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• Interconnecting perhaps100s of billions of devices

• Key enabler: wireless communications

The Internet-of-Things (IoT) Vision



Salient Characteristics of IoT

• Massive connectivity

• High energy efficiency

• Low complexity

• High reliability

• Short packets

• Low latency



 

3GPP 

3GPP TS 22.261 V16.1.0 (2017-09) 32 Release 16 
 

Table 7.2.2-1 Performance requirements for low-latency and high-reliability scenarios. 

Scenario End-to-
end 

latency 
(note 3) 

Jitter Survival 
time 

Communication 
service 

availability 
(note 4) 

Reliability 
(note 4) 

User 
experienced 

data rate 

Payload 
size 

(note 5) 

Traffic 
density 
(note 6) 

Connection 
density 
(note 7) 

Service area 
dimension 

(note 8) 

Discrete automation – 
motion control 
(note 1) 

1 ms 1 µs 0 ms 99,9999% 99,9999% 1 Mbps 
up to 10 Mbps 

Small 1 Tbps/km2 100 000/km2 100 x 100 x 30 m  

Discrete automation 10 ms 100 µs 0 ms 99,99% 99,99% 10 Mbps Small to big 1 Tbps/km2 100 000/km2 1000 x 1000 x 30 m 
Process automation – 
remote control 

50 ms 20 ms 100 ms 99,9999% 99,9999% 1 Mbps 
up to 100 

Mbps 

Small to big 100 Gbps/km2 1 000/km2 300 x 300 x 50 m 

Process automation ‒ 
monitoring 

50 ms 20 ms 100 ms 99,9% 99,9% 1 Mbps Small 10 Gbps/km2 10 000/km2 300 x 300 x 50 

Electricity distribution – 
medium voltage 

25 ms 25 ms 25 ms 99,9% 99,9% 10 Mbps Small to big 10 Gbps/km2 1 000/km2 100 km along power 
line 

Electricity distribution – 
high voltage  
(note 2) 

5 ms 1 ms 10 ms 99,9999% 99,9999% 10 Mbps Small 100 Gbps/km2 1 000/km2 

(note 9) 
200 km along power 

line 

Intelligent transport 
systems –  
infrastructure backhaul 

10 ms 
 

20 ms 100 ms 99,9999% 99,9999% 10 Mbps Small to big 10 Gbps/km2 1 000/km2 2 km along a road 

Tactile interaction 
(note 1) 

0,5 ms TBC TBC [99,999%] [99,999%] [Low] [Small] [Low] [Low] TBC 

Remote control [5 ms] TBC TBC [99,999%] [99,999%] [From low to 
10 Mbps] 

[Small to 
big] 

[Low] [Low] TBC 

NOTE 1:  Traffic prioritization and hosting services close to the end-user may be helpful in reaching the lowest latency values. 
NOTE 2:  Currently realised via wired communication lines.  
NOTE 3:  This is the end-to-end latency the service requires. The end-to-end latency is not completely allocated to the 5G system in case other networks are in the communication path. 
NOTE 4:  Communication service availability relates to the service interfaces, reliability relates to a given node. Reliability should be equal or higher than communication service availability. 
NOTE 5:  Small: payload typically ≤ 256 bytes  
NOTE 6:  Based on the assumption that all connected applications within the service volume require the user experienced data rate.  
NOTE 7:  Under the assumption of 100% 5G penetration. 
NOTE 8  Estimates of maximum dimensions; the last figure is the vertical dimension. 
NOTE 9: In dense urban areas. 
NOTE 10:  All the values in this table are targeted values and not strict requirements.  

Requirements for URLLC in 5G 
[3GPP TS22.261]



Talk Outline

• Traditional information theory - asymptotic performance

• Basics of finite blocklength information theory: point-to-point

• Multipoint - network models 

• Age-of-Information (briefly)

• Conclusion



Traditional Information 
Theory



Traditional Information Theory 

• Benefit: characterizes operational, engineering problems in terms 
of elegant mathematical formulas

• Limitation: not suitable for low-latency applications as in IoT

• Point-to-point: Shannon’s pioneering work

• Data transmission

• Data compression 

• Network information theory

• Broadcast, multiple access, relay

• Secure transmission (wiretap), secure compression

• Asymptotic: characterizes fundamental limits when delay is 
unimportant



Data Transmission

Capacity: largest rate in the asymptotic regime of

•   Blocklength 

•   Probability of error 
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C = max
PX

I(X;Y )
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Encoder Channel Decoder
Source

1, 2, … , M
Xn YnW Ŵ



Data Compression

• Entropy: smallest asymptotic rate for lossless compression

• Rate-distortion function: smallest asymptotic rate for lossy 
compression

H(X) =
X

x2X
PX(x) log

1

PX(x)
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R(d) = min
PY |X : E[d(X,Y )]d

I(X;Y )
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Encoder Decoder
YX



Basics of Finite-Blocklength 
Information Theory 



How do we characterize non-asymptotic limits?

• Data transmission: the information density

ıX;Y (x; y) = log
PXY (x, y)

PX(x)PY (y)
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• Expectation of the information density is mutual information

I(X;Y ) = E [ıX;Y (X;Y )]
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• Similarly, for lossless and lossy compression: information and d-
tilted information, respectively



Example: Data Transmission

• Upper (achievability) bound:

• Lower (converse) bound:

✏⇤(M,n)  inf
PX

P [ıXn;Y n(Xn;Y n)  logM + n�] + exp(�n�)
<latexit sha1_base64="R9Qk4795YVWPtB7hq+7KtHoc/LM="></latexit><latexit sha1_base64="R9Qk4795YVWPtB7hq+7KtHoc/LM="></latexit><latexit sha1_base64="R9Qk4795YVWPtB7hq+7KtHoc/LM="></latexit><latexit sha1_base64="R9Qk4795YVWPtB7hq+7KtHoc/LM="></latexit>

✏⇤(M,n) � inf
PX

P [ıXn;Y n(Xn;Y n)  logM � n�]� exp(�n�)
<latexit sha1_base64="WXuHtCSlSJtmyWrtDeIrwL7NV9w="></latexit><latexit sha1_base64="WXuHtCSlSJtmyWrtDeIrwL7NV9w="></latexit><latexit sha1_base64="WXuHtCSlSJtmyWrtDeIrwL7NV9w="></latexit><latexit sha1_base64="WXuHtCSlSJtmyWrtDeIrwL7NV9w="></latexit>

smallest error for a code 
of length n and M 
codewords information density

“fudge” parameter, can be 
any positive number



Non-asymptotic Information Theory

• Non-asymptotic fundamental limits are characterized by 
information density (data transmission), information (lossless 
compression), etc.

• Good upper (converse) and lower (achievability) bounds

• Refined asymptotic limits: better characterize fundamental 
limits when delay is important



Data Transmission Revisited

Encoder Channel Decoder
Source

1, 2, … , M
Xn YnW Ŵ

non-asymptotic 
fundamental limit channel capacity channel dispersion

1

n
logM⇤(n, ✏) ⇡ C �

r
V

n
Q�1(✏)

<latexit sha1_base64="K2qx2fhtzGwJAncH6poZkJ+kBs0="></latexit><latexit sha1_base64="K2qx2fhtzGwJAncH6poZkJ+kBs0="></latexit><latexit sha1_base64="K2qx2fhtzGwJAncH6poZkJ+kBs0="></latexit><latexit sha1_base64="K2qx2fhtzGwJAncH6poZkJ+kBs0="></latexit>

E [ıX;Y (X;Y )]
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Var [ıX;Y (X;Y )]
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[Polyanskiy, et al. (2010)]

   (n,M,ε) code:   P(W≠Ŵ) ≤ ε

   Fundamental limit:  M*(n,ε) = max{M: ∃ an (n,M,ε) code} 
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[Polyanskiy, et al. (2010)]



Example:  BSC (crossover = 0.11; ε = 10-2)  

[Polyanskiy, et al. (2010)]
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Lossy Compression Revisited
 

• Refined asymptotic limit: stationary source with per-letter 
distortion

R(d) = min
PY |X : E[d(X,Y )]d

I(X;Y )
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non-asymptotic 
fundamental limit

ϵ is the probability that the 
distortion incurred by the 
reproduction exceeds d 

rate-dispersion function

Note: plus not minus

[Kostina, et al. (2012)]



Compression of Memoryless N(0,1) Source; d = 1/4 ; ε = 10-4  

[Kostina, et al. (2012)]



Lossless Compression Revisited

•Refined asymptotic limit: memoryless source with entropy H(X)

non-asymptotic best 
achievable rate encoding failure 

probability 

Called varentropy 

[Kontoiannis, et al. (2014)]



Example: Bernoulli-0.11 source ε = 10-1 
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coefficients [4] of X, and the γ (d ) were introduced by Ibrag-
imov in [16]. Although these mixing conditions may be hard
to verify in practice, they are fairly weak in that they require
only polynomial decay of α(d ) and γ (d ). In particular, any
ergodic Markov chain of any order satisfies these conditions.

From the Lindeberg-Feller theorem [7], another sufficient
condition for (132) to hold consists in assuming that the
lim sup in (121) is equal to the lim inf and is finite, and that
for all η > 0,

lim
n→∞

1
n

n∑

j=1

E
[
Z j 1{Z j > ηV (Xn )}] = 0 (143)

where

Z j =
(

ıX j |X j−1(X j |X j−1)−H (X j |X j−1)
)2

. (144)

V. GAUSSIAN APPROXIMATION FOR

MEMORYLESS SOURCES

We turn our attention to the non-asymptotic behavior of
the best rate R∗(n , ϵ) that can be achieved when compressing
a stationary memoryless source X with values in the finite
alphabet A and marginal distribution PX , whose entropy and
varentropy are denoted by H (X) and σ 2(X), respectively.

