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Iepixndn

O xatavouée xatdragng elvar éva nedio mou mapadootaxd €xel TPOGEAXUCEL TO EVOLUPEPOV TOGO
NS XOWOTNTAS TOV OTATIC TIXONOYWY, GO XaL TWV oXAONUdixGyY Tou epydlovial oTo nedlo e
Bewplac xovwvixic emhoyhc. To teleutaio ypodvia, éyouv enione tpafréel v npocoyn AVTOY
nou gpydlovTon oToug Touelc TS BewpnTiric TANPOYORXAC XaL TNE U ovixic pdbnone. Xe auvth
N Simhopotiny epyaocta, eZetdlovye TpoPAAaTE UABNONC XATAVOUMDY GTO TEDIO TV XUTAVOUNDY
xatdTogng xat, cuyxexpéva, oto povtéro tou Mallows. Sexwdye elodyoviag to Tunind Thoioio
e wdbnong xotavoudy, xofng xou to amapaitnto utéfabpo Yot TY xaTavonoT Twv BepeNwBOY
TEYVIXWV NG pdbnone xatavoumy. Axoloubel pla eloorywyr otn Bewplo Twv yetabéocwy xou
ot ovTéNd xotatdeny, pe éupacr oto poviého tou Mallows. "Yotepa, nopouctdlovpe Tic
epyaoiec twv Kapayidvvn et. al. xou Busa-Fekete et. al., mou mapelyov BéNTiota wg mpog tnv
OELYUAUTIXT) TONUTAOXOTNTOL ATOTENECUOTA YIo TNV EXTIUNOT] TORAUETEWY XL TH) UEONOT XATAVOUY
o710 povtéro Kendall-Mallows. Metd, npocapuolouue autég TiC TEXVIXES TPOXEWEVOU VoL THPOUUE
évary oAy 6pLBo TOALWYLIIXOD YEOVOL TOU OVUXTA TNV XevTpx) xatdtaén oto poviého Cayley-
Mallows pe peydhn mbavotnta. Télog, e€etdlouue mboavég xateubivoel Epeuvag.

AgZeig xhetdid: Mdbnon Katovoudv, Kowvwviery Emhoyr, Ocewplio IIAnpogopiag, Katavouée
Katdragne, Movtého Kendall-Mallows, Movtého Cayley-Mallows



Abstract

Ranking distributions are a field that has traditionally drawn the interest of the statistics
community, as well as that of scholar working in the field of social choice theory. In recent years,
they have also drawn the attention of the theoretical computer science and machine learning
communities. In this thesis, we examine distribution learning problems in the context of
ranking distributions and, in particular, the Mallows model. We start by introducing the formal
framework of distribution learning, along with the necessary background for understanding the
fundamental techniques of distribution learning. This is followed by an introduction to the
theory of permutations and ranking models with emphasis on the Mallows model. Subsequently,
we present the works of Caragiannis et. al. and Busa-Fekete et. al., which provided sample
optimal results about parameter estimation and distribution learning in the Kendall-Mallows
model. Then, we adjust those techniques to obtain a polynomial time algorithm that recovers
the central ranking in the Cayley-Mallows model with high probability. Finally, we examine
possible research directions.

Keywords: Distribution Learning, Social Choice, Information Theory, Ranking Distributions,
Kendall-Mallows model, Cayley-Mallows model
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Chapter 1

Extetopevn EAXAnvixn
ITepixndn

Y AUTO TO XEQANALO TOEOVCLACOUIE TEPLANTTIXG TA TEQIEXOUEVO QUTY| TNS BIMALUATIXNE epyaoiog
ot eN\nvd.  Ewodyoupe drec tic Paowéc €vvoieg mou epgaviovion oTo ayyAixéd xelyevo.
Qot600, dev divouue olte amodellelc olte Texvixéc Aemtouépelec. Autée dlvovton extevdde oTa
EMOUEVA HEPANOLAL.

1.1 Ewayoyn otn Mddnorn Katavouwyv

Ye auth Ty evotnTa TopouctdlovTon XEmoleg YEVIXEG 1WEEC oL BiEmouy TNV TEploy ] TS uddnons
xazavoudy. Apyxixd, Teénel va Tovio el 0Tt 1) udbnon xatavoudyv (4 NS extiunon muxvétnTac)
elvol TILO LoYLEY| Ud TNV EXTIUNOT) TAQAUETOWY. LUYXEXPWEVA, N EXTIUNOY TOEUUETEWY cLVIC TATOL
o070 Vo Beel xavele xokéc mpoaeyyioels i T TapauéTeous wlog xatavounc dobéviwv xdmolwv
detypdtwy. Amo TNV AN, oty extiunon muxvotnTog, o 6Téxog elvan 1 ebpeot) uiog XATUVOURC
mou va Peloxeton xovtd oty mporyuaTny pe Pdomn xdmold oTATIG TN OO TUOY. MLUVETWS, TO
vo udber xaveic pio xotavoun etvar, ev yével, wia mo toyuph (dpa duoxordtepr vo emiteuybel)
anaftnon and To vor udbel amAd XETOLEC TWES TOU TNV TEQLYEAPOUV.

Yta emdueva, Eexwvdye divovtog Tov optopd tou PAC-learning xon Gotepa e€nyolue T ox€or Tou
pe o Thadolo Yo udbnomn xotavoumy tou oplotnxe and touc Kearns et. al. oto [29]. Téloc,
dlvouye xdmota Baoixd otouxela g Bewplag minimaz xdrw poayudrwy, To onola yENCHLOTOLOUVTAL

v v o€loAdyNon Twv dlapdpwy ohyopBuwy udbnorng.

1.1.1 PAC-learning

To PAC-learning eivon éva mhaioto yio v Bewpntixr) ueNétn tne unyaviens pdidnonc to omnolo
oplotnxe to 1984 and tov Valiant oto [47]. H déa elvor nwe douredoupe oe éva ohvoro X ota
otouxela Tou onolou avTIoToL o0V TWES amd éva cUvoro V. H avtiotolyion dev elvon HovooiuovTy.
Avubétucg, undpyel xdnowa xatovour D enl tov Z = X X Y 1 onola pog ebvon dyvwoty. Oo BNope
vo. Bpotue xdmota undbeon h @ X — Y, mou vo neplypdpel 660 YivETo XANVTERPX T1) OXECT| AVEUETH
otz € X xu oty €Y, 6nwg auty opileton and v xatavopr D. H aflonéynon twv dlapdpwy
h yiveton Bdoel plag cuvdptnone opdiuatoc £. Oa BENaue oL akydplbuot e Bdon touc onoloug
TapdryovTat ot UToBéaels h va Bivouv xahd amoteNéopota aveEopTHTOS TNG UTOXEIUEVNS XATaVOUNAS.
Bdoet tov mponyoupévey, o tumixds oplopde tou PAC-learning eivon o e€rc:
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Definition 1.1.1 (Valiant (1984)). Mia x\don vnobécewv H Népe noc eivon be PAC-learnable
¢ TPOg xdmoto medlo Z xou plo cuvdptnomn ogdiuatog £ @ H x Z — R av undpyel cuvdptnon
Ny R x (0,1) = N xow o\ySpbpoc udbnone A tétotol wote: yia onowodinote € > 0,4 € (0, 1)
%ol 1oL oTotadoTe xortavopr| D over Z, exteidvtog tov A ue eloodo 2z ~ D™ bnou n > ny (¢, 0),
rodpvoupe h = A (z) tétoln GoTe:

B 1o () - jag o2 <o

6nov 10 Lp (h) = E,p [£ (h, 2)] elvow 0 ploxo.

Enedn n D elvon dyvwotn xow Aertovpyolue aveloptitne autic, o axplfic utoloyiopds tou
ploxou elvan adlvatog. T'a owtd, utohoyileton o avtioTol og Belypatixds yéoog wg extiunon. Xta
maaiolo TG oxedlaong ahyoplBuwy pdldnong, emxeipolue cUVRBWE VoL ENAUXIC TOTOLACOUUE AUTOV
Tov Berypotind yéco. Auty etvan 1 agyn) EAayioronoinons Eumewoiod Pioxov. To evbiagpépov authc
e oexNc elvon 6TL OTNY TEAYUATIXOTNTA GUVICTA Yevixeuon plag Begeidddoug yio TN oTATIoTIX
texvinnc: e Exviunone Méyorns Ihidavopdreiac.

1.1.2 MdOnorn Katavouwrv

Ou Kearns et. al. yevixeuoav to mpornyoluevo mhaiclo oo [29] dote va pmopel va exppdoet xou
npoPNuata udbnone xotavoudv. XLuyxexpiuéva, édncay tov axdlouvbo oploud:

Definition 1.1.2 (Kearns et. al. (1994)). Mio owoyévelr xatavopdy F reue nog unopel va
pofeutel amodotind ng TEoS xdmoto wETpo andxhone d dtay, yia xdbe € > 0,6 € (0, 1), éxovtoc
npbofoon oe deltypota and plo dyvwotn xatavour; P € F, undpyel olyoplBuoc ToALmVLULXO0D
xe6vou A mou diver plo xorravopr P tétol doe:

P[d(P,P) Ze] <5

6mou 1 TlavoTnTa UTONOYIETAL OC TEOS TOL ELYUOLTAL.
Av P € F, 16t 0 A Néyeton proper oryopbuoc. AN, Néyeton improper ohyoptfuoc.

To pétpo andxione d eivar ouvhbog eite  TV-distance eite  KL-divergence (1, onawviétepa,
n andotaon Kolmogorov). Ynmuewdvetar mwg, otny nepintoon mou yog evilopépouv proper
npofNuata udbnone (ev avtubéoer my pe to [13]) xou dev €xoupe adhowwpéva delypata (ev
avubéoel y ue to [18]), undpyel plor ToNG amhy yevixeuon tne apxfic Eoyiotonoinone Eunelpixol
Ploxou: ndpe tnv xatavour| avtiotouxel ot Noon uéyiotne mbovopdvelag ylo TiC TUPAUETEOUC
e xatavopric. H Bewpnuiny Oepeinon autic tne déac divetar oo xepdiouo 24 tou [6].

1.1.3 Ocwpioe Minimax

Ipoxewévou va aglooyhioouue évav anyoplfuo pdbnong, uag evilopépel mota efvol 1 XoTovoun
v Ty omola €xel N xewpdTEEN amddoor. Metoll twv Swpopdv ahyoplBuwy, uoc eviilapépet
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exelvog mou, oe auth TNV TepinTo, €xel TV Xxa\iTepn anddoor. Autd anotehel To xlvnTeo Yio
Ny eloywyr Tou minimax ploxou, to onolo opiletan wg e&rg:

Ry (F) = inf sup E [dTV ( (@), f)}
feq fera~rn

To va yiver oxpiPric unoroyloudc tou minimax ploxou cuyvd elvon dhoxoro. ' autd, cuvrbuc

eTNEYETAL €V TENEQUCUEVO UTOGUVONO TN F ou va avadetxviel 0 duoxoiia Tou npofAfAuatoc

xon Bdoel autol utohoyileton éva xdtw Qedyua yio To minimax pioxo. Ou xatavoués autod Tou

UTooUVONOL TEéTEL Vo €xouV dvw peaypévo KL-divergence xaw xdtw gparypévn TV-distance. Av

T0 UTOCUYONO TOU ETUNEYETAL EXEL 2, EXOVUE:

Proposition 1.1.1 (Le Cam, Pinsker). Aodévroc evdc Gevyovs xaravoudv Py, Py € F ue pogéa
X qov weavomowoty dry (Py, Pa) > a xat Diy, (Py1||P2), Dir (Pe||P1) < b, éovue:

a " n a n
R ()2 2= 17 - ) 2 5 (1= /20)

Av €yl teploodtepa TV 2 oTovElny, ExouyE:

Proposition 1.1.2 (Yu (1997)). Eotw F memeoaousvn oxoyéveia moxvoTitwy Le:

inf d ,g) > a, Ssu D <b
i, Ty (f,9) > MGFP#g L (fllg)

T0te LoyveL ot

a nb + In (2)
%25 (1- ")

1.2 Kotavopeg Katataing

e auth TV evénTa elodryovian ol xatavouss xardralne. H 18éa nlow and autéc nporibe and v
Pewpla xowwvxne emdoyne. Luyxexpwéva, otny Beopla xovwvixic emhoyg, urotibetou Tog,
6tay UTdpy oY xdmoles dabéotues ETNOYES, UTEEYEL €VOL AVTIXEWEVIXOS TROTIOC VAL TIC XUTATIEEL
xovelg Tou ouwg elvan dyvootoc. Ilépa and autd, umdpyouv oL umoxewevixég tenolBrioelg Tou
xafevoc, Tou povielomoolvta 0¢ BopuPndels EXTWACELS TNE TEONYOVUEVNE XATdTaENG. 2ToY0C
anoteel eV YEVEL 1) AVEXTNON TNG TEOTYOLUEVNS "oV TIXELMEVIXAC” XATHTOENG.

Yta mhaiola Tou o yoluevou G TéYoL, Exouv avantuyBel Sidpopa Bopuforold povtéra. Autd
ToU oG evOlopépel xatd Bdom ebvar To povtélo tou Mallows, To omolo xou €L0dYOUUE TOEOXATE.

1.2.1 To Movté\o Ttouv Mallows

H 18ed niow and to povtélo tou Mallows ftav va 0plotel wg €vo otvEaNOY0 TNE XAUVOVIXNE XATOVOURC
via ranking. ‘Etot, emhéxbnxe n oun:



4 CHAPTER 1. Extetauévn ENXAnvixy) Hepihndn

1
Plr=0|=—-—=
AT
6mov g € Sy, ¢ € (0,1), d: oandéotoon petall petabéocwv. Ilopatnerote 6Tt 1 otabepd

xavovixononone Z (¢) ebvon aveZdptntn tou m. Exouv mpotabel Sidypopec anootdoelg vl to
eoro g d. Kdmoieg and autée elvan:

¢d(a,7r0)

o Kendall’s tau (oipibuéc avtipetabéoewv avdueoa ot yertovnd atouyela yio var petortpomnel 1
T OTNV Tp).

o Cayley distance (apifudc avupetabéoeny yio va yetatpanel n m oty mp = m - # of cycles
: ~1
in 7y ).

e Spearman’s footrule xou Spearman’s rank correlation (andotoon €1 %o TeTEdYWVO TNG
anbéoTaone o Twv T, e OToY avomoplo TavTal K¢ dtaviouaTa).

e Hamming distance (apbudc otovyelwv nov Peioxovioan oe Néboc Béomn).
To evdpépov pag eotidleton ot 2 npwtes. O Noyog elvan 6Tl yior avtée undpyet uio xoud

TaparyovToTolnon ylo 1 oTafepd xavovixomonong mou TEOXUTTEL, evéd eixd 1 1n elvon exeivn
TOU XENOWOTOLELTAL XURlWE GTOV TOUEN TNG XOWWOVIXNAC ETNOYNG. LUYXEXQULEVA, EYOUUE:

o KT-distance:

e Cayley distance:

Z(@) =112 =]+ (m—i)g]

=1 =1

Me Bdon ta mopandve, ov Flinger xou Verducci mpédtewvav oto [22] var yevixeuBel to povtéro
Yio QUTEG TIC 2 AMOC TACELS AVTIo TOLYOVTAG dlapopeTind spread parameter oe xdfe evolhonctixy.
‘Eto, mpoéxule 1o yevixeupévo yoviéro tov Mallows ye oun:

m_ Vi(m,mo)
Plr=0]= H M
o Zi(d0)
6mou Ta Z; elval OTwe TopAmdve Xol EYOUNE:

o KT-distance: V; (m,m) = i—g 1{(r (i) — 7 (4)) (w0 (i) — mo (5)) < 0}.

e Cayley distance: to V; (m,m) yivetow 0 étav To otovelo i elvar excivo pe to peyodtepo
OelxTn oTOV ®UXNO OOV AVAXEL TTNY T, .

TéNog, av yio xdmota amd o oToLyEela YVEiloUUE EX TOV TEOTEPWY TWG TOUS avTIo ToLXEl To (Bto
spread parameter, op{Coupe to Mallows block model. Exe{, to aivoho tov otoyelwv diayepileton
oe d blocks, 6mou ta orouyela Tou 18lov block poiedlovtar to (6o spread parameter. ‘Etot, n oun
viveTou:
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OToU:

1.2.2 Extiynon Ilapapétpwv cto Movtélo tou Mallows

Me Bdom o mponyolueva, eivan cagéc tog 0éhouue va eaTidooupe ot tpofiuata udbnone. ‘Etot,
éval onuovTnd meedTo Priua tvan vor yivel o UTONOYIoUOS TV EXTWUNTELWY PéyioTne mhavogdvelog
vt To poviéro tou Mallows. EB¢) BivOUUE T EXTUATELES YLot TO ATAG LOVTENO.

Tt Ty xevtp xatdtagn, éxouue:

n
o = argmin E d (7, 70)
o i=1
nou ebvat 1) BLdUECOC TWV 1, . .., T, WS TEo¢ TNV andotaon d. o to mapandve Eépouye nwe:

o ¢yl anoderybel twe eivar NP-Hard vyio tnv KT-distance (B\. [5]).
o moteveton ¢ eivor NP-Hard vy tnv Cayley distance (BX. [44]).

T to spread parameter, €youye:
Z (Qg) 1 n
- § d iy
¢ 2 m (l ; (m WO))

mou elvon adOvaTo vo Aubel axplfde wg meog ngS
Y0ugwva ye ta tpornyolueva, xabloTotal copéc T N EXTUNCT TWV TUPUUETEWY TOU LOVTENOU
tou Mallows dev elvar xafdXou tetpiuuévo tpdPANua.

1.3 MdOnon octo Movtélo Kendall-Mallows

Ye outh v evétnta eotidlovye oe mpoPAruota uddnone Satutwuéve oTNV TEpITTWoY ToL 1
anéotaon Yetald tov petofécewnv eivar 1 KT-distance. I'io tn ouyxexpyévn andotaon, €xouv
dobel BENTIoTES NVoELS TOOO Yo TO TEOPANUA TS exTiunoNG TS xeVTEc XaTdToENng, 6C0 X yLo
10 MEoPANUa TS extiunong twy spread parameters. To pev mpdto AOnxe and toug Kapayidvn
et. al. oto [10], o de deltepo and touc Busa-Fekete et. al. oto [9].
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1.3.1 H Ilpoocéyyion tov Kagayidvvn et. al.

O Kapaytdvvng et. al. Baclotnxov yio va Aboouv 1o tpdPAnua ot éval LoVTENO TPOYEVEGTERO
tou Mallows. Autd Arav o yoviéro tov Bopufwdny cuyxploewv tou Condorcet, to omnolo
amodelyfnxe twe elvan 1odUVaPo pe to povtého tou Mallows. Auty 1 wooduvauia Toug KBnoe vo
oploouv Ny owoyévelr Twv pairwise majority consistent rules (PM-c rules). Xuyxexpiéva,
npoxeltan yiot Wiot owxoyévelo anyoplBuwy mou emiyelpel Vo avoxTAGEL TV XEVTEIXY XoTdTadn
Bewpddvtoc pla extiunon émou emyelpelton, oo Pabud mou yiveton, ol cuyxploelc Twv oTolKElWY
avd 2 va elvon 6w oty TAelodnela Twv delyudTov.

Theorem 1.3.1 (CPS13). Ia xd¥e ¢ € (0,1], omowodimore PM-c rule mpoobiooiler tny
mgayuaruen) xardraén pe mavérnra Tovidporor 1 — e Sodévrwr O (log () Seudrwr and éva
amhé povrédo Kendall-Mallows.

