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Abstract

Advances with language models, systems that predict upcoming words in context, have en-
abled an era in which people sometimes cannot distinguish between human-written and
artificially created text. Perplexity, the simplest and most popular way to evaluate the qual-
ity of a language model, rewards any pattern captured by the system as long as it robustly
constrains the upcoming possibilities. By capturing patterns that humans do not use, op-
timizing a language model for minimal perplexity could trigger a divergence between the
most probable text and the most human-like text.

In this thesis, I argue that this divergence has happened for state-of-the-art language models.
Part I characterizes the kinds of knowledge captured by language models. First, I present
three novel language model architectures whose neural connections were inspired by hu-
man behavior. Then, I discuss novel morphology- and sentiment-based paradigms that
capture human knowledge quantitatively. Part II establishes several methods for evaluating
language models by comparison against human behavior measures. I consider the suitabil-
ity and potential confounds for offline ratings and two paradigms of online reading times:
eye-tracking and G-Maze. Then, I use a novel dataset of G-Maze response times to show
computational and linguistic evidence of the divergence.



Kurzzusammenfassung

Fortschritte bei Sprachmodellen (LMs) - Systeme, die aus dem Kontext heraus nachfolgende
Worte vorhersagen - haben dazu gefiihrt, dass Menschen manchmal nicht mehr zwischen
von Menschen geschriebenem und kiinstlich erzeugtem Text unterscheiden konnen. Per-
plexitdt (PPL), die einfachste und beliebteste Methode zur Bewertung der Qualitdt eines LM,
belohnt jedes vom System erfasste Muster, solange es die kommenden Mdoglichkeiten stark
einschriankt. Durch die Erfassung von Mustern, die Menschen nicht verwenden, kénnte
die Optimierung eines LM hinsichtlich minimaler PPL zu einer Divergenz zwischen dem
wahrscheinlichsten Text und dem menschendhnlichsten Text fiithren.

In dieser Arbeit wird argumentiert, dass diese Divergenz bei modernen LMs aufgetreten ist.
Teil I charakterisiert die Arten von Wissen, die von LMs erfasst werden. Zuerst werden drei
neue LM-Architekturen beschreiben, deren neuronale Verbindungen von menschlichem
Verhalten inspiriert wurden. Danach werden neuartige morphologie- und sentiment-basierte
Paradigmen diskutiert, die menschliches Verhalten quantitativ erfassen. In Teil II wer-
den mehrere Methoden entwickelt, die LMs durch Vergleich mit menschlichen Verhaltens-
maflen bewerten. Diskutiert werden die Eignung und mogliche Storfaktoren fiir Offline-
Bewertungen und zwei Paradigmen von Online-Lesezeiten: Eye-Tracking und G-Maze. Ein
neuartiger Datensatz der G-Maze-Antwortzeiten wird dazu verwendet, um rechnerische
und sprachliche Beweise fiir die Divergenz zu liefern.
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QPIJOUTPGUIF#&35NPEFMUIBU*USBJOFE GSPN TDSBH
POBMPHTDBMF



YWJ

-JTUPG '"JHVSFT

IMPUT PG BDUVBM BWFSBHF ( .B[F SFTQPOTF UJNFT CZ St
UIFDFOUFSFE BOE TDBMFE SFTQPOTF UJNFT UIF NJEEMF
WBMVFT GSPNUIFCBTFMJOF MJOFBS NJYFEF FDUT NPEFI
JTUIFSFTJEVBMT GSPNUIFCBTFMJOF MJOFBS NJYFE F FL
IMPUTPGBEKVTUFE CZ SFHJPO QSFEJDUFE ( .B[FSFTQF
4. NPEFMT

1IMPUT PGBEKVTUFE CZ SFHJPO QSFEJDUFE ( .B[F SFTQ
USBJOFE #&35 NPEFMT

IMPUTPGBEKVTUFE CZ SFHJPO QSFEJDUFE ( .B[FSFTQF
NPEFMT USBJOFE GSPNTDSBUDI

FIQBSFOUw FMETPGEBUBTDJFODF



-JTUPGS5BCMFT

SFTUTFUQFSQMFYJUZ 11- BOEUPUBMOVNCFS PG QB

$PSQVTTIJ[FJOOVNCFSPGUPLFOTBOEO0O7 SBUF
&YBNQMFTPGUPQ TINIJMBS XPSET

-BOHVBHF NPEFM QFSGPSNBODF 11- POUIF15#UFTU
-BOHVBHF NPEFM QFSGPSNBODF 11- POUIF-5%# UFTL

$PSQVTTIJ[FIJOOVNCFSPGUPLFOT
$PNQBSJTPOPG-43$BOEPUIFSNPEFM QFSQMFYJUJF"

$PNQBSJTPO PG -43$BOEPUIFSNPEFM QFSQMFYJUJF"
TFU

4PNFTUBUJTUJDT PODPSQPSBIJOTFWFSBM MBOHVBH
4PNFTUBUJTUJDT PO XPSETIJNJMBSJUZEBUBTFUT VTI

4QFBSNBWM XJUI IVNBO SBUJOHT PO B (FSNBO XPSE TJN
(VS GPS 48PSE44 FNCFEEJOHTVTJOH WBSJPVT TUSJ

4QFBSNIBLFWBMVBUJPOPGUFDIOJRVFT XJUIBOE XJUIF
GFBUVSFTVTFEUPHFOFSBUF SFQSFTFOUBUJPOT GPS

4UBUJTUJDBM TVNNBSZPGDPSQPSBVTFEGPS UIF MB(

1IFSOMFYJUJFTPOUFTUTFU 11- 38 QFSQMFYJUJFT :
OVNCFSPGQBSBNFUFST /P1 GPS-#-BOE-45.-.TJO NJ
POGPVSDPSQPSB

FCBTFMFYJDPO FOUSJFTJOUPUBMPG XI1JDI B
*OGPSNBUJPOBCPVUVOMBCFMFEDPSQPSB VTFE

1FSDFOUBHFPGBCVTIJWF OPUBCVTIWFJOTUBODFT I
WIFXT "MM OVNCFSTPOMZ SFGFSUPUIFTVCTFU PG U
UBLFO GSPNUIF4VCKFDUJWJUZ -FYJDPO J F FOU S



YWJJJ -JTUPG5BCMFT

TUBS SFWJFXTJOEJ FSFOUDPSQPSB

$PNQBSJTPO PG UIF NPTUGSFEKRMWCHRSQPBOCFEBNBUDIFT
JOEJDBUF GSFRVFODZ

%BUBTFUTDPNQSJTJOH MBCFMFE NJDSPQPTUT

%J FSFOUDMBTTJ FSTPOCBTFMFYJDPO 5BCMF 4UB|
JOH QB U$HI B:0b CFUUFSUIBOUXP MJOFTBCPWF p CFl
QSFWJPVT MJOF

1FSGPSNBODFPGUIFEJ FSFOUMJOHVJTUJD GFBUVSFTP

4UBUJTUJDBM TJHOJ tDBEPW¥ RIOBT U JIHU WIS FBEEO U X P
MJOFTBCPWF p CFUUFSUIBO QSFWJPVT MJOF

-FYJDBVTFEJODSPTT EPNBJO DMB/ISIHT EB QPRI RGN JIDSF
OVNCFSPGVOJHSBNT

*O EPNBJODMBTTJ DBNBBO I NIJDBPRHFP TUT

%J FSFOU D MBIPIIT FEBINPBIOJ DBUJPO PG NJDSPQPTUT CF
JOCARWBRSJD ' TDPSF

$SPTT EPNBJO DMBTTJ DBUWWPQ EG X B MSEQE-TU T
NFUSJD ' TDPSF

&YBNQMFPGHFOFSBUFETFOUFODFT
l1FSGPSNBODFPG MBOHVBHF NPEFMTJO -. 5VSJOH 5FTU

$PNQBSJTPOPGTFWFSBMBWFSBHF TVSQSJTBM UP XPSE
UJPOTBHBJOTU UIF .GSFRUP XPSE MFOHUI4QFBSNBO I

FTFFYQMBOBUJPOTBSFRVPUFEGSPN %FNCFSHBOE ,FM

JZQPUIFTJT UFTUJOH PO XIFUIFSTVMIBOHBBBBMEEFMT FYQ
WBSJBODFJOPOFNFBTVSFUIBOBOPUIFS

FTF WBMVFT HIWF UIF QPTJUJWF EJ FSFODF CFUXFFO U
F FDUTNPEFMBOEUIFIXPSTUwWGPSEJ FSFOUGBNJMJFTP
EJ FSFOUDPSQPSB F104DPMVNODPSSFTQPOETUP NPEI
DBUFHPSJDBM QSFEJDUPSTBOEJOUFSBDUJPOT GPS QBS!

&YBNQMFTUJIJNVMVTIJUFNJOGPVSDPOEJUJPOT XJUIBQQF
UuJrPOT FPCKFDUOPVOTBSFCPMEFEBOEUIFNPEJ FSQIS

'PVSTQFDJBMDIBSBDUFSTJO (FSNBOBOEUIFJSSFQMBDF
QVT

-F IBMGPGUIFSFTVMUTGSPNUIFOPWFMUFETUTVJUFCVJ
DPSQVT FTZNCPMTJOUIFUBCMFDPSSFTQPOEUPTJHOJ
EJSFDWXPIEL p<005 p<00l  p<0:001



YJY

3JHIUIBMG PG UIF SFTVMUT GSPN UIF OPWFM UFTU TV
.B[FDPSQVT FTZNCPMTJOUIFUBCMFDPSSFTQPOE U
XSPOHEJSHFDUWIPE<0:05 p<0:01 p < 0:001
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-JTUPG5BCMFT




1BSU*

$IBSBDUFSJ[JOHLOPXMFEH
NPEFMT






$IBQUFS

*OUSPEVDUJPO MBOHVBHEF!
OVNCFSTUP XPSET

OO/PWFNCFS OQFO"*SFMFBTFEBDIBUCPUDBMMEFE $IE
JOUIFNPOUITUMRAFOPMEBBXFE B SFWPMVUJPOJOBSUJ DJBN
XPSSJFEUIFZ XPVME OPUCFBCMFUPBTTIJHO FTTBZT GPS IF
DPVME XSJUF UIFN 8PSLFSTXIPTF XPSLJOWPMWFTTVCTUB
XPSSZBCPVUUIFTFDVSJUZ PG UIFJS KPCT (FP SFZ )JOUP(
UFMFWIJTFE FQOUBFOWJIG XWF ZFBST UJNF <$IBU(15>NBZ XFMM
UIBOVT w

#VUBDPOUJOHFOUPGUIFBDBEFNJD DPNNVOJUZ NZTFEFMG J
DPOGVTJPO FUFDIOPMPHZCFIJOE $IBU(15 XBT OPU OFX *
JOHBVUPNBUJDTQFEBD[SFD\PBDOJO FRIGBOPMBEU BOE JB

MPHVFTZTUFNT BVUPDPNQMFUF JOGPSNBUJPO SFUSJFWB
UFDIOPMPHJFT GPS EFDBEFT F STUDIBUCPU &-*;" XBTE
TQFDJ DNPEFM BSDIJUFDUVSF VOEFSMZJOH $IBU(15 UIF (F
(15 NBEFJUTEFCVU GPVEEZFBESFWQBWPBIPSU UIF XPSME UP
UJDF CFDBVTB BRBECBIJOHFHBTPOBCMZ TUBUF PG UIF BSU MB!
BDDFTTJCMF OPUCFDBVTFUIF MBOHVBHF NPEFMJUTFMG X

FTQJUFUIFJSDVSSFOU GBNFBOE QPXFS B MBOHVBHF NPE
TPNFUFYUBTJOQVUBOE PVUQVUT OVNCFST NBZCF B OVNC
OVNCFSGPSUIFXIPMFUFYU FTFOVNCFSTSFQSFTFOUUIF
TFOUFODF PS QBSBHSBQI FUD HJIJWFOJUTDPOUFYU F D
PGUIF XPSETUIBUDBNFCFGPSF 1FSIBQTDZDMJDBMMZ UIF
NPEFM BSF CPUIBQHUQ FPEB/MVBUIPO *G UIF MBOHVBHF NP
BNPVOUPG SFBMUFYU UIBUUFYU iIPDDVSSFEw TPJUTIPVM

