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Ahbstract

Mulu-Critena DRecsion Making (MO @ims al
modelling expert prefercnces nud assistng decision
miikers in identifving options best sceommiodat-
ing eapert criberia, An instance of MCDM moedel,
the Chiquet integral is widely vsed in neal-waorld
applicatons, due oo alality o capluse mlere-
tions betwen criteria while retaining interprenabil-
itwe Aimed o oo better scalabdlity amd mochelar
iy, hieranciecal Choguet anlegrab involve sier
medinte apgregainns of the inlencling caber, ol
the cost of o oeere conygdex elicitation. The pa-
per presenls & maching leaming-bosed approach For
the analermanic icengaficion of merarchical MO
miedels, composed of Z-addinse Claeguen integral
apprecaiors and of marsing] ublity functions on
the paw Festaies fooo data sefecting expedt profor
cnees, The propesed NMEUR-HCT fromework relizs
o spectlic neural archileciore, anlreang by de
avgn the Cleoquet podel constaans and supportiog
ity end-10-end owining.  The empivical val®lution
of Muur-HCT on peal-world and amificial bench-
mirks demomstTates the merits of the approach
capmprarec] o state-ol-anl hase s,

1 Introdoction

Preference modelling ix uf the orose-road of eperatienul r-
seirch amd rmaschine learning, with applications rmanging Irom
critgal feop. medseine oo defeiee) to comimersial (e.g, pood-
vt recommendation, emertainmenty do social (g2, educn-
e b dovains. This paper focuzes oo muelti-criterin decigion
ranking (MM nimed ot ordering e Secision altermutives
based on ther guality werl, dbiverse criteriy, as illostrared o
the context of car evaliaiion

Example L. A covivpany sanst ey o cor The peaaile airerasg-
ey foar refevenees ) are evafioded aleng sia crerie: beving
price (3L matmrenanee cosf 421 monker af doors (21 passen-
gercapaceie (), Bas sine (31, safere rogng (8L The clisice i
el om dhe sgyrepoiion @ the critenin velaes, aveerdiag o
the preference wodel elfleined by the sxpesis,

"Cantuct Awthor
Nianiser: hitps:dirchive. o nct sdidmlidatassrdcartealinion

14954

Im the i'n:lll-:m-inj__r._ MO 1% cackled im 1the framework ol
Mudti-Arnibane Unlicy Theoery (MALT ) [Fashinam, 79700 A
MAUT moodel associntes coch alternative with a scoec Based
aan the aperegatsen of the wiblioy of e vaciows critena sal
ues, thus cnabling the selection, classification andfor ranking
ol alremaedives. Mode that in mamy domains, anil chizlly in
critical g, this madel mossly seeves o advise a humas de-
cisbon maker (DML who apprecintes the dcontex-dependent)
relevance of the suggestes] altemativa, and has the Sl word,
I 3= thus esseminl thas the MAUT model be interpresabls: to
Frer walichntest by the domain expers, anid @ be appreciated by
the decision maker oa e LB

I WAL, a very popalar aggrezatica Tuncton s Hue Ol
quet iegral (O, effering a good irade-off bebweon represen-
Ladlim weT (W] I'n'ing a mon-linear apreralnr ihile o mimbel
several types of imerctons) and miepretabiliy (its eon
plessy heing Hmites] Frem the selectes] O parametne clasy)
171 Lo this paper, only 2-addivve Cls, sepreseating the intee-
S ons among at meest o criterin, will e considered.

Sll, when conaidering ug to aome dogen criteria, their ag-
aregation cim beoome hand to both desimn and interpret, Fol-
livasing | Milker. 195R], descminn mskiers hamdly evier harudle
more than 4 coicepis @ their weiking meoway, Hicraschi-
cal Choguet integrads (HCTA ) address thas lindacion taoaeh a
divide-ard «comquer approoch. gradually azereaoting the orig-
innl criterii (o frm high-e*r-lm'q:l [abstractl cnterin. As a smudl
srabser of craberss are appregsted atesch cep, e ndel ree
cunendations can casily be traced, verified and understond.

Tiaditiozally, HCIs are soaovally desizped by the de-
muin experts, providing oll of the nesded domain knowl-
cdge through constraints; combinasoiial opimizsiion meth-
cils cam thus be lanched o optimize ench nggregator and
lirwl a pregrer O pasamseindation Gereol [Benabbow e al,
20071, The maraal design methodology hewever faces two
wiell-known bodtlenecks: the shertage of the expert time, urd
the Tow o dhirmmishing meirrs, making il increasingly mone
chifficuln g '1rn;|n'|'.-'r. ihe moidel= as their |:||.|||'Ii Iy TTHFE S,

When expert prefaencesfoonstranis are aviababbe Toom
clala, an alternatree by mmanual mislel design is ollensd by
topnatically boilding MCDM nwedels thiough supervised ina-
chine leaming (tackling clossification, regression andfer pref-
erence leaming problems depemsting on the avaliskle data)
[Solie, 200465 Firnkrane and Heleemeier, 2001 The chal-

lempe is lor the resaltm g R miclel to be amenable loocontmil
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amd verificalion fraan Hie expert, and o sy anlerpretaloen by
the DM,

The comtmbutiom ol this TaTper 15 the MEUR-HOCT frame-
weork, wutomatically exfructing a kierarchical C1 mode! from
if the mvinkahle datng i1 the herarchicsl ;.gtl_';\-:q:dl'i:m |-
struetige detined o the critesia.

