METHOD FOR UNCOVERI NG H DDEN MARKOV MODELS CROSS- REFERENCE TO RELATED

APPLI CATIONS [0001] This application is a continuation of United States
Pat ent ApwbDizetizerascNo. 11/282,410 fil ed Novenber 18, 20@6x/uskéiai2sshai ns t he
benefit of the priority date of United States Provisional Patent
Application No. 60/629, 114 filed Novenber 18, 2004. BACKGROUND OF THE

| NVENTI ON [ 0002] The invention relates in general to nodeling and in
particular to generating hidden Markov nodels fromstate and transition
data. In United States Patent 6,965,861, the inventors discuss Hi dden

Mar kov nodels (HWs) as a class of statistical nodels used in nodeling
discrete tine-series data. Problens that naturally give rise to such data

i ncl ude robot navigation, machine vision, and signal processing, and HWVs
are at the cor = Af - = i I ssing these
problens. In aﬁﬁﬁﬁtﬂﬁﬁ¥ﬁ§%3ﬁ§?ﬁﬁﬁéﬂ@“§ih9§bﬁ§éﬁkﬁ§§§%§69‘ |J§e55|ng i nvol ve
time-series data that may be nodeled with HMVs, including: part-of-speech

t aggi ng, topic segnmentation, speech recognition, generic entity
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uncoverin te s t hj 0 ta set real world phenonena.
Howev ?0“52%{}?;% IaﬁégormP @?@ %Fﬁgfelﬁ‘ﬂ Qv rrlzp UWent ative of such

conpl ex data are h|gth enpirical. Thus, there is a need for inproved
met hods to generate a HW from such data sets, to test and/or change the

conpl ex systens in acco t
2012/ 125146PCT/ US2011/ Oggggé%@gg]aﬁhl S nv)a%ﬁ Oryari ses from studi es of

nouse sl eep stage data |terat|ng reIated art techniques originally

desig stu n chan m |ikelihood e i on of
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paraneters of a fixed graph, this invention presents a nmethod to arrive at

t he "®isess Haddepgdarkpy mﬂyls@Hb/Bﬂs)caala ahasd ef statiHicsl meddipuseiddn modaling pr oc essi ng
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st at t e
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ori gi taggingftapie sogmemtbttonptpech sdcagition, aederioentity rebvgiition, iang irifsrmidtient i me
spent in any one state. Dwell tines and transitions between states can be
obser?@WCIﬂ%t they are often aggregations that cannot be distinguished by
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menbers of two aggregated states. In a MarkoV system transitions are
| nst antladiagusd antlimied tryoitdrecqanatixah hindwritipngre¢ognisionnsignad pravessimgwidt i on at

ate to i deal | epends oply on the rate of
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syst eg#ts offies &vdrldetiehbineri. rm\eavealrh@g/ todHhed 1ok 58 ak@@ng hCAHMNaERSshutiRe
di stinguished, in that states with different exit transition rates wl|l
generafisugh pemplenidpn arehighlywamirieal ndhes, gherq i atneoh &r inpeyed methods tar e made

f
cacn SpOEiLEEANH SRR RACH: o8 A Enlee SRR L B P,

st at ewsithi thede@Mh. easi |y be d|st|ngU|shed in histograns of their observed
dwel | times. Until now, the aggregated transitions weren't in general so
easy to distinguish. In fact, sone ideal hidden Markov nodels are

i ndi stinguishable by their steady state statistics ("Using independent
open-tocl osed transitions to sinplify aggregated Markov nodels of ion
channel gating kinetics" PNAS 2005 10R: 6326-6331, hereinafter "Pearson").
[0006] In reality, the nost interesting systens have external inputs, are
out of equilibrium do not have constant transition rates, or are otherw se
fundanmental |y not steady-state, and thus not subject to Pearson's canoni cal
equi val ence. For such real systens, graph isonorphismis the only
organ|2|ng pr|nC|pIe the nonphy5|cal negative transition rates of
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15 justified. This invention is based on a conbination of statistical
probability and Markov nodel structures, their construction and their

nodi fi catwonoid@siass driven by data under exam nation. PhE/tusamanis3on
identifies isonorphic (identical or redundant) nodels and anal yzes only one
i sonor phic nodel during an iteration of the steps. [0012] The rul es
allow for sone variation in their application---at the outset, wth the
choice of 20initial nodel, and along the way, and if problens are

encou @4? (?Lhis-m\een'ﬁ% gﬁse‘%‘rﬁ%ng %HH&%E ofdﬁlglglsteg?e;ep g%rég% aQrL 2%%@41@@%& a 2011/ 028302

the sanme result 1s usually obtaine t ap ions of the rules
(e. g. tecthifjfier @iginatlyaiesigsedofor emdgink yori' dhaatels ¢ Mickiamdiketihonbestinativayf or
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transikgi g of 1685h quhﬁag ﬁ;gi'alidlsﬂﬁ offifiAd RPYEAnRErd 5%)(&%%1;)%@5) on a

screen or 5a printout or . e: States nmay be visualized By items or
sy mbolnyefigormpresentsecmethgd kaarrivo 29 the {bestisartmaest ketpygraphioal swdeli Ak togthad r ows

connect i the states and transitions .probabil.it] be vi.sualized by
nunbefe 4 prdgessing WSehaRide s L3 iR Aoy moden st IMT aiciBhings it or et i on
about phygcatlahemics], 6RIVEYLRDHySioldpeall $6¢ial abldictomthitisgstbds. TBRKSHpesdh conveyi ng
i nformation regardi ng cognitive context enables 10the user to performhis

t ask BESCeSSBIREY 8t foy exqnmye.shis tryestipm desstriobehqesefipaeslibratyodipre-deteimined
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ol ecsthie to andth@-stan selfrem there 8hdk, toalie @igadl stute driftd dth@.stalds, My @ter, the
organjsm.can represent any bi ol ogi ﬁ’l? praocess of an. organi sm However, it
W

i s al D&ePsuRs isithe tge spsst i A eong s plhimss peshtrgisitiong %eqwe@n figtes s9sbens,
such r t : he it B : i ion can
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phar nelsentiiosd. Theadsoved stateugpching nay iadagt invisisle tremdifidrisesnongr r espondi ng to
the found determ nati.ons. For exanple: Wih the invention investijgators nay
ror e PABTBRGSHEALE gt s 4 Sl BedervhHEwopEiRRes PSR, by
know pawbhedifertfemeMBEKQY tWB d8dreOftestitby SinQl EHGR sy S¥Rt @MsHbde hredi f f erent
drug reginens, scientists are enabled to find drugs that affect the system

i n a nplenian¢ays gndrandarmd thelpaebability peieme heit bbmehnsiticul at efgienttingg fromeondr ug,
and thereb | uci dat e bot.h the arnmacopei.a and th hysi ol ogi.cal system
ool Tk ot SR B o bR ARERR B8R G R ReBRERS. B Sremt e
i nventidtalie lsikohy @hasyilenpr Dh¢samahsiobl natsallowshalieddatical €aspether . The
program, may process data which represent physical entities such as

phar ndig@nguishad, ip thag sfates vaih differgat exitipnsition rateswilbgmarrallg deya didzszo dwelkl EF
DESCRL : : ' e le for wild
m cﬁ Iﬁg-'? ]?glb?gl? gbﬁf%%lwg%%%%%]og I]oegvswrg)dlkﬁn ég%%cﬁc Ieé&?lb?ﬁwxﬁ%c??ﬁ‘i ce in
| i ght sanfplin@ 1@prvEi, gud for 3acthafithese asdlase pr ayprtgatddostatg enstigaal. | Phealggasge@dm ce in
t he dark. [0020] Figure.4 shows sl eep cycl.e for genetically altered mce
in | igHest e)eme]as%ﬁr Sﬁfhéuggtgﬁmléﬂ Bistogrants eithsiperserved AvisHl e VAt rovitbion
Mar k Rl trah §A8R w818 g et s0BRYWOYisHh ot MGad Q)F){%‘HE M3ddehon. [0023]
Fi gu?éegggég?s al;lot her ‘\./\V/a'y of %dgi nS a r}llew %Sr a%s%gi on:‘1 10 00124?’1 F(?&Sur e 8is a
st ar tMarkoy wemlelstdraindistingevisdle brethaiesteathe state statisties. (“D0i02 Sjdepergieneo@nits- an
,? Egl nmcés)z(%%g Blgngglglglixsgtg &@/ﬁgfyfa[ggrrgggtgg l\fatrlgorvt Ilng(gelsqg 1%)r51 cl?a];nnléi é’a‘%fn% k?nettigs?’t PN"XQ' eves
2005 102: 6326-6331, hereinafter “Pearson™).
[0006] In reality, the most interesting systems have external inputs, are out of equilibrium, do
not have constant transition rates, or are otherwise fundamentally not steady-state, and thus not

subject to Pearson’s canonical equivalence. For such real systems, graph isomorphism is the only

organizing principle; the nonphysical, negative transition rates of Pearson’s tortured canonical
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[0026] Figure 10 is a starting guess for the optim zation that achieves the
best status. 15[0027] Figure 11 is an optim zed nodel derived fromthe
starti ng woese/afi4ki gure 10 that achi eves the best stat BeT/USOO2BP83B2 gur es
12 and 13 show the next two steps of growth. DETAILED DESCRI PTI ON [ 0029]
For any Markov process P, and any optim zation nethod for the transition
rates of a 20 Markov nodel Mthat maxim zes the |ikelihood that
observations of P came fromM we claimthat this invention constructs the

nodel i r i Y r i | ons,
and ot e rbfifed SBRCERR therk R shier YT AR B, L0 BB 1B 030,
For t thes fulesabdsthr &hisanvenvien iteatifite"bept’ ihiddea Makownribteld sp andombPhasngi | abl e
in the software package QUB, avail able for downl oad at
http:r-?-vwm.aqﬁg?bsﬁ?&%ﬁgtg?8{faht1"mil°§65?li>{% IAGACY-s 25 enmbodi ed by 1)