Specifically, we will derive explicit upper and lower bounds
on R∗(n , ϵ) in terms of the first three moments of the infor-
mation random variable ıX (X). Although using Theorem 7
it is possible, in principle, to compute R∗(n , ϵ) exactly, it is
more desirable to derive approximations that are both easier
to compute and offer more intuition into the behavior of the
fundamental limit R∗(n , ϵ).

Theorems 17 and 18 imply that, for all ϵ ∈ (0, 1/2), the
best achievable rate R∗(n , ϵ) satisfies,

c
n
≤ R∗(n , ϵ)

−
[

H (X) + σ (X)√
n

Q−1(ϵ)− log2 n
2n

]
≤ c′

n
. (145)

The upper bound is valid for all n , and the lower bound is valid
for n ≥ n 0. Explicit values are derived for the constants n 0,
c and c′. In view of Theorem 1 which states that minimizing
the probability that the encoded length exceeds a given bound,
the prefix constraint only incurs one bit penalty, essentially the
same results as in (145) hold for prefix codes:

c
n
≤ Rp(n , ϵ)

−
[

H (X) + σ (X)√
n

Q−1(ϵ)− log2 n
2n

]
≤ c′ + 1

n
. (146)

The bounds in (145) and (146) result in the Gaussian approx-
imation (44) stated in Section I.

Before establishing the precise non-asymptotic relations
leading to (145) and (146), we illustrate their utility. To facili-
tate this, note that Theorem 3 immediately yields the following
simple bound:

Theorem 15: For all n ≥ 1, ϵ > 0,

R∗(n , ϵ) ≤ Ru(n , ϵ), (147)

Fig. 2. The optimum rate R∗(n , 0.1), the Gaussian approximation R̃∗(n , 0.1)
in (149), and the upper bound Ru(n , 0.1), for a Bernoulli-0.11 source and
blocklengths 200 ≤ n ≤ 2000.

Fig. 3. The optimum rate R∗(n , 0.1) and the Gaussian approxima-
tion R̃∗(n , 0.1) in (149), for a Bernoulli-0.11 source and blocklengths
10 ≤ n ≤ 200.

where Ru(n , ϵ) is the quantile function of the information
spectrum, i.e., the lowest R such that:

P
[

1
n

n∑

i=1

ıX (Xi ) ≥ R

]

≤ ϵ. (148)

In Figure 2, we exhibit the behavior of the fundamental
compression limit R∗(n , ϵ) in the case of coin flips with bias
0.11 = h−1(0.5) (for which H (X) = 0.5 bits). In particular,
we compare R∗(n , ϵ) and Ru(n , ϵ) for ϵ = 0.1. The non-
monotonic nature of both R∗(n , ϵ) and Ru(n , ϵ) with n is not
surprising: Although, the larger the value of n , the less we are
at the mercy of the source randomness, we also need to com-
press more information. Figure 2 also illustrates that R∗(n , ϵ)
is tracked rather closely by the Gaussian approximation,

R̃∗(n , ϵ) = H (X) + Q−1(ϵ)
σ (X)√

n
− 1

2n
log2 n , (149)

suggested by (145).
Figure 3 focuses the comparison between R∗(n , 0.1) and

R̃∗(n , 0.1) on the short blocklength range up to 200 not shown
in Figure 2. For n > 60, the discrepancy between the two never
exceeds 4%.

The remainder of the section is devoted to justifying the use
of (149) as an accurate approximation to R∗(n , ϵ). To that
end, in Theorems 18 and 17 we establish the bounds given
in (145). Their derivation requires that we overcome two
technical hurdles:

[Kontoiannis, et al. (2014)]



Extensions to Networks



Network Information Theory (MAC - “Uplink”)

• Capacity: largest rate region in the asymptotic regime of

• Blocklength 

• Probability of error 

n ! 1
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P
⇣
(W1,W2) 6= (Ŵ1, Ŵ2)

⌘
! 0
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R1

R2

C = co

8
<

:

R1 � I(X1;Y |X2)
R2 � I(X2;Y |X1)
R1 + R2 � I(X1, X2;Y )

9
=

;

for some p(x1)p(x2)

Encoder 1

Channel Decoder

W1 X1n

Encoder 2
W2 X2n

(Ŵ1,Ŵ2)Yn



Non Asymptotic Version:
Gaussian MAC

• An Achievability Result:

Where

[MolavianJazi, et al. (2013)]



Asymptotic Capacity

Achievability 

Non-Asymptotic Upper 
Bounds From Point to 
Point

Non-Asymptotic Upper 
Bounds From Point to 
Point with Cooperation

MAC Rate Region: n  = 500; equal powers of 
0dB; ε = 10-3

[MolavianJazi, et al. (2013)]
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Non Asymptotic Version:
MAC with Degraded Message Sets

• Asymmetric MAC: encoder 1 knows both messages; encoder 2 
only knows its own message.

derivatives of asymptotic capacity region

dispersion matrix

2-dimensional generalization of inverse Gaussian CDFfraction characterizing boundary of capacity region

second-order coding rate for j-th user
number of messages for j-th user as a function of blocklength

1

n
logMn,j ⇡ Rj +

1p
n
Lj , j = 1, 2
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[Scarlett, et al. (2015)]



Unit transmit powers,            , and             ;  red curve is with � = 0
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⇢ = 0.5
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✏ = 0.1
<latexit sha1_base64="aEBqUWxMFFCchbzZ+EoA/Zxin2A=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGKLpxWcFeoDOUTJppQzNJSDJCGfoablwo4taXcefbmLaz0NYfAh//OYdz8seKM2N9/9srra1vbG6Vtys7u3v7B9XDo7aRmSa0RSSXuhtjQzkTtGWZ5bSrNMVpzGknHt/N6p0nqg2T4tFOFI1SPBQsYQRbZ4UhVYZxKW78etCv1vy6PxdahaCAGhRq9qtf4UCSLKXCEo6N6QW+slGOtWWE02klzAxVmIzxkPYcCpxSE+Xzm6fozDkDlEjtnrBo7v6eyHFqzCSNXWeK7cgs12bmf7VeZpPrKGdCZZYKsliUZBxZiWYBoAHTlFg+cYCJZu5WREZYY2JdTBUXQrD85VVoX9QDxw+XtcZtEUcZTuAUziGAK2jAPTShBQQUPMMrvHmZ9+K9ex+L1pJXzBzDH3mfPySSkRQ=</latexit><latexit sha1_base64="aEBqUWxMFFCchbzZ+EoA/Zxin2A=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGKLpxWcFeoDOUTJppQzNJSDJCGfoablwo4taXcefbmLaz0NYfAh//OYdz8seKM2N9/9srra1vbG6Vtys7u3v7B9XDo7aRmSa0RSSXuhtjQzkTtGWZ5bSrNMVpzGknHt/N6p0nqg2T4tFOFI1SPBQsYQRbZ4UhVYZxKW78etCv1vy6PxdahaCAGhRq9qtf4UCSLKXCEo6N6QW+slGOtWWE02klzAxVmIzxkPYcCpxSE+Xzm6fozDkDlEjtnrBo7v6eyHFqzCSNXWeK7cgs12bmf7VeZpPrKGdCZZYKsliUZBxZiWYBoAHTlFg+cYCJZu5WREZYY2JdTBUXQrD85VVoX9QDxw+XtcZtEUcZTuAUziGAK2jAPTShBQQUPMMrvHmZ9+K9ex+L1pJXzBzDH3mfPySSkRQ=</latexit><latexit sha1_base64="aEBqUWxMFFCchbzZ+EoA/Zxin2A=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGKLpxWcFeoDOUTJppQzNJSDJCGfoablwo4taXcefbmLaz0NYfAh//OYdz8seKM2N9/9srra1vbG6Vtys7u3v7B9XDo7aRmSa0RSSXuhtjQzkTtGWZ5bSrNMVpzGknHt/N6p0nqg2T4tFOFI1SPBQsYQRbZ4UhVYZxKW78etCv1vy6PxdahaCAGhRq9qtf4UCSLKXCEo6N6QW+slGOtWWE02klzAxVmIzxkPYcCpxSE+Xzm6fozDkDlEjtnrBo7v6eyHFqzCSNXWeK7cgs12bmf7VeZpPrKGdCZZYKsliUZBxZiWYBoAHTlFg+cYCJZu5WREZYY2JdTBUXQrD85VVoX9QDxw+XtcZtEUcZTuAUziGAK2jAPTShBQQUPMMrvHmZ9+K9ex+L1pJXzBzDH3mfPySSkRQ=</latexit><latexit sha1_base64="aEBqUWxMFFCchbzZ+EoA/Zxin2A=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGKLpxWcFeoDOUTJppQzNJSDJCGfoablwo4taXcefbmLaz0NYfAh//OYdz8seKM2N9/9srra1vbG6Vtys7u3v7B9XDo7aRmSa0RSSXuhtjQzkTtGWZ5bSrNMVpzGknHt/N6p0nqg2T4tFOFI1SPBQsYQRbZ4UhVYZxKW78etCv1vy6PxdahaCAGhRq9qtf4UCSLKXCEo6N6QW+slGOtWWE02klzAxVmIzxkPYcCpxSE+Xzm6fozDkDlEjtnrBo7v6eyHFqzCSNXWeK7cgs12bmf7VeZpPrKGdCZZYKsliUZBxZiWYBoAHTlFg+cYCJZu5WREZYY2JdTBUXQrD85VVoX9QDxw+XtcZtEUcZTuAUziGAK2jAPTShBQQUPMMrvHmZ9+K9ex+L1pJXzBzDH3mfPySSkRQ=</latexit>


L1

L1 + L2

�
2
[

�2R

�
�D(⇢) + �1 (V(⇢), ✏)

 

<latexit sha1_base64="/NeQwRRXdHZDJndtoxAomUqXYaQ="></latexit><latexit sha1_base64="/NeQwRRXdHZDJndtoxAomUqXYaQ="></latexit><latexit sha1_base64="/NeQwRRXdHZDJndtoxAomUqXYaQ="></latexit><latexit sha1_base64="/NeQwRRXdHZDJndtoxAomUqXYaQ="></latexit>

• Second order region:

[Scarlett, et al. (2015)]

Non Asymptotic Version:
MAC with Degraded Message Sets



Network Information Theory (BC - “Downlink”)

• Capacity: largest rate region in the asymptotic regime of

• Blocklength 

• Probability of error 

• Capacity is know only in special cases

n ! 1
<latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit><latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit><latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit><latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit>

P
⇣
(W0,W1) 6= (Ŵ01, Ŵ1) or (W0,W2) 6= (Ŵ02, Ŵ2)

⌘
! 0

<latexit sha1_base64="8gG+ZH5YU7V9AXMR+4am8Fup5wM="></latexit><latexit sha1_base64="8gG+ZH5YU7V9AXMR+4am8Fup5wM="></latexit><latexit sha1_base64="8gG+ZH5YU7V9AXMR+4am8Fup5wM="></latexit><latexit sha1_base64="8gG+ZH5YU7V9AXMR+4am8Fup5wM="></latexit>

• Non asymptotic results sparser here, but include a version of Marton’s 
inner bound with a common message.