The mediel verification and inerpretation are ensured s
Meur-HCT enforces by denpn all HO owedel constraints
(o5, manatenicity und idempoteney), Specifically, NEUR-
HOT sntomestically tanskates the HOT ree stroetere i the
architecmare of o pewal set tu weights of which are op-
timized throwgh back-propogation from the available data,
SNENR-HOC tknas s the bast o hoth waorlds, retinning the
inlrr[rrrlul'ril'ir_!,' ol the HC |':':|_'r|'-ﬂ5-i-ﬂ|'||‘illi|'|l-'l class, amel the at-
lordakrke anung, comglexaly of newal nets.

[nterestingly, MNUCR-HCTD olse Jeams  the  so-called
rn||r_|_[i11:|.| u|'i'|i|:,' funcrirms C.e, monnkeenic n-::-:::lling il The rirw
witributes), suppomimge o simpler description of the eventuzl
mulel s said, the MEZECHET meukel 25 medular by design,
cnabrling cxperts W valsdate and if needed ie-stae e the ag-
Creauion ree

The paper 1= orpaniacd as fellows. Secticn 2 introduces
the formal hackgrmad anel briely discusses relaed work,
Sechions 3 amd & are respectively devided o the NErr-HE
medel eeprescntation (aiasg mal wilities and their ag gregation
throwgh Choguet integralsl, and the end-to-end trwining of
these mnbels using back-propagation. Soction 5 presents Lthe
::::[u_:nrn:-.nl.al serhng il L‘:mj'lil"ili'ﬂl villidhsdiom ot NEUR-HL|
compared W the state of tae an.

2 Formal Background
X1 Motations

Lt W =41,..2; o denete a selof attnbates, witly X e
donmuin of the i-th aoribute. Allernotives ore defined as ole-
merdsin & = Xp = -0 N

A decision meslel is o function £ 0 X [0 1], referred
b as ity faeedon, docing @ ol order on 8 Deliny
functicas are classicolly represented in decomposable fosin
[Krantz et af,, 19711, that &, 1705} = AQng (o) TSN

with &, - X — 00L& margingd utility function mupping
|.!|'|111:|in X, nnl-::-i'll. -'|, wrmd A :if', 'I_I" : [II '|| iin :||:;gr|;:gilli-:m
funclican.

Chadivw functions ure used either o select the best aliernu-
bive, to raok the alteiatives, o o parition altzroatives uio
g vodered ¢ lisses defined by thresholds 0 Lo, with x
Falling indhe johelass il &, < Iix)h < @y

harginal Utilkty Fonctions 1o mos MCDM pralilems. the
rargingl urility furction defired on demain X reflects & nu-
1aritl pml'{:rrm-::-:: [elemestid f_‘: ;1 with resspcl Thie i-th atimbale,

In BExample 1, for instasee, the smaller the busing oosr, the
betler, il the higier e car hool, the Belier:

et aylm ) o] Yaepal e X (L
In this paper, wccording o MO aesgee, @ s assumed o be
conlinuowns, nseaotoikas, aod eaching s beoands (0 and 1)
i Lhe clisure ol dhnman X,

22 Aggrepation Functions
Am aggregadion maweded A I = LT s a0 lunetion de
fimed on o wecbor of wilites & = (w0 o L which retums
an ageregated walue b |10, 1], Among the sanplest ageresstini
models i the weighted sum of wilities Awia) = %7, wu,,
parnmelerized by weightsw < {iep w0 T emphasioed
thiat, wlile aoweig led sl ol wilities 1 easily inberreable,
It caiset pecount for gy ioersetion among criteon
Clhinguiel  Integral.  To overcorne the milabiors ol e
waghtad auim, ane nught asseciate weights w subsets of on-
teria, o2, aceovmiing For the faot that the buving coss andd the
Bl size mipht be relisec. A fecoy mavaseee omoa sel N isa
el function g0 27 — (0, L] satiafying two propestics:
SorrmaliEalior: _|.|.:F|: Damd i %) 1. [
Mowstonicitg: A0 B o N = plA) < p( B (3]
The fdvecreie) Chogeed tadegral, pammeterized by a fuezy
mzasre j, 1% defined onootility vectors as:

l’rm_.,__, (R T P S

€, rin}})

with + a pecmurtation on N such that o, < a,p, g aod
ag - by definition, A Chegues integral thes involves 27

2 parameterd ol A loe any proper sonemngdy subeet Mo
L T | ..\g]:r\-e'.t:.m'inn il | P f_'.l'-c:-:ll.lH inteprral cam easily
B vierpreted froein the weights associated looany sufsed of
criterio. Choquet integrals satisfy many propertics [Gmbisch
gnal [abrenche, 200000 soch us the mseiemicity wrl their
inpulas fim wach a8’ & |If'. ||"..

