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Abstract

Partially cheermble Markeyr deciaien precesas
POMDFa) are & convenient repredentation for resson-
g &nd planning in mobile robot applicatiom. We In-
veatipate two algerithmos for karning POMDFa o
seried of ohasrvation /artion paira by ocomparing their
domance in fourdeen aynthetic weorlds in comjume-
firn with four planning alpeAthom. Fxperimental e
aulta awggea that the tradifirnal Baum-Welcrh alo-
Athm learm better the atucture of worlda apecifi
cally deaigmed to Topede the agent, while & heat-fimt
owxlel merging algerithn cAginally due to Stoleke anwd
Cmobundre [5083]) performe better in mere benign
worda, inchiding awh that maedel frpical real-world
whot fetching taaka,

1 Imtroduction

Autemerasua agenta auch aa rehile robota often have to
operate o men-determindatie eorrenmenta wih meb-
serymble atate amd unlnewn dynaraiea. Qe typical ex-
arypleia the aituation when a mobile delvery mobot haa
i be deplogred at & new alte awd 1 expected o narigate
elinhly hetween acveral predetormined gesl loeationa.
The: rmly matrwetiom it s given ia & teur of the aite, per-
formned by joyaticking it between all gral bheation aod
allrwing it te arrumaulate aenasry-reter taee. When
the mhet ia &t & paetierolar gesd lecstien, it s given an
mfiratien of that, including the gral number. After
the tewr i peraplete, the wbet hea to leern the topel-
ey of the dte, plan rewtes hetween gral leeatieng, awd
exerute plama awereaafully. State in this eoriznmeent ia
mit fully otasrable herswae anrae of the lecaticne are
mt atineruwiahable frore el other, and funtherraee,
the mhet ia net ertain ahewt ita atarting pealtion, the
o ree e of Ta artiem are net determainiafie, and
Ha aemaite ia met perfert.

(lamira] planmnem awch aa STRIFS and TOPOF
wmanally perfrro inkdequately in aweh eovirenmenta, be-
came they hae heen deaipmed to operate on determoin-

iatir repreasntatiome of the world, awilable in adwnee
in the frem of 8 mep or & domain theery, and eguire
fully otaerrable atate. It haa preved 1o e veryr diflenlt
te extend rlasaiesl plannem to kandle uneertamty and
uncotacrvahility, while airoultamemmly learning the dy-
namnim of the enyrenmaent, and & meajor paradigoe ahift
hiaa heen mecesanry.

A Pamework that can handle atechagdie, par-
tially oheervable weorlda with unlowewn dyDercirs, ia
that of partislly claenrable Markeyr deridon preceiacs
[POMDF). While there has been comiderable work om
reaarming and planming with POMDFa [KLO3G, KeuSa,
K58, themw hoa heen relatively 1ttle progrea on kearn-
ing their atructure fom dats with the explifit purpeas
of reaarnig and planning with theo tlereafier. Thia
in exartly the feewa of this paper.

We apply two algreithraa te the problers of kearn-
ing POOMIFa from data — the traditiome] Baum-Welkh
alprrithry amd & beat-firat moedel rerrme o thed
adapted fors the cne propeasd seiFiwdly by Omaohun-
dro aned Stelrke for apesrh rergmition [FO83]). The per-
ferrasanee of the three almorithraa s norspaeed I asre sl
planning domsaing wing four algerithroa for plannine in
FOMDFa. The effert of the degree of alisaing ia ex-
plored sa well,

Sectien 2 dearribea the POMDE frrraaliame b
aeversl pepuler algeeithras for atate catirostion and
planning with POMTDPa. Sectiond diamiaaes bkeeeithom
frr karning in FOMDFa and the problers of geal de-
temaination in learned POMDFa. Section 1 dearribea
the frartesn werlda wed in the expedrients, sa well sa
trther evpedmental oenditiom. Sectien 5 reporta the
experitaental reaula and asrfiem 6 conelude.

