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Abstract

The LITCHI (Logic-based Integration of Taxonomic Con-
flicts in Heterogeneous | nfor mation systems) project is con-
cerned with the integration and maintenance of databases
of biological knowledge organised by species. \We have
identified a number of constraints pertaining to good tax-
onomic practice that can be applied to individual species
databasesin order to determine taxonomic conflicts. These
constraints can also be applied to a database formed by
merging species databases from distinct sources. As the
project has progressed, we have identified a number of dis-
tinctive features of the problem domain and needs of the
intended users which have had a significant impact on the
techniques and modes of operation that we found to be ap-
propriate, especially in contrast with applicationsthat han-
dle rapidly-accumulating 'raw’ data. It is upon these as-
pects of LITCHI that we concentrate in the present paper,
viewing LITCHI as an example of the more general prob-
lem of merging scientific data sets in which there are con-
flicts between the terminology used in the various data sets.

Taxonomic knowledge is characterised by being slowly
added to and modified, and by being subject to disagree-
ment among experts. For the knowledge to be useful, it
is essential that a biologist should be able to work with
full knowledge of such conflicts of opinion. In LITCHI we

provide a tool which may be used by a taxonomic editor,
over a potentially long transaction period of perhaps a few
months, in order to identify taxonomic conflicts between
species databases and resolve them in an appropriate way.
In this paper we explain how LITCHI has been designed
in order to detect and allow the user to resolve these taxo-
nomic conflicts.

1. Introduction

Taxonomy may be defined as ‘ the study and description of
the variation of organisms, the investigation of the causes
and consequences of this variation and the manipulation of
the data obtained to produce a system of classification’ [13].
In this paper we present the LITCHI! system. LITCHI isa
tool we have devel oped with the aim of hel ping taxonomists
to test checklists of scientific names for conflicts and hence
(i) to improve the data quality in the taxonomic databases
from which the checklists were obtained, and (ii) to provide
abasisfor integration of taxonomic databases. We providea
survey of thetechniqueswe have had to employ and develop
in order to build atool that achievesthese aims.

Taxonomy is just one of many scientific areas in which
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consistent nomenclature is important: other examples in-
clude planetary nomenclature [7], geographical nomencla-
ture (e.g. [12]) and gene nomenclature (e.g. the SGD Gene
Name Registry?). In all these domains it is important to
be able to refer to the entities of interest unambiguously.
We exploit in our system the fact that it has been possible
to develop constraints that detect cases in which conflicts
occur by inspection of the scientific names used and the re-
lationships between them. In LITCHI we are not concerned
with interpretation of vast quantities of fast-accumulating
data using OLAP [4] techniques, for example; rather, we
are providing atool for maintaining a consistent classifica-
tion scheme in the face of conflicting and changing expert
opinion. It is only with such a scheme that biological data
can be associated with the appropriate species.

In this paper we shall commence by explaining in more
detail the nature of the scientific problem that LITCHI is
addressing and the challenges that have to be met. We
shall then outline how we have approached this problemin
LITCHI and compare our approach, in general terms, with
other approachesthat have been taken in the general area of
consistency of taxonomic databases. LITCHI solves prob-
lems both of constraint violation detection and of repair.
We explain how constraint violation detection is improved
by the use of constraints that may have exceptions and of
orthographic testing. In the repair process, LITCHI is de-
signed to support long intermittent transactions, to keep the
number of repair actions small by typing of constraints, and
to allow the user a flexible approach to the repair of these
congtraints. In the concluding section we discuss the rele-
vance of our techniquesto other domains and identify areas
of possible future research.

2. The scientific problem

The discipline of taxonomy benefits from an agreed gen-
eral schemefor classification (the taxonomic hierarchy) and
agreed schemes for naming the taxa (singular: taxon) thus
produced, such asthe codes of botanical [6], zoological [11]
and bacterial [10] nomenclature. The taxonomic hierarchy
has various ranks, such as (in increasing order of special-
isation) family, genus, species and subspecies. One of the
tasks of the taxonomist is to determine what range of varia-
tion is exhibited by the individuals (e.g. plants or animals)
that areincluded in ataxon at each of the hierarchical ranks.
Having donethis, the appropriate code of nomenclatureim-
poses constraints on the nature of the scientific names (s)he
may choose for the taxa, and their relationships to each
other. A checklist comprising the names assigned can then
be produced, which includes for each taxon the accepted
name and any synonyms that others have used. Another

2http://genome-www.stanford.edu/Saccharomyces/gene guidelines.html

taxonomist may produce a conflicting checklist for a num-
ber of reasons, asillustrated in figure 1. These checklistsare
lists of species. A species name has two parts, namely its
genus and its epithet, and has an associated authority. For
example, Viciafaba L. has genus Vicia, epithet faba and au-
thority ‘L. (which is an agreed abbreviation for Linnaeus).
In each case, the accepted nameislisted, followed by anin-
dented list of synonymsthat pertain to the same taxon. One
conflict in this case is that Vicia faba L. is regarded as an
accepted name in one list, but as the synonym of another
accepted name in the other list. Similarly, of course, there
is another conflict: Faba bona Medikus is regarded as an
accepted name in one list, but as the synonym of another
accepted name in the other list.