(¥ie Now zal) o Cfw 2

Ol ()
Exnmpbe 2, Let s geswme fhat fae vectsr af iy @
(A DAY i predereed R e (0, 1) andd [1, 0 meanieg an
aetiant with belonced soeres o boih cege sl i peeferved i
bt specialized apifons. If ix eanly seen tiear s preference
cerhidiad B capninred By aowelphined s, welole & can Be repre-
sested v Cheqoet fntegeal withe ol {131 = i (2} = 0.4

& Iery measame i sl o he Beagaaitiee (v < nd it
Can e presen L nleractions anong al most B aitena | Crabisch,
19971, The particular cose of 2-additive measures, considered
in thie I'nllnl.l.'ing. nidmits 5 '-plfi.'iii-;_: ..l.!::pn;:uh:m |'!:|:|. (710,

23 Hierarchical Models

Wohen tee member of erfern nensases, models can become
difficuds fo intarprel by the decision maker A comimon prog-
nee therchne s W0 srectue the codena along a hicsacchy,
Formally. subsets of criteria ore grouped ol pzgreaured inko
sii=callex] perermmedinte critera. Thess inlermedizdbe criterio
arg Aerabively ageregabed (possibly witl mmaald cobers ) wigil
vizlding a single scone. Ioowitvely, hicrorchical models in-
vinhve i minlerate number ol crileria ineach apgregition dep
a0 that the cutput of zach step can be easily understoond.
Exampbe 3. Constdering (e crieria i Evoeple 1, Fig. o
depdicie @ criferia ey aggregating e & il coitee
fi fowre 3 inderamenlicte critenio: Overall price (7], coonfor
FEL rechnical propersies (R), mar are thewselves apgregated
o farm the e aode | H) wiekdieg de sverad! oo The
verfae i each rode i coopneted s the Chogueet oetegral fron
o childeer rode el

1985



PovaceegdEnp ol e Tagminty-Mini® BoferiatSoanl e Ui Sereics coy Svitoial Tnped lgeiecs ()02 ]-3m

— I'ﬂ R

: g

o P

-~ " - o
3
1 2 8 = Z 3]

- ! T,

Y 4 ]

Figure 1= Hierarchy of crileria for Cxamiple | (see near)

Compared to midals with u single apgregation, therenlter
relermed e as e moviede, hierrchicel models nller severel
melvamlzages:

e Bepresembabion pusaer: herarchiciel models ane sinetly

g repiesentative tien far naedels,

o Sparsity: hicrorchical nyedels involve fewer puameters
than Hot vmes {vee Bx, 43 hkewise, the ETOAURINE al or-
teris dnle o snedler nuanber of mtenmediale omes makes
it ez for the decizion maker 1w interpeet the model,

s Representation of domain knosledgze: hierarchical mad-
els can ke tihossd to reflect pleces of expert knwledge
amdl thus better fit the mentul representation of the deci-

sHm ke

o Hierarchiciel strocheres Gan be mspectiad al different lev-
cla of detail: if the decisicn maker peeds to better un-
derstund the walue nf o J_:i'n.'-.-.r'. imlermeslynie criferion, 1|_'||_":J
cai ook ar the values o oas childen msdes aml get a
firwe-grained ox planaGon thereof [Labreache asd Fessir,
20081,

Example 4 (Example | comd Ar seid o Sed OF meeadel -
cheding voanribures invedves I - 2 pavameters. The hierar-
cirdvad el alemicted de P F ecldey 8 idenmediate ey
widle D eleilefren eodes. dnwdving 2 poromeiery cel, d 1
infe rmedione node with 3 ofuldven nodes, lovaiving G poe-
rhers; fien fedod wamler qf poeneeters o feey T2, fo feocom
pived a2 o RE poraerers for the e moaded,

Lttt hierrchicil mioabel bee delined ws odirected rooted
tiee T owith leaves L= {¢ ¢ = M}oaml a set of nos-
leaf nodes &, the set of childen of ¢ < 07 is denoted by
I::'Ill',lll | o, with ﬂ"i'lf_-"l A L Fizery messune L
(resp @ macgueal atlery fanction ) be associated with cach
nisle g (respectively, each leaf £ ). The score <. of cach node
w ds connputed secursively as follows:

oSl =i pilios L

] _I-:Il:!i_l

f-1|.. I:L.-c.:[]i_l fe Chindilifoe g
The alobal score is spix) with R the root of T

2.4 Related Work

DM anocdels are commondy specified by marginal oil-
ity hmetions, apgregisted throough ez Chiwguoet intzgrls,
Thus, a (oot o osdasaly anliy soore can b ssgoc-
wizd with each oltemnative, and different alternatives can be
rtnkid hisedd v these utilitics. Corrent approsches Tocos on
optinszing, clciting o learning a single (ot Choguet ione-
gl Bl o santable tinning examples.

In constraini-based approache, eoch rinme instance
imiposes & constraint o e soughe utility nredel. [Grabisch
er af, 28] determine the foeey mensures e their poreme-
ers cranplying with all these comaraints, o | Banabboo enal,
20471, the consteaint approach is exsended and & min-ex re-
grat nphinzsion preblem s detinsd e grdually acqua: the
most infermative constraings in the spicit of active leorning
.-'|]'.h]'vr1':-i|i;l'r::x The roaan livmiation of che :|J_'|]'.-'r|'|:r::h 15 #% nibil-
iy o cleal with modsy andfor ineens denl irainng sanmples,
poasibly preventiinp the constraint peeblem from beusg satis-
fiubhle,

Hased o o set ol altermatives and ihe associated unilfies,
[Grabiscl, 1993, Alawvi er el, 2009] tackle the identificaion
ol i iy messure us @ m:rpnn.'itﬂ:l sttistival lemrming [rrl'h-
len, usmg grsbent descenl W oplane: 8 logslie egressiinmn
miidel, sl m:in__g akcliticwa ] constmrnts o enseme That the s
lution defimes a propen fozey aeeasire (Gg., salbsies moime-
foniite b Adong the sume ling, Jogstic repression 1= extended
i learn '[:hnl]ucl intepridls alimyr o hin.a'r:.' clissi Beadan or
ranking seiting |Falkh Telwam o0 ol 2012,

More recently, these metheds are generolized o non-
TFEHIC I'||.'.".":|-' miessnres m | Hoavens el Anderam, RS
Fuially, [Bowdache e el 2009 ase Bavesion lmear egies-
sion {0 fAnd the model poramesers of e 2-additive Chogquet
inbegrals ar ordered weizhled averges.