2 Resaoning and Planning with
POMIDPa
The FOMDF racdel haa teen develeped in the field

of operatiema meaesrrh s & feemalare for inference
ald deriaien el g In probeabilicie graers with hid-



den atate. A POMOF i deartibed by the tuple
5, w4, T 0 E K, where 5 ia & aet of atates, o« ia an
mitial probabilty digdribwtion cwver theas date, 4 B &
get of actiong and T 18 & tranadion hmetion that osepa
S d intodiarrete probebifity didributioms cver 5 The
datea I 5 are not obasrvabl - imtesd, olaervatione
fremn the aet O can be perceived only. The function &
mxapa T @ A into discrete probahility diatribwtiom cver
O [in acmve FOMDPs the ohasrvatiens depend en adate
only). The function R dearfibes the imoediate reward
ereived when the POMDEP b in ewrh of the atatea in
5

The atrwcture, tramitien, emoisgen, and rewaed
fimrtivme are beaed on the aotel objectives of the
agent that 1 controlling the POMTFP. The arcnarin we
are Intereated in i meobie robot navigation, where each
aate 1a & leeation in & werld and each otacrration B a
charrete perept that can be produced by the pereep-
tusl apparste of & maobile obot, If the objective of
the mhet ia te reach & particular goal atate and day
there, the reward for that atate can be, for example,
ome, whik the reward for bheing in &ll other atates can
be zere. Then, I the agent madrmaiees the reward it
wereives it will effertively be arhievime ita gesl.

A POMDF can be controlled by executing ome of

the awilable artirma at each tine atep, As & reault,
the POMDP tranagfera to 2 new umobaerwmble atate anwd

ermaita & new obastvatiem which can be pereeived by
the agent that ia controling the POMTDP. The agent
b ter infer the atate of the POMDF oo the bhadga of
the aorquenre of chastmbione and the kewledge 1t haa
abrut the tranaition and ersisaysn probabilites of the
POMDF. Snre the agent haa o resaen under wmeer-
tainty, it canmet e completely auwre abeout the ecoaet
date the POMTF ia in; inatesd, it hea to maintain
beficf atate Bl [5) repreaented aa a probability dists-
butiem enver all atates m 5.

2.1 Belief npdatng

At all tineea the agent maintais & belief datahution
eaer &l praaible datea it cam be in, sl ypdatea T oae-
cordfing te the artiema it talea sl the pereepta it ob-
geryed, Thia proceda of belief updatine folleows o twe-
aaged prediction-estmation cyele [K383]. During pre-
ehirtiem, the ament mtToates e the helief atate st time
i will rhege if & parficular actien ) 1s performaed at
firae £ — 1, heaed oo the helisf atate hefrre the artion
wad perfrereed and general Imewledge sheut hew ae-
firna affert atatea

Hallay) = E Plagla_y, o 1Bella_, ],

A -1

whemw .Eﬁ-z[[.ad]l inthe eadiraated helief atate at foae i foe
all atated 4 in &, Bal(a,_, ) 1a the helicf atate at tine
i—1 Pla|a_,, &_,) are trandtione probahifitie of the
POMDF, sl the aurn ruma caer all atatea in 5.
Duing the eatinention pheae the wewly obacned
perrent & B waed toupdate the catitaated helief veetor

Bal(a,) = aP(ay|a, ) Bl [a,),

whew Flay|a,) are the emisden probabilitied of the
FOMDF and o ia & nermsalizstion aoefioient. The mrat
likely atate at ench aten Iathe one wheas ooensanending
eleryent of the belief vertor 1a largeat.

2.2 Planning with FOMDPs

Ceontroling & POMIDFP anwumta to cheeaing the oorrect
actiom that w1l madmies the expected cumaulative me
ward received by the sgent cver the coure of s op-
eratin. When this courae ia infinite in duzatien, the
aury iteelf will be infinite — ome wa)y to aveld this ia o
apply an expomential dacomting feter 4 < 1 to each
rewarl. Thm, the geal of the oentaoller s to madmze
the guanfity < ¥ oo, 4' R =, wher Ry ia the reward
received &t the i-th atep ef opermtion, and < - > demoten
expertation. Many algerithros for cheedng proper ae-
tirma in POMD P have heen atudied rerently [DHICH],
arrae of whirh are reviewed helow.