"Yotepa, 0ei€ay oG 1 TAUPATAVL BelyuaTinr TOAUTAOXOTNTA elvan BENTIO TN,

1.3.2 H Ilpocéyyiwon tov Busa-Fekete et. al.

O Busa-Fekete et. al. avtiyetdnioay 1o {fmnua tne extiunone tov spread parameters AOvovrtoc
Evol (POUVOUEVIXE BUOXONOTERO TEOPBATUA. Xuyxexpluéva, avti Vo BoUNEYOUY GTO AMAG UOVTENO
tou Mallows, doONedav 670 yevixeugévo. Av xou T0 YOVTENO auTod elvon ev yével mo olVBeTO,
10 Voo GUNAGPEL xavelg T Aoor og auth Ty TeplnTwon elvon oty TeorylaTixdTnTo To €0X0ONO.
Suyxexpyéva, Bewpolue tic Tuyaiec petafintéc Y; = V; (m, mo). H nepbdpto xatavour| xabepioc
€€’ auToVv elvou:

ol
1] — 7
ey V= 208
H nopomdve elvor otny mparylatiedTnTa TUROANY ! WA YVWOTAC XATOVOUNC.  LUYXEXQLIEVA,
TEOXELTOL YO TNV XUTAVOWUY| TOU TEOXUTTEL OV TAPOUUE Uidt YEWUETELXY| XOU ATOUTHCOUUE Ol TWEC
e vo uny efvan peyalitepee and i — 1 (oupPorileton TG (¢i,i — 1)). Egpbdoov éxoupe Peet pin
XAUTOVOUY| UE AMAOVC TERT, HOP(PT) TIOU TUPAUUETEOTOLEITOL OO TNV @, TAEOV 1) EXTIUNCT TNS P; Elvon
apXETA amholo Tepn undbea.

To epdtnua mou yevvdton thpa elvon T yiveton av yvoplloupe twe xdrota omd ta ¢; tavtillovro
(6nwe ovuPoivel oty mepintwon tou block model). H amdvinon eivar étu tdtE unopolye va
oupdnploovye Serypotixés TWES TOU AVTIOTOLXOUY XOVOVIXE GE SLOpOpETXE Y; Xou Vo TpOUUE
€TOL XONDTEQO ATOTENECUATA KOl UE ALYOTEPA DElYUATA.

O nopomdve 18éec 0dnyoly oe BENTIOTN TONUTAOXOTNTO DElYUOTOS, TOCO YLot TNV EXTIUNOT
tov spread parameters, 6co xou yia T wddnon e avtioToiyne xatavourc. Emmiéov, av To
péyebog tou pxpdtepou block telvel oTo dmelpo, xobicTatan et N extiunon axdun xou and éva
pepovapévo delypa (dnwe pe Ty extyiteta Tou diveton oto [41]).

,kiE{O,l,...i—l}

1.4 MdOnon octo Movtélo Cayley-Mallows

H mapoloo gpyacio cupminedver tnv tponyoluevry douleld egetdloviag TNy Tep(nTnoT mou N
KT-distance avtixatactafel ye v Cayley distance. Xuyxexpiuéva, n Cayley distance Bewpeiton
o WLbppubun Biott, avtl va exppdlet wio anhh Noyxd (énwe 1 KT-distance, nov ectdlel otic
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ouyxploeic petall Levydv), exppdler pobnuatixés évvoleg oxeTixés e TV xwxy Sour| Twv
petabéoewv. Ilopd tig iontepdtnteg autés, delyvouue twe, To wovtého tou Mallows egodlacuévo
ue v Cayley distance, emdewcviel xou autd cLYXEVTEOOT YUPW Amd TNV XEVTEIXH XUTATUET), AANS
apxetd acbevéotepn oe oyéorn ue auth oto Kendall-Mallows. uyxexpyéva, delyvouue nwg,
eZetdlovtag v Béom dmou eppavileton cuyvoTeEPa €val oTOLKEID, UTOPOUUE, HE XATEANNAO optBud
BELYHATWY, VoL AVaXTHOOUUE TNV XEVTEIXY XUTATOEN Pe YeydAn mbovotnta. Autd SlaTundvEToL We
e&ne:

Theorem 1.4.1 (Avenlonuo). Agxotv O (m?log (m)) mooxeyévov va avaxtijoovue Ty xeveguer
xavdra&n oto amAo povrélo Cayley-Mallows pe peydln mdavirnra.
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Chapter 2

Introduction

The aim of this chapter is to motivate the next by providing an overview of the areas that
have inspired the topic of this thesis. Specifically, for the most part, our work focuses on
issues such as parameter and density estimation, which are topics that fall into the domain of
statistics and machine learning theory. However, the probabilistic models associated with the
problems we examine are inspired from social choice theory. For that reason, we will make a
short introduction to the above subjects and then refer to previous work in this area.

2.1 Machine Learning

Machine learning is a sub-field of artificial intelligence that has attracted a great deal of interest
over the course of the last 10 years. Its aim is to provide a mathematical framework that
adequately explains the processes based on which the human brain assimilates knowledge. Once
this has been achieved, it will be possible to construct algorithms based on those processes,
thus rendering possible the creation of computers that are able to think and adapt to change.
The reason this area has attracted such a great deal of interest recently has to do with the
impressive (and theoretically inexplicable) performance of neural networks on a number of
learning tasks. However, this makes it quite easy to forget that there was an extensive body of
work on the topic long before the hardware that made possible the use of neural networks was
developed. A lot of that work focused on the mathematical foundations of machine learning.
Specifically, the mathematical subjects on which machine learning theory mostly relies on
are statistics and mathematical optimization. In particular, statistics offers the necessary
framework to describe the learning process mathematically. However, the various statistical
models are parameterized by specific quantities. Having chosen a specific model, it is necessary
to chose the parameter values that best describe the ground truth, which is where the techniques
offered by optimization come in.

Apart from the aforementioned reliance on established mathematical disciplines, machine learn-
ing theory also relies on the computational framework defined by Valiant in [47]. In particular,
Valiant defined the PAC (Probably Approzimately Correct) framework for supervised learning
problems. In that context, each element of some instance space is associated with a value
based on a rule that is unknown and learning algorithms are fed with samples that consist
of elements with their associated values and attempt to determine that association rule. The
evaluation of algorithms is based on the number of samples they require to estimate the target
rule within a given error bound and with a given maximum probability of error, regardless of
the underlying distribution according to which the samples are generated. A similar framework
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was proposed 10 years later in [29] for distribution learning problems, which are prime examples
of unsupervised learning problems. This last framework is the one we are most interested in.
In particular, we focus on distributions defined over permutation groups, which are sets that
are characterized by a combinatorial structure. Apart from their mathematical importance,
they boast an interpretation as rankings in social choice theory.

2.2 Social Choice

Social choice theory is field that is preoccupied to the study of voting rules and electoral
systems. Its origins can be traced back to the late 18th and early 19th centuries, during which
a number of scholars developed an interest in the theoretical study of the aforementioned
subjects, in an attempt to construct electoral systems which would result in the aggregation
of individual opinions in a manner that best represents society’s views as a whole. For more
information concerning the origins of social choice, a good resource is [51].

Various approaches have been suggested in order to tackle the above issues (see [3]). The
one we are most interested in is that which views the social optimum as a ranking of the
various alternatives and the individual opinions as noisy estimates of the previous ranking that
are generated by some probabilistic model. In that context, voting rules essentially serve as
estimators in the statistical sense of the term and the best voting rule that can be conceived
for a specific problem is the one corresponding to the maximum likelihood estimator.

Work in the area continues to this day, with greater emphasis on the computational aspects
of the theory. The focus on those issues is motivated by the progress in theoretical computer
science, the main objective of which is the development of efficient procedures to solve com-
putational problems. Applying the techniques of computer science to the problems studied by
social choice theory, it is possible to get good approximations of the results of various voting
rules in a time and sample efficient way, which is one of the issues examined in later chapters.

2.3 The Mallows Model

The Mallows model (defined in [36]) is one of the most popular probabilistic models on rankings.
It is a distance based ranking model, where rankings that are closer to some ranking with
respect to some distance metric tend to be favored. The distance is usually the Kendall Tau
distance, which measures the number of inversions in a pair of rankings, thus being suitable to
express notions in the context of social choice theory. The random behavior exhibited by the
model is expressed through one or more spread parameters. Learning problems in this model
have attracted a great deal of interest over the years, both from the statistics and computer
science communities (due to the challenges posed by the combinatorial nature of the model)
and from the social choice community.

2.4 Learning the Central Ranking under the Mallows
Model

In the case of the central ranking, it was shown in [5] that it is NP-hard to accurately compute
the maximum likelihood solution with reduction from the Feedback Arc Set problem. Due to
this negative result, attempts have been made over the years to work around the computational
intractability of the MLE. Some of those approaches were experimental in nature, such as the
the branch and bound technique presented in [38], which relied on the empirical observation

10
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that the probability mass tends to concentrate around the central ranking. On a more theo-
retical note, it was shown in [1] that the problem admits a 1—71 polynomial time approximation
algorithm and a PTAS in [30].

One of the most interesting approaches was given in [8]. The algorithm of Braverman and
Mossel relied on the locality induced by the KT distance. Specifically, they showed that, given
a sample from the model, the position where an element appears is close to its original position
with high probability. As a result, taking an average of each element’s position in the samples

log(n)

(and breaking ties) results in a ranking where each element should be at distance © (T)

with high probability (where n denotes the number of alternatives and r denotes the number of
samples). Finally, they propose a dynamic programming algorithm which exploits the previous
situation, thus outputting a ranking that is close to the MLE and, consequently, to the true
ranking. This approach is notable due to the fact that, unlike most learning algorithms, the
runtime decreases as the number of available samples increases, because the increase in the
number of the samples results in a decrease in the area that has to be searched.

The approach that has the greatest influence to our work is that of Caragiannis et. al. in [10].
There, the authors exploit the fact that each comparison is preserved with probability at least
% and propose a technique to reconstruct the central ranking by observing the way each pair
of elements compares in the majority of samples. Then, they show that this technique indeed
results in the recovery of the central ranking with high probability.

2.5 Learning the Spread Parameters under the Mallows
Model

The estimation of the spread parameters poses an equally big challenge, this time due to the
fact that it is impossible to obtain a closed form for the maximum likelihood solution. However,
the work regarding the estimation of the spread parameters is less extensive than that involving
the estimation of the central ranking. That is because the spread parameters are not of similar
importance for social choice theory. Some have attempted to address the problem from a
practical angle, not providing any theoretical guarantees for their methods (see [38]).

One important theoretically oriented work is that of Mukherjee in [41]. There, an approxima-
tion is given for the normalizing constant of the simple Kendall-Mallows model which holds
when the number of alternatives tend to infinity. This facilitates the computation of the MLE,
provided that the central ranking is known. This approximation is shown to be consistent,
while it is shown that this estimator makes it possible to estimate the spread parameter even
from a single sample as the number of alternatives tend to infinity.

The first optimal result involving the estimation of the spread parameters of the Mallows
model was given in [9]. There, the authors introduced the Mallows Block model and managed
to reduce the problem of estimating the spread parameters to estimating the parameters of
truncated geometric distributions. Moreover, they showed that, if the minimum block size tends
to infinity, it is possible to estimate the spread parameters even from a single sample.

2.6 The Cayley-Mallows Model

A less frequently examined version of the Mallows model is the one where the distance metric
used to measure the distance between permutations is the Cayley distance. Whereas the KT
distance focuses on pair-wise comparisons, the Cayley distance focuses on the cyclic structure
of permutations, which makes it more difficult to study and less suitable applications in social

11
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choice theory, though an application in computational biology was given in [27]. Another
interesting thing about the Cayley-Mallows model (which serves as the motivation for our
work) is the difference noted in the results of [34] (which extended the previous work of [4])
and [14], which examine the problems of learning mixtures of Kendall-Mallows and Cayley-
Mallows models, respectively.

2.7 Organization of this Thesis

In chapter 3, we make a lengthy introduction to distribution learning theory, introducing
the basic framework, along with all the necessary background from probability, statistics and
information theory.

In chapter 4, we introduce the notion of permutations and explain both their theoretical value
(in group theory) and their practical value (in modelling rankings). Moreover, we introduce
the concept of permutation distances and then we present the Mallows model. The chapter
closes with a section that presents the maximum likelihood solutions for parameter estimation
problems under the Mallows model, thus setting the tone for the chapters that follow.

In chapter 5, we present the techniques of Caragiannis et. al. and Busa-Fekete et. al. from
[10] and [9], respectively. These techniques are the ones that have been the most influential to
our work.

In chapter 6, we present our work involving parameter estimation under the Mallows model
equipped with the Cayley distance. We give a polynomial time algorithm that provably learns
the central ranking with high probability. We perform the sample complexity analysis of the
algorithm, but we do not prove its optimality. Moreover, we show how we could

12



Chapter 3

Introduction to Distribution
Learning

In this chapter, which will be the lengthiest of this thesis, we will make an introduction to dis-
tribution learning, along with all the necessary background. We will start with an introduction
to PAC-learning and refer to its connection with maximum likelihood estimation. Then we will
proceed with concentration inequalities. After that, we will talk about information theory and
statistical distances with applications to distribution learning and lower bounds. The chapter
will close with the definition and the basic properties of exponential families.

3.1 PAC-learning

PAC-learning (Probably Approximately Correct learning) is a framework used to study machine
learning problems within the context of theoretical computer science. It was introduced by
Valiant in [47] in order to help formalize the study of machine learning algorithms. Here, we
will make a short introduction to the topic. For a more lengthy examination, the reader should
turn to chapter 3 of [6].

Suppose that we have a pair of domains X',) and an unknown distribution D defined on
Z = X x Y. The distribution D can be written in the form D, - D ((z,y) |x) where D, denotes
the marginal distribution over the elements of X and D ((z,y)|z) denotes the conditional
distribution of the elements of ) given z € X'. Based on the way the distribution D ((x,y) |z)
concentrates around values of ) for the various =z € &X', we would like to come up with an
association rule h : X — ) which captures best the way the elements of the 2 domains are
associated based on D ((z,y) |x). To do this, we are given a number of samples z; € Z generated
by the unknown D. If we do not restrict ourselves to some subset of {f|f : X — YV}, we are
bound to be faced with the issue of overfitting, resulting in bad performance outside the training
set. For that reason, we restrict ourselves to some H C {f|f : X — Y} which is referred to as a
hypothesis class. Given some loss function £ : H x Z — R>q, we would like to find an algorithm
that finds the hypothesis h € H which, given the available samples, seems to fit best.

The previous setting closely resembles that of an optimization problem. This is to be expected,
since optimization is an important tool in machine learning theory. However, our description
fails to take into account the inherent randomness of the problem, which is due to the sample
generation process. For that reason, instead of simply demanding that ¢ is minimized, our
aim will be to come up with an algorithm finds the h € H that minimizes the expected loss

13
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(hence referred to as risk) given z ~ D. However, this too is way too strict, again due to
the sample generation process. Indeed, we cannot guarantee that the available samples will
be representative of the underlying distribution, meaning that it is impossible to rule out the
possibility of a sub-optimal solution. Relaxing our demand, we would like to come up with
an algorithm which, given an adequate number of samples, can compute a hypothesis whose
risk is at most € > 0 greater than the optimal (e is referred to as an accuracy parameter) with
probability at least 1 — ¢ (confidence parameter). If the previous is possible for a hypothesis
class, we say that it is PAC-learnable. Formally:

Definition 3.1.1 (Valiant (1984)). A hypothesis class H is said to be PAC-learnable with
respect to some domain Z and a loss function ¢ : H x Z — Ry if there exists a function
ny : R>0 % (0,1) — N and a learning algorithm A such that: given any € > 0,9 € (0, 1) and for
any distribution D over Z, running A with input z ~ D™ with n > ny (¢, §), we get h = A (z)
such that:

P [Lp(h)—hlglLD(h)ze <4

z~Dn

where Lp (h) =E..p [£ (h, 2)] is the risk.

If a hypothesis class is PAC-learnable, it means that we can attain arbitrary precision levels
(approximately) with arbitrarily high probability (probably). This explains the choice of name.
The function ny is referred to as the sample complexity of the class. Problems with high sample
complexity are considered harder from a computational viewpoint. Note that this is referred
to in [6] as Agnostic PAC-learning, due to the fact that generally infyecy Lp (h) # 0, which
complicates the definition. Moreover, when the concept was originally defined in [47], there
were restrictions on the running time of the learning algorithm. In [6], that version of the
definition is referred to as efficient PAC-learnability. 1t is obvious from the previous definition
that we want the performance of the learning algorithm to be independent of the underlying
distribution. However, due to that fact, it is impossible to compute the risk function. For that
reason, we define the empirical risk, which is nothing but the mean of the values of the loss
function evaluated on the samples. Relying on the Law of Large Numbers (LLN), we expect that
to be a good approximation of the true mean. For that reason, we pick one of the hypotheses
that minimize the empirical risk and then prove that the desired results are achieved. This
reasoning describes a fundamental principle known as Empirical Risk Minimization (ERM).

3.2 Maximum Likelihood Estimation

We now move away from machine learning and examine more traditional topics in statistics. A
fundamental problem in that area is parameter estimation, which involves being given samples
from a distribution that belongs to a known family but whose parameters are unknown. The
alm is to use a number samples drawn from the distribution to produce an estimate that is
as close as possible to the parameter and with as high probability as possible. There are
various estimators which are suitable to different versions of the problem. For example, in
cases where a percentage of the available samples may have been corrupted, one would wish
to use estimators that do not depend on outliers (samples whose values greatly deviate from

14
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the rest). The previous idea lies at the foundation of robust statistics (see for example [18]).
However, such cases will not be examined in this thesis. Instead, we focus on the classical
version of the problem, where the samples can be considered to be independent and generated
by the distribution without any sort of interference. In this setting, the most intuitive approach
is none other than maximum likelihood estimation.

3.2.1 The Technique

Let X5,...,X, be idd samples generated according to a distribution P described by a param-

eter vector @ and let f (x|f) be the corresponding pdf. We define the function L (0|XT) =

[T:%, f (X;]@), which can be considered to be a measure of the likelihood of the occurrence of

the available samples (hence the name likelihood function). At this point, a natural approach

to determine the value of 6 is by maximizing the likelihood function. Consequently, the prob-

lem we wish to solve is 8 = argmax {L (8]X7*)} which is achieved by computing the points for
0

which VgL (8|X7) =0 and verifying that they are indeed maximizers of the function.
We will now mention a number of properties which we would like an estimator to have and
explain which hold for maximum likelihood estimators.

Let 6 be some parameter and 0,, be an estimator for it which uses n samples.

e Unbiasedness: The bias of 6, is E [én] — 0. If the bias of an estimator is 0, we say
that it is unbiased. Some estimators are unbiased only as n — co. Such estimators are
referred to as asymptotically unbiased. We usually prefer unbiased estimators over the
rest, though that is not always the case.

e Consistency: We say that 0,, is consistent if the sequence {én} . converges in prob-

7 ne
ability to @ . Unlike unbiasedness, which is merely desirable, consistency is considered

to be essential.

. 2
e Mean Square Error: The Mean Square Error (MSE) is defined as E [<9n = 9) ] It

holds that E [(én — 9)2] = Var (én) + (IE [én} — 9)2, so if an estimator is unbiased,

its MSE is equal to its variance. The MSE of unbiased estimators is lower bounded by
the Cramér—Rao bound (see chapter 12 of [11]). The closer the MSE of an estimator is
to the bound, the better.

When it comes to MLEs, they may not always be unbiased, but they are asymptotically
unbiased. Also, they are consistent and, as n — oo, they attain the Cramér—Rao bound.
These properties justify why they are generally preferred over other estimators.

