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11 InfomationT heory

W e begn with the gquesstian, “W hatis a message ad how is it communi-
caled?’ | essagss are passad betnean pepke vinen tey alkarwniie. T he
sodken fam is prdoably the eaxiest, with wirting aomingmudh bEfer: T aday,
messagss are abo passad betinean papke and madhines, betinean madiines
and pepk ad betinwsen madhines.

I essages tEke many Tams, sudh as aoaustic pressure waes aegied by
Soeelkding arIingng printed daeraders dranngs ad paintings, and mary
mare. H awvdowesgparate the message fron thefam inwhidhitis presaited?
Innwhatwas areamessageadits Tam relted?) ¢ uhent said themedium
Is the messece. W henis that true?

Informatian theary dealbk with both messagss ad thar phyaical mans-
Bstatias, wnidiwe call Sigaek from an agnearing rather then a auliwral
vienpant T he gl is 1 extad aur gpabi ity 1 stae and aanmunicate
messages by malkding et dent use of the storage and aommunicatian media
It abo addiessss the tesk oF sasing the state of nature sudh as detecting
the presace ofamp s with a redarsystem, when e sigak areweskad
nasy.

W e use ade. nitian oFamessage that foasss an its symbolic and math
ematical properties ratherthen its meening W e...nd that the mostsurteble

i ashallll ¢ uhen (19 11-1980) wes a Canedian aultural aitic and and acammunica
tias theaist who maintained that the method of communicating informatian hes mare
intuence an the public then the infomation itself H is bods incude T hell edium is te
I essace (L9 ).
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mathematical took are those ofprdoabi Ity and statistics, partiaubrly ofran
daom processes. Il essages Gan be thaughtofas arrangemeants ofisymbaoks fran
sane abhebet Statistical took Gan be usad 1 gotimize message herndling
systams, becase itis message trat c and notindividual messagss thatk are
ofinteresst or that purmpce.

Il essages mustalnays gopearin sane phyacal Torm, whidh éan be calied
asigdal 4 sigal musthae aunige anespadae it messsce T he
phyaical prgperties of the sigal must matdh the medium that supparts It
A good sgal usss a amall anantofthe medium, is relatnely immure
nase and enebkes the messace 1o be reovaraed easl ly and acaurately.

Same sgnak caur naturally becaLse they are ganeralied by the messege
sauree &s I'ts Way ofimalkiing its messagess dosenebe. Spesdhissudhasgal
0 thersgak anise because they are tarsiomatias thetmake itpassibke
Gy the messege thiraugh adic eraritmedium. R adio brcedcesstsigak are
aneanpk

T he trarstamatian betinean primary Ssgak ad sscodary sgak is of
geatintersst, Toritcan endovthe sscodary sgalwith many sped.cprgp
erties. In saone Gsss sudh as frecuency madulatian in redio broedcsst, the
galis omake thesgalmae immune tonase by utasngmare darel bad
width. Inothercess, sudh as goead ampression arimage anpressian, the
gl is o pradue asgal thatis mae anpact then the aigral

In many Gess, partiaubrly when digtal proesssing is ussd, the pimary
sigal may be trarstomed to adigtal Tom. T his is a sacodary symbolic
om with avery smplke abhebet, nemely the binary rumbars. T his form
an then be anverted intb aariety ofphyaical sgak by digtal ted niques.
T hebinaxy represatatian hes aame tobe the conman fom toressentially all
Toms ofFmessagss because of its aanvenientmatch with aomputing systams.
i adem infamatian theary therefore makes use dmany tednicues ofdigtal
sigdl proessing dgtal image proesssing ad digtal communicatias.