2.2.1 Optimal control in POMDPa

One apperdrh o controllng 2 POMDE that leada te
optiree] centml 8t trmoafrere the PFOMDFE into a
fully obacryable MDF, wheas atatea are the hehef aatea
of the crigine]l POMTP. Sinee the apare of all he
lief atates 1a continuesa and meat oethods for aslv-
ing MIPa operate om diarrete date, the belief atate
in waally diarretieed. Heowever applying this meethed
dirertly i ectremely derending oo puts ienally s
inefi fient. In gemneral, the poblera of finding optmal
poliriea fnr POMTIFa heaa been proven to he PAPALE
hard [HL O] and can only be wed for trivial FOMDFPS
with leaa than ten atatea.

Mew efimient algerithros edat sa well, aterting
with the weork of Sondik, aubeequently Ioopresed by
Kaehling and Littman [KLOM]). Even theugh theas
alprrithrm offer draraatic iopeevemaenta W eomapuw-
tatirmal efirieny, they ame atill applicable coly te



POMDFa with asveral tena of atatea. BHerauwse of the
eomapu tatirmal diffieulty of finding optimal asluticong te
POMDOFa, wricua heuratic auboptiteal drategiea aoye
teen explored, anwngy whicrh ssaurapiive planniog ad
MDFP-baased appresched.

22.2  Acqumptive plasnd g

Thian hewnatir aratery, propeasd by hourbakhah
P eutd] perfrrma full belief updating of ita belief date
boaed oo the tranaition awd emisavrn probabilities, as
dearAbed In the previes ascfioma, but mekes asy-
eral aira plifyine saaumpiiom when choraing s action,
Firat, it asaunes that it is in the owat likely atate with
coraplete certainty, thus ipmodng the prasibllity of be-
Iz o other atates, Wext, T oomatructa & determiniafie
FaA oo the tramition and emisalen probabilities of
the crigmal POMDF amnd wacs & gemersl acarch aleo-
Athoy aurch sa iterative decpening to find & path in the
F5A. Furthermaere, the planmer predwees & liat of per-
cepta that coght to be aeen if the plan ia exerwted and
the F5A ia & troe repreasntation of the world. Hewever,
In morat raae the perrepts acen by the agent w1l differ
freoma the experted onea, which ia an indication that the
plan 1a oo lomeer valid awd the agent 1o leat. I thia ia
the reae the planner 1o called again to find & new plan
baed oo the lateat eatitoate of the oot lilkely adate

22.3 MDP-hased strategies

Anpther ast of hewriatie atratesie anlve firat the woeder-
Iyimg MDF and then malea wae of that ashition in oon-
jumetiom with the satinated teliefatats [CHCDE, H503).
Thia orrreapomda to the waial appresech talen in oo
trel therry, where the pishleraa of atate mtirsatien amwd
crmt el are anlved aepaeately — & cleded-leep oomt el Lice
B deajrnerd under the saauraption that the atate ia oome-
pletely shasrvable and & acparate shaerver o deaipmed
t eatmaate the rument atate.

The anlutirn of the underlying MDFP B an oph-
maal poliry that mapa each atate into the artieo that
maarTaigs the experted future cumaulative reward. In
order to find that actien, an awliary function §[a, «)
B oomoputed, wheas moeaning ia the experted cummlative
rewward if artiom e da perfoeraed in date 4 and anoptioel
policy ia followed thereafter. IF the O fumetion ia ke
for aatate, the optimal artion a* for that atate i the one
with higheat -valme: a*[a) = argmes (s ). The
O} fimrtion can he found by moeeana of O learning, an
Bermtive Mrnte-Carls renfsrrerent learning meethed
B!

