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@ Architecturalimplication: separatesourceandchannekoding
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“[The duality betweersouice and channelcoding] canbe
pursuedfurther andis relatedto a duality betweerpastandfuture
andthenotionsof contol andknowled@. Thuswe mayhave
knowled@ of the pastand cannotcontml it; we maycontol the
future but haveno knowledg of it” — ClaudeShannoril959
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Review of block coding
@ Longblock codesarethetraditionalinfo theoryapproach

' SourceX]! BRI RY
| ChannelBE"! YP! z01 BRn
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@ Norealsenseof time, excepttrivial interpretation
I Source-codingrandomnesss beforeencoding
I Channel-codingrandomnesss afterencoding

@ Block errorexponentsPe/ exp( nE(R))

@ Sourcecoding:

En(R) = Q;J'&ig? D(QIP)
= sup R Eo()
X 1
Eo() = In[ PR= |*)

X
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@ Longblock codesarethetraditionalinfo theoryapproach
' SourceX]! BRI RY
' Channel:BR"! Y1 zp1 BRn
@ Norealsenseof time, excepttrivial interpretation
I Source-codingrandomnesss beforeencoding
I Channel-codingrandomnesss afterencoding

@ Block errorexponentsPe/ exp( nE(R))

@ Channel‘'sphere-packingbound:

Esp(R) = mﬂaxe:I (r;;lg; RD(GJJPJq)
= sup Eo() R
X X 1 (1)
Eo() = max In OlyPy:2
| z y
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What about x ed delay?
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x eddelayd = 7

@ Consider*hard” deadlinegoday (“Soft” deadlinesllow “erasures”)
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What about x ed delay?

B B B3 By Bs Bs Br Bg By Biyp Bix Bz Bis

> bbb bbb bbb bbb

x eddelayd = 7

@ Consider*hard” deadlinegoday (“Soft” deadlinesllow “erasures”)
@ Canachieve E;(R) with delayusingcorvolutionalcodes.

@ Pinsler(1967:PPI13.4.44-55)laimedthatthe block-exponents
continuedo governthe non-blockcasewith andwithoutfeedbak.
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Nonblock codes without feedback

12345678
Time

In nite binarytree,with iid
randomlabels:

@ Chooseapaththroughthe
treebasedn databits

@ Transmitthe pathlabels
throughthechannel
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Nonblock codes without feedback

@ ML decoding
I Disjoint pathsare
pairwiseindependenof
thetrue path.
I E/(R) analysisapplies:
future eventsdominate.

@ Canimplementwith
time-varyingrandom
convolutionalcode.

12345678
Time

In nite binarytree,with iid @ Achieves
randomlabels: Pe(d) Kexp( E/(R))
@ Choosea paththroughthe foreverydforallR< C

treebasedn databits

@ Transmitthepathlabels
throughthechannel
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Pinsker's bounding construction explained

@ WithoutfeedbackEsp(R) continuego beabound.

@ Consideracodewith targetdelayd

I Useit to constructa block-codewith blocksizen >> d
I Genie-aidediecoderhasthetruth of all bits beforei

Causal

vs]

encoder
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@ Consideracodewith targetdelayd
Useit to constructa block-codewith blocksizen >> d
Genie-aidediecoderhasthetruth of all bits beforei

Error eventsfor genie-aidedystemdepencbnly onlastd
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My favorite example: The BEC
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simpleto achieve:
retransmituntil it gets
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through |
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@ Classicabounds
I Sphere-packingound
DA Ri)
Randomcodingbound
max s Bo() R
® Whathappensvith
feedback?
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BEC with feedback and x ed blocks

@ AtrateR< 1, have Rnbitsto transmitin n channeluses.
@ Typically(1  )ncodebitswill bereceied.
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BEC with feedback and x ed blocks

@ AtrateR < 1, have Rnbitsto transmitin n channeluses.

@ Typically(1  )ncodebitswill bereceied.
@ Block errorscausedy atypicalchannebehaior.

