlAsoTZydlkzOzFmVkhLCmtbCwUsfUp8hx2PoMv4eRSaPSHgY//P4c553ix4Erb9qeVWVpeWV3Lruc2Nre2d/K7e3UVJZJhjUUikk2PKhQ8xJrmWmAzlkgDT2DDG1xN8sY9SsWj8EYPY3QD2gu5zxnVxqredfIFu2hPRf6CM4dC+XBc/Xo4Glc6+Y92N2JJgKFmgirVcuxYuymVmjOBo1w7URhTNqA9bBkMaYDKTaeDjsiJcbrEj6R5oSZT92dHSgOlhoFnKgOq+2oxm5j/Za1E+xduysM40Riy2Ud+IoiOyGRr0uUSmRZDA5RJbmYlrE8lZdrcJmeO4Cyu/BfqpaJzVixVnUL5EmbKwgEcwyk4cA5luIYK1IABwiM8w4t1az1Zr9bbrDRjzXv24Zes92/KOpCh</latexit>

یک مثال دیگر: یک بازی تکرار شونده.

برای گزارش نتایج یکصد بازی به چه تعداد بیت نیاز
داریم؟



� n
np

�
<latexit sha1_base64="LavSxEV2dKnGfiKO3a5GgMH6/Lc=">AAAB83icbVC7SgNBFL2b+IjxFbW0GQyCVdiNhYJN0MYygnlAdgmzk9lkyOzMMjMrhCW2/oGNhSK2foitnb/gVzh5FJp44MLhnHu5954w4Uwb1/1ycvmV1bX1wkZxc2t7Z7e0t9/UMlWENojkUrVDrClngjYMM5y2E0VxHHLaCodXE791R5VmUtyaUUKDGPcFixjBxkq+QD4ZSKkpEkm3VHYr7hRomXhzUq559w8XH/nverf06fckSWMqDOFY647nJibIsDKMcDou+qmmCSZD3KcdSwWOqQ6y6c1jdGyVHoqksiUMmqq/JzIcaz2KQ9sZYzPQi95E/M/rpCY6DzImktRQQWaLopQjI9EkANRjihLDR5Zgopi9FZEBVpgYG1PRhuAtvrxMmtWKd1qp3njl2iXMUIBDOIIT8OAManANdWgAgQQe4RlenNR5cl6dt1lrzpnPHMAfOO8/IF2Uww==</latexit>

Average number of red balls
<latexit sha1_base64="CLHr4JP8P/dB6J1WAwF86l7UEdI=">AAACFHicbVDLSgMxFM34rPU16lKRYBEEoczUhS6rblxasLXQKSWT3mlDk8yQZIQydOkHuPFXdOFCEbcu3PkN/oRp60JbD+RyOOdebu4JE8608bxPZ2Z2bn5hMbeUX15ZXVt3NzZrOk4VhSqNeazqIdHAmYSqYYZDPVFARMjhOuydD/3rG1CaxfLK9BNoCtKRLGKUGCu13MMsUAJnp7aHdAAHWKYiBBVgHEe2KGjbGhLO9WDQcgte0RsBTxP/hxTKO4+Vr9vdx8uW+xG0Y5oKkIZyonXD9xLTzIgyjHIY5INUQ0Joz25uWCqJAN3MRkcN8L5V2jiKlX3S4JH6eyIjQuu+CG2nIKarJ72h+J/XSE100syYTFIDko4XRSnHJsbDhHCbKaCG9y0hVDH7V0y7RBFqbI55G4I/efI0qZWK/lGxVPEL5TM0Rg5toz10gHx0jMroAl2iKqLoDj2gZ/Ti3DtPzqvzNm6dcX5mttAfOO/f19mhIg==</latexit>

= np
<latexit sha1_base64="DNEEHHyw9XipVQqdYBVprRBmiM4=">AAAB6nicbZDLSgMxFIbPeK31VnWpSLAIrspMXehGKLpx2aK9QDuUTJppQ5PMkGSEMnTp0o0LRdz6EH0Odz6DL2F6WWjrD4GP/z+HnHOCmDNtXPfLWVpeWV1bz2xkN7e2d3Zze/s1HSWK0CqJeKQaAdaUM0mrhhlOG7GiWASc1oP+zTivP1ClWSTvzSCmvsBdyUJGsLHW3ZWM27m8W3AnQovgzSBfOhpVvh+PR+V27rPViUgiqDSEY62bnhsbP8XKMMLpMNtKNI0x6eMubVqUWFDtp5NRh+jUOh0URso+adDE/d2RYqH1QAS2UmDT0/PZ2PwvayYmvPRTJuPEUEmmH4UJRyZC471RhylKDB9YwEQxOysiPawwMfY6WXsEb37lRagVC955oVjx8qVrmCoDh3ACZ+DBBZTgFspQBQJdeIIXeHW48+y8Oe/T0iVn1nMAf+R8/AAWspFf</latexit>