G+ (a4 = (1-)Q (8, d)+ 5[ Rja)+ ymax G4 6)],

where £ [a, &) is an eatimate of the {-functien at iter-
atirn £, 14 & leprning rate coeffl Ment | which abheold de-
crepas ouadratically with timee, awd the date & 1o aam-
Pled srrvrding to the tramition prbabilitiea for atate
a sl artien ¢ Ooee the MOFP s anlved, the {-valuea
can be waerd In acveral waya to appresineate the optmal
policy for the POMDF case [CHHSG, K]

Moat likely atate naetlwud: The mwat 1ikely atate ia
frumd, sa dearribed n the previow aubasction, and
the optineal artien for that atate 1o cheeen,. Thia
maethed 18 auboptioesl if there ia atill aubatantial
probability that the ayaters s met im the meat Hlely
atate and the optiteal saction for the ipnored aatea
in different.

Voling naetlwed: Thin methed cheoasa the action
with higheat probeblity resas in the belisf vee-
tor. Feor esch actim, the belisf probabifitie for
the atates where thia saction I8 optimeal are sdded
up, &nd the action with the highed o ia cheasn.

O ppr nethoad Similar te the veting method, tut in-
atesd of arkdimg up atate beliefa enly to the aim of
the winng actiom, they are added to the aunm of
all artiema, weighted propertiomally to the actual
{]-wliea, Thin aveids cheraing the wrong action
in ceas when one action wine by & amall mangin
im aeveral atates, but leass badly in anther aate.
The {Jupr mxethed would be optioal if all umeer-
tainty inn the world waa te awddenly dasppesr st
the mext time adep.

All of the abeare metheds beaed oo the aslufion
oof the umckerlying MTIF rannot plan te perforrs an e
tirm anlely te gain oo Infrrraation. Varim o rateriea
have heen measnrrhed that aimy o redwee the degres of
uncertainty aa moesaured by the entropy of the helief
werter [DHHOG]. Ancther appressh the SPOVA-RL al-
gorthos due toParr and Fuasell waea & apecial-prpeas
funrtirn appeesdraater te eativeate the expected e
ward of earh atate folleeeing the optinesl poliey foe the
FOMDF [FE$3]. It haa heen reported teoanlve auoeas
fully POMTFa with bundreda of atatea and saetiona.

3 Learning POMDPs

Lesrning & FOMDE fooy shasrvatiom matesd of haor-
ing rme srailable in aheanee furthermweee somaplicatea



the problema of determinmy optimal peliciem.  Sew-
eral fumdareental queatione ariae, aracny which are the
proper criedom to he optiodeed dudng learnimge, the
correapoml ence hetween weorld and medel atates, and
the elated problern of geal determination.

Ther have been debatea abewt the perfoereamnse
meesanre that abuld be madraized dufng learnine -
one point of view ia that the available dats ahewld he
maerd 1o lenrn &ll pesaible perreptual diatinetiong in the
eal word [Chedd], while the cppoaite view would have
I that coly theas distincticna that are wille in artual
planning and ormtel aleld be learned b2, Theas
apoAthom that lesrn only wtile distinetiom wae sither
derigen treed of Inatane-hased leamine to frm date
epreacntatine. Simee there aw ey newn aleedthom
that lesrn FOMDF an that coly wtile datinetione aee
dhiatingruiahed, we will oemaider only algerithres that
kEarn all praaible datinctiona, that ia, learn to prediet
training dats s well a3 peaaible, withewt egard of hew
the learned POMDE will be waed. T'wo awch alpedthom
are deartibed in the following aubasetiona.

The comeqpondens betwesn werld and medel
atates ia anether mejor sare i learnine POMDFPa fom
dats, In peneral, the ament desa not loew how meny
atates exiated in the crigine] preceas that generated the
dats and haa i make s decigion abewt the fimal num-
ter of atates in the medel. Furthermoene, the crigmal
aate apare might have been continwew, while atates
I POMDFa are wuslly diarrete In awch & caae &
dngle lesrned atate would comeapend to many crigmal
aates, Deciding hew to eatabliah & correapondene be-
treen contimeua real and learmed discrete atates weuld
Equire gusntization of the oontiouews apsce withewt
ever phasrving it directly, which 1 & diffirult peeblens.