List 1:

Vicia faba L.
Faba bona Medikus
Faba faba (L.) House
Faba major Desf.
Faba minor Roxb.
Faba sativa Bernh.
Vicia vulgaris Gray

List 2:

Faba bona Medikus
Faba faba (L.) House
Orobus faba Brot.
Vicia esculenta Salisb.
Vicia faba L.
Vicia wvulgaris Gray

Figure 1. Conflicting extracts from two check-
lists

Taxonomic databases are an important resource for biol-
ogists. Many of these databases are species databases, i.e.
biological data about organisms arranged by species, with
little information about other taxonomic ranks. With the ad-
vent of taxonomic databases there is the attractive prospect
of merging them to build a global species information sys-
tem [2]. But the availability of taxonomic databases both
intensifies, and yet providesthe basis of apotential solution
to, afundamental problem: how isit possible to gather data
associated with a given species from various sources unless
(i) we know that a given species name does in fact refer
to the same species in each source and (ii) we are aware



of any other names by which the speciesis known in these
sources? The datais far more readily available than when
it was only held in printed form — in other words, we are
now more likely to uncover taxonomic problems than pre-
viously! But taxonomic databases provide the basis for a
potential solution to this problem in that the large quantities
of information available can be processed electronically in
order to identify conflicts—if suitable techniques can be de-
veloped. It is the development of such techniques that has
been central to the LITCHI project.

The merging of checklists is an important step towards
the integration of taxonomic databases. Making a con-
sistent checklist available containing every name in each
database of interest means that the user will have avail-
able an index which may be used to locate data for a given
species in each database.® Figure 2 shows one possible
way of merging the two checklist extracts given in figure
1. In the taxonomist’s judgement, Vicia faba L. is the ac-
cepted name in this case, but note that we have not deleted
any names. Thus we know that if we wish to find what is
known about Vicia faba L. then we a so need to query taxo-
nomic databases using Faba bona Medikus, Faba faba (L.)
House, etc. Moreover, ascientist knowing the species by the
name Orobus faba Brot., for example, can discover fromthe
checklist that it is referred to by the name Vicia faba L. in
the taxonomic treatment that the combined checklist repre-
sents.

Vicia faba L.
Faba bona Medikus
Faba faba (L.) House
Faba major Desf.
Faba minor Roxb.
Faba sativa Bernh.
Faba vulgaris Moench
Orobus faba Brot.
Vicia esculenta Salisb.
Vicia wvulgaris Gray

Figure 2. A possible way of merging the
checklist fragments in figure 1

As illustrated above, it is both possible and desirable to
merge checklists to form a consistent taxonomic view. Be-
cause there is a notion of good taxonomic practice that is

3The merging of such data, resolving conflicts at the data level, is a
further difficulty that is outside the scope of the present project, but we
have already made a significant step forward in that the biologist is given
the means of determining which data pertain to the species of interest, using
human judgement to compare the data thus located.

manifest in the names used and their relationships, thereis
the opportunity to make these notions explicit in a formal
model of taxonomic practice — we have chosen to express
these notions as constraints. But there are anumber of prob-
lems associated with this that arise out of characteristics of
taxonomy:

1. Taxonomists may differ considerably over certain tax-
onomic groups. Thus there may be many conflicts be-
tween large checklists that are very hard to detect by
hand.

2. Taxonomy isadiscipline subject to change. For exam-
ple, the name applied to a given specimen may change
due to discovery of publications of which the tax-
onomist was previously unaware describing the taxon
to which it belongs, or due to change of taxonomic
opinion. The problem with thisis that if the accepted
name changes, it will no longer be possible to access
data (or literature) associated with the previous name
unless it is associated with the current one. This is
why in merging checklists no names are deleted (un-
lessthey are ssmply errors).

3. Thereare special casesto some general rules of taxon-
omy. This poses the problem of how to handle these
in a constraint-based system without making the con-
straints unwieldy in complexity.

4. Therearevariationsin spelling of scientific names and
authorities. Moreover, there are numerous possibili-
ties for how authorities may be abbreviated, how an
authority comprising more than one person is signi-
fied, etc. Thisposesan additional problem for the con-
straint checker when seeking to determine whether two
names are the same or different.

