
Diale
ti
al Argumentation for Reasoning aboutChemi
al Car
inogeni
ityPeter M
Burney and Simon ParsonsDepartment of Computer S
ien
eUniversity of LiverpoolLiverpool L69 7ZF U.K.fp.j.m
burney,s.d.parsonsg�
s
.liv.a
.ukAbstra
tWe aim to build intelligent systems whi
h 
an reason autonomously aboutthe 
ar
inogeni
ity of 
hemi
als. S
ienti�
 debates in this area draw oneviden
e from multiple, and often 
on
i
ting sour
es, both theoreti
al andexperimental, and parti
ipants use various modes of inferential reasoning.In seeking to automate su
h reasoning, we have �rst arti
ulated pre
iselythe multiple modes of inferen
e used when an assertion of human 
ar-
inogeni
ity is made from experimental animal eviden
e. Be
ause su
hinferen
es are often 
ontested, s
ienti�
 debate in this domain 
an be vig-orous. To model su
h debates, we propose the use of a form of diale
ti
alargumentation, drawing on Habermas' philosophy of Dis
ourse Ethi
s [9℄and Pera's philosophy of s
ien
e [18℄. The resulting formalism permitsthe representation of un
ertainty and disagreement regarding the modesof inferen
e used, as well as the 
laims being asserted.KEY WORDS:Diale
ti
al Argumentation, Inferen
e, Qualitative Reason-ing, Risk Assessment.1 INTRODUCTIONClaims of 
hemi
al 
ar
inogeni
ity or toxi
ity of a substan
e 
an be based oneviden
e from a number of sour
es [8, 28℄, in
luding: (a) 
hemi
al theoreti
alreasoning, 
omparing the 
hemi
al stru
ture of the substan
e with that of aknown 
ar
inogen; (b) experiments where the substan
e is applied to tissue-
ultures in laboratories (mutageni
 tests), or to human or animal 
adavars; (
)bioassays, applying the substan
e to living animals in a laboratory experiment;(d) epidemiologi
al studies of humans; and (e) theoreti
ally-sound des
riptionsof bio-medi
al 
ausal pathways.To 
onstru
t intelligent systems whi
h 
an reason from eviden
e sour
es su
has these, we �rst need to formalize the reasoning used by s
ientists when 
laimsof 
ar
inogeni
ity are made. In Se
tion 2 we present twelve distin
t modesof inferen
es deployed when 
ar
inogeni
ity 
laims are made on the basis ofbioassay eviden
e. To our knowledge, these modes of inferen
e have not been
omprehensively arti
ulated before. This is surprising, be
ause s
ien
e poli
ydebates often in
lude atta
ks by parti
ipants on the modes of inferen
e used1