T he camman dig @l rgpresentatian hes madke itpassibke todesigh digtal
anmunicatian devass, sudh as madans and digtal elphae systems ad
dgtal stoae devics sudh as mageticad gotical disks thatcan be used
with many kinds ofsigak. [tis only necsssary toanvertasigal o dgtal
1om 1o be abke © e these grericdigtal devass. T his makes itpassibe
1O hae amass matkettordgtal deics whidh dimes donnunitast T he
dramaticdrip in astafmageticstorage devass isaeeanpkad theuse
ofte O RO , basad aon audio aampactdisks is another:

T hare is acanman threed thatruns thrauch alll ofthe systems, ad thae
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is the Toundation ofinfomatian theary. B y uderstanding the tndemental
teay itis pasibe © desig systans that make the @otimum uese of the
ad BbEk resauras ad provce the best perfomance in partiaular goplica
tas. T his ey is nacsssar ly eostract; because itmustbe soifitis tobe
greral By banggareral as well s uselil itis hes geatponer:

By Toasing an the mathematical properties oFmessagess rather hen an
taresaxe itis passibEe o astructa set of poneriul took to guce tre
design of st ammunicatian and detectian systams. W ebegnwith aur
madel Tormessages.

12 N essageN ocel

L etus imagre the aastrucian ofamessace by saomeae nemed 4 bhawho
hes something toaammunicate. A \alBbke 4 bhais a setofsymbdk that
Gan be arrangd in atbittaxry ssguenass. D i eratanrancgamants ofthe sym
bdk G represatdic eratmessagss. T his thinkiing keedks s O heideathat
amessace écan be iepresented by a pariaular arrangamant of symbok fram
sane abhebet

Tomake a dasen symbd aranganetaa bBbke toafiad B ela itis
necsssary thatd bha putthem in afom thatis dosenebkE by Beta T his
om is astrucied in the physial medium thatis aamman o both A bha
adBeta Inthe mostbasic aes eadh symbadl an have adic erentmark in
temedium. T his is evdattin wirting where the symbok are the daracters
offthe albhebetad the marks are shgpes made with amarking instrunait
T hese can be dosernved visLally and interpreted symboliGally.

T2 IpbhaadB etawvere tomestin draumstanass sudh thatthey harsd no
amman Bhguege arabhebet, itwaul be necssary toaasttuctae T his
aud be doe by avariety oFmears, ad aauld be repid ad e dentifae
ofthem hed an udastanding ofinfomatian theary. T he ... 1ststep would be
o astructasmall sstofbasic symbaok. T he nextstep wauld be 1o relate
shart seguenas of these symbok 1 physic@al dojects ad aartain actias.
T hese sequancss aonespad o wards. By stinging together ssquencss of
warcks itwauld be passibe to anvey ageatmay idess. Inashartime it
would be passibE t© begn ammunicatian, ad fran there a auliure would
begn O energ.

\ ote that the actual Torm ofthe symboks is notimpartant 1tis anly the
rnumberofdic erentsymbdk thatis Sgi. it [ fan abhebethes M EtaIs,
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tenthere@anbeatoal of V" dic erertwvwards of Bgth . arstructed with
those symbok. Suppae et blhaad B etafoud anesd Tr N dicerait
wadks. [Ifall wads ware of the same Bgth, the required bngth wauld be
n = log N/log M. A ny size alphebetwth M _ 2 would suppart trar
anmunicatian by making itpassibe t gwe eech wad a unigue form.

T he actual Tom of the symbaok is ot impartarit T hey must simply
be distinguishebkE ad essy 1O produce with the aaBbE inrstunatts. W e
actiLally doserve many diz erantalbhebets in use by dic erentauliures araund
tevord. W e cauld use asimi exrgppraadh toexamine hieraghyphicsystans,
in vwhidh piciarial symbok are ussd 1 rIipresa Tt meening ar saunds ara
aombinatian ofmeaning and saund.

121 Biraxy Codirng

Suppae thatwe hae the tesk oFaanverting messages toabinary Tam. Sup
pcee that the messagess are witien in an abhebetwith M Etiers. 1twauld
be asmpk matier to g\e eexh Etleraunig.e binary axde and then aonvert
the messace Etter by Etier: T his is exactly the gppraadh used ind SCIIZ.
T he gopraadh is Impke butitis &rfran eC dait By ©©king achentege of
the statistical properties omessages itis passibke to.nd mudhmae et dait
aodingsdames.