200Tb,ffrrrX+#bM2rbX+QKfM2rbf;2Q77 2v@?BMIiQM@ B@/ M;2'b@ey@ K



*OUSPEVDUJPO MBOHVBHFNPEFMTBTTJHO

*UJTVTFGVM UP JNBHJOF QSPCBCIJMJUZ JO UIJT DBTF BT B MJ"
QSPCBCIMIJUZPGPOFUFYUXPVME SFRVIJSFBDPSSFTQPOEJOH
UFYUUIBUNBZPSNBZOPUPDDVSJOUIFGVUVSF

3FTFBSDIJOMBOHVBHF NPEFMJOHFTTFOUJBMMZDPNFTEPXO |
UIFPSZ B MBOHVBHF NPEFM DPVME VTFBOZLJOEPGJOGPSNBL
UIFOFYU XPSE *UJTBMTP FBTZUP JNBHJOF UIBUIVNBOT XPVNMN
JOGPSNBUJPO UPP CVUUIFZ XPVME OPUCFBCMFUPVTFBMM
DPODFIJWBCMZCFFODPEFEJOBMBOHVBHFNPEFM 'PSFYBNQM
UFSOUIBUPOMZBSJTFTB FSUFOMJGFUJNFT XPSUIPGFYQPT\
CFBCMFUPVTFUIBUJO QSPEVDJOHPSDPNQSFIFOEJOH MBOH\
FYJTUBOEBTTVNJOH MBOHVBHF NPEFMT XPVME CF BCMF UP DE
UIFQSFWBJMJOH XBZ PG FWBMVBUJOH MBOHVBHF NPEFMT XPV
IVNBO MBJLWEFIFIJS QSFEJDUJPOT CFDPNF NPSFBDDVSBUF

*DBMM MIBOMHVBHF NPEFPND JIWIFSHHADF* DMBJN UIBU TUBUF PG
NPEFMT IBWF CFHVO VTJOH JOGPSNBUJPO UIBUIVNBOT DBOOP
QSFEJDUJPOT BOETP UIFMBOHVBHF NPEFM EJWFSHFODF IBT F
GPSNBUJPOUIBUMBOHVBHFNPEFMTBSFHPPEBUMFBSOJOHBO
BDDFTTUP CVUMBOHVBHFNPEFMTEJEOPUTFFNUPDBQUVSF
OFTTBTUIFBCIMJUZUPFYQMBJONFBTVSFNFOUTPGIVNBO CFI
UIFMBOHVBHF NPEFM EJWFSHFODF IBT PDDVSSFEBOE BEWPDE
NFBTVSFNFOUTPGIVNBO CFIBWIJPSUP FWBMVBUF MBOHVBHF N

"CSIJFGIJTUPSZPG MBOHVBHF NPEFMJO

*BTTFSUUIBUUXPNPOVNFOUBMBEWBODFTUSJHHFSFEUISFFE
NPEFMJOH F STU UIFJOUSPEVDUJPO PG OFVSBM OFUXPSLT
MBOHVBHF NPEFMT PVU PG TPNFXIBU OJDIFVTFBOE JOUP XJEF
BEWBODF UIF5SBOTGPSNFS MBOHVBHF NPEFM JOTFWFSBM W
MBOHVBHF NPEFMTUIBUDPVME HFOFSBUF TPNFXIBUDPOWJOD

OHSBNTBOEMPOHEJTUBODFEFQFOEFODJFT

F STUMBOHVBHF NPEFMT SFQSFTFOUFEDPOUFYU JO BSHVBC
NFSBUJPO BUJT UIFZDPVOUFEBMMPG UIFPCTFSWFE DPOU.
QSPCBCIMJUJFTBDDPSEJOHMZ #VU UIFOVNCFSPGDPOUFYUT
DPOUFYUTJ[F TPUIFTFNPEFMTDPNNPOMZVTFEB .BSLPWBTT
JUPOMZ DPOUBNGTWBF+FDFOU XPSET VT UIFNPEFM POMZDPO
UIF DVSSFOXPSESIEJO BMM BU POF Ud NS BNTMIB MHBWBHHENBPE F M (

i-FTTIVNBO MJLFw JO UIF DVSSFOU TFOTF NFBOT VTJOH B MBSHFS QSP
DBOOPUPSEPOPUVTF



"CSIJFGIJTUPSZPG MBOHVBHF NPEFMJOH JOUISFFQBS

DPVSTF DPOWNFYDPIVIMETOYBMM CFNITTIOHGSPNUIFUSBJOJ
QMFOJUVEFPG TNPPUIJOHNFUIPET UP QSFWFOU VOFYQFDU
,OFTFS /FZ TNPCPRTFCGHOE /FXIJDI DPOTJEFST UIF EJWFSTJI
GPS B XPSE CFDBNFBTUBOEBSE

n HSBNT XFSF EJ DVMU UP PVUQFSGP % NGPFRVEBWRE E MPOH
NBUIFNBUJDBMMZ PQUJNBMBTJEF GSPNUIFJO VFODF PG E.
4JOHI (SFFOCFSH BOEJOMBEPXXIJHBUFE IPX MPOH B XPSE JO
UuBJOTJO VFODFPWFSUIFGVUVSFBTNPSFBOENPSFPUIFS?>
MPOH BT B XPSE SFNBJOTJO VFOUJBM TUBUJTUJDBM QSPQ
PG XPSEHEF@SOEFPOWIU JT NPUIJWBUFT UIFQSFTFOUVTF PG
EFQFOEFODZw CVU OPUF UIBUUIJTJT OPUFYBDUMZ UIF TB
JOMBOHVBHF DPNNPOMZ TUVEJFEJO MJOHVJTUJDT 'PS UIF
DBMJUZPSBDDFQUBCIMIJUZPG B GVUVSF XPSE SO KFDWIBC
PGBTFOUFODF SFHBSEMFTT PG IPXFWFS NBOZ XPSET JOUF
JOUFSWFO EGOH PPNVIIOHESBNNBUJDBM OVNCFS PG UIFWFSC

5P RVBOUJGZJOGPSNBUJPOJOEFQFOEFODJFTPGMPOHEJT
BOUPG QPJOUXJTF NVUVBM JOGPSNBUJPO (WhWp)DIIFQRBMMZ (
SBUFE PWF SIB EIUTTUBYBINWOFT UIF SBUJP PG UIFBDUVBMDP |
UJTUJDBMMZ QSFEJD Udg(&,PnR) EDI%%FOW\FBSNB\AFFHSFBUFS Ul
TIPXTJUJT NPSF MJ LW,MZPWhE BBUTE KPHBUEBEXDMFUIFSXJTF FYQF
BDDPSEJOHUPUIFVOJHSBN GSFRVFODJFTPGUIFUXP XPSE"
BOFYBNQMF WBSJBUJPO PG UIJT DPSSFM8PBOPOI BRSO QB PDIF
(JHBXPSE BBQB/OE $JFSJ

'JHVSF7BSJBUJPO PG XPSEUSJHHFSJOHDPSSFMBUJPOT GF

"T*XSPUFJOUIFQVCMJDBUJPO TFFJOH BOPUIFS iTIFw BCF
iTIFWJT NPSFUIBO UJNFTNPSFMJLFMZUIBO TFFJOHBITIF
FTUJOHMZ XFBLFS PCTFSWBUJPODBOCFNBEFGPS UIF XPS
TVQQSFTTFTilFwWBOE WJDF WFSTB BOEUIFTFDSPTT DPSSF
GPSNBUJWFGPSBQSFEJDUJPO TEFNPK THOSBBWUN-NBAH B U IHWFG



*OUSPEVDUJPO MBOHVBHFNPEFMTBTTJHO

USJHHFSJOH JOGPSNBUJPOJT TQSFBE PVUPWFS MPOH EJTUB!
ZPOEUIF 9%%FBBBRGMBOHVBHF NPEFMT

IFVSBM OFUXPSLMBOHVBHFNPEFMT

"TOFVSBM OFUXPSLT GPS MBOHVBHF NPEFMJOHBSFBCMFUP D
JOGPSNBUJPOEFTDSJWUREZQIFPVYDPBTVCTUBOUJBMMZ CFUUF
XBT NBJOMZ CFDBVTF UIFZ FODPEF XPSET BT WFDUPST JO B DP
EPFTOPUJODSFBTFUIFEIJNFOTIJPOBMJUZPGUIFWFDUPST TP
UIBUBOZOVNCFSPGUIFNDBOCFDPNCJOFE XJUIPVUJODSFBTJ
UIFNPEFMHIPFUBMPQPTFEB'FFEGPSXBSE/FVSBM/FUXPSL '//
NPEFMJOH BT WBEBNBMBWRABBHF NPEFMT JT '// FODPEFE UIF
FOWSHSKSEBN DPOUFYUBOEDVSSFOU XPSE BTWFDUPST DPNCJC
UIFQSPCBCIMJUZ GSPNUIFDPNCJOFEWFDUPS JTBQQSPBDI )
TIPXOUPPVUQFSGPSNBNJYUVSFERPEENBBSE GO E WIFF SNNPIERFWIH
TQFFDISFDPHOJUJPO QFS @b BNBXLBFOE (8 WBBOUMZ

S5SPIPWFSDPNFwUIJTDPOTXPBEOWBICG RROTPORMAE BUB UJNF TJ
JO4FDUJRX3IJHHFSJOHDBO QFSTIJTIURMEZWGO®GE BMBRBRSPT

QPTFEBOEJNQMFNFOUFEBUPPMLJU GPSB3FDVSSFOU /FVSBM
*OTVDIBNPEFM UIFSFBSFUXPJOQVUTBUFWFSZUJNFTUFQ |
WFDUPS GSPNUIFQSFWJPVTUJNFTUFQ *OUIFPSZ UIJTBMMP
DZDMFJO UIF OFUXPSLJOEF OJUFMZ )PXFWFS JO QSBDUJDF
GPSNBUJPO SBSFMZQFSTJTUTJOTVDI BOWBRMPMEEBS NPSF UIB

4VOEFSNFZFS 4DIMaURSS BHOOOBMMZ QIJUDIFE UIFJS INQSPWFEN
DBMMFE B -POH 4IPSU5FSN .FNPSZ -45. OFUXPSL BT B XBZUP
JTTVFT PG WBOJTIJOHBOEFYQMPEJOH HSBEJFOUT 5P USBJO
UPSCBDLJOUPUIFOFUXPSLBTBOJOQVU JUJT DPNNPO QSBDL
UISPVHI UIPTF SFDVSSFOU DPOOFDUJPOT &TTFOUJBMMZ UIF
XPSL #Z VOSPMMJOH UIJT XBZ UIFSFJT B TVCTUBOUJBM DIBO
MBSHFUPCFVTBCMFBTJUXPVMEEPNJOBUFUIFQSFWJPVT WBN
JUFSBUJWFMZVQEBUFE FYQMPEJOHHSBEJFOU PSUIBUJUCEF
WIJEFB EJSFDUJPOUP VQEBUF UIF QBSBNFUFSTBOE JNQSPWF L
UIF FMEPGMBOHVBHFNPEFMJOHBEPQUFE -45.T XJUIUIFJSTF
HBUFT UIJTBSDIJUFDUVSF XBTIBIJIMFEBTFTQFDJBMMZBQQSP(
DPOUSPMUIFMPOHFWJUZPGDPOUFYUJOGPSNBUJPO JO UIF OF

3//T BOE FWFO NPSF TP GPS -45. T SFRVJSF PSEFST PG NBHOJ!
USBJOJOHJUFSBUJPOTCFGPSFUIFIJSQSFEJDUJPOTBSFTVJUB
UIBUUIFOVNCFSPGQBSBNFUFSTHSPXTTVQFS MJOFBSMZ XJU
PGQPTTIJCMF XPSETBWBJMBCMFUPPDDVSBUFBDIQPTJUJPOJ
UPTQFFEVQUSBJOJOH GPS 3//TMFBETUP TPNFJOTUBCJIJMJUZ
GPSF NZDPBVU4ROHBE@EFRHOCFSH BORSWRBIPFXE IJNQMFNFOUF