Number of typical sequences =
<latexit sha1_base64="Yk6atMSd3DqUCy25Zu7zOyhjoD8=">AAACEnicbVC7SgNBFJ31GeMraqnIYBC0Cbux0EYI2lhJAuYB2RBmJ3eTITO768ysEJaU1jb+ihAsFLG1svMb/Aknj0ITDwwczjmXO+d6EWdK2/aXNTe/sLi0nFpJr66tb2xmtrYrKowlhTINeShrHlHAWQBlzTSHWiSBCI9D1eteDv3qHUjFwuBG9yJoCNIOmM8o0UZqZo4TV4rkOhYeSOzi0HcxNjnjc8MU3MYQUFD9/nkzk7Vz9gh4ljgTki3sDUrf9/uDYjPz6bZCGgsINOVEqbpjR7qREKkZ5dBPu7GCiNAuaUPd0IAIUI1kVKmPD43Swn4ozQs0Hqm/JxIilOoJzyQF0R017Q3F/7x6rP2zRsKCKNam2XiRH3Osw2FvwC0mgWreM4RQycxfMe0QSag2V0ybIzjTlWdJJZ9zTnL5kpMtXKAxUmgXHaAj5KBTVEBXqIjKiKIH9IRe0Kv1aD1bb9b7ODpnTWZ20B9YHz+sC6Et</latexit>

Number of all sequences = 2n

<latexit sha1_base64="3g2cD88IFT/VaiNTz3/PM/skGVg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktBb0IRS8eK9gPaNeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJjeZ33miSjMp7s00pn6ER4KFjGBjpfZV7SEVs0G54lbdOdAq8XJSgRzNQfmrP5QkiagwhGOte54bGz/FyjDC6azUTzSNMZngEe1ZKnBEtZ/Or52hM6sMUSiVLWHQXP09keJI62kU2M4Im7Fe9jLxP6+XmPDST5mIE0MFWSwKE46MRNnraMgUJYZPLcFEMXsrImOsMDE2oJINwVt+eZW0a1WvXq3f1SuN6zyOIpzAKZyDBxfQgFtoQgsIPMIzvMKbI50X5935WLQWnHzmGP7A+fwBRSaO8A==</latexit>



✓
n

np

◆
=

n!

(np)!(n� np)!

<latexit sha1_base64="4fpk9dgGr/7enzt066vB/fsZtY8=">AAACEHicbVDLSgMxFM3UV62vUZduUotYF5YZKehGKLpxWcE+oDOUTJppQzPJkGSEMswnuPFX3LhQxK1Ld/6NmbYLrR643MM595LcE8SMKu04X1ZhaXllda24XtrY3NresXf32kokEpMWFkzIboAUYZSTlqaakW4sCYoCRjrB+Dr3O/dEKir4nZ7ExI/QkNOQYqSN1LePU+7hkRCKwJTHWXbphRLhlJeztMrjk3KVn+Yt69sVp+ZMAf8Sd04qYI5m3/70BgInEeEaM6RUz3Vi7adIaooZyUpeokiM8BgNSc9QjiKi/HR6UAaPjDKAoZCmuIZT9edGiiKlJlFgJiOkR2rRy8X/vF6iwws/pTxONOF49lCYMKgFzNOBAyoJ1mxiCMKSmr9CPEImEW0yLJkQ3MWT/5L2Wc2t1+q39Urjah5HERyAQ1AFLjgHDXADmqAFMHgAT+AFvFqP1rP1Zr3PRgvWfGcf/IL18Q3DkJxg</latexit>

رشته های نمونه 

np

<latexit sha1_base64="c6oFdMQb8LfAJYgGIdto5xmyFpA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDyoZlCtu1V2ArBMvJxXI0RyUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+trh0Ri6sMiRhrG0pJAv190RGI2OmUWA7I4pjs+rNxf+8XorhtZ8JlaTIFVsuClNJMCbzt8lQaM5QTi2hTAt7K2FjqilDG07JhuCtvrxO2ldVr1at3dcqjZs8jiKcwTlcggd1aMAdNKEFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+AKh4jXM=</latexit>

تعداد رشته های نمونه

Typical sequences



lnn! = n lnn� n
<latexit sha1_base64="wlsPvKqgqEIHCseFU2xpkB0b6cM=">AAAB+XicbVC7TgJBFL2LL8DXqqXNKDGxkexioY0J0cYSE3lE2JDZYYAJs7ObmVki2fAhJjYWGmNj4Z/Y+TU6LBQKnuTmnpxzb+bO8SPOlHacLyuztLyyupbN5dc3Nre27Z3dmgpjSWiVhDyUDR8rypmgVc00p41IUhz4nNb9wdXErw+pVCwUt3oUUS/APcG6jGBtpLZtt7hA4uBCpB2dGKngFJ0UaJG4M1Io56KHu/f770rb/mx1QhIHVGjCsVJN14m0l2CpGeF0nG/FikaYDHCPNg0VOKDKS9LLx+jIKB3UDaUpoVGq/t5IcKDUKPDNZIB1X817E/E/rxnr7rmXMBHFmgoyfagbc6RDNIkBdZikRPORIZhIZm5FpI8lJtqElTchuPNfXiS1UtE9LZZu3EL5EqbIwj4cwjG4cAZluIYKVIHAEB7hGV6sxHqyXq236WjGmu3swR9YHz/F4pYt</latexit>

�
n

np

�
= 2nH(p)