T his ecks us 1O the questian of how e dency Gan be messured arcal
abied. Suppce that ae hes o dic era Tt binary aoding methoos callied
Cakl ad Cate 2. ITthe ades are usad 10 rgpresant the same messagess
ad Cadel usssn;, dgt perl00 Eterswhike Code? usssn, dgts per100
Etars we an ..d thar relatie e daxcy by aomparingn; ad ny. H o
ewer; oodetemine tharaosolite e dawy itis necsssary tohae an ebsolute
standad. T he aosolute standad is proadad by the entircpy of the soure.
T his is astatistical property thatis Tundemental o infomatian theary, W e
will eamine entrpy in the next bdure.

122 SigdalP rperties

A sgalis aphyacal prgperty ofFa cammunicatian arstorege medium upan

whidh informatian is impressad by casing a systeamatic \variatian. 1N mast
) (merican) S(tandard) C(ade ©) I(nomatian) I(nerdenge)-  standard Br

ce.ning ads or infomation edange betnean eguipment produced by dicerait
maruBcturers.
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anmunication davek te sigdal \aries s a Tundian of ime vhik in
storage mediaitvaries in spatial dmasas.

T he varicbi ity of the medium can be daracterized in tams of bath
the depadait ad indgpedatt vaiabks. T hese ae relied but separate
daaderistics. A sigdl s(t) hes avale s ateadh timet. T he range of
\alLes of s thatare aa Bbke are determined by preasian recading sasing
adnase Ifs isan.ned barage 84 ad an be resohed tbasake As,
tenatoal ofm = 24/ As anpitude \valLes are ad BbE atany partiaubr
tme T his daradierizes the \variation that is aa Ebke with the dgpadant
\aricbke

T hevariation that is ada BbEe with the indgpedentvariebke sudh as ¢,
is determined by the rate at vhidh the \alLe of the sigal may be dhangsd.
Suppce that the maxdimum rate of dange of s isa = max(s). Then the
sgal wauld be bk o dage fran ae ad ofits range o the atterin a
time At = 2A/a. Itwould be passibE therefarg 1o recod anewvalle of
s ebauteary At seaodks. Inatme of T' itwould be passibke 1o recad
ebautn = T/At = aT/2A vabes ofs. Sincetterearem = 24/As ddas
ateadh At, the total rumber of recadings of Bgth 7' are goprodmately
N(T) Yam™ = (24/As)@T/24 | T hisis oftre fom N(T) = 27 whereb isa
arstait

T herumberofdis erentbinary patiarms thatcan besupparted arelog, N =
bT'. The rate atwvwhidh the system Gan stae aranmunicaie dagais R =
kg2l — p. Sane smpke algbrashons that the birary rate thatis aeikbe
wsing this sgalingsdameis

S|
R = ilog %
24 °% As

T his is a axstait that is determined by the prgperties of the medium ad
interfece equipmat T he @atioa/2A is progpartiaal o the barndwidth of
e madium ad interfece equipmeant W e an therelore eqress tte aa Bbke
rate a8

R =kBlog,m
where B is the bandwidth and m is the number of distingLishebe sigal
valbes.

INn any conmunication ar recadingsdeme amajargalis toinasesem
ad B. Itis eddait thatinaessing the bandwidth hes mudh greatier er ect
then inaessingm. T his is the reeson itis aamman 1o spesk of “‘bandwidtty”
when daracierizing systams.
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T he aowe disaussian hes bemn in t&ms of the \axiation ofasigal s(t) .-
A amilranalysis an be dae Torsigek that vary in soatial dmasas.
Casderadgalu(z,y). W e an cany astan analysis that pemits us O
calulEke the da sty of dala stoage per uiitareas T his aamputation will
invole the same kind of aasideratias thatktwe usad eboe.