5. Theoretically there may be many ways of repairing a
given conflict, most of which will beinvalid taxonom-
icaly. This means that it is important to be able to
narrow down the set of possible repairs presented to a
user as much as possible, in order to avoid confusion.

6. A taxonomist may use an arbitrary amount of contex-
tual information and scientific knowledge to help him
or her solve a given taxonomic conflict. This means
that simply presenting the user with the data that par-
ticipates in a given conflict may not be sufficient.

7. A taxonomic editor will not be an expert on every
taxon in a given list, and will need to consult other
experts over a period of time in order to determine
the appropriate action to take. This poses the prob-
lem that one cannot assume the repair process will be
completed in asingle session — persistence is required.



We have thus identified a number of problems that need to
be solved if the LITCHI software is to be useful to tax-
onomists. In the next section we shall outline the genera
approach taken in the implementation of LITCHI; in the
subsequent sections we shall return to the problems listed
in order to explain how we have solved them.

3. TheLITCHI approach

The LITCHI software has been built with the aim of sup-
porting the process of detecting and repairing inconsisten-
cies in taxonomic checklists, including composite check-
lists formed by merging other checklists. We make use
of constraint technology to perform this task. These con-
straints are expressed as Prol og rules, and have been elicited
from taxonomic experts: they are constraints which a tax-
onomist would expect to see satisfied in a taxonomically
consistent checklist. Details of this, and of how we deter-
mine what kinds of repairs can be carried out when a con-
straint is violated, are to be found in sections 4 and 5. In
the present section we shall first explain how our approach
is to be distinguished from a number of other approaches
to dealing with problems of conflicts in taxonomy, and then
outlineanumber of scenariosinwhich LITCHI can beused.
These usage scenarios provide the context within which the
techniques described in subsequent sections have had to be
developed.

3.1. Related work

This is not the first time that the problems of consistency
of taxonomic data have been investigated. But as far aswe
know, LITCHI is the first system to employ constraints to
test for taxonomic consistency by analysing check-lists gen-
erated by species databases, and to help the user to repair
conflicts by applying the same criteria as (s)he would have
applied manually when merging checklists, i.e. creating a
consistent checklist in which al the names that have been
rejected as accepted names will appear as synonyms some-
wherein the list. Indeed, as far as we are aware, thisis the
first application of constraint violation repair techniques to
a‘real-world’ problem.

Particularly relevant related work in the area of taxo-
nomic databases is that of ReTAX [1], PROMETHEUS?,
HICLAS [8] and the nomenclatural database integration
system described by Kitakami et al [9]. In ReTAX, the
aim isto test for consistency of specimen feature data with
the taxa to which they are attributed. The emphasisis on
the application of theory revision and conceptua cluster-
ing techniques to help resolve the inconsistencies found. In
terms of inconsistency of terminology, these are detected

4http://www.dcs.napier.ac.uk/ ~prometheus

primarily because of inconsistencies between the data de-
scribing the members of each taxon contained in the system.
The PROMETHEUS project takes the view that in essence
ataxonis defined by its specimens, and proceeds to ook at
ways of grouping specimens, etc. The rules of nomencla-
ture areimplemented so that, for example, the correct name
of ataxon can beinferred from nomenclatural details of the
specimens it contains. In HICLAS, relationships between
taxa are represented by nodes and operators that capturethe
kinds of operations that may be performed on ataxon —for
example, splitting a species into two new species. In Ki-
takami et al’s system, the emphasisis upon building a con-
sistent hierarchy.

In contrast, we are concentrating primarily upon the
species level of the taxonomic hierarchy, and are looking
solely at details of the names and their relationships in
checklists generated from species databases. (Because of
the structure of scientific names, in which the genusis an
explicit component of a species name, implicit fragments
of a taxonomic hierarchy are present). But our emphasis
is upon determining what the leaf nodes of the taxonomic
hierarchy should be, rather than attempting to build a full
taxonomic hierarchy. It isimportant to reiterate that this ap-
proach is capable of yielding very useful checklists that can
beused asindicesinto all species checkliststhat contributed
to the combined, consistent list, and to the databases from
which they were derived. This is because names are as-
sociated by taxon in the resultant checklit, i.e. they refer
either to the same species or possibly (in the case of a syn-
onym) to a taxon that covers a smaller range of variation
than that to which the accepted name refers. No attempt is
currently made in LITCHI to make this particular detail of
the nature of the relationship between synonyms and an ac-
cepted name, or the rel ationships between synonyms of the
same accepted name, explicit. We recognise that a perma-
nent record of such detail could be helpful to the taxonomist
in future versions of the system.