by others, parti
ularly before a theoreti
ally-sound 
ausal me
hanism has beenagreed.1Eviden
e from di�erent sour
es may 
on
i
t, and 
ar
inogen risk assessmentusually involves the 
omparison and resolution of multiple and diverse eviden
e[7, 28℄. In representing this domain, it is therefore appropriate to use some formof argumentation (so that the reasons for 
laims 
an be represented in asso
i-ation with the 
laims themselves), and within a diale
ti
al framework (so that
ases for and against a parti
ular 
laim 
an be 
ompared). An argumentationformalism also permits the representation of both quantitative and qualitativeinformation in the reasoning pro
ess. This paper proposes the use of a diale
ti
alargumentation formalism from moral philosophy, originally due to philosophersHabermas [9℄ and Alexy [1℄, along with a model of rational s
ienti�
 enquirydue to Pera [18℄, a philosopher of s
ien
e. Our framework is outlined in Se
tion3, and an example is presented in Se
tion 4. Se
tion 5 
on
ludes.2 INFERRING CARCINOGENICITY2.1 Modes of inferen
eEviden
e of 
ar
inogeni
ity of a substan
e 
an be derived from many sour
es.For reasons of 
ost, 
onvenien
e and speed, laboratory tests of the substan
e onanimal spe
ies (bioassays) are a 
ommon sour
e of eviden
e [7, 8, 22℄. Be
auseof the diÆ
ulties in inferring 
on
lusions about humans on the basis of eviden
eabout animal spe
ies, most 
autious s
ientists and poli
y makers would not as-sert 
ar
inogeni
ity to humans from a bioassay: they would, at best, only 
laimthat there is a (perhaps high) probability of human 
ar
inogeni
ity.2 However,although it is perhaps the most 
ontentious, the animal-to-human inferen
e isnot the only inferen
e being deployed in 
on
luding su
h a probability. It isalso not the only inferen
e deployed when quantifying the extent of risk. Ittherefore behooves us to examine all the modes of inferen
e used. In doing so,we have abstra
ted from a number of des
riptions and 
ritiques of 
ar
inogeni
risk assessment pro
esses, in
luding [7, 8, 15, 22, 25, 28℄, both ideal and a
tual.For the purposes of exposition, we therefore suppose an ar
hetypi
al animalbioassay for a 
hemi
al substan
e X is undertaken. This will involve the admin-istration of spe
i�
 doses of X to sele
ted animal subje
ts, usually repeatedly,in a laboratory environment. Typi
ally, two or three non-zero dose-levels areapplied to the subje
t animals, along with a zero-dose to the 
ontrol group.The rates at whi
h 
an
ers of a spe
i�
 nature develop is then observed in ea
hgroup until a pre-determined time-point (usually the natural life-span of theanimal). Those animals still alive at that time are then killed, and a statisti
alanalysis of the hypotheses that exposure to the substan
e X results in in
reasedin
iden
e of 
an
er is then undertaken. Suppose that, based on this animalbioassay, a 
laim is then made that X is 
ar
inogeni
 to humans at a spe
i�eddose. For ease of expression we will notate this 
laim by �. In asserting �1As an example of debate 
on
erning the possible 
auses of a 
luster of 
an
er 
ases, seethe summary in [3℄.2Indeed, the U.S. Environmental Prote
tion Agen
y guidelines [28℄ permit one to 
laimprobable human 
ar
inogeni
ity from (suÆ
iently strong) animal eviden
e alone. Althoughsu
h a 
laim would be 
lassed in the se
ond of two 
ategories of \probable", it is still above\possible" human 
ar
inogeni
ity. 2



from the eviden
e of the bioassay, a number of subsidiary inferen
es need to bemade, numbered below as R1 to R12. We have expressed these in the form of\FROM ante
edent TO 
onsequent". This is short-hand for saying that an a
tof inferen
e is undertaken whenever one assumes that the 
onsequent is true(or takes a parti
ular value) upon the ante
edent being true (or, respe
tively,having taken a 
orresponding value).R1: FROM Administered dose TO Delivered dose. Animal bodies de-fend themselves against foreign substan
es. For example, 
hemi
als ap-plied to nasal tissues are initially repelled by defen
es in the tissues them-selves. Larger doses may destroy this �rst line of defen
e, thereby permit-ting proportionately more of the 
hemi
al to enter the body's 
ir
ulatorypathways than would o

ur for smaller doses. In other words, the dose de-livered to the target tissue or organ of the body may not be proportionateto the dose administered to the animal by the experimenter.R2: FROMA sample of animals TO A population of the same spe
ies.Reasoning from a sample to a population from whi
h the sample is drawnin known as statisti
al inferen
e.R3: FROM A geneti
ally uniform animal population TO A geneti-
ally more diverse population. For reasons of experimental 
ontroland of 
onvenien
e, animal subje
ts used in laboratory experiments areoften more 
losely related geneti
ally than is the natural population as awhole.R4: FROM An animal population TO The human population. Ani-mals di�er from humans in their physiology and in their body 
hemistry,so it is not surprising that they also di�er from us in rea
tions to potential
ar
inogens. Indeed, di�erent spe
ies di�er from ea
h other. Formalde-hyde, for instan
e, was found to 
ause signi�
ant nasal 
an
ers in rats butnot in mi
e [7℄, while epidemiologi
al studies of humans whose professionsexposed them to high levels of the 
hemi
al found no signi�
ant in
reasesin su
h 
an
ers.R5: FROM A site spe
i�
ity in bioassay animals TO A possibly dif-ferent site spe
i�
ity in humans. Most 
hemi
als are pre-
ar
inogenswhi
h must be altered by the body's metaboli
 pro
esses into an a
tively
ar
inogeni
 form. This happens di�erently in di�erent spe
ies, be
ausethe body-
hemistries are di�erent or be
ause the physiology or relativesizes of organs are di�erent.R6: FROM Lo
alised exposure TO Broader exposure. Bioassays ad-minster a 
hemi
al to a spe
i�
 site in a spe
i�
 way to the subje
t animals,as for example, in bioassays of formaldehyde applied to nasal passages totest for nasal 
an
er. In 
ontrast, humans exposed to it may re
eive the
hemi
al in a variety of ways.R7: FROM Large doses TO Small doses. At typi
al levels of exposure,the in
iden
es of most individual 
an
ers in the general population arequite small, of the orders of a few per
ent or mu
h less. At equivalentdose levels, then, bioassays will require very large sample sizes to dete
t3