Ancther dificulty 1a that of determinimge the gral
criteria frr planming with the learned POMTE. Both sa-
auraptive plannimg amwd the MDP-toaed atrategiea need
& peoal atate — either to terminate the iterative decpen-
g asarch for ssaunpive planning, or to conaruct &
proper rewand function for the MDP-hased slgerihom.
Herwever, when & POMDP ia lesrmed, it B mot clear
whirh of ita atates correapend to the true gesl atates
v the real world: n general, there wen't e one-to-omne
correanom] ence het ween lenrmed and true atates at all
Thia cdrncuratance chamges aignificantly the geal crite-
Aon weed for plann g,

One praaibility ia to tramfer the gral from the date
deraain te the pereptusal derasin, that o, imtesd of
trymg te redurh & gl lestien, the apent triea te ohaere
the perrept that crereapemded to that loestien o the
trainine semnry-raetor trane. Forsaauraplive plannmg,

the atates of the FSA that iaan Healieed epreasntation
of the learned POMDF ran be labeled with the cat
likely percept to be obasrved W that atate. A aclution
exiata for the MDP-baacd planmers aa well, Inatesd of
amigning rewanl one to the gral date awd zero to all
other aates the rewand for eacl atate can he equal to
the probabifity that the goal perrept will e olaerved
in thiaatate. Thua, & policy that oesxitaiees reward will
in effert moadmiee the probability that the geal pereept
in aeem: if the ayatern ia &t the gral lecatn each tine
the geal percept s asen, this policy will alas exdita®Ee
the probability of reachime the geal atate.

Learning in POMDFa can be performed by maesna
of peneral algerithros fer learning probabiliaty metworka
froma data, such aa theas propesed in [HGOSS, RFBH).
The pral of karning ia to find wlues for the entriea
in the tramitirn and emimien conditiomal prebability
tables [(OPT) of & POMDF, which madmize the log-
likeEheod InP(Djw) that the training data et D waa
gemerated by the POMDF with parameters w. Each
cade [ fomy the data ast I oonalata of aslgnoeenta
for the obasrvable nedes in 0. Two awch akporithom
wil be conaidered: the firat ome ia the Baum-Wekh
learnimgr rule, beaed on the expectation-messiTeiestion
(EM) algerithoy, and the second ome ia based on beat-
firat moede]l oenring.

3.1 Baunm-Walch

Krenig and Sramena [K548)] adapted the Baum-Wekh
alrrrithing frr les ming Hhihda te the prehle o of topeess-
ing the entriem of the TP Ta of POMEDFa fom data. The
latter ia & variant of the FM algeoedt e popular in atatia-
tira The learning rule of the Bawr-Welch algeoritho ia:

S ST

wheme 47 - is the estimate of the tramitien prebatility
Pl +71) = 8, [U;[8) = u;;] that nede 5 will be in
ita tth atate a;; given that ite parenta T; are in thelr
E-th confizuration u, , after iteration T4 1, and

Eelf )= PIS [+ 1) = a0 Uil = uy;| Oy, %%

[ F) = P[U[E) = w5 5y, %*].

3.2 Best-first madal merging

A perapletely different moesthed for lesrning Hd s haa
been awmmeated by Steleke and Omacimdens, crigmally



for the purprasa of apeech recrgmition [S083]. Their
appioach condata of building an initial HWM, which
hin & acparate date for each tinee atep o the otasrva-
tion asjuence. The tramition amwd emdasion tables of
thia HMWM are trivial — aate £ trandticme to atate £4 1
with probability ome, and emita chaervation O(t) with
probability coe. Clearly, this HMM explaing the obaer-
wation asruence pedectly, but ia mot the macat eflcient
owwlel that can he leamed frems the data. In order to
cora et the medel, paim ofatated in the criginal HWhY
can be merged, an that the medel retaim ita predictive
abilitea with rapert to the obeerwtion data a2 ooch
&4 praaihle. Thia can be achicved by conddering asvezal
camlidate merrera and clhoramg the cne that derrenas
the hkeliheod of the mwode]l the lesat. After & mermer
B rhoeen, & ew et of mengera I8 oomaidered, amwd thia
precesd comtinues until the likelitesd of the meed el with
eapect tothe data beoomaes wnanreptably low, or & pre-
detemyined numaber of atates o eached.