In the Addivive Unilice fransework, | Bous and Pader, 20103)
propose & proebabilistic approech for leurning the marginul
afility functions of an additive mifity msdal o specinl cose
of the C1 with marginal uhilifies), While echer pppronches bo
lesrming the Choggel intesral assonme marginal bty Tane
tioues to e ogiven, Choguisne Tulitaciste Regosssion (CLRD
learns the pepgregotion and the marginol utilities simuloan:-
cansly [Fellah Tebmmi e ol 2004). The associged fron
CoiteR ) oplingeion poellen 15 solved asing a quadsatie-
pHrRraming Solver,

Aomiethod Tor leirning higrarchicnl o ppregation moddels,
called fuzzy paticm trees, & proposed o (Hoasg e o, 2008:
Senge apd Hillermeder, 20011, wsing generalized nveruging
Tuipctions andior iwipngular nors of co-nogns s &g areasdlon
Functions,

In [Senge und Hilemaeier, 20031 the mveruging functions
are reislized i the Poros of Choggieel inte grals, restoicted b bi
namy hierarchical iree-strmiciures.

Discussbon:  The ste of te ot (HCT leamng 15 1e-
strcted ey either flal Chogeet inkegrals®, or binary higrnrchical
trog-stnecture, NEUR-HCE ambitions to sddsess these limita-
niome by leaming the perametenzation of 2-addigve HCL md-
als mgetber with marginal uiilitees in an elficiens way, msam

ing teat the hierachical siveture be givens. As will be showan,
NEUR-HCT satisfies by design the formnl (e.g. mopatoniziy
of semantic 1e.g. based on the eapest hicrarchy ) constratiss,
ihereby enforcing the sourdness, interpretibiliy and semontic
meamnglulness of the eventel mode |

“Fusthermore thees appraaches, e g [Fallah Tehiani o ad, 2012
Fallah Tehrmni e ol 2004). Bordly extend o HOT as they rely oo
4 black-box sequenlial guuiratic eplimzser, und would ee o noo
cameer aplfi masidion peablern in the herarchica! case,

19EER
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3 A Newral Representation of Utilities

Flais section detuls bow toeogedntly leam the marganal anilines
and the parameters of their hierarchical ageresation, accord-
in|__rr|1 Thes iree -cirebire hiereshy prm'hi-.-:l by the e Kt The
difficulty 35 twofold: on the ens had, the underying opdi-
mizaliiin T:r\-:ﬂ'li:'.m i mom-cimves; on the other hamd, the hier-
arclical stactue of the a'gg:cgalinu ks n diffrenl 1o wse a
eradient-buzed nppreach’. Both difficulties are addressed by
transliting the sought model il 8 reanl archifecionre, rep-
e sniog tae maczinal otidoses and teir sgeregataon taowgh
Toiuldative Choguel integrls, and complying fv decipe with
their reguircineats.  As said, ooly moiolonse masgiical uil-
itics are comsidered in the following: she extensien fo mome
coamples ntilities is el for farther ik,

A1 Representation of Marginal Uilities
A el widine a0 X = [0, 1] 1soa Funclion mapping e
i-th arcribote domain X to the wmnitinterenl. 1t = asumed thad
pach domain® X, o he set o B s A s Curther assumed thig
the muarginal wiliny 4, wieecases with e,

Marginal atility 4 is represented a5 o weighied sum of sig-
poids, as in [Fallah Tebrani ex ol 2004]:

cal r
Joai 5

wlere Ly per-paramercer o sets the maximon pamber of =ig-
inodels irvvodved i the representation” | 3% and ¥ espectively
ure the bias apd peecision parameters of the &-th sizmaid, and
rf ik wishi

[ s easy toosee that v, Satisfies e moseionicity axd oo
molization constraints under the following conditions:

o
Ve {1, .pk |,-|!" = (], .-':" = 0 und Z e
e

Aecordlingly, 1w can be represemied as g one Bdden layer nen
il mist [I‘it: 2], Tn\'nh.'ing o hidden neumns with xij__l'ml:.in:l:l.l
activation foncteen. Pammeters yoand v oare clgped 1 00l
they happen to becoime negative in the leaming process; the
Fuct chit the c-values soem oo one is ensoned 1hn1|.|lfh haitech
prisaliztzon, Ths mazgasal auliny, thamwaler refened e as
ittty mewlide. tnkes o, s impat and reluens wilicy aa i, )

32 Representation of the Choguet Integral

A owicl ”“‘I}' Z-uhfitive l:'_‘.hl'-i|_|.||=1 irﬂnl_n'.alx are considersd in
the Tollewing, leaving the extensen of the approwd w f-
wclditive imlepralz B funore work. According e [0 irshinch,
LT ], a rBlany 2-addimive Choggeet integial oo w = {1q ..., )
can b writben us follows:

o) = 3 g, W
=1 L e o

A TR B R T P TR b U .