I Doomedif fewerthanRnbits arrive intact.
I Feedbak cannotsaveus.

' D1 Rj)
@ Dobrushinshaovedthatthis type of behaior is common.
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BEC with feedback and x ed delay

-1 .
@ R= 5 example:

@ Birth-deathchain: positive recurrentif <

NI
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Where is this boost coming from?
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Using Espto bound  in general

Pastbehaior Future
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Using Espto bound  in general

Pastbehaior Future
n | (1 n
|
—d d
R°n | -
|
bits within deadline bitsto ignore

@ Theblockerrorprobabilityis likee (1 )" which cannotexceedthe
sphere-packingounde Es RN

Es p( R)

R =

@ Theerroreventsinvolve boththe pastandthefuture.
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Uncertainty focusing bound for symmetric DMCs

Minimize over for symmetricDMCsto sweepoutfrontierby varying > O:

B()

R()

Ea() Eo( )
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Uncertainty focusing bound for symmetric DMCs

Minimize over for symmetricDMCsto sweepoutfrontierby varying > O:

B()

R()
Ea() Eo( )

Sameform asViterbi's “convolutional codingbound”for constraint-lengths,
but alot morefundamental!
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Upper bound tight for the BEC with feedback

Error Exponent (base 2)

0 02 04 06 08 1 12 14
Rate (in bits)
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A spoonful of “sugar” helps the bits get across.

Original forward DMC channelses
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Harnessing the power of “ o w control”

Forward DMC channeluses

oo oo oo oo

Noiselesdorwardsidechanneluses
| | | | | | |

onechunk

I | I [ | l I
6 6 dery

Previousblock “disambiguation”

Previousblock con rmation

© Groupbitsinto miniblocksof sizenR (n << d)
@ Transmitusinganl -lengthrandomcodebook.
© Usethe“sugar” to tell decodemhenit's done.

COﬂ| m 6

disambiguation

No decodingerrors, just queuingplustransmissiordelays.
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Approaching the focusing bound
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The dominant error events: past vs future

Future behavior dominates

] 01 02 03
Rate (in nats)

=
o o o
P L

=
a
PRI

Ratiojgin dB)-of future to past in dominant error ever

Past behavior dominate
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Why this works: operational interpretation of Eq( )

Variable blodk transmissioriime T canbeboundedy a constaniplusa
geometricrandomvariable

Error Exponent (base e)
©c o o =
N o »® L 0N
L L L L Il

©
N
I

o

01 02 0.3 0.4 05
Rate (in nats)
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Why this works: operational interpretation of Eq( )

Variable blodk transmissioriime T canbeboundedy a constaniplusa
geometricrandomvariable

Error Exponent (base e)
©c o o =
N o »® L 0N
L L L L Il

©
N
I

o

01 02 0.3 0.4 05
Rate (in nats)

Needto do list-decodingatlow rates.
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Reduces to the low-rate erasure case

PickR< R°< Candaimfor E* (R) = Eo( 9 exponent.

=
N
|

=

o
@
I

o
[}
I

Error Exponent (base e)

I
IS
L

©
N
I

0 01 02 03 04 05
Rate (in nats)

If nlarge,effective point-messageate(n(1 %)) Lis small.
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But low-rate erasure exponent log

Error Exponent (base 2)

0 01 02 03 04 05 06
Rate (in bits)

log = Eo( 9 inourcontext.
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Channels with positive zero-error capacity

(1 )c c (1 )c c (1 )c c
D
R R
| rst chunk seconcchunk third chunk
I
randomincrement dery | randomincrement dery | randomincrement
6 .conrm +
disambiguation
6

1
(I + 1)-bit zero-errorfeedbackblock codes

Throw away afraction of channelusesfor o w-controloverhead
Asymptoticallyachievesthefocusingboundas ! O.
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Can do well even without “sugar”

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

@ Computatiorperchannelusedoesnotdepencbn probability of error=
in nite computationakxponent
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Channel coding nal comments

@ Computatiorperchannelusedoesnotdependon probability of error=
in nite computationakxponent

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

@ Queuingdelaydominatesatall rates.