Thia alerdthmy can be adapted to karning
POMDOFa, with eeversl cavesta, The tramition tablea
of the initial POMDPFP ar incrmaplete — for each aate
4, they contain eniries only for the action that wea ae-
tually takenw &t that tie aep. What happena if ether
artiom &re performed B unknown, Subsegquent meermes,
erwever, ae likely to preduce full {ramition tablea.

The origmal alrrithoy of Stoleke awl Ooeebun-
drer waea & Bayealan criterion or pedoming mengera
of atatea, which can intrexhuce vaficus learning bizasa
by apecifying different prior dstributicom cver POMDOF
dructure awd parareeter values, If, leowever, all parar-
eter waluea are eqjually likely, the Bayeian critedon ia
equivalent to cheodng the mergera that decresas 1ikeli-
hewsd the keaat.

One partirular adveantage of thia algerithoo over
the previcua ome haaed om derstive optindzation, s the
ability te wae varioua hewriatira in the merging preces.
HFor example, it 18 resarmable to merge atatea labeled
with the aaree gral percept only arncons themmaelves, ad
mot with atates labeled with different percepta. In thia
way, ome-to-one correpomdence can he atabliashed be-
tween & learned atate and & real pral atate, which could
farlitate planniog,.

4 Experimental envircnment

The previeus aertirme dewrribed four plannera awd two
earning recthesda, earh comabination of which will ave
wlative atremgtha and wealneses in difeest weelda.
The gral eof the expedmaents eperted helow i te in-
veatirate theas and find whether thers ia & heat corabi-

Figume 1 Teat werlda: a)Faayd; h)Hard; ) Harderd.

nation that can be experted to perform well in & wide
claan oof werlda

There are & number of thinga that malke one world
maere diffirult te lesrn and mavigate than amother, One
of thern ia the pmobability of reaching the geal atate by
randemy choire of actiom — the lower that probability,
the karder the world. For exanaple, the world n Fig. 1a
ia much ook henign then the one in Fig. 1h hecauas
the kmgth of & ranwdery walk to the gral 1o oneh longer
in the latter than in the fomaer. Another dimendon
of diffirulty ia the coeeded lemgth of the policy that ia
recuired fer aicresaful eontm]l For example | the worlda
in Figa. 1b and le bave the aame topelogyr, hut while
pedfomaing action 1 &ll the fime guarantes awerema in
the formaer, the latter requiness & moweh moore detsailed
policy that dependa atrengly oo the atate the POMDEP
in . A third dimendeon ia the aiee of the werld, which
directly influencem the difficulty of reracning, plhoning,
anl learning. A related wariable rendition ia the lemeth
of the actionotasrvation aequence that the agent haa
avallahle — the bigmer the world, the lommer a sequenee
wil be reguited te capture ita dymemaira. Finally, the
degree of perreptual alsaing W the world would aub-
atantially affert the agent 'a abifity to leam & dearription
of it amd wae that dearription in plannine.

In erder to tead the perfrersance of the planner
ald leaming almerithros and the Inflwewe of the wark
able Armediticom deardhed abewe, & nuraher of esperd-
menta were perfermoed, wheas reaulia are Epodted in
the meuwt aoartiom.