"An allermalive would be ollenad by comsidering cabegoricel vari-
abes, takieg mepiraeon fiomeg Fang e ad, 3007

“In the case iof a culeponcal arribule, eg, color ar name, Tang
i i 1, .. v ), et waloes ard otdersd afien the e pem s poefer-

“Thee actual number of sigrnoids ix manimized tkrough Leoregu
larzariem, b, 10

1987

Hidden
Bt layes
B ;
= oy @ - Lidakiny
".'. e
. -k
Bias o % - Iﬁ"’
PR f-'? 5

e e g

Fagean: Z: A ulility cordule witls 2 Bidden godis {p = 4

Llliny Hididen i
layes layer Bayped
A

a5 Crirpiat
@

Figre 5 A 2 addizive Thoguet mocdinte sath 2aegmns, invalving
thees Galepirsss of lickden psuraes noted A, B amd 0450 oai,

wherme & and v dennte tha i :mli IS PN, respes-
trvely. and the weights wy w] el ure all non-negative uml
s Ly dre,

Yeluant 'inlﬂrrsring'lj.-. Ihe n|1'n-11c:|_5.:|1'i'.-'il:.' cuslrnmis

Wi {1 oo e
P |:]_|:.:| e, “I:—:_.- =0 (#
; >

B [ e IO =

WL E 1

age pecesay and safficieol comditons w ensae teat the 2
additive Choguet integral is morotoneas. The meactonicity
proqpeny oo fhies Be ohtinad threagh n? constrzinis. [ ike

wise. e consigans

¥ gyl -1 i

=1 SR

15 a pecessary and sufficieor condition o cnsure the oonnal-
ization of the Choguet integral. As shown below, these con-
strvnls i he enforeed ina st ghtlosand manner within
ihe Tm:-]'me_:n;l neural archireciore, n1:|l‘ing 1hix re]rﬁ'-:e_‘.rﬂ:n'inn
o admisathle utliy functams wnd Chogueet ezl sagnan
cantly simgler.

Mon-nzgativity constraings {Eg. 81 wre enfonced throageh o
change ol vanables" . Formslly, letting o demaote the dillenm
tiable softplas functicn, with o[z) = lafl = expiz]), tden
weight ey & souEhn as oz ) for some teal-valved . Like-
wise, real-vahsed = |'_m'\:|:-\_';.'li'».'v|.'|:,- ::':_I| 1 nreluced wirk
=

Ercliresp wnt =iz

"The aprien of chppng o) anit e, ol when shey hippen
wr becomne negalive abong te leasning process, was discardsd as il
enfiil=d o kagh insiabilste GF the rained mosded
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The oormalization coasizainl (b 9] s endoreed through a
batch aonmalization laver [Toffe and Szegedy, 20E5].

Oveiall, a 2-addiove Chogoot  oeleesal  over an a-
dimensicnal wutility vecter w — {2, .. 8y L therenfier re-
Fermsel to o Choquiest mindule, is represented os o neoml archi.
teiune with o single hidden-lover with a® neurons (Fig 33,
consiclering three ypes ol nearnons:

Ao neurons imvedve wosang le cutpued woand retum s

Cwith v, = iz}

aaf ra=-1} g 3
n : netmns, denocied .r.I | wilh inpuis arml Iy

feturn o iz b w fug Awg) -:cmn::;mmimg Lo i wenghted
milis- pml:ln[_ op eriteria - aed 3k

o R
ka1
‘I i
returm iz’ : w |wg a0 Genrmespemading b weeighted

JI'IIJL-]J-G':‘.'I'I:IIE. o ciihenia o and 1)

1} i e
neurns, denoied l'.-l-I with imputs =2y amld 1,
. :

4 Learning the Hierarchical Choguet Integral

I!l.l'il-:ling (&) TR the ahive newral madules encoding manrina
whility fonetons and 2-additive Choguet ntegals, NEUR-
HCT defines an newral architecture representng the oveeall
hierrehical f_fhrullnr.l inI:':J__l'nli. |,:nmh1'ni11§ rn.-:urp;in.s.l Latilibies
accoding o the ierarchical Dree siroctare of enileri: agere
gation provided by the expert. Back-propagation s leveraged
i acluees the end tocmd leanung of the overall suaal ae
parameters, by exploiting the available doth and epimizing a
starslant sipervised leaming criterm,

4.1  Newrsl Hierarchical Chasquaet Enbegrrul

Letting T denode the hicrurchical aggremiion soructurs on
eriterin (Seciion 2.3, the gl neoral architeclore 15 bailt
b 1 cresting & ubloy module O Toe each leal £, and 1S
creating o Choguet medule O, for éach node ¢ © &) The
conmnectiom graph amang the nearal modeles folloaes the ree
strusture of T, thed iy, che output of O fer § rimging in Chig)
Ve the inpue ol &,

Example 5 Fee ferarcfcal Chaguet wfep el desorifeed @
Forampie §rx implemenaed Surmagl G wiltity modile s (one fqr
coch fealb aod d Choguei pealioles rpresenting wedes V.81
g LY respectivedy, and denored O (vl v O and £ ),
(g Pk fmpds O 0 o 02 ) 5 Pwdti ity O i )
ana finalle Oy twith it Oy and Uo),

Civerll, the matpat of the neoral nel dendesd LR el
o thee e bt vector comentenating the purameters of the utl-
i1y el Chongueel molules, denoted &

4.2  Emd-to-End Learning

The above neural  archifeciors G treined  uwsing hock-
propagaticon, along heee sethngs dependmg en e avalable
dataset £.