Model [ ., & Python script that runs in a convenient interface

pr ovi g&%?h%é%lﬂﬁyéag&%?gl% Brosstes ehebemlE st magliiegr &6 PETEpdMed o
this palenie WLR0HRIMESIAGREHIASANLLAPBANR RndR (8 ] Slocf I RELAR: ©XC.

shortg.ex€, and l1stmexe in the NAUTY22 directory, assocl ate

ext enseemardraydikei Thesedmse siates arayieadibr Memtdiedan SFbitepelgsambiidgrapdly istudtehandyr t ,  of
Br end McKay' s ape ource software package. NAUTY to operly handl e col or
par t1 ETNSE " G hAPCAEHG Uer oL Hoiioan PFsen B S G gl ng and
el i m gt 88 thanaaBRONitf Gkl SRdleSo REM glaPh THenBasitivhd tchib@nifihkov nodel s,

and 3) checklist, countgraphs, and countgraphsjob in the NAUTY22 directory,

and cwitheytebparant ctrddecsimmitpodl, soghe statetmshingpan he donséterest y Magidv systamect i ng

o conprrlersPsarBRREs Sl Ao R Ui i UdnaRi RO wyda

envi r aaeefdr chch Gihé bisdeh@datatdst tHow {0/eutn €t Eivdse 6 ©8 Mord RIAeB hteMixth HidBen
Li kel i hood Met hods have | ong been used to fit transition rates of

hy pot #isttions 19l @bl fliesnagd Vst the numbghelarossibledioanecieg graphical mpdelseen a

c i .
o ot R o By TR ARe an hurk AT 6r Pl A KoL P AN BRGP IR o
tel |l hes stdtestant eansiticed thetroehok roadilyneppedeyt fndratthe deta bumstevéitheddsy atendsr | yi ng

graph is, withayt any a priori ass tiaqns. 15[ 00 The current, state of
Phe asioneiis f herg Gl hreresBck Ro s MEHPRFLEE. oF RO ebidlar and
er 1 or \HM Rodbl TRkt SfoR 988 Rlofe BARPHR dnbatyifs PR eSO Nt Bét'te;'i‘gbbé i th the

nunber of nodes and edges allowed. If unobserved transitions
i ndi septaywiteiphishemenaatfetididd, mhysichli, datericadyjelogival] physielegical; eocadllandved, t hen
there is no |i

_ i tm't on rttﬁe nur.rbert gglggossi bl e no?d?gs aﬂd ]%d S. vi ousl y,

hi dd e ORSUESYEHS 889 S CAPPALFYR & BRANTT 5P SRS S AisHhE we

20 i to. i f ti I .a. [.0034] This invepti I

2o 5Pl s b R BB AL RSl RS T BabEBR £ront o
the ngdeh i§heiNedia dif@emivest Fer oRER e, Astadrdth § ¢hRd12ALEN sRferd nfaQtbReNt i al

energy hypersurface, in which each state is a |ocal mninmum and each
t r anstomngred with dafa ftom an ¢xpsesnisl Mapeayssysttmdo secid thenpriahlss fotwsan theer s t o

transj ti r 1 ni er. This. 25anal o notivates the
et hosg ek B AREn 08 Henll S8 0l ROB MY vl By DBP O TG 0 e
met hadiffeent smdehid@ifstepepartitidng detweorn stattls C otdperigy Entivd anbytRtitedf i ni ti on

of patential energy, and which are clearly out of_ equilibrium &gue to the
i rr e VIREIORISESteNS giVES BRToniarmetien abqud not qnky the arossidifésranqes bavesaheroagel t o

usin gantcl@?p%aﬁg 9efiAR afsh \Q%nu%e\gﬁiblll {HOGd YiferdnCEEHE %Fgﬁ%c} ROt herwi se

non-ideal systens, in that the er of degenerate no
i ndi siperagion i &l systeO 12 01LAbPEIARRETY liiBROI ho0R83&D datd &drichamdleewpect ed by

Pearspn for .stegdy-state systens, are great|l e ed at each_ stage of
rodel SgPeH IO SR e TPl T ER e b Mot dRP AU DR B b ¢ he
obsergtahhieHangertia thedf 316 HbdaN, ¥ résuf-that could not be determined by gross

observation of single knock-out mice (see Joho).



state nodel wth one transition). This starting nodel may be an
oversinplification for this data 5if hidden states and transitions are

coal escedvoNowy/12adddi ng one transition in all possibl e wags/USeqtlions3nz ng each
of them and choosing the one with the highest log Iikelihood ("bestLL"),
corresponds to finding the next nost |likely degrees of freedomto add to
the nodel. More specifically, using the transition rates of the current
nodel as initial conditions, along with reasonabl e guesses for the two new
rates e ' ' VAT exi sting
st at equog]r @g&pgeg%gﬁg g%ﬁb% H('gs}?lg? gg %\L}\%r%( ﬁ‘pgﬁ):dgﬂts ?Drldg?tcl g gﬁﬁﬂei%:%lﬁ%ﬁgéﬁr@ggﬁeoc ated in
al | posdelbiieenthgrs arclinidden fatbh elnmetigatats searghing fochidderaMdikos maddelsmfgtalusof a

otenti al . ener sur.face | n al 0ssi b s into a,nodel wit, re
g eEEPIcer PEBI ety bloPh MR HRars R eSS VL BB el o
each ReW d SintdiRdioRUS increAsly Afmbp bﬁﬁbsglﬁ& Mﬁ&&qg&ﬁ%ﬁqg ro?(ﬁe% tPEvaldagedom it

is a fair conparison’to choose the nbdel optimzed fromthese new initial
nodel potehiégl hiddenMaskasmidelk,i apheist Cantrabt hvorsdous| Ylarkow enagelstwith evevy nodel s

attains siagnificant hiaher..l og likelihoo i.e. . if "delta is, small),
Fhe - afnsByiBle R il oAERGoe® detieBE st FotkiaBinte fina St Wso i gist

st oppivie upltd 1 6 de@Bed X frdedemal. @ ouip toh8Mrarditibng), el dahdidBte AkielsdndladosIMat i on
criterion for selecting the sinplest nodel. [0036] Notice also that,

. by
usi ngeammected eraphy alun ot edegs andyyn fo) stetenEpin odisting obwetablreslasseseglors)t r i al
20 no r€1l I how t o best grow the graph. This
qui Ck?g‘érgla%’gﬁ%é%a ésSﬁglﬁ Pﬂg?&gﬁ%ﬂ%gg)rg@g’pﬁgﬁl}sf om consi deration. In one exanple
of this denonstration, DKOight8, a nouse sleep nodel with a connected
graph of 8 edges, the nunber of candi date graphs with no nore degrees of
freedom consi sts of all connect edSUMMARYf up to 8 edges and up to 9
states from 3 distinct observable classes (colors). There are 762,291 such
di st i oot oY Tanpeestd iplhiion Rukietisd asa 2da EolanosBer(t euiiiod foel tHeyprasefitaibn of
NAUTY22/ count graphsj ob): partitionpartitionl abel ed graphstotal dist.inct
gr aphdate Hirdmprrysd hupan seadag, anady g o ipigHHeiite d Nussthegygieny inyerfion iy 4 1123

3 23 §fectelikd %hegprqaﬁl%méltyprés%atz@ata in a manner, which improves the readability, the ability to

5  analyze and/or the ability to interpret data, enabling the user to perform his task more efficiently.

Moreover, the present invention relates to how cognitive content is conveyed to the reader,

analyzer and/or interpreter.

[0011] In particular, the present invention overcomes the above-mentioned problems of the prior
art and allows investigators to find hidden Markov models by following a set of rules. The rules

10 exploit and follow the data in a given data set so that the investigator performs a series of
repeated steps that lead to a “best” (e.g., most likely) hidden Markov model at each iteration. At
the end of each iteration of the rules of the steps, the best candidate model(s) have been stored,
and their score (e.g., likelihood) is compared with that of the next best candidate model(s). If the
difference in scores is significant, then the additional complexity of the best candidate(s) is

15  justified. This invention is based on a combination of statistical probability and Markov model
structures, their construction and their modification that is driven by data under examination.
The invention identifies isomorphic (identical or redundant) models and analyzes only one

isomorphic model during an iteration of the steps.