The frur plannera, dearribed in the previem aec-
tirm, wene teated emos total of furteen werlda Thers
were only eight datmet tramitien disgeare, dx of



whirlh frr the worlds Faay, Hard, and Harder, with
either four or eight atatea. Both alisasd and oo
alissed verainm were teded Two actieme exdated in
el of theas twelve weelds, The differewe hetween
theae worlda ia the pobablity that & randora choiee of
actiom will achieve the gral. The Faay weorld 1o wery
tenign in that randery acfiome are wery likely to auc-
ceed. The Hard and Harder worlda are very puniahimg,
tecause &t each atep & wromyy action takes the agewt
bark to the atate mrthea froma the geal The difference
between Hard awl Harder B that in Hard the oorrect
policy 18 to abwaya take action ome, Do ostter what
perepta are obaerved, while in Harder the correct ae-
tion dependa atremgly om the date the agent 1a in, which
can be dentified only by obeerving percepta. The azewt
can obeerve the atate number, except I alisaine ia intee-
dhured | in whirh caae atates one and two emit the aanee
perept. Al tranaiticone are determoiniatie,

The laat two worlds, Geld 6 and Geold 12, repreaent
worda where & robot kia to find & plece of gold In o
meny Al cary it o & apecific geal reomy. Gold 6 haa
two roome and henee dx atates (the gold can be in sither
woom or cartied by the robot); Gold 12 haa thiee rooms
and tovelve atatea, Four artiong are praaible — menerosnt
mn two direcfiong, cleckwise and counterclockwiae, aa
well aa praaping and dreppng the plece of gold, The
whot can peresive the ooy numaber and whether the
plere of gold ia sither in the room, not in the room, or in
ita kand. Henee, & total of sl percepta can be otasryed
In Gold 6 amd nine in Gold 12, which osekes the fSrower
wotd fully chasrvable, while the latter B alinaed. A
buman plared in the Gold 12 world would fint plan to
find the peld, and then camy it o the goal. Hewever,
the planneras comidersd here cannet plan t perform
aurtioma juat in crder to chanee their helief atate, which
meakea thia world hard for then.

Earh of the worlds haa one gral atate, and the e
aulta are aversged for all prasihle dartine atatea, The
curnulative disrrmmited reward haa & disceunt fmeter
o= Ifs planner canmet achiewe the gral within 2ad
e, the run ia terminated awd soro award ia gven.

The MDP-beacd planners anlved the underlying
MTF of the lenrned POMTEP by O-lesrning, awesp-
g efrh atate in turn and asmpling aucrcadve atates
arrvrding to the tramition probabilities of the MOP.
Lesrnmg rate ) = (] awd diarruntine fartee o = 0.8
were uaed | fnr & tetal of 1000 aweepa. Farh eperineent
werd & asquence of 1060 chasryatione, erept whee in-
dirated differently.

§E Reaulta

Clesely frllwing the methedology of [CHISE], Table 1
ahewa the diasmited curoulative rewrard for achieving
the true gral atate aversged rrer cwrh mitial aate for
fourteen worlda, twe karning maetheda, and four plan-
nera. A versses reaulia acrrda planmers sare ahewrn sa well.
The sarbicved reward for mndory acticom 1 lated aa a
baaeline for corvparison. Fech puraber ia the mesn coer
ten triala, and the vaianoea forn theas tAala are waed te
tea for aatiatiradly denifieant differencesm hetween per-
fomyanees. All comabinatiom of leamin and planning
maethedda were teded apsinat rawdens choire — theas me-
aulta whirh are ajmificantly better than randers wall
at the 3% error level, are ahewn in beld. It can be
elaired that I thews caam the lermerplanmer doe in-
deed lesrn am apptepriste reedde] of the world and waes
the kearmed rwwdel te cheede wtieme deliherstelyr