statisti
ally signi�
ant in
reases in 
an
er in
iden
e. This would be pro-hibitively expensive, and so most bioassays administer doses 
onsiderablygreater than the equivalent doses re
eived (allowing for the relative sizesof the animal and human spe
ies) in the environment. In order to assert
ar
inogeni
ity, then, a 
onversion model | a dose-response 
urve | isrequired to extrapolate ba
k from large to small dose levels. The extent of
ar
inogeni
ity asserted 
an be very sensitive to the dose-response modelused. Two theoreti
ally-supported models for the risks asso
iated witha
atoxin peanuts, for example, show human risk likelihood di�ering by afa
tor of 40,000 [19℄.R8: FROM An animal dose-level TO A human equivalent. The pre-vious paragraph used the phrase \allowing for the relative sizes of theanimal and human spe
ies". But how is this to be done? Is the dose ex-trapolated a

ording to relative body weights of the two spe
ies (animaland human); or skin surfa
e area (whi
h may be appropriate for 
hemi
alsabsorbed through the skin); or relative size of the organ a�e
ted? Whatis appropriate if di�erent organs are a�e
ted in di�erent spe
ies?R9: FROM Administered doses TO Environmental exposure. In orderto expedite response times, bioassays may adminster the 
hemi
al in amanner di�erent to that likely to be experien
ed by humans exposed toit in their environment. For example, the 
hemi
al may be fed via a tubedire
tly into the stoma
h of the animal subje
t, whi
h is unlikely to bethe 
ase naturally.R10: FROM A limited number of doses TO Cumulative exposure.Some 
hemi
als may only produ
e adverse health e�e
ts after a lifetimeof a

umulated exposure. Body 
hemistry 
an be very subtle, and a smallnumber of large doses of a 
hemi
al may have a very di�erent impa
t froma mu
h larger number of smaller doses, even when the total dose re
eivedis the same in ea
h 
ase.R11: FROM A pure 
hemi
al substan
e TO A 
hemi
al 
ompound.Most 
hemi
als to whi
h people are exposed are 
ompounds of several
hemi
als, not pure substan
es. Bioassay experiments, however, need tobe undertaken with pure substan
es, so as to eliminate any spurious 
ausale�e
ts.R12: FROM The human population TO Individual humans. Individ-uals vary in their rea
tions to 
hemi
al stimuli, due to fa
tors su
h astheir geneti
 pro�les, lifestyles, and personalities. Risks of 
ar
inogeni
itymay be mu
h higher or mu
h lower than 
laimed for spe
i�
 groups orindividuals.To 
laim human 
ar
inogeni
ity on the basis of eviden
e from a bioassaythus depends on a number of di�erent modes of inferen
e, ea
h of whi
h mustbe valid for the 
laim to stand. We 
ould write:\The 
hemi
al X is 
ar
inogeni
 to humans at dose d based on a bioassay ofanimal spe
ies a if: 4



� There is a relationship between administered dose and delivered dose inthe bioassay, AND� The sample of animals used for the experiment was sele
ted in a represen-tative manner from the population of animals, AND� The animal population from whi
h the sample was drawn is as geneti
allydiverse as the animal population as a whole,"...and so on, through the remaining nine inferen
e steps.It is important to note that even if all modes of inferen
e were valid in aparti
ular 
ase, our assertion 
ould, stri
tly speaking, only validly be that the
hemi
al X is asso
iated with an in
rease in in
iden
e of the parti
ular 
an
er.The assertion � does not arti
ulate, nor 
ould a bioassay or epidemiologi
alstudy prove, a 
ausal pathway from one to the other. There may, for example,be other 
ausal fa
tors leading both to the presen
e of the 
hemi
al in theparti
ular environment and to the observed 
ar
inogeni
ity.For the ar
hetypi
al analysis above, we began with the assumption of justone bioassay being used as eviden
e to assert a 
laim for 
ar
inogeni
ity. Inreality, however, there is often eviden
e from more than one experiment and, ifso, statisti
al meta-analysis may be appropriate. This may involve pooling ofresults a
ross di�erent animal spe
ies, or a
ross both animal and human spe
ies.None of these tasks are straighforward, and will generally involve further modesof inferen
e, whi
h we do not explore in this paper.2.2 The example of statisti
al inferen
eOnly one of the forms of inferen
e listed in the previous example is Statisti
alInferen
e, that is, reasoning about a population on the basis of eviden
e froma sample of that population. Stri
tly a