[0012] The rules allow for some variation in their application---at the outset, with the choice of

20  initial model, and along the way, and if problems are encountered. The rules are robust, in that

4.
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the same result is usually obtained by different applications of the rules (e.g., different choices of

equally “best” candidates along the way, or different choices of starting model).

[0013] Additionally, the invention can visualize the found Markov models to the user, wherein

the states and transitions of each Markov model are arranged as items (or images) on a screen or
5  aprintout or the like: States may be visualized by items or symbols (e.g. a rectangular box),

transitions may be visualized by arrows connecting the states and transitions probabilities may be

visualized by numbers.

[0014] Therefore, by use of hidden Markov models, information about the data is conveyed to
the user. This particular manner of conveying information regarding cognitive context enables

10 the user to perform his task more efficiently.

[0015] This invention provides a tool to, inter alia, characterize and visualize the physiology of
various organisms, i.e. the invention allows to determine the physical, chemical, biological,
biochemical and/or psychological functions and processes of the corresponding organism. The
organism can be a ‘living’ system such as a molecule, a bio-molecule, a cell, an organ or the like.

15  Moreover, the organism can represent any biological process of an organism. However, it is also
possible to apply the present invention on ‘non-living’ systems, such as pharmaceutical products
or drugs. In this case, the invention can be used to determine the effectiveness and/or
functionality of the pharmaceutical product / drug and to adapt these entities corresponding to the
found determinations. For example: With the invention investigators may more rapidly

20  distinguish test data from new products in a system. By knowing the hidden Markov model of a
physiological system under different drug regimens, scientists are enabled to find drugs that
affect the system in a specific state and that maximize the beneficial effect of the drug, and

thereby elucidate both the pharmacopeia and the physiological system itself.

[0016] The present method is understood as a computer-implemented invention such as a
25  program (software) installed on a computer. The program may process data which represent

physical entities such as pharmaceutical products or drugs.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0017] Figure 1 shows a sleep cycle for wild mice in the dark.
[0018] Figure 2 shows a sleep cycle for wild mice in light.
5  [0019] Figure 3 shows a sleep cycle for genetically altered mice in the dark.
[0020] Figure 4 shows a sleep cycle for genetically altered mice in light.
[0021] Figure 5 shows an initial model for uncovering a Hidden Markov Model.
[0022] Figure 6 is one way of adding a new transition.
[0023] Figure 7 is another way of adding a new transition.
10 [0024] Figure 8 is a starting guess that achieves the next best status.
[0025] Figure 9 is an optimized model derived from the starting guess of Figure 8 that achieves

the next best status.

[0026] Figure 10 is a starting guess for the optimization that achieves the best status.
15 [0027] Figure 11 is an optimized model derived from the starting guess of Figure 10 that

achieves the best status.

[0028] Figures 12 and 13 show the next two steps of growth.
DETAILED DESCRIPTION

[0029] For any Markov process P, and any optimization method for the transition rates of a
20  Markov model M that maximizes the likelihood that observations of P came from M, we claim
that this invention constructs the model M* with the graph most likely to have generated those

observations, and that with sufficient observational data, M*=P in many cases.

[0030] For this demonstration, we use the optimization methods and I/O available in the
software package QUB, available for download at http://www.qub.buffalo.edu. This invention is

25  embodied by

1) ModelGrower.py, a Python script that runs in a convenient interface provided by QUB. A

copy of the source code for this program is appended to this patent.
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2) geng.exe, allpermg.exe, shortg.exe, and listm.exe in the NAUTY22 directory, and associated
extensions/modifications, straightforward to someone skilled in the art, of Brendan McKay’s
open source software package NAUTY to properly handle color partitions, the original
having been obtained online, used for counting and eliminating isomorphic duplicates of

5 graphs underlying the Markov models, and

3) checklist, countgraphs, and countgraphsjob in the NAUTY?22 directory, and countjob.bat and

countjobs.bat in the cygwin directory; all connecting scripts to call programs 2) from 1).

[0031] A cygwin environment is needed to compile 2) and run 3) on a PC. A convenient setup

tool for a cygwin environment is available at http://www.cygwin.com.

10 [0032] Maximum Likelihood Methods have long been used to fit transition rates of hypothetical
Hidden Markov Models to observational data. It has been a weakness of these methods that they
can only optimize a few parameters in an otherwise rigid model. This invention provides one
way to let the data tell us what the model should be, namely what the most likely underlying

graph is, without any a priori assumptions.

15 [0033] The current state of the art is that the graph must be known, surmised, or found by trial
and error from a number of possible graphs that grows combinatorially with the number of
nodes and edges allowed. If unobserved transitions to indistinguishable states, i.e., hidden
edges and nodes, are allowed, then there is no limit on the number of possible nodes and
edges. Obviously, hidden nodes and edges correspond exactly to the subtle phenomena we

20 would like to infer from observational data.

[0034] This invention solves this problem by letting the data tell us what the most likely addition
to the model should be. We view the model as a discretization of a potential energy
hypersurface, in which each state is a local minimum and each transition represents all possible
ways of overcoming energy barriers to transition from one local minimum to another. This

25  analogy motivates the method but does not necessarily restrict it. For example, we have used the
method for modeling sleep cycles, for which there is no obvious definition of potential energy,
and which are clearly out of equilibrium (due to the irreversible direction of the cycles). In fact,
there is an advantage to using the method on data from non-equilibrium, irreversible, or

otherwise non-ideal systems, in that the number of degenerate models of indistinguishable

-7-



Tot al 762291 [0037] However, in order to extract this nodel from data,
only 368 nodels needed to be optim zed for their transition rates, and up
to 88 at wotnrei2sfs6t hese coul d have been done in parall eCT(skotiloes3s: xt h
grow h stage). This total count of 368 includes 91 nodels optim zed at the
5seventh growth stage, none of which turned out to be justified. [0038] The
data presented below relies upon two sets of mce. One set includes
ordinary or so-called wild type mce that have had no genetic alterations.
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WO 2012/ 125146PCT/ US2011/ 028302 net hods coul d not di stinguish differences
w t hout doubl e knockouts, it seens |likely that each single knockout would
have causwo 2otznges in the sl eep cycle that this nethodpramuisdoihassoi ound,
t hus elucidating the function of the knocked-out KV3.1/KV3.3 potassium
channel s. [0042] The invention is performed by operating one or nore
progranms on a conputer. Results 5are presented on a display or are printed
out on a physi cal entity giving visual indications automatically about
condi ti ons \é iling in the system whichyigs represented t he processed
data. In or o follow thg steps of theﬁO venti on, the1£ 4I OW ng notes
are provide I% stallation ﬁot es: 101) T 48§ef ault cygw n tall ati on nust
be m)dlfle Zg ncl ude tcsh_in addition Fé he standard b shel | . The
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the correcili¥228ition (Seardh for [c-fl:)8139 3) The NAMAY22 directory
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seconds asinilkbgseconds so §he tinme scal 9a9@rresponds rosgdd2y to that of
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knowing this limit. Finally, this algorithm is robust because there will be many ways to grow the

graph to the final best one, in case one growth progression runs into some difficulty.

15 APPLICATION TO SLEEP STATE MODELING

[0039] We have obtained mouse sleep state observations from Rolf Joho at U. Texas

Southwestern Medical Center, Dallas, TX. These EEG-based data are spectrally assigned sleep
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20We have found that QUB may al |l ow one or nore unhandl ed fl oati ng-poi nt
exceptions that cone from histogramplotting steps that are not essenti al
to findi ngoEM#BL25Mé recomrend eit her di sabling non- essemrCcirals2¢ii®e3gz am
plotting or rewiting QUB to handle the floating-point exceptions.

8) The nost reasonable default starting value for new rates is probably an
average of 25the existing, optim zed rates, but we |leave this setting to
the user (right-click on a rate in the QUB nodel w ndow). Slower starting

rat es (SR 0ais foPRE ffths on a 12/12 %%hf?ﬂb)fk t%ﬁ?fﬁ@%&i@ﬁuglywﬁ&lg’pg ?m;a.&e%eon a

met ho uring the optimzation process cah be visualized an
scr eeh3 ardividualtked . 1dkiv 3.8 rioablp &peck-dwt (DEf@rmice (seo fiidesdvionseepK miticsVET.dwiD

2012/ 125146PCT/ US2011/ 302 S RY OF E.SLEEP L.
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4823. 34 4721.55 101.79
5  or SWS (red, circle), or 3=waking (blue, hexagon). Profound differences in the sleep/wake cycle
of DKO mice from that of WT mice have been observed, as have differences during light and
dark periods (see “Severely Disordered Sleep/Wake Cycle in KV3.1/KV3.3-Deficient Mice”, F.
Espinosa, G. A. Marks, & R. H. Joho, Abstract 580.A in SLEEP, Vol. 25, Abstract Supplement

2002, pp. A411-412, herein “Joho”).
10

[0040] This invention provides a tool to characterize the physiology of these differences in
explicit detail, as is already apparent in the models we develop. For example, the wild-type
mouse sleep cycles for light and dark are very similar, differing mainly in the kinetics of waking
states where the sleep cycle is entered and exited (the numbering of the states shows only the

15  order of their addition to the model—the states of each color are indistinguishable aggregated
states) as shown in Figs. 1 and 2. These represent the HMMs for the most likely candidate after
seven steps on the wild type dark data (to WTdark9) and five steps on the wild type light data (to
WTlight7), respectively. On the other hand, the double knockout mice have radically different
sleep models from the wild-type and even from dark to light as shown in Figs. 3 and 4. They

20  represent the HMMs for the most likely candidate after six steps on the DKO dark data (to
DKOdark8) and seven steps on the DKO light data (to DKOlight9), respectively.