@ Transmissiordelayexponentsareboundedaway from zeroatall ratesup
to capacity (partially explainsHorsteins weird positive errorexponents
at capacity)
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The source coding problem

f Xig- Source
Encoder

Encoded
Bitstream

@ Assumd Xg iid

@ Application-level interface
I Symbolerrorprobability: P = P(X; 6 X)
I End-to-endateng: d (measuredn sourcetimescale)

FixedRateR

Source
Decoder

f &g

@ Channel-codinterface: x edrateR (assumedhoiseless)
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The source coding problem

f Xig- Source
Encoder

Encoded
Bitstream

@ Assumd Xg iid

@ Application-level interface
I Symbolerrorprobability: P = P(X; 6 X)
I End-to-endateng: d (measuredn sourcetimescale)

FixedRateR

Source
Decoder

f &g

@ Channel-codinterface: x edrateR (assumedhoiseless)
@ Whatarethefundamentatradeofs?
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Using E;, to bound Es in general

Pastbehaior Future
-1.d | d
|
—1-drR drR
n | _
|
symbolswithin deadline symbolsto ignore

Theerrorprobabilityis boundediy K exp(  dEs(R)) which cannotexceedthe
block-codingboundexp( nEy( R))
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Using E;, to bound Es in general

Pastbehaior Future
-1.d | d
|
—1-drR drR
n | _
|
symbolswithin deadline symbolsto ignore

Theerrorprobabilityis boundediy K exp(  dEs(R)) which cannotexceedthe
block-codingboundexp( nEy( R))

Eo( R
1
Only the past matters!
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Achieving the focusing bound

R()
Es()

I
&
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Achieving the focusing bound

R()
Es()

I
&

x ed-rate - - variable-length - - xed-rate
buffer FIFOQueue —

code

source bitstream
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Achieving the focusing bound

x ed-rate
source

R()
Es()

buffer

variable-length

code

FIFO Queue

- xed-rate
bitstream

@ Pickminiblock n large enoughbut smallrelative to d
@ Variable-lengtltodesturninto variabledelayattherecever.
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variable-length
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- xed-rate
bitstream

@ Pickminiblock n large enoughbut smallrelative to d
@ Variable-lengtltodesturninto variabledelayattherecever.

@ Queuingdelaydominates
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A simple example

@ Unfair cointossed(H) = 0:2

0.6
0.5
0.4

Reliability| 5

0.2

0.11

0o5 0.55 0.6 0.65 0.7
Rate
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Side-information at the decoder
X1;X2;222;Em@ﬁl;kz;:::
(Xi;Y|i6) Pxy ° P
Y1:Y2 00

@ Encodemayor maynotbeignorantof the side-information
@ If Px.y symmetricwith uniform mamginals,cando no betterthanEp(R)
with delay
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Side-information at the decoder

Pxy

6 6 6
(Xi; i)
Y1:Y2 00

@ Encodemayor maynotbeignorantof the side-information
@ If Px.y symmetricwith uniform mamginals,cando no betterthanEp(R)
with delay

Reliabilty
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Long vs. Large deviations

Error Height

%

@ RateSlope
@

@
@

Future

5@ Entropy Slope

H
H,@

Typical Slope H%

@ Shorterdeviation periodsmustbelarger.
@ Smallerdeviationsmustbe over longerperiods.
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Conclusions

“[The duality betweersouice and channelcoding] canbe
pursuedfurther andis relatedto a duality betweerpastandfuture
andthe notionsof contol andknowled@. Thuswemayhave
knowledg of the pastand cannotcontrol it; we maycontml the
future but haveno knowledg of it” — ClaudeShannoril959

@ Erroreventsaredominatecby the:

I Future:Channekodingwithout feedback][Pinsker]
I Past: Point-to-pointosslesssourcecoding[I TWO06]