Binury Classification  In she simplest setfing, £

[t gt g =1 .om) where g'9) s the binary Tahel os
'\.n:iﬂl-::-ll I':!-|I||I!I'I1|H1'r|.':"i:":'| = N indicaring whether thas o lier
pmarivee 15 zood or bad, The peoral net is wained using o st-

il chssibeation crilenon (e, cres entmopy ) augmentedl

with @ Ly pesrsimmsony lerm nmed al manimizing e omomkber
of signeoids o each marginal uelity functicn

LN =50 [0 o Y+ 11— g oL - Ok
_I'~ E--| EI.:,-| "
with f0 the weight of the regularizotien term
Regression  Aaccher setting is when £ = {[x'0

. ft .I =

{16k

l. i} ad 't = 0L L] 0% dee peal-valued wnilitg of alvema

tive x4 In this cuse, the neural ner is crained using o standard
reprassion eriterom (e, mean syuared errorl angmented with
a grarsaeny teem as alyve;

a il
it Z (21— ciay) K33
el el k=1
Ranking A thisd selting s when £ = { (" xi7, =
..o when the expert only wdicates grelerences x5
x5 between pairs of wemutives, The overull neural ar-
chitectune is i akin o Biamese network [Bmomley of ol

1993 Burges e el 20006]:

Li) E {-:-‘uxii-" | — i) 1} | ;.:E% “T i
with o miax A 0k, o0 morgin hyper-pasimeser (mennl
to enforce the fact that Clx = O g und K the
weighl ol the parsiminy term as above,

IMscossion.  Letus comsider the muslel space made of neural
architecties, where cach scalar ingut is passcd throwgh g url-
ity madule, the outpat of the wilicy medules are agregated
through & Choquet module, and the outpat of the Chogquet
minidinle s e lememvely .;.ph_u:'-:-.gnlﬂ-el :||-::-n3 vithar (_'.h4:1;|'.|t'|. mixl-
ailes, olloswing & pee-sisuctue hieranchy 1 By comstruction,
ahis model space can represcnt any HCT-U fhicrarchical Clu-
Cjuer Inrcgr.ll wiath whlities) when the numiber o ol uigrr-cmh
aaes Lo inlimky |l;‘:.-h|.'||k||. 1981 | : Tarthe e, any kel
in this s s oa walicl HOCI-LL, watisfyange mosntomicitby ol
necmalization comstranis by design. The e mifiabdlicy issoe,
thit is, whedher the NEuk-HCT weight paramater & §s unigque
in the larpe !.':n'n'r\-lr limmid,, i= lell For Turibher weork,

5 Empirical vValidation
Thes dection repoets on the cmgineal pefonnanee of NEox

HCT comypararively tothe state of the et

5.1 Experimental Setting

The lirst goal ol the experments = 1o awsess the mboseness
ol Meur-HCT along the elassfication, regrssion and aik-
ing settings, The second goal is b imeestigat: the respeciive
ity ol learming masgnal atilitiezs and osing o hierarchi-
cal aggregation, Accordingly, fow NEur-HC 1 waniants lave
Breen consithered: WO learms b Han Chigguet integral, NCHHL
lanies @ far O tegetler wath nsanginal wilinies; NHCT leans
a hicrarchical C1 with u tres-strecmred hicmrchy: KHCI4+U
lezarnis an FICT tngethar wath margina | utilities.

Meve-HCI varianes ave comgared o the following base-
les: Multilayer perezpieon (MLEPT wali 1 Telly comnectad

19ELl
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Lhalasa, ML Longislic By CLR ML HCI-L MHLL MHCI-L
CRI OIS 0T | 009 ER05] | G0 L0055 | OR[GO =00M | 00W=00ET | 00520036 |
D ELS X1 SRE R TR]| = A R R RE S R e (HNRA-HNLGT DOSSHON2 | DS1-002% | 0E-na0% [ ia-+-nnts
LEY  Li3& a2l 06l 0021 | 0 43=0d2 13 | widn + 0022 | @138 — a0l ! LTS
WMPG DA A D - DHE | O HE2 S | ORG -F OZT | 80T - aR2T | 00EE - 0029 | 0082 + 0.027
BIE) 143 Ly 0164 L 0071 | 0235 LO017 | 1EvLhoey | BIIZL Y | IS E — O04kE | L1351 dLOGE
MG DT DOCR ) DEs - D027 | QUNe6 o 0uR22 ) ules F O0ZT | 0066 026 | 031 040 | U191 4 0.2
Jowmal LTS LU0G3 0250 LR D2LHL0EE | D207 LNGS | W7 D0sE | 1Y _D06S | 2lalnDel
Bstem 0124 1 D00 | 0043 DR | DUE360H 0085 | 4127 14020 (029 Q022 | ALI2D epd2 [ 129 003l
Tilamic  IGIEZ LIRS D202 L 0BT | LIRS L0l | D1R2o04026: | 009 02T | O2UGDUETY | I L0027
Table I: NEUR-HCL Clhissilke ation setime: Classificalion eoror faverage and variaoce over [LERN runs|
Dianaser ML Linzar Meg. MLl o N AHCT MHCTH
CPO | 0BiNE L 0016 | DMEZE00000 | OO TE0003E ONHLonnTs | e 0033 0 S0 00T
B (AP AR | AR a2 [ I ROEET ) 2R HDET | RIRT LT N TR
LEY | 00312 £ 0823 | 02SI=0028 | Q025200031 | Q252 02 Hia B
MPCE | DHRT | OAWHKE | DY S DL | (LR QO s O DR | ST T DS T L2
Fourinal | Q0EI = GOL0 | OE24 200028 | 0063100127 | 0035000012 | (0620 £ 00027 ) 002 = e 17
Buostons | OGP 4 CLOOAD | Q0173 00 0038 | DU01S7 £OUKGT | 0UT2.00.0023 | 0uldS1 & O3S 0T L el
Tahle I: MEUR HCL Repressiva setting: Mem square error Greemags anid vaetanee aver 00 nuns)