Channel

Decoder 1
Xn

(Ŵ01,Ŵ1)Y1n

Encoder
(W0 , W1 ,W2)

Y2n (Ŵ02,Ŵ2)
Decoder 2

[Liu, et al. (2015)]



Wiretap Channel and Secrecy Capacity

• Secrecy capacity: largest rate in the asymptotic regime of

• Blocklength 

• Probability of error 

• Information leakage

n ! 1
<latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit><latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit><latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit><latexit sha1_base64="HK5mFF80pMJVD91PcQyi41mGke8=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiuCozIuiy6MZlBXuBdiiZNNOGZpIhOaMOQ1/FjQtF3Poi7nwb03YW2vpD4OM/53BO/jAR3IDnfTultfWNza3ydmVnd2//wD2sto1KNWUtqoTS3ZAYJrhkLeAgWDfRjMShYJ1wcjOrdx6YNlzJe8gSFsRkJHnEKQFrDdyq7Gs+GgPRWj32uYwgG7g1r+7NhVfBL6CGCjUH7ld/qGgaMwlUEGN6vpdAkBMNnAo2rfRTwxJCJ2TEehYliZkJ8vntU3xqnSGOlLZPAp67vydyEhuTxaHtjAmMzXJtZv5X66UQXQU5l0kKTNLFoigVGBSeBYGHXDMKIrNAqOb2VkzHRBMKNq6KDcFf/vIqtM/rvuW7i1rjuoijjI7RCTpDPrpEDXSLmqiFKHpCz+gVvTlT58V5dz4WrSWnmDlCf+R8/gDhEZT4</latexit>

P
⇣
W 6= Ŵ

⌘
! 0

<latexit sha1_base64="6N5s7EWU1rcqc3rTNSMz/boVvOg=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUF+4BOKZn0ThuayYzJHaUM/Q03/oobF4q41JV/Y/pYaOuBkMM595KcEyRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102cag41HstYNwNmQAoFNRQooZloYFEgoREMrsZ+4x60EbG6xWEC7Yj1lAgFZ2ilTsH1I4b9IMiqI19CiKWGr+DO7zPMGiNfi14fT6YX0zp+oG6nUHTL7gR0kXgzUiQzVDuFT78b8zQChVwyY1qem2A7YxoFlzDK+6mBhPEB60HLUsUiMO1skmxEj63SpWGs7VFIJ+rvjYxFxgyjwE6Oc5h5byz+57VSDC/amVBJiqD49KEwlRRjOq6JdoUGjnJoCeNa2L9S3meacbRl5m0J3nzkRVI/LXuW35wVK5ezOnLkkByREvHIOamQa1IlNcLJI3kmr+TNeXJenHfnYzq65Mx2DsgfOF8/md2hQw==</latexit><latexit sha1_base64="6N5s7EWU1rcqc3rTNSMz/boVvOg=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUF+4BOKZn0ThuayYzJHaUM/Q03/oobF4q41JV/Y/pYaOuBkMM595KcEyRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102cag41HstYNwNmQAoFNRQooZloYFEgoREMrsZ+4x60EbG6xWEC7Yj1lAgFZ2ilTsH1I4b9IMiqI19CiKWGr+DO7zPMGiNfi14fT6YX0zp+oG6nUHTL7gR0kXgzUiQzVDuFT78b8zQChVwyY1qem2A7YxoFlzDK+6mBhPEB60HLUsUiMO1skmxEj63SpWGs7VFIJ+rvjYxFxgyjwE6Oc5h5byz+57VSDC/amVBJiqD49KEwlRRjOq6JdoUGjnJoCeNa2L9S3meacbRl5m0J3nzkRVI/LXuW35wVK5ezOnLkkByREvHIOamQa1IlNcLJI3kmr+TNeXJenHfnYzq65Mx2DsgfOF8/md2hQw==</latexit><latexit sha1_base64="6N5s7EWU1rcqc3rTNSMz/boVvOg=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUF+4BOKZn0ThuayYzJHaUM/Q03/oobF4q41JV/Y/pYaOuBkMM595KcEyRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102cag41HstYNwNmQAoFNRQooZloYFEgoREMrsZ+4x60EbG6xWEC7Yj1lAgFZ2ilTsH1I4b9IMiqI19CiKWGr+DO7zPMGiNfi14fT6YX0zp+oG6nUHTL7gR0kXgzUiQzVDuFT78b8zQChVwyY1qem2A7YxoFlzDK+6mBhPEB60HLUsUiMO1skmxEj63SpWGs7VFIJ+rvjYxFxgyjwE6Oc5h5byz+57VSDC/amVBJiqD49KEwlRRjOq6JdoUGjnJoCeNa2L9S3meacbRl5m0J3nzkRVI/LXuW35wVK5ezOnLkkByREvHIOamQa1IlNcLJI3kmr+TNeXJenHfnYzq65Mx2DsgfOF8/md2hQw==</latexit><latexit sha1_base64="6N5s7EWU1rcqc3rTNSMz/boVvOg=">AAACGXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUF+4BOKZn0ThuayYzJHaUM/Q03/oobF4q41JV/Y/pYaOuBkMM595KcEyRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102cag41HstYNwNmQAoFNRQooZloYFEgoREMrsZ+4x60EbG6xWEC7Yj1lAgFZ2ilTsH1I4b9IMiqI19CiKWGr+DO7zPMGiNfi14fT6YX0zp+oG6nUHTL7gR0kXgzUiQzVDuFT78b8zQChVwyY1qem2A7YxoFlzDK+6mBhPEB60HLUsUiMO1skmxEj63SpWGs7VFIJ+rvjYxFxgyjwE6Oc5h5byz+57VSDC/amVBJiqD49KEwlRRjOq6JdoUGjnJoCeNa2L9S3meacbRl5m0J3nzkRVI/LXuW35wVK5ezOnLkkByREvHIOamQa1IlNcLJI3kmr+TNeXJenHfnYzq65Mx2DsgfOF8/md2hQw==</latexit>

� ! 0
<latexit sha1_base64="Bg5uWBdA+Ofe3jR7r/AJ/dQtNfw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gCWUymbRDJ5Mwc6KEUF/FjQtF3Pog7nwbp20W2vrDwMd/zuGc+YNUcA2O821V1tY3Nreq27Wd3b39A/vwqKuTTFHWoYlIVD8gmgkuWQc4CNZPFSNxIFgvmNzM6r0HpjRP5D3kKfNjMpI84pSAsYZ23QuZAOIpPhoDUSp5xM7QbjhNZy68Cm4JDVSqPbS/vDChWcwkUEG0HrhOCn5BFHAq2LTmZZqlhE7IiA0MShIz7Rfz46f41DghjhJlngQ8d39PFCTWOo8D0xkTGOvl2sz8rzbIILryCy7TDJiki0VRJjAkeJYEDrliFERugFDFza2YjokiFExeNROCu/zlVeieN13DdxeN1nUZRxUdoxN0hlx0iVroFrVRB1GUo2f0it6sJ+vFerc+Fq0Vq5ypoz+yPn8ArYeUxA==</latexit><latexit sha1_base64="Bg5uWBdA+Ofe3jR7r/AJ/dQtNfw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gCWUymbRDJ5Mwc6KEUF/FjQtF3Pog7nwbp20W2vrDwMd/zuGc+YNUcA2O821V1tY3Nreq27Wd3b39A/vwqKuTTFHWoYlIVD8gmgkuWQc4CNZPFSNxIFgvmNzM6r0HpjRP5D3kKfNjMpI84pSAsYZ23QuZAOIpPhoDUSp5xM7QbjhNZy68Cm4JDVSqPbS/vDChWcwkUEG0HrhOCn5BFHAq2LTmZZqlhE7IiA0MShIz7Rfz46f41DghjhJlngQ8d39PFCTWOo8D0xkTGOvl2sz8rzbIILryCy7TDJiki0VRJjAkeJYEDrliFERugFDFza2YjokiFExeNROCu/zlVeieN13DdxeN1nUZRxUdoxN0hlx0iVroFrVRB1GUo2f0it6sJ+vFerc+Fq0Vq5ypoz+yPn8ArYeUxA==</latexit><latexit sha1_base64="Bg5uWBdA+Ofe3jR7r/AJ/dQtNfw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gCWUymbRDJ5Mwc6KEUF/FjQtF3Pog7nwbp20W2vrDwMd/zuGc+YNUcA2O821V1tY3Nreq27Wd3b39A/vwqKuTTFHWoYlIVD8gmgkuWQc4CNZPFSNxIFgvmNzM6r0HpjRP5D3kKfNjMpI84pSAsYZ23QuZAOIpPhoDUSp5xM7QbjhNZy68Cm4JDVSqPbS/vDChWcwkUEG0HrhOCn5BFHAq2LTmZZqlhE7IiA0MShIz7Rfz46f41DghjhJlngQ8d39PFCTWOo8D0xkTGOvl2sz8rzbIILryCy7TDJiki0VRJjAkeJYEDrliFERugFDFza2YjokiFExeNROCu/zlVeieN13DdxeN1nUZRxUdoxN0hlx0iVroFrVRB1GUo2f0it6sJ+vFerc+Fq0Vq5ypoz+yPn8ArYeUxA==</latexit><latexit sha1_base64="Bg5uWBdA+Ofe3jR7r/AJ/dQtNfw=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJCLosunFZwV6gCWUymbRDJ5Mwc6KEUF/FjQtF3Pog7nwbp20W2vrDwMd/zuGc+YNUcA2O821V1tY3Nreq27Wd3b39A/vwqKuTTFHWoYlIVD8gmgkuWQc4CNZPFSNxIFgvmNzM6r0HpjRP5D3kKfNjMpI84pSAsYZ23QuZAOIpPhoDUSp5xM7QbjhNZy68Cm4JDVSqPbS/vDChWcwkUEG0HrhOCn5BFHAq2LTmZZqlhE7IiA0MShIz7Rfz46f41DghjhJlngQ8d39PFCTWOo8D0xkTGOvl2sz8rzbIILryCy7TDJiki0VRJjAkeJYEDrliFERugFDFza2YjokiFExeNROCu/zlVeieN13DdxeN1nUZRxUdoxN0hlx0iVroFrVRB1GUo2f0it6sJ+vFerc+Fq0Vq5ypoz+yPn8ArYeUxA==</latexit>