ording to logi
, statisti
al inferen
eis unsound: true ante
edents are not guaranteed to generate true 
onsequents.However, the key a
hievement of mathemati
al statisti
s this 
entury has beento pla
e a bound on the extent of unsoundness: if we know the probabilitydistribution of the variable of interest in the population, and that the me
hanismwhi
h generated the sample was random (or, if not, the extent to whi
h it isnot), then we 
an estimate the probability that the inferen
e from sample topopulation is in
orre
t. For example, we may 
on
lude from parti
ular fun
tionsof the sample values that there is a 95% 
han
e that a 
ertain interval 
ontainsthe mean of the population.3 This form of inferen
e is still unsound (i.e. westill 
annot guarantee the truth of a 
laim about a population parameter, giventhe truth of a 
laim about a sample parameter), but we now have an estimateof the upper bound on the extent of unsoundness. If we (as a so
iety) makede
isions based on the sample data, we still do not know whi
h de
isions are
orre
t and whi
h wrong, but we 
an estimate how many of the latter there willbe at most. We are better o� as a result.3There are 
ontending views within statisti
al theory about the meaning of a statementsu
h as this, a debate we do not enter [2, 24℄.5



The same would be true for the other modes of inferen
e listed above. Noneof these is sound, in the sense of guaranteeing the preservation of truth (fromante
edent to 
onsequent) in all 
ir
umstan
es. But, just as with statisti
alinferen
e, if we were to have a quantitative bound on the possible error in in-feren
e, then we would be better o� than without it. Moreover, if su
h boundsexisted for all the inferential modes listed, it may be possible to 
ombine thesebounds in an appropriate way, thereby generating a bound for the overall as-sertion of 
ar
inogeni
ity from a bioassay. Estimating the soundness of ea
htype of inferen
e 
ould be a matter of detailed examination of all the exper-imental and theoreti
al eviden
e (whi
h may be a 
onsiderable undertaking)and then using this to develop a framework for theory development relevant tothe mode of inferen
e. Su
h theories would be analogous to the theories (e.g.Neyman-Pearson, Bayesian, Fidu
ial) supporting the use of statisti
al inferen
e.3 ARGUMENTATION FRAMEWORKS3.1 Monodi
 and diale
ti
al argumentationAn argument for a 
laim may be 
onsidered as a tentative proof for the 
laim.The philosopher Stephen Toulmin [27℄ proposed a generi
 framework for thestru
ture of arguments whi
h has been in
uential in the design of intelligentsystems whi
h use argumentation [4, 30℄. Our analysis, informed by Toulmin'sstru
ture, 
onsiders an argument to have the form of a proof, without ne
essarilyits for
e.Suppose � is a statement that a 
ertain 
hemi
al is 
ar
inogeni
 at a spe
-i�ed level of exposure. Then an argument for � is a �nite, ordered sequen
eof inferen
es G� = (�0; �1; �2; : : : ; �n�1). Ea
h sub-
laim �i is related to thepre
eding sub-
laim �i�1 in the sequen
e as a result of the appli
ation of aninferen
e rule, Ri. These rules 
orrespond to warrants in Toulmin's s
hema.Note that Ri and Rj may be the same rule for i and j di�erent. The modes ofinferen
e listed in Se
tion 2.1 are examples of su
h rules. We may present thissequen
e graphi
ally as follows:�0 R1�! �1 R2�! �2 �! : : : �! �n�1 Rn�! �.If any of these rules were rules of inferen
e generally 
onsidered valid indedu
tive logi
 (Modus Ponens, say), then we would be 
on�dent that truthwould be preserved by use of the rule. In other words, using a valid rule ofinferen
e at step i means that whenever �i�1 is true, so too is �i. If all the rulesof inferen
e were valid in this sense, then the argument G� would 
onstitute adedu
tive proof of �. The situations of interest to us, however, are when someor all of the inferen
e rules are not valid in this sense, su
h as those of Se
tion2. In pure mathemati
s in general, on
e a theorem has been proven true, furtherproofs do not add to its truth, nor to the extent to whi
h the theorem is believedto be true. With arguments, however, alternative arguments may be of greatinterest. The greater the number of independent arguments that exist for a
laim, the stronger is the 
ase for it, and the stronger may be our belief in itstruth. However, in arriving at a 
onsidered view as to our belief in the truth of6