<latexit sha1_base64="LkAd4BHlfZ78TV++kyzOA3D8gPY=">AAACAHicbVC7SgNBFJ01PmJ8rVpY2AwGITZhNxYKIgRtUkYwD0jWMDuZTYbMziwzs0JY1sLGD7GxUMTWP7C18xf8CiePQhMPXDiccy/33uNHjCrtOF/WQmZxaXklu5pbW9/Y3LK3d+pKxBKTGhZMyKaPFGGUk5qmmpFmJAkKfUYa/uBy5DduiVRU8Gs9jIgXoh6nAcVIG6lj7yW8jftCKAJ5lJ6XbhJeKURHacfOO0VnDDhP3CnJl927h7OPzHe1Y3+2uwLHIeEaM6RUy3Ui7SVIaooZSXPtWJEI4QHqkZahHIVEecn4gRQeGqULAyFNcQ3H6u+JBIVKDUPfdIZI99WsNxL/81qxDk69hPIo1oTjyaIgZlALOEoDdqkkWLOhIQhLam6FuI8kwtpkljMhuLMvz5N6qegeF0tXbr58ASbIgn1wAArABSegDCqgCmoAgxQ8gmfwYt1bT9ar9TZpXbCmM7vgD6z3H6nXmXY=</latexit>

✓
n

np

◆
=

n!

(np)!(n� np)!

<latexit sha1_base64="4fpk9dgGr/7enzt066vB/fsZtY8=">AAACEHicbVDLSgMxFM3UV62vUZduUotYF5YZKehGKLpxWcE+oDOUTJppQzPJkGSEMswnuPFX3LhQxK1Ld/6NmbYLrR643MM595LcE8SMKu04X1ZhaXllda24XtrY3NresXf32kokEpMWFkzIboAUYZSTlqaakW4sCYoCRjrB+Dr3O/dEKir4nZ7ExI/QkNOQYqSN1LePU+7hkRCKwJTHWXbphRLhlJeztMrjk3KVn+Yt69sVp+ZMAf8Sd04qYI5m3/70BgInEeEaM6RUz3Vi7adIaooZyUpeokiM8BgNSc9QjiKi/HR6UAaPjDKAoZCmuIZT9edGiiKlJlFgJiOkR2rRy8X/vF6iwws/pTxONOF49lCYMKgFzNOBAyoJ1mxiCMKSmr9CPEImEW0yLJkQ3MWT/5L2Wc2t1+q39Urjah5HERyAQ1AFLjgHDXADmqAFMHgAT+AFvFqP1rP1Zr3PRgvWfGcf/IL18Q3DkJxg</latexit>

log

✓
n

np

◆
= nH(p)

<latexit sha1_base64="XZq0yqk0z+VnGWCcNtSyi2DZBlE=">AAACA3icbZDLSgMxFIYzXmu9jbrTTbAIdVNmpKAboeimywr2Ap2hZNK0Dc0kIckIZRhw46u4caGIW1/CnW9j2s5CW38IfPznHE7OH0lGtfG8b2dldW19Y7OwVdze2d3bdw8OW1okCpMmFkyoToQ0YZSTpqGGkY5UBMURI+1ofDuttx+I0lTwezORJIzRkNMBxchYq+ceB0wMYcoDPBJCE0syy655vSzPe27Jq3gzwWXwcyiBXI2e+xX0BU5iwg1mSOuu70kTpkgZihnJikGiiUR4jIaka5GjmOgwnd2QwTPr9OFAKPu4gTP390SKYq0ncWQ7Y2RGerE2Nf+rdRMzuApTymViCMfzRYOEQSPgNBDYp4pgwyYWEFbU/hXiEVIIGxtb0YbgL568DK2Lil+tVO+qpdpNHkcBnIBTUAY+uAQ1UAcN0AQYPIJn8ArenCfnxXl3PuatK04+cwT+yPn8AW36l2E=</latexit>



Number of typical sequences =
<latexit sha1_base64="Yk6atMSd3DqUCy25Zu7zOyhjoD8=">AAACEnicbVC7SgNBFJ31GeMraqnIYBC0Cbux0EYI2lhJAuYB2RBmJ3eTITO768ysEJaU1jb+ihAsFLG1svMb/Aknj0ITDwwczjmXO+d6EWdK2/aXNTe/sLi0nFpJr66tb2xmtrYrKowlhTINeShrHlHAWQBlzTSHWiSBCI9D1eteDv3qHUjFwuBG9yJoCNIOmM8o0UZqZo4TV4rkOhYeSOzi0HcxNjnjc8MU3MYQUFD9/nkzk7Vz9gh4ljgTki3sDUrf9/uDYjPz6bZCGgsINOVEqbpjR7qREKkZ5dBPu7GCiNAuaUPd0IAIUI1kVKmPD43Swn4ozQs0Hqm/JxIilOoJzyQF0R017Q3F/7x6rP2zRsKCKNam2XiRH3Osw2FvwC0mgWreM4RQycxfMe0QSag2V0ybIzjTlWdJJZ9zTnL5kpMtXKAxUmgXHaAj5KBTVEBXqIjKiKIH9IRe0Kv1aD1bb9b7ODpnTWZ20B9YHz+sC6Et</latexit>

Number of all sequences = 2n

<latexit sha1_base64="3g2cD88IFT/VaiNTz3/PM/skGVg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktBb0IRS8eK9gPaNeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJjeZ33miSjMp7s00pn6ER4KFjGBjpfZV7SEVs0G54lbdOdAq8XJSgRzNQfmrP5QkiagwhGOte54bGz/FyjDC6azUTzSNMZngEe1ZKnBEtZ/Or52hM6sMUSiVLWHQXP09keJI62kU2M4Im7Fe9jLxP6+XmPDST5mIE0MFWSwKE46MRNnraMgUJYZPLcFEMXsrImOsMDE2oJINwVt+eZW0a1WvXq3f1SuN6zyOIpzAKZyDBxfQgFtoQgsIPMIzvMKbI50X5935WLQWnHzmGP7A+fwBRSaO8A==</latexit>