[haalaseet MLF Linear iy, [ TR MNEICT TR
CPd ILNOE = 0002 | .06 = 0,003 | 00007 = 0007 | 00006 £ 0003 | 0000 = 0003 000I0 £ 00H
CEY (EREY B R e VN R RN 0243005 | 00099002 | (bl eS_ L0 LR AL 0.0
LEY LNTTHE - AIZE | 001790 0023 | ILNITHE 0024 | 0T e M i
VPG LMGLE — A2 | ONESZ2-0011 RIS RIIN G 1 24N ] G IS-HEDT DOAZ 00T
2B L1355 L0076 | L1257 20079 (L1 Z162008E OLREZ L GIBRS | 0L1230 & I kG2 § s
MG LIG0] = kG | OL2RGEEN0-4T | DA -85 | ZAREHMAT | 270 02446 HGhR

Journal 00800 = thibid | ODEREED06S | O0761=0063 | 0 T83EED060 | (RITEIE00G3 0, TEROH0.065

Biosomn BG5S = duble | Q070=0003 | 007E0=0015 | 0eePE0e12 | 00752 £ 0014 00651 £ 0014

| BIETTETR 01521 = k2T | Dl6S] £ 02 | D00e3Z Z0028 | 1533 L0028 | dulee = 0GR DUI5A2 L 0u2e

Arguments 1| ILEET & GhikLE LS LG NSRS NY o N 1 D8 R X S| S AT 15 e I TR e
Arpuments 2| DLDSSE — 2R | ILORS3-0.071 ORL D02 | DOSSTH2T | IET2-HI2T 0057 240,028
Arguments 2 [ 00740 = 00X | 00 I=0042 | 0O0TEE=0020 | DOTEEODDE0 | OTG1003Y 0,077 150,041

Tahie 3 Spcw-HUL Basking sanmg pecentape of aus-codemd paics avesape an sanamss over 1D pans b

hiddelen Baver ol ©f neurons, sigrcid sctivation Tanetion: Lo
grstie regression (i the elassification sewing ), Lincar segies-
sicm (in the regression and ronking seitingsy, Choguistic 16]-
itarisiic Regression' (CURE, in the classilicisnon sering ) | Fal
lals Tistuarm e el 20 L4].

The standard MCDM  benchmorks ancleds CFU CEY
LEY, MPG, DenBosch (DB, Mooy sophics (MG, Sfor-
ned™, Bosmn Housog”, Tieic™ and the Dapradid-15502 Ar-
ey ety corpus!l [Wachsmath e ol 2017) The
Last oo, repording the preferences of thiee decision makers,
viglhls thres sub-dutiseis relemred fo as Arpaments 1, Arpi-
ety 2, Arpamnends T leach cme being assocated with a sin

Ay e bimarizaton wed wih CUR was ool mailakle, we o
CUR fn i saiiie splis asd Jabels as Mpoe-HC fee a far eoni-
pacison; thas might explan the performance dillerences worl. the
CEipangEl papcr.

hitpsdosni-paderham defTid=G 9014

"t it s coma sduddataseratestin

"hitpsdwebseanford sl dnssdomchivedesfos LR 1L 1
problem L2 himd

Whitpetarpumen tien Aplaced neitmganadida

1954

#le dberion maker). A hieranchy s given for the {08V aml
Argirenis datascta, foe all otlsor datasels bur LEV, e su-
shors munuged te buaild 8 hierarchy; for LEV, no hierarchy
wiss agmecsl apon Tieliciled as M4 an the resales)s Cheerall, the
founlsen of Features manges frons o o 15 the nuober of exain-
ples renpes from [0 1728 Runking dutusets are built from
Cles sification (respectvely regrossion) datasets. setting that
%7 U whenever 11 o (resp g™ o gt 08

Each fenture & sssocivted with its monotonicity, iz
whether the global score D% increases with =, "7 All the
Fentures and ksbels in the fradnnr seds, wens revrmmalzex] lim-
early an [, 1]

The performanes indicotors are measured a5 followy, Each
clalaset iz runcmy t;pli:l gy am BEE mrmin amel 2065 e sedss
the pedenmance of the model wabed Qoo the on sel s
measured on the test set, and averaged over 1LOD random

xplil::.'. Fugech eemes, all of the methesds are eviluated on the

"*The menaionictiy s hennsically decsmmed Fom the daiasat,
el decneasing critena are meltiplied by —1 tr comply wilth Lhe Ll
thar o Chisipueet mlegml is non-decraasing worr, i inpirs
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s TR splines DPhependang o the sefting, e perlionmance
idicator is the misclassifcsion race, e s squaced eooor,
ind the swapping rate in the nmking seitinge

MEUR-HU ] byper-parameters anclode the regalansation
wiigl A, se1 10 0 after o fow preliminary experinicns,

5.2 Analysiy of the Results

Tables |, 2 wxd 3 respectively repoet the Neur-HCT perfor-
mirsss in the classification, repressiom anod ramkan g settings,
The best resalt for each dataser 1= displaved in bold 5, The
BLLP amd NETIR-HC] -::|'-111P|:'|::11|1n::|| ciwts are bebiny 5 min-
ey Tor each datae onoan latel 07, The CUR coanpatationzl
cosl s mod comparable datlab implemeniation).