3.2.2 Examples

We will now examine a number of examples involving the computation of MLEs.

YA sequence of random variables {Xn}, ey converges in probability to some random variable X if
P[|X, — X| > ¢] = 0,Ve > 0. This is denoted X,, 2 X.

15
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Example 3.2.2.1. Let X ~ Be(p),p € (0,1) be a Bernoulli random variable. Its pmf is
fzlp) =p* (1 —p)l_ﬂc ,x € {0,1}. Given idd samples X;,...,X,, from the distribution, we
have:

argmax {L (p| X1} = argmazx Hp —p)t N =
P

i=1

= argmax (pzy:1 X1 - p)"_zyz1 X") = argmax < ZX +In(1-p) (n - iXL>>

p i=1

Demanding the derivative with respect to p to be equal to 0, we have:

Z?:l Xi n-— Z?:l Xi L ZL Xi X
n n

= - =0 < |p
D 1-p

The second order derivative is negative, so p is indeed a maximizer of the likelihood function.
Remark that the parameter we estimated is equal to the mean and the MLE is equal to the
sample mean, meaning that our result is consistent with the LLN.

Example 3.2.2.2. Let X ~ Ge(p),p € (0,1) be a geometric random variable. Given idd

samples X1,..., X, from the distribution, we have:
argma:c {L(p|X"} = argmaxH (1—p)~ ' p=argmaz ((1 —p) i=1 Ximn p”) =
=1 p
= argmazx (111( n+In(l—p (ZX —n))
P

Demanding the derivative with respect to p to be equal to 0, we have:

n Yo, X;i—n . n 1

o 15 PTYLX X,

The second order derivative is negative, so p is indeed a maximizer of the likelihood function.

Moreover, if we wanted the MLE for the mean, it holds that g = (%}) = % = X,, (which again

is consistent with the LLN). This is known as functional invariance and can be used for any
quantity that can be expressed as a function of the parameter that is estimated.

Finally, there is an equivalent definition of the geometric distribution where the pmfis f (z|¢p) =
¢ (1 — ¢),x € N. In that case, the parameter is the probability of failure while = denotes the
number of failed Bernoulli trials before the first successful one. The expression of the mean

A X,
then becomes y = = — 1= fd, = o= ﬁ and we have ¢ = 1+X,, "

3.2.3 MLE vs ERM

Though we did not highlight it in the previous paragraphs, MLE is in fact nothing but a special
case of ERM. To understand that, we need to formulate maximum likelihood estimation as a
learning problem in a modified version of the PAC framework (the PAC framework as defined
in Section 3.1 works for supervised learning tasks while parameter estimation is unsupervised).
Let P be a family of distributions where each is parameterized by some 8 : P — © C RF with
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P+ 0 =6 (P). Specifically, ignore the domain ) from the previous definition and let X C R¢
and H = O instead of a set of functions. Suppose that D = P € P and that we are given samples
X; ~ D. Indeed, suppose that we pick the negative log-likelihood £ (0,x2) = —log (f (z]0)) as a
loss function. Remark that:

6 = argmaz {L (6|X})} = argmax {le log (L (BX{'))} = argmazx {le Z log (f (Xiﬂ))} =

=1

= argmin {711 Z (—log (f (Xz|0)))} = argmin {Tll ZK (O,Xi)}
i=1 i=1

Based on the above, maximizing the likelihood function is equivalent to minimizing the empir-
ical risk when we work in the PAC-like framework defined above.

3.3 Concentration Inequalities

Despite arguing about the importance of MLEs, so far, we have not proven any guarantees
about the quality of the approximations they produce. For that reason, we talk about concen-
tration inequalities. These are tools used to show that the probability mass of some random
variable tends to concentrate around some value (usually its mean). Such inequalities have
always been of interest to the statistics community. Recently, the have also attracted the
interest of the computer science community, due to the fact that they offer techniques to prove
guarantees about the performance of randomized algorithms. Some very good texts on the
subject are [7, 21, 45]. We will start from simpler inequalities (which usually yield results that
are not tight) and then move on to more stronger ones.

3.3.1 Markov’s Inequality

The simplest concentration bound is Markov’s inequality. It involves the tails of non-negative
random variables. Specifically, given a random variable X with cdf Fx (t) = P[X < z], its
(right) tail distribution is the one with cdf 1 — Fx (¢t) = P[X > t]. It is known that tlim F(t) =
—00
1 75lim P[X >t] = 0. However, we have no knowledge of the rate of convergence of
hade el

P[X > t]. What Markov’s inequality does is that it offers a simple (but not necessarily tight)
view of that rate, given that X > 0 and E [X] < oc.

Proposition 3.3.1 (Markov). Let X be a non-negative random variable with finite mean. We
have: e
P[X >t < %,\ﬁ»o

Proof. We define the random variable Y = X1 {X > t}. We have:

X>Y>t1{X >t} = E[X]>E[1{X >t}] =tP[X > ] < P[th]g@

17
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The above implies that, for the random variables described above, we have P[X > t] = o (%)
This, is not generally tight, since it was proven under rather weak assumptions. Note that
some tend to replace t in the previous inequalities with ¢E [X]. This results in a description of
the tail with respect to the mean value and the elimination of E [X] from the RHS.

We now present an extension of Markov’s inequality which will be useful for the next parts.

Corollary 3.3.1. Let X be a non-negative random variable with finite mean. For any increas-
ing function ® : R>o — R>q, we have:

E[® (X)]
@ (t)

where the first inequality becomes an equality for ® : strictly increasing.

PIX >t <P[®(X)>®(t)] < VE> 0

The previous results can be extended for random variables that take negative values too, simply
by replacing X with | X]|.

In the next parts of our treatment of concentration inequalities, this will be used as a building
block for a number of other bounds that involve concentration around the mean.

3.3.2 Chebyshev’s Inequality

Chebyshev’s inequality is the most elementary inequality involving concentration around the
mean. Specifically, we want to upper bound the probability P[|X —E[X]| >¢. A direct
application of Markov’s inequality results in P[|X — E [X]| > ] < w, which involves
the expected absolute deviation of the random variable from its mean. However, this quantity
is not generally used. On the other hand, by applying Proposition 3.3.1 for ® (x) = 22 we get:

Proposition 3.3.2 (Chebyshev). Let X be a random variable with finite mean and variance.
We have:

Var (X)

PIX -E[X]| 24 < —

,Vt >0

The above implies that, P[|X — E[X]| > t] = o (3%), for the random variables described above.
This result is not tight, since information involving only the first 2 moments of a random
variable were taken into account 2. Instead, it only demonstrates that random variables with
finite mean and variance may tend to concentrate around their mean value. Note that some
tend to replace ¢ in the previous inequalities with ¢4/ Var (X). This results in the elimination
of Var (X) from the RHS.

3.3.3 Chernoff Bounds

From this point on, we will present concentration inequalities that are tight, thus allowing us to
achieve better approximations with fewer samples than Markov’s and Chebyshev’s inequalities.

>The p-th moment of a random variable X is the value E [XP],p € N.
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CHAPTER 3. INTRODUCTION TO DISTRIBUTION LEARNING 19

That is not say that those 2 inequalities are not useful. It’s just that their value is greater from
a theoretical standpoint, as a means to create other inequalities that yield better results.
First, we will present the method of Chernoff bounds, which relies heavily on Markov’s in-
equality. Specifically, there were 2 problems that we encountered when we first introduced the
inequality. The first had to do with the lack of tight results, which we remarked back then.
The second had to do with the fact that the inequality applies only for non-negative random
variables (X — |X| is a solution to this, but it suffers from the inequality’s inherent weakness).
Now we will present a technique which relies on Markov’s inequality but works regardless of the
involved random variable’s values and produces tighter results. Specifically, suppose we have
a random variable X and some ¢ € R and we want to upper bound P[X > ¢]. By Corollary
3.3.1 for @ (z) = e*, X > 0, we have:

E[e)\X]
PX >t =P[eM >eM] < — A0

Since this holds for any A > 0, we can choose the one which minimizes the RHS, so we have:

]P’[th]<inf{w}

TS0 ert

The previous method is quite general and is named after Herman Chernoff. A similar bound
can be obtained for P [X < ], simply by using ® () = e=**, A > 0. To proceed, further knowl-
edge about X is required. In particular, if X is the sum of independent (but not necessarily
identically distributed) random variables X1, X, ..., X,,, we have:

n . E [e* Zim X . [T, E [e)X]

Remark that, for the final transition to be correct, it is necessary that X; are independent
(simply being pairwise uncorrelated would not suffice). Moreover, the quantity E [e’\X'i} is
the moment generating function of X;. This term is used to describe it because E [e’\Xi] =

NE[XF
Y reo #, meaning that all moments are involved. Finally, after computing the value of

A we get that P[X > t] = o (57 ), which is as good as one could hope for.
We will now use the above for sums of independent Bernoulli random variables.

Proposition 3.3.3. Given independent X; ~ Be (p;),i € [n] such that >, p; = p, for any

60 > 0 we have:
el .
< f -
— (1 +5)1+5

n o0 K
P l;X <(1- 5)4 < (—(1 — 5)1—5>

P[zn:XiZ(1+5)pd

i=1

Proof. We will prove only the first of the 2 bounds. Setting ¢ = (1 + §) p to the generic bound
we proved above, we get:

19
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i=1 i=1

P[zn:Xi>(1+5)ﬂ

< AH;E {eA(lJrzi)u HE [e)\Xi] }

The moment generating function of a Bernoulli random variable is E [eAXﬂ = pie)‘ +(1—p) =
1+ p; (e* —1). The minimization of the product e AL TTE [1+p; (e} —1)]] is by no
means an easy task. So, instead of minimizing it, we will take advantage of the fact that
1+pi(er—1) < eP(¢*~1) and instead minimize:

o MO A pi(e 1) _ o= A+ ptp (e 1)

which is equivalent to minimizing the exponent. This yields Ay, = In (1 4 6) which leads to
the desired result. [ |

Due to the fact that the above 2 expressions are not practical, the following approximations
are commonly used (see [39]):

Corollary 3.3.2. Given independent X; ~ Be (p;),i € [1,...,n] such that > | p; = p, for
any 0 € [0,1] we have:

52;1.

PX>Q+d)pu<e 3

52

PIX<(1-8)ul<e

3.3.4 Hoeftding’s Inequality

Hoeffding’s Inequality is the last concentration bound we will see for now (one more will be
added after we talk about exponential families). It is a consequence of the application of
Chernoff bounds to sums of independent random variables with bounded support. Specifically,
it can be shown that bounded random variables satisfy the following lemma.

Lemma 3.3.1 (Hoeffding (1963)). Let X be a random wvariable such that E[X] = 0 and
32 —a 2
X € [a,b]. Then, for any s € R, its moment generating function is upper bounded by e el

We will not present the proof of the lemma. To fully comprehend it, an introduction to the
concept of sub-Gaussian random variables would be necessary. For the sake of brevity, we
avoid that. For a better understanding of the issue, the reader should turn to one of the books
referenced at the start of the section. Combining the above with Chernoff’s method, we get:

20
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Proposition 3.3.4 (Hoeffding (1963)). Let X;,i € [n] be n independent random variables such
that X; € [a;,b;],Vi and X, ZTX For any t > 0:

2n2¢2

P[X, -E[X,] >t] <e Tali—e)?

2n2¢2

P[X, —E[X,) < —t] <e Tialie)?

2n2¢2

P[|X, - E[X,]]| >t] <2 TiaCie)?

Both the previous 2 results where first given in [26]. Applying Hoeffding’s bound to Example
3.2.2.1, we get P[|p—p| > ¢ < 2~ < § = n > szIn(2). That way, we have a
tight lower bound on the number of samples required to have an approximation that is within
acceptable limits (which we set by choosing €, € (0,1)). Another application (this time in
the context of machine learning theory) can be found in chapter 4 of [6]. There, Hoeffding’s
bound is exploited to show that all finite hypothesis classes are Agnostic PAC-learnable.

3.4 Information Theory and Statistics

Information Theory is a mathematical subject that was first developed during the mid 20th
century by Shannon in [46]. Its aim is to present a framework for the theoretical analysis of
communications. Due to the presence of noise in communication, tools from probability theory
and statistics were employed since its early days. However, after some point, information
theory begun influencing those fields, due to the fact that some of the tools developed for it
proved quite useful in statistics. It is those tools that we wish to emphasize. A good reference
on the topic is [20]. Should someone be interested in a more general introduction with greater
emphasis on communications, the authoritative text is [11].

3.4.1 Fundamental Information Theoretic Measures

At the foundation of information theory lies the concept of entropy. The idea behind it was
to define a measure whose value increases when a random variable exhibits more "random”
behavior, which is to say that it tends to concentrate less on specific values, thus making it
harder to predict what value it will take. For that reason, the proposed definition was:

Definition 3.4.1 (Shannon (1948)). Let X be a random variable taking values in some discrete
set X with pmf p: X — [0,1]. Its entropy is defined as:

H(X) = [log( )] = p(x)log(p(z))

TeX

The logarithm in the above definition is usually with base 2, so entropy is measured in bits.
It is obvious from the above definition it cannot take negative values since p (z) € [0,1].
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In particular, the only case when the entropy is equal to 0 is when all probability mass is
concentrated on a single value, resulting in a constant distribution . Moreover, it is possible
to show that, if a random variable has finite support (say |X| = m € N), its entropy is upper
bounded by log (m), which is attained only by the uniform distribution. The proof relies on the
fact that the function log (+) is strictly concave and Jensen’s inequality. At this point, we should
remark that log (m) is equal to the number of bits required to index a set with m elements. If
any distribution other than the uniform is used, due to the bias towards specific values, it is
possible to encode it using fewer bits, which is the idea that lies at the core of data compression.
The minimum number of bits required for such an encoding is given approximately by the value
of the entropy (see chapter 5 of [11]). This motivates the previous definition.

Also, note that the entropy is independent of the support X. Indeed, it is the values of the
pmf p that determine it. Consequently, if we consider the random variable Y = f (X) with
f :1—1, its entropy would be equal to that of X. On the other hand, if f is not 1 — 1, the
entropy of Y would be less. Intuitively, this holds because the support of Y is smaller than
that of X, resulting in stronger bias towards specific values.

We now proceed to define the relative entropy of a pair of random variables, more commonly
referred to as Kullback-Leibler divergence (KL-divergence). The definition was given in [32].

Definition 3.4.2 (Kullback, Leibler (1951)). Let X ~ P,Y ~ @ be random variables with
discrete supports X, ) and pmfs p : X — [0,1],¢ : Y — [0, 1], respectively. The KL-divergence
between P and () is:

Drcs (P10) = & o8 (257 )| = - p(oytog (B8 ) = = 3 o) tos (13

TEX TeX

The KL-divergence is commonly used as distance metric between distributions. However, it
does not satisfy all the properties commonly associated with distance metrics. Specifically, the
KL-divergence is non-negative and becomes 0 only when the 2 distributions involved are the
same. This can be proven using the fact that — log (+) is strictly convex and Jensen’s inequality.
However, it is neither symmetric, nor does it satisfy the triangle inequality.

Another interesting aspect of the KL-divergence is its behavior when distributions not having
the same support are involved. Suppose, for example, that we have 2 distributions P and Q,
such that supp (P) C supp(Q). In that case, when computing Dk, (Q||P), terms involving
x € supp (Q) \ supp (P) will result in Dk, (Q||P) = +o00 while similar terms do not cause the
same in Dy, (P||Q). This is another peculiarity of the KL-divergence.

Note that, in case P=P; X -+ x P, and Q = Q1 X -+ X @, (joint distributions of an equal
number of independent random variables), we have the following tensorization identity:

Dgr (P||Q) = ZDKL (P5]1Q:)

i=1

Now, the next step is to define conditional entropy:

#When computing the entropy of such distributions, terms of the form 0log (0) are quite common. To
compute such terms, it is necessary to use the limit lim,_o plog (p) = 0.
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Definition 3.4.3 (Shannon (1948)). Let X,Y be random variables taking values in X, Y,
respectively. The conditional entropy of X given that Y = y is:

H (XY =y) Z Px|y (z|y)log (pX|Y (33|Z/))
zeX
Furthermore, we have:
H(X|Y)=> py(y) H(X]Y =y)
yey

Another important definition is that of the joint entropy of a random vector. It is simply the
entropy that corresponds to the joint pmf of its components. Formally, we have:

Definition 3.4.4 (Shannon (1948)). Let X = (X3,...,Xy) € &1 X --- x X3 = D be a
random vector whose components have joint pmf p : D — [0,1]. Its entropy is defined as

H (X) =E [log (35 ) | = = Zoenp @ log (0 @).

Both conditional entropy and joint entropy are non-negative, just like entropy. Moreover, the
2 previously defined measures are connected by the following chain rule:

X) = ;H (Xi|X;'—1)

where Xij denotes (Xj;,...,X;). We will prove the result for n = 2 and the rest can be done
by induction. We have:

H (X1, X2) = Z Z (z1,x2)log (p (21, 32)) =

1 E€EX] T2 EX2

== > > pla)p(@aler) (log (p(x1)) + log (p (w2]z1))) =

T1EX T2€EX,

=— Z Z p (x2|z1) log (p Z Z p (w2]z1)log (p (z2|z1)) =

T1E€EX] T2€X T1€X] T2€AX>

= — Z xl IOg CCl)) < Z p(.’E2|(L'1)> +H(X2|X1) = H(Xl) +H(X2|X1)

1 €EXL T2 EAXY

The above result should be compared with the fundamental property of probability measures
which states that, given any events A, B and a probability measure IP[-], we have P[AU B] =
P[A] + P[B\ A]. Taking this analogy into account, entropy has a role similar to probability.
However, instead of expressing the likelihood of an outcome occurring, entropy measures how
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random is the behavior exhibited by a random variable. Extending this to more random
variables, we get joint entropy, which is similar to the probability of a union of events. Finally,
by computing the conditional entropy, we get a view of how the perceived randomness of a
random variable changes when we know the value of another random variable. This should be
compared with the probability of P[B\ A]. Note that P[B\ A] < P[B], so for the analogy to
be correct, we would expect that H (X2|X;) < H (X2). This is true, but the necessary tools
to prove this have not been introduced yet.

Having said the above, the analogy between entropy and probability measures is not complete,
due to the fact that we have not defined a measure that is similar to P[A N B]. For that reason,
we define mutual information.

Definition 3.4.5 (Shannon (1948)). Let X,Y be random variables taking values in X, ),
respectively with joint pmf p. Their mutual information is defined as:

1(X;Y) =303 p(a,y)log <M)

2EX yey pPx (li)pY (y)

Remark that mutual information can be expressed as the KL-divergence of 2 distributions: the
first is the joint distribution of X,Y (denoted Px y ), while the second is their product distri-
bution (denoted Px X Py ), which is the joint distribution of 2 independent random variables
which follow Px and Py, respectively. Formally, we have I (X;Y) = Dk (Px,y||Px % Py)
which implies that mutual information is non-negative, since the KL-divergence is non-negative.
Moreover, I (X;Y) =0 <= Pxy = Px x Py, meaning that X,Y are independent.

From the definition, it is easy to see that I (X; X) = H (X) (which why entropy is sometimes
referred to as self information) and I (X;Y)=H(X)-H(X|Y)>0 = H(X) > H (X[Y).
This has a natural interpretation, which is that giving information about the value of some
random variable cannot make it harder for us to guess the value of another one. Substituting
according to thisto H (X,Y) = H (X)+H (Y|X)weget H(X,Y)=H (X)+H (Y)-I(X;Y),
which should be compared with P[A U B] = P[A]+P [B|—P[A N B]. Also, mutual information
satisfies the following chain rule:

n

i) = 31 (57

i=1

For n = 2 we have:

I(Xl,XQ;Y) = H(Xl,XQ) _H(Xl,XQ‘Y) =

= (H (X1) + H (X2|X1)) = (H (X1|Y) + H (X2|X1,Y)) = I (X1;Y) + I (Xo; Y[ X1)

For n > 2 the result can be obtained by induction.