2nH(X)

<latexit sha1_base64="6Q2B89ijePB1T/XvSJJZ9YEpilY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuKeix6KXHCvZD2rVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9u533miSrNI3ptpTH2BR5KFjGBjpYfqYyob5e7lbFAsuRV3AbROvIyUIENzUPzqDyOSCCoN4VjrnufGxk+xMoxwOiv0E01jTCZ4RHuWSiyo9tPFwTN0YZUhCiNlSxq0UH9PpFhoPRWB7RTYjPWqNxf/83qJCa/9lMk4MVSS5aIw4chEaP49GjJFieFTSzBRzN6KyBgrTIzNqGBD8FZfXiftasWrVWp3tVL9JosjD2dwDmXw4Arq0IAmtICAgGd4hTdHOS/Ou/OxbM052cwp/IHz+QPL+Y/C</latexit>



H(X) = 4.1
<latexit sha1_base64="7DHbpMB5hXT1J6a2iZo9FaRyH+g=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahXkJSC3oRil56rGBroA1ls920SzebuLsRSuif8OJBEa/+HW/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7B+XDo46KU0lom8Q8ll6AFeVM0LZmmlMvkRRHAacPwfh25j88UalYLO71JKF+hIeChYxgbSSvWfXOr+u22y9XHNuZA60SNycVyNHql796g5ikERWacKxU13US7WdYakY4nZZ6qaIJJmM8pF1DBY6o8rP5vVN0ZpQBCmNpSmg0V39PZDhSahIFpjPCeqSWvZn4n9dNdXjlZ0wkqaaCLBaFKUc6RrPn0YBJSjSfGIKJZOZWREZYYqJNRCUTgrv88irp1Gz3wq7d1SuNmzyOIpzAKVTBhUtoQBNa0AYCHJ7hFd6sR+vFerc+Fq0FK585hj+wPn8A40+Ojw==</latexit>

A Grand Example

~1000 Exabytes = ~1000 billion GigabyteThe current capacity of Google



A B A B B A B B A A A B B A A B A 

B B A B B A B A B B A B B A A B A 

A B A B A A A B B B A A A B A B A 
A A A A A A A A B B B A A B B B A 

P (A) = p =
2

3
<latexit sha1_base64="0axkY4GInmD4JZyxA5f/9fgkX4Y=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0Wol5K0gl4KVS8eK9gPaEvZbDft0s0m7G7EEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPC/iTGnH+bbW1jc2t7ZzO/ndvf2DQ/uo0FJhLAltkpCHsuNhRTkTtKmZ5rQTSYoDj9O2N7md+e1HKhULxYOeRrQf4JFgPiNYG2lgFxql6/NaVOv5EpOkkibVdGAXnbIzB1olbkaKkKExsL96w5DEARWacKxU13Ui3U+w1IxwmuZ7saIRJhM8ol1DBQ6o6ifz21N0ZpQh8kNpSmg0V39PJDhQahp4pjPAeqyWvZn4n9eNtX/VT5iIYk0FWSzyY450iGZBoCGTlGg+NQQTycytiIyxSUGbuPImBHf55VXSqpTdarlyf1Gs32Rx5OAETqEELlxCHe6gAU0g8ATP8ApvVmq9WO/Wx6J1zcpmjuEPrM8fiuCTfA==</latexit>

P (B) = q =
1

3
<latexit sha1_base64="6J7NglnoR+57hwUyHTbO6/W+uWQ=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRahXkrSCnoplHrxWMF+QBvKZrtpl242cXcjlpC/4sWDIl79I978N27bHLT1wcDjvRlm5nkRo1LZ9reR29jc2t7J7xb29g8Oj8zjYkeGscCkjUMWip6HJGGUk7aiipFeJAgKPEa63vRm7ncfiZA05PdqFhE3QGNOfYqR0tLQLLbKzYv6Q33gC4QTJ01q6dAs2RV7AWudOBkpQYbW0PwajEIcB4QrzJCUfceOlJsgoShmJC0MYkkihKdoTPqachQQ6SaL21PrXCsjyw+FLq6shfp7IkGBlLPA050BUhO56s3F/7x+rPxrN6E8ihXheLnIj5mlQmsehDWigmDFZpogLKi+1cITpFNQOq6CDsFZfXmddKoVp1ap3l2WGs0sjjycwhmUwYEraMAttKANGJ7gGV7hzUiNF+Pd+Fi25oxs5gT+wPj8AYx7k30=</latexit>

N =  ۱۸ = طول رشته



10 14131211

P

تعریف سخت گیرانه از رشته های متعارف



A B A B B A B B A A A B B A A B A 

B B A B B A B A B B A B B A A B A 

A B A B A A A B B B A A A B A B A 
A A A A A A A A B B B A A B B B A 

𝒫0 = π × (18
12) = 0.1962

π = (
2
3

)12 × (
1
3

)6

احتمال اینکه این منبع رشته های متعارف خیلی دقیق تولید کند کم است.