[0041] The four HMMs of Figs. 1-4 were developed or grown from the aggregated state model
shown in Fig. 5. Each of the four data sets has the same starting model as Fig. 5. The basic
model of Fig. 5 was then evolved using the rules of the invention to arrive at the final models

25  shown in Figs. 1-4. Figs. 1-4 show the HMMs found by the inventive method. The HMMs are
visualized on a screen or printed out on a paper in the way they are shown in the Figs. 1-4. The
results of the invention show that each of the four sets of data has different HMMs. The wild
type dark and light are similar to each other. However, the DKO dark and light are different
from each other and from the corresponding wild type data for dark and light. Thus, the

30  invention can readily distinguish between wild type and DKO sleep patterns. While existing
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44 Wrdar k3->4 5019. 39 4876. 54 142.85 79 WIdar k4->5 5107.79 5099.2 8.59
5099. 2 124 Widar k5->6 5198. 84 5167.58 31.26 5163.06 35.78 180 Wdar k6->7

5246. 56 5R02o/B5M6 5240. 86 PCT/US2011/028302

methods could not distinguish differences without double knockouts, it seems likely that each
single knockout would have caused changes in the sleep cycle that this method would have

found, thus elucidating the function of the knocked-out KV3.1/KV3.3 potassium channels.

[0042] The invention is performed by operating one or more programs on a computer. Results
5  are presented on a display or are printed out on a physical entity giving visual indications
automatically about conditions prevailing in the system, which is represented by the processed

data. In order to follow the steps of the invention, the following notes are provided.

Installation Notes:
10 1) The default cygwin installation must be modified to include tcsh in addition to the

standard bash shell. The scripts are written for the more flexible tcsh command environment.

2) Paths in ModelGrower.py, countjob.bat, and echo.bat files must point to the correct
partition (Search for [c-f]:)

3) The NAUTY?22 directory need not be recompiled.

15 4) ModelGrower.py should replace ModelBuilder.py in the PythonScripts directory.

Execution Notes:

1) We interpret seconds as milliseconds so the time scale corresponds roughly to that
of'ion channel kinetics, for which QUB was designed. Hence the transition rates in the

20 optimized models are per 1000 seconds.
2) We use dead time = data sampling delta t (15 msec for the mouse sleep data).

3) Before idealization, we had to change the default “ion channel current
amplitudes” in the model to 1 for black, 2 for red, and 3 for blue to correspond to the sleep
state codes. The default values were integers starting from 0 (for closed). This change is

25 reflected in the .dwt (dwell time) files.

4) Graphs whose optimizations fail are unlikely candidates, so just “OK” out of the

(many) error box messages and let the script continue on the next graph candidate.
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5) Optimization is accomplished using the QUB program referenced above or any
other suitable Markov optimization program available to those skilled in the art. QUB and
other such programs optimize models by finding only a local optimum, implying that the
method may not find the best or next best models, raising doubt about the graph identified

5 and the stopping criterion. To assuage these doubts, the optimization may be run with the
“Yes” box checked on “do Hypercube of starting rates:” This option causes four
optimizations to be done on each model, starting from the four corners of a square region
defining the 2 starting rates of the new transition. This is a much more economical choice
than using starting rates from the corners of a hypercube around all the starting rates. This

10 option only occasionally changes the best or next best models at any stage.

6) Another obvious but expensive way of guaranteeing optimality of the identified
graph would be to optimize isomorphic models arrived at by reallocating existing
connections in different ways. This capability was not implemented because it would redo

many problematical graph optimizations.

15 7) Occasionally QUB may crash on a particular model optimization, taking the
ModelGrower script down with it. The pathological model can be avoided by restarting the
script with different default starting rates, “No” vs. “Yes” on “do Hypercube of starting
rates:”, different cube radius, etc. Just be sure to remove the lists of tried models in the
NAUTY?22 directory (filenames “[0-9].*”) so that the optimization does not skip them all!

20 We have found that QUB may allow one or more unhandled floating-point exceptions that
come from histogram plotting steps that are not essential to finding HMMs. We recommend
either disabling non-essential histogram plotting or rewriting QUB to handle the floating-

point exceptions.

8) The most reasonable default starting value for new rates is probably an average of
25 the existing, optimized rates, but we leave this setting to the user (right-click on a rate in the

QUB model window). Slower starting rates seem to work better.

9) Any HMM extracted by the inventive method during the optimization process can
be visualized and arranged on a screen or printed out on a paper to inform an operator/user

online.
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10

SUMMARY OF MOUSE SLEEP MODEL GROWTH

distinct  growth step

graphs

optimized

[0043]

15 WTdark2->3
44 WTdark3->4
79 WTdark4->5
124 WTdark5->6
180 WTdark6->7
248 WTdark7->8
334 WTdark8->9

15 WTlight2->3
44 WTlight3->4
79 WTlightd->5
124 WTlight5->6
180 WTlight6->7

15 DKOdark2->3
44 DKOdark3->4
83 DKOdark4->5
133 DKOdark5->6
194 DKOdark6->7
267 DKOdark7->8

15 DKOlight2->3
44 DKOlight3->4
83 DKOlight4->5
(loop closes)
113 DKOlight5->6
189 DK Olight6->7
277 DKOlight7->8
368 DKOlight8->9

44 DKOdackars2el1/028302

(no

nextbestLL. deltal.LL

(no

hypercube) hypercube)

5099.2

5326.08

8462

8904.79

bestLL nextbestLL deltalL.  bestLL

4823.34  4721.55 101.79
5019.39  4876.54  142.85
5107.79 5099.2 8.59
5198.84  5167.58 31.26
5246.56 5241.4 5.16

5288.3  5285.54 2.76
5327.72  5326.08 1.64
7645.08  7537.08 108
8139.38 7840.4  298.98
8271.46  8239.69 31.77

hypercube leads to QUB crash

8638.17  8637.29 0.88
8010.69  7981.12 29.57
8398.66  8363.16 35.5
8599.37  8596.92 245
873525  8716.15 19.1

8814.1  8812.57 1.53
8924.24  8905.92 18.32
8122.17  8057.96 64.21
8458.65 8388.1 70.55
8634.95  8634.78 0.17
8843.18  8761.87 81.31

8987.2  8956.44 30.76
9072.15  9058.85 13.3
9107.09  9105.03 2.06

5163.06
5240.86

5324.8

8221.23
8440

8135.91

8700.23
8756.8
8902.77

8298.84
8622.64

8882.61
9054.1

The above data show four sets of iterations of the HMM algorithm of the

invention. The “distinct graphs optimized” indicates the number of non-isomorphic

(no
hypercube)

35.78
5.7

1.28

50.23
22

262.75

35.02
57.3
2.02

159.81
12.31

104.59
18.05

states provided by the invention after the total number of possible states is reduced by the

NAUTY program. For example, after the first step in the first data set, there are 15

candidates that are non-isomorphic (i.e., unique and different from each other) and each

of those is evaluated by QUB for its likelihood before the graph is taken through the next
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step. Only the most likely candidate of the first step is operated on in the second step. It

will generate 44 isomorphs for QUB evaluation.

[0044] The first set of data passes through seven steps before reaching a final step where
further improvement is not likely. Each set of data is processed with and without a
5 hypercube. The log likelihood (LLL) of each member of each step is provided by the QUB

program. Only the best and next best are shown in the above table. The data is tested
with and without hypercubes of starting values. A blank cell under the non-hypercube
column indicates the results for the non-hypercube are the same as the results for the
hypercube. When results are different, the results are shown in the non-hypercube

10 column. The delta LL shows the differences between the best one of the distinct graphs
and the next best one for each step of graphs. The first two sets of data reach diminishing
returns and this is shown by their respective delta LLs reducing to 1.64 and 0.88,
respectively. For each, after there is little improvement in likelihood, the best graph of

the last set is selected as the most likely HMM (at the fourth steps, in these cases).

15
Observations on the above data;

1) The likelihoods are infinitesimal and so their logs would be negative, but QUB

translates the log likelihoods by a constant to make them positive.

2) The loop closing from DKOlight4->5 identified an irreversible (zero rate)
20 transition, which in some sense was not an additional degree of freedom, and therefore the
small deltal.LL (0.17) was accepted on the grounds that this model suffered an unfair

comparison with the others at this stage.

3) The large deltal.L (18.32) for the growth from DKOdark7->8 was discounted as
unreliable, having followed two small deltal.L’s at stages DKOdark4->5 and DKOdark6->7,
25 which might have put the growth process off track.

