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h the interpretation of spa-tial 
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epts is a�e
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ular problems of de�ning geographi
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on
epts su
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tionProblems of indetermina
y, ina

ura
y and impre
ision of spatial informationhave been re
ognised as important aspe
ts of data quality and mu
h e�ort hasbeen spent devising ways to handle su
h imperfe
tions (Good
hild and Gopal1989, Good
hild 1993, Heuvelink 1998, Burrough and Frank 1996). At the sametime, high-resolution satellite images and sophisti
ated image interpretation soft-ware are yielding in
reasingly a

urate geographi
al data. However, if this infor-mation is to be useful for high-level de
ision making about the environment, thisdetailed empiri
al information needs to be related to the vague natural 
on
eptsthat we used to think and talk about the world.Geographers, and more espe
ially surveyors and 
artographers, have longbeen aware of the diÆ
ulties of giving pre
ise de�nitions of spatial features (seefor example (Maling 1989, 
hapters 5 and 12)); but, although the phenomenon oflinguisti
 vagueness has been studied by a number of philosophers and logi
ians,appli
ations of theories of vagueness to pra
ti
al problems are largely undevel-oped. In the �elds of AI and GIS, vagueness has often been seen as more or lessthe same as un
ertainty and a

ounts su
h as fuzzy logi
 (Zadeh 1975, Wangand Brent Hall 1996) and rough sets (Or lowska 1997) are often supposed toen
ompass both phenomena. In the 
urrent paper I distinguish sharply betweenepistemi
 un
ertainty of data and vagueness of the 
on
epts in terms of whi
hthe data is expressed. Even when we have 
omplete 
ertainty about measurableinformation, we must still solve the problem of relating this data to the vague
on
epts of natural language.? This work was supported by the EPSRC under grant GR/M56807.



The 
on
erns of this paper overlap 
onsiderably with issues raised by those(e.g. (Frank 1997)) who have re
ognised the need for well de�ned ontologies forspatial information in order to avoid in
onsisten
ies arising from the 
ombina-tion of in
ompatible representations. Whereas ontologi
al formalisation repla
esvague 
on
epts with pre
ise de�nitions, in treating vagueness itself, I am 
on-
erned with how to relate naturally vague 
on
epts to possible pre
ise interpre-tations. Problems of vagueness are also dire
tly relevant to a
hieving interoper-ability (V
kovski 1997), where we want to 
ombine data sour
es that may bebased on di�erent, perhaps in
ompatible, 
on
eptualisations of spatial data.I propose that, in order to a
hieve their full potential, the ar
hite
ture ofspatial information systems needs to in
lude some kind of Vagueness ReasoningModule (VRM). This will be a layer of the query pro
essing system whi
h willprovide a bridge between the natural 
on
epts o

urring in queries and thepre
ise but unnatural quantitative database.The stru
ture of the paper is as follows. In the next se
tion I examine thenature of vagueness and distinguish it from other phenomena that a�e
t theinterpretation of non-idealised information. Se
tion 3 explains how vagueness
an be modelled by supervaluation semanti
s and the sort of representationsand implementations that 
an arti
ulate the theory. In Se
tion 4 I look at howvagueness relates to spatial extension and in Se
tion 5 I apply the theory tode�nitions of geographi
al 
on
epts. We then rea
h the 
on
lusion.2 Vagueness and Related PhenomenaI de�ne vagueness as a la
k of 
learly de�ned 
ritera for the appli
ability ofa 
on
ept. Thus, it is a property of language not of the world itself. Typi
alexamples of vague propositions are: `All mountains are very high'; and `Thatfrog is green'. The words given in itali
s are the prin
ipal sour
es of vagueness.`Mountains' is a vague 
lassi�er be
ause there is no pre
ise de�nition of thenatural 
on
ept of a mountain. `very high' is a vague adje
tival phrase: it doestell us something about the a
tual measurable hight but does not �x any de�niteheight range. The adje
tive `green' is vague in (at least) two ways: �rstly theexa
t range of 
olours that 
ount as green is not pre
isely de�ned; and se
ondly,the 
on
ept of `being green' is vague in that it is not 
lear exa
tly how mu
h ofthe surfa
e of an entity must be `green' (the frog will almost 
ertainly have somenon-green parts).I distinguish sharply between vagueness and un
ertainty, whi
h I regard asa distin
t (though intera
ting) phenomenon. I take `un
ertainty' to mean la
kof exa
t knowledge about an obje
t or situation. So un
ertainty is an epistemi
state not a feature of language.1 Although modelling of un
ertainty is extremelyimportant in the pro
essing and interpretation of spatial information, it will not1 There is a view that vagueness is always epistemi
, in that it arises from a la
kof knowledge regarding the appli
ability of language (see e.g. (Williamson 1994)).But this is still 
ompatible with a sharp distin
tion being made between un
ertaintyabout language (i.e. vagueness) and un
ertainty about the state of the world.



be 
onsidered in the 
urrent paper. I shall assume we are dealing with idealiseddata whi
h is 
ompletely 
ertain and a

urate.Vagueness 
an often lead to un
ertainty in that where a 
on
ept su
h as`forest', `desert' or `swamp' is vague we will in many 
ases be un
ertain howto demar
ate the spatial extension of the 
on
ept. On the other hand, if weare not 
ompletely 
ertain of the exa
t details of some information we want toreport, we may employ vagueness as a means of in
reasing the 
ertainty of whatwe say, while at the same time 
onveying a sense of impre
ision. For example, astatement su
h as `The 
hair is in the 
orner of the room' is vague but 
an oftenbe said with 
ertainty, whereas an exa
t spe
i�
ation of the lo
ation of a 
hair(or even a range of possible lo
ations) will typi
ally be un
ertain. This examplealso illustrates the fa
t that vagueness is not merely a defe
t of language; it alsooften fa
ilitates 
ommuni
ation without the 
umbersome language required toa
hieve pre
ision.It is useful to distinguish between two kinds of vagueness, whi
h I shall 
all
on
eptual vagueness and sorites vagueness. Con
eptual vagueness o

urs wherethere is no single 
ompletely adequate de�nition of 
on
eptual term. Certain re-quirements may be 
learly identi�able, whereas for other 
onditions it is arguablewhether or not they are ne
essary. Certain 
ombinations of these 
onditions may
apture typi
al senses of the term but none is representative of all possible senses.Thus if we take the interse
tion of plausible de�nitions we get a 
on
ept that ismu
h to stri
t (perhaps even unsatis