A B A B B A B B A A A B B A A B A A B A B B A B B A A A B B A A B A 

A B A B B A B B A A A B B A A B A A B A B B A B B A A A B B A A B A 

A B A B B A B B A A A B B A A B A A B A B B A B B A A A B B A A B A 

N =  ۳۶ = طول رشته𝒫0 = 0.1399

N =  ۴۸ = طول رشته 𝒫0 = 0.1214

N =  ۶۶ = طول رشته 𝒫0 = 0.1037

افزایش طول رشته ها فایده ای ندارد.



10 14131211

P

σ = mp(1 − p) = 18 ×
2
3

×
1
3

= 2

تساهل و تسامح!  یک انحراف معیار را هم قبول می کنیم



A B A B B A B B A A A B B A A B A 

B B A B B A B A B B A B B A A B A 

A B A B A A A B B B A A A B A B A 
A A A A A A A A B B B A A B B B A 

منبع اغلب اوقات ولی نه همیشه رشته های متعارف تولید می کند.

𝒫1 =
14

∑
x=10

(
2
3

)x(
1
3

)18−x(18
x ) = 0.7907

N=18



10 14131211

P

تساهل و تسامح و بیشتر!  دو انحراف معیار را هم قبول می کنیم



A B A B B A B B A A A B B A A B A 

B B A B B A B A B B A B B A A B A 

A B A B A A A B B B A A A B A B A 
A A A A A A A A B B B A A B B B A 

تقریبا منبع همیشه رشته های متعارف تولید می کند. 

𝒫2 =
16

∑
x=8

(
2
3

)x(
1
3

)18−x(18
x ) = 0.9788

N=18



ولی اگر بخواهیم احتمال تولید رشته های نمونه را 
  به ۱ برسانیم، مجبوریم که همه رشته ها را قبول کنیم!



σ = m(1 − p)p

P

m = 1200
mp = 800

3σ ≈ 49



قضیه دوم شانون:  ظرفیت کانال های کلاسیک



x

<latexit sha1_base64="iVBDhzQ/C2qpjAOYJm0i4GlIvKw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2FZoQ9lsJ+3azSbsbsQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84hK81jemUmCfkSHkoecUWOl5lO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+RmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVq1VrzVqlfp3HUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f6H+NAw==</latexit>

y

<latexit sha1_base64="IUC95M6Wg9uWetzvhnRmwFBDFLc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsp+3azSbsboQQ+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBZcG9f9dgobm1vbO8Xd0t7+weFR+fikraNEMWyxSESqG1CNgktsGW4EdmOFNAwEdoLp3dzvPKHSPJIPJo3RD+lY8hFn1FipmQ7KFbfqLkDWiZeTCuRoDMpf/WHEkhClYYJq3fPc2PgZVYYzgbNSP9EYUzalY+xZKmmI2s8Wh87IhVWGZBQpW9KQhfp7IqOh1mkY2M6Qmole9ebif14vMaMbP+MyTgxKtlw0SgQxEZl/TYZcITMitYQyxe2thE2ooszYbEo2BG/15XXSvqp6tWqtWavUb/M4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kD6gONBA==</latexit>

P (x �! y)

<latexit sha1_base64="iCiImThSiQtNrlDXoUtDO3R0mFk=">AAAB/nicbVDLSgNBEOyNrxhfUfHkZTAI8RJ2JaDHoBePEcwDkiXMTmaTIbMzy8ysuiwBf8WLB0W8+h3e/Bsnj4MmFjQUVd10dwUxZ9q47reTW1ldW9/Ibxa2tnd294r7B00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQ98Vv3VGkmxZ1JY+pHeCBYyAg2VuoVj+rlxy6XYqDYYGiwUvIBpWe9YsmtuFOgZeLNSQnmqPeKX92+JElEhSEca93x3Nj4GVaGEU7HhW6iaYzJCA9ox1KBI6r9bHr+GJ1apY9CqWwJg6bq74kMR1qnUWA7I2yGetGbiP95ncSEl37GRJwYKshsUZhwZCSaZIH6TFFieGoJJorZWxEZYoWJsYkVbAje4svLpHle8aqV6m21VLuax5GHYziBMnhwATW4gTo0gEAGz/AKb86T8+K8Ox+z1pwznzmEP3A+fwAKupWL</latexit>

0101000010001 01010010110001

There are always errors



How to correct errors?
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The new error rate

R = 1
3

<latexit sha1_base64="OsaZnWJyHpfOCqYK/STuVYutX34=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBD0EnaTg16EqCAeo5gHJEuYncwmQ2Zn15nZQFj2O7woKOLVj/HmH3j2C5w8DppY0FBUddPd5UWcKW3bn9bC4tLyympmLbu+sbm1ndvZrakwloRWSchD2fCwopwJWtVMc9qIJMWBx2nd61+O/PqASsVCcaeHEXUD3BXMZwRrI7m3Zy1fYpI4aVJK27m8XbDHQPPEmZJ8+di++vp+Oq+0cx+tTkjigApNOFaq6diRdhMsNSOcptlWrGiESR93adNQgQOq3GR8dIoOjdJBfihNCY3G6u+JBAdKDQPPdAZY99SsNxL/85qx9k/dhIko1lSQySI/5kiHaJQA6jBJieZDQzCRzNyKSA+bFLTJKWtCcGZfnie1YsEpFYo3Tr58ARNkYB8O4AgcOIEyXEMFqkDgHh7gGV6sgfVovVpvk9YFazqzB39gvf8ANryVbw==</latexit>

The Price that we should pay: we reduce the rate.