Cs = max
PX

{I(X;Y )� I(X;Z)}
<latexit sha1_base64="2Pd+n9FN32/QFM2pWkL47x4ERRI=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahFSyJCAoiFLvRXQV70SaEyXTSDp1cmDkRS+g7uPFV3LhQxK0bd76N0zYLbT0wzMf/n8PM+b2YMwmm+a3NzS8sLi3nVvKra+sbm/rWdkNGiSC0TiIeiZaHJeUspHVgwGkrFhQHHqdNr18d+c17KiSLwhsYxNQJcDdkPiMYlOTqB1VXntsBfnDTmtsa2pz6YKdXxdbZbelwdN2VbMG6PbCHrl4wy+a4jFmwMiigrGqu/mV3IpIENATCsZRty4zBSbEARjgd5u1E0hiTPu7StsIQB1Q66XinobGvlI7hR0KdEIyx+nsixYGUg8BTnQGGnpz2RuJ/XjsB/9RJWRgnQEMyechPuAGRMQrI6DBBCfCBAkwEU381SA8LTEDFmFchWNMrz0LjqGwpvj4uVC6yOHJoF+2hIrLQCaqgS1RDdUTQI3pGr+hNe9JetHftY9I6p2UzO+hPaZ8/Ja+dDA==</latexit><latexit sha1_base64="2Pd+n9FN32/QFM2pWkL47x4ERRI=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahFSyJCAoiFLvRXQV70SaEyXTSDp1cmDkRS+g7uPFV3LhQxK0bd76N0zYLbT0wzMf/n8PM+b2YMwmm+a3NzS8sLi3nVvKra+sbm/rWdkNGiSC0TiIeiZaHJeUspHVgwGkrFhQHHqdNr18d+c17KiSLwhsYxNQJcDdkPiMYlOTqB1VXntsBfnDTmtsa2pz6YKdXxdbZbelwdN2VbMG6PbCHrl4wy+a4jFmwMiigrGqu/mV3IpIENATCsZRty4zBSbEARjgd5u1E0hiTPu7StsIQB1Q66XinobGvlI7hR0KdEIyx+nsixYGUg8BTnQGGnpz2RuJ/XjsB/9RJWRgnQEMyechPuAGRMQrI6DBBCfCBAkwEU381SA8LTEDFmFchWNMrz0LjqGwpvj4uVC6yOHJoF+2hIrLQCaqgS1RDdUTQI3pGr+hNe9JetHftY9I6p2UzO+hPaZ8/Ja+dDA==</latexit><latexit sha1_base64="2Pd+n9FN32/QFM2pWkL47x4ERRI=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahFSyJCAoiFLvRXQV70SaEyXTSDp1cmDkRS+g7uPFV3LhQxK0bd76N0zYLbT0wzMf/n8PM+b2YMwmm+a3NzS8sLi3nVvKra+sbm/rWdkNGiSC0TiIeiZaHJeUspHVgwGkrFhQHHqdNr18d+c17KiSLwhsYxNQJcDdkPiMYlOTqB1VXntsBfnDTmtsa2pz6YKdXxdbZbelwdN2VbMG6PbCHrl4wy+a4jFmwMiigrGqu/mV3IpIENATCsZRty4zBSbEARjgd5u1E0hiTPu7StsIQB1Q66XinobGvlI7hR0KdEIyx+nsixYGUg8BTnQGGnpz2RuJ/XjsB/9RJWRgnQEMyechPuAGRMQrI6DBBCfCBAkwEU381SA8LTEDFmFchWNMrz0LjqGwpvj4uVC6yOHJoF+2hIrLQCaqgS1RDdUTQI3pGr+hNe9JetHftY9I6p2UzO+hPaZ8/Ja+dDA==</latexit><latexit sha1_base64="2Pd+n9FN32/QFM2pWkL47x4ERRI=">AAACE3icbZDLSsNAFIYnXmu9RV26CRahFSyJCAoiFLvRXQV70SaEyXTSDp1cmDkRS+g7uPFV3LhQxK0bd76N0zYLbT0wzMf/n8PM+b2YMwmm+a3NzS8sLi3nVvKra+sbm/rWdkNGiSC0TiIeiZaHJeUspHVgwGkrFhQHHqdNr18d+c17KiSLwhsYxNQJcDdkPiMYlOTqB1VXntsBfnDTmtsa2pz6YKdXxdbZbelwdN2VbMG6PbCHrl4wy+a4jFmwMiigrGqu/mV3IpIENATCsZRty4zBSbEARjgd5u1E0hiTPu7StsIQB1Q66XinobGvlI7hR0KdEIyx+nsixYGUg8BTnQGGnpz2RuJ/XjsB/9RJWRgnQEMyechPuAGRMQrI6DBBCfCBAkwEU381SA8LTEDFmFchWNMrz0LjqGwpvj4uVC6yOHJoF+2hIrLQCaqgS1RDdUTQI3pGr+hNe9JetHftY9I6p2UzO+hPaZ8/Ja+dDA==</latexit>

• Limitation: not suitable for low-latency applications as in IoT.
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Wiretap Channel: Finite Blocklength

•                 secrecy code:

• Message

• Encoder                                        ; decoder 

• Average error probability: 

• Secrecy constraint: information leakage

•                      maximum secret rate at a given blocklength.

(M, ✏, �)
<latexit sha1_base64="P3BLv/Q8PUqGiCUFKklDD/sLvPw=">AAACB3icbZDLSsNAFIYnXmu9VV0KEixChVISEXRZdONGqGAv0IQymZy0QyeTMHMilNKdG1/FjQtF3PoK7nwbp5eFtv4w8PGfczhz/iAVXKPjfFtLyyura+u5jfzm1vbObmFvv6GTTDGos0QkqhVQDYJLqCNHAa1UAY0DAc2gfz2uNx9AaZ7Iexyk4Me0K3nEGUVjdQpHnoAIS7dlD1LNRSLLXggCqad4t4ennULRqTgT2YvgzqBIZqp1Cl9emLAsBolMUK3brpOiP6QKORMwynuZhpSyPu1C26CkMWh/OLljZJ8YJ7SjRJkn0Z64vyeGNNZ6EAemM6bY0/O1sflfrZ1hdOkPuUwzBMmmi6JM2JjY41DskCtgKAYGKFPc/NVmPaooQxNd3oTgzp+8CI2zimv47rxYvZrFkSOH5JiUiEsuSJXckBqpE0YeyTN5JW/Wk/VivVsf09YlazZzQP7I+vwBde2ZCg==</latexit><latexit sha1_base64="P3BLv/Q8PUqGiCUFKklDD/sLvPw=">AAACB3icbZDLSsNAFIYnXmu9VV0KEixChVISEXRZdONGqGAv0IQymZy0QyeTMHMilNKdG1/FjQtF3PoK7nwbp5eFtv4w8PGfczhz/iAVXKPjfFtLyyura+u5jfzm1vbObmFvv6GTTDGos0QkqhVQDYJLqCNHAa1UAY0DAc2gfz2uNx9AaZ7Iexyk4Me0K3nEGUVjdQpHnoAIS7dlD1LNRSLLXggCqad4t4ennULRqTgT2YvgzqBIZqp1Cl9emLAsBolMUK3brpOiP6QKORMwynuZhpSyPu1C26CkMWh/OLljZJ8YJ7SjRJkn0Z64vyeGNNZ6EAemM6bY0/O1sflfrZ1hdOkPuUwzBMmmi6JM2JjY41DskCtgKAYGKFPc/NVmPaooQxNd3oTgzp+8CI2zimv47rxYvZrFkSOH5JiUiEsuSJXckBqpE0YeyTN5JW/Wk/VivVsf09YlazZzQP7I+vwBde2ZCg==</latexit><latexit sha1_base64="P3BLv/Q8PUqGiCUFKklDD/sLvPw=">AAACB3icbZDLSsNAFIYnXmu9VV0KEixChVISEXRZdONGqGAv0IQymZy0QyeTMHMilNKdG1/FjQtF3PoK7nwbp5eFtv4w8PGfczhz/iAVXKPjfFtLyyura+u5jfzm1vbObmFvv6GTTDGos0QkqhVQDYJLqCNHAa1UAY0DAc2gfz2uNx9AaZ7Iexyk4Me0K3nEGUVjdQpHnoAIS7dlD1LNRSLLXggCqad4t4ennULRqTgT2YvgzqBIZqp1Cl9emLAsBolMUK3brpOiP6QKORMwynuZhpSyPu1C26CkMWh/OLljZJ8YJ7SjRJkn0Z64vyeGNNZ6EAemM6bY0/O1sflfrZ1hdOkPuUwzBMmmi6JM2JjY41DskCtgKAYGKFPc/NVmPaooQxNd3oTgzp+8CI2zimv47rxYvZrFkSOH5JiUiEsuSJXckBqpE0YeyTN5JW/Wk/VivVsf09YlazZzQP7I+vwBde2ZCg==</latexit><latexit sha1_base64="P3BLv/Q8PUqGiCUFKklDD/sLvPw=">AAACB3icbZDLSsNAFIYnXmu9VV0KEixChVISEXRZdONGqGAv0IQymZy0QyeTMHMilNKdG1/FjQtF3PoK7nwbp5eFtv4w8PGfczhz/iAVXKPjfFtLyyura+u5jfzm1vbObmFvv6GTTDGos0QkqhVQDYJLqCNHAa1UAY0DAc2gfz2uNx9AaZ7Iexyk4Me0K3nEGUVjdQpHnoAIS7dlD1LNRSLLXggCqad4t4ennULRqTgT2YvgzqBIZqp1Cl9emLAsBolMUK3brpOiP6QKORMwynuZhpSyPu1C26CkMWh/OLljZJ8YJ7SjRJkn0Z64vyeGNNZ6EAemM6bY0/O1sflfrZ1hdOkPuUwzBMmmi6JM2JjY41DskCtgKAYGKFPc/NVmPaooQxNd3oTgzp+8CI2zimv47rxYvZrFkSOH5JiUiEsuSJXckBqpE0YeyTN5JW/Wk/VivVsf09YlazZzQP7I+vwBde2ZCg==</latexit>