4) These models are only that which is justified by the data—much more
complicated sleep models are conceivable with more data. Larger models make the method
even more powerful, as the number of possible models increases combinatorically (to

6,003,931 distinct models if we simply allow a maximum of 9 instead of 8 edges).
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DETAIL OF ONE MOUSE SLEEP MODEL GROWTH STEP

5  [0045] For the wild-type mouse sleep data in the dark, we start with a model that describes most
of the observable state transitions as shown in Fig. 5. While Fig. 5 is labeled for wild type dark,
each of the other data sets has the same starting model for observed states. The observed states
are considered aggregated states that may hide other less visible states. In the first instance, the
observed or aggregated states include REM state 1 assigned the color black and indicated as a

10 square in the figures, Slow Wave State 2 assigned the color red and designated by an oval, and
the waking state 3 assigned the color blue and designated by a hexagon. Note that we could
have included a transition between REM state 1 and waking state 3, but there are actually no
transitions from waking to REM in the data, so we chose not to include this transition in either

direction at this stage.

15  [0046] The invention uses the ModelGrower program to generate possible candidates from an
original or aggregated model. The NAUTY program operates on the candidates to identify and
exclude isomorphic models. The QUB program then operates on the remaining non-isomorphic
candidates to identify the candidate that most closely conforms to the data by optimizing rates of
that candidate (e.g., maximizing the likelihood that the data came from the model with those

20  rates). The optimized candidate of the first stage is the starting candidate for the next stage
where ModelGrower, NAUTY and QUB operate again. The invention terminates at an end point

defined by the user, preferably an end point with threshold determined by diminishing delta LL.

[0047] The ModelGrower program performs the process of growing the basic model to candidate
models that are representative of all possible models with one more transition. The

25  ModelGrower program starts with the basic observed model of Fig. 5 and grows it by splitting
states or connecting original unconnected states. Of all the possible enhancements of the model
of Fig. 5, NAUTY reduces the number of candidates to 15 non-isomorphic candidates with one
additional transition. QUB then examines the 15 candidates and ModelGrower selects the one
candidate that most closely conforms to the data. The best candidate of stage 1 becomes the new

30 starting point for stage 2 and it is examined for hidden states and hidden transitions. More

specifically, the program ModelGrower grows the candidate in all possible ways by first splitting
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existing (aggregated) states into two states of the same color. NAUTY removes isomorphs.
Then ModelGrower splits each state into two states where one split state is the same color as the
original state and the other split state is a different color. The number of colors corresponds to
the initial number of observed, aggregated states. NAUTY operates on those states to remove
5  isomorphs. Finally, ModelGrower connects all unconnected states and NAUTY operates once

more. At the end of the first stage, there are 15 candidates. QUB evaluates the 15 candidates by
optimizing them, and ModelGrower identifies the best one of the candidates. The optimized
candidate then becomes the starting candidate for stage 2 where the candidate is again grown by
ModelGrower into more candidates, those candidates are examined for isomorphs by NAUTY to

10  reduce the large number of possible combinations to 44 and those 44 candidates are optimized by
QUB. The process is repeated seven times until one reaches an end point. One may set the end
point at any suitable threshold. For the wild type dark data the end point was selected where the

next delta LI was 5.16. That indicates the improvement in data for the model is minor.

[0048] Figs. 6 and 7 exemplify two ways of adding a new transition. Fig. 6 shows how a prior
15  state 2 colored red (oval) may be separated into another state 4, of the same color (red, oval) and
into a new state 2 of the same color (red, oval). Fig. 7 shows how a transition is added between

prior state 3, blue (hexagon) and state 1, black (square).

[0049] These working models based on the WTdark2 model haven’t been named or saved so
they retain the working name of the starting model, WTdark2. The model of Fig. 6 shows SWS

20  state 2 having SWS state 4 split from it with a new transition, while one of its existing transitions
(the one with waking state 3) is allocated to the new SWS state 4. Note that state 4 could have
been the color of any sleep state, and could have been allocated any subset (or none) of the
existing transitions of SWS state 2. The other model in Fig. 7 shows existing REM state 1 and
waking state 3 connected by a new transition. The method of adding a transition in the Fig. 6

25  model reverses a graph contraction by which a model with indistinguishable (aggregated) states
may have been coalesced, and the method in model of Fig. 7 adds a transition that may have
been omitted. In this way, any correct model of aggregated states can be recovered in stages

from the simplest model that accounts for all the observable transitions.
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9107. 09 9105.03 2.06 5 [0043] The above data show four sets of iterations
of the HW al gorithm of the invention. The "distinct graphs optim zed"

i ndi cat eswoheizmstaer of non-i sonorphic states provi ded pgTiuseotiioyssnt i on
after the total nunber of possible states is reduced by the 10NAUTY
program For exanple, after the first step in the first data set, there are
15 candi dates that are non-isonorphic (i.e., unique and different from each
ot her) and each of those is evaluated by QUB for its likelihood before the
graph _is taken through the next WO 2012/125146PCT/US2011/028302 step. Only
t he nt¥50] Thepiprtpgrgeybeteoed stetee2 find 4 in Eigep and begpisemstaigs dand A in Fig. § deond

st ep. 1§ 44 st set
of da{ﬂaege %{%GWWSBﬁeﬁ% A cg{:)c{rﬁéﬁ Bfé ? B}fggrﬁléog\cf%iuﬂ?e) O?Enult q(% ‘Je rgg U 15

furt hﬁaimelmQI@)‘]l@)mdt(O Il SlO)pctenkdr&Eduy)uncEﬁle ket s@i‘tu@lhaa Wwisich ho@lme@iwm I b and

wi t hout a 5hypercube. Ilhood (LL) .of each nber of each step
i s prBWERS 35591 t%onpﬁ&g?g Ignenrsopeyth hicyepTiiPe O MePriaEY Shown | n

the a g'lﬁalt gfe%atea%dg%ﬁ?lg% tﬂ%@gﬁ g}at@ e\ ﬁg}ﬁilﬂﬁll &lépa‘f'ﬁ atext @rting

val ues. cel | "under“t’he non- rcu e co cat es t results
for tiey he rusekdy ﬁé(nc thae alh pthet trmsﬁamara‘as ha‘}‘aebaea sethined fostating valypefoc thee. When

results.are.di t,,the results, are shown in the non-hypercube 10col um.
The dgq)tlrgletEor;Sl%@pﬁ]ﬁéchﬁefvgo‘gE@g(%%de etween the best one of the distinct

graphs and the next best one for each step of graphs. The first tw sets of
dat a F0®athlihon-isosdoipige graphs ars baihtdin tihis sva'yas stanimg doygssedfor optimsqaeioh bye del ta

LL d 0. t F h
e o1 BUR s Bde i biktemi et she R aneseli o orighized by T aed Mogficranar
SR eciislidde bBe OHP of thk:'l'S%MalH%ﬂie(l@éndtthﬁ Ifl@dé'l ngo%e@ R ndvmbl&SEr GRSES) - 15

Qobservations on the above dat a: 1) The likelihoods are infinitesinal
and sideraties of the tnyenpar. dl thwgmweforbwmthfr eptghiaedmotitlen steg 2 thitel i hoods

by a c nst ant Siti.v oop closing from

DKA | eleggem%eégfl Fﬁ%g@gﬁreo P&V\I)‘é?ff%l %alfdz splegtllvel)ly 20transition, which in
sone sense was not an additional degree of freedom and therefore the snmall
del t a[IDDSZDTlleh)tamdag gaess épt step band the ogtimired snadehthat dvheivevbkstLIsuBR2Rédiran

ol e PaB T T gt | oo o R ekl R BB 0 s O

melmhb@ledﬂgg gffollowed two small deltall's at stages DKOdar k4->5 and
DKQdar k6->7, 25whi ch m ght have put the growth process off track.

[0053] The next two steps of growth, with deltal.L.=142.85 from WTdark3->4 and deltal.L.=8.59
from WTdark4->5, are Figs. 12 and 13.