3.2. Litchi as a tool for integration, maintenance
and evolution of taxonomic databases

LITCHI can be used both for testing individual checklists
for consistency and for merging checklists then testing the
resultant checklist for consistency. In both cases, LITCHI
providesthe facility to resolve any conflict detected. A typ-
ical scenariois asfollows:

1. The user imports one or more taxonomic checklists,
in a format such as XDF [15, 16], into the LITCHI
checklist database.

2. Theuser instructsthe LITCHI system to combinethese
checklists into a single checklist, ready for testing by
the LITCHI software. Information is retained in the



combined checklist of theoriginal list fromwhich each
taxon entry was obtained.

3. A Conflict Reasoning Engine (CRE) is invoked in or-
der to identify taxonomic conflicts in this combined
checklist. The CRE also determines a set of taxonom-
ically valid updates associated with each conflict.

4. The user examines the conflicts, and builds up a set of
updates that he or she wishes to make from the sets
of possible updates generated by the CRE, by repeat-
edly selecting a particular conflict and answering a se-
guenceof questions presented by LITCHI, the answers
to which will determine the precise update to be per-
formed.

5. The updates are performed and the revised checklist is
checked by the CRE.

6. Theuser may well need to repeat steps 3 to 6 anumber
of times. Thereasonsfor thisare (i) the user may have
introduced new inconsistencies into the checklist, and
(ii) the user may not have been able to establish the ap-
propriate actions to take in regard to some of the con-
flicts — perhaps, for example, aletter has to be written
to aspecialist in order to obtain his or her expert opin-
ion in regard to the most appropriate resolution of a
particular conflict.

7. When it has been decided that no further work can be
doneto resolve conflictsin thetime-scal e available, the
user exportsthe combined checklistintoaform such as
XDFE

The above scenario is checklist-orientated, but can be used
in anumber of contexts:

checking, maintenance & evolution of taxonomic databases:

Anindividual taxonomic database may bein anincon-
sistent state and in need of checking by LITCHI. But
also, in the process of time an individual taxonomic
database will be subject to revision as new knowledge
becomes available. It is therefore possible for incon-
sistencies to creep in — indeed, due to the nature of
taxonomy, inconsistencies could be introduced into
the taxonomy relating to the species already known
to the system because, for example, their names may
be changed. It is therefore desirable to apply LITCHI
periodically to the checklists generated from such
databases, and use the corrected checklists asthe basis
for reorganisation of the database when necessary.

integration of taxonomic databases: It is often desirable
to merge taxonomic databases that have overlapping
taxonomic coverage in order to create systems with
greater taxonomic coverage. In this case, there may

be conflicts between the databases in the areas of over-
lap. By application of LITCHI to a merged checklist
generated from the contributing databases, a consis-
tent checklist can be generated which contains al the
names in the contributing checklists, correctly asso-
ciated with each other. This means that the check-
list can then be used as an index into the taxonomic
databases. We assume in the LITCHI project that the
user of such an index will use his or her judgement in
interpreting the data retrieved from each database, be-
cause there may be differences of representation and
data-level conflicts that are outside the scope of the
present project.

improvement of taxonomic database quality: One sce-
nario of usage that we find attractive is that by us-
ing LITCHI it is possible to improve the quality of a
checklist by comparing it with other checklists having
similar taxonomic coverage. An example of why this
is possible is that the additional checklist may contain
names in a single taxon entry that associate namesin
two distinct taxon entriesin themain list.

We have thus shown how LITCHI can be used. in the above
scenarios it may be seen how LITCHI deals with the prob-
lem, mentioned in section 2, that taxonomy is a discipline
subject to change. There are anumber of challengesthat we
have had to meet in order to make asystem such as LITCHI
feasible, as we shall now see.

4. Checking for conflicts

In the LITCHI project we have been faced with the chal-
lenge of implementing a tool that helps taxonomic editors
by detecting conflictsand allowing themto perform suitable
repairs to resolve these conflicts. In this section we shall
deal with three aspects of conflict detection that we have
had to address. Thefirst of theseis elicitation of knowledge
about taxonomic practice from taxonomic experts, and its
expression as ‘hard’ constraints. We have goneinto the de-
tail of some of these constraints in previous papers [14, 5],
so we only provide a brief example of the kind of con-
straint that has been elicited in order to illustrate the tech-
nique as one of several that have been used in LITCHI. The
main point of this first section is that it has been possible
to elicit constraints on taxonomic practice and that, with-
out this, our whole approach to the LITCHI project would
have been infeasible. We also overcome a problem listed
in section 2, that detecting conflicts in large checklists by
hand is very difficult. In the remaining two sections we
present techniques we have not mentioned in previous pub-
lications. Despite the usefulness of ‘hard’ constraints, we
have encountered examples of taxonomic practice in which
there are ‘exceptions to the rul€’, as indicated in section 2.