The way the measures we defined are related to each other is summarized in the following
image, which is taken from [11]. This makes the analogy with elementary probability obvious.
We are done with the definitions of the basic information theoretic quantities. Before proceed-
ing, we have to make one final remark. The previous definitions can be extended to continuous
random variables, simply by replacing the sums in the previous definitions with integrals. This
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HX, 1

H(X) H(Y)

Figure 3.1: Venn diagram of fundamental measures of information theory.

results in the definition of differential entropy and is denoted by h(-). Unlike the previously
defined measure, it may also take negative values, which is why it lacks a similar interpreta-
tion. However, all the other properties satisfied by it and the other measures we defined do
not change. For the rest of the text, the definitions and proofs that will be presented will for
the most part use differential entropy notation.

3.4.2 f-divergences

We will now make an introduction to the concept of statistical distances and, in particular,
f-divergences. f-divergences offer a unified way of describing measures of dissimilarity between
probability distributions. Some of those divergences satisfy all the properties of distance metrics
(see Definition 4.2.1).

Below, we will give the definition of f-divergences in the case of continuous distributions, which
is the one that will draw our attention for the rest of the text. In order to give a more
general definition, it would be necessary to introduce some measure-theoretic concepts and
notation, which is outside the scope of this thesis. Should the reader be interested in such an
approach, they should turn to chapter 2 of [20] (or, as a matter of fact, [2, 12], where they
were independently introduced).

Definition 3.4.6 (Ali, Silvey (1966) and Csiszar (1967)). Let P, @ be 2 continuous distri-
butions with pdfs p, ¢, respectively. Also, let f : Ry — R be a continuous convex function
satisfying f (1) = 0. The f-divergence of P, @ is defined as:

D;(PI@) = [ a(@) (%) i

This definition covers a wide category of statistical distances, all of which satisfy the following
property:

Proposition 3.4.1. Let Py, P>, Q1,Q2 be distributions with support X and f : Ry — R be
convex with f (1) = 0. Then, Dy is jointly convex in its arguments, meaning that for any
A€ 0,1]:
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Dy (AP1+ (1= X) Pof|AQ1 + (1 = A) Q2) < ADy (P1]|Q1) + (1 = A) Dy (P2[|Q2)

Below, we will present the 3 instances of f-divergences that are of greatest interest to us:

e KL-divergence: Choosing f (z) = xlog(z),z > 0 results in:

D1 (P1Q) = [ p(aytog (2 ) o

The properties of this divergence measure have been examined in detail in the previous
section, so we will not repeat them here.

e Hellinger distance: Setting f (z) = 1 (y/z — 1)2 ,x > 0 yields:

2

dhemP,@)Q—;/Rq(x)( M—l) do=3 [ (VoW - Va@) da

q(z)

which is commonly referred to as the squared Hellinger distance. The Hellinger distance
is the £ distance of |/p and ,/q multiplied by a normalizing constant equal to % The

previous formula can be written in the form:

e (P.Q =1~ [ VoG)Va(a)a

by using the identity about the square of a difference and the fact that p and ¢ are
density functions. Taking advantage of that, we get a very elegant tensorization identity
incase P=P; X -+ X Pp,Q=Q1 X+ X Qn:

n

dpet (P,Q)> =1~ H/R Vi (2)V/ ¢ (v)de =1 — H (1 — dper (P, Qi)2>
i=1 7

i1

e Total Variation distance (TV-distance): Setting f (z) = % |z — 1|,z > 0, we get:

arv (P.Q) =5 [ 10() ~a(@)de = 5 Ip =,

Note that the above is not the way the TV-distance is usually defined. Instead, given 2
probability measures P, () with the same support X', we have:

drv (P,Q) = sup |P(A) —Q(A)]

The 2 definitions are equivalent. Indeed, remark that the absolute value in the above
definition is redundant. Indeed, for any A C X, we have:
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[P (A) = QA) = [1 - P(A°) -1+ Q (A% = [P (A%) — Q (A%)]

If for some A C X we have Q (4A) > P(A) < P (A°) > Q(A°). Since for every
A C X we have A¢ C X, dropping the absolute value does not change the value of the
TV-distance. Instead, for any set A C X, it forces us to choose between A and A€ the
one for which the difference P — @ is non-negative. As a result, we have:

drv (P,Q) = sup {P(A) - Q(A)}

ACx

Let A be a maximizer of the previous quantity. This implies that p (z) > ¢ (z),Vz € A.
Indeed, if for some z € A, we have p(x) < q(z), there would be an interval I where
p(z) < g(z) (due to the continuity of p,q). However, this implies that P (A\T) —
Q(A\I) > P(A) — Q(A), which contradicts the assumption that A is a maximizer.
Similarly, we get that for any interval I where p(z) > ¢ (z), I C A. Consequently, we
have that A={z € R:p(z) > q(x)}:

i@ = [ 0@ -a@)ar=3 ([ p@-a@a+ [ @@ -pw)a)

3 ([ p@-a@iss [ e -awlac) =3 [1p) - o)

Based on the previous, it is easy to see a geometric interpretation of the TV-distance: it
is nothing more than the area between p and ¢ where p (z) > ¢ ().

The TV-distance is commonly regarded as the main statistical distance. Unlike the
previous ones, it does not have a tensorization identity. Instead, the closest thing we
have to that is the following proposition, which is given for discrete distributions, but
can be easily generalized for continuous as well:

Proposition 3.4.2. Let {Pi}z‘e[n] , {Qi}ie[n] be distributions where, for each i, the distri-
butions P;,Q; have the same support X;. Suppose there is some non-empty set I C [n],

such that P; = Q;,Vi € I and let I' denote its complement. Consider the product
distributions P= @ P;,Q = @ Q; and P’ = Q P;,Q" = @ Q;. We have:

i€[n] 1€ [n] iel’ iel’

dTV (P7Q) = dTV (Pla Ql)

Proof. Let X = @ X; and Xy = QX;, X¥p = Q A;. Bold letters used below, based on
i€[n] iel iel’

the context, will denote an element of one of the 3 previous sets. By the definition of

the TV-distance, we have that:

drv (P,Q) = Z|P Z HP ;) HQi(mi)

mEX mEX i€[n i€[n]
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Given that, for all ¢ € I, the corresponding P;, Q); are essentially the same distribution,
the above can be written in the form:
] (1)

(I1700).

Now, the TV-distance of P, Q' is equal to:

drv (P,Q) = Z

a:eX

H P; (Sﬂz) - H Q; (%)

iel’ iel’

dTV (P/ / Z

:tEXB

H P LCZ H Qz (ml)

icl’ iel’

Our aim now is to group the elements of the sum in the first expression in a way that
will help us reach our conclusion. To that end, we write (1) in the form:

drv (P,Q) = Z [[e@) -Jl@@)|-{ D [IPw || =

:tEXB el el yeXaiel
1 2
=5 ST P @)= ] Qi ()] = drv (P,Q) =
weXp iel’ i€l

= |drv (P,Q) = drv (P',Q))

where the transition from the first line to the second is based on the fact that in the
parenthesis we add over all elements of X4. |

There is a simple analogy that helps understand the previous proposition. Suppose we
are given 2 points on the real line x; and x5 with 27 < 2. Their distance is equal to
x9 — x1. Now, suppose that we consider vectors of the form (z1,z,...,z), (22, z,...,x).
No matter how many components we add, the distance of the 2 vectors will still be
x9 — x1. The previous proposition states the exact same thing for the TV-distance.

We will now provide another proposition which involves distributions defined on discrete
number sets. We slightly abuse notation, since we refer to TV-distance of random vari-
ables, when we actually mean the TV-distance between of their respective distributions.

Proposition 3.4.3. Let {Xi}ie[n] v{Yi}ie[n] be independent discrete random variables
with X; ~ P;,Y; ~ Q;, where, for each i, both P; and Q; are defined over X; C R. Also,

let P= Q P;,Q = Q Q; be the corresponding product distributions. We have:
1€[n] 1€[n]

drv (P,Q) >drv [ Y Xi, Y Vi

1€[n] 1€[n]
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Proof. Let X = @ X; and let Y be the (common) support of X = >
i€[n]

Y =3 Yi- We have:

] Xz and

i€n

dry (P,Q) = Z|P :%Z HPi(l“i)—HQi(l‘i) (1)

EGX TEX |i€[n] 1€[n]

We write (1) by grouping the terms according to the value of Zie[n] z;. Applying the
triangle inequality, we get:

drv (P,Q) = ZZ HP (@) = [T Q@)1 > mi=yp >

yéy:tEX i€[n] i€[n] i€[n]

>

ZZ HP% HQz% 1 in:y —

yeY |z€X |i€[n] i€[n] i€[n]

N =

:%ZHP’[X:y]—P[YZy“:dTV(XaY) =
yey

== ’dTV (P,Q) > drv (va)‘

The way the triangle inequality was used in the previous proof is quite general and can be
used to prove similar results for any function of the random vectors X7, Y7*. Intutively,
this holds because the support of the resulting distributions is generally smaller, thus
making them look more similar than the initial joint distributions.

By combining the 2 previous propositions, we get:

Corollary 3.4.1. Let {X;},c(,; {Yi}ig(n) be independent discrete random variables with
X, ~ BP,Y;, ~ Q;, where, for each i, both P; and Q; are defined over X; C R. Also,

let P= @ P;,Q = @ Q; be the corresponding product distributions. Suppose there is
i€[n] i€[n]

some non-empty set I C [n], such that P; = Q;,Vi € I and let I' denote its complement.

We have:

drv (P,Q) = drv <Z Xi,ZYz)

i€l’ iel’

Before moving on, we should point out that the 3 divergence measures we introduced above
are connected by the following inequalities:
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Proposition 3.4.4. Let P,(Q be 2 distributions with the same support:

o Using the Hellinger distance, we have:

_ dnat (P,Q)°

St (P,Q)* < drv (P,Q) < dha (P,Q) 11— 2L

o Using the KL-divergence, we have Pinsker’s inequality:

drv (P,Q)* < =Dxr (P,Q)

DN | =

The above inequalities usually help in bounding the TV-distance, which is generally more
difficult to compute compared to the other 2. In some cases where the above 2 inequalities do
not yield tight results (especially the first one), Corollary 3.4.1 comes in handy.

3.4.3 Inequalities of Information Theory

So far, we have not made any reference to the fundamental topic of information theoretic
inequalities. No treatment of the subject is possible without making references to the issue, due
to the fact that such inequalities expose inherent limitations of various information processing
procedures and statistical methods. Our examination will start from the Data Processing
Inequality and then move on to Le Cam’s and Fano’s inequalities, which will evoked in later
sections where we talk about lower bounds.

3.4.3.1 Data Processing Inequality

The Data Processing Inequality is formal statement of a remark that seems intuitively obvi-
ous. Specifically, suppose that we have a source of information which is processed by various
procedures. As we process the information, the results become less similar to their original
form, provided that the source is not involved in any of the processing stages. To express the
previous mathematically, it is necessary to introduce the concept of Markov Chains.

Markov chains are one of the most common examples of stochastic processes. We do not intend
to make a detailed introduction to the topic (for a proper exposition, see [33]). Instead, we
focus on their defining feature which is that each state depends solely on the previous one,
meaning that, given 3 consecutive states X — Y — Z, Z and X are conditionally independent
given Y. Having said that, we can now state and prove the Data Processing Inequality:

Proposition 3.4.5. Let X — Y — Z be a Markov chain. We have I (X;Y) > I (X;Z2).

Proof. Consider the quantity I (X,Y;Z). Based on the chain rule about mutual information
we proved previously, there 2 ways to compute it. First, we have:

I(X;Y,2) =1(X;Y)+ 1 (X;Z2]Y) = 1(X;Y) (1)
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due to the conditional independence of X, Z given Y. Secondly, we have:

[(X;Y,2)=1(X;2)+1(X;Y|Z) (2)
Combining (1), (2), we get:

I(X;Y)=1(X:2)+ 1(X;Y|2) > I (X;Z)

due to the fact that mutual information is non-negative. The equality holds when I (X;Y|Z) =
0, which implies that X,Y are conditionally independent given Z, meaning that X - 2 =Y
is also a Markov chain. [ ]

As we can see, the more we distance ourselves from the source (the random variable X)), the
less there is in common between it and the random variables that we get in the next stages of
the process, judging by the decrease in the values of the mutual information.

3.4.3.2 Le Cam’s Inequality

Le Cam’s inequality is related to hypothesis testing, which is a fundamental problem in statis-
tics. In particular, it involves being given a finite family of distributions along with samples
from one of them and being able to discriminate the underlying distribution from the rest.
More formally, let {Py,..., P;} be the candidate distributions and let P* € {P,..., Py} be
the ground truth. All distributions are defined over the same sample space X. Intuitively, the
closer the distributions are to each other, the harder it should be to discriminate between them
(provided that the same distribution does not appear twice in the family, which would render
discrimination impossible). These ideas are expressed through Le Cam’s inequality in the case
of binary hypothesis testing and through Fano’s inequality in the case of multiple hypothesis
testing (see [50] as a reference). Below, we will examine the former.

Let {P1, P>} be the family of possible distributions and let V' € {1, 2} be the index correspond-
ing to the ground truth. Since we are not biased towards any of the 2 hypotheses, we view V
as a uniform random variable. Supposing that the number of samples we are given is n and
that they are denoted X7, we refer to any function ¥ : X™ — {1,2} as a statistical test or a
testing function. The probability of error of a testing function is given by:

PIW(XP) £ V] =PIV = 1P[¥(X}) £ V|V = 1]+ P[V = 2] P[¥ (X}) £ V|V = 2] =
= P U (X)) £ 1)+ 3P (B (X]) #2)

This can be lower bounded using Le Cam’s inequality, which we will now state and prove:

Proposition 3.4.6 (Le Cam). Let Py, P, be a pair of distributions defined over the same
sample space X and let ¥ : X — {1,2} be some testing function. We have:

inf{P (V(X) # 1)+ 2 (V(X) #2)} =1 [P = Pllpy
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Proof. By the definition of the TV-distance, we have:

[|Pi — Pal|lpy = sup {P1 (A) — P2 (A)} <= 1—||Pi — Bl =1—sup {P1(4A) — P (A)}
ACX ACX

Remark that —supgcx {P1 (A) — P, (A)} = infacx {P> (A) — P1 (A)}. Suppose now that we

have found a set A that minimizes the previous quantity. Let ¥ be a testing function such that

U(z) =1,Vz € Aand ¥ (x) = 2,V € A°. Consequently, we have P; (4) = P; (¥ (X) =1)

and Py (A) = P, (U (X) =1) = P, (¥ (X) # 2). This yields:

L= 1Pt~ Pallpy = ot {P2 (¥ (X) £2)+ 1= P (X) = )} =

= jnf {Pr(¥(X) # 1)+ P> (¥ (X) #2)}

Applying this to our previous problem, we get:

SP (X)) A1)+ 5P (W (X]) #2) > 2 (1= 17— Pllpy)

N |

By Pinsker’s inequality, we get || P* — P3'||y < 1/ 3Dk (PP||PY) = \/2Dk 1 (P1[[P,) where
the last transition is due to the tensorization identity of the KL-divergence. This results in:

PI¥(XD) £ V] = 3P (¥ (XD) £ 1) + 572 (0 (X0) 22 > 5 (1[5 D (P12

We have thus lower bounded the error probability of any testing function in binary hypothesis
testing problems.

3.4.3.3 Fano’s Inequality

Fano’s inequality (introduced in [23]) offers a similar lower bound in the setting of multiple
hypothesis testing. We now view the whole process as a Markov chain, in a way similar to
the data processing inequality. Specifically, let V' be a random variable taking values in some
finite set V (which will generally be considered to be [k]). Suppose that we are given some
random variable X whose value depends on that of V' and which we use to guess the value
of V. This results in another random variable, denoted V7 which is our guess for the value
of V. This results in the Markov chain V — X — V. We define the binary random variable

E=1 {V #+ V}, which becomes 1 when an error is made. Fano’s inequality states that:

Proposition 3.4.7 (Fano (1968)). Given the Markov chain V. — X — V where V,V €
V, V| < oo and the random variable E defined as above, we have:

H(E)+P [V ¥ V} log (V| —1)> H (V|V)
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Proof. We will compute the joint entropy of V' (the value we wish to guess) and F (the indicator
of error) given V (our guess, which is the only of the 3 variables we know). Based on the chain
rule introduced earlier, we have:
H (V, E|V) —H (V|V) +H (E|V, f/) —H (V|V) (1)
where the last transition is based on the fact that V,V fully determine E. Applying the chain
rule differently, we get:
H (V, E|I7) —H (E|V) +H (V\E, f/) <HE)+H (V|E, f/) 2)

The second term in the previous expression can be written in the form:
H(VIEV) =PV £V|H(VIE=1V)+(1-P[v£V]|)H (VIE=0,V) <

<P[V#V]log(V]-1)(3)

where the final transition is based on the fact that given V and that E = 0 the value of V is
fully determined while given V and that E = 1 the support of V is Y\ {V} and its entropy

is upper bounded by that of the uniform distribution on that set. Combining (1), (2) and (3)
we get the desired result. |

So far, we have not made any assumption regarding the distribution of V. Like in the case of
binary hypothesis testing, we will assume that the distribution of V' is uniform over the set V.
As a result, we have:

Corollary 3.4.2. Given the Markov chain V. — X — V where V,V € V,|V| < oo and
assuming that V is uniform over V, we have:
log (2) + 1 (V; X)

log (|V[)

P[V;AV} >1-

Proof. In Proposition 3.4.7, the LHS is upper bounded by log (2) + P [V #* V] log (|V]). The

RHS can be written in the form H (V|V) =HWV)-1I (V;V) = log(m) — I (V; ‘7) >
log (m) — I (V;X), where the last transition is due to Proposition 3.4.5. Combining the above
leads to the desired version of the inequality. |

Using the notation introduced previously about hypothesis testing, we get:

log(2) + 1 (V;X)
log ([V])

infP[¥ (X) # V] > 1

3.5 Distribution Learning and Lower Bounds
Despite being the main issue of this chapter, we have not so far made any references to distri-

bution learning. However, we have now introduced all the necessary background to examine
the topic.
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3.5.1 The Framework

The framework to study distribution learning problems is analogous to the PAC-learning frame-
work. It was introduced 10 years after PAC-learning in [29]. The main difference between the
2 frameworks is due to the fact that distribution learning problems are examples of unsuper-
vised learning tasks, since all we are given are samples from a distribution and we want to
compute a distribution with that is close to the underlying with high probability with respect
to some statistical distance. The statistical distance is usually either the KL-divergence or
the TV-distance, while there is also Kolmogorov’s distance (which is a "weaker” version of the
TV-distance where the supremum is taken over all intervals of the form (—o0, a] instead of all
sets A C R). The KL-divergence is the "strongest” of the 3. That is because, due to Pinsker’s
inequality (see Proposition 3.4.4), having Dgr (P||Q) < €* implies dry (P,Q) < e. On the
other hand, Kolmogorov’s distance is the weakest and we will not use it in the rest of the text.
We now present the definition of learnability given in [29] (though slightly simplified):

Definition 3.5.1 (Kearns et. al. (1994)). A family of distributions F is said to be efficiently
learnable with respect to some divergence measure d when, for any € > 0,0 € (0,1), given
oracle access to samples from an unknown distribution P € F, there exists a polynomial time
algorithm A that outputs a distribution P such that:

P[d(P,P) Ze] <5

where the probability is computed with respect to the samples.
If P € F, then A is said to be proper. Otherwise, it is improper.