[0054] The best or optimized model of in each step is used to generate the models of the next
step. Those models have their isomorphs removed by NAUTY and the non-isomorphs are

20  optimized with QUB so ModelGrower may select the best model for the next step. The
foregoing process is repeated until there is little or no improvement. The invention operated
seven times for wild type dark, five times for the wild type light, six times for the DKO dark and
seven times for the DKO light. The final, optimized models are shown in Figs. 1-4. Any content
shown in Figs. 1-13 is displayed to a user/operator on a screen. The displayed HMMs present

25  relations within the processed data: the various states are visualized by symbols (squares, circles,
...) with integer numbers, transitions between these states are visualized by arrows and transition
probabilities are visualized by floating point numbers beside the arrows. Thus, the user is
informed about the results extracted from the input data by the inventive method in a clearly

arranged manner.
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4) These nodels are only that which is justified by the data-nmuch nore
conplicated sl eep nodels are conceivable with nore data. Larger nobdels nmake
t he net howloavem2samse powerful, as the number of possi bl ecrasedid/opssor eases
conmbinatorically (to 6,003,931 distinct nodels if we sinply allow a maxi nrum
of 9 instead of 8 edges). WD 2012/125146PCT/US2011/ 028302 DETAIL OF ONE
MOUSE SLEEP MODEL GROWH STEP 5[ 0045] For the wild-type nouse sleep data in
the dark, we start with a nodel that describes nost of the observable state
transidd o I i i i I: pe dark,
each (?dsﬁmghgﬁ@?@ atS 58%%%1% dﬁgﬁgh %/\Eée&@g%e&s@%?%@%dg%n%ﬁf& %g(gce%%ggg?%t/%d

st at esnpulteethe bgstenw by asisat ke systenc prosésdex thel datg gneé gerieeatesHMMSs. THeddiMivisy hi de

other less visiple states. In the fjrst instance, the observed or
agr YR O PERRSS PHEPTAIRE PR TP Sie St bIch (T Al A TRISHAR and

indic Bﬁc%gbiﬁﬁeﬁ ThO uSGUah Bsd the idFSrmhdtBH/cBEnitive OMIMAYROIREEHRINIS & e_Qﬁﬁ@hiE he
color ' red and d d by an oval, and the waking state 3 assigned the

esi gnate
cof or otgapismaunglediwséagetnti.edhpyses chrereapon. inftgyms of mpdifwingabeibrgahiamebyi ncl uded a
transition bet.wpien R%I\/Lét atrectelr' and hw%ki ne s ate)e( BCtinbUt there are a%ct ual l'y
no t r SHRERESHENSY BT RY TS CTHERF IS F S O8 X EECRE PR SE BT $ ' nel ude
this fdpanehtinOhe hddeiddREaniing 86d bpfendingtthé e Uageo theThRMIOL sylshkan Farent i on
uses the Mdel G ower programto generate possihble candidates from an

ori gi BEcesngadhe epht e inshdps corsadegtibnne Biegaedificbpieppismasyelk e warddpdat es
toid ' ' ' T J erates on
the r ERbhY NER) SEEPLUATARIERERIRRAR o nafidRih RAGRATL 08T, 21 ot
clmsetigitsonfornms to the data by optimzing rates of that candidate (e.g.,
maxi m zing the likelihood that the data cane fromthe nodel with those

20r at pX)6] The pepdnt ifvaadorca neltetiatseto af cohtpaitel r¢agihibls ta@pute s ploleans paxitictrvgith

candi date for the next stage where Mdel G ower, NAU'll;gégond QUB operate

agai nCoNTPEen GreEwRble StEF ANy REUEPYRS the cRBUEosreEt thseforepertmetdser |

prefe ( | ] imhhy slipng;.gel ta LL.
T b A e S N S N A e SR
nodel memocacatil dat ShdelreSD,HeiniSP sSSDHEY es)emttlat Tikeewith a aliitabposdivisire nodel s
Wiﬂih one nore td%ansi.ti on. The 25 Model G ower program starts with the basic
obser POGTMBHEFEPTSS ORilly. 5 and grows it by splitting states or connecting

ori gi pal onnect states. O all .the possi bl e.enhancenents of the nodel
of B Wtsat TRaeehoEanteden oratisiiisails SeB b aBrELTE BeTgemEn eBhe R ¢
candi gpd @@mﬁdmnﬁ@@gﬁahg%é avdiAPRIfbl @8 wiflBe tRRAt &I N8P ateMRrebP

candi dates and Model G ower selects the one candidate that nbst cloSely
conf oingerppmiediley wéarenceT Ratdanstotlherdictinties intheseferrnces dsasaskabone argelso
30startin ojnt _for stage 2 and it is exam ned for hidden states and

hi ddeWc?ﬁpgﬁg?dtl?yoﬁ TG e specifically, the program Mdel G ower grows the
candidate in all possible ways by first splitting WO

2201 2/ [0R58 pBPCTnuS2théd Ir28BaPureres HMsdygseygang that singlistc pbreovetiwotast at es
of the ]rsl']gme col or. Y r m)vgsd i s?rmr.@hs Then delr.rrg ower .S litﬁ each

st at eTFREE i PYF SPEES SR BIUGRR NSO Lefeep Sieteg, (hoe EbieBHOLTaY Re

ori gi gl 6 haicPata MMNNRoR ch@blekatal eﬁe&hﬁ%ﬂﬁa@e eseh@tienbf Ki6loglcal Jroestdsber
of colors corresponds to the initial er of observed, aggregated states.
NAUT YT epiarention psavidesoeduabletoels and prasgisetognyessage fhesstruptusgand opesasivalof ower
connegt I c e e . o] S on . end of
che kb pRleenda P PRE LSt Ehal DaRBF DY BRENAS SoBPEE PR iRt os
[R5 opPhyiclogigs bblesve tiadd dorMidehdRs bveils colgrdl iidtesllilireanddstraceliglapf t he

candi dates., The optimnm zed candj date then becones the starting candi date for
st ageCONRAREFIG d1QWGYAT. g et adionpdithpsg igwihapielms yerswmdex ane bttlgdy e
candi]gﬁ,p,ﬁjs 2 glat ] NI 10 10
reduce t eablotg?g%ﬁlhgjrf er ﬂg?ﬁgggésﬁgﬁg%%?%\;e? Flginli{ to ?1%?%}%?%%%‘[@2

candi Wate sheastwictoypt ofithe sdtelhpadu. is khewpritmeyp be pessitdpwataatia desease byiusing unt i |

one reaches an end point.. e set the end pojnt at any, syjtab

e estit @ Mo T A doarY Getactne Brakgbr e el B3t et e
Xt gehisdidalbot@Eendtads. Fohdkarhpd] fphek 4 fabdRICAMABEBALed By dodwvr f or the
nodel is mnor. [0048] Figs. 6 and exenplify two ways of adding a new

transition. Fig. 6 shows how a prior 15 state 2 colored red (oval) nay be
separated into another state 4, of thg _same color (red, oval) and into a
new state 2 of the sane color (red, oval). Fig. 7 shows how a transition is
added between prior state 3, blue (hexagon) and state 1, black (square).

[ 0049] These worki ng nodel s based on the Wdark2 nodel haven't been naned
or saved so they retain the working name of the starting nodel, Wdark2.
The nodel of Fig. 6 shows SWS5 20state 2 having SW5 state 4 split fromit
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WD 2012/ 125146PCT/ US2011/ 028302 [ 0050] The starting rates between states 2
and 4 in Fig. 6 and between states 1 and 3 in Fig. 7 for these new
transiti one 2emvesfasom t wo coners of a hypercube (squarepcofusculitopgsbt cati ve
radius 10, namely (10, 10) and (0.1, 10), centered around the default
starting rate which in this case was 1.0. Figures 6 and 7 are just two of
the 15 possi bl e non-i sonorphic evol utions of the primary or 5ori gi nal
aggregated nodel of Fig. 5 These starting rates are exenplary and ot her
start et aTBY e e been
retain l‘lﬂgl glgéesot%artl Hglﬁ\e/g% ﬁg%seyg (a%eh%%gﬁ)?é C{r%cgsté éxcE{)s%%‘k &%t %¥k| ng
nodel prodp&imli} hdrmfob By ssingthelH M) tsapdysbeapwsible tbmncqmer hiksy ware cakegt arti ng

f t ti B.to.f th del. T 15
o) S G Y, By PeseRs i el s R TESRTREA o oihe! BESE @ ALTGRe ( he
15 i nihied)r tﬂiﬁﬁﬁ&&aﬂlﬂeﬁa’ﬂ A ge |res?8ﬁ§%m?ﬁ§aoftﬁé?e REUp1ERIGE of)gésltfs Rgsenet

iteration of the |nvent|on The arting guess for step and the optim zed
nn‘ijel HI'W véteepth bodais d@ﬁmeet/lestsnmmwe s¢shonst7 2sirpstha inyestawin may beipgssiblg and

o ERREH S 00 a IS PAReb Y LGSRl TGR TR SRl ™

respegdspoby; the best nodel, mnth del talLL=101.79, is accepted, saved,
15and | abeled as Fig. 11. [0053] The next two steps of growth, with

del taLL=142.85 from Wdar k3->4 and del taLL=8.59 from Wdark4->5, are Figs.
12 and 13. [0054] The best or optim zed nodel of in each step is used to
generate the nodels of the next step. Those nodels have their isonorphs
renoved by NAUTY and the non-isonorphs are 20 optimzed with QUB so
Model G ower may sel ect the best nodel for the next step. The foregoing
process is repeated until there is little or no i nprovenent. The invention
operated seven tines for wild type dark, five tinmes for the wld type
light, six tines for the DKO dark and seven tines for the DKO |ight. The
final, optimzed nodels are shown in Figs. 1-4. Any content shown in Figs.
1-13 is displayed to a user/operator on a screen. The displayed HWk
present 25relations within the processed data: the various states are

vi sual i zed by synbols (squares, circles, ..) with integer nunbers,
transitions between these states are visualized by arrows and transition
probabilities are visualized by floating point nunbers beside the arrows.
Thus, the user is inforned about the results extracted fromthe i nput data
by the inventive nmethod in a clearly arranged manner. WO

2012/ 125146PCT/ US2011/ 028302 [ 0055] The invention is concerned with a
conput er-i npl enented system for processing data input to the systemby a
user. The system processes the data and generates HWk. The HWWb consi st of
nunbers conprising two or nore digits, which identify states and transition
probabilities. The user can use the information/cognitive content from
these HWbs to adapt his 5 organi smunder research, i.e. the user can
respond in terns of nodifying the organi smby changing a single paraneter
characterizing the organism by extracting new observation data
representing the nodified organi smand by sending the new data to the
inventive systemfor reprocessing. The reply data includes code identifying
the nodified organismas well as a word (or part of a word) conposed of the
| etters representing the nodification identified by the code 10digits.