We shall illustrate how we accommodate such exceptions
in our constraints where necessary. Another problem men-
tioned earlier is that, in checking for whether names are the
same, there are some variations of spelling, etc., that do not
necessarily mean we should regard the names as being dis-
tinct. We need to be able to perform constraint checking in
the face of such complications, and we outline how we deal
with this problem in the last sub-section bel ow.

4.1. Elicitation of ‘hard’ constraints

Many of the constraints on taxonomically consistent check-
lists can be expressed as traditional ‘hard’ integrity con-
straints. The approach we have taken is to develop English
versions of the constraints, express these in first-order logic
and then tranglate them into Prolog rules which will be sat-
isfied only if the constraints are violated. The Prolog rules
effectively perform aquery over the checklist database — us-
ing ProData as the link between Prolog and the database.
In some cases the Prolog prototype rules have been re-
placed by SQL queries to obtain acceptable performance.
Although these arrangementswould be completely unsuited
to real-time systems with very frequent updates, because all
queriesare over the entire database state, they work well for
Our pUrposes.

Asan example, consider the conflict illustrated in section
2. The constraint that has been violated is:

A full name which is not a pro parte name® may
not appear as both an accepted name and a syn-
onym in the same checklist.

Thisis expressed in first-order logic thus:

(Vn,a,l,c1,co,t1,t2)(accepted_name(n, a,c1,l,t1)

Asynonym(n,a, ca, 1, t2)

= pro_parte(ci) A pro_parte(cz))

or, in Prolog, as a rule which succeeds if the constraint is
violated:

violation :-
accepted name(N, A, Cl1, L, T1),
$Taxon T1 has acc. name N
synonym (N, A, C2, L, T2),
(\+ pro parte(Cl); \+ pro parte(C2)).

As might be expected, €elicitation of such constraints from
taxonomists is a laborious, iterative process. Considering
the above constraint, for example, our first version of the
constraint was smply:

5Pro-parte names arise when it is decided that ataxon must be split into
smaller taxa at the same taxonomic rank

A full name may not appear as both an accepted
name and a synonym in the same checklist.

The specia case of pro-parte names was €licited through
further discussion. Although some constraints can be de-
rived directly from the codes of nomenclature (so far we
have restricted ourselves to the botanical code), thisis not
truein every case, particularly in relation to namesthat have
been changed for scientific reasons. But a good number of
such constraints have now been captured (33 at present),
and have proved their worth in detecting conflicts—evenin
individual databases such as |LDIS®, which were previously
believed to have internally-consistent taxonomies.

4.2. Constraintswith exceptions

Althoughit is possibleto express many of the constraintson
good taxonomic practice as ‘hard’ constraints, as described
above, thisis not alwaysthe case. For example, accordingto
the International Code of Botanical Nomenclature, all fam-
ily names should have the ending -aceae, e.g. Rosaceae.
But there are eight exceptions to this, an example of which
is Palmae (instead of Palmaceae).

For another example, consider the following scientific
names taken from the ILDI S checklist:

Vicia truncata Torrey & A. Gray
Vicia america subsp. americana Willd.
Vicia america subsp. truncata (Tor-
rey & A. Gray) Love & Love

To understand this example it is necessary to know that a
subspecies name comprises three parts — its genus, its spe-
cific epithet (which species it belongs to) and its subspe-
cific epithet (which subspecies it is) — in addition to the
authority associated with the subspecies and (possibly) the
authority associated with the species to which it belongs.
Note that the specific epithet of the first name listed (trun-
cata) is the same as the subspecific epithet of the third name
listed. According to the botanical code of nomenclature, in
naming new taxa this practice should be avoided, but the
code admits existing names of thiskind. It is only in cases
where the specific and subspecific epithets are the same (as
inthe second name, both epithets being americana) that this
should occur.

We wish to enable users to indicate, when exceptions of
the kinds indicated above occur, either that a genuine ex-
ception has been encountered or that it is, in fact, amanifes-
tation of a taxonomic conflict. If it is a genuine exception,
then we do not wish the CRE to report it to the user on future
occasions. So the exception must be recorded somehow. To
change the form of a constraint so that it does not classify

Shttp://www.ildis.org



any exceptional cases asviolationsisimpracticable. Thisis
because:

1. Every exception will require the inclusion of one or
more terms within the rule to account for that excep-
tion.

2. Although, in the first example given above, thereis a
well-defined set of exceptionsthat isknown at the start,
an exhaustive list of exceptions of the sort givenin the
second example cannot be created and so the set of
known exceptions must grow as LITCHI isused. This
would mean updating the constraint on aregular basis.