Ax coatbld have bean |.=.I-:|_'|:-1::I|.'::I. WP penerally behaves well;
i b of welghts, cubae in the numler of coveoa, -
gver procledes the interpeetation of the model. Mive-HCI
kb om par or hetter than the cdher inberpreeab e maodels,
CLUR awd e nwdels.

A fArst remark & that learning marginal wilites doss im-
o the perfomzueec. NCHU and MHCT+U perfoom betier
thur thear MCT ared MHCT cosnizrparts. While this improve-
el cienn B matarally esgained o the increasecd depthosr
the icoral achivecture and thus the lugher conplexuy of the
relel, i does not G at the espense of the mode] interpre-
lalicin.

A segond renark is thay hiegarchical needels cutpedfonn
et models om bedh dutnsers with an expert hierarchy (CEY
and Argisies nig), O soime ofher datascts, ez MG, I, WER,
Ihe h'irr:un.'h:.' |||il.-r.r'-¢|:|-' whiecis the p:rr'rm'n-..w e s said, this
bierrely s omerely paessed by the authors, This segeesns ths
a fat model & prefegable to one with an jrrelevan hierarchy.

Mol inl:fn-.'-.hn!_rl'!.- 1 terms of mesde D identiicatiom, the sn-
huteon fssmed Do & gaven dataset sleng independent nes
is very stable, e the paramcters always comverse towards
the same values™, Table 4 reports e vaiance over. 100
rgs of the 21 mode] pursmeters (he Mdbins representution
|Cirshisech wmel 1osbreoche, 200000 on the CPLE dataset, Bor
ther weork wall tevestigate the wennfiabilicy o the HCL witlein
MEUK-HCT in the large sumple limit,

The maced stahilsy makes room lor the sesy viand inspes
tio of tle podel |||l.‘|-.‘.*¢|J. a A-additive model can be LEpre-
septed mthe 20 plane, with che impomance of the -6 on-
teiion [epectiscly the svoerzy Betwoen (b and j-th crite-
rii} depicted us the oedor of the (7, §] (respeciively 1§00 and
Cad | nsgesress the darker the more impaortant. As illastrated
o Fiz. 4 the ot impestant citeiia o te CEY domain
ire the sofesy rating (oriberion 6 and teon lesser exient the
paassenger capmcity (erbersen $10 crilena 34 amd falso happen
Lo have @ strong synergy, The boying price and the security
ralurig alse Dave w agficant symergy. 11w emplesire] b
this straightdersand visualization eoables the decision maker
tix imstinely cheak the trained meclel; the esimated symerries
can b crmirored o the ax pectations aml o rezded the madeel

Patien seweral weauhs ars in bl thie means hal the differeies
i nod satssrically sigmafican

"4 wimibar behavior i obmred oo antificial dalasets, when
SEUR-HCT evnctly recavers the mclel wsed 1o Inbel the data,

AL LT CRAXRS 2GR4T RN
0.0 0.0 (TREI TR PR TR VRN L
0007 ECONG | DDOLEGO00] 015100005
LT 0T 1 (L TaE-H0E O k) b
L0006 | O023E000W0E O 129000
FLERE PR TR L ALY R AX2S T
QoS00 | IGeE0000 030007

Tuble 42 CPU datasel (repressdon setliog); Mean and slandand dievi-
atices o e o] pacioeters OB s valuds) over LIRFowns.

n i

ney

- D03 (RIS Dol DR DT LI azd
=T I

i 1 =

- Pl nagy il i L o
- - BIE T4 LS B
il
i 205 {41 ] 3 (LT E Daad AL Fa ]
=
ﬁ“" 2wl el
i l- _-'I.! - .
o i i - 6B
1 I L] i N B

Fipore 47 OV hilaset: Viswal mspecton ol the rained madel
showing the imapocianee of oderin £ one &, of their syirersy, omd
il desser exveni the synerey of critena | ol &

can be revised by aogmenting the dataset adding samples o
illetrge the devived effects.

6 Conclusion and Perspectives

The MEvs-HCT framework prescated in the papor wlics
a1l rn.ap]}ing a [I.;I.Tﬁi:l_lillr cluss of MOTM mondels, the 2-
additive hiernrchical Choguet intearols, enw newdral wchitee-
fures. This |'rri!_'1.n:|l m:lppi.ng relies om the deliniton of fwas
clementary blocks: ooliy mescdules and Chsguer modules, A
2-HCI with o given hierarchical nggregoticn siruwcture T s
mupped cmbee i nearsl rer wathoa first layer mode ol arility
midule s, aind ather Bayers eratively agenegatng the ciineria
through Chigpoest mislules aceoonting o 5. The ment of the
appeeach s twolold: s the cag haisd, the pewal pet comprlics
by desipn with the 2-HCI constraings; on che other band, e
emibdieemel frianimg From dinta 1 ochieved elficiently throagh
back-propagation. The emgnneal salidaion of the apgosch
demonsdrates its good perfermunce compared 1o other inter-
pretable BMCDAS, and e stabalicy of the leamed model

The staluliey and antepeetabaliny. of theae medels open
soime perspectives for furiber research inrepresentacon lean-
imgt, s they enable binstantly conlromt the learnedd mesde
with the expert sspectubions,

Furore work will also consider the exdension of the ap-
proesch o Saukhtive Choguet integrals, anad aim o learn the
ageseoation ee steactue from the dowa. Another sesearch
chirection sl investigate tee adennfiabilry of the 2 HCL

(R
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