[ 0056] The present invention also relates to a conputer readabl e conputer
program product with conputer executable instructions pronpting the
conputer to execute the aforenentioned nethods or processes. The conputer
program product can be a CD, DVD, HDD, USB-stick, nmenmory card (CF, SD,
McroSD, MniSD, SDHC, ...) or the |like with a suitable software 15program
recorded on it. \ [0057] The attached Appendices provide detailed steps for
operating their respective prograns.
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The QUB and NAUTY prograns are available for use with the invention and
they are hereby incorporated by reference. Data and ot her disclosure in the
ref erencewodnexnssied above are al so i ncorporated by ref ecernuses./ 0260t 0058]
In summary, the invention uncovers HWk s by assum ng that sinplistic
observed data includes one or nore hidden states or hidden transitions

bet ween states. The invention nmay be used to generate HVM from conpl ex
data, especially data representative of biological processes. The invention
provi des val uabl e tools and processes to investigate the structure and
operation of such processes. There are nunerous applications. One exanple

i s i oWlethdnheh iconmuni cati on. 25Physi ol ogi sts believe that ion channels in
cells control intercellular and intracellular co ni cati on. However, the
operation of th6s8% Bﬁf(gt?é?ﬁﬁé‘f%aicgmmétreg/toc‘}tjfﬁﬁ‘ﬁee%(seéﬁ datp pepresentativgofiih about

t hem stakei RALHIHRA0 IBHBRE it o QMR BN dMAGRYQ and ol HE idcARlif\aRRSher@BEr at i on.
VWen the structure of the state machine is known, it may be possible to

t reat said biddemsietep pf theistaie maeching, compasing thecitersof: el ectrical potential or

currents or, phvsi.cal rturbations to alter state or .30a transition
bet ween st af glrsléf’( 3?_1% ?epégsé%ﬁg? 8%%1)6 Brggéorg % itgeeségtg n?aghlc?ﬁ él?cé%‘glég PIEY BYCan over
VO 20389eih2d bHRCTAATZ00E betividd @ Bsetdnsiae and®Eorditub il e d1weB faRRs Bc@nent he

body produces an excess of cytokines and that over production is harnful.
By usPP§TicHStaAMvAnsEiansy be possible to uncover a key state or key

transition - lL.ake 1 I i ni.cal or
ot her rrean%stsiégﬁnﬁ %lrﬂ%{&ﬁle s%egggg%lrdﬁsg}gﬁcg?t? {yb%a‘fi‘%%o trg‘gllregeéﬁlga%%togg g’lﬁ u?esponse.
Arbt helrarsxaisgk ef its obseevedpposithedisthramishied h flontHhVothbestgeitvbé stardy i s defi ci ent
inits i ne.response, in he invention it may be possible to identify
a hi qdenms%ﬁf”éfrymgp R b e PRI GAVIPR 25°cof i DBV FhHiEY 1A eRFCHB g i  y
the i gyRQy ESIBBR R currdiOe 2024 ﬁ%ﬁ%ﬂ%ﬁﬁ%i@%&&ﬁé&@é@& o BBderleddtaAkifbhs: 1. A
met hod for operating a conputer to decode a set of data representative of a
st at ebetwetn olsetved sktdspeach likbwisposturtingehiyudly cadnnduding snlgndysérvethsiitsi ons,

i ncl udlgsqn . at es. b tweecp t5tsa_i d hidden states of the state nachine,

corrpr?1 %@”‘?Sl‘?énsﬂggog)gerg?.sae.s’ storing data representative of observations
of5 the st af@efmiaRifien tHeGretdbiGraita fF oﬂ@érﬁ/eﬁ%ﬁﬁihy QekhTIndb@ditiohdlansi ti ons

bet ween observed states, and continuous state dwell tinmes between observed
st at ebifiregiiongl teansitionds paphi ang exeryipppble istanseanamslysach observed state, said
code repre N f . I . ristic. of .15S observed.state that
i st i ngoi spasp s ferifrd Bthy OB AEhT RIS il bR R Gmgh R ¢

i ni tia@nneabdpaivefingy stptes, wisréinYoth et statks b ahy adle D HeakistiDaGhtaRdIr I'i Ng
uni quely, multiple occurrences being indistinguishable, and having a set of
obserigaiPehagE FydnssiBlerwadae srsers Easiion(s of the gxisting rlatsiasrong dhqipay g

ul qugwata@pd i ncluding only observed exits and entries anong observed
states; 15ge€nerating fromthe previous graph a set of derived graphs with
one addi t i gematatibg déqoed dewveal greplaryi cohvearting ae ecdbtimsdate rethy ppoyé@istpraph

i nstance, nanely: . epnerating first derived grap by.converting an
exi stl_flﬁ’gEi %({Il&?%tegﬂalf RESY g‘\?{éﬁ’u‘gheﬁ?l SRE PR state IE?SﬁlFFe _ (fl’? | KI9PE §8{F Aat es,
wher ehd oftef el it SHALRBFRNI o 8f SRR AffdrBR BXdrodd Hte SIALEAllRBhein |
real | ocati r_lg in any possible way the existing transition(s) of the existing
st at engpopbleveayghe existingiansitiontsapbhe existing stgtsraorangithgpaieciony dates;aed

hs b . existi i h . . h i .
G52, D GABMERL W A0 5 R bR BB b e

exi stwiagbaivadreeastthgt dngesodhing pr@&hdu%@bl@ whete thedivids@banbsigege of anot her
different observed state, and reallocating in any possible way the existing

transi ti ofeRPVeR ifqreorhicranhy fiomataid soivohderived gpibs; of new states; and
25gener at i gy igihggl;led]%{e'ts\é?gll S fRAGHsRY eéﬂl%ﬂﬁhﬁ?é‘@e#ﬁ% gh\r?ﬁ% h%Qﬁrlliz%ﬁ%nSI tion

in any possi etween existing states o evi ous graph where
t her dikefiBoatbthat aank of thenesuttbrpoderivgd pmphogquetatedyha plogedf datunasdi d set of
derived graphs;
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optimzing the rates of all transitions of each remaining derived graph to
maxi m ze the |ikelihood that each of the resulting derived graphs generated
t he storewodatzsand WO 2012/ 125146PCT/ US2011/ 028302 i mepaskeing243ne

| i kel i hood of said resulting derived graphs to identify the one(s) whose
underlying derived graph nost |ikely corresponds to the stored data,
wherein each resulting derived graph includes at |east one hidden state
transition. 2. The nethod of claim1 wherein the step of identifying an
initial, o | . 0f - es, each
occurring gﬁ? %C\tglgl ;tll%rlﬁrr%pp ?%f%@%?‘%@%é%%gitgn h?ﬁ%ﬁdg{lﬁlig%(iﬁélﬁeg I@Oilémd

consi ahdenlyimgf ddrived geph afosolisedy vatespoaisso thensred ditaeeicrtineacibssuilviag st at es,
each | ikew se occurring uniquely, and inc|uding only observed exits and
entri é@l@#@g@hlﬁ@%ﬁg@?@é&p@ﬁg&%&ﬁa@ ra1§819%et hod of claim 2 wherein the

codes are 60l orgpe ﬂq@ﬁroﬁ%}? i 18ehedin %eaétegﬁp&f iHéHtffﬁ?ié laﬁ QUTRAI éEééﬂreH%?eﬁﬂ\E i ng

the steps of claim1 to find the best graph(s) untrl the margin

| ikel comsots @by vtthe lvet af@bternmksttates, kedhyocgnaiplg (uwiquielysl inoidtipds ocliumienées hicing

t . th i son. af h ing. d hs with th
Care MOkHBESRO BhdFTifioe O AR 55 dobSiied Fubliss Brntlr 8 8T wtletne |
si mpl et 1ReHHRcEurBih@RAGEy Nl iRt1AHIRE ohfyoUséed bxXigamdhtridd %m‘éﬁ% efeved dat a,

15wher eby the nmet hod generates the best justified estimate of hidden states
and t pbassiedistates. of the state machine. 5.The nethod of claim4 further

identifying a hidden r . . servations, to be
conpar ed vmg‘t h aqugff‘ g%h%ﬁioggl\éﬁn"%&ﬁ{%%ﬁﬁ'{? Z)flgsg%ei%élgnét?i fied froma different

sgl of obsgrvat ThamethdAof Tlagn mettilog cofmpgbiagm 1 furt her conpri sing
presenting each graph, candi date.  and/ or Markov mpdel on  a Ei_]gpgj ay such that