The alternative is to record exceptions identified by the
user separately. To illustrate our approach, consider the
statement of the above constraint without reference to ex-
ceptional cases:

No subspecies of a given species should have the
same subspecific epithet as the specific epithet of
some other speciesin the same genus.

Thefirst-order logic for this constraint is:

—(3g, 51, 82,1, a1,a2,c1,¢2,11,t2,7)
(na’me([ga S1, SUbSpa 82]7 a1, C1, l7 tl)

Aname([g, $2|r], az, ca,l,t2) A s1 # $2)

(For convenience, we have adopted a Prolog-like list nota-
tion to allow us to extract the sub-parts of a Latin name in
first-order logic.) Our approach is to replace such a con-
straint ¢, say, by two constraints. one which indicates that
either the origina constraint is satisfied or an exception
should have been noted; and another which indicates that
if an exception has been noted for particular values of the
constraint variables then the original constraint should not
be sdtisfied, i.e:

(Vg,s1,52,1,a1,a2,c1,c2,t1,t2,7)(
(-name([g, s1, subsp, s2], a1, c1,1,t1)
V-name(lg, s2|r], az, ca,1,t2)

Vs = S

Vexy(g,s1,52,1,a1,a2,c1,c,t1,t2,7))

and:

(Vg, 81, 82,1,a1,az,c1,¢2,t1,t2,7)(
(ﬁex(]ﬁ(g:815S2alaa17a25015027t17t2ar)

vname([g, s1, subsp, sa],a1,c1,1,t1)) A

(—exy(yg, s1,52,1,a1,a2,¢1,¢2,t1,t2,7)
Vname([g, s2|r], az, 2,1, t2)) A
(ﬁeﬂ?qy(g,81,82,l,al,a2,cl,02,t1,t2,r)

Vsy # 53))

This can then be expressed in Prolog in the usual way —in
this case, as clauses for a rule we have labelled as number
24. A typical clause, stating that the conflict between Vicia
truncata Torrey & A. Gray and Vicia america subsp. trun-
cata (Torrey & A. Gray) Love & Love has been labelled as
an exception to the rule would take the form:

ex 24 (’Vicia’, america,
truncata, <checklist-no>,
' (Torrey & A. Gray) Love & Love’,
'Torrey & A. Gray’,
[1, [1, <taxon-id 1>,

(1.

<taxon-id 2>,

The theoretical justification of this approach, and details of
how we deal with the general case in which both universal
and existential quantifiers are present, is outside the scope
of this paper because our intention hereisto give an outline
of each of the major techniques used. But the main point
is that in taxonomy, as in many real-world scenarios, some
constraints cannot sensibly be expressed as constraints that
must always be satisfied. We have a mechanism, illustrated
above, that enables us to accommodate such special cases.

4.3. Dealing with orthographic problems

Many of the constraintsin the LITCHI model of biological
nomenclature require the comparison of the different parts
of scientific names, in order to determine whether they are
thesame or different. Unfortunately, since we are modelling
asystem that was created by humans for use by humans, we
cannot rely on asimple check for lexical equality in order to
determine this. Checking for equivalence of the Latin parts
of anameiseasier than detecting equivalence of authorities,
and yet there are a couple of complicationsto be taken into
account:

e Theletters‘i’ and‘j’ are considered to be equal, as are
theletters‘u’ and ‘v’, so that the names Geastrum hy-
grometricum and Geastrvm hygrometrjcvm should be
recognised as the same name.

e The gender of the specific epithet should reflect the
gender of the genus name. This meansthat the epithets
ambiguum and ambigua should be recognised as be-
ing equivalent. An example of where this equivalence
is important to detect is in testing for the relationship
between the names Trifolium ambiguum and Amoria
ambigua. Amoria ambigua is a synonym of Trifolium



ambiguumwhich arose because taxonomic opinion re-
garding the genus of this species has changed. It isfor
this reason that the epithets are the same, if the end-
ings areignored. If these two names appear in distinct
taxa, then the system should be able to identify that
the epithets are the same, although they have different
endings, so that a conflict can be reported.

The approach we take to dealing with such variations is
to implement a test for equality of scientific name compo-
nents that ignores differences in ending or spelling of this
sort. Since in some cases names that are genuinely distinct
may be regarded as being the same, it followsthat occasion-
ally conflicts may be reported that are not true conflicts, but
the taxonomist can exercise his or her judgement in dealing
with these.