W 2 {1, . . . ,M}
<latexit sha1_base64="X0p1Ew3qIQr+meQx9STwv+hyi1k=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclJKIoMuiGzdCBfuAJpTJdNoOnUzCzI1SYj/FjQtF3Pol7vwbp20W2npg4HDOPdw7J0wE1+i639bK6tr6xmZhq7i9s7u3b5cOmjpOFWUNGotYtUOimeCSNZCjYO1EMRKFgrXC0fXUbz0wpXks73GcsCAiA8n7nBI0UtcutXwu/cyr+L0YdeXWn3Ttslt1Z3CWiZeTMuSod+0vk6VpxCRSQbTueG6CQUYUcirYpOinmiWEjsiAdQyVJGI6yGanT5wTo/ScfqzMk+jM1N+JjERaj6PQTEYEh3rRm4r/eZ0U+5dBxmWSIpN0vqifCgdjZ9qD0+OKURRjQwhV3Nzq0CFRhKJpq2hK8Ba/vEyaZ1XP8Lvzcu0qr6MAR3AMp+DBBdTgBurQAAqP8Ayv8GY9WS/Wu/UxH12x8swh/IH1+QN6wZN7</latexit><latexit sha1_base64="X0p1Ew3qIQr+meQx9STwv+hyi1k=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclJKIoMuiGzdCBfuAJpTJdNoOnUzCzI1SYj/FjQtF3Pol7vwbp20W2npg4HDOPdw7J0wE1+i639bK6tr6xmZhq7i9s7u3b5cOmjpOFWUNGotYtUOimeCSNZCjYO1EMRKFgrXC0fXUbz0wpXks73GcsCAiA8n7nBI0UtcutXwu/cyr+L0YdeXWn3Ttslt1Z3CWiZeTMuSod+0vk6VpxCRSQbTueG6CQUYUcirYpOinmiWEjsiAdQyVJGI6yGanT5wTo/ScfqzMk+jM1N+JjERaj6PQTEYEh3rRm4r/eZ0U+5dBxmWSIpN0vqifCgdjZ9qD0+OKURRjQwhV3Nzq0CFRhKJpq2hK8Ba/vEyaZ1XP8Lvzcu0qr6MAR3AMp+DBBdTgBurQAAqP8Ayv8GY9WS/Wu/UxH12x8swh/IH1+QN6wZN7</latexit><latexit sha1_base64="X0p1Ew3qIQr+meQx9STwv+hyi1k=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclJKIoMuiGzdCBfuAJpTJdNoOnUzCzI1SYj/FjQtF3Pol7vwbp20W2npg4HDOPdw7J0wE1+i639bK6tr6xmZhq7i9s7u3b5cOmjpOFWUNGotYtUOimeCSNZCjYO1EMRKFgrXC0fXUbz0wpXks73GcsCAiA8n7nBI0UtcutXwu/cyr+L0YdeXWn3Ttslt1Z3CWiZeTMuSod+0vk6VpxCRSQbTueG6CQUYUcirYpOinmiWEjsiAdQyVJGI6yGanT5wTo/ScfqzMk+jM1N+JjERaj6PQTEYEh3rRm4r/eZ0U+5dBxmWSIpN0vqifCgdjZ9qD0+OKURRjQwhV3Nzq0CFRhKJpq2hK8Ba/vEyaZ1XP8Lvzcu0qr6MAR3AMp+DBBdTgBurQAAqP8Ayv8GY9WS/Wu/UxH12x8swh/IH1+QN6wZN7</latexit><latexit sha1_base64="X0p1Ew3qIQr+meQx9STwv+hyi1k=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclJKIoMuiGzdCBfuAJpTJdNoOnUzCzI1SYj/FjQtF3Pol7vwbp20W2npg4HDOPdw7J0wE1+i639bK6tr6xmZhq7i9s7u3b5cOmjpOFWUNGotYtUOimeCSNZCjYO1EMRKFgrXC0fXUbz0wpXks73GcsCAiA8n7nBI0UtcutXwu/cyr+L0YdeXWn3Ttslt1Z3CWiZeTMuSod+0vk6VpxCRSQbTueG6CQUYUcirYpOinmiWEjsiAdQyVJGI6yGanT5wTo/ScfqzMk+jM1N+JjERaj6PQTEYEh3rRm4r/eZ0U+5dBxmWSIpN0vqifCgdjZ9qD0+OKURRjQwhV3Nzq0CFRhKJpq2hK8Ba/vEyaZ1XP8Lvzcu0qr6MAR3AMp+DBBdTgBurQAAqP8Ayv8GY9WS/Wu/UxH12x8swh/IH1+QN6wZN7</latexit>

PX|W : {1, . . . ,M} ! A
<latexit sha1_base64="oLPhmXseA6rY/U43AFvI0bvwtdE=">AAACFHicbVDLSsNAFJ34rPUVdekmWATBUhIRFFdVN26ECvYBTQiT6aQdOnkwc6OUmI9w46+4caGIWxfu/BsnbRbaemDgcM69d+49XsyZBNP81ubmFxaXlksr5dW19Y1NfWu7JaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3vMz99h0VkkXhLYxi6gS4HzKfEQxKcvXDhpt2HtrZmZ1aVbsXgaxe25ktWH8AWIjo3g4wDAjm6Xnm6hWzZo5hzBKrIBVUoOHqX2oiSQIaAuFYyq5lxuCkWAAjnGZlO5E0xmSI+7SraIgDKp10fFRm7CulZ/iRUC8EY6z+7khxIOUo8FRlvqKc9nLxP6+bgH/qpCyME6AhmXzkJ9yAyMgTMnpMUAJ8pAgmgqldDTLAAhNQOZZVCNb0ybOkdVSzFL85rtQvijhKaBftoQNkoRNUR1eogZqIoEf0jF7Rm/akvWjv2sekdE4renbQH2ifP3PKnxU=</latexit><latexit sha1_base64="oLPhmXseA6rY/U43AFvI0bvwtdE=">AAACFHicbVDLSsNAFJ34rPUVdekmWATBUhIRFFdVN26ECvYBTQiT6aQdOnkwc6OUmI9w46+4caGIWxfu/BsnbRbaemDgcM69d+49XsyZBNP81ubmFxaXlksr5dW19Y1NfWu7JaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3vMz99h0VkkXhLYxi6gS4HzKfEQxKcvXDhpt2HtrZmZ1aVbsXgaxe25ktWH8AWIjo3g4wDAjm6Xnm6hWzZo5hzBKrIBVUoOHqX2oiSQIaAuFYyq5lxuCkWAAjnGZlO5E0xmSI+7SraIgDKp10fFRm7CulZ/iRUC8EY6z+7khxIOUo8FRlvqKc9nLxP6+bgH/qpCyME6AhmXzkJ9yAyMgTMnpMUAJ8pAgmgqldDTLAAhNQOZZVCNb0ybOkdVSzFL85rtQvijhKaBftoQNkoRNUR1eogZqIoEf0jF7Rm/akvWjv2sekdE4renbQH2ifP3PKnxU=</latexit><latexit sha1_base64="oLPhmXseA6rY/U43AFvI0bvwtdE=">AAACFHicbVDLSsNAFJ34rPUVdekmWATBUhIRFFdVN26ECvYBTQiT6aQdOnkwc6OUmI9w46+4caGIWxfu/BsnbRbaemDgcM69d+49XsyZBNP81ubmFxaXlksr5dW19Y1NfWu7JaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3vMz99h0VkkXhLYxi6gS4HzKfEQxKcvXDhpt2HtrZmZ1aVbsXgaxe25ktWH8AWIjo3g4wDAjm6Xnm6hWzZo5hzBKrIBVUoOHqX2oiSQIaAuFYyq5lxuCkWAAjnGZlO5E0xmSI+7SraIgDKp10fFRm7CulZ/iRUC8EY6z+7khxIOUo8FRlvqKc9nLxP6+bgH/qpCyME6AhmXzkJ9yAyMgTMnpMUAJ8pAgmgqldDTLAAhNQOZZVCNb0ybOkdVSzFL85rtQvijhKaBftoQNkoRNUR1eogZqIoEf0jF7Rm/akvWjv2sekdE4renbQH2ifP3PKnxU=</latexit><latexit sha1_base64="oLPhmXseA6rY/U43AFvI0bvwtdE=">AAACFHicbVDLSsNAFJ34rPUVdekmWATBUhIRFFdVN26ECvYBTQiT6aQdOnkwc6OUmI9w46+4caGIWxfu/BsnbRbaemDgcM69d+49XsyZBNP81ubmFxaXlksr5dW19Y1NfWu7JaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3vMz99h0VkkXhLYxi6gS4HzKfEQxKcvXDhpt2HtrZmZ1aVbsXgaxe25ktWH8AWIjo3g4wDAjm6Xnm6hWzZo5hzBKrIBVUoOHqX2oiSQIaAuFYyq5lxuCkWAAjnGZlO5E0xmSI+7SraIgDKp10fFRm7CulZ/iRUC8EY6z+7khxIOUo8FRlvqKc9nLxP6+bgH/qpCyME6AhmXzkJ9yAyMgTMnpMUAJ8pAgmgqldDTLAAhNQOZZVCNb0ybOkdVSzFL85rtQvijhKaBftoQNkoRNUR1eogZqIoEf0jF7Rm/akvWjv2sekdE4renbQH2ifP3PKnxU=</latexit>