Perror = 3p2(1� p) + p3

<latexit sha1_base64="0JCEX5roAInq3fQ7elR4Td/y21w=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqIglaQu6EYpuXFawD2jTMJlO2qGTzDAzEUrIxl9x40IRt36GO//GaZuFth64cDjnXu69x+eUSGXb30ZuZXVtfSO/Wdja3tndM/cPWpLFAuEmYpSJjg8lpiTCTUUUxR0uMAx9itv++Hbqtx+xkIRFD2rCsRvCYUQCgqDSkmceNbwEC8FEel3l/UrJueBn57xf9cyiXbZnsJaJk5EiyNDwzK/egKE4xJFCFErZdWyu3AQKRRDFaaEXS8whGsMh7moawRBLN5k9kFqnWhlYARO6ImXN1N8TCQylnIS+7gyhGslFbyr+53VjFVy5CYl4rHCE5ouCmFqKWdM0rAERGCk60QQiQfStFhpBAZHSmRV0CM7iy8ukVSk7tXLtvlas32Rx5MExOAEl4IBLUAd3oAGaAIEUPINX8GY8GS/Gu/Exb80Z2cwh+APj8welhpUk</latexit>

⇠ 3p2

<latexit sha1_base64="2e0XIdMmrGfEhC5xruFqaPk7EV8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtC3osevFYwX5Iu5Zsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDPz209UaRbLezNJaCDwULKIEWys9NDTTKCL5LHWL1fcqjsHWiVeTiqQo9Evf/UGMUkFlYZwrHXXcxMTZFgZRjidlnqppgkmYzykXUslFlQH2fzgKTqzygBFsbIlDZqrvycyLLSeiNB2CmxGetmbif953dREV0HGZJIaKsliUZRyZGI0+x4NmKLE8IklmChmb0VkhBUmxmZUsiF4yy+vklat6vlV/86v1K/zOIpwAqdwDh5cQh1uoQFNICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+AOcVj9M=</latexit>
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R = 1
5

<latexit sha1_base64="ag6ADOp/54cFVHDU6ZAn3kj+BcQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoOgl7AbEb0IUUE8RjEPSJYwO5lNhszOrjOzgbDsd3hRUMSrH+PNP/DsFzhJPGhiQUNR1U13lxdxprRtf1iZufmFxaXscm5ldW19I7+5VVNhLAmtkpCHsuFhRTkTtKqZ5rQRSYoDj9O6178Y+fUBlYqF4lYPI+oGuCuYzwjWRnJvTlu+xCRx0uQobecLdtEeA80S54cUygf25efX41mlnX9vdUISB1RowrFSTceOtJtgqRnhNM21YkUjTPq4S5uGChxQ5Sbjo1O0Z5QO8kNpSmg0Vn9PJDhQahh4pjPAuqemvZH4n9eMtX/iJkxEsaaCTBb5MUc6RKMEUIdJSjQfGoKJZOZWRHrYpKBNTjkTgjP98iyplYrOYbF07RTK5zBBFnZgF/bBgWMowxVUoAoE7uAenuDZGlgP1ov1OmnNWD8z2/AH1ts3OcaVcQ==</latexit>

00011 00111

Perror ⇠ 10p3
<latexit sha1_base64="kWtMGt0fwbAq3wLXMKU2TILojns=">AAAB/HicbVDLSgMxFM34rPU12qUiwSK4KjPtQpdFNy5bsA9oxyGTZtrQZDIkGWEY6s7vcONCEbfS73DnN/gTpo+Fth64cDjn3uTeE8SMKu04X9bK6tr6xmZuK7+9s7u3bx8cNpVIJCYNLJiQ7QApwmhEGppqRtqxJIgHjLSC4fXEb90TqaiIbnUaE4+jfkRDipE2km8Xan5GpBRy1FWUQ9eJ7yq+XXRKzhRwmbhzUqwej+vfjyfjmm9/dnsCJ5xEGjOkVMc8o70MSU0xI6N8N1EkRniI+qRjaIQ4UV42XX4Ez4zSg6GQpiINp+rviQxxpVIemE6O9EAtehPxP6+T6PDSy2gUJ5pEePZRmDCoBZwkAXtUEqxZagjCkppdIR4gibA2eeVNCO7iycukWS65lVK57harV2CGHDgCp+AcuOACVMENqIEGwCAFT+AFvFoP1rP1Zr3PWles+UwB/IH18QMFEpgN</latexit>

Lower Probability of Error

Lower Rate!



Probability of Error—>0

Rate—-> 0



Error

Rate

مخابره بدون خطا

فقط با نرخ بی نهایت کم و در واقع نرخ صفر امکان پذیر است.



Error

R=Rate

مخابره بدون خطا

فقط با نرخ بی نهایت کم و در واقع نرخ صفر امکان پذیر است.