Equality of authority is rather more difficult to detect
than equality of Latin namesdueto lack of agreement onthe
proper way to spell some authors' names and the propensity
of different groups of taxonomists to abbreviate names in
different ways. For example, consider the following pairs
of author names, all of which refer to the same person:

William Jones Jones
Keith Jones K.Jones
LiouLiang Lian Liu

Jwan Jakovlewitsch Akinfiev  Ivan Yakovlevic Akinfiyev

Clearly it is not practical to try to model all of the different
conventionsfor names from the range of different countries
that are required. Fortunately, however, taxonomists have
already taken steps to try to standardise the use of author
names in taxon names, and several lists of ‘agreed’ or ‘rec-
ommended’ abbreviations for author names have been col-
lated (e.g. Brummit & Powell [3]). In the LITCHI project,
we have stored two of these name lists within our reposi-
tory of taxonomic knowledgein order to assist in comparing
them, and we attempt to match author names against these
lists of known and recommended abbreviations on import.
Thisreducesthe amount of matching that hasto occur when
the conflict detection processis being performed.

5. Repairing checklists

In the field of taxonomy, it isimportant to be aware of con-
flicts between taxonomic treatments, but it is also impor-
tant to be able to resolve these conflicts and build a con-
sistent taxonomic treatment that can be used by scientists.
Thusit isdesirable not only to detect conflicts, as described
in the previous section, but to repair the checklists by re-
solving the conflicts. In order to be able to do this effec-
tively, the LITCHI system must be capable of supporting
long, intermittent transactions because one cannot assume

that the repair process will be completed in a single session
(see section 2): arepository of checklist and other informa-
tion is used for this purpose. In section 2 we also saw that
when resolving conflicts it is desirable for the user not to
be overwhelmed by repairs that, though theoretically pos-
sible, would not be taxonomically valid: we have devel-
oped a conflict typing technique to address this difficulty. In
thelast subsection we discuss how the LITCHI environment
has been designed so that the user can have effective control
over the conflict repair process, and so that (s)he can gain
access to information which did not directly giverise to a
conflict but may have some bearing on the repair action the
user may conclude to be appropriate. Having this level of
control and information solves the last two problems men-
tioned in section 2.

5.1. Need for repository

We mentioned some aspects of the LITCHI repository in a
previouspaper [5], but we have extended the repository sub-
stantially since then. A central database has been chosen as
the means to communi cate information between the various
software components for import/export, detection of con-
flicts and the user interface. This has been donein order to
make it easier to communicate |large data sets between the
components and to act as a common interchange format.
But also, this central database makesit possible for a given
repair session to persist in a convenient form over a long
period of perhaps several months, if necessary. Information
stored in the repository for a given session includes:

o all the dataimported from the source checklists;

e any new checklists created as a result of merging
checklists;

o al the conflicts that have been detected,;
o the current state of each of the potential repairs;

o references to appropriate repair actions for each kind
of conflict; and

e author abbreviation lists.

This information is used to store an entire session so that
the user can return to the LITCHI software as information
is obtained from taxonomic experts, in order to continue the
repair process.

5.2. Conflict typing to reduce complexity
One of the problems encountered when trying to support

constraint repair is that, for any given constraint, there will
in genera be a large number of repair updates which can



restore its consistency. For example, the constraint given
earlier that no name may appear as both an accepted name
and synonym in the same checklist can be repaired by any
of the following actions:

e Change the conflicting synonym to something else;

e Change the conflicting accepted name into something
else;

e Dédlete the synonym from the conflicting taxon in
which it occurs;

¢ Ddlete the accepted name from the taxon in which it
occurs, and promote one of its synonymsto be the new
accepted name;

e Demote the conflicting accepted name to the role of
synonym, and promote one of the synonymsto be the
new accepted name;

¢ Mergethe two taxatogether to form asingle taxon and
delete the conflicting synonym; or

¢ Mergethe two taxatogether to form asingle taxon and
choose one of the non-conflicting synonyms to act as
the accepted name of the new taxon.

In fact, we have given only a selection of the many possible
repairs for this constraint’. According to the information
present in the integrity constraint itself, these are al valid
repairs. However, there may be additional contextua in-
formation about the conflict, that is not referred to in the
constraint but which can be useful in reducing the number
of repair options presented to the user. For example, the
constraint does not distinguish between situations when the
duplicated accepted name and synonym refer to the same
taxon, and situations when they refer to different taxa. And
yet quite different repair updates are appropriate in each of
thesetwo cases. Most significantly, for example, thereislit-
tle value in providing the option to merge the taxainvolved
in the conflict if in fact only one taxon is implicated in it.
Similarly, deletion of the duplicated synonymisamore suit-
able repair for cases when only one taxon is involved than
when two are involved, since it does not result in the loss of
any information. (Deletion of the synonym from a separate
taxon meansthat the fact that that name was ever associated
with that taxon is lost. In general, repairs which preserve
the information content of the checklist are preferred over
those which do not.)