a 
laim �, we also need to 
onsider the arguments against it, the arguments infavour of its negation :� (whi
h may be di�erent), and any arguments whi
hatta
k its supporting sub-
laims, �i.Given these di�erent arguments and 
ounter-arguments, it is possible tode�ne a symboli
 
al
ulus, 
alled a Logi
 of Argumentation, whi
h enables the
ombination (\
attening") of arguments for and against a proposition [5℄. Sin
ean argument is a tentative proof of a 
laim, our degree of belief in the 
laim willlikely depend upon the argument advan
ed for it. Thus, for ea
h pair (�;G�)
onsisting of a 
laim and an argument for it, we 
an asso
iate a measure �� ofour strength of belief in � given G�.4 We represent this as a triple (�;G�; ��),whi
h we 
all an assessed argument. The belief-indi
ator may be a quantitativemeasure, su
h as a probability, or an element from a qualitative di
tionary,su
h as fLikely, Unlikelyg. In either 
ase, we 
an de�ne algebrai
 operationson the set of belief-indi
ators (the \denotation di
tionary for belief") enablingus to generate the degree of belief in a 
ombined argument, when we know thedegrees of belief of the subsidiary arguments. In addition to belief-indi
ators,one 
an also de�ne other labels for 
laim-argument pairs, su
h as the values ofworld-states and the 
onsequen
es of a
tions arising from the 
laim [5℄. Withsu
h formal 
al
uli, argumentation 
an be used in intelligent 
omputer systems,and has been so used, parti
ularly in the medi
al and legal domains (e.g. see[5, 11, 30℄).This view of argumentation presents the arguments as disembodied 
asesfor and against a proposition. It is as if there were just one person in the de-bate, weighing the pros and 
ons with him or herself to arrive at a 
onsidered
on
lusion. Indeed, the 
ar
inogeni
ity risk assessment guidelines of the U.S.Environmental Prote
tion Agen
y [28℄, whi
h are rules for the 
ombination ofeviden
e from disparate sour
es, have the appearan
e of an algorithm for thedispassionate weighing of eviden
e. We term this monodi
 (single-voi
e) argu-mentation. However, in real life, there are usually many voi
es, ea
h arguingfor and against a proposition from di�ering perspe
tives, and sometimes withdi�erent views as to what 
onstitutes a

eptable rules of inferen
e.In seeking to model this rational 
a
ophony, we have therefore turned todiale
ti
al argumentation, a bran
h of philosophy dealing with the 
ondu
t ofdebate and dis
ourse [29℄. One in
uential framework for diale
ti
al argumenta-tion has been that proposed by the philosopher J�urgen Habermas [9℄. Originallyseeking to understand how ethi
al norms 
ould be agreed between di�erent peo-ple, and building on Toulmin's work [27℄, Habermas proposed a framework inwhi
h 
onsenting members of a 
ommunity 
an engage in a 
ivil dis
ourse. Thekey di�eren
e between monodi
 and diale
ti
al argumentation is the presen
e inthe latter of an audien
e. An audien
e needs to be persuaded, and may withholdher (or his or their) agreement to the 
laims being advan
ed by a proponent.Indeed, members of an audien
e may advan
e 
ounter-
laims of their own, orrebuttals and under
utting arguments, or may question the premises or modesof inferen
e used by a proponent. Habermas sought to identify rules underwhi
h su
h dis
ourse 
ould o

ur in a 
ivil manner and so that all reasonableparti
ipants would feel satis�ed with the pro
ess of dis
ourse. In [9℄, Habermasgave examples of the sort of rules his framework would in
lude, for instan
e:\Di�erent speakers may not use the same expression with di�erent meanings"4Su
h degrees of belief are 
alled modalities by Toulmin [27℄.7



and \Everyone is allowed to question any assertion whatever". Legal philoso-pher Robert Alexy [1℄ arti
ulated a 
omprehensive list of su
h rules appropriatefor debates in ethi
al domains.Habermas has applied his framework to dis
ourse in politi
al, legal and so
ials
ien
e arenas. Diale
ti
al argumentation has also been applied by philosophersof s
ien
e to the natural s
ien
es. Mar
ello Pera [18℄, for example, models s
i-enti�
 dis
ourse as a three-person dialogue, involving the s
ienti�
 investigator,Nature and a skepti
al s
ienti�
 