"CSIJFGIJTUPSZPG MBOHVBHF NPEFMJOH JOUISFFQBS

BOE FWBMVBUFE UIF $VTUPN %FDBZ -BOHVBHF .PEFM $%-.
EFTIHOFEUPIBWF UIF NJOJNBM QPXFS OVNCFS PG QBSBNF
JOHSFMBUJPOTIJQTPGUIFLJOEEJTDVTTFEJO 4FDUJPO

5P DPNCJOF UIF CFOF UT PG "'/T BOE 3//T0 WB2M MBAVUBBAVE T B O
QSPQPTFE JNQMFNFOUFE BOE FWBMVBUFE UIF4FRVFOUJBE
MBOHVBHF NPEFM 4QFDJ DBMMZ JOQVBY BIUFBDUVUISNRUFB
DVSSFOU XPSESFQSFTFOUFE BT B DR OUXPYPVF MU F® WH |
EJWIBB/BMAMXUJOVPVT WFDUPST BOEBTJOHMFSFDVSSFOU
CFGPSRUIXPSET FOFUXPSLDPOUBJOFEMBUFSBMDPOOFL
SFQSFTFOUBUJPOTUPTQFDJBMJ[FJOBQBSUJDVMBSMZ MJt

"TBEJ FSFOUBQQSPBDIUIBUUPPLBEWBOUBHFPGUIFTUJM
NZDPBVUIPSOVBMIMIBWCCBNWEJ FEUIFJOUFSOBM TUSVDUVSF
uP JODMVEF POFBEEJUJPOBM SFDVSSFODF NBLJOH UIF -PC
HVBHF .PEFM JTBMMPXFEUXP SBUIFSUIBOPOF WFDUPS
TIPSUDPOUFYUWFDUPSBOEUIFMPOHDPOUFYUWFDUPS "N
EFTIJSBCMFRVBMJUZUIBUJUT MPOHDPOUFYUWFDUPSDIBO
JOHTPNFJOGPSNBUJPOUPQFSTJTUUISPVHIPVUBO VUUFSI
BDDVSBDZ PG -43$ FOEFEVQCFJOH SPVHIMZDPNQBSBCMF U
JT BOJODSFEJCMZ TVDDFTTGVM TUSBUFHZ GPS NBDIJOF M
SENPWFE GSPNUIFOFUXPSLBDDPSEJOHUPBQSPCBCJIJMJTL
BNPOHUIFEJ FSFOUOPEFT FSFJTBQMBVTJCMFBOBMPHZ
QFSJPEB FSB CJP OFVSPOIBT SFE

SSBOTGPSNFST

4PNFXIBU SFMBUFE UP UIF 437TBTUABG3 BEO BAWHSWWESFT JOEJWJ
DPOUFYUWFDUPSTGPS UIFISFDFOUwDPOUFYU BMUIPVHI L

XPSETHIWFO BEWBODFT XJUINBDIJOF MFEBSOJOH PO HSE
SSBOTGPSNFSIBTDPNQPOFOUTPGUXPLJOET FODPEFS BO
NJHIUDPOUBJONVMUIJQMF FODPEFSTPS EFDPEFST F FODF
WFDUPSTGPSUIFWBSJPVTQPTJUJPOTJOUIF NPTUSFDFC
XFIJHIUFEBEEJUJPO FSFBSFBOVNCFSPGXBZTUPTFUUIF .
TVDDFTTGVM BOE DPNNPOMZ VTFE JT BO -45. NFDIBOJTN D
JOUIFDPOUFYU WFDUPST EFUFSNJOF UIF XFIJHIUT "T TVDI
UIFNTFMWFT XIFOIEFDJEJOHwW XIBUQBSUTPGUIFDPOUFYU L
XPSETBDDPSEJOHMZ

"EFDPEFS DPNQPOFOU CFHJOT XJUI UIF BMSFBEZ DPNCJOF
BUUFOUJPO PWFS UIF DPNQPOFOUT PG UIBU DPOUFYU WFDL
XPSET *GUIFEFDPEFSJTCFJOHVTFEUPHFOFSBUF MBOHVE
CFDPNFTBOJOQVUGPSUIFOFYU JTJTDBMMFEBVUP SFHS
BTBTFRVFODF MFBWFT UIF FODPEFSBTBTJOHMF SFQSFTF



*OUSPEVDUJPO MBOHVBHFNPEFMTBTTJHO

BTFRVFODF "TTVDI B5SBOTGPSNFSJTBTFRVFODF UP TFRVF

/IFYU UIF#JEJSFDUJPOBM&ODPEFS3FQSFTFOUBUJPOTGSPN 5ES
%FWMJO FUBBAWNPOMZ DPOUBJOT TFWFSBM FODPEFS DPNQPOF
JEFBGPSUIJTBSDIJUFDUVSFXBTUPJOQVUBOFOUJSFUFYU QI
BUPOF UJNF BOEUIFOVTF UIF XPSET CPUI CFGPSF BOE B FS U
NPEFM TQSFEJDUJPOT .PSFTQFDJ DBMMZ UIFTFMG BUUFOU.
SFDUJPOBM PWFSUIFUFYUUPTFUUIFXFIJHIUT GPSUIFDPNCJ(
JTPOMZUSBJOFEUPTFFDPNQMFUFUFYUTBOEQSFEJDUB UFNC

"TB OBMBSDIJUFDUVSF UIF(FOFSBUJWF1SF USBBBFES5SBOTG
GPSEFUBMPNNPOMZDPOUBIJOTTFWFSBMEFDPEFSDPNQPOFOL
cCJ EJSFDUJPOBMTFMG BUUFOUJPO PWFS UIF OBM SFQSFTFOU
JOUIBUUIFJOGPSNBUJPO SFNBJOTTUSJDUMZ TFRVFOUJBM B’
EPFT TPNFUIJOH NVDI TINQMFS UP DSFBUF B DPOUFYU WFDUP
NPSF DPNQVUBUJPO UIBO #&35 PO UIBU DPOUFYU WFDUPS UP H
(15 GPSNBDPOUSBTUJOH QBJS PG 5SBOTGPSNFST UP FWBMVB
GVUVSFBOE MBDLTBVUP SFHSFTTJPO (15 MBDLTBDDFTTUP UI

*OTVNNBSZ MBOHVBHFNPEFMJOHSFTFBSDIJO UIF SFDFOU ZFI
SBMOFUXPSLBSDIJUFDUVSFT NBOZPG XIJDISFRVJSJOHPVUS
QPXFS BOEUJIJNFUPUSBJOBOEVTFGSPNTDSBUDI 'VSUIFS B\
FTQFDJBMMZJOJOEVTUSZ JTOPUFYBDUMZ JODFOUJWI[FE UP
MBOHVBHFNPEFMBSDIJUFDUVSFVOMFTTUIBUDIBOHFDPVME |
FSFGPSF JUSFBMMZ NBUUFSTIPXBDBEFNJBFWBMVBUFT MBO
UIPTF FWBMVBUJPOT UP NBLF EFDJTIJPOT *EFBMMZ BO BQQSP
MBSHF BOEDPNQSFIFOTIWF FOPVHIUP FOBCMFTUBUJTUJDBM .
UFDIOPMPHZ BQQMJDBUJPO XIJDIIPMET BMM PUIFS WBSJBCM|I
NBODFPGNVMUJQMFBSDIJUFDUVSFTPOUIFEPXOTUSFBNBQQN
JODMVEJOH OEJOHUIFQSPQFSWFOVFGPSTVDISFTVMUT IBWJ
DPOTJEFSJOHUIBUUIFPUIFSWBSJBCMFTEP OPUTUBZDPOTUB

4P UIF FME QFSTJTUT XJUlI JOUSJOTJD FWBMVBUJPO -BOHVE
QSPCBCIMJIUZ XJUIFBDI XPSEBOEUIFTFQSPCBCJIJMJUJFT BSF
BOE .VMUJQMZJOH NBOZ OVNCFSTJOUIBUJOUFSWBM DPVM
BT XFMM BT OBUVSBMOFTT PG UIFUFSNJO QTZDIPMJOHVJTUJL
QSPCBCIMIQ3BW™HM UIFOFHBUJWF MPHBSJUINPG UIF QSPCB(
TVSQSJTBMT UIF NJOJNVN WBMVF JT DPSSFTQPOEJOH UP B (
QMFUFMZ OPUTVSQSJTJOH BOEUIFSFIJTOPVQQFSCPVOEBT |
JNQPTTIJCMF PSWFSZTVSQSJTJOH FO BMMPGUIFJOEJWJE"
BKPJOUTVSQSJTBM FBSJUINFUJD NBB\CFEG HFAPFBERFIIIBBMT J
FOUSPQE UIFFYQPOFOUJBUJPO PG UIFDSPTT FOUSPQZ XI1JDI
USBOTGPSNFE QSPCBCIMIWASQUWHNIDER SIH BMOJNDBNMEQSIT
UIFNJOJNVNBWFSBHFTVSQSJTBMJT BOEUIFDPSSFTQPOEJ
BT XJUITVSQSJTBM QFSQMFYJUZIBTOPVQQFSCPVOE *G NVMI



.FBTVSFTPGIVNBO CFIBWJPS

UIFBWFSBHFTVSQSJTBM GPSBMBSHFUFTUDPSQVT UIFTF |
JUJFT DPSSFTQPOEJOWFSTFMZ XJUIIPXBDDVSBUFUIF QSF
BUJT JGUIF MBOHVBHF NPEFM QSFEJDUFE B XPSE XFMM J
MFBET UP UIFJOUVJUJWF JOUFSQSFUBUJPO PG QFSQMFYJU
XPSETBNPOHXIJDIUIFMBOHVBHF NPEFMJT DIPPTJOH BU FE

JT DPNCJOFE XJUIUIFGBDUUIBUQFSQMFYJUZDPSSFMBUF
SBUFGPSBVUPNBUJD TOFIFDA BPERAHOBRBERPA UIBUNPTU MBO
NPEFM FWBMVBUJPO TUPQT BU QFSQMFYJUZ #VU BT EJTD\
SFXBSETUIFNPTUQSPCBCMFUFYU " FSBMBOHVBHFNPEFM
OPUUIFCFTUUFYU 4P XIBUDBOCFVTFEUPFWBMVBUF MBO

.FBTVSFTPGIVNBOCFIBWJPS

ZQPTIJUIJPOJTUIBUQFSQMEFYJUZ FWBMVBUJPO TIPVME CF T
NBO CFIBWJPS NFBTVSFNFOU F STU QFSIBQT PCWJPVT D
TQFDUJWF KVEHFNFOUT SBUIUGIBTUPGOBMBO®WI UPX BBT U X
UFOUJBMMZ TFWFSFTIPSUDPNJOHT 'JSTU UIFSFOFFETUP
UIBUEPFT OPU SFRVIJSFTQFDJBMJ[FELOPXMFEHF UP FWBM
NFFUTUIJTJEFBM CVUQFSIBQTEPFTOPUDBQUVSFUIFFTTI

FTFDPOEQPUFOUJBMTIPSUDPNJOHJTUIBUJOUSPTQFDUJI
P FOJOUFSBDUDPOTDJPVTMZ XJUIUIFJSLOPXMFEHF PG MB
PGMBOHVBHFLOPXMFEHFJTIBWJOHIVNBOTDPNQMFUF B UE
NFBTVSJOH TPNFBTTPDJBUFE CFIBWJPS BOE UIFO FWBMVE
UIF SFMBUJPOTIJQ CFUXFFO UIF MBOHVBHF NPEFM QSFEJD!
MBOHVBHF NPEFMT NBLF QSFEJDUJPOTBCPVUVQDPNJOH X}
UP EPUIFTBNFFYQMJDJUMZ 8IFODPNQMFUFE GEBEAVMRBOT |