Anant Sahai (UC Berkeley) Delay and Feedback Jul 18, 2006 48 /55



Conclusions

“[The duality betweersource andchannelcoding] canbe
pursuedfurther andis relatedto a duality betweerpastandfuture
andthenotionsof contol andknowled@ Thuswe mayhave
knowled@ of the pastandcannotcontmol it; we maycontmol the
future but haveno knowledg of it” — ClaudeShannoril959

@ Erroreventsaredominatecby the:
I Future:Channekodingwithout feedback][Pinsker]
I Past: Point-to-pointosslesssourcecoding[I TWO06]
I Future:Symmetricsourcecodingwith recever side-informatior{ISITO6]

Anant Sahai (UC Berkeley) Delay and Feedback Jul 18, 2006 48 /55



Conclusions

“[The duality betweersouiceand channelcoding] canbe

pursuedfurther andis relatedto a duality betweerpastandfuture
andthenotionsof contol andknowled@ Thuswe mayhave
knowled@ of the pastandcannotcontmol it; we maycontmol the
future but haveno knowledg of it” — ClaudeShannoril959

@ Erroreventsaredominatecby the:

Future:Channekodingwithout feedback[Pinsker]

Past: Point-to-pointlosslessourcecoding[I TWO06]

Future: Symmetricsourcecodingwith recever side-informatior{ISIT06]
Combination:Channekodingwith feedback
Combination:Non-symmetricsource-codingvith recever
side-information.

Anant Sahai (UC Berkeley) Delay and Feedback Jul 18, 2006 48 /55



Conclusions
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pursuedfurther andis relatedto a duality betweerpastandfuture
andthenotionsof contol andknowled@ Thuswe mayhave
knowled@ of the pastandcannotcontmol it; we maycontmol the
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@ Erroreventsaredominatecby the:

Future:Channekodingwithout feedback[Pinsker]

Past: Point-to-pointlosslessourcecoding[I TWO06]
Future:Symmetricsourcecodingwith recever side-informatior{ISITO6]
Combination:Channekodingwith feedback
Combination:Non-symmetricsource-codingvith recever
side-information.

@ Architecturalguidance:

Make your messageasshortaspossiblewhile avoiding integer effects.
Usevariable-lengtitcodingwhereyou can

Usefeedbaclor hybrid ARQ, not retransmissions

Usequeuego smoothoutyour datarates
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n = 16total chunksin ablock Potential‘slack” chunks

6 6 -
o R n( Eo( ) R)
Trueminimumnumberof chunksnz Eo( )
requiredbasedon Shannorcapacity slackworth atleast
Eo( )

“Minimum” numberof chunksg( ) n%

requiredbasedon targetreliability Eq( )
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nRbit messagélock arrival times
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Optimize fraction for o w-control

1 e c 1 e c a e c

X rst chunk seconcchunk third chunk
I randomincrement |dery| randomincrement |dery randomincrement
.conrm+ .
6 6 dlsambllé]uatlon
6

Low-ratefeed béclarytime code

Flow-controlencoded @ Flow-controlexponent  Eg(1)

with “1 -length” @ Dataexponent (1  )Eo( )
cornvolutionalcode. @ Datarate (1 )M
- Eo()
Eo(1) + Eo( )
_ Eo( )Eo(2)
20 = B0 RO
R() = E()
E() = E()
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Low rate feedback convolutional codes

@ At R< Ep(1), sequentiatiecodingexpandsonly a nite numberof
nodeson average.

@ Eachexpansioncoststhe (growing) constrainiength.
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Low rate feedback convolutional codes

@ At R< Ep(1), sequentialecodingexpandsonly a nite numberof
nodeson average.

@ Eachexpansioncoststhe (growing) constraintength.
@ Idea:runacopy of thedecodemttheencoder

I ldenticaldistanceproperties
I Butonly a nite numberof expectednonzeraerms
I In nite-constraintlengthperformanceata nite price!

@ AdiievesE, (R) exponentwith delay

@ Anothertrick dueto Pinsler canextendcomputationahdwantageo
higherratesat the costof lower delayexponents.
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