What we need to do now is to describe a principle similar to ERM, which will help us approach
distribution learning problems. We should stress that the distribution learning problems we
will examine are proper (unlike [13] for example) and we have no corrupted samples (unlike
[18]). It turns out that, in this context, the best approach is simply to output the distribu-
tion corresponding to the parameter vector computed using MLE (provided that computing
or approximating the MLE is possible, which is true for the problems examined in subsequent
chapters of this thesis). The previous description is quite informal, but a proper exposition
of those ideas can be found in chapter 24 of [6], where it is shown that minimizing the ex-
pected negative log-likelihood is equivalent to minimizing the KL-divergence between the true
distribution and the estimate.

3.5.2 Minimax Lower Bounds

Having defined a framework for distribution learning, we need to come up with techniques that
verify the optimality of our algorithms. For that reason, we need to think which instances are
the ones that are bound to make our algorithms struggle. Specifically, suppose that we have
2 distributions Pj, Py belonging in the same family. If the 2 distributions are well-separated
with respect to some of the statistical distances we defined, our algorithms should not have a
hard time telling them apart, even with a smaller number of samples. The hard instances are
the ones where the distributions are close to each other, resulting in the samples tending to
concentrate around the same values. Such instances help us describe the sample complexity of
various classes of distributions.
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3.5.2.1 Minimax Risk

To express the previous thoughts formally, we need to define the minimax risk. Our presen-
tation will be quite concise, focusing on its definition in the context of distribution learning,
using the notation presented in [9], which we will also use in later chapters. Should the reader
interested in a more general approach, they should turn to chapter 7 of [20] or [50].

Suppose that we are given a family of distributions F with support X and there is some
unknown f € F which we want to estimate using n samples x = (x1,...,2,) ~ f™. Let Ay
denote the set of all distributions on the set X and let f : X" — Ay be an estimator which
uses n samples and outputs a distribution in Ay. Then, the mazimum risk of f is defined as:

R (f.F)=sw E |drv (f(@).7)]

fe]::twf’

Now suppose that we have the set of all possible estimators 2 = { f : f AT A X}. The

difficulty of estimating distributions in F can be determined by the maximum risk of the best
possible estimator. For that reason, we define the minimax risk of F:

Ry (F) = inf Ry (f,7)
feq

There are some remarks that we should make regarding the nature of the previous definition.
The first involves the choice of the TV-distance. Specifically, one could ask why we did not
use the KL-divergence instead of it. The answer is that most results of minimax theory that
we will use require the employed distance measure to be at least a semi-metric (meaning that
all conditions of Definition 4.2.1 are satisfied apart (possibly) from the triangle inequality).
Conversely, the KL-divergence is not symmetric, which renders it unusable for such tasks. Our
second remark is about the definition of f and €2, which are quite general, since they refer to
all possible distributions defined on X. The classes of estimators that we will examine will be
far more restricted, because the output distributions will be similar to those in F, due to the
fact that we are interested in proper learning tasks.

Before moving on, we would like to explain how the version of the minimax risk that we
introduced can be derived from the more general version given in chapter 7 of [20]. Specifically,
the definition given there is:

M, (0 (P),Pop)=infsup Ep [(@ o p) (é (X7),0 (P))}
0 PeP

where P is a family of distributions, 6 : P — © with P — 6 =0 (P), p: O x © — R>¢ is a

(semi)metric and ® : R>¢g — Rxq is non-decreasing with ® (0) = 0. Setting P = F, © = F

and substituting 0 (f) = f, p = dry and ® (z) = x yields our version of the minimax risk.

3.5.2.2 Le Cam’s and Fano’s Methods

Generally, the minimax risk can be hard to compute exactly, due to the fact that the structure
of the family of distributions involved may be quite complex. For that reason, the common
approach is to lower bound it by reducing it to an instance of hypothesis testing. This results in
the minimax risk being lower bounded by an expression involving the probability of error in the
testing problem. The hypotheses must be chosen in a way that captures the problem’s inherent
hardness. As we described previously, to do that, it is necessary to chose distributions that
are hard to separate. This need is expressed through an upper bound on the KL-divergence
(which, as we mentioned, is the "strongest” of the statistical distances) of any pair of hypotheses.
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However, on its own, this is not sufficient, because it does not rule out the possibility of having
distributions that are way too close to each other (or multiple instances of the same distribution)
among the hypotheses, which could lead to a degenerate case. For the previous to be ensured,
a lower bound on the TV-distance of any pair of distinct hypotheses is also required.

The previous reasoning is reflected in Le Cam’s and Fano’s methods. Both are inspired from
the inequalities of the same name, which were stated and proven in Section 3.4.3. By adjusting
(7.3.3) from [20] to our setting, we get Le Cam’s method:

Proposition 3.5.1 (Le Cam, Pinsker). Given a pair of distributions Py, Py € F with support
X satisfying drv (P, Ps) > a and Dip (P1||P2), Dk (P2||P1) < b, we have:

a " n a n
R ()2 $ (1= 177 = Fllry) 2 & (1- |/ 30)

The second part of the inequality is a consequence of Pinsker’s inequality. It is not included
in the version of the statement presented in [20], but it is used in the examples that follow it,
so we integrated it to the proposition.

We now proceed with Fano’s inequality, as it is stated in [50].

Proposition 3.5.2 (Yu (1997)). Let F be a finite family of densities such that:

inf d ,g) > a, su D <b
foetisg TV (f 9) f’ge}_?f#g KL (f||9)

then it holds that:

a (.  nb+n(2)
R"(f)22<1 I (17 >

An interesting aspect of both the above propositions is the fact that the number of samples
required to be able to discriminate between the distributions in the family is depends only on
b and not on a. That should be expected, since the hardness of telling apart the distributions
is determined by how close they are, which is expressed through b.

3.5.2.3 The Gilbert-Varshamov Bound

The Gilbert-Varshamov bound is a result in coding theory that was proven independently by
the people it is named after (see [25, 48]). Despite that, it also has applications in minimax
theory when combined with Fano’s inequality, since it can be exploited to lower bound the
cardinality of families of distributions. We state and prove a special version of the bound
which we will use later.
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Lemma 3.5.1 (Gilbert (1952), Varshamov (1957)). Let d > 1 and H = {0,1}*. There exists
a subset V of H with |V| > 28 where any pair of distinct elements of V has Hamming distance
at least <.

8

Proof. Let V be a maximal subset satisfying the required property. This means that, for any
u € H\V, the set VU {u} cannot have the desired property. Equivalently, this means that,
for any u € H, there is some v € V such that u € B ('v, %), where B ('u, %) denotes the set of
all the elements that have Hamming distance from v less than g. Consequently, we have:

(s8) = S ) (o) o

vey vey

We now have to upper bound |B (0, %)|. To do that, let X; ~ Be (%) and consider the vector
X =(Xy,...,Xq). WehaveXGB( 7)1fZZ 1X§ , so we have:

Lo o

where the last transition is due to the symmetry resulting from the fact that X; are uniform
over {O 1}. By using the Chernoff bound we introduced in Corollary 3.3.2 with 4 = £ and
0 =4, we get:

\B(

_[B(0.9)]

|]}| 5d <e~ i P |V‘> 3¢ >€1n(2)§ :2%

3.6 Exponential Families

This chapter will close with an introduction to exponential families. We will use the notation of
exponential families in the following parts of this thesis due to its expressive power. Specifically,
every distribution whose density can be written in the form:

po () = h () exp (87T (z) — a (9)) ,x € R \

with b : R? — R, (carrier measure), T : R? — R¥ (sufficient statistics) and 8 € R¥ (natural
parameters) belongs to some exponential family. Moreover, distributions described by the same
T, h belong to the same exponential family (denoted £ (T, h)). Finally, the function a : R¥ — R
(logarithmic partition function) is equal to:

a(8) = In (/h (z) exp (67T () dx) La(6) < 0o

supposing 0 € H (range of natural parameters).
Most, if not all the distributions one encounters in introductory probability courses are expo-
nential families. We give some examples below:
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Example 3.6.0.1. The Bernoulli distribution has pmf f (z|p) = p* (1 fp)l_z ,x € {0,1}.

This can be written in the form (1 —p) (%) — M (3FB)e+n(-p) Setting h(z) = 1,0 =

In (1%’)) ;T (z) =x,a(0) =In (14 €”) we have an exponential family.

Example 3.6.0.2. The geometric distribution has pmf f (z|¢) = ¢* (1 — ¢),z € N U {0}.
This can be written in the form e (9)*+n(1=¢) " Setting h (2) = 1,0 = In (¢), T (z) = x,a (0) =

In (ﬁ) we have an exponential family.

The following theorem gives a general way of computing various quantities about exponential
families, thus justifying their usefulness:

Proposition 3.6.1. Let £ (T, h) be an exponential family parameterized by 6 € R*. Then, the
following hold:

For all @ € H, it holds that E [T (z)] = Va(6).

x~Py

For all @ € H, it holds that Var (T (z)) = VZa (8).

x~Po

For all @ € H, s € R¥, it holds that:

E [exp (s"T (z))] = exp(a(6+s)—a(8))

z~Py

For all 0,0' € H, and for some € € L (0,8") “it holds that:

Dk, (Py|[Pa) = — (0 —8)" Va(8) + (a (') —a(8)) = (¢ —6)" V2a(£) (6’ —0)

For all 0,60’ € H, and for some & € L(6,0") it holds that:

drv (Pe, Py) =

N | =

LE [ o@ - mu@) 0-0)" (T~ B )]

We will use a simpler version of the expression for the TV-distance. Specifically, in the single
parameter case, for / — 0~ we get:

irv o) = 50-0) B ||[T@- B, 7w

Put in simple terms, the above says that, if 8,6 are close and 8 > ¢, the TV-distance of 2
distributions in the same exponential family with natural parameters 6,6’ is equal to half the
expected absolute deviation from the mean of some distribution in the family whose natural
parameter lies between 6,6’ multiplied by 6 — ¢’.

ir (x,y) denotes the line segment defined by the points corresponding to vectors z,y.
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The terms involving € € L (8,6") result from the application of the multidimensional version of
the mean value theorem.

Just as we found general expressions for the mean and the variance of exponential families, it is
possible to find a Chernoff bound for single dimensional /single parameter exponential families.

Proposition 3.6.2 (Busa-Fekete et. al. (2019)). Let € (T, h) be an exponential family with
natural parameter 6 € R, logarithmic partition function a and range of parameters H. Then,
the following concentration inequality holds for all 0,6 € H.:

- y~739/

M%K%;Tm)) @-0)> E [TIE-0)]|<

< exp (—Dxkr, (Po||Pg) n)

In Proposition 3.6.1, we gave an expression of the KL-divergence which in the single dimen-
sional /single parameter case can be written as Dx 1, (Py/||Py) = (¢ — 6)* Vz;)r (T (z)) for some
@~ Pe

&€ L(0,0). This can be used to compute the KL-divergence in the above case. Finally, using
Pinsker’s inequality, we can get a similar bound using the TV-distance.
The last result about exponential families that we will need involves the relationship between
the TV-distance and the KL-divergence of any pair of distributions belonging in the same
exponential family and those of their corresponding sufficient statistics.

Proposition 3.6.3 (Busa-Fekete et. al. (2019)). Let € (T, h) be an exponential family with
sufficient statistics T and carrier measure h. For any Py € € (T, h) let Dy be the distribution

of the corresponding sufficient statistics, i.e Dy is the distribution of T (z) when & ~ Py. Then,
for all 6,6' € H.:

drv (Pe, Pyr) = drv (Do, Dyr) and Dicr, (Pg||Pgr) = Dir. (Do||Dyr)

Our exposition of the topic ends here. For a more detailed introduction to exponential families,
a good resource is [28]. The proofs for the first 3 expressions of Proposition 3.6.1 can be found
there. The last 2 can be found in [9] (the last expression is given there without the normalization
constant %) and so can Propositions 3.6.2 and 3.6.3.
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Chapter 4

Permutations and Rankings

In this chapter, we will start with the theoretical aspects of permutations and then move
on to their more practical value. Specifically, we will introduce some important properties
of permutations as mathematical objects. Moreover, we will explain their use in modelling
rankings. Finally, we will present a number of probabilistic models on rankings, most notably
the Mallows model, where we will focus our attention.

4.1 Permutations

4.1.1 Permutations as Groups

We start by giving the definition of permutations. Our presentation will include some references
to group theory, though our exposition of the subject will be rather restricted. For more details,
the reader should turn to abstract algebra textbooks (for example [24]).

Definition 4.1.1. Given A # (), all functions 7 : A — A that are bijective (1 — 1 and onto)
are referred to as permutations of A.

For the rest of the text, given any non-empty set A, the set of all its permutations will be
denoted Sy. If A is equal to some initial segment of the set of natural numbers, e.g. A =
{1,2,...,m} = [m], its set of permutations will be denoted S,,. Moreover, if |[A] =m € N, it
is known that |Sa| = ml.

We now proceed to define the algebraic structure known as a group. Groups are important
because they allow us to study the properties of a large number of sets. After stating the defi-
nition, we will show that permutation sets can be equipped with a binary operation, resulting
in them having the structure of a group.

Definition 4.1.2. Let G # () and * : G x G — G be a binary operation. We say that (G, )
is group if the following hold:

e x is associative <= ax* (bxc) = (a*b) *¢,Va,b,c € G.
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e (G has an identity element with respect to *x <= Je € G:axe=ex*xa =a,Va € G.

o every element of G has an inverse <= Va € G:3a '€ G:axa ' =at*xa=ce.

The uniqueness of both the identity element as well as each element’s inverse are direct con-
sequences of the above definition. Another important consequence of it is that, for any a,b
belonging to a group with operation *, the equation a * x = b has a unique solution, which is
x =a"! % b (the same holds for ¥ a = b <= x = bxa~'). Furthermore, given some group
(G, *) and a non-empty subset G’ of G which closed with respect to both the group operation
and the inverse operation, we say that (G, %) is a subgroup of (G, *) (denoted (G', x) < (G, )).
We now need to equip Sa4 with some binary operation * which will result in a structure
(S4,*) that satisfies the above definition. That operation will be function composition, which
will henceforth be referred to as permutation multiplication. The usual notation for function
composition is o, though we will, for the most part, avoid it, instead opting to simply write
compositions as products. All the previous reasoning is summarized in the following theorem.

Proposition 4.1.1. Let A # 0 and S4 be the set of all its permutations. The structure (Sa, o)
1S @ group.

Proof. We first have to prove that permutation multiplication is an internal operation. To
that end, we consider 2 permutations 7,0 € S4. The function 7o : A — A has to be bijective.
Suppose that we have x1, 29 € A such that wo (1) = 7o (x2). Since both 7 and o are 1 — 1,
we have:

(o (1) =7 (0 (32) S o (z1) =0 (22) B3 2y =19 = 70:1-1

Moreover, given any y € A, it is possible to find « € A such that 7o (z) = y, simply by setting
x =0 771 (y). Consequently, wo is indeed bijective, so mo € Sa.

The remaining conditions are easier to prove. Specifically, associativity follows directly from
the fact that function composition is associative, while the identity element is none other than
the identity function id (z) = x,Vx € A. Finally, the fact that permutations are bijective

guarantees the existence of inverse functions. |

Henceforth, we will now use the term symmetric group to refer to S4. However, so far, we
have not given a satisfactory explanation of the importance of permutations. To do that, it
is necessary to define the concept of homomorphisms. This notion is fundamental in abstract
algebra and will help us highlight the ubiquity of permutations.

Definition 4.1.3. Let (G, *) and (G, «") be 2 groups and let f : G — G’ be a mapping. If f
is such that f (z1 % 22) = f (21) %' f (z2), we refer to f as a homomorphism. Based on whether
a number of other properties are satisfied, we may also use the following terms:

o if fis 1 —1, it is a monomorphism.
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e if f is surjective, it is an epimorphism.

e if both the above properties are satisfied, it is an isomorphism (denoted (G, x) = (G’, «')).

From the above definition, it is obvious that f(G) C G'. We will prove that (f (G),#) is a
subgroup of (G, «"). The proof will be facilitated by the next lemma.

Lemma 4.1.1. Let (G, *) and (G, ") be groups and f : G — G’ be a homomorphism. Then,
the following hold:

o f(e)=¢.
e f(a)=f(a)" VaeG.

Proof. e We have f(e) = f(exe)=f(e)* f(e) < f(e)=¢.
e Wehavee' = f(e) = f(axa )= f(a)* f(a™!) < (f (@) '=rf (a™h).

Using the above lemma, we can now show the following proposition:

Proposition 4.1.2. Let (G, *),(G’,*") be groups and f : G — G’ be a homomorphism. The
image of G under f is a subgroup of (G', ).

Proof. First, we know that f(G) # 0, since f(e) = ¢ = € € f(G). Moreover, given
any y1,y2 € f(G), there exist 1,22 € G such that y1 = f(z1),y2 = f(22), so y1 " y2 =
fx1) « f(z2) = f(z1xx2) € f(G), so f(G) is closed with respect to +’. Finally, given
ye f(G), wehave y™' = f(z) " = f (z71) € f(G), so f(G) is closed with respect to the
inverse operation. As a result (f (G),«*") < (G', ). |

Though the previous propositions may have seemed to be of little relevance to the topic of
this thesis, we can now combine all the above to prove Cayley’s theorem, which is fundamental
in group theory and offers a glimpse of the importance of permutations from an algebraic
standpoint. This result and the next will be the last ones of purely theoretical interest.

Theorem 4.1.2 (Cayley). Given any group (G,x), it is isomorphic to a subgroup of its
symmetric group (Sg, o).

Proof. The proof relies on the observation that, given any a,b € G, the equation a *x x = b has
a unique solution in G, which we mentioned above as a direct consequence of the definition
of groups. Specifically, given any a € G, we define the function f, : G — G with f, (z) =
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axz,VYr € (. Based on the previous remark, f, is bijective, so it is a permutation of the
elements of G. We now define the mapping ¢ : G — Sg with ¢ (a) = f,,Va € G. We will show
that this mapping is a monomorphism from G to Sg.

First, let a,b € G and let f,, fy be their images through ¢. We have ¢ (a *b) = f,. where
farv () = (axb)xxz=ax (bxx) = fo (fo (x)) = fufp (x),Vr € G, so ¢ is a homomorphism.
Second, let a,b € G such that f, = f,. In that case, given any = € G, we have f, (z) =
fo(x) < axx=bxx < a="b,so ¢ is also a monomorphism.

To complete the proof, we exploit the fact that the mapping is onto ¢ (G)) which we know is a
subgroup of Si. Therefore, we have (G, *) = (¢ (G),0) < (Sg,0). |

Cayley’s theorem is notable for demonstrating that the study of the properties of any group is
essentially equivalent to studying some symmetric subgroup (though it does not offer a general
way of determining which subgroup it is). We can take this one step further and show that the
study of the symmetric group of any finite set A is equivalent to studying the properties of the
symmetric group S,,, where |A| = m € N. Intuitively, that is obvious because each permutation
specifies an ordering of some elements. Having 2 sets with an equal number of elements means
that the possible orderings are the same. This is the essence of the following theorem, which
expresses the previous reasoning in a formal manner.

Proposition 4.1.3. Let A # () be a set with |A] = m € N. We have (Sa,0) = (S, 0).