C



Typical Errors

m ⇡ Np
<latexit sha1_base64="6Udvtk263GCCpBnsbQt9v6nCyh0=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8ld0q6LHoxZNUsB+wXUo2zbahySYks2Ip/RlePCji1V/jzX9j2u5BWx8MPN6bYWZerAW34Pvf3srq2vrGZmGruL2zu7dfOjhsWpUZyhpUCWXaMbFM8JQ1gINgbW0YkbFgrXh4M/Vbj8xYrtIHGGkWSdJPecIpASeFskO0NuoJ3+luqexX/BnwMglyUkY56t3SV6enaCZZClQQa8PA1xCNiQFOBZsUO5llmtAh6bPQ0ZRIZqPx7OQJPnVKDyfKuEoBz9TfE2MirR3J2HVKAgO76E3F/7wwg+QqGvNUZ8BSOl+UZAKDwtP/cY8bRkGMHCHUcHcrpgNiCAWXUtGFECy+vEya1UpwXqneX5Rr13kcBXSMTtAZCtAlqqFbVEcNRJFCz+gVvXngvXjv3se8dcXLZ47QH3ifPywHkS0=</latexit>

✓
N

m

◆

<latexit sha1_base64="0oK4Pztm0egyEmsIbcrtYmQjy40=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kgnlAdgmzk0kyZB7LzKwQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVhDaJ4kp3YmwoZ5I2LbOcdhJNsYg5bcfj25nffqLaMCUf7SShkcBDyQaMYOukMLsPyUgpQ5GY9soVv+rPgVZJkJMK5Gj0yl9hX5FUUGkJx8Z0Az+xUYa1ZYTTaSlMDU0wGeMh7ToqsaAmyuY3T9GZU/pooLQradFc/T2RYWHMRMSuU2A7MsveTPzP66Z2cB1lTCappZIsFg1SjqxCswBQn2lKLJ84golm7lZERlhjYl1MJRdCsPzyKmnVqsFFtfZwWanf5HEU4QRO4RwCuII63EEDmkAggWd4hTcv9V68d+9j0Vrw8plj+APv8wf9B5Gm</latexit>

=

✓
N

Np

◆

<latexit sha1_base64="EC2gbx43mAtTxZxnhpCSvHVK7iA=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqexWQS9C0YunUsF+QLuWbDrbhmaTJckqZen/8OJBEa/+F2/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aWiaLQoJJL1Q6IBs4ENAwzHNqxAhIFHFrB6Gbqtx5BaSbFvRnH4EdkIFjIKDFWerhKa106lFIDrsWTXrHklt0Z8DLxMlJCGeq94le3L2kSgTCUE607nhsbPyXKMMphUugmGmJCR2QAHUsFiUD76ezqCT6xSh+HUtkSBs/U3xMpibQeR4HtjIgZ6kVvKv7ndRITXvopE3FiQND5ojDh2Eg8jQD3mQJq+NgSQhWzt2I6JIpQY4Mq2BC8xZeXSbNS9s7KlbvzUvU6iyOPjtAxOkUeukBVdIvqqIEoUugZvaI358l5cd6dj3lrzslmDtEfOJ8/JdGSSA==</latexit>

⇡ 2NH(p)
<latexit sha1_base64="poc+xvTcZMpq6UjKHCYaNNBpoEs=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDZlBE10S3bAymMgjgZF0SoGGTtu0HZWMfIobFxrj1i9x599YYBYKnuQmJ+fcm3vvCSWj2njet5NZWV1b38hu5ra2d3b33Px+Q4tYYVLHggnVCpEmjHJSN9Qw0pKKoChkpBmOrqZ+854oTQW/NWNJgggNOO1TjIyVum6+g6RU4hGW75LralGeTLpuwSt5M8Bl4qekAFLUuu5XpydwHBFuMENat31PmiBBylDMyCTXiTWRCI/QgLQt5SgiOkhmp0/gsVV6sC+ULW7gTP09kaBI63EU2s4ImaFe9Kbif147Nv2LIKFcxoZwPF/Ujxk0Ak5zgD2qCDZsbAnCitpbIR4ihbCxaeVsCP7iy8ukUS75p6XyzVmhcpnGkQWH4AgUgQ/OQQVUQQ3UAQYP4Bm8gjfnyXlx3p2PeWvGSWcOwB84nz8zKZNO</latexit>

Error

رشته خطاهای نمونه



x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

2k ⇥ 2NH(p) < 2N
<latexit sha1_base64="0R9xWTLVWTi+h20PICtSrbGJekE=">AAACAHicbVC7TgJBFJ3FF+Br1cLCZiIxwYbsroUWFkQbKoKJPCIsZHYYYMLs7GZm1kg22/gX1jYWGmLrZ9j5NTo8CgVPcpOTc+7Nvfd4IaNSWdaXkVpZXVvfSGeym1vbO7vm3n5NBpHApIoDFoiGhyRhlJOqooqRRigI8j1G6t7weuLX74mQNOC3ahQS10d9TnsUI6WljnnotIctRX0iodOOy6V8eJpcOu1yx8xZBWsKuEzsOckVM+HT3fjhu9IxP1vdAEc+4QozJGXTtkLlxkgoihlJsq1IkhDhIeqTpqYc6ZVuPH0ggSda6cJeIHRxBafq74kY+VKOfE93+kgN5KI3Ef/zmpHqXbgx5WGkCMezRb2IQRXASRqwSwXBio00QVhQfSvEAyQQVjqzrA7BXnx5mdScgn1WcG7sXPEKzJAGR+AY5IENzkERlEAFVAEGCXgGr+DNeDRejLHxPmtNGfOZA/AHxscPyHuY9g==</latexit>