Paired f-teata fror aipmificant differemes hetween
the twe lenrning e theda for the aarae werld and plan-
ner were Derferrocd aa well  Whenever ome of the
learnines raetheda aipmificantly derainate the other rme
fer & given world and planner at the 3% error level,
the arhieved reward ia ahessn in & fane. It can be
aceny that BFMM i generally hetter for aitapler worda,
while Bauma-Welrh derasmates the harder omea  Hew-
ever, BFRMM deea mch hetter in the alisaed GGold 12
wreld, whirl ia rlrseat of &l weelds to & el wobet ap-
pliratirm. The perfrrraence of Baurm-Welrh o wet af-
ferted faora the lemeth of the sbasrvafion atygwenoe in
the wrrld Harder 3 WA | while BFRMA greentlyr itopneeane
ita perfremance when MW imatesd of 100 obaeratisna
ax waed

f Conclusion

The reperted reaulta oomfirrs the ewpertatiom that heth
Baura-Welrh and BFMM are aiarepiible to leesl moao-
irna sl herdly cver renrarer fully the criginal FOMDE
that memerated the cheerwmtirma Hesrewver, in macat
caae they et encgh of the POMDE to bhe able
to perfrrrs hetter than randery chedne of aetiom wewld.
Furthermaere, the ooraplerdy of the werd desa net e ey
to aflert thia tendeney. Cwerall HFWMW perfrer hetter
o0 alTapler werlda, while Baury-Welrh aseras te b dle
better mome oorapley omed HEWM rlearly derainates
Baurn-Welrh oo the alisaed pick-swd-dwep tael |, which
augmeata that real modd aorieation tadea are wauslly he-
nign awd BFMM might be the hetter cheine for them.



" Wodd B Wedh Bewtfrwt wodel mergog Hod
AV | MIE | Voie | Gom | Avg | AD | HLE | Voir | Qoo | AVE
Emy 4 HA 100 072 | 08l | 0.7 07s | 071 | [0.87] | [0B= 082 B! |OE3 | 07D
Emy 4 AL 100 0Bz o= 0./ o7a | 07E 0Bes | [0.&0] | [0&8] | [0.00] | BB | OB
Emy B HA 100 0.4g =] 0.84 a2 | 080 | [o.ed 074 | 074 | 074 [O73 | O3B
Emx B AL IOO 0.73 | 081 | O.8L | O.8L |07d | 0.70 | 0.73 | O.75 | O.75 |73 | 03l
Hard 4 HA 1M D87 | 074 | 074 | 074 (072 | 0O.75 L= 0.8 LA\ | 082 | 0LaT
Hard 4 AL 1M D87 | 08d 0.8 88 | O0.88 Lid 72 0.72 72 | 088 | A0
Hard 8 MA 1m0 038 | [07L] [ [0.71] | [o.71] | 0.B3 033 | 048 | 048 | 048 [ 0L4d | 028
Hard 8 AL 1m0 028 | [o.e&] | [0.8&] | 0.6 | 057 | mas 037 | 037 | 037 | 038 | oad
Harder 4 HA 1m0 0A2 L 0.3 L3l | 033 | 0.47 L33 0.33 L35 | L33 | oAz
Harder dAL 100 | [OEL]] O 0.3 030 (033 | 0.45 | 045 | 045 | 045 | Ldd | IL3E
Harder B A 1M 028 | [032] | [032] | [oz2] | 0@ (T ] 019 019 019 |21 | oz2a
Harder 8 AL 100 0.38 | [0.50] | (0.50] | [0.50] | 047 | 0.36 1k 0a1 032 | mas | 23
Harder BENA 3@ | 0.20 L 0.1 032 |028 | [0.91]| 040 | 0.0 | 0,40 | 037 | 028
God 8 NA 100 074/ 080 | 0.80 | 080 (078 | 083 | 7l | 0.7l | O.71 | 0A9 | O30
Gold 12 AT 3m 030 | 030 | 0| 028|028 | 0.35 | 058 | [055] | [ou5s] | oa0 | o2z

Tebl 1: Cuonlative rewards for fouwrtesn teat worlds, two leaming metheds, sand four planmera, ¢ = (L8, All
experitaenta waed 10K} obeerwmticns, exeept Gold with 3 oonwm, which waed W), and Harder 3 men-alissed | which
waerd bioth 1000 and A obacrvatiome, WA demotes on-aliased | while AL alisaed worlda
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