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Shannon tells us

Architecturalimplication: separatesourceandchannelcoding
Delayis themostbasicpriceof reliability
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Delayis themostbasicpriceof reliability

“[The dualitybetweensourceandchannelcoding]canbe
pursuedfurtherandis relatedto a dualitybetweenpastandfuture
andthenotionsof control andknowledge. Thuswemayhave
knowledgeof thepastandcannotcontrol it; wemaycontrol the
futurebut havenoknowledgeof it.” —ClaudeShannon1959
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Review of block coding

Longblockcodesarethetraditionalinfo theoryapproach
I Source:Xn

1 ! BRn
1 ! bXn

1
I Channel:BRn

1 ! Yn
1 ! Zn

1 ! bBRn
1
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No realsenseof time,excepttrivial interpretation
I Source-coding:randomnessis beforeencoding
I Channel-coding:randomnessis afterencoding

Block errorexponents:Pe / exp(� nE(R))
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Outline

1 Motivationandintroduction
2 Fixed-delaychannelcoding

I Without feedback
I TheBECexample
I Thefocusingbound
I Approachingthefocusingboundwith feedback

3 Thesource-codinganalog
I Withoutside-information
I With side-information

4 Conclusions
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What about �x ed delay?

-AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA AA
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Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10 Z11 Z12 Z13 Z14 Z15 Z16 Z17 Z18 Z19 Z20 Z21 Z22 Z23 Z24 Z25 Z26

�x eddelayd = 7

bB6 bB8bB1 bB2 bB3 bB4 bB5 bB7 bB9

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

Consider“hard” deadlinestoday. (“Soft” deadlinesallow “erasures”)
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Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10 Z11 Z12 Z13 Z14 Z15 Z16 Z17 Z18 Z19 Z20 Z21 Z22 Z23 Z24 Z25 Z26

�x eddelayd = 7

bB6 bB8bB1 bB2 bB3 bB4 bB5 bB7 bB9

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

Consider“hard” deadlinestoday. (“Soft” deadlinesallow “erasures”)

CanachieveEr (R) with delayusingconvolutionalcodes.

Pinsker (1967:PPI3.4.44-55)claimedthattheblock-exponents
continuedto governthenon-blockcasewith andwithoutfeedback.
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Nonblock codes without feedback
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ML decoding
I Disjoint pathsare

pairwiseindependentof
thetruepath.

I Er (R) analysisapplies:
futureeventsdominate.
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Transmitthepathlabels
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ML decoding
I Disjoint pathsare

pairwiseindependentof
thetruepath.

I Er (R) analysisapplies:
futureeventsdominate.

Canimplementwith
time-varyingrandom
convolutionalcode.

Achieves
Pe(d) � K exp(� Er (R)d)
for every d for all R < C
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Pinsker's bounding construction explained

Without feedback:Esp(R) continuesto beabound.
Consideracodewith targetdelayd

I Useit to constructablock-codewith blocksizen >> d
I Genie-aideddecoder:hasthetruthof all bitsbeforei
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My favorite example: The BEC
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With perfectfeedback,
simpleto achieve:
retransmituntil it gets
through
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Whathappenswith
feedback?
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BEC with feedback and �x ed blocks

At rateR < 1, haveRnbits to transmitin n channeluses.

Typically (1 � � )n codebitswill bereceived.
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BEC with feedback and �x ed blocks

At rateR < 1, haveRnbits to transmitin n channeluses.

Typically (1 � � )n codebitswill bereceived.
Block errorscausedby atypicalchannelbehavior.

I Doomedif fewer thanRnbitsarrive intact.
I Feedback cannotsaveus.
I D(1 � Rjj � )

Dobrushinshowedthatthis typeof behavior is common.
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BEC with feedback and �x ed delay

R = 1
2 example:
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Anant Sahai (UC Berkeley) Delay and Feedback Jul 18, 2006 15 / 55



BEC with feedback and �x ed delay

R = 1
2 example:

��

��

��

��

��

��

��

��
-

�
-

�
-

�
-

�
� 2

(1 � � )2

� 2

(1 � � )2

� 2

(1 � � )2

� 2

(1 � � )2
10 2 3 � � �

Birth-deathchain:positive recurrentif � < 1
2

Delayexponenteasyto see:

P(D � d) = P(L >
d
2

) = K(
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� 0:584vs0:0294for block-codingwith � = 0:4

Pinsker waswrong!
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Where is this boost coming from?
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Using Esp to bound � � in general

-

d�
1� � d

bitswithin deadline bits to ignore

� n (1 � � )n

Pastbehavior Future

� R0n

Theblockerrorprobabilityis likee� � (1� � )n whichcannotexceedthe
sphere-packingbounde� Esp(� R)n
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Uncertainty focusing bound for symmetric DMCs