4QFDJ DBMMZ UIFQBSUUIBUDBO CFNFBTVSFEJT XIJC
DPOUJOVBUJPOTPGBUFYUTFHNFOU /PUFUIBUDPOUFYUTL
NBIMJOH UIF MFUUFS_*BwYPE BRWP WFBHEFOPOTUSBI®WIOH BT
4JODF MBOHVBHF NPEFMTDBOOPUICSFBLW XIFOUIFZFODP\
NVTUNBLFMFTT FYUSFNF QSFEJDUJPOT UIBO UIPTF TVHHFT
TQPOENTUI BOE -FWIZPO SNFE B EJTTPDJBUJPO CFUXFFO $N\
MBOHVBHF NPEFM QSFEJDUJPOT BT XFMMBTCFUXFFO $MP|

*ODPOUSBTU UPJOUSPTQFDUJPO BOE $MP[F QFSIBQT UIF (
IVNBOLOPXMFEHFPG MBOHVBHFJTWJBPOMJOFDPNQSFIFO
JOUFSBDU XJUIMBOHVBHFJO SFBMUJNF FNPTUQSPOPVOLI
UIF MJIOHVJTUJD TUJNVMJIJBSFBCFSSBOU XIFUIFSUIBU BSJ
UBY TFNBOUJDT QSBHNBUJDT PSTPNFDPNCJOBUJPO UIFS
SBQIZ BSFFTQFDIJBMMZ QSPNJTJOH BT B XBZUP NFBTVSF I\
*OQBSUJDVMBS UIF/ JTUSBEJUJPOBMMZWIBTPBOBUYFMMJ



*OUSPEVDUJPO MBOHVBHFNPEFMTBTTJHO

ZBSE BOEUIF1 JTUSBEJUJPOBMMZBTTPDUBRFIPXUWBAEZOUB
J)PMDPNC #VUUIFOBHBJO UIFTFNFBTVSFT GPDVT PO EFUFDU
XSPOH FZEPOPUTBZNVDIBCPVUUIFDBTFJO XIJDIQSPDFTTJ

FSFBSFBOVNCFSPGNFBTVSFTPGIOPSNBMw MBBOHWBHF QSPI
8JU[FM BOE'PSDPRNQBSFE UISFFNBJO XBZTUP NFBTVSF SFBEJC(
USBDLJOHNFBTVSFNFOUTJOWPMWEF XIFSF XIFO BOE GPS IPXI
HIWFT B XJOEPX UP XIBU XPSET UIFIVNBO JT DVSSFOUMZ QSP
UP SFDPHOJ[FBOE JOUFHSBUF UIFOFX JOGPSNBUJPO XJUI UIF
TFMG QBDFEVSIRBEBBBQFOUFS BOEVAPPMMEEIPDFFE XPSE CZ XF
UISPVHIBUFYUCZQSFTTJOH B PSUWFS (YF5ESF®B .BOFE &§MMJP
IVNBOT OBWJHBUFB TFSJFT PG CJOBSZGPSDFE DIPJDFT "UFB
JTBWBMJEDPOUJOVBUJPO PG UIFTFOUFODFBOEUIFPUIFSJT
XPSEJTBWBMJEDPOUJOVBUJPO PG UIFTFOUFODFBOE UIF PUI
UJOVFUIFTFOUFODFHSBNNBUJDBMMZ 'JOBMMZ UIFHSBOEMZ
UIFIOVNCFSPGUJIJNFTQFSTFDPOEUIBUBOBCSVQUEJTDPOUJO
*UJTCFMIFWFEUPCFSFMBUFEUP DP.BGJUBMM F PSU BT PQQP

4USVDUVSFPGUIFUIFTJT

JTUIFTJT POUIFMBOHVBHF NPEFM EJWFSHFODF IBT UXP QBSU
QMFUFTPNF XPSLJOOPWFMBSDIJUFDUVSFTBOEMPPLGPSDPO
4P JOABRASFTFOU UISFF OPWFM BSDIJUFDUVSFT UIBU *BMSFB
FZBSFUIF$VTUPN %FDBZ -BOHVBUWIF.PEFWF GUBBVWRBFDVSSFOU
IFUXPSL -BOHVBHF .PEFBOBIBIGUPOH 4IPSU 3FDVSSFOU $POUF
.PEFM $IBQUFF® *EP POFBOBMZTJTPG MBOHVBHF NPEFMIiLOPX
MPHIJDBM MFWBOEPBRBBIIFTFOUINFOU MFWFM $IBQUFS

FO JOIBSWTF WBSJPVT NFBTVSFT PG IVNBO CFIBWJPS UP FW!
$IBQURSFTFOUT B TUVEZ PO EJSFDU JOUSPTQFDUJPO JOUP UII
FMT $IBRUWST UIFCBTJD GSBNFXPSL GPSIPX*PCUBJO EBUB C
ulBUUIJTEBUBDBOCFFWBMVBUFEBHBJOTUIVNBO CFIBWJPS
SFMBUJPOTIJQ CFUXFFO TVSQSJTBM XPSE GSFRVFODZ BOE X
NZIVNBOOFTT TUVEJFT BSF OPU DP O GPFWOEM ¥ B UFFOM B O I$ VBBHUF A\
FMTBHBJOTU &OHMJTIFZF USBDLJOH EBUB &OHMJTI ( .B[F EBL
4JODFMBOHVBHFNPEFMTFYQMBJOFENPSFWBSJBODFJO UIF (
EBUB *SFQPSUBOFXEBUBTFUPG ( .B[FSFTQPOTF UJNFT UIBU
GPSNBDPNQVUBUJPOBM BOBMZTJT PG JU UIBU TIPXT EF OJUJV
EJWFSHFODF $I8RMHIB CBUUFSZPGUFTUTGPSTZTUFENBUJD EJ
UIFOFX ( .B[FEBUB *TIPXMJOHVJTUJD FWJEFODFGPSUIF EJW

‘JOBMMZ *DPODMVEFDOGBHBQUFSIJOHUIBUUIFEJWFSHFODEF XJI
BOE*P FSBOPVUMPPLGPSUIFGVUVSFPG MBOHVBHF NPEFMJC



$IBQUFS

-BOHVBHF NPEFMTDBO NJNJ
CVSTUJOFTT

"TJOUSPEVDFE BO£ZIBAURSFFOCFSH BORUINMBEMRSF USJHHF
F FDUTJODPSQPSBTQBOOJOH BU MFBTU XPSET *UJT Q
DVSWFT JO X1JDI B XPSE CFDPNFT NPSF MJLFMZ UP PDDVS |
DSPTT USJHHFSJOHDVSWFT JOXIJDIBXPSECFDPNFTNPSF
PDDVST WBSZ XJEFMZ BNPOH XPSETBOE XPSE QBJST F TL
NPOMIJOHVIJTUIJDLOPXMFEHFIBWFMFEUPUIFSIJTFPGUIFU
MBOHVBHF FJEFBJTUIBUJGBUPQIJDBQQFBSTPODF QFSI
GPSUIJTUIFTIT UIFUPQJDBQQFBSTNBOZNPSFUJNFT J F

6QPOJOTQFDUJOHUIFUSIJIHHFSJOHDVSWFT *DPOUSJCVUF
DPVMENJOJNBMMZMFBSOEFDBZQSPWHRIPNBDHNFSEOH DVT
IPX*DPJOFEUIFOBNFGPSUIFOPWFM MBOHVBHF NPEFM BSI
UIF$VTUPN %FDBZ -BOHVBHF .PEFM $%-.

*OUSPEVDUJPOBOE #BDLHSPVOE

#FGPSF $%-.T TDJFOUJTUTQSPQPTFEUIBUTFWFESB®™ NPEFN
BOE %F .PSJTLJQNR¥BMIUF FUBRNUB[J 'BVCFM BOE ,MBLPX
BOE SFDVSSFOU OFVSBM OFUXPSL MBOMV B/HFURBBMBRONY S3H /- .
USIJHHFSJOHPWFS MBSHFDPOUFYUT #VU GSPNDIFDLJOHE
UIFTFMBOHVBHFNPEFMT NZDPBVUIPSTBOE*DPVMETFF UI
DSPTT USJHHFSJOH "MTP KVTUUPDBQUVSFBVUP USJHHF.
IJCIJUIWFMZ MBSHF OVNCFSPGQBSBNFUFSTBTUIFWPDBCV|
CVIMUUPDBQUVSF MPOH SBOHF EFQFOEFODJFT XIJMF HSP
TVvC MJOFBS JO WPDBCVMBSZ TIJ[F FZPVUQFSGPSNFE MB:



-BOHVBHFNPEFMTDBO NJNJDIVNBO C\

QBSBNFUFST XFSF OPU DPOTUSBJOFE UIJT XBZ "EEJUJPOBMM
WBSJBUJPO PG QFSGPSNBODF NFUSJD BHBJOTU UIF WBSJBUJP
.Z DPBVUIPST DPOEVDUFE B TUVEZ PG UIFTQBSTFOFTT PG XPS
DPOUFYUTJ[FT BOE*IFMQFEUPJOUFSQSFUUIF SFTVMUT

4ALIQNPEAMONPEFMT FOVNFSBUFEEBND EFVODEM MM XIXRIMEDBSE
BUTQFDJ DQPTJUJPOT JTUFDIOJRVFJIJODPNCJOBUJPO XJUIE
PETTQBOT MBSHFSDPOUFYUTJ[FTBOE SFEVDFTUIFTQBSTFOF
QBSBNFUFST DOWMMIHFSFXTQWAF WPDBCVMBSZ TJ[F BT UIFDPOUF
NBLIJOHUIFNDPNQVUBUJPOBMMZJOF DJFOU *OUIFPSZ UIFTL
UJ[FE CVUUIJT XPVMETUJMM SFRVJSFUIFNPEFMBSDIJUFDU U]
BSDIJUFDUVSFPDDVQJFE JOJUTUJNF BOJDFQPTJUJPO XJUI S
UIPSTBOE*HBWFJUUIFNJOIJNBMOVNCFSPGQBSBNFUFSTUIBU
BOEJUTUJMMIBESFQSFTFOUBUJPOBMQPXFSNPSFBMPOHUIF|
NPEFMT UIBUQSFDFEFE JU

'‘PSUIFFYQFSINFOUT NZDPBVUIPST CVIMU TLIQ NPEFMT CZ D
HSBNT BOE EJTUBODF HSBNT XIJDI FYUFOEFE UIF SBOHF 1S
IBECFFO TIPXOUPPVUQFSGPSN TUBYBFNPLIOHA BG B [IMNBPLAPX F E

3/1-.T 3/I-.-TQSPWJEFEJIJNQSFTTIWFQFSGPSNBODFHBJOT XIFC
UFNQPSBSZ MBOHVBHF NPEFMT SPVHI SFDVSSFODF UIFDPO
TFOUJBMMZ JO OJUF PSBUMFBTU GPSNBMMZ VODPOTUSBJOF
GPS MPOH SBOHF EFQFOEFODJFT )PXFWFS USBJOJOH 3//-.T D
UIFPVUQVUNVTUCFOPSNBMJ[FE GPS FBDI XPSEJOUIF WPDBC
SFMBUFEQSPDFEVSFTUIBUJOWPMWF EFDPNQPTJOHUIFPVUQ)
OPSNBMJPBPEENBO C 60GPSUVOBUFMZ VTJOHDMBTTFT GPS OP
DBUFTUIFUSBJOJOHQSPDFTT TJODFJUDSFBUFTB QBSUJDVM
PCTFSWFE JO XIHSEHFFWFO GPS TNBMM WBSJBUJPO JODMBTTFT
WBSJBUJPOJO QFSQMFYJUZ

* USBJOFE NBOZ 3//-.TJO UIJT UJNF VTJOH BJQP®WVMWBRUJIBIQ M F N
D JTJNQMENFOUBUJPO CVIJMBT+2RAV XPISLTBABNBSFRSTSF
XIEFSFJTUIFOVNCFS PG IJEBFQ@ VOOUNBPEPG OPSNBMJ[BUJPO L
JODSFBTFCZPOFJOUIFIJEEFO MBZFS TJ[FJODSFBTET UIF OVN