ommunity. In Pera's model, the investiga-tor proposes theoreti
al explanations of s
ienti�
 phenomena and undertakess
ienti�
 experiments to test them. These experiments lead to \replies" fromNature in the form of experimental eviden
e. However, Nature's responses arenot given in a dire
t or pure form, but are mediated through the third par-ti
ipant, the s
ienti�
 
ommunity, whi
h interprets the eviden
e, undertakes adebate as to its meaning and impli
ations, and eventually de
ides in favour oragainst proposed theoreti
al explanations. Drawing on the work of Pera andHabermas, William Rehg [21℄ proposes a form of diale
ti
al argumentation forthe debate whi
h o

urs within the s
ienti�
 
ommunity (and between it and theexperimenter), arising from Nature's responses to experiments. One of Rehg'saims is to 
apture the fa
t that even though the resolution of s
ienti�
 questionsmay be obje
tive and rational, as these terms are 
ommonly understood, su
hresolution, by its nature as a human a
tivity, takes pla
e within a parti
ularso
ial, 
ultural and institutional 
ontext whi
h invariably in
uen
es the 
ourseof resolution.53.2 A framework for dialogueMotivated by these approa
hes, we are developing a diale
ti
al argumentationframework for 
laims of 
ar
inogeni
ity.6 As do Habermas and Alexy, we needto 
odify rules of engagement. As do Pera and Rehg, we desire this to be arealisti
 model of s
ienti�
 debate in the natural s
ien
es, at least in our spe
i�
domain of 
hemi
al 
ar
inogeni
ity. Our further aim, as was mentioned, is toen
ode this framework in an intelligent 
omputer system. This requires us tobe expli
it and 
omprehensive in the framework stru
ture and rules we propose.We de�ne an \agora" (from the Greek for \meeting pla
e") as a spa
e in whi
hthe dialogue will o

ur, and we use this term also for the dialogue itself. Thusa \�-agora" is a debate about the 
laim �. A �-agora 
onsists of the followingelements:7� A database r of well-formed formulae of a symboli
 propositional lan-guage, with the usual 
onne
tives, in whi
h atomi
 propositions are de-noted �i.� A set of di�erent modes of inferen
e, ea
h denoted Rj .5As just one example, Jamieson [10℄ has argued that, in s
ien
e poli
y debates over en-vironmental and health risks, even un
ertainty itself is, at least partly, so
ially 
onstru
ted,with debate parti
ipants establishing, maintaining and using it to further parti
ular agendas.6Note that Verheij [30℄, building systems for legal apppli
ations, uses the term \diale
ti
alargument" to refer to a monodi
 argument whi
h in
orporates under
utting ex
eptions. Weare using diale
ti
al argumentation not in this sense, but to refer to a debate involving di�erentviews.7From the perspe
tive of software fun
tionality, our dialogue spa
e is similar to the nego-tiation spa
es of ele
troni
 
ommer
e systems using intelligent agents [12℄.8



� A set of debate parti
ipants, ea
h denoted Pk.� A set of rules for asserting, supporting, questioning, denying, rebutting,under
utting, assumption-denying, mode-of-inferen
e-denying of a 
laim.(i.e. whi
h argument-moves are valid, when; whi
h responses are valid,when.)� A set of rules for summarising, 
omparing and manipulating arguments.� A set of rules by whi
h all the arguments for and against a proposition
an be 
ombined on behalf of the s
ienti�
 
ommunity 
on
erned, in a
-
ordan
e with Pera's model of s
ienti�
 enquiry.� A presentation and advi
e module (so this 
an be presented to the user).The agora framework presented here will be embodied in an intelligent 
om-puter system whi
h advises a human user or users, allowing di�erent intera
tionsa