Itis amman o use aspatial systam 1o reaod time \arying infomatian.
T his an be doae by relting » ad y paranetrically ©t by presaibing a
recadingand playbadkpath an thesurfEce ofttemedium. 4 tanyirstantcthe
systam is Toausad an agpobwrth coadinates (z(t), y(t) ) - Fran thevienpdnt
oftrevnorld autsice tresystam, thesigal bds bkes(t) = u(z(t), y(t))- The
path oerthe medium is ampketely hidden fram the autsice

T he aboe disassian is Toased an the task of rpresating infomatian
Torammunicatian fran A pbha B eta 1t doss notaddress guestias sudh
as e meeninganal e oftte infomatian. Sq ifwe donotaddiess anything
relied 1 the attentofmessagss, whattis the \valle ofinformatian theary.
T heamswneris thatitaeblks us o udastand hovto astructet dentad
relicbE systems.

INn additian 1o the tedNigues Tor the trarsmissian ofmessagess, Infama
1o thaory proddss s With amears todesaribe information saurass. T hisis
vay impartant in daraderizing sudh nadural saurass as images and gpeadh
adtext A good model cfarnatural sourceis necsssary tobe ebke to represant
iIts message e¢ dently ad is uselul in systems Torantentuderstanding

13 Saurcei adeling

T he simplesst madel ofFa saure is asystem thatselbects ae message fran a
artan st ITthe sstoFmessagss is ofsize M, then itis necssary tolhae
M distingushebke sigak that ean represaittem. W ewill..nd thateven
in this smplkstofall cess, the aloulation of the best axde is notdovas.
D a1dH e man wan fame TarsoMing this prdolem.

0 faaurse itdoss notseam sasibke to astructan e denntace ra
saure thataonly producss aemesssce inis e W e are usually aasidaning
saurass that garerate an agding seopae of messagess. |n that s we
are interssted in gusstias sudh as the aerage bBgth oftthe sigal Toreadh
messae the average numberofbits persecad the prdochi ity ofernrar; ad
sotorth.

T he next most sophisticate madkel is ae in whidh message aotiext is
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impartant A n eampk is a devce sudh as a teketype thatk is pinting a
messae adaracter aravnwad atatime T he message yau heave seen soar
g\es yau infomatian ebautwhat mightaome next || adeling this behavior
reui res accounting forthe inkegess within the messages. T hesimplesstmaocel
ofthis tpeis pradoebly thell atkovrmadel | arkkor madek have been used
or English textas well as Tor human spesdh. T he heart oFmodarm spesch
recognitiansystamsis thehiddenll arkovmadel I I ), avery sophisticated
i arkov sourae madel

Imagss are a type of infomatian Torvwhidh e¢ adatt ading is vary im-
partant because of the dheersize ofimage . s, T he quest Tar good aodes
10 iepresentimagess Bl uderthe heeding ofimage aampressian. By aome
pressan we mean .. nding a betieraode 1o representan image thenwauld be
ahieed by asmpk direct aoding ofsane sart Image aampressian éan be
Isskess ar Iossy, dgpending an whetther the anngnal aan be dotained eactly
argoproadamate fram the ace. A neampke ofa bsskess ade is al ieman
akaallW ade ThetomatJP E is an eampk ofa bssy ace

Image saguencss are evan mare cemanding ofFcommuniGatian banowidth
ad dgtal stoae. P ragess in the aoding of image seouanass hes made
dgtal ekbvsan pasbke. T hare hes been asteedy achance in tednigues 1o
encodevdeoimags ad saud. A vary sophisticated standard caliedlll P B
7 is abauttobe impkEmatied. T his will goen abraed range ofFgpplicatias.

Itis notunreesaneb e o assertthatnane of the achvancss desatbed eboe
would hae bean passible without the aonaptual took thaetare mace aall
abkbyinfamatian theary. T heimpartanceis abautegually dvided betnean
sauree ading and darel ading W e gall stime o develp agood sase
ofbath in this caurse
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