DB CV MB®XY ¥ BI[C)

$VTUPN %FDBZ-BOHVBHF .PEFMT

5P CVIJME $%-.T NZDPBVUIPS .JUUVM 4JOHI XBT JOTQJSFE CZ N\
XIIJDINBWFTVC MJOFBSHSPXUIJOUIFOVNCFSRPICPXBSBNFUFST >



$VTUPN %FDBZ-BOHVBHF .PEFMT

'‘JHVSF7BSJBUJPO PG QFSQMFYJUZ BHBJOTU UIF OVNCFS PG
IJEEFO OPEFT

FNPEFMBSDIJUFDUVSF DPOTJTUFE PG UXP BS8BN N PE MW H
'PS B IJTUPSV PGGrHHEBN QBSU MPPNT BINUKKIM SDSFEFDFT
TPS XPSET BOE UIF MPH MJOFBS QBSU DBQUVSFT UIF USJH}
dJO UIF $BEHF(JWFO UIF TUSI®H/BG X®SEX: Wig XIFSF

h=fw ms2; ;Wg BOETVQQRII®HWBWBO CFEF OFEBT

) 1 )
P(Wispjhi) = Z(h) P3 gram (Wi+1 JWi 1, W;)
I

X 3
F Y@Viﬂ Vwi R + X EWi+1 Tkak)

k=i N+2
XIFSBT UIF QPTJUJPO J®:YikF EPBVNBOEBSE MSBNUIBOE
WFDUPS SFQSFTFOUBUJPO PG 8RN XPS KBYEBUR TBEXBEFE JD U
EJNFOTJPOBM DPOUJOVPVXVEFQORFRAVMBUF @ UNIEXBIB® CF PG
VOEFSTUPPEBTIDMBTTFTwDBQUVSJOHMBUFOU TFNBOUJD
EY" SFGFST UP B DPMVNO PGHRJIXIBRIKFIPOTNBIEFSIRSEPNVFD UP
QSFEJDU UIF OFYU XPSE 4VDIB NBUSJY DBO CF UIPVHIU PG
UIFDVSSFOU MBUFOU TUBUF PG UIFNPEFM FTFMBUFOU TU
WFDUPST 1SFTVNBCMZ TPNF XPSETBSFDMPTFSUPUIJT TL
TUBUFT SFQSFTFOU TFNBONBIDSD ¥ OBOAQUUSIBWIBMBUF JOUP XP !

FNPEFMBMTP JODMVEFT B EJTUBOPBHA QBDB OPBSEBOOAD U PB(
POFEJTUBODF CBTFEMBUFOU TQBDMNBRBOPHUTREF ORSH KIEIF
PG FBDIXPSE XJUIJOUIF MRBSOCWBUBUBFAJBDPQIKFPTFE UP ~
XPVMEQSPWIJEFBVOJGPSNEFDBZ BOEBTPQQPTFEUPWEFDL
EFDBZ UIF TIBQF PG U | FDE/FUBNGB/MDI DXWHEEO ITIDI JT XIZ UIJT
OBNFEUIF$VTUPN %FDBZ-BOHVBHF .PEFM

JTTFUVQBMMPXTUIFNPEFMUPDPOTUSBJO UIFOVNCFS PG
BEEFE UP UIF MBUF QUNBUBJUN @CPWVEZTWUFE CF VQEBWE "QBSU



-BOHVBHFNPEFMTDBO NJNJDIVNBO C\

QBSBNFUFST SFRVJSFE UP DPODWEYDRBIBN UGBS B BR UWHBAPFUEI
NBUSJYBOE UIFuP BOWBDEFEBESBNFUFST G F,SN.BSBIJIDIFOMH U | F
*OBMM $%-.QBSBNFUFSTJOINSFBTFTVC MJOFBSMZ XJUI

"TTIPXOJOUIFMBTU MJOH P S REMBVMPROMIQKBBMEBPNCIOFT
DPOUFYUQPTJUJPOUP GPSNBMPOH EJTUBODFQSFEJDUPS PG
JOTQJSFECZTLIJQ NPEFMT JT NPSFDVTUPNJ[BCMF BT JU BMMF
DMVEFNBUSJYCBTFEGPSNVMBUJPOTBOEOPUCFDPOTUSBJOF
FMT PVHIUIFFYQPOFOUJBM FMFNFOU DBQUVSFT UIF MBUFOU
GFDUTBSFUPPTVCUMFUP DBQUVSFNBOZTIJNQMF TIPSU EJTU]I
EFUBIJIMT *OPSEFSUPNBLFUIFNPEFMSJDIFSJOTQBSTF TFR
MJOFBSMZ DPNCJOFE UIF MPOH BIJHYBKWD.F DPRFPES-0R XTUJ BB
UIFQBSBENWRUBECGE NZDPBVUIPSTVTFEUIFTUPDIBTUJD HSBEJFO
BOENJOJNJ[FUIFUSBJOJOHQFSQMFYJUZPG $%-.

-BOHVBHFNPEFMJOHFYQFSJIJNFOUT

$PSQVZDPBVUIPSTUSBJOFEBOE FWBMVBUFE UIF MBOHVBHF N
BT QSFQSPHBHISGEBLZVTIJOH UIF USBEJUJPOBM EJWJTJPOT PG U
GPS USBJOJOH , UPLFOT TFDUJPOT GPS WBMJEBUJI
GPSUFTUJOH , UPLFOT %FTQJUFJUT OBMWPDBCVMBSZ
TJ[F UIJTQBSUJDVMBS WFSTJPOPGUIF1FOOS5SFFCBOL XBT BT
PG OPWFM MBOHVBNPNPHEFBWMFOH FUBM F TNBMM TJ[F NBLFT
USBJOJOHBOEUFTUJOH GBTUFS CVUBMTP NBLFTEFNPOTUSB!
EJ DVMU 1SFTFOUMZ UIJTDPSQVTJTOPUVTFEBTNVDIGPS M|
UIFSFJTBOFYQFDUFEDFIJMJOH UIFQFSQMFYJUZ NBZ OPU GBN

&EYQFSINFOUBMMAABMWOQIPST DPOTUSVDUFEQFSQMFYJUZFYQFS.
UIFBNPVOUPGIiILOPXMFEHFwWUIF $%-.TBDRVJSFEEVSJOH USBJ

*OPSEFSUPFTUBCMJTIUIFNPTUDPNQFUJUJWFCBTFMJOFT UI
XFSFPQUJINJ[FE GPS OVNCFS PG DMBTTFT 3FDBMMUIBU UIFTF
QSPDFTT BTPQQPTFEUP $%-.DMBTTFT XIJDIGPSNBWFSZJOU
XFSF PWFSIBVMFE GSPN UIF 3//-. BMUPHFUIFS USBJOJOH XPVI
QFSQMFYJUZ SFTVMUT XPVME CF TMJHIUMZ MPXFS .ZDPBVUIF
QFSQMFYJUZ WBMVFT GPS 3//-.T XJUI BOE IJEEFO OPEFT |
QFSQMFYJUZWBMVFT GPS 3//-.T XJUI OPEFT FTFNPEFMT XF
BWBIJMBCMF 3//-. UPPMLJU @®F V/IPIOBROE@RATIWBSIHFNFOUT

Fn HSBN NPEFMT VTFE XFSF USBROPEXJBZ XFSF B VOJ FE
TNPPUIJOH 6GIBRIOE BO JOUFSQPMBUFE NPEJ FE ,0FFTFS /FZ |
./ NPEFM XBT USBJOFE XJUI UIF@GPMM PX i, HkKBMVR F@.UTKBM R
@:ijKBM R @FM/Bb+QmMi @BMi2 TQH i2



SFTVMUTBOE %JTDVTTJPO

$%-. VTFTUIFVOJ FE TNPPUIJOH HSBNBTUIFTIPSU EJTU
PGJUT NPEFMBOEUIF MPOH EJTUBODF FYQPOFOUJBM FME
XPSETB FSUIFUSJHSBN

FMFBSOJOHBEBUWRUBUJIJPO TDIFNF XBT NBOBHFE CZ UIF BEB!
%VDIJ )B[BO BOE 4JOHFBQUJINJI[JOH PO UIF XBWF¥PBNFOU
001 BOEUIFEJNFOTIJPOBMJOCZXBG WHBMBWFOU TQBDF

8IJMF CVIMEJOH $%-.T NZDPBVUIPMF4SBOBLSBYVOFE BUID P
TUJUVFOU @BSSBEN PUASIM BV$E6- . POMZ VQEBIUMFHUSBJOJOH
QSPDFTTJIJUMSB&IFE VQ UP

SFTVMUTBOE JTDVTTJPO

$%-. SPCVTUOFTTBOBMZTJT

‘JHVSF -F 1FSQMFYJUZWFSTVT OVNCFSPGDMBTTFT $ JO
$%-. TUSBOTGPSNHEXPNSEBTTYBPE BUEJ FERORISUISFT
TVTJIJUT DPOMUFHQUSTFIMFOUFE UIF MPOH EJTUBODF IJTU

$%-.T TIPXFE SPCVTU WBSJBUJPO PG QFSQMFYJUZ XJUI DIB
VSF FQFSQMFYJUZWBMVFTEFDSFBTFENPOPUPOJDBMMZ
TJODF FBDI JODSFBTFJODMBTT DSFBUFE NPSF QBSBNFUFS
GSRIN4 UR =5 EPVCMFE UIFRWBCUBSSPET XIJDIDBVTFE UIF MB
JUZESPQ

"MPOHXJUIUIFSPCVTUOFTTTIPXOCZ$%-.T UIFMPH MJOFB
BGPMMPX VQ TUVEZ PO UIF TQBSTFOFTT PG UIF USBOTGPS
CZV, GPSEJ FSFOUEJTUBODFT .ZDPBVUIPSTNFBTVSFE T(
USJY FOUSJFTCFMPXBHJWFO UISFTIPME #ZUIJT NFBTVSF
OVNCFS PG FOUSJFTCFMPX UIFUISFTIPMEUIBOBMFTT TQB
WBSJBUJPO PG UIRVEQBBUISOFAT GPSEJ FSFOU UISFTIPMET
TI[FPG $%-.JO 'J#OVSFETUDBTFT NZDPBVUIPSTBOE *PCTFS\



-BOHVBHFNPEFMTDBO NJNJDIVNBO C\

TJ[FIJODSFBTFE UIFUSBOTJUJPO NBUSJDFTIBE GFXFS FOUSJF
MFTTTQBSTF FSFGPSF NZDPBVUIPSTBOE *DMBJNFE UIBU Ul
UIFTQBSTFOFTT QSPCMFNBOEBMTPBMMPXFEUIFFYQPOFOU C

- SBOHRFJEEFQ1- /IP1
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5
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A 31-. 5+1 50
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SBCMFSFTUTFUQFSQMFYJUZ 11- BOEUPUBMOVNCFS PG QBSE

1FSQMFYJUZ SFTVMUT

5BCMRSFTFOUT B DPNQBSJTPO PG $%-. XJUIEJ FSFOU MBOHVB
UIFJSUPUBM OVNCFSTPG QBSBNFUFSTBOE UIFLSEDVASEQMFYJUJ
QFSGPSNFEUIFVOJ FE TNPIRBIDOH-ZHBBNPSF QBSBNFUFST BOE
FODPEFENPSFJOGPSNBUJPO PWFS MBSHFEJTUBODFT

$%-.PVUQFSGOIIMFOBVTFPG TQBOOJOH MBSHFS DPOUFYU TJ[F
QBSBNFUFST B$%UT BMETFPABWQ F UG NFPNFEMI IO GBDU JODSFB



$PODMVTJPO

UIFDPOUFMUJUFPFPHBIU XPSET PCUBJOFE B QFSQMFYJUZ PG
UIBOUIF$%-. QFSQMFYJUZ PG GPSBDROBFRVISFEPG G|
NIMMJIPO QBSBNFUFST XI1JDI XBT NPSF UIBO B UIJSE HSFBUF
TFWFO XPSE $%%-"XIBPBCMF UP QFSGPSXJURF GFXE & BN C F !
PG QBSBNFUFST 8I$®-DRPRNLIJQIXXDHSFBTIJOH UIFDPOUFYU TJ
PCUBJOFE QSPHSFTTIWFMZI/ICFUUFS QFSGPSNBODF UIBO