Proof. We know that the set A has the same number of elements as [m], so there is some
function f : A — [m] that is bijective. We now have to define an isomorphic mapping ¢ :
S4 — Sy, For that reason, we define ¢ (7) = frf~1,Vr € Sa. This choice may seem strange,
but there is a very simple intuition behind it. We want the image of any m € S4 to be some
7' € S, so we exploit f to create a function that takes any element of [m] and maps it to its
corresponding element in A, then applies 7 to it and then maps the result back to [m]. We
now have to verify the above formally and show that ¢ is indeed an isomorphism.

We first show that the images produced by the previously defined mapping are indeed mem-
bers of Sp,. Let m € Sa and z1,22 € [m] such that (¢ (7)) (z1) = (¢ (7)) (z2) =
f (7r (f’1 (xl))) =f (7r (ffl (1'2))) Since f, f~!,m are all 1 — 1, the previous implies that
X1 = T, so ¢(m) is 1 — 1 for all 7 € S4. Additionally, for any y € [m] choosing z =
(fm=1f71) (y) results in (¢ (7)) (x) = y, so so ¢ (m) is onto for all 7 € S4. Consequently,
¢ (m) € S,V € Sa.

Now it remains to show that ¢ is an isomorphism. Given 71,7 € S4, we have ¢ (mm3) =
fmmoft = (fwlf’l) (fmffl) = ¢ (m1) ¢ (m2), so we know ¢ is a homomorphism. Apart
from that, having 71, 7o € S4 such that ¢ (m) = ¢ (me) yields frif~! = fmf ™! <= m =
7o Finally, given any o € S,,, by choosing m = f~1of, we get ¢ (7) = 0. Thus, ¢ is indeed
an isomorphism and the proof is complete. |

As we leave group theory behind us, we should make a review of what we have shown. This
can summarized in the following informal statement, which serves as the bottom line (both
figuratively and literally) for our treatment of the subject:

All groups are permutation groups. All finite permutation groups are permutation groups of
initial segments of N.
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4.1.2 Cyclic Permutations

We will now introduce the notion of cyclic permutations which, as we will see, are necessary
to understand one of the ranking distances that will be examined in the next section. The
simplest example of a cyclic permutation that comes to mind is one where each element has
been moved to the position of the next and the first and last elements have switched places.
However, this does not fully capture the concept. To do that, we need to define what the orbit
of an element under a permutation is.

Definition 4.1.4. Let m € N and o € S,,,. Given some a € [m], its orbit under o is the set of

positions where a can be moved if o or o~ ! are applied repeatedly to it. This set is denoted
Ouo ={bemM]|Fi € Z: 0" (a) =b}.

Suppose now that we define a binary relation ~ in [m] where a ~b <= b€ O, ,. It is easy
to see that this is an equivalence relation. Indeed, we have:

e a€0,,,since d¥ (a) =id (a) = a, so it is reflexive.
e b€y = Fi€Z:o'(a)=b < o' (b) =a <= a€ Oy, 50 it is symmetric.

e b€ 0Vypc€Oyy < Fi,jeEZ:0"(a)=bol(b)=c = o0 (a) =c < c¢€
Oq,0, s0 it is transitive.

The above implies that, given some o € S,,, the set [m] is partitioned into sets of elements
that share the same orbit under . These sets are the cycles of 0. The number of elements
in a cycle are referred to as its length. Elements that are not moved by o (referred to as fized
points) belong in cycles of length 1. If o has at most 1 cycle with more than 1 elements, we say
that it’s a cyclic permutation. However, even if a permutation is not cyclic, it can be written
as a product of its cycles, which are disjoint. Indeed, when multiplying disjoint cycles, the
elements belonging to each cycle are not affected by the rest, so the elements of different cycles
can be examined independently.

We have introduced all the theoretical background about cyclic permutations that is necessary
for the rest of text. Before moving on, however, we should also give a bit of notation commonly
used to represent a cycle. Specifically, if we write o = (41, 42,...,1), it means that o (iy) =
19,0 (i2) = i3,...,0 (i) = 41 and the rest of the elements are not affected by o (equivalently,
we may write i1 — io — -+ — i — 41). Now, we are indeed ready to proceed.

4.2 Permutation Distances

We are almost ready to start dealing with the ranking models that will be the main topic of this
thesis. The last notion that we have to introduce is that of permutations distances. Specifically,
the Mallows model, which is the model we intend to focus on, favors permutations that are
“close” to a given permutation, which is a parameter of the model. For the previous sentence
to be mathematically meaningful, we need to define distance measures between permutations.
In this section, we will present 5 such distances, though only 2 will be heavily referenced later
on. We should remark that the authoritative text on the issue is [15].

Before moving on to specific distance measures, we would like to remind the reader the definition
of distance metrics.
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Definition 4.2.1. Let S # () and d: S x S — R>g. We say that (S, d) is a metric space and
that d is a distance metric if the following hold:

o d(z,y) >0,Vz,y € Sand d(z,y) =0 < z =y.
o d(z,y) =d(y,x),Va,y € S (symmetric).
o d(z,y)+d(y,z) >d(z,z2),Yz,y,z € S (triangle inequality).

In our setting, distances will take values in the set NU {0} instead of R>q. As we will see, the
above properties are satisfied by all the distances that we will present except 1. Additionally,
there exists a property referred to as right-invariance that is satisfied by all ranking distances.
Specifically, given any permutations 7, 0,7 € S,,, we have d (7,0) = d (77,07) for any of the
ranking distances that we will encounter.

4.2.1 Kendall Tau Distance

The Kendall Tau (KT) distance is the distance metric most commonly used in the bibliography.
Given 2 permutations w,m9 € Sy, their KT distance dgr (7, 7) is equal to the minimum
number of swaps between adjacent elements required to convert 7= to my 1 To make this

clear, we will examine the following example:

Example 4.2.1.1. Let m,mp € S5 with 7 (1) = 1,7 (2) = 2,7 (3) =3 and 7o (1) = 3,7 (2) =
2,7 (3) = 1. To simplify the notation, we write: 7% : 1,2,3 and 7r0_1 0 3,2,1. We have
dxr (7,m) = 3. Indeed, the process to convert 7' to 7y 'is 1,2,3 — 2,1,3 — 2,3,1 — 3,2, 1.

Due to the similarity of the previous process with the bubble-sort algorithm, this distance is

sometimes referred to as bubble-sort distance. Another similarity with bubble-sort stems from
m(m—1)

the fact that the maximum value the KT distance can have for elements of S, is 5

which is number of steps required by bubble sort in the worst case.

Apart from the previous definition we gave, there is another way to view this distance. In
particular, it can be shown that it is equal to the number of discordant pairs between 7w and
mo. To express that formally, we write:

m i—1

dicr (m,m0) = 3 S {(m (i) — 7 (7)) (o (i) — 70 (4)) < 0}

i=1 j=0

Using this definition and the previous one, it is possible to verify that all the aforementioned
properties are satisfied, so equipping .S,, with this distance function results in a metric space.
Another property that is quite important for this distance is that it is swap-increasing. This
means that, given 2 permutations w,my € S,, that agree in the way a pair of elements a,b
compare, the KT distance between the permutation 7, (which is the same as 7 with the
exception of the pair a,b which has been swapped) and mg is greater than the distance between
7w and mp (their difference must be exactly 1 if a,b are adjacent in 7). This may seem obvious
intuitively, since we have:

1 {(Taest (a) = Taess (8)) (0 (@) — 70 (8)) < 0} > L {( (a) — 7 () (o (a) — 7o (B)) < O}
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However, this fails to take into consideration the contribution of terms corresponding to ele-
ments that are placed between a and b by 7. For that reason, we will present a formal proof
that the property holds. Note that our proof will be slightly different than the one presented
in [10], where the notion of swap-increasingness was first introduced.

Lemma 4.2.1 (Caragiannis et. al. (2013)). The KT distance is swap-increasing.

Proof. Let m,mg € Sy,. Assume, without loss of generality that, for some a,b € [m], we have
7o (a) < mo (b) and 7 (a) < 7 (). In m4esp, they only comparisons that may change are those
involving either a or b. This motivates us to partition the elements of [m] into 3 sets based
on their position in 7 with respect to a and b. The elements that do not lie between a and b
are of no interest to us. Indeed, swapping a and b does not affect the way they compare with
them. Now, let Y = {y € [m] : 7 (a) < 7 (y) < 7 (b)}. Based on the above, we can write:

it (Facsh, o) — dicr (m,m0) =1+ > A(y)
yey

where:
A(y) = 1 {(maesb (@) = Tassp (y)) (7m0 (@) — 7m0 (y)) < O} +

FL{(Taesb (b) = Taest (1)) (0 (b) — 70 (y)) < 0} = L{(7w (a) — 7 (y)) (o (a) — 7o (y)) <O} =

—1{(m (b) = 7 (y)) (70 (b) — 70 (y)) < O}

The above expression can be simplified based on the facts that 7 (a) < 7 (y) < 7 (b), 7 (a) <
7o (b) and Tap (@) = 7 (D), Taesp (b) = 7 (a) , Tawsb (y) = 7 (y). Specifically, we have:

A(y) = (1 {mo (a) < 7o (y)} + L{mo (b) > mo (y)}) —

— (1{mo (a) > mo (y)} + 1 {mo (b) <70 (y)})

Suppose that for some y € Y we have A (y) < 0. Based on the above expression, A (y) €
{0,£1,£2}. If A(y) = —2, we would have 7 (b) < 7o (y) < 7o (a), which violates the assump-
tion that my (a) < mo (b). If A(y) = —1, both terms in the second line should be 1 while exactly
one term in the first line should be 1. If 1 {7y (a) < 7 (y)} = 1, then 1 {mg (a) > mo (y)} = 0.
The same is true for the other term, so A (y) # —1. This leads to a contradiction, so A (y) >
0,Vy € Y, which yields dxr (o, m0) — dxr (m,m9) > 1. The equality holds either when
Y =0 (a and b are adjacent in 7) or when Vy € Y : (g (y) > 7o (b)) V (7o (y) < 7o (a)). N

We will now present a way to decompose the KT distance in terms that offer us a different
way of representing permutations. The starting point for all this is that the second definition
we gave can be written in the form:

m

dir (7, m0) = > _ Vi (m,m0)

i=1
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where:

Vi(m o) = S {(r (1) — 7 (3)) (m0 (1) — 70 () < O}
j=0

Note that V; (m,m9) < 4 — 1. This implies that the vector (Vi (m,m),..., Vm (7, 7)) takes
values in the set {0} x {0,1} x ---x{0,...,m — 1}, which has m! = |S,,,| elements. This leads
to the following representation, pioneered by Hall in 1956 (as is mentioned in [31]):

Proposition 4.2.1 (Hall). The mapping © — (V1 (7, 70), ..., Vm (7,m0)) is a bijection from
Sm to the set {0} x {0,1} x --- x {0,...,m — 1}.

This last property, along with swap-increasingness, will prove to be indispensable to prove the
results that are referenced in chapter 5.

4.2.2 Cayley Distance

The other distance that will draw our attention is the Cayley distance. It is similar to the KT
distance in the sense that it involves the minimum number of swaps required to convert one
permutation to another. However, unlike the previous distance, the swaps do not need to be
between adjacent elements. The properties of distance metrics as well as right-invariance are
satisfied by this distance.

We will now prove a formula that gives us an easier way to calculate the Cayley distance between
some T,y € S,,. Specifically, it is possible to compute the value dgq (7, m9) = deq (7r7r0_1, id)
based on the remark that each permutation can be written as a product of disjoint cycles.
Suppose that 7w, ! can be written as a product of k cycles, each comprising of x1, za, ...,z > 1
elements with x1 + 22 + - -+ + 2 = m. The key observation here is that it is not necessary
to transpose elements belonging in different cycles. Instead, the optimal way of working to
convert 7, Uinto the identity permutation is by treating the elements of each cycle separately.
Now, to order the elements of a cycle with x; elements, it is necessary to perform z; — 1 swaps,
so overall we have deq (7, 70) = deq (775 ", id) = Zle (x; — 1) = m—k (note that it is possible
to perform the computation directly for m instead of 7 ! simply by relabelling the elements
of id according to mp). A consequence of this is that the Cayley distance can be at most m — 1,
since there has to be at least one cycle.

Furthermore, we will present a property of the Cayley distance that is similar to swap-
increasingness and will be crucial for our work in chapter 6. We should note that, despite
the property’s simplicity, we have not found any reference to it in the bibliography.

Lemma 4.2.2. Suppose we are given permutations m,mg € Sy, such that, for some element
i € [m], we have (i) = mo (¢). For any permutation ©' that is produced by taking ™ and
transposing i with some other element we have deq (7', 70) = deqo (7, m0) + 1.

Proof. The relation we want to prove means that 7’ has exactly one cycle less than 7 with
respect to the positions of the elements in my. The result is obvious if the element with which
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1 was swapped is in its correct position. Indeed, all the other elements are not affected while
the 2 elements that are transposed form a cycle of length 2 (while at first each belonged in a
cycle of length 1). Consequently, the number of cycles decreases by exactly 1.

The statement is equally easy to prove when the element with which ¢ was swapped be-
longs in a cycle of length k£ > 2. Suppose that the elements that are part of that cycle
are i1,42,...,1x € [m]. Using notation from abstract algebra, we write the cycle in the
form (m (41), 7m0 (i2),...,mo (ix)), which implies that i; is moved in position g (i2), iz is
moved in position 7 (i3) etc by m. Suppose that the element participating in the swap was
i1, 1 <1 < k. Due to the cycle’s nature, i; occupies the position 7y (I (mod k) + 1). As a result
of the swap, element 7, ends up occupying the position g (¢) while ¢ is moved to the position
7o (I (mod k) 4+ 1). Consequently, the cycle becomes:

(7o (i1) ,mo (i2) , .-, 7o (1) , o (i) ,mo (I (mod k) +1),...,mo (ir))

while the rest of the cycles are unaffected, meaning that we have exactly 1 cycle less. |

Finally, we will present a useful decomposition of the Cayley distance. We write d., =
Yo, Vi(m,mo) where V; (m,m) € {0,1} where V; (m,m) becomes 0 when the element i is
the one with the biggest index in the cycle where it belongs in 7 (having 7y as a reference and
not the identity permutation, as is usually the case). With the above definition, we manage to
have as many Os in the sum as the number of cycles, which verifies its correctness (note that
Vi (m,m9) = 0, which commonly results in terms involving alternative m being omitted). Ob-
viously, in this case, the mapping 7 — (Vi (7, m0), ..., Vin (7, m0)) is not a bijection, since there
are m! permutations, while there are only 2™~! vectors that satisfy the previous conditions.
Instead, we have the following proposition, which can be proved using counting arguments:

Proposition 4.2.2. Given a vector (vy,...,v,) € {0,1}"7" x {0} and a permutation 7 €
Sm that serves as a reference, there are H;Z_ll (m —4)" permutations ® € Sy, such that

(Vi (m,70) 5 -y Vi (m,70)) = (V14 -+ -, U )-

4.2.3 Other Distances

We will now make a short reference to other distances between permutations which will not be
used in the rest of the text. These are Spearman’s measures and the Hamming distance.
There are 2 measures attributed to Spearman, namely Spearman’s footrule and Spearman’s
rank correlation. They both rely on the fact that permutations can be represented as vectors in
the form (7 (1),...,m(m)). Given that representation, Spearman’s footrule is the ¢; distance
(and thus satisfies all properties of distance metrics), while Spearman’s rank correlation is the
square of the £y distance (which is the reason that this distance does not satisfy the triangle
inequality). Both measures are right-invariant. The most important work involving Spearman’s
footrule is [16], where many of the metric’s properties were established.

The Hamming distance of 2 permutations 7, mg € Sy, is equal to the number of elements that
are assigned to different positions. Equivalently, we can say that it is equal to m— (the number
of fixed points in 7w, 1). It satisfies all the aforementioned properties.
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4.3 Ranking Distributions

In this section we will introduce the concept of ranking distributions. As we mentioned back
in chapter 2, these models are inspired by social choice theory. By Proposition 4.1.3, given any
set of m alternatives, its permutation group is isomorphic to .S,,. For that reason, the support
of all the distribution models we will study will be S,,. We now define the Mallows model,
which is the one on which we will focus. After that, we will, for the sake of completeness, make
a short presentation of the Plackett-Luce model.

4.3.1 The Mallows Model

The Mallows model with m alternatives is a probability distribution defined over the symmetric
group S,,. It is parameterized by a central ranking m € S,,, and a spread parameter ¢ € (0,1)
(the cases where ¢ = 1 or ¢ = 0 are degenerate and correspond to the uniform distribution and
the constant one, respectively). It was introduced in 1957 in [36]. Specifically, the model was
conceived as an analogue to the normal distribution for ranking distributions. In particular,
the probability of a ranking occurring decreases exponentially according to its distance from
the central ranking while the spread parameter plays a role similar to that of the variance.
The pmf of the model is:

L
Z(9)

where d is a ranking distance (usually the KT distance) and Z (¢) is a normalizing constant
that depends on ¢ and the ranking distance (but not the central ranking). In the case of the
KT distance, the normalizing constant has the form:

Plr=0]= pormo)

m m i—1 ) 1 m )
z@) =[]z =[[|D.¢|=—==[0-¢)
i=1 i=1 \ j=0 (1-9) i=2
while in that of the Cayley distance we have:
Z@)=11% @) =10+ m—d)dl
i=1 i=1

A systematic way of computing those constants using generating functions can be found in [22].
However, the only cases where the result can be expressed in known expression are those above
and that of the Hamming distance. Indeed, for Spearman’s metrics, only approximations are
known which are valid for m — oo (see [41]). Moreover, the 2 above examples are the only
ones where it is possible to factorize the constant in a manner that can be used to construct an
iterative process that generates samples from the model (see [19]). For that reason, Flinger and
Verducci proposed a generalization in [22], which eventually became known as the Generalized
Mallows model and argued that it is meaningful only in the cases of the KT and the Cayley
distances. In that generalization, a different spread parameter is assigned to each alternative.
As a result, the pmf has the form:

m ¢%(w,ﬂ0)
Plr=ol= 1:[ éi (¢:)
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where V; (7, mg) are the terms to which the distance metric we use is decomposed to (see
Propositions 4.2.1 and 4.2.2). For more information on the above, a good reference is [37].
Finally, there is one last generalization to consider, which was recently introduced in [9]. That
is the Mallows block model, where the set of alternatives is partitioned into d blocks and a
spread parameter is assigned to the alternatives of each block. The block structure is denoted
B = (By,Bs,...,By), we have ¢ € [0, l]d and the pmf becomes:

d T; (w,m0,B

;
76

where:
T; (w, 70, B Z Vj (m, mo)
JEB;
i) = H Zj (¢:)
JEB;

For the rest of the text, instances of the Mallows block distribution will be denoted Py ~,.B
The family of all d-block Mallows distributions with block structure B is denoted M, (B) =

{7745,#0,3 1o €10, 1]d , Mo € Sm}. In the cases of the simple Mallows model and the Generalized
Mallows model, the same notation will be used but the subscript B will be dropped.