I
the corresiordMeghettarey cam | foflnddhe hest gerbes) paidldbeamargn ot Brdibopdns. 7. A

nmet ho i PREE Aol HI‘P(ﬁf . . : - epr tive of a
st at e%ﬁ‘gvg I’tllil ne tE gbgﬂg%e%%g t eﬁﬁlocétgs aﬁ@gﬁgln%irgﬁtnﬁ%te g?%lga%%@ O?%S@%?t i ons,
i ncl udwags bahg donceherpegradtsaildthb isaside numbatad srahgtionshw degateonteddome jn

conprisin e ste f. . storing data_represen jve of the state

chi PIEcb i s tihleT el Aah G mgreciof dedebiopd Si4he Poseoied B6s woen

Stat eghereby the@R&h&8DEHdraesthé b&k ARtifi6PERIntP SARNIS A8 andatMsiGiOHEOS the

representative of a unique characteristic of its state that distinguishes

it frﬁﬁﬁeaﬂhachUIGher states; 30identifying an initial graph representative of

Lhe state machi o6 ol RSL UL OHathd A6 AIEL R8I L ANShAL AT LU LET T ed B
observations, to be compared with another hidden Markov model so identified from a different

set of observations.
20 6. The method of claim 1 further comprisings:
presenting each graph, candidate and/or Markov model on a display such that the
corresponding states are linked by the corresponding transitions.
7. A method for operating a computer to decode a set of data representative of a
state machine to estimate the most likely hidden states and transitions, including rates, between
25  said hidden states for the state machine, comprising the steps of:
storing data representative of the state machine over time including one or more states
and transitions between states;
assigning a different code to each state, said code representative of a unique characteristic
of its state that distinguishes it from all other states;
30 identifying an initial graph representative of the state machine, including only those states

and transitions justified by experimental evidence and

221 -



WO 2012/ 125146PCT/ US2011/ 028302 generating fromthe previous graph a
set of derived graphs wherein each derived graph energes fromone of a set
of oper atwonsionstdae previ ous graph, said operations perCorused1ogsonay at a
time and in all possible ways on only one state or one transition so that
each operation results in a derived graph with only one change in the total
nunber of transitions or degrees of 5 freedomrelative to the previous
graph and the set of derived graphs include each and every possible

i nstance of such singl.e changes; .renpvi.ng.i sonorphi.c _graphs, fromsajd set
of deri ved AP IroH? e SRtk opt £ SlREIP QGRS diterth S depiypligph cach
remai Bmdges @ohv@ad @haaphoftdpeRBshd bz the tpP@iéds@iaﬂH} o4ad opé}aﬁorﬁsgﬁffoﬁﬁed e

resul ting derived,graphswgenerated the stored data; and 1 i nspecting the
| i kel Mapata Bmesad @ albpeastblyavser qnrdyiogg sptsor oae frarstidnfsp thaeaghepesatiathose

under |\, 170 .def. ' .St or I
wher ef S UBSIRLIGNER piRBRIL TR ohd FEkte A ERBIRERDC] QLeSRhORr G e
t ransiitedom reBativeeo thetfhedows graptaamh the vhief devedrpzapghs iidiedexash ald everpst ances
of such anges i ncl udes erating on the previous graph to generate
derivBﬂ“ﬁE%ﬁﬁ@PﬁHﬁkﬁg$$ﬁgk§ggﬁﬁ§ and in all 15possible ways by converting
one of eac&nﬁxﬁ% istophii Gapt £ sR S PUSri BRIt 0 a bidirectional ly
connected pair of new states, wherein 1) both hew states have the code of

t he exi st i opfinsizingehe wates of alltttapsitirinsefi sagh tenzaising deni(es))grafh tomeaxamizsttherg st at e
have n real |l ocat one .way ,at ti and in_all si bl e ways anong the
payr gg&ﬁ@ﬂﬁ f%f%’F$%ﬁ§?$ﬂgn%@?H8§g&#HEEQFWﬁgyﬁﬁéFggﬁg%# f t%e poss?ble

I st ances Rkpdetial taRURSd ShlddesulREdG el Graphs iR hOMR (YRR t O

generate derived graphs one way at a tine and in all possible ways by
conve¥deryingrisriyed eraph mogt kialnepreaspenddsite thetséorpd dath.ovkereingpth fesulting

bidir j Vi Iy F states, wherein 1) one
neM/s&%b@agggkfﬁggggggkb%cﬁ%@“%%%é@%ﬁ%ng al'e and the other new state has a

di ff erent 25codEhoinetod ol elaind 7fitRren bnObSHE poskilié aiseincand sddh ¢Haagexi sti ng
transjtgﬁn(s) of the existing sgate have been reall ocated one way at a tine
and i FCRAPS QRsEaling| 2 m e vians REFPR AR SgnsTate ge1vFe\graphs oas way ¢t FHBeHad ipall of
Chspi My st &by oRvGHink Bfe HOSh BliSihdSL@" Sullaglippags i ncl udes
operg}%isﬁlg ong}{shﬁgr‘e]vi%%s eggg%ﬁ ?Jélgtéllé %gr‘tgtlnlgﬂ%é)?%v\}% erlap {sbg%ne at atinme
and i idaédtiodalhossinbéted peiy sf tiyw stdtts,gheaeini ngl e new bi di rectional transition
bet ween exj.sti states, of the previous graph where there was no
transitionb %9ﬁﬁ§ﬁﬁ§?@%%@@éEt%f%§§§¥f?@i g@%ﬂqang 11. The nethod of claim
7 wher ei n HNenesd@RingfirahSabhdsS ¥ thY ecABiAINthth Rhve IRRE LBt &Wwaf@trhsﬂilﬁg‘,s only
of the set of observed states, each occurring uniquely, multiple
occurrences bed impall pessible wigpisi astnmigtes painef meonstitss.i ng of the set of observed

tyansitio between t h served states ach Likewi se occurring uniquely,
a%)d i ncl u&iﬁ ng on eymg%_gép 5@81 Texi't §reérh8nee?1§tﬁ? 8%555%’6‘\3%%68 SULIEEF st at es.
12. Tihelut®s dpeehtdf odlthd pletibuyBRPR kdgdrReat€ 868 d i £HhS 0hOHAy at a time and $h allhe

met hod of claim 7 further conprising.: repeating the steps of claim?7

to fiRAEsiPlievysdy cgr¥gHPS pReefiderh eraingastae in e Proviasigiaddnisove the next
nDst-&h%%k%Pagigﬂéé&B%B%}8@&§§mgkgkﬂk§%hng returns, the conparison of

gr aphs el n one anobng ‘graphs with the sanme nunber of
transitiongy one degsweshasfhe sodedbthe exivtiag giate dnd the oitlert deev shtohhes tiffwasi bl e
i kel i hood of the observed data, whereby the nethod

raph(s) maxim zi he |
génerates thQ&%€§§%P&§¥@¢%§@tg@ﬁpﬁgﬁgﬂ%@mﬁidden_states and transitions of
the state JyRahi d&ting ftransitioﬂ(é]‘) Q[f-lffg?eﬁ?&ﬂéoﬂaté’ hawd ReAvebBofditd HKY wé}dﬁrét fihy1 N9 a

hi dden Markov nodel "from a se
and in all possible ways among the pair of new states.

10.  The method of claim 7 wherein one of the possible instances of such changes
includes operating on the previous graph to generate derived graphs one at a time and in all
30  possible ways by adding a single new bidirectional transition between existing states of the

previous graph where there was no transition.
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150bservations, to be conpared wi th anot her hi dden Markov nodel so
identified froma different set of observations. 15. The met hod of
clai m 7 fwotheri2s6mapri si ng presenti ng each graph, pcanmseadatessand/ or
Mar kov nodel on a display such that the corresponding states are |inked by
t he correspondi ng. 2016. A conputer readabl e conputer program product with
conput er executable instructions pronpting the conputer to execute a nethod
according to any of clainms 1 to 15.

11.  The method of claim 7 wherein the step of identifying an initial, observed graph,
consists only of the set of observed states, each occurring uniquely, multiple occurrences being
indistinguishable, and consisting of the set of observed transitions between the observed states,
each likewise occurring uniquely, and including only observed exits and entries among the

5  observed states.

12.  The method of claim 11 wherein the codes are colors.

13.  The method of claim 7 further comprisings

repeating the steps of claim 7 to find the best graph(s) until the margin of likelihood
above the next most likely graph(s) indicates diminishing returns, the comparison of graphs

10  always being done among graphs with the same number of transitions or degrees of freedom, in
order to find the simplest possible graph(s) maximizing the likelihood of the observed data,
whereby the method generates the best justified estimate of hidden states and transitions of the
state machine.

14.  The method of claim 13 further identifying a hidden Markov model from a set of

15  observations, to be compared with another hidden Markov model so identified from a different
set of observations.

15.  The method of claim 7 further comprising:

presenting each graph, candidate and/or Markov model on a display such that the
corresponding states are linked by the corresponding.

20 16. A computer readable computer program product with computer executable

instructions prompting the computer to execute a method according to any of claims 1 to 15.
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