g : B ! {1, . . . ,M}
<latexit sha1_base64="kIkUZumVtJN/ZqOausLxVev1qS0=">AAACDnicbVC7SgNBFL0bXzG+opY2S0JAMIRdG8UqxMZGiGAekF3C7GSSDJl9MHNXCct+gY2f4C/YWChia23n3zh5FJp4YOBwzj3MvceLBFdoWd9GZmV1bX0ju5nb2t7Z3cvvHzRVGEvKGjQUoWx7RDHBA9ZAjoK1I8mI7wnW8kaXE791x6TiYXCL44i5PhkEvM8pQS1186XBheMTHFIiklrqSD4YIpEyvHcSu+z0QlTlayft5otWxZrCXCb2nBSrBefkCQDq3fyXztLYZwFSQZTq2FaEbkIkcipYmnNixSJCR2TAOpoGxGfKTabnpGZJKz2zH0r9AjSn6u9EQnylxr6nJyerq0VvIv7ndWLsn7sJD6IYWUBnH/VjYWJoTroxe1wyimKsCaGS611NOiSSUNQN5nQJ9uLJy6R5WrE1v7GL1RrMkIUjKMAx2HAGVbiCOjSAwgM8wyu8GY/Gi/FufMxGM8Y8cwh/YHz+AKvfnfU=</latexit><latexit sha1_base64="HC2Oz3F2nue3ZWVlbYjQxdKJwfE=">AAACDnicbVDLSsNAFJ34rPUVdekmtBQES0ncKK5K3bgRKtgHNKVMppN06GQSZm6UEPoFblz4I25cKOLWtbv+jdPHQlsPDBzOuYe593gxZwpse2ysrK6tb2zmtvLbO7t7++bBYVNFiSS0QSIeybaHFeVM0AYw4LQdS4pDj9OWN7ya+K17KhWLxB2kMe2GOBDMZwSDlnpmKbh0QwwDgnlWG7mSBQPAUkYPbuaU3X4Eqnzjjnpm0a7YU1jLxJmTYrXgnj6Pq2m9Z37rLElCKoBwrFTHsWPoZlgCI5yO8m6iaIzJEAe0o6nAIVXdbHrOyCpppW/5kdRPgDVVfycyHCqVhp6enKyuFr2J+J/XScC/6GZMxAlQQWYf+Qm3ILIm3Vh9JikBnmqCiWR6V4sMsMQEdIN5XYKzePIyaZ5VHM1vnWK1hmbIoWNUQCfIQeeoiq5RHTUQQY/oBb2hd+PJeDU+jM/Z6IoxzxyhPzC+fgC1SZ97</latexit><latexit sha1_base64="HC2Oz3F2nue3ZWVlbYjQxdKJwfE=">AAACDnicbVDLSsNAFJ34rPUVdekmtBQES0ncKK5K3bgRKtgHNKVMppN06GQSZm6UEPoFblz4I25cKOLWtbv+jdPHQlsPDBzOuYe593gxZwpse2ysrK6tb2zmtvLbO7t7++bBYVNFiSS0QSIeybaHFeVM0AYw4LQdS4pDj9OWN7ya+K17KhWLxB2kMe2GOBDMZwSDlnpmKbh0QwwDgnlWG7mSBQPAUkYPbuaU3X4Eqnzjjnpm0a7YU1jLxJmTYrXgnj6Pq2m9Z37rLElCKoBwrFTHsWPoZlgCI5yO8m6iaIzJEAe0o6nAIVXdbHrOyCpppW/5kdRPgDVVfycyHCqVhp6enKyuFr2J+J/XScC/6GZMxAlQQWYf+Qm3ILIm3Vh9JikBnmqCiWR6V4sMsMQEdIN5XYKzePIyaZ5VHM1vnWK1hmbIoWNUQCfIQeeoiq5RHTUQQY/oBb2hd+PJeDU+jM/Z6IoxzxyhPzC+fgC1SZ97</latexit><latexit sha1_base64="VrUuQzVFyl0znKS5PmV0oNzbfnE=">AAACDnicbVC7SgNBFJ31GeNr1dJmMAQsQti1UaxCbGyECOYB2SXMTmY3Q2YfzNxVwrJfYOOv2FgoYmtt5984m6TQxAMDh3PuYe49XiK4Asv6NlZW19Y3Nktb5e2d3b198+Cwo+JUUtamsYhlzyOKCR6xNnAQrJdIRkJPsK43vir87j2TisfRHUwS5oYkiLjPKQEtDcxqcOmEBEaUiKyZO5IHIyBSxg9OZtecYQyqduPkA7Ni1a0p8DKx56SC5mgNzC+dpWnIIqCCKNW3rQTcjEjgVLC87KSKJYSOScD6mkYkZMrNpufkuKqVIfZjqV8EeKr+TmQkVGoSenqyWF0teoX4n9dPwb9wMx4lKbCIzj7yU4EhxkU3eMgloyAmmhAqud4V0xGRhIJusKxLsBdPXiads7qt+a1daTTndZTQMTpBp8hG56iBrlELtRFFj+gZvaI348l4Md6Nj9noijHPHKE/MD5/AJlgnGw=</latexit>

P
⇣
W 6= Ŵ

⌘
 ✏

<latexit sha1_base64="h6pyHqqObtOs+IQQnG6TEpJnQss=">AAACGHicbVC7SgNBFL3r2/iKWtosBkEb3bXRMmhjGcEkQjbI7ORuMjg7u5m5K4Ql4DeINv6KjYUitun8G2cTC18HBg7n3MOde8JUCkOe9+FMTc/Mzs0vLJaWlldW18rrGw2TZJpjnScy0ZchMyiFwjoJkniZamRxKLEZXp8WfvMGtRGJuqBBiu2YdZWIBGdkpavyQRAz6oVhXhsGEiPabQYK+0GPUd4cBlp0e7RnjX6AqRGySFS8fW8M9y/xv0ilenR/dwsAtavyKOgkPItREZfMmJbvpdTOmSbBJQ5LQWYwZfyadbFlqWIxmnY+Pmzo7lil40aJtk+RO1a/J3IWGzOIQztZnGF+e4X4n9fKKDpu50KlGaHik0VRJl1K3KIltyM0cpIDSxjXwv7V5T2mGSfbZcmW4P8++S9pHO77lp/7leoJTLAAW7ANu+DDEVThDGpQBw4P8AQv8Oo8Os/Om/M+GZ1yvjKb8APO6BM5bqNS</latexit><latexit sha1_base64="5uKMZtzB7O+1mhkaS0a0Hw2HFL8=">AAACGHicbVDLSsNAFJ34rPVVrTs3wSLoRhM3uiy6cVnBPqAJMpneNIOTSZy5EUroT4hu/BU3LhRx251/4Gc4abvwdWDgcM493LknSAXX6Dgf1szs3PzCYmmpvLyyurZe2dhs6SRTDJosEYnqBFSD4BKayFFAJ1VA40BAO7g+K/z2LSjNE3mJgxT8mPYlDzmjaKSryqEXU4yCIG8MPQEh7rU9CTdeRDFvDz3F+xHuG+PGg1RzUSRqzoEzhv2XuFNSqx/f3w2qn1uNq8rI6yUsi0EiE1Trruuk6OdUIWcChmUv05BSdk370DVU0hi0n48PG9q7RunZYaLMk2iP1e+JnMZaD+LATBZn6N9eIf7ndTMMT/ycyzRDkGyyKMyEjYldtGT3uAKGYmAIZYqbv9osoooyNF2WTQnu75P/ktbRgWv4hVurn5IJSmSb7JA94pJjUifnpEGahJEH8kReyKv1aD1bb9b7ZHTGmmaq5Aes0ReaHqRa</latexit><latexit sha1_base64="5uKMZtzB7O+1mhkaS0a0Hw2HFL8=">AAACGHicbVDLSsNAFJ34rPVVrTs3wSLoRhM3uiy6cVnBPqAJMpneNIOTSZy5EUroT4hu/BU3LhRx251/4Gc4abvwdWDgcM493LknSAXX6Dgf1szs3PzCYmmpvLyyurZe2dhs6SRTDJosEYnqBFSD4BKayFFAJ1VA40BAO7g+K/z2LSjNE3mJgxT8mPYlDzmjaKSryqEXU4yCIG8MPQEh7rU9CTdeRDFvDz3F+xHuG+PGg1RzUSRqzoEzhv2XuFNSqx/f3w2qn1uNq8rI6yUsi0EiE1Trruuk6OdUIWcChmUv05BSdk370DVU0hi0n48PG9q7RunZYaLMk2iP1e+JnMZaD+LATBZn6N9eIf7ndTMMT/ycyzRDkGyyKMyEjYldtGT3uAKGYmAIZYqbv9osoooyNF2WTQnu75P/ktbRgWv4hVurn5IJSmSb7JA94pJjUifnpEGahJEH8kReyKv1aD1bb9b7ZHTGmmaq5Aes0ReaHqRa</latexit><latexit sha1_base64="8piU3jSISSMEt8eP0E1G3/+Dk8k=">AAACGHicbVBNT8JAFNz6ifiFevTSSEzwgq0XPRK9eMREKAklZLu8wobttuy+mpCGn+HFv+LFg8Z45ea/cQscFJxkk8nMe3k7EySCa3Scb2ttfWNza7uwU9zd2z84LB0dN3WcKgYNFotYtQKqQXAJDeQooJUooFEgwAuGd7nvPYHSPJaPOE6gE9G+5CFnFI3ULV36EcVBEGT1iS8gxIrnSxj5A4qZN/EV7w/wwhgjHxLNRb5RdqrODPYqcRekTBaod0tTvxezNAKJTFCt266TYCejCjkTMCn6qYaEsiHtQ9tQSSPQnWwWbGKfG6Vnh7EyT6I9U39vZDTSehwFZjKPoZe9XPzPa6cY3nQyLpMUQbL5oTAVNsZ23pLd4woYirEhlClu/mqzAVWUoemyaEpwlyOvkuZV1TX8wS3Xbhd1FMgpOSMV4pJrUiP3pE4ahJFn8kreyYf1Yr1Zn9bXfHTNWuyckD+wpj9e6qE1</latexit>