In LITCHI, therefore, we have found it convenient to
partition the conflicts relating to a particular constraint,

7When the constraint is represented in terms of our current schema,
there are 255 repair updates that are possible theoretically, athough many
of these violate referential (or other) integrity and many of the rest do not
represent a meaningful change to a checklist.

based upon further contextual information. Each constraint
therefore has a number of associated conditions which de-
termine the type of each violation. For example, the con-
straint given earlier:

(Vn,a,l,c1,co,t1,t2)(accepted_name(n, a, c1,l,t1)

Asynonym(n,a, ca, 1, t2)

= pro_parte(ci) A pro_parte(cz))

has two associated types, Type (i) and Type (ii), given by
the conditions t; = t» and t; # to respectively. The
conflict detector applies these conditions to each violation
found, to determine its type, and stores this information in
the database. It can then be used to determine which set of
repair options are appropriate for the constraint.

A repair update is inappropriate for a particular conflict
type if the characteristics of that type violate the precondi-
tions for the repair. For example, the merge taxa (T1,
T2) update has the precondition:

Tl \ == T2

Since this precondition cannot be satisfied by any type (i)
conflict, it should not be presented as an option to the user.
In order to improve the efficiency of the LITCHI system,
details of which repair updates are appropriate to each con-
straint type have been manually inserted into alookup table.
However, it is easy to envisage the construction of some off-
line tool which was able to create this table automatically,
using the type predicates and the update preconditions.

5.3. Theuser interface

In order that the taxonomist can perform repairs effectively,
asuitable user interface is needed. The user must be able to
choose to build up hisor her repair set in an arbitrary order,
so that repairs which the taxonomist regards as easy to de-
cide upon may be performed first, and other repairs can be
delayed until after an expert has been consulted. Further-
more, in order to determine an appropriate course of action,
the user must be able to browse each conflict in the context
it occurs. For example, if alarge number of taxa have been
moved from one genus to another, this may have a bearing
upon the genus with which the user considersit most appro-
priate to associate a given species. Another need isto allow
the user freedom in the order in which (s)he answers ques-
tions associated with the choice of a suitable repair action.

The LITCHI user interface therefore includes a conflict
browsing screen, as illustrated in figure 3. This screen
includes a hierarchical checklist browser on the left-hand
side, with conflicting taxa highlighted by a radio button-
like graphic. The panes on the right-hand side alow the
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Figure 3. The LITCHI conflict browser

user to browse conflicts in the context of the original check-
list(s) from which the current checklist was formed. The
buttons in the middle of the screen allow the user to select
a conflict for repair, in which case (s)he is presented with
a screen displaying all the possible questions that could be
answered first, and to browse the ‘basket’ of repairs so far
accumul ated.

6. Conclusions and future work

We have seen how, in order to implement atool to meet our
aim of enabling taxonomists to detect and resolve conflicts
in taxonomic checklists, a number of techniques have had
to be used, including techniques to deal with exceptions to
conflicts; orthographic variation; long repair sessions; large
numbers of possible repairs, and flexibility and availabil-
ity of information during the repair process. In principle,
one might anticipate that similar techniqueswill be required
in other domains where one is seeking to obtain consistent
nomenclature. If useful constraints cannot be expressed on
the relationshi p between names themsel ves, however, it will
be necessary to descend to the data level to identify con-
flicts in the classification by detecting conflicts in the data
stored according to this classification. Thisis a challenging
problem, unless either the datais entirely uniformin its se-
mantics or there is sufficiently rich metadata to determine
the rel ationshi ps between data in heterogeneous systems.
We are currently working on how interactions between
repair actions can be detected, so that if a user chooses to
remove a repair from the repair set, it can be determined
which of the other repairs selected areinvalidated. One pos-
sibility for futurework isto apply the techniques developed
in LITCHI to other nomenclatural problems, as suggested

above. Another related problem is how to enrich metadata
in a heterogeneous system to enable data-level conflicts to
be detected. But athough we distinguished carefully be-
tween our research and the research associated with sys-
tems such as ReTAX and HICLAS, we are attracted in the
long term to the possibility of combining the constraints of
LITCHI with the taxonomic consistency ideas of ReETAX,
the explicit operators of HICLAS and the full taxonomic
hierarchies of Kitakami et al, in order to build a tool that
supports the entire process of taxonomic database merging.
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