FFYQFSINFOUTGVSUIFSDPNQBSFE $%-.T XJUl 3//-.T "O 3/
OPEFTIBE BCPVU UIF TBNF OV N$@F SBROGE QFSENFBWNFET BTQFSQ
QPJIJOUT XP&%F. UIBMSFBTJOH UIF IJEEFO VOJUT GPS 3//-. UP
QFSGPSNJOH 3//-. JTDBNFBUBDPTUPGVTIJOHB MPU PG C
QFSGPSNJOHMBOHVBHFNPEFMT XJUIGFXFSQBSBNFUFST 1
XJUI IJEEFO VOJUT XIJDI XIFO M3% F.BSMZ BHNC PO/RE XJUI
QFSGPSNFE3U/IF OAUDWH MFTT UIBO IBMG BT NBOZ QBSBNFUF
PVUQFSGPSNFE UIF,DBNOEI/OBYIBORGFXFS QBSBNFUFST C\
FODF XBT MJLFMZ OPU TJHOJ DBOU $PNCJOBUJPOT PG UIF
BOZMBSHF JNQSPWFNFOUT TVHHFTUJOH UIBU UIFSF XBT S
PWFSUIFTFUISFFUZQFTPG MBOHVBHF NPEFMT

‘JOBMMZ NZDPBVUIPSTBOE*PCTFSWFEUIBUUIFJODSFBTF
CFUUFS QFSGPSNBODF GPS FYBNPHEFM$3MF DPINOQBSEBHFB
DBOCFBUUSJCVUFE UP UI$%-J.D'® B SSHPBSIN\DM BOUBIFRENF®R FST G P
EJEOPUBMTP MFBE UP B CFUUFS QFSGPSHBQXBF/BHBJIOTU L
.ZDPBVUIPSTBOE *BMTRPCTFSB\CREE V3T GPGUIJT DBTF NZ
DPBVUIPSTBOE*TVTQFDUFE UIBUUIF MPXFS QFSGPSNBODF
DPOOFDUJPOT XIJDI GPSNBOJOUFHSBM QBSU PG 3//-.T #VL
X1JDIBSFOPUSFDVSSFOU DBQUVSFENVDIPGUIFMPOH EJT
MBOHVBHF NPEFMT EJE BT FWJEFODFECZUIFQFSQMFYJUZ

$PODMVTJIPO

*OUIJTDIBQUFS *QSFTFOUFE UIF $VTUPN %FDBZ -BOHVBHF
NPEFMT MPH MJOFBS UFDIOJRVFPG EIJWJEJOHDPOUFYU JC
JOHUIFN *ODPOUSBTU XJUITLJQ NPEFMT $%-.TVTFE B SJL
NBUSJY CBTFEFYQPOFOUJBUJPONFUIPEUPDBQUVSF MPOF
n HSBNNPEFMUPDBQUVSFUIFTIPSUSBOHF SFHVMBSJUJFT

.ZDPBVUIPSTBOE*PCTFSWFEQFSQMFYJUZJINQSPWFNFOUT
TLIQ NPEFMT XJUI MBSHFS SBOHFBOE ,OFTFS /FZ HSBNT '
DPBVUIPSTUFTUFEVTFE GFXFS QBSBNFUFST UIBO UIF MBSH
HSBNT $%-.T QSPWJEFE B SIJDIGPSNVMBUJPO GPS MBOHYV
OVNCFS PG QBSBNFUFST XBTDPOTUSBJOFE



-BOHVBHFNPEFMTDBO NJNJDIVNBO C\

‘PSUVOBUFMZ GPS MBOHVBHF NPEFM SFTFBSDI CVU QFSIBQT V
NPEFM TJ[FJT OPU UIF DPODFSO UIBU JU XBT JO 'PS GSFF
PQFO TPVSDF MBOHVBHFNPEFMT XJUICIMMJPOTPG QBSBNFUF
FYJTU CVUBSFMFTTP FOGSFFUPVTF *OTIPSU UIFQSPQFSL
USJHHFSJOH JT OP MPOHFS UIFIJNQSFTTJWF GFBU UIBU JU XBT
WFSJGZJOH UIBUUPEBZ TMBSHF MBOHVBHFNPEFMTDBQUVSF
JOGPSNBUJPO )PXFWFS JUJTXPSUIOPUJOHUIBUGPS MPX SFT
MBOHVBHF NPEFM XJUIGFXFSDPOOFDUJPOTNJHIUCFBOBTTFL
UPNPEFMUSJHHFSJOHJO TVDIBDBTF



$IBQUFS

-BOHVBHF NPEFMTDBO NBLF
NFBOJOH SFQSFTFOUBUJPOT

FDPSFJEFBCFIJOE4FRVFOUJBM 3FDVSSVBMJIMVFESBBBIMFUXP
XBTUPDPNCJOFUIFCFOF UTPGBGFFEGPSXBSEOFVSBM OF
SBOHFDPOUFYUWFSZ XFMM XJUIBSFDVSSFOUOFVSBMOFL
DPOUFYUWFSZXFMM JTOFUXPSLBSDIJUFDUVSF OP MPOH
HVBHF .PEFM BMMPXFE DPOUJOVPVT SFQSFTFOUBUJPOT G
DPOUFYUVBMJ[FFBDIPUIFS *OBEEJUJPOUPQSFTFOUJOHT
UJNF UIJT XPSLBSHVFEUIBU UISPVHI MBUFSBM DPOOFDUJ
EJOHT XPVME CFDPNFNPSFTQFDJBMJ[FEUPXBSE TZOUBDU.

*OUSPEVDUJPO

$POUSBSZ UP '// SFDVSSFOUNPEFMT TVDIBT 3// BOE -45. Q!
POMZPOUIFDVSSFOU XPSEBOE UIFDPOUFYU SFQSFTFOUB
BCPVU XPSEQPTJUJPO SBUIFS RVIJDLMZ BOE DBOOPU NPEFN
'// BORB HSBNT 'PSFYBNQMF &OHMJTIIBT QPTIJUJPABWEFQFO
ilF TBJEIFw iIFNFOUJPOFE IFw y FQPTJUJPO PGIIFWJIJTF
QSFEJDUJPOJO UIJTDBTF BOEUIF SFDVSSFOU NPEFMT BSHF
UIFZBSFCFUUFSGPSTNPPUIJODSFNFOUBM VQEBUFTBOE I/

JT DIBQUFS QSPQPTFT B OPWFM BQQSPBDI UIBU NPEFMT TI
BOE MPOH SBOHF EFQFOEFODJFT MJLF 3// *O QBSUJDVMBS
FODPEJOHPGUIFMPDBM DPOUFYU BOE B SFDVSSFOU BSDIJ
NBUJPO UP TFRVFOUJBMMZ FWPMWF JO UIF OFUXPSL BU UIF
XPSESFQSFTFOUBUJPO BSFFOIBODFEVTJOHUIFDPOUFYU .
SFQSFTFOUBUJPOT GSPN B VOJWFSTBM FNCFEEJOH TQBDF



-BOHVBHF NPEFMTDBO NBLFTQFDJBMJ[FENFBOJOH SF

TZTUFNQFSGPSNTUIFOFYUXPSEQSFEJDUJPOBTJUJTUZQJDB
OFUXPSL XFIJHIUT VTFT UIF #BDL 1SPQBHBUJPO SPVHIS5JINF #]
3// FNBJOEJ FSFODFIFSFJTUIFBEEJUJPOBMOFUXPSLFSSPS
TFRVFOUJBM DPOOFDUJPOT 1FSQMFYJUZ FYQFSJIJNFOUT TIPXI
TFRVFOUJBM DPOOFDUJPOTDBO TVCTUBOUJBMMZ JIJNQSPWEF UI

IFVSBM OFUXPSLMBOHVBHF NPEFMT

FGPMMPXJOHUXPTFDUJPOT SFQPSUUIFNBUIFNBUJDTCFIJOE
JOHFOFSBM BOEBMTP UIFTQFDJ DBSDIJUFDUVSFPGUIF 43//
FNBUJDBM SFTVMUTPSJIJNQMFNFOUUIFNPEFM *JODMVEFUIFT
UIFN XJUIUIFIFMQPGNZDPBVUIPST IFMQFENFGPSNBCBTJTF
QMFY MBOHVBHFNPEFMT XPSLFE *OBEEJUJPO *QBSUJDJQBUF
‘JOBMMZ *1JHIMIKIUBFRBIRZ EFEJDBUFE XPSLEVSJOHUIJT Q.

FHPBM PGB MBOHVBHF NPEFM JT UP FTURWNB BB XIFFSESTPFCBC J M.
RVFQWEW;::;;wy 6TJOHUIFDIBJOSVMF UIJTEJTUSJCVUJPO DB

p(wi) = p(w jwi')
t=1

FSFTUPGUIJT TFDUJPO TIPXTIPX'//BOE3//BSFVTFEUPBQQS
EJTUSJCVUJIPO

'FFEGPSXBSEOFVSBMOFUXPSLT

AINIMBSHVEBWPNPEEMT '//VTETUIF .BSLPW BUP\B)@SBFPYARE PSEF
pw]) BDDPSEJOH UP

T Y iangtil
p(Wl) p(Wt J Wt :In+1
t=1
4VCTFRVFOUMZ FBDI PG UIF UFSNTp(&\OjVWHMWHEFJF(ILUJJI&I'BQSEEVE
TFQBSBUFMZ JOBTJOHMF CPUUPN VQFWBMVBUJPO PG UIF OFL



IFVSBM OFUXPSL MBOHVBHF NPEFMT

Xty JT B POF IPUFODPEWMHRIGYFBKRBSEHFROOPEG UIF DPOUJC
PVT XPSE SFQSFTFOUBUJPOTP Yy JT BNCEFEGUOBVYPVVBFQSFT
UIF X EW BOE=[Vy;:::;

MFBSOFE EVSJOH U S BU O.PGH P/ BEEB O BDQJUWBUJPO GVODU.

g() JTUIFTP NBY GVODUMWR TIAXBEBO FYBNQMF PG BO '// XJ
DPOUFNYUIIMIUIBTIOHMFIJEEFO MBZFS

'JHVSF'//WFSTVT 3//BSDIJUFDUVSF

SFDVSSFOUOFVSBMOFUXPSLT

"O3//BUUFNQUT UP DBQUVSF UIF DPNQWFUH JDTBFRS FO BCDJ
UIFTUBUFPG UIFOFUXPSLBOE FWPMW F WD BDNDP SES 6 E RIFF

v

-
p(wy) P(W; j Wei; heig) = p(w, j hy)
t=1

t=1

3/lFWBMVBUFTUIJTEJTUSJCVUJPO TIJNJMBSMZ UP'// F NB.
BOE XIJDIBSFDPNCJOFEJOUP

Hi=f (X1 U+ Hyn V)

'JHVSFSJHIU TIPXTBO FYBNQMF PG B TUBOEBSE 3//

FOFY
BO 3//DBOCFFYUFOEFE UPFYQMJDJUMZ NPEFM TIPSU SBOF
TFRVFOUJBM DPOOFDUJPOT



-BOHVBHF NPEFMTDBO NBLFTQFDJBMJ[FENFBOJOH SF

4FRVFOUJBM 3FDVSSFOU/FVSBM/FUXPS

FNBJOEJ FSFODFCFUXFFOBO3//BOEBO'//JTUIFDPOUFYU SF
DIJTFMZ FDPWPRSBOMBZFISFTUIJNBUFECBTFEPOB YFEDPOUFY
N1 XPSET XIFSFBTHIOBDBOTUBOUMZVQEBUFE BUFBDIUJNFJU
UIFMBTU XPSEBOEIAPOUFYU BU UJNF

F43//OFVSBM BSDIJUFDUVSF

.ZDPBVUIPSTBOE*EFWFMPQFE 43//BTBOBSDIJUFDUVSF XI1JDI
EFODJFT PWRSXREM@PUJUIJPOT BT JIJUJT EPOFJO '// BOE UIF M|
UISPVHI SFDVSSFODF TJNJMBSMZ UP 3// FEFTJHOPGUIJTTU
F DIJFODZPG3//UPNPEFMQPTJUJPOEFQFOEFOUQBUUFSOT XI
DPOWFSTBUJPOBM TQFFDI *BTTFSUUIBUBO 3//MPTFTJOGPSN
BOEUIFSFGPSFDBOOPUF DIJFOUMZ NPEFMAIRSBNSBPHF EFQF(
FMT IPXFWFS BSFEFTIJHOFEBT QPTJUJPO EFQFOEFOU NPEFM
DPOUFYU &YUFOEJOH3//TUSVDUVSFUPSFQSFTFOUUIFTIPSU
JO '/ XIMMIFMQJNQSPWF UIF NPEFMJOHPG TIPSU SBOHF DPOU
UP DBQUVSF BOZ SFTJEVBM BEEJUJPOBM DPOUFYU JOGPSNBI
=tin+1;::t]12UIJNFIJUFSBUJPOT CVU XIJDINBZIBWFCFFO MPTU |
VQEBUF XIJDIJTCBTFE POMZ PECRIMMETU SBSEPMIAFIHVSF

XPSTUDBTFTDFOBSJP UIFDPOUFYUJOGPSNBUJPO XJMM CF T.