 �
<latexit sha1_base64="2UpktDjIXDw6QkA0AS30lOtYgkk=">AAAB8XicbZC7TsNAEEXH4RXCKzw6GosIiSqyaaC0oKGgCBJJELEVrdfjZJX12uyukSIrf0FDAUK0/AWfQMffsHkUkHCllY7undHOTJhxprTjfFulpeWV1bXyemVjc2t7p7q711JpLik2acpTeRcShZwJbGqmOd5lEkkScmyHg8tx3n5EqVgqbvUwwyAhPcFiRok21r3P8cGPkGvSrdacujORvQjuDGrewfWnBwCNbvXLj1KaJyg05USpjutkOiiI1IxyHFX8XGFG6ID0sGNQkARVUEwmHtnHxonsOJXmCW1P3N8dBUmUGiahqUyI7qv5bGz+l3VyHZ8HBRNZrlHQ6Udxzm2d2uP17YhJpJoPDRAqmZnVpn0iCdXmSBVzBHd+5UVondZdwzduzbuAqcpwCEdwAi6cgQdX0IAmUBDwBC/wainr2Xqz3qelJWvWsw9/ZH38ANhwkoE=</latexit><latexit sha1_base64="hahxMb32b62Aj9TJQ3lu1YNwsTI=">AAAB8XicbZC7TsNAEEXH4RXCKzw6GosIiSqyaaCMoKGgCBJJELYVrdfjZJX12uyukSIrf0FDAUK0/AWfQMffsHkUkHCllY7undHOTJhxprTjfFulpeWV1bXyemVjc2t7p7q711ZpLim2aMpTeRcShZwJbGmmOd5lEkkScuyEg8tx3nlEqVgqbvUwwyAhPcFiRok21r3P8cGPkGvSrdacujORvQjuDGqNg+vPpix7zW71y49SmicoNOVEKc91Mh0URGpGOY4qfq4wI3RAeugZFCRBFRSTiUf2sXEiO06leULbE/d3R0ESpYZJaCoTovtqPhub/2VeruPzoGAiyzUKOv0ozrmtU3u8vh0xiVTzoQFCJTOz2rRPJKHaHKlijuDOr7wI7dO6a/jGrTUuYKoyHMIRnIALZ9CAK2hCCygIeIIXeLWU9Wy9We/T0pI169mHP7I+fgAKs5Nm</latexit><latexit sha1_base64="hahxMb32b62Aj9TJQ3lu1YNwsTI=">AAAB8XicbZC7TsNAEEXH4RXCKzw6GosIiSqyaaCMoKGgCBJJELYVrdfjZJX12uyukSIrf0FDAUK0/AWfQMffsHkUkHCllY7undHOTJhxprTjfFulpeWV1bXyemVjc2t7p7q711ZpLim2aMpTeRcShZwJbGmmOd5lEkkScuyEg8tx3nlEqVgqbvUwwyAhPcFiRok21r3P8cGPkGvSrdacujORvQjuDGqNg+vPpix7zW71y49SmicoNOVEKc91Mh0URGpGOY4qfq4wI3RAeugZFCRBFRSTiUf2sXEiO06leULbE/d3R0ESpYZJaCoTovtqPhub/2VeruPzoGAiyzUKOv0ozrmtU3u8vh0xiVTzoQFCJTOz2rRPJKHaHKlijuDOr7wI7dO6a/jGrTUuYKoyHMIRnIALZ9CAK2hCCygIeIIXeLWU9Wy9We/T0pI169mHP7I+fgAKs5Nm</latexit><latexit sha1_base64="8WZk1MgupJfKQNNxF6qpvzGBZWs=">AAAB8XicbZA9T8MwEIYv5auUrwIji0WFxFQlLDBWsDAWiX6IJqoc59JadZxgO0hV1X/BwgBCrPwbNv4NbpsBWl7J0qP37uS7N8wE18Z1v53S2vrG5lZ5u7Kzu7d/UD08aus0VwxbLBWp6oZUo+ASW4Ybgd1MIU1CgZ1wdDOrd55QaZ7KezPOMEjoQPKYM2qs9eALfPQjFIb2qzW37s5FVsEroAaFmv3qlx+lLE9QGiao1j3PzUwwocpwJnBa8XONGWUjOsCeRUkT1MFkvvGUnFknInGq7JOGzN3fExOaaD1OQtuZUDPUy7WZ+V+tl5v4KphwmeUGJVt8FOeCmJTMzicRV8iMGFugTHG7K2FDqigzNqSKDcFbPnkV2hd1z/KdV2tcF3GU4QRO4Rw8uIQG3EITWsBAwjO8wpujnRfn3flYtJacYuYY/sj5/AGkDJDf</latexit>

R⇤(n, ✏, �) :
<latexit sha1_base64="dyu12PUwZGuowFqbHHoaArjGN7s=">AAACAHicdZBNSwMxEIZn/bZ+VT148BJaBL8ou7VY9VT04lHFqtDWkk2nbWg2uyRZoZRe/CWCFw+KePVnePPfmG0VVPSFwMM7M0zm9SPBtXHdd2dkdGx8YnJqOjUzOze/kF5cutBhrBiWWShCdeVTjYJLLBtuBF5FCmngC7z0O0dJ/fIGleahPDfdCGsBbUne5Iwaa9XTK2fXm+tyu4qR5iK00EBh6MZBPZ11c/t7u/nCLnFzrlv08l4C+WJhp0A86yTKljLVrTsAOKmn36qNkMUBSsME1briuZGp9agynAnsp6qxxoiyDm1hxaKkAepab3BAn6xZp0GaobJPGjJwv0/0aKB1N/BtZ0BNW/+uJeZftUpsmnu1HpdRbFCy4aJmLIgJSZIGaXCFzIiuBcoUt38lrE0VZcZmlrIhfF1K/oeLfM6zfOplS4cw1BSsQgbWwYMilOAYTqAMDPpwD4/w5Nw6D86z8zJsHXE+Z5bhh5zXD5hUl0A=</latexit><latexit sha1_base64="dz7RVEy9cdzpYFf7gvFeIsuRsKs="></latexit><latexit sha1_base64="dz7RVEy9cdzpYFf7gvFeIsuRsKs="></latexit><latexit sha1_base64="6ME4DRxcE1+uAoSHTxHFzC6uXAY=">AAACAHicdZDLSgMxFIYzXmu9VV24cBMsQhUpM7W01VXRjcsq9gJtLZn0TBuayQxJRiilG1/FjQtF3PoY7nwbM20FFf0h8PGfczg5vxtyprRtf1hz8wuLS8uJleTq2vrGZmpru6aCSFKo0oAHsuESBZwJqGqmOTRCCcR3OdTdwUVcr9+BVCwQN3oYQtsnPcE8Rok2Vie1e317lBHHLQgV44GBLnBNDs86qbSdPS0VcvkCtrO2XXRyTgy5Yv4kjx3jxEqjmSqd1HurG9DIB6EpJ0o1HTvU7RGRmlEO42QrUhASOiA9aBoUxAfVHk0OGOMD43SxF0jzhMYT9/vEiPhKDX3XdPpE99XvWmz+VWtG2iu1R0yEkQZBp4u8iGMd4DgN3GUSqOZDA4RKZv6KaZ9IQrXJLGlC+LoU/w+1XNYxfOWky+ezOBJoD+2jDHJQEZXRJaqgKqJojB7QE3q27q1H68V6nbbOWbOZHfRD1tsnhdWVtw==</latexit>
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• Legitimate channel is deterministic, eavesdropper channel is BSC:

Semi-deterministic Wiretap Channel (BSC):
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Second-order Approximation
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Converse [Y.-Schaefer-Poor’16]
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<latexit sha1_base64="tpkhU/E/IBNWo1ZiGXNq+neYhCo=">AAACAHicbZDLSsNAFIYn9VbrLerChZtgEdxYEhV0Uyi6cVnBXqCJZTI5aYdOJmFmIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H7CqFS2/W2UlpZXVtfK65WNza3tHXN3ry3jVBBokZjFoutjCYxyaCmqGHQTATjyGXT80c2k3nkEIWnM79U4AS/CA05DSrDSVt88cANgCtddSCRlMa879kN2ep73zapds6eyFsEpoIoKNfvmlxvEJI2AK8KwlD3HTpSXYaEoYZBX3FRCgskID6CnkeMIpJdND8itY+0EVhgL/biypu7viQxHUo4jX3dGWA3lfG1i/lfrpSq88jLKk1QBJ7NFYcosFVuTNKyACiCKjTVgIqj+q0WGWGCidGYVHYIzf/IitM9qjua7i2rjuoijjA7RETpBDrpEDXSLmqiFCMrRM3pFb8aT8WK8Gx+z1pJRzOyjPzI+fwDLxpXe</latexit><latexit sha1_base64="tpkhU/E/IBNWo1ZiGXNq+neYhCo=">AAACAHicbZDLSsNAFIYn9VbrLerChZtgEdxYEhV0Uyi6cVnBXqCJZTI5aYdOJmFmIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H7CqFS2/W2UlpZXVtfK65WNza3tHXN3ry3jVBBokZjFoutjCYxyaCmqGHQTATjyGXT80c2k3nkEIWnM79U4AS/CA05DSrDSVt88cANgCtddSCRlMa879kN2ep73zapds6eyFsEpoIoKNfvmlxvEJI2AK8KwlD3HTpSXYaEoYZBX3FRCgskID6CnkeMIpJdND8itY+0EVhgL/biypu7viQxHUo4jX3dGWA3lfG1i/lfrpSq88jLKk1QBJ7NFYcosFVuTNKyACiCKjTVgIqj+q0WGWGCidGYVHYIzf/IitM9qjua7i2rjuoijjA7RETpBDrpEDXSLmqiFCMrRM3pFb8aT8WK8Gx+z1pJRzOyjPzI+fwDLxpXe</latexit><latexit sha1_base64="tpkhU/E/IBNWo1ZiGXNq+neYhCo=">AAACAHicbZDLSsNAFIYn9VbrLerChZtgEdxYEhV0Uyi6cVnBXqCJZTI5aYdOJmFmIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H7CqFS2/W2UlpZXVtfK65WNza3tHXN3ry3jVBBokZjFoutjCYxyaCmqGHQTATjyGXT80c2k3nkEIWnM79U4AS/CA05DSrDSVt88cANgCtddSCRlMa879kN2ep73zapds6eyFsEpoIoKNfvmlxvEJI2AK8KwlD3HTpSXYaEoYZBX3FRCgskID6CnkeMIpJdND8itY+0EVhgL/biypu7viQxHUo4jX3dGWA3lfG1i/lfrpSq88jLKk1QBJ7NFYcosFVuTNKyACiCKjTVgIqj+q0WGWGCidGYVHYIzf/IitM9qjua7i2rjuoijjA7RETpBDrpEDXSLmqiFCMrRM3pFb8aT8WK8Gx+z1pJRzOyjPzI+fwDLxpXe</latexit><latexit sha1_base64="tpkhU/E/IBNWo1ZiGXNq+neYhCo=">AAACAHicbZDLSsNAFIYn9VbrLerChZtgEdxYEhV0Uyi6cVnBXqCJZTI5aYdOJmFmIpSQja/ixoUibn0Md76N0zYLbf1h4OM/53Dm/H7CqFS2/W2UlpZXVtfK65WNza3tHXN3ry3jVBBokZjFoutjCYxyaCmqGHQTATjyGXT80c2k3nkEIWnM79U4AS/CA05DSrDSVt88cANgCtddSCRlMa879kN2ep73zapds6eyFsEpoIoKNfvmlxvEJI2AK8KwlD3HTpSXYaEoYZBX3FRCgskID6CnkeMIpJdND8itY+0EVhgL/biypu7viQxHUo4jX3dGWA3lfG1i/lfrpSq88jLKk1QBJ7NFYcosFVuTNKyACiCKjTVgIqj+q0WGWGCidGYVHYIzf/IitM9qjua7i2rjuoijjA7RETpBDrpEDXSLmqiFCMrRM3pFb8aT8WK8Gx+z1pJRzOyjPzI+fwDLxpXe</latexit>

R⇤(n, ✏, �) = Cs �
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<latexit sha1_base64="2XYj1zXI74+cqD57yOAJUqzVM0k="></latexit><latexit sha1_base64="2XYj1zXI74+cqD57yOAJUqzVM0k="></latexit><latexit sha1_base64="2XYj1zXI74+cqD57yOAJUqzVM0k="></latexit><latexit sha1_base64="2XYj1zXI74+cqD57yOAJUqzVM0k="></latexit>

[Yang, et al. (2017)]



• Message:  We pay a rate penalty for low latency.

Latency in Large Networks 

• Main Ideas:

• Blocklength is proportional to latency 

• System latency per user

• When is positive rate possible? 
` =

n

K(n)
<latexit sha1_base64="4qCMt/NPJGtJ6M8Z8+S3Lr66aA8=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCvZREBL0IBS+Clwr2A5pQNttNu3SzCbsboYT4V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC5mfndRyoVi8WDnibUj/BIsJARrI00sKse5fzaCyUmmcizu7o4ywd2zWk4c6BV4hakBgVaA/vLG8YkjajQhGOl+q6TaD/DUjPCaV7xUkUTTCZ4RPuGChxR5Wfz43N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZ0wkqaaCLBaFKUc6RrMk0JBJSjSfGoKJZOZWRMbYBKFNXhUTgrv88irpnDdcp+HeX9SaThFHGY7hBOrgwiU04RZa0AYCU3iGV3iznqwX6936WLSWrGKmCn9gff4AbRKUjQ==</latexit><latexit sha1_base64="4qCMt/NPJGtJ6M8Z8+S3Lr66aA8=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCvZREBL0IBS+Clwr2A5pQNttNu3SzCbsboYT4V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC5mfndRyoVi8WDnibUj/BIsJARrI00sKse5fzaCyUmmcizu7o4ywd2zWk4c6BV4hakBgVaA/vLG8YkjajQhGOl+q6TaD/DUjPCaV7xUkUTTCZ4RPuGChxR5Wfz43N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZ0wkqaaCLBaFKUc6RrMk0JBJSjSfGoKJZOZWRMbYBKFNXhUTgrv88irpnDdcp+HeX9SaThFHGY7hBOrgwiU04RZa0AYCU3iGV3iznqwX6936WLSWrGKmCn9gff4AbRKUjQ==</latexit><latexit sha1_base64="4qCMt/NPJGtJ6M8Z8+S3Lr66aA8=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCvZREBL0IBS+Clwr2A5pQNttNu3SzCbsboYT4V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC5mfndRyoVi8WDnibUj/BIsJARrI00sKse5fzaCyUmmcizu7o4ywd2zWk4c6BV4hakBgVaA/vLG8YkjajQhGOl+q6TaD/DUjPCaV7xUkUTTCZ4RPuGChxR5Wfz43N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZ0wkqaaCLBaFKUc6RrMk0JBJSjSfGoKJZOZWRMbYBKFNXhUTgrv88irpnDdcp+HeX9SaThFHGY7hBOrgwiU04RZa0AYCU3iGV3iznqwX6936WLSWrGKmCn9gff4AbRKUjQ==</latexit><latexit sha1_base64="4qCMt/NPJGtJ6M8Z8+S3Lr66aA8=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCvZREBL0IBS+Clwr2A5pQNttNu3SzCbsboYT4V7x4UMSrP8Sb/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC5mfndRyoVi8WDnibUj/BIsJARrI00sKse5fzaCyUmmcizu7o4ywd2zWk4c6BV4hakBgVaA/vLG8YkjajQhGOl+q6TaD/DUjPCaV7xUkUTTCZ4RPuGChxR5Wfz43N0apQhCmNpSmg0V39PZDhSahoFpjPCeqyWvZn4n9dPdXjlZ0wkqaaCLBaFKUc6RrMk0JBJSjSfGoKJZOZWRMbYBKFNXhUTgrv88irpnDdcp+HeX9SaThFHGY7hBOrgwiU04RZa0AYCU3iGV3iznqwX6936WLSWrGKmCn9gff4AbRKUjQ==</latexit>

C =

8
<

:

system rate is same K(n) = O(n)
system rate decreases but is positive K(n) = O(np)

system rate is zero K(n) = O(ec·n)
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Classical Multiple-

Access Channel

(MAC)

A Large Number 

of Users

Many-Access 

Channel

(MnAC)

The number of users K(n) is fixed as 
the blocklength n goes to infinity.

The number of users K(n)
increases with the blocklength n.

[Shahi, et al. (2016)]
[Chen, et al. (2017]
[Cao, et al. (2018)]



Another Approach to Latency:
Age of Information (AoI)

monitor
channel

sensor

measurements

• AoI: time since latest measurement has reached destination

• Measures latency from destination’s perspective

• Assesses the freshness of data, in addition to distortion/error

• Suitable metric for real-time sensing applications in IoT

• Introduces queueing into the analysis



Example:  AoI for Energy Harvesting Sensors

monitor
channel

measurements

incoming energy

battery

[Arafa, et al. (2018)]
[Bacinoglu, et al. (2018)

• Energy harvesting sensors cannot send data all the time

• Incoming energy needs to be optimally managed to minimize 
AoI

• Online threshold policies are age-minimal: send a new update 
only if AoI grows above a certain threshold



Conclusions

• In next-gen communications, latency tolerances will be much lower than in current 
generations because of time-critical machine-to-machine type applications

• Finite blocklength information theory is well-suited to assess latency in IoT 
applications, where the physical layer may predominate

• We examined:

• point-to-point channels

• multi-user channels

• secrecy

• large scale networks

• Age-of-Information: another approach is to assess latency via a different metric

• A rich area with much work left to do!



Thank you!