ording to the user's purposes. For instan
e, a user may wish to explore boththe arguments for and the against a parti
ular 
laim, as when exploring the
onsequen
es of a parti
ular a
tion. Or, he or she may wish to marshal togetherall the arguments for the 
laim, ignoring or rebutting any arguments againstit. Our stru
ture is intended to allow for su
h variety of user purposes, withthe system undertaking both autonomous reasoning and argument mediation,in the terminology of Verheij [30℄. Following Aristotle, Habermas [9℄ proposed athree-level stru
ture for his diale
ti
al argumentation framework, and we haveadapted this for the Agora:Logi
al Level: At this level we seek to understand what are the logi
al im-pli
ations of the knowledge base, whi
h is needed be
ause, in general, wedo not know the 
onsequen
es of our own knowledge. At this level, thesystem would be undertaking automated reasoning generating all the pos-sible arguments that may be 
onstru
ted from its knowledge in exa
tly thesame way that the argumentation systems des
ribed in [5, 16℄ 
onstru
targuments.Diale
ti
al level: At the diale
ti
al level, we are 
onsidering the 
ases forand against some proposition, the pros and the 
ons, and we need tobe able to 
ombine and 
atten arguments generated by the �rst level ina way that is similar to that des
ribed earlier. This may be by simplylooking at the strengths of the arguments [5, 16℄, or by looking at therelationships between them [17℄. As indi
ated earlier, it is important forthe 
ar
inogeni
ity domain that the modes of inferen
e themselves are ableto be the subje
t of argument (for instan
e, being atta
ked or denied).Some re
ent argumentation systems, su
h as those developed for legalappli
ations by Verheij [30℄, permit argument about inferen
e rules.Rhetori
al level: At the rhetori
al level, we are 
on
erned with 
onvin
ing anaudien
e of a parti
ular 
ase. In terms of our system, we see this as a pre-sentation layer, where the user 
an manipulate the a
tivities of the othertwo layers for self-elu
idation or for presentation to others. For example,this layer permits the user, within the permitted rules of the diale
ti
alframework, to interrogate the arguments arti
ulated by the system, to9



propose rebuttals and under
utting arguments, et
. Reed [20℄, for exam-ple, has explored the use of rhetori
al devi
es for persuasion purposes inargumentation systems.The user interfa
es at these di�erent layers may not ne
essarily be the same.Verheij [30℄ has argued that new kinds of user interfa
es are required for argu-mentation systems, and he reports on several approa
hes in this area.4 EXAMPLETo illustrate these ideas we present a simple and hypotheti
al example of anAgora debate. Suppose we have a knowledge base 
ontaining the followingagreed fa
ts, labeled K1 through K11, about 
hemi
als X , Y and Z :K1: Elements of the 
hemi
al stru
tures of Y and Z are similar.K2: Elements of the 
hemi
al stru
tures of X and Y are similar.K3: Chemi
als X and Z do not have similar 
hemi
al stru
tures.K4: X is produ
ed by the human body naturally (i.e. it is endogenous).K5: X is endogenous in rats, but not in mi
e.K6: An endogenous 
hemi
al is rarely 
ar
inogeni
 at normal bodily levels.K7: Above a threshold of x0 ppm in the bloodstream, X is ex
reted by thehuman body.K8: The presen
e of large quantities of Z in the human body appear to inhibitthe ex
retion of other 
hemi
als.K9: Experiments applying Y to human tissue 
ulture show it to be 
ar
inogeni
,although only at high doses.K10: Bioassay experiments applying X at doses above level dr to rats show itto be 
ar
inogeni
.K11: Bioassay experiments applying X to mi
e show no eviden
e for 
ar
ino-geni
ity up to and in
luding dose levels of dm.At the Logi
al Level, the Agora develops the logi
al 
onsequen
es of theknowledge in the knowledge base. For this example, there are three logi
alinferen
es, labeled L1, L2 and L3:L1: Chemi
al Z is possibly 
ar
inogeni
 to humans, be
ause:K1: Elements of the 
hemi
al stru
tures of Y and Z are similar.K9: Experiments applying Y to human tissue 
ulture show it to be 
ar-
inogeni
.L2: If humans have 
an
er as a result of exposure to Z , then this may indi
atehigh levels of the 
hemi
al in the body, be
ause:10