UPIBSNUIFQFSGPSNBODF FSFTUPGUIJTTFDUJPO JOUSPEVE
PGUIJTBQQSPBDI

'JHVSF)JTUPHSBNT PG UIF QSPKFDVJROLUBOEEEFPE XHIHIUT
VSF GPSFBDIPGUIF XPSEQPi3BJBOB PAWFEADO3/3$#
FTFIJTUPHSBNTTIPXUIBUUIFNBHOJUVEFPGUIF XFJHI
QPTIJUJPO 1WHFPN CVUEPFTOPUOVMMIGZ VT UIFNPEFN
DBQUVSFETPNFHPPETIPSU SBOHFEFQFOEFODJFT



4FRVFOUJBM 3FDVSSFOU/FVSBM/FUXPSL

F4AFRVFOUJBM 3FDVSSFOU/FVSBM /FUWPBD DA E JBXHASP Y J I

T Y S Y ot
p(wy ) PWe | Wy "hag s Peine ) = P(We J by nap)
t=1 t=1

VT BTTIPXOJO &RVIBFUBROBSDIJUFDUVSFFYQMJIDJUMZ SFQ
UIFMBXPSEQPTJUJPOTJIJOUIFNBOOFSE&BEGQOIBORFEWIFGL
XPSE SFQSFTFOUBUJPOT VTJOH UIF SFDVSSFOU DPOUFYU J
UJBMMZ XJUIJO UIF OFUXPSL 'VSUIFSNPSF TFUUJOH UIF DI
n=2 JO &RVBUMPBET UP UIF 3//BQQSPYIJNBUFBGEARPSRBEJ
43// BQQSPBDIDBOCFTFFOBTBO FYUFOTJPOPGUIFTUBOE
DBQUVSFTIPSUSBOHFDPOUFYU

FBEEJUJPOBM TFRVFOUJBM DPOOFDUJPOT BMMPX UIF DP(
UIFQBTU UP UIF GVUVSF XJUIJO UIF OFUXPSL FTF DPOOFL
*OEFQFOEFOU 8* SFDVSSFODFWFDUPS XI1JDI YFTUIFBNP\
UPQSPQBHBUFJOUIFOFUXPSL BTUIFZDBOCFEFTIJHOFE B"
UIJTDBTF FBDIXPSEXIJMMIBWFJUTPXODPOUFYUXFJHIUW
DPOUFYUIOFVSPOTWBSFSFMFWBOUGPSUIBUQBSUJDVMBS
BDDPSEJOHMZ

FOFUXPSLFWBMVBUJPOJTQFSGPSNFETIJNIJMBSMZ UP '//] U
UJPOXIJDICFDPNFTJOUIFDBTFPGUIF XPSE JOEFQFOEFOU

Poi = fs(X¢i U+ C Priin); i=nil:l

BTIJUCFDPNFTJOUIFDBTFPGUIFXPSE EFQFOEFOUNPEFM

Poi = fs(Xiii U+ Gy Prin); =0l

XIF8F) JTBOBDUJWBUJPO GVIODRMPOFROEXIJTFQSPBEVDU PQ
XPSE JOEFQFOEFOU SFDVSSF@RFXFUHAXWSBHO BEFQ POEBEBBT
XFIJHIUDPSSFTQRWEJOHUP XPSE

F43//NPEFM SFQMBDFTUIFVOJWFSTBM XPSEFNCFEEJOHT |
CZDPOUFYU EFQFOEFOU XPSE FNCFEEJOHT .BOEQBSUJD)\
TIPXUIBU FBDI XPSE SFQSFTFOUBUJPOJT FOIBODFE VTJOH
DFFEJOHUPUIFOFYUXPSEQSFEJDUJPO FSFGPSF UIJT QB
GPSNBUJPOGSPNUIFVOIJWFSTBMFNCFEEJOHTQBDFJOUP B
EJTDSINJOBUJPO PG XPSET



-BOHVBHF NPEFMTDBO NBLFTQFDJBMJ[FENFBOJOH SF

‘JHVSF4FRVFOUJBM 3FDVSSFOU /FVSBM /FUXPSL BSDIJUFDUVS
FSSPSQSPQEBHBUJPO EVSJOHUSBJOJOH UIJT HVSF EPF

'JHVSFTIPXT BO FYBNQMF PG BO 43// XJUI UISFF BEEJUJPOBM 1
n'1=3 BOEBTJOHMF IJEEFO MBZFS "TTIPXO UIJTJTBHFOFSB
EJ FSFOUOFUXPSLT *CQRSUJIPB KRS =T SUTOMUT JO UIFDMBT
TJDBM '// BSDIJUFDUVSF=2IREBET UPUBJTOBOEBSE 3// XJUI B EJ
SFDVSSFODF NBUSJY BOE BO BEEJUJPOBM OPORBDYBSEFOU ME
WBM@E]BIXFEX)= x MEBETUP UIF'JYFE TJ[FOSEJOBMMZ 'PSHFUUJ
'IBOH FUBMBSDIJUFDUVSF XIJDIXBTQSPQPTFEUP VOJRVFMZI

43//USBJOJOH

F QBSBNFUFST UP USBJO GPS BO 43/UB MRRORSRRSE P B NJPF EJEEJEH
DPOOFDUJRO=XWIH|WE] UIFIJEEFO UP PVUQVU WPBIOEFDUJPO X
UIF DPOUFYU XEGP S WIFBYRNREHRGE:PCL]! XIFBERTUIF WP
DBCVMBSZ TJ[F GPS UIF 8% NPEFRMJO Q@ LA WPIDEBTFV M BB ZXPBSBM CF
BDUFSJ[FECZUXP MFBSOBCMFWFDUPST OBNFMZUJUIFDPOUJO
BOE UIF DPOUG,Y W X¥IMBBMZ UP 3// UIF QBSBNFUFS MFBSOJOH
UFDUVSFGPMMPXTUIFTUBOEBSE #BDL 1SPQBHBUJPO SPVHIS5
EJ FSFODF PDDVSTBU UIF QSPKFDUJPO MBZFS XIFSF UIF BEEJ
UIFTFRVFOUJBMDPOOFDUJPOTTIPVMECFUBLFOJOUPBDDPVC
JO'JHVSEFGPSFVOGPMEJOHUIF OFUXPSLJO UJNF

&YQFSINFOUBMTFUVAQ

.Z DPBVUIPST FWBMVBUFE 43// NPEFMT PO UXP EJ FSFOU CFOD
FYQFSINFOUT XBT DPOEVDUFE PO UIF 1FOO 5SFFCBOL 15# DP
TJPO .BLWMPW FUDBMBOHFUBMTFDUJPOT BSFVTFEGPS USBJ(
TFDUJPOT BOE BSFVTFEGPS WBMJEBUJPOBOEUFTUJO



&YQFSINFOUBMTFUVQ

UIFUPQ LNPTU GSFRVFOU XPSET XIJMF UIF SFNBJOJOH XP
IMMF=O PSEFS UP FWBMVBUF IPX UIF 43//BQQSPBDI TDBMFT |
SBO B TFUPG FYQFSJNFOUT PO UIF -BSHF 5FYUB$PEBBFTTJH

JTDPSQVT JT CBOREHBORITFU XI1JDI DPQ® EXWTFUIFG ST
2MrBFBKkyyeyjyj@T :2b@ i.BE+-DH2BXWKMST BEPQUFE UIF TBNF U
WBMJEBUJPO EBUB TQMJU; BBODEHESFRM PRIMTAVO M IGSIPRAQ L N
GSFRVFOU XPSET XSV FSBCMBDWE CEFUBJMT BCPVU UIF TJ[H
DPSQPSBBOEUIFQFSDFOUBHFPGPVU PG WPDB@&WMBSZ 00

5SBJO % FW SFTU
$PSQWPLFOT O0GBPLFOT O0OGPLFOT 007
15# , : ,
-5%#

5BCMF$PSQVT TIJ[FIJOOVNCFSPGUPLFOTBOEOO7 S

43/ NPEFMT BSF DPNQBSFE UP EJ FSFrOIGBNTOFNFSI OBAMVEJ
NPEFM BOE EJ FSFOUGFFEGPSXBSEBOE SFDVSSFOU OFVSE
XPSLT UIFCBTFMJOFTZTUFNTJODMVEF

UIF'// CBTFEFOHJP FUBM

'JYFE TIJ[FOSEJOBMMZ'PSHFUUJOH &ODPEJOH '0'& BQC
BTBGFFEGPSXBSE TFOUFODF CBTFE NPEFM F'0'& SFT
‘'0'& & UPPMIBOMH FUBM FSFTVMUTBSFSFQPSUFE GPS EJ F
n 1=1;224 BOEEJ FSFOUOVNCFSTPGIJEEFOMBZFST P

S3FHBSEJOH SFDVSSFOUNPEFMT NZDPBVUIPSTBOE *DPNQE

UIFGVMM 3// XJUIP\N.P M MWTFIUEB M

BEFFQ3BTDBOVFUBKMIDIJOWFTUJHBUFTEJ FSFOU XBZ~
MBZFSTUP 3//

UIF -45. BSDIJUVOBNSKRFZFS 4DIMaUFRSIBEAEYRKXMIDIUMZ
VMBUFTUIFBNPVOUPGJOGPSNBUJPOUIBUQSPQBHBUF"

15#FYQFSJINFOUT

'PSUIF15# FYQFSJIJNFOUT UIF'// '0'& BOE 43//BSDIJUFDUVS
UJPOT BUJT UIFIJEEFOMBZFS T TJ[FJT XJUIBMMIJEE
VOJW@I)E NB¥,x) BTBOBDUJWBUJPO GVODUJPO XIFSFBTUIF
CFEEJOH TJ[FXBTTFUUP GPS '/ '0'& BOE -45. BOE GPS
fs= UBQIBT TFRVFOUJBM BDUJWBUJPO GVODUJPO FIJEEFC