Minimize over � for symmetricDMCsto sweepout frontierby varying� > 0:

R(� ) =
E0(� )

�
E+

a (� ) = E0(� )
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Uncertainty focusing bound for symmetric DMCs

Minimize over � for symmetricDMCsto sweepout frontierby varying� > 0:

R(� ) =
E0(� )

�
E+

a (� ) = E0(� )

Sameform asViterbi's “convolutionalcodingbound”for constraint-lengths,
but a lot morefundamental!
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Upper bound tight for the BEC with feedback
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A spoonful of “sugar” helps the bits get across.
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Harnessing the power of “�o w control”

onechunk

6 6
Previousblock “disambiguation”
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ForwardDMC channeluses

Noiselessforwardsidechanneluses

Previousblockcon�rmation

deny deny con�rm

disambiguation

1 Groupbits into miniblocksof sizenR. (n << d)
2 Transmitusingan1 -lengthrandomcodebook.
3 Usethe“sugar” to tell decoderwhenit' sdone.

Nodecodingerrors, justqueuingplustransmissiondelays.
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Approaching the focusing bound
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The dominant error events: past vs future
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Why this works: operational interpretation of E0(� )

Variableblock transmissiontimeT canbeboundedbya constantplusa
geometricrandomvariable.
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Reduces to the low-rate erasure case

PickR < R0 < C andaim for E+ (R0) = E0(� 0) exponent.
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If n large,effectivepoint-messagerate(n(1 � R
R0)) � 1 is small.
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But low-rate erasure exponent � � log�
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� log� = E0(� 0) in ourcontext.
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Channels with positive zero-error capacity
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6

6

6 disambiguation

(l + 1)-bit zero-errorfeedbackblockcodes

� c � c � c

deny deny

con�rm +

(1 � � )c (1 � � )c (1 � � )c

�rst chunk secondchunk third chunk

randomincrement randomincrement randomincrement

Throw awaya fraction� of channelusesfor �o w-controloverhead
Asymptoticallyachievesthefocusingboundas� ! 0.
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Can do well even without “sugar”

Time-share�o w-controlanddataandoptimizefraction� for �o w-control.
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Channel coding �nal comments

Computationperchannelusedoesnotdependonprobabilityof error=
in�nite computationalexponent

Anant Sahai (UC Berkeley) Delay and Feedback Jul 18, 2006 34 / 55



Channel coding �nal comments

Computationperchannelusedoesnotdependonprobabilityof error=
in�nite computationalexponent

Thecodeis “anytime” in thatit is delayuniversal— applicationcanpick
whatlatency is desired.

Anant Sahai (UC Berkeley) Delay and Feedback Jul 18, 2006 34 / 55



Channel coding �nal comments

Computationperchannelusedoesnotdependonprobabilityof error=
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Thecodeis “anytime” in thatit is delayuniversal— applicationcanpick
whatlatency is desired.

Queuingdelaydominatesatall rates.

Transmissiondelayexponentsareboundedaway from zeroatall ratesup
to capacity. (partiallyexplainsHorstein'sweirdpositiveerrorexponents
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The source coding problem

Source
Decoder

- - -f Xtg Source
Encoder

f X̂tg

Encoded
Bitstream

FixedRateR

Assumef Xtg iid
Application-level interface

I Symbolerrorprobability:Pe = P(Xt 6= X̂t)
I End-to-endlatency: d (measuredin sourcetimescale)

Channel-codeinterface:�x edrateR(assumednoiseless)
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Assumef Xtg iid
Application-level interface

I Symbolerrorprobability:Pe = P(Xt 6= X̂t)
I End-to-endlatency: d (measuredin sourcetimescale)

Channel-codeinterface:�x edrateR(assumednoiseless)

Whatarethefundamentaltradeoffs?
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Using Eb to bound Es in general

-

dR1
� � 1 dR

symbolswithin deadline symbolsto ignore

1
� � 1 d d

Pastbehavior Future

n

Theerrorprobabilityis boundedby K exp(� dEs(R)) whichcannotexceedthe
block-codingboundexp(� nEb(� R))
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1
� � 1 d d

Pastbehavior Future

n

Theerrorprobabilityis boundedby K exp(� dEs(R)) whichcannotexceedthe
block-codingboundexp(� nEb(� R))

Es(R) �
Eb(� R)
� � 1

Only the pastmatters!
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Achieving the focusing bound

R(� ) =
E0(� )

�
Es(� ) = E0(� )
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FIFOQueue bitstream

�x ed-rate�x ed-rate

source

Pickminiblockn largeenoughbut smallrelative to d

Variable-lengthcodesturn into variabledelayat thereceiver.

Queuingdelaydominates
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A simple example

Unfair coin tossesP(H) = 0:2
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Side-information at the decoder

E D -RateR-
6

...