4.3.2 The Plackett-Luce Model

The Plackett-Luce model was introduced independently by the people it is named after (see
[43, 35]). It is different from the Mallows model in the sense that, instead of being parameterized
by a central ranking and one or more spread parameters, it is described using a weight vector
w = (wy,...,wy) €[0,1]™ with >, w; = 1. Specifically, the greater the value of the weight
corresponding to alternative i, the more likely it is to be preferred over the rest in the samples
generated by the model. The sample generation process is performed in m rounds, where
in round ¢ the alternative that will be placed in position 7 is picked with probability that is
proportional to its weight. The pmf of the model is:

o~ t(2)

Wo=1(5)

[ = o] HZJZ

It can be shown that, given some ¢, j € [m], the probability that ¢ is placed before j is:

w;

Plr (i) <= (5)] = ot

It is interesting to compare this to the Mallows model. As mentioned previously, the concept
of a central ranking does not exist in this model. Instead, the closest thing there is to one can
be obtained by sorting the elements in decreasing weight order. However, there is the issue of
how ties are resolved in cases where a number of elements share the same weight. Additionally,
there is no parameter that determines the variance of the model. Instead, the model exhibits
greater variance when the weight vector is close to a vector whose coordinates are equal to %,
which results in a distribution that is close to a uniform over .S,,.
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4.4 Parameter Estimation in the Mallows Model

In this short section, we will attempt to connect the ideas presented in chapter 3 with the
material of this chapter and pave the way for the next. Specifically, we will examine parameter
estimation under the Mallows model (the form of the MLE is the same for any distance metric).

4.4.1 The MLE for the Central Ranking
Let Py,xe, ¢ € (0,1) be a simple Mallows distribution and 7w ~ Pg . We have:

n d(ﬂ'i,ﬂ'o) n
= argmaz {L (mo|7)} = argmazx H ———— p = argmazx {gbzi:l d(”iﬂro)} =
o mo i1 Z(9) mo

= argmin {Z d (7, 71'0)}

™ °
0 i=1

Remark that the above is the median of my,..., T, with respect to the distance d. However,
the support of the distribution is S,, and computing the median of the samples would require
us to perform discrete search over a set with m! elements. Intuitively, this appears to be
impossible in polynomial time. Indeed, in the case of the KT distance, it was proven in [5]
that computing the MLE is NP-Hard with reduction from the Feedback Arc Set problem. For
the Cayley distance the problem has not been shown to be NP-hard, though it believed to be
so (see [44]). We believe this to be reasonable, due to the fact that, as we will see in chapter 6,
this version of the model exhibits weaker concentration than the one with the KT distance.

4.4.2 The MLE for the Spread Parameters

As before, let m ~ Pj . Suppose, for simplicity, that 7o is known. We have:

é = {L (¢)| )} - " d(m;,mo) B {¢ ™, d(mi,mo) } -
— a?"g;nax )} = a?“g;naa: U 7o~ a?"g’;nag; O _

= argmazx { <Zd(ﬂ'i, 71'0)) In(¢) —mIn(Z ((Z)))}

®
Taking the derivative with respect to ¢ we get:

(Socero) y-mai w0 o= 5700 -4 (o)

However, the normalizing constant has a known expression only in the cases of the KT, Cayley
and Hamming distances. Even then, it is impossible to get a closed form for the solution.
Moreover, the distribution of d (m;, o) is generally not a known one, so we cannot prove any
guarantees about the estimates produced by the MLE. This constitutes another example where
exploiting the MLE is not as straightforward as we could have hoped for, though for entirely
different reasons than before.
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Chapter 5

Learning in the
Kendall-Mallows Model

The Mallows model equipped with the Kendall tau distance (henceforth referred to as the
Kendall-Mallows model) is generally regarded as the most "natural” version of the model.
That is because this distance metric imbues it with a strong concentration around the central
ranking, resulting in a behavior similar to that of the normal distribution. Moreover, as we
explained in chapter 4, the model is also important in social choice theory and this distance is
the most suitable for that setting. In this chapter, we will present the works that have mostly
influenced ours. We will focus only in problems involving the central ranking and the spread
parameters. We will not examine the problem of learning mixtures of Kendall-Mallows models
(though the reader should turn to [4] and [34] if they are interested).

In the next 2 sections, we will make a survey of past work concerning the estimation of the
central ranking and the spread parameters, respectively, with greater focus on [10] and [9],
whose approaches have mostly influenced ours. The proofs of the results of [9] will not be
presented in detail, due to the fact that most of them involve lengthy computations. Instead,
we will restrict ourselves to sketches of proofs.

5.1 Recovering the Central Ranking

The work where the sample complexity of recovering the central ranking was essentially settled
is that of Caragiannis et. al. in [10]. There, they approach the problem in the context of
computational social choice, motivated by the noisy comparisons model defined in the 18th by
the Marquis de Condorcet, where a ranking is given and samples are generated by inverting
the way elements compare with probability 1 —p,p > % This model is known to be equivalent
to the Kendall-Mallows model. To better understand that, consider a representation of each
ranking as an acyclic tournament graph, where vertices correspond to alternatives and there is
a single edge for any pair of vertices the direction of which expresses the way the corresponding
alternatives compare. For example, the graph corresponding to 71 : 1,2, 3 is:

The question now is why choose this representation instead of a path for example. The answer
is given by the fact that such a representation facilitates the sample generation process of
Condorcet’s model, which is described by the following algorithm:
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2 3

Figure 5.1: Graph representation of the identity element of Ss.

Algorithm 1: Condorcet Sample Generation

Data: mp € S,,p € (%, 1)

Result: 7 € S,

construct the corresponding acyclic tournament graph;

for each pair of vertices in [m| do

preserve the direction of the edge between them with independent probability p;

1
2
3
4 end

5 if the resulting graph contains cycles then
6 ‘ restart the process;

7 else

8 ‘ return the corresponding ranking ;

Given 7 € S;,, since the KT distance is equal to the number of discordant pairs, the probability
of m being generated in a single iteration of the algorithm:

dir(m,m0)
p(?)*dKT(w,Tro) (1 _p)dKT(ﬂ,WO) _ p(?) (1—}7) KT 0 _
p

_ pl3) girr ()

where ¢ = ¢ (p) = 1_Tp € (0,1) is a strictly decreasing function of p € (%, 1) (its inverse is

p=p(o) = ﬁ) If the probability of an iteration outputting a valid ranking is denoted a,
then the probability of 7 being generated after an arbitrary number of iterations is:

= i 1 (7;) dgr(m,m0) _ 1 1 (T;) dgr(m,m0) _ ¢dKT(7T’TrO)
2(1”) <1+¢> ¢ a<1+¢> ¢ T Z(9)

K2

where Z (¢) = a (1 + ¢)(3).
The above verify the equivalence of the 2 models and give a sample generation process for
the Mallows model. However, it is rather impractical, since the average number of iterations

required for it to produce a sample are % = %, so the method of [19] is used instead.

5.1.1 Concentration in Kendall-Mallows

The previous method motivates us to compute the probability of a comparison being preserved
in a sample. This results in the following lemma:
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Lemma 5.1.1. In the simple Kendall-Mallows model, given a,b € [m] such that mo (a) < mo (b),
we have Dro(a)<mo(b) = ﬁ =p> %

Proof. Given Py r, and a,b € [m] such that my (a) < mo (b). We have:

Pro@<mpy = P @ <a®]= Y P [r=ol=1- Y P [r=o0] (1)

T~Py x T~Py,x T~Py x
#170 €Sy, 7o €Sy, o
o(a)<o(b) o(a)>o(b)

Remark that, for any ranking that preserves the comparison of a, b, there is exactly one ranking
were that pair is inverted and the rest are the same. By Lemma 4.2.1, given ¢ € S,, such that
o (a) < o (b), we have:

drr (Ua<—>ba770) > dyer (07 7T0) I PN qdeT(o'aHbﬂTO) < ¢dKT(U,Tro)+1 PR

= P [n=o04cp)<¢ P [mr=0] (2
7|'/\-/P¢17.-0 WNP¢»"U

Combining (1) and (2), we get:

Pro<mmy =1— Y. P [r=0ep]>1-¢ > P [r=o0]=

0€S,, 4o o€S, " Thm
o(a)<o(b) o(a)<o(b)
1 1
=1- ¢p7ro(a)<7r0(b) = | Pro(a)<mo(b) > m =p> 5

Remark that repetitions do not cause a decrease in the probability of a comparison being pre-
served. This has a very simple interpretation. Suppose that we have an instance where p — 1.
In that case, we start from a valid ranking and few inversions take place, resulting in what will
probably be another valid ranking. On the other hand, if p — %+, we compensate for having a
non-negligible probability of an invalid result by performing multiple iterations. Additionally,
despite choosing independently each edge’s direction in each iteration, the comparisons in the
resulting sample are not independent (and they shouldn’t be- if we take m 1:1,2,3 and swap
1 and 3, this inadvertently causes the comparisons of those elements with 2 to change as well,
so they can’t, by any means, be independent). Finally, not all swaps have the same probability
of occurring at the end.

Exploiting the fact that prj(a)<mo(v) + Pro(a)>mov) = 1, we get the following corollary:

Corollary 5.1.1. In the simple Kendall-Mallows model, given a,b € [m] such that mo (a) <
7o (b), we have pri(a)y>mov) < % <1l—-p< % and Oqp > % where dap = Dry(a)<mo(b) —

Pro(a)>mo(b)-
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5.1.2 Approximating the MLE

The previous results motivate us to estimate the central ranking by focusing on pair-wise
comparisons. The idea is to construct a ranking by examining each pair and seeing how they
compare in the majority of samples. However, the previous approach does not define a single
algorithm, since we have to resolve the issues of tie-breaking and cycle formation. Solving these
defines an algorithm (or wvoting rule, as it would be referred in the context of social choice).
This approach defines a family of rules referred to as pairwise-majority consistent (PM-c). We
give a high level description of the algorithms of that family:

Algorithm 2: MLE approximation via PM-c rules

Data: m = (m1,...,mn) ~ Pg
Result: 7

1 for each a € [m] do

2 for each b € [m] \ {a} do

determine the way 7 (a), 7 (b) compare based on the majority of the samples
(break ties arbitrarily);

w

end
end
if the resulting graph is not acyclic then
apply rule to convert it to an acyclic tournament graph;
convert the graph to a ranking 7;
return 7;

© 00 N O Ot

The time complexity of the above family is O (an) (supposing that tie-breaking takes negli-
gible time compared to the other steps).

5.1.3 Sample Complexity Analysis

Having introduced PM-c rules, we can now present the main results of Caragiannis et. al.:

Theorem 5.1.2 (Caragiannis et. al. (2013)). For any € € (0,1], any PM-c rule determines
the true ranking with probability at least 1 —e given O (log (%)) samples from a simple Kendall-
Mallows model.

Proof. Let Pg r, be an instance of the model and m = (m1,...,m,) ~ Pg x, be n iid samples
from it. We write ng, = > ., 1{m; (a) < m; (b)} for any distinct a,b € [a,b]. The probability
of error of any PM-c rule whose result is denoted 7 is:

En [##m] =P [Ba,be[m]:m(a) <mo(b) Anap < nipa) <
T~ 1m0 T~ <f>/,7r0
< <
=~ Z z "NEZ::_,, [71'0 (CL) < o (b) A Nap < nba]
a€[m] be[m]\{a} 70

Given a pair of a, b such that mg (a) < m (b), we have:
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Nap — N
P [ng <npe) = P [abba < 0] <
1r~77¢m0 1r~7?(erO n

< P Nab — Mbpa N E Nab — Mpa > E Nab — Mba

- 1r~73$17r0 n 1r~73g17r0 n - WNP;LJ‘_O n
where 7[3@ [W] = Ogp > % = 0 (by Corollary 5.1.1). By the Hoeffding bound, we

T~ g,ﬂ'o
get:
P gy < <2672 = P [it #m) < mPeH"
7r~’P¢Y7r0 1I‘NP¢,7(0

Demanding that to be less than ¢, we get n > # In (%2) Since we have § = O (1), we get

that n = Q (1og (%)) samples suffice for the probability of error to be less than e. |

The time complexity of PM-c rules is © (nm2) =0 (m2 log (%)), assuming that the time
required by the tie-breaking steps and post-processing of the result are negligible compared to
the main procedure (which is a reasonable hypothesis).

We remark that the previous result holds even if the samples are drawn from simple Kendall-
Mallows distributions with the same central ranking but unequal spread parameters. Indeed,
the Hoeffding bound does not require the involved random variables to identically distributed,
just independent. The only thing that would change is §, which would have to be defined as

— i L= T :
0= 212[17111] 174 This was first remarked in [49].

This result comes with a matching lower bound. In order to present the proof, we need to define

the accuracy of a (randomized) voting rule r given n samples. Given an instance of the model

where the central ranking is my the accuracy of the voting rule r given n samples T ~ Py ro is

defined as Acc” (n,mp) = P [r=0]P[r(0) = mo] (the second probability is com-
#.m0

puted with respect to r). The accuracy of r given n samples is Acc” (n) = miér} Acc” (n,mo).
TOESm

oeST L

Theorem 5.1.3 (Caragiannis et. al. (2013)). For any e € (0,1], any (randomized) voting
rule requires €} (log (%)) samples from a simple Kendall-Mallows model to determine the true
ranking with probability at least 1 — €.

Proof. Though we do not have to resort to minimax theory, the idea of the proof is similar
to that of the lower bounds presented in chapter 3: we need to find the instances that would
make any algorithm struggle. For that reason, suppose that we have an instance of the model
where the central ranking is m9. We define the set N (mg) = {0 € Sy, : dgr (0,m9) = 1}. These
are the rankings that can be constructed by swapping a single pair of adjacent elements of
7o (the "neighbors” of 7). We have [N (mp)| = m — 1. The instances of the model that
correspond to the elements of A (my) are those that, intuitively, should be harder for any
voting rule to tell apart. Given some o¢ € N (m), the triangle inequality yields dxr (7, 7) <
dgr (7,00) + dgr (00, m0) = dgr (7,00) + 1,V € Sp,. For any o € S}, we have:

n (bdKT(O'i,ﬂ'O) n (bdKT(Ui,Uo)-‘rl

e U e e I S

i=1
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Let r be a voting rule such that Acc” (n) > 1—¢ = Acc” (n,m) > 1 — . We have:

1—e< Acc” (n,m) = Z P [r=0]P[r(o)=m =
oesn "

7

<1- Z Z,,N]Pn [t =0]|P[r (o) =0¢] <

P
c0EN (1) EST, @m0

1-9¢" Z ZWN}DP; [t =0|P[r(o) =00] =1—¢" Z Acc” (n,09) <

(7'06./\/'(7'(0)U'GSSLI G()EN(ﬂ'())

IN

<1—¢"(m—-1)(1—¢) = ¢"(m—1)(1—¢€) <e
The above yields n = Q) (log (7”)). ]

e
Our presentation of [10]. will stop here, though we have presented about half of the work of
Caragiannis et. al. Their other results are important in the context of social choice theory,
which is not where we want to focus.

5.2 Estimating the Spread Parameters

The sample complexity of estimating the spread parameters of the Kendall-Mallows model was
essentially settled in [9]. We will now present their results.

5.2.1 From Mallows to Sums of Truncated Geometrics

First, the authors show that the approach of Caragiannis et. al. can be applied to the Mal-
lows Block model, as well as that log (m) samples are necessary to learn in TV-distance an
instance of the simple Mallows model with unknown central ranking. Having done that, the
authors tackle the problem of estimating the spread parameter of the Kendall-Mallows model.
There, they follow a counter-intuitive approach, by solving a seemingly more complicated prob-
lem. Specifically, they observe that the pmf of the Generalized Kendall-Mallows model can be
factorized as:

m ¢Vi(0',7ro)
P [r=o0]= H L

7~Pg.mo o Zi(00)
Computing the marginals of the random variables Y; = V; (7, 7o), we get:
PoMiekl= - ke{ol. i1
~Pory o Zildi) T

Based on that, we conclude that the random variables Y; are independent. Moreover, the above
distribution is in fact a variation of the geometric distribution, where ¢; denotes the probability
of failure and we consider the support to be the set {0} U [¢ — 1]. This is referred to as the
truncated geometric distribution with truncation parameter ¢ — 1 (denoted TG (¢;,i — 1)). We

write Py = @ TG (¢4, — 1).

i€[n]
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Based on the above, the logical step is to show that learning in the Generalized Kendall-
Mallows model reduces to learning the spread parameters independently (which follow a known
distribution). Busa-Fekete et. al. show that, if the central ranking is fixed, we essentially have
Pp.xy, = Ps. To prove that, they exploit the fact that it is possible to define a bijective
mapping between the elements of the support of Py ., and those of the support of Py based
on Proposition 4.2.1.

The other key remark at this point is that both the Generalized Kendall-Mallows model and
the truncated geometric distribution are exponential families. Indeed, we have:

po () = exp (0TT () —a (0))

0= (hl(ﬂsl),,ln((j)m))
T(’]T) = (Vl (7T77T0),...,Vm (7T,7T0))

a®) =3 ai(6:) =3 n(Z ("))

and:

po, (x) = exp (6,1 (x) —a(0)),z €{0,1,...i—1}
0; =1In(¢;)
T(x)==x

provided that ¢ is fixed.

The above imply that Proposition 3.6.3 can be used, so the problem of learning a Generalized
Kendall-Mallows model in KL-divergence and TV-distance can indeed be reduced to learning
the joint distribution of its sufficient statistics.

5.2.2 Parameter Estimation in Truncated Geometrics

Since we showed that the problem of learning Generalized Mallows reduces to learning trun-
cated geometrics, we will now write down the MLE for the distribution 7G (¢,¢ — 1), provided
that 4 is known. Suppose we have X ~ TG (¢,i — 1)". The MLE is:

& = argmaz {L (6|X)) = PN (&)=
= a?"g';nax = a'f’g;nax 1l Zi (¢) = G/I"g;nax Zi (¢)n =

¢

= argmax { (Z Xi) In(¢) —nlnZ; (¢)}
i=1

Taking the derivative with respect to ¢, we get:

(5x)3- 20 = 282 (50) s
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The form of the above equation is similar to that of Subsection 4.4.2. However, this time,
we can actually face the issue, using the fact that truncated geometrics with given truncation
parameter form an exponential family. Indeed, remark that the RHS is equal to the mean

value of TG (g?),z — 1). We have:

@) d [ ooy Z(9)
XNTQ]]%é,ifl) )= XNTQ]}%zi,ifl) = df (a (0» B (bZz' (q;)

Consequently, the problem is reduced to finding (;AS such that:

~ ]‘ -
h (¢) - XNTQI%tZS,ifl) AT (?—; Xi)

This is greatly facilitated by the fact that h is strictly increasing. Indeed:
N d? .
% (qb) =< (a (9)) =  Var (X)>0
df X~TG($,i—1)
As a result, despite being unable to compute the inverse function, we can find an approximate

solution that is y—close to the desired one in O (1og (%)) time using binary search. The exact

expressions for the mean and the variance of TG (¢, k) are (the derivation can be found in [9]):

B ¢ ¢k+1
X~TG (k) X]= 1—¢ (k+1) 1— ghFt
6 2 ¢
xtblon = g T Y ey

The above results should be compared with the case of the standard geometric distribution,
which we examined in Example 3.2.2.2. In both examples, the MLE is computed by calculating
the sample mean and inverting the function that gives the mean as a function of the parameter.
The only difference is that for the truncated geometric it is not possible to compute the inverse
function so we have to estimate it. Moreover, if we take k — oo, the second term vanishes in
both the above expressions and we get the ones for the simple geometric distribution.

5.2.3 The Block Model

It appears that everything is in place. We know that each sample m ~ Py , "breaks” into m
independent values Y; ~ TG (¢;,i — 1), each of which can be used to estimate the corresponding
spread parameter. However, Busa-Fekete et. al. make one last important remark. Specifically,
they consider the case where we know from the start that some of the alternatives share the
same spread parameter value. This motivates the introduction of the Mallows Block model,
which is also an exponential family (provided that the block structure is fixed). This makes
it possible to aggregate the values Y; that correspond to alternatives belonging in the same
block in order to produce better results with fewer samples. A special case of this is the simple
Kendall-Mallows model, where all alternatives are in the same block, thus making it possible
to estimate ¢ even from a single sample as m — oo. This manages to incorporate one of the
most important attributes of the estimator given by Mukherjee in [41].
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5.2.4 Parameter Estimation in the Kendall-Mallows Block Model

We now proceed with the results of the paper related to parameter estimation. They are stated
informally, followed by proof sketches. Note that, for the following, m* = min;c(q m;.
The learning algorithm whose correctness and optimality we wish to prove is the following:

Algorithm 3: Spread Parameter Estimation

Data: m1,...,m ~ Py r,.B, M0
Result: (Z)
for each i € [d] do

compute r = £ 3" T; (my, mo, B);

3 use binary search to find éz- such that a] (é,) T

N =

¢ = e’
end

[S. SN

(=2}

return qAS;

We first state the main result involving parameter estimation.