-BOHVBHF NPEFMTDBO NBLFTQFDJBMJ[FENFBOJOH SF

XFSFTFUUP BOEGPMMPX UIFPSIHIQOBMMAPW HMBBEUJIJPO QSI
BOEVOEFSNFZFS 4DIMAUFSFBEQEDRIAWFMZ .ZDPBVUIPSTBMTP
MFBSOJOH TFUVI@BBHRFQUBM JBNFMZ UIF NJOJCBUDI TJ[F GPS T
HSBEJFOUEFTDFOU XBT UIFMFBSOJOH SBUF XBTJOJUJBMJ]|
UIF XFJHIU EFDBIZIRBBOEFEIBR SBJOJOH XBTEPOFJO FQPDIT
JOJUJBMJI[BUJPO GPMMPXT UIF OPSNBINPIS[FE BO EWHIBAMIJBUJP O (
4INIJMB3IMEZMAPPW FU BMIF MFBSOJOH SBUFJTIBMWFE XIFO OP TV(
NFOUJOUIFMPH MJLFMJIPPEPGUIFWBMJEBUJPO EBUBJT PCT|
TFWFONPSFFQPDIT XIJMFIBMWJOHUIFMFBSOJOH SBUFB FSF
UINFTUFQT 'PSCPUINPEFMT UIF CPRUBETK B B®EORNNUJIO OUXIBIM
JM1 *OPSEFSUPDPNQBSFUPUIF'0'& BQQSPBDI NZDPBVUIPS
TVMUTXXBISFSFEVDFEUP B TDBMBS GPSHFUUJOH GBDUPS UIBU J
8* 43// JOUIFUBCMFTCFMPX *SFQPSUUIFSFTVMUTJO UFSNTF
NPEFM 1BSBNFUFST /P1 BOEUIFUSBJOJOHTQFFE XIJDIJT EF
QSPDFTTFEQFS TFDPOE X T POB(595*5"/9 (16

-5$# FYQFSJNFOUT

F-53#FYQFSJIJNFOUTVTFE UIF TBNF 15# TFUVQ XJUI NJOPS DIB(
UJOVFEUPVTFUIFTBNFFYQFEFISBINHFBUBM THANVQSFIFETFMZ UIFT|
SFTVMUT XFSFPCUBJOFE XJUIPVUVTBHF PG NPNFOUVNPS XFJF
TIJ[FXBTTFUUP F'//BOE'0'& BSDIJUFDUVSFTDPOUBJO IJE|
XIFSFBT 3// BOE 43//IBWFBTJOHMFIJEEFO MBZFS PG TJ[F
UPIBOHFUBMUIFGPSHF CUR® 8*GA3DIUP S FE BU

SPSEFNCFEEJOHFWBMVBUJPO

JO TUSJDUM|Z HFSNBOZ
Uw Cw Uw Cw Uw Cw
JOUP BU TPMFMZ Q V SIHMBAM Z KBQBO
UISPVHIPVU SBBJEMZ UPGBBOIEIZF SVTTJB
UISPVHI APSSPBEMZ Q|l Z TN MA@ JUuUBMZ
EVSJOH U QRISF M Z TPMBMZFSMBOE GSBODF
XJulJo BPUFOTJCMZ | UFOHMIBPGBMMZIQBJO

SBCMF&YBNQMFTPGUPQ TINJIJMBS XPSET

OOFPGNZJOEJWJEVBMDPOUSJCVUIJPOTUPUIIJTQSPKFDUXBTT
TINIJMBSJUZTDPSFT SFMBUFEOFTTTDPSFT BOBMPHZDPNQMF
TFUT PG XPSEFNCFEEIPXHT PBEXIFFSE FYBNQMFT UIBU *GPVOE X



SFTVMUT

DPTJOFTINIJMBSJUJFTY; BOEXRSBEHOMIEFBOIOHUBOOF GPSDP
4QPU DIFDLJOH EJ FSFOU FNCFEEJOHT MFE NFUP CFMJFWF
EJOHTDBQUVSFETFNBOUJD DPODFQUVBM TINJMBSJUJFT
TzO0uBDUJD GVODUJPOBM TIJNIJMBSJUJFT 'PSFYBNQMF UI
CFUXFFO SFMBUFE XPSET MJLFiDBSw iXIFFMw iESJWFw BOI
NVDINPSFDPOTUSBJOFE XJUISFTQFDUUP QBSUPG TQFFDI
IBWF CFFONPSFMJLFiUSVDLwW iWBOw BOEiIBVUPNPCJMFw

SFTVMUT
"SDIJUFDUVNSFEFM| NPEFM [/ /P11 X T
n 1=
JJEEFO -BZFS
"1 . ,
'0'& . ,
8* 43// . ,
8* 43// . ,
8% 43// . ,
JJEEFO -BZFST
"1 . ,
'0'& . ,
8* 43// . ,
8* 43// . ,
8% 43// . ,
3FDVSSFOU .PEFMT
31/ .
%FFQ 3// 0] . 0]
-45, . ,

5SBCMFBOHVBHF NPEFM QFSGPSNBODF 11- POUIF 15

SBCMHIPXTUIF-.TFWBMVBUJPO PO UIF15# UFTUTFU .ZDPE
43// NPEFMT PVUQFSGPSNFEBMM PUIFS NPEFMT VTJOH UIF
FUFST /P1 BNPOHBMMDPO HVSBUJPOT JTBMTP JODMVEI
JOUIFMJUFSBUVSF TVDIBT 3// XJIWAMBW FNBNG-EOAQESPNG P S

FTU-9YBOE +FMJOFUSVDUVSMENPOPW BOE )B®EFIZOUBDUJ|
OFVSBM OF U\PESNLJ-BOE +FMJCPRHF QBSUJDVMBSMZ 43// XJUI |
MBZFSTBDIJFWFEBDPNQBSBCMF QF SGIFPSMNBW PBBBWB NJY UV
DPBVUIPSTBOE*DPODMVEFEUIBUUIFFYQMJDJU NPEFMJO&
TFRVFOUJBM DPOOFDUJPOT JNQSPWFE UIF QFSGPSNBODF



-BOHVBHF NPEFMTDBO NBLFTQFDJBMJ[FENFBOJOH SF

JODSFBTJOHUIFIJTUPSZ XJOEPX BOE JNQSPWFTUIFQFSCG
SBCMBMTP TIPXTUIBUVTJOHB YFE TDBMBSVFBEHRURIB O M SHHBIDJL
JNQSPWFNFOU PWFS UIF'0'& BQQSPBDI XIJDIJT NBJOMZ EVF L
BDUJWBUJPO 'WSODRSIN®SF UIF XPSE EFQFOEFOU 8% 43// NPE
QFSGPSNT UIF XPSE JOEFQFOEFOU NPEFM 8* 43// CVU XJUI B
UIF OVNCFS PG QBSBNFUFST 3FHBSEJOH UIF USBJOJOH TQFFE
UIBUUSBJOJOH BO 43// NPEFM SFRVJSFTBQQSPYJIJNBUFMZ UXJ
3/l XIFSFBTJUOFFETMFTTUJNFDPNQBSFE UP -45.

"SDIJUFDUVSF NPEFM| /P1

n 1=
i 0
11 <. >
'0'& <. >
'0'& <. >

8* 43// <. >
8* 43// <. >
8% 43// <. >
3/< >

5BCMF-BOHVBHF NPEFM QFSGPSNBODF 11- POUIF -5%# U

F-5%$# SFTVMUT TIPXHFOBBBMMZ DPO SN UIF 15# DPODMVTJP(
MBS UIF 43// NPEFMTPVUQFSGPSNFEBMMPUIFS NPEFMT XIJMF
NPEFM QBSBNFUFST .PSFRWESMIXBBFBABJOHMFIJEEFO MBZFS T
QFSGPSNT '0'& IJEEFO MBZFST FTF SFTVMUT IPXFWFS TIP
UIF8% 43// NPEFMBOEGPSUIFJODSFBTFE XJOEPXTJ[F GSPN

QSPWFNFOUPCUBJOFE PO UIF15# JTJT NBJOMZ EVF UP UIF ME
EBUB XIJDIBMMPXTUIFNPEFMUP MFBSO SIJIDIFS8% DPOUFYU V

$PODMVTIJPOBOEPVUMPPL

JT DIBQUFS QSFTFOUFE UIF 43// BSDIJUFDUVSF XIJDI DBQUVS
VTIJIOHTIPSUIJTUPSZ XJOEPXTBOENPEFMTMPOH SBOHFDPOUF
"UQVCMJIDBUJPO UJNF UIJTNPEFMIBETUBUF PG UIF BSU QFS(
JOOPWBUJPO 43//TBOES5SBOTGPSNFSTTIBSF NBOZ QSPQFSUJ
OFDUJPOTJO43//TIBEBTIJNJMBSGVODUJPOUPBUUFOUJPOJO |
XBTUIFTFQBSBUFIBOEMJOHPGTIPSUBOE MPOH SBOHFDPOUF
VQUP XPSETBTIiITIPSUSBOHFwDPOUFYU 4PNF MBUFSBQQS
%»BJFUBMBUUFNQUFE UP QSFTFSWFUIFUIFPSFUJDBMMZ JO OJ
SFOUNPEFMT MJLF 43// CVU (15 NPEFMT SFNBJO NVDINPSF QPC



	List of Figures
	List of Tables
	I Characterizing knowledge in language models
	Introduction: language models assign numbers to words
	A brief history of language modeling, in three parts
	n-grams and long distance dependencies
	Neural network language models
	Transformers

	Measures of human behavior
	Structure of the thesis

	Language models can mimic human burstiness
	Introduction and Background
	Custom Decay Language Models
	Language modeling experiments
	Results and Discussion
	CDLM robustness analysis
	Perplexity results

	Conclusion

	Language models can make specialized meaning representations of words
	Introduction
	Neural network language models
	Feedforward neural networks
	Recurrent neural networks

	Sequential Recurrent Neural Network
	The SRNN neural architecture
	SRNN training

	Experimental setup
	PTB experiments
	LTCB experiments

	Word embedding evaluation
	Results
	Conclusion and outlook

	Language models can be optimized for cohesion
	Introduction
	Short vs. long context language models
	Short range context
	Long range context

	Multi-span language models
	Long-Short Range Context network

	Context range estimation
	Experiments and results
	Experimental setup
	PTB experiments
	LTCB experiments

	Conclusion and synthesizing discussion

	Language models can use spelling to approximate the meanings of words
	Introduction and background
	Inducing Rare Word Embeddings
	Correlations with human word similarity scores
	Perplexity Experiments
	Long tail analysis
	What's in the tail?
	When does SWordSS help?

	Conclusion

	Some linguistic patterns that language models failed to capture
	Introduction
	Related Work
	Data
	Feature Calibration
	Polar Intensity (INT)
	Sentiment Views (VIEW)
	Emotion Categories (NRC)
	Patterns (PAT)
	WordNet (WN) and Wiktionary (WK)
	FrameNet (FN)
	Generic Features: Word Embeddings
	Baselines to Feature-based Approach
	Evaluation of Features on Base Lexicon

	Expanding the Lexicon
	Cross-domain Classification
	Motivation and Set Up
	Results
	Explicitly vs. Implicitly Abusive Microposts

	Conclusion


	II Relating language models and human behavior measures
	An experiment on distinguishing human-written and LM-written text
	Introduction
	Language Models
	Human Judgement
	Experiments and Results
	Uncertainty of Data
	Metric-based Performance
	Human Judgement Score

	Conclusion

	LMs capture varying amounts of word length and frequency information
	Background
	Common methods
	Results and Discussion

	Perplexity is sometimes dissociated from fit to psychometric data
	Background and common methods
	Measures based on eye-tracking fixation durations
	Datasets
	Previous frameworks for evaluating language models
	Survey of successful predictors

	Coefficients for linear mixed effects models
	G-Maze response time >TFT >FPRT >FFD
	Dedicated handling of part of speech does not reduce the dissociation
	Discussion and Conclusions

	Computational evidence for the divergence
	A novel German G-Maze corpus
	Psychometric predictive power and perplexity
	A custom language modeling corpus
	Results for n-gram, RNN, and pre-trained Transformers
	A BERT model trained from scratch

	Discussion and Conclusions

	Linguistic evidence for the divergence
	Background
	A review of syntactic tests for language model evaluation
	Properties of the German G-Maze data

	Methods
	Results
	Discussion and Conclusion

	Conclusion and outlook for language modeling research
	Situating my contributions within CERBA
	On the future of language modeling


	Bibliography