...

...

...

...

.
6

bX1; bX2; : : :-X1; X2; : : :

Y1; Y2; : : :

(Xi ; Yi) � pXY

6

?

Encodermayor maynotbeignorantof theside-information
If PX;Y symmetricwith uniformmarginals,candonobetterthanEb(R)
with delay.
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Long vs. Large deviations
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ErrorHeight
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Shorterdeviationperiodsmustbelarger.

Smallerdeviationsmustbeover longerperiods.
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Conclusions
“[The dualitybetweensourceandchannelcoding]canbe

pursuedfurtherandis relatedto a dualitybetweenpastandfuture
andthenotionsof control andknowledge. Thuswemayhave
knowledgeof thepastandcannotcontrol it; wemaycontrol the
futurebut havenoknowledgeof it.” —ClaudeShannon1959

Erroreventsaredominatedby the:
I Future:Channelcodingwithout feedback.[Pinsker]
I Past:Point-to-pointlosslesssourcecoding[ITW06]
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Conclusions
“[The dualitybetweensourceandchannelcoding]canbe

pursuedfurtherandis relatedto a dualitybetweenpastandfuture
andthenotionsof control andknowledge. Thuswemayhave
knowledgeof thepastandcannotcontrol it; wemaycontrol the
futurebut havenoknowledgeof it.” —ClaudeShannon1959

Erroreventsaredominatedby the:
I Future:Channelcodingwithout feedback.[Pinsker]
I Past:Point-to-pointlosslesssourcecoding[ITW06]
I Future:Symmetricsourcecodingwith receiver side-information[ISIT06]
I Combination:Channelcodingwith feedback
I Combination:Non-symmetricsource-codingwith receiver

side-information.
Architecturalguidance:

I Makeyourmessagesasshortaspossiblewhile avoiding integereffects.
I Usevariable-lengthcodingwhereyoucan
I Usefeedbackfor hybrid ARQ, not retransmissions
I Usequeuesto smoothoutyourdatarates
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6 6

� -

� -

.........................................................................................................................................................................................................
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......................................................................................................................................

.........................................................................................................................................................................................................

Potential“slack” chunks

requiredbasedonShannoncapacity

� n( E0(� )� � R
E0(� ) )Trueminimumnumberof chunksn R

C

“Minimum” numberof chunkset(� ) � n R
eC(� )

n = 16 total chunksin ablock

slackworthat least
E0(� )

requiredbasedon targetreliability E0(� )
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Targetdelayd chunksafterarrival

i i + 1i � 1

i i + 1i � 1i � 2

i � 2

ii � 1i � 2i � 3

nRbit messageblockarrival times

Extradelayd � et(� )
“Essential”delayet(� )

Assumedrenewal time— new blockentersanemptyqueue

Extradelayd � et(� )

ii � 1i � 2i � 3 i + 1 i + 2pointmessages
vs “slack”

possiblemessageblockdecodingtimesleadingto anerror

Ti� 2 Ti� 1 Ti

eTi� 2(� ) eTi� 1(� ) eTi (� )
i � 2 i � 1

Assumedrenewal time

i � 3
i
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Optimize fraction � for �o w-control
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6
6 disambiguation

Low-ratefeedbackanytimecode

� c � c � c

deny deny
con�rm +

(1 � � )c (1 � � )c (1 � � )c

�rst chunk secondchunk third chunk

randomincrement randomincrement randomincrement

Flow-controlencoded
with “1 -length”

convolutionalcode.

Flow-controlexponent� � E0(1)

Dataexponent� (1 � � )E0(� )

Datarate� (1 � � ) E0(� )
�

� � =
E0(� )

E0(1) + E0(� )

E�
0 (� ) =

E0(� )E0(1)
E0(� ) + E0(1)

R� (� ) =
E�

0 (� )
�

E� (� ) = E�
0 (� )
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Low rate feedback convolutional codes

At R < E0(1), sequentialdecodingexpandsonly a �nite numberof
nodesonaverage.

Eachexpansioncoststhe(growing) constraintlength.
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Low rate feedback convolutional codes

At R < E0(1), sequentialdecodingexpandsonly a �nite numberof
nodesonaverage.

Eachexpansioncoststhe(growing) constraintlength.
Idea:runacopy of thedecoderat theencoder

I Convolve against:(B1 + bB1(n)) ; (B2 + bB2(n)) ; : : : ; (Bn� 1 + bBn� 1(n)) ; Bn
I Identicaldistanceproperties
I But only a �nite numberof expectednonzeroterms
I In�nite-constraintlengthperformanceata �nite price!

AchievesEr (R) exponentwith delay.

Anothertrick dueto Pinskercanextendcomputationaladvantageto
higherratesat thecostof lowerdelayexponents.
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