Typical errors

Number of code words 

=


 Number of spheres



2k ⇥ 2NH(p) < 2N
<latexit sha1_base64="0R9xWTLVWTi+h20PICtSrbGJekE=">AAACAHicbVC7TgJBFJ3FF+Br1cLCZiIxwYbsroUWFkQbKoKJPCIsZHYYYMLs7GZm1kg22/gX1jYWGmLrZ9j5NTo8CgVPcpOTc+7Nvfd4IaNSWdaXkVpZXVvfSGeym1vbO7vm3n5NBpHApIoDFoiGhyRhlJOqooqRRigI8j1G6t7weuLX74mQNOC3ahQS10d9TnsUI6WljnnotIctRX0iodOOy6V8eJpcOu1yx8xZBWsKuEzsOckVM+HT3fjhu9IxP1vdAEc+4QozJGXTtkLlxkgoihlJsq1IkhDhIeqTpqYc6ZVuPH0ggSda6cJeIHRxBafq74kY+VKOfE93+kgN5KI3Ef/zmpHqXbgx5WGkCMezRb2IQRXASRqwSwXBio00QVhQfSvEAyQQVjqzrA7BXnx5mdScgn1WcG7sXPEKzJAGR+AY5IENzkERlEAFVAEGCXgGr+DNeDRejLHxPmtNGfOZA/AHxscPyHuY9g==</latexit>

k < N(1�H(p))
<latexit sha1_base64="hPnOjSx0Zs8pvbBlIEhvEfa1zQE=">AAAB8nicbZDLSgMxFIYz9VbrrerSTWgRWsQyUxe6cDHopiupYC8wHUomzbShmWRIMsIw9C1040IRtz6Nu76N6WWh1R8CH/9/DjnnBDGjStv21MqtrW9sbuW3Czu7e/sHxcOjthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wvp3lnUciFRX8Qacx8SM05DSkGGljeePru4pz3qjE1Wq/WLZr9lzwLzhLKLul3tnT1E2b/eJXbyBwEhGuMUNKeY4daz9DUlPMyKTQSxSJER6jIfEMchQR5WfzkSfw1DgDGAppHtdw7v7syFCkVBoFpjJCeqRWs5n5X+YlOrzyM8rjRBOOFx+FCYNawNn+cEAlwZqlBhCW1MwK8QhJhLW5UsEcwVld+S+06zXnola/d8ruDVgoD05ACVSAAy6BCxqgCVoAAwGewSt4s7T1Yr1bH4vSnLXsOQa/ZH1+A9rbkqU=</latexit>

R < 1�H(p)
<latexit sha1_base64="WNi3kVqbjxq7afbfBazxC/Q8Wyc=">AAAB73icbZDLSgMxFIbP1Futt6pLN6FFqIhlpi504WLQTZdV7AXaoWTSTBuayYxJRhhKX0IEF4q49XXc9W1MLwut/hD4+P9zyDnHjzlT2rYnVmZldW19I7uZ29re2d3L7x80VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOkPb6Z585FKxSJxr9OYeiHuCxYwgrWxWndXzlm1FJ9080W7bM+E/oKzgKJb6Jw+T9y01s1/dXoRSUIqNOFYqbZjx9obYakZ4XSc6ySKxpgMcZ+2DQocUuWNZvOO0bFxeiiIpHlCo5n7s2OEQ6XS0DeVIdYDtZxNzf+ydqKDS2/ERJxoKsj8oyDhSEdoujzqMUmJ5qkBTCQzsyIywBITbU6UM0dwllf+C41K2TkvV26donsNc2XhCApQAgcuwIUq1KAOBDg8wSu8WQ/Wi/VufcxLM9ai5xB+yfr8Bk19kc8=</latexit>

C = 1�H(p)

<latexit sha1_base64="BEfmwXgcMtmU+hh5GsgqdNbpjbA=">AAAB73icbVBNSwMxEJ34WetX1aOXYBHqwbIrBb0IxV56rGA/oF1KNs22odnsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeX4suDaO843W1jc2t7ZzO/ndvf2Dw8LRcUtHiaKsSSMRqY5PNBNcsqbhRrBOrBgJfcHa/rg289tPTGkeyQcziZkXkqHkAafEWKlTu3Uv66X4ol8oOmVnDrxK3IwUIUOjX/jqDSKahEwaKojWXdeJjZcSZTgVbJrvJZrFhI7JkHUtlSRk2kvn907xuVUGOIiULWnwXP09kZJQ60no286QmJFe9mbif143McGNl3IZJ4ZJulgUJAKbCM+exwOuGDViYgmhittbMR0RRaixEeVtCO7yy6ukdVV2K+XKfaVYvcviyMEpnEEJXLiGKtShAU2gIOAZXuENPaIX9I4+Fq1rKJs5gT9Anz8d4Y64</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>
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x y
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x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>2NH(Y) Total number of possible received words

2k Total number of code-words 

=


Total number of spheres

y

x

Number of points in a sphere

=


Volume of a sphere

2NH(Y|X)



x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>2NH(Y) Total number of possible received words

2k Total number of spheres

y

x

Number of points in a sphere2NH(Y|X)

2k × 2NH(Y|X) ≤ 2NH(Y)

k
N

≤ H(Y ) − H(Y |X)

R ≤ I(X : Y ) C = Max I(X : Y )



End of part I