Theorem 5.2.1 (Busa-Fekete et. al (2019) (Informal)). Givenn = Q (=L +log (m)) samples
Jrom a Kendall-Mallows d-block distribution Py . g, we can find estimates 7t andqg such that:

P [(fr = ) A (Hq& —¢*|| < e)} > 0.99
w~P, 2
@™ ,mg,B
If my is known, then with n = Q (#) we have:
P [Hq“s—¢* < e} > 0.99
”NP;*,wO,B 2

Proof Sketch. If the central ranking is not known, it can be learned with high probability
using log (m) samples (hence the corresponding term in the first expression). For the rest, we
consider that T = 7.

We know that, given m ~ Py« . g, the random variables V; (7, 7o) follow a truncated geo-
metric distribution and are independent. Consequently, the sufficient statistics T; (7, mo, B) =
> jeB: Vi (7, mp) are also independent, as sums of independent random variables with no com-
mon terms. Consequently, each spread parameter can be estimated separately.

Since the central ranking is known, the target distribution belongs to an exponential family,
so their properties can be exploited. For that reason, instead of the spread parameters ¢;, we
will estimate their logarithms 6; (which are the natural parameters of the exponential family).
By the properties of exponential families, we have:

hi(@i)= E  [Ti(mm,B))=Y, E  [Vj(m)
TrN,Pd)*,-rr,,B jGBi 7TN’P¢*,7_”,B

All the summands are strictly increasing functions (based on what we showed previously about
the truncated geometric distribution), so h; is strictly increasing. This verifies that the algo-
rithm presented previously is correct. It remains to determine the sample complexity. To do
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that, the concentration bound of Proposition 3.6.2. From that point on, the proof’s difficulty
is to lower bound the KL-divergence of 2 distributions in the family, which is equivalent to
lower bounding the variance of a distribution whose parameter is in the interval defined by
those of the previous 2. [ ]

Suppose now that the central ranking is known. Setting n = 1 and solving for € gives us a view
of the error rate with respect to the minimum block size. Specifically, we have:

Corollary 5.2.1 (Busa-Fekete et. al (2019) (Informal)). Given a single sample from Kendall-
Mallows d-block distribution Py« . g with known central ranking mo and unknown spread pa-

g(’)( i)} > 0.99
2 m

Observe that, as m* — oo, the error goes to 0. This is due to the aggregation effect we
described previously. In the case of the simple Kendall-Mallows model, we have m* = m, so a
single sample ends up behaving like m independent samples, all of which are used to estimate
the same value. This verifies that estimation from a single sample is possible, just as with the
estimator given in [41].

rameters ¢*, we can estimate ¢ so that:

(2

7\”\/7745*’"0’3

5.2.5 Distribution Learning in the Kendall-Mallows Block Model

We now present the results related to distribution learning. The learning algorithm we use is
the same as before. However, the sample complexity that we get is higher than the one for
parameter estimation. That is because computing a distribution that is close to another one
with respect to some statistical distance is generally a more strict demand than having a good
estimate for some parameter. The sample complexity that is achieved by the algorithm is:

Theorem 5.2.2 (Busa-Fekete et. al (2019) (Informal)). Given n = Q (% +1log(m)) samples
from a Mallows d-block distribution Py« . g, we can learn a distribution P such that:

o (Gana?)<]zm — i (ann?) <20
LS PotmpllP) < €] 2099 = A Py* roB:P) < €| >0.99

Proof Sketch. The proof is similar to the previous one, though it simpler this time. Since
we are interested in learning the distribution in KL-divergence and we know that the Mallows
block model is an exponential family, we exploit Proposition 3.6.3, along with the tensorization
identity given about the KL-divergence in chapter 3. After that point, the reasoning mostly
the same as in the previous proof. |

The result comes with a matching lower bound:
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Theorem 5.2.3 (Busa-Fekete et. al (2019) (Informal)). For any distribution P that is based
only on o (E% + log (m)) samples from a Mallows d-block distribution there exists some Py . B

such that drv (73¢*7,r073,P) > €.

Proof Sketch. The result is a consequence of Fano’s inequality. However, for that to be applied,
it is necessary to define a family of distributions such that for any pair of distinct members of
the family, both their KL-divergence is upper bounded and their TV-distance is lower bounded.
For that reason, the central ranking and the block structure are fixed and the case where the
alternatives are partitioned into d blocks with equal number of elements is considered. The
23~
for the parameter value to be > i. That way, 2¢ distributions can be defined. However, we
are interested only in those that are not too "similar”. Since the distributions are determined
simply based on the values of the spread parameters, we can represent each distribution in the

family as a binary string of length d based on the mapping % —c \/Em — 0 and % — 1. Applying

the Gilbert-Varshamov bound (Lemma 3.5.1), we get that there are at least 2% distributions
such that, given any pair them, they differ on at least % spread parameters. This is the family
of the distributions that are used to lower bound the minimax risk.

Based on the above, the KL-divergence of any pair of distributions in the above family is shown
to be upper bounded by 32c?¢2. What is less trivial is to lower bound the T'V-distance of any
pair of distinct distributions in the family. Because Proposition 3.4.4 does not yield a tight
lower bound, the authors exploit Corollary 3.4.1. Specifically, they define random variables
that are the sums of the sufficient statistics of a pair of distributions in the previously defined
family. However, they only include a subset of those sufficient statistics that correspond to
spread parameters that do not have the same value in the 2 distributions. The resulting
random variables belong in the same exponential family but have different natural parameters,
so Proposition 3.6.1 can be applied. The rest of the proof relies on the fact that the TV-distance
is lower bounded by a function of the sum of the expected absolute deviation of each random
variable from its mean, while each of those terms is lower bounded by %

spread parameters take values in the set { } where € is chosen to be small enough
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Chapter 6

Learning in the Cayley-Mallows
Model

In this chapter, we focus on the Mallows model equipped with the Cayley distance (henceforth
referred to as the Cayley-Mallows model). While the KT distance focuses on the pair-wise
comparisons between elements, thus being suitable for problems related to the modelling of
ranking data, the Cayley distance focuses on the cyclic structure of permutations. Moreover,
this version of the model exhibits weaker concentration around the central ranking, due to the
fact that the Cayley distance is not bound by whether elements that have been swapped are
adjacent or not. Consequently, it has generally been harder to come up with applications of
this version, though one example can be found in [27], where the authors present an applica-
tion within the context of computational biology where the Cayley-Mallows model fits better
than the Kendall-Mallows model. Despite its influence on our approach, that work is mostly
experimental in nature, whereas ours is more theoretically oriented. Specifically, we intend
to the consider the problems that were examined in the previous chapter this time for the
Cayley-Mallows model, showing how the techniques presented there can be adjusted to this
setting. Our work is motivated by the difference noted in the results of [14] where the problem
of learning mixtures under the Cayley-Mallows models was examined and those of [34] where
the problem of learning mixtures under the Kendall-Mallows model was examined.

6.1 Recovering the Central Ranking

To tackle the problem, we will adjust the approach presented in [10]. Specifically, Caragiannis
et. al. noted that, the model with the KT distance favors rankings where the inverted pairs are
few and they used this property to efficiently approximate the maximum likelihood solution. In
similar fashion, we will show that, when equipped with the Cayley distance, the model favours
events where most alternatives are in their original positions. We will exploit that property
to show that it is possible to recover the central ranking with high probability by determining
which is the position where an element appears most frequently and then we will determine
the sample complexity of the above algorithm.
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6.1.1 Concentration in Cayley-Mallows

As we noted back in chapter 4, the Cayley distance between 2 permutations m, 7q is deq (7, 79) =
m—k, where k is the number of cycles found in = when considering the original positions of the
objects in my. Therefore, when the Mallows model is equipped with this distance, the events
that are favored are those where there are many cycles (ideally, when k& = m, there is one cycle
corresponding to each alternative which means that all cycles are of length 1 and no element
is misplaced). This motivates us to compute the probability of an object’s position being the
same in a sample as in the original permutation.

Lemma 6.1.1. In the simple Cayley-Mallows model, the probability that an alternative i € [m]

is ranked correctly in sample 7 is equal to pir, iy = m,w € [m].

Proof. We have:

= Y. P lr=ol=1- Y P k=0
GES, | T ' E€Sm
a(i)=m0 () o’ (i) #mo ()
Note that, when given a permutation where i is ranked correctly, there are m — 1 permutations
where the i has been transposed with another element and the rest are the same. By Lemma
4.2.2, we know that, for any such permutation ¢’ we have dg, (¢/,m) — deq (0, m9) = 1. Based
on the above remarks, (1) can be written in the form:

Pimo) =1 —(m—1)¢ Z P [r=o]|=1-(m—1)pir,) =

~Py
ogESm T #:mo
o (i)=m0 ()

1

— ito(i) — T~
Pirng (i) 1+ (m — 1) (b

A direct consequence of the above is that the probability of ¢ being misplaced is equal to
(m=1)¢

T m=1)3" However, we can prove something even stronger:

Corollary 6.1.1. Given some alternative i € [m] and j € [m] such that mo (i) # j, we have

_ [
Pij = TFm-D3¢"

Proof. We have:
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For each permutation ¢’ in the above sum, there exists exactly one permutation o where the
element 4 is swapped with the one occupying its correct position and the rest are as in ¢’. This,
combined with Lemma 4.2.2, gives:

oESm
o (i)=mq (i)

Another interesting aspect of the model is the way the above probabilities change in case we
are given that some alternatives are ranked correctly by a sample. We give the following result,
which extends the previous lemmas.

Lemma 6.1.2. Let iy,...,i,+1 € [m] be distinct numbers and j # 7o (ix+1). We have:
1
]P ) p— ) ] g ) p—
. [ (ikt1) = 7o (tk1) | (1) = 7o (i) , VL € [K]] = 7 m—1-h¢
¢

7r~7]§¢,,,,0 [7 (ikt1) = jlm (i) = mo (1) , VI € [K]] = 1+(m—1-k)¢

Proof. The proof is essentially the same as the ones we gave for the previous 2 lemmas. How-
ever, given some ranking where ix; is ranked correctly, there are m — 1 — k rankings where
the irx11 has been transposed with another element and the rest are the same (given that
i1,142,...,1x have to be ranked correctly). |

At this point, we can get a more concrete sense of the way the Cayley-Mallows model functions.
Specifically, the model is a variation of the well-known matching problem (first defined in [40]).
There, a number of letters are addressed to distinct individuals and for each letter there exists
a corresponding envelope, but the letters are put into envelopes in a random fashion. In our
setting, the letters are the alternatives and the envelopes are their correct positions. However,
unlike the classical version of the problem, where all choices are performed uniformly at random,
in this version, the parameter ¢ ensures that there is a bias towards the correct permutation
(with the exception of when ¢ = 1, which corresponds to a degenerate case). The previous
similarity is mentioned in [17], where the number of fixed points of permutations generated by
the model is calculated, which can also be computed using the above result. A similar result
about fixed points for the Kendall-Mallows model can be found in [42]. However, that result
holds only in the asymptotic regime.

Overall, the above essentially give us a way to determine the central ranking. Specifically, note
that pir,iy > pij,Vj # 7o (i) (provided that ¢ < 1), meaning that, given some element and
a number of samples generated by the model, the position where it appears most frequently
is the one more likely to be its correct position, although the concentration exhibited by the
model is rather weak, since pir,;) — 0 as m — oo. Taking all the above into account, in
the next section, we will present a family of algorithms that learn the central ranking with
high probability. This family, however, is expected to result in a higher sample complexity
than the one given in [10] for the Kendall-Mallows model. That is because, in that model, the
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probability that a pair-wise comparison is preserved is always greater than %, regardless of the
value of the spread parameter, which is not true about our model.

6.1.2 Approximating the MLE

As explained previously, our approach will rely on the fact that each element’s most likely
position is the one where it most frequently appears in the available samples. This however
describes a family of algorithms instead of a single one. That is because there may be 2 kinds
of ties. First, there may be ties involving the appearances of a specific element. Second, there
may be a pair of elements whose most frequent appearances correspond to the same position.
Specifying tie-breaking rules for the above cases results in the definition of a single algorithm.
The above should be compared with the PM-c rules defined in [10]. For the following, we will
refer to the previous as position majority-consistent rules.

The above approach is computationally efficient. Indeed, it is reasonable to assume that the
time required to break ties will be less than the time required to compute the frequency of each
alternative’s appearance in various positions. This last task can be performed as the input is
read in © (nm) time. Consequently, the running time of the algorithm is linear with respect
to the size of the input it receives. We give a high level description of the algorithm:

Algorithm 4: MLE approximation via position majority-consistent rules

Data: m = (m1,...,mn) ~ Pg
Result: 7
1 for each i € [m] do
2 construct a histogram with the frequencies of its appearances;
3 let j be the mode (break ties arbitrarily);
4 7 (i) := j (break ties arbitrarily);
5 end
6 return 7;

6.1.3 Sample Complexity Analysis

Now, we are ready determine the sample complexity of the previously described family of
algorithms, provided that ¢ is upper bounded by some constant < 1.

Theorem 6.1.3. Given any instance of the simple Cayley-Mallows model with central ranking
mo and spread parameter ¢ € [0,1 —~],y € (0,1] and any € € (0,1], any position majority-
consistent algorithm recovers the central ranking with probability at least 1 — € using n =

oOf(= 21 (ﬂ) l ith time complexit @(m_310 (m))
<7) og (= samples wi D y T log () ).

Proof. Let 7 be the ranking recovered by an algorithm in the aforementioned family using n
samples, denoted {my} ke ~ Pomo: The probability of error is equal to:

1r~77£’,7r0 1r~73'gﬁﬁ(J

P [Bielm]:w(i) #m(i)] < Z P [7 (@) # ()] (1)
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where the upper results from a direct application of the union bound. Let n;; denote the
number of samples where alternative ¢ is placed in position j. Taking that into account, the
terms of the sum on the RHS of (1) can be written in the form:

P [F e m\{mo D)} :ni > nimgy] < D P [ni > ninye)] (2)

T~P
#:mo J#mo(4) #:70

To proceed from here, we observe that n;; = > _, 1 {m (i) = j} where 1 {m (i) = j} are iid
Bernoulli random variables with probability of success m if j # 7o (i) and m if
j = 7o (i). Therefore, we have:

n

Niro (i) — Nij = Z (I{mx (i) =m0 ()} — L {mx (4) = 5}), 5 # mo (1) (3)

k=1

Let X be the above sum and let X be the summands. The random variables X}, are iid and
have support {—1,0,1}. By linearity of expectation, we have:

E X= E [A{m@=m@)- E [L{m@)=i]=——"% >0

7rlc’\‘7)¢,7r0 TrkN'P¢17(O WkNP¢.ﬂ0 - 1 —+ (m — ].) ¢

and ,,N7]>En [X] = % Consequently, the terms of the sum in the RHS of (2) can be
#.m0

written in the form:

P |X- E [X]<- E [X]]g P
w~P w~P T~P

pn
$.70 $.70 é.70 T~PE o

’X— E [X]
1r~73£77r0

> E [X}]
ﬂwpg’ﬂo

Applying Hoeffding’s inequality to the above, we get:

iy [X§0]§2€Xp{— n(l—¢) }

"~ 2[1+ (m— 1) o]

b, 70
Combining all the above, we get that the probability of failure is upper bounded by:

. (1 7o (2 m(m —1)ex - n(li(b)Q
"N}/E’L (i € [m] : 7 (i) # 7o (4)] < 2m ( 1) p{ 2[1+(m—1)¢]2}

b, 7m0

We demand the above to be less than € and get:

2[1+(m—1)¢]2n 2m (m — 1)
R 1< )

Note that 2[1+ (m—1)¢]> = © (m?) and that 712 > ﬁ Consequently, we get that

2
n=~0 ((m) log ( T)) samples suffice to recover the central ranking with probability at least

Y

1 — € and this yields the desired time complexity.
|
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We remark that, the result still holds even if the spread parameters of the distributions where
the samples are drawn from were not the same (just as in the Kendall-Mallows model).

So far, we have upper bounded the sample complexity of recovering the central ranking in
the Cayley-Mallows model. We will now apply the technique used in chapter 5 to get a lower
bound. As we will see, the lower bound that we will get does not match the sample complexity
of the family of algorithms described above.

Theorem 6.1.4. For any e € (O, %] , any (randomized) algorithm requires (log (%)) samples
from a simple Cayley-Mallows model to determine the true ranking with probability at least 1—e.

Proof. The proof is similar to that we gave for the Kendall-Mallows model in chapter 5 for
Theorem 5.1.3. The only thing that changes is the cardinality of the set N (m). Specifically,
we have [N (mo)| = (')). Repeating the steps of that proof results in ¢"W (1—¢) <e
which yields n = Q (log (%)) ]

Obviously, this lower bound does not match the upper bound we gave. Applying Fano’s method
would yield a similar result. This could either due to the fact that algorithms that belong to
the family we presented previously are sub-optimal or because the previous technique does not
yield tight results for this version of the Mallows model. There is also the case that the sample
complexity analysis we gave above is not tight, though this seems rather unlikely. For a further
discussion of the issue, see chapter 7.

Another remark that we should make involves the applicability of the previous for the Mallows
model for other distance metrics. In particular, in the case of Spearman’s footrule, by applying
the same technique as in 6.1.1 combined with the triangle inequality, we would get that p;r, ;) >
m, so the previous family of algorithms works for this version of the model as well. The
same cannot be said about Spearman’s rank correlation, due to the fact that it does not satisfy
the triangle inequality.
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Chapter 7

Conclusions and Future Work

In this thesis, we gave the first algorithm that recovers the central ranking in the Cayley-
Mallows model in a provably computationally efficient fashion. The issue of whether the
algorithm we gave is optimal is an open question, though one we are actively working on.
Moreover, it would be interesting to examine whether the approach of [9] can be applied
in the case of the Cayley-Mallows model. We think that this is highly likely, due to the
fact that it is possible to show that the sufficient statistics of the Cayley-Mallows model are
independent Bernoulli random variables, based on the definition of the model given in chapter 4
and Proposition 4.2.2. This is another issue that we are examining. Furthermore, it would be
interesting to examine which other versions of the Mallows model admit similar approaches.
Another possible direction for future work is one motivated by the questions posed in [9].
Specifically, the authors asked what is the minimum number of samples required to recover the
block structure of a Kendall-Mallows block distribution. This is a question that has drawn our
attention in the past, though none of our work concerning this issue is included in this thesis.
Another question the authors posed in the same paper is whether it is possible to estimate
the spread parameters from a single sample without knowing the block structure. Though we
do not have a definitive answer, we believe this to be unlikely, due to the fact that it seems
to be impossible to aggregate samples of the sufficient statistics without knowing that they
correspond to alternatives belonging in the same block. However, this is merely an intuitive
argument and this line of research should not be dismissed only because of it. Moreover, it
would be interesting to examine those questions for the Cayley-Mallows model as well.
Finally, it would be interesting to examine the above questions in the context of other ranking
models, such the Plackett-Luce model (which we introduced back in chapter 4).
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