K1: Elements of the 
hemi
al stru
tures of Y and Z are similar.K9: Experiments applying Y to human tissue 
ulture show it to be 
ar-
inogeni
 at high doses.L3: If Z is 
ar
inogeni
, then its presen
e may lead to high bodily levels of X ,be
ause:L2: If humans have 
an
er as a result of exposure to Z , then this mayindi
ate high levels of the 
hemi
al in the body.K8: The presen
e of large quantities of Z in the human body appear toinhibit the ex
retion of other 
hemi
als.Suppose � is the statement: X is 
ar
inogeni
 to humans. Then, at theDiale
ti
al Level of the Agora, our knowledge base allows us to 
onstru
targuments for and against �, whi
h we list below, numbered A1, A2, et
. Theseare presented as 2-tuples, where the 
on
lusion is the �rst element of the tuple,and the supporting grounds for the 
on
lusion are the se
ond element of thetuple.A1: (�, K10 ).A2: (�, (K2, K9) ).A3: (�, (K4, K5, K10, K11) ).A4: (�, (L1, L3) ).A5: (:�, K11 ).A6: (:�, (K4, K6, K7) ).A7: (:�, (K3, L1) ).Observe that there are four arguments for the 
ar
inogeni
ity of X and threeagainst it, although not all of these will be of the same for
e. Several argumentsimpli
itly draw on one or more the inferen
e rules listed in Se
tion 2.1 above.Argument A1, whi
h asserts human 
ar
inogeni
ity on the basis of rat bioassays,potentially draws on all the inferen
e rules, as does Argument A3. Likewise, al-though Argument A5 asserts non-
ar
inogeni
ity to humans on the basis of mi
eexperiments, it draws on the same set of inferen
e rules to make this assertion.Argument A2, whi
h asserts human 
ar
inogeni
ity on the basis of tissue exper-iments with a related 
hemi
al, draws on an equivalent set of inferen
es to thosefor bioassays. Note also that Argument A6, whi
h asserts non-
ar
inogeni
ityon the basis of the endogeneity of X , in e�e
t 
ontests Argument A1 via infer-en
e rules R9 and R10 regarding the manner in whi
h human exposure to the
hemi
al o

urs. Arguments A4 and A7 draw on inferen
es L1 and L3 derivedat the Logi
al Level of the Agora.At the Rhetori
al Level, we 
ould seek to build a 
ase for a parti
ular
laim, say �, by examining the various arguments for and against it and therelationships between them. For example, Argument A4 draws on Logi
al In-feren
es L1 and L3. Together, these rebut statement K7, and thus under
utargument A6. Likewise, Argument A5 is rebutted by Argument A3, as the lat-ter proposes a plausible me
hanism whi
h supports 
ar
inogeni
ity of X despite11



the la
k of eviden
e from mi
e experiments (statement K11). We are thus leftwith four arguments (A1 { A4) in favor of � and one (A7) against it. Whi
h sideis 
onsidered stronger will be a matter of the relative degrees of belief asso
iatedwith ea
h argument.5 CONCLUSIONAutomated predi
tion of 
hemi
al properties is an a
tive area of arti�
ial intel-ligen
e (AI) resear
h [23, 26℄. However, most e�ort to date has been devotedto systems whi
h predi
t the properties of substan
es on the basis of 
hemi
altheoreti
al reasoning or by 
omparison with other 
hemi
als whose propertiesare known. Yet, s
ienti�
 
laims about the toxi
ity or 
ar
inogeni
ity of 
hem-i
als are usually based on bioassay or epidemiologi
al eviden
e, and so we seekto 
onstru
t intelligent systems able also to reason from su
h eviden
e.This paper has made two original 
ontributions to the design of su
h systems:First, we have arti
ulated the pre
ise modes of inferen
e used when 
hemi
al
ar
inogeni
ity is asserted on the basis of animal bioassay experiments. To ourknowledge, no su
h 
omplete list has been developed before. Se
ond, we havetaken Pera's three-person model of s
ienti�
 enquiry and Habermas' Dis
ourseEthi
s as the basis for an intelligent system using diale
ti
al argumentation toreason about s
ienti�
 domains. Su
h an appli
ation is novel, although workin intelligent systems for legal appli
ations has applied similar rules for legaldis
ourse (also due to Alexy) [6℄. We are 
urrently developing the spe
i�
ationof the system presented here and studying its formal properties [13℄. In additionto representing the 
ases for and against parti
ular 
laims, we also seek toin
orporate qualitative assessment of the values of 
laims and their 
onsequen
es[14℄, building on re
ent work extending logi
s of argumentation, for example,[5, 16℄.In this paper, we have 
onsidered just one s
ienti�
 domain, but our approa
his 
learly appli
able more widely. Although our spe
i�
 agenda here is thedevelopment of intelligent systems, the delineation of modes of inferen
es andthe modeling of arguments used should bene�t whi
hever is the 
ommunity
on
erned with, and debating, the 
laim at issue. In the 
ase of 
ar
inogeni
ityof 
hemi
als that 
ommunity is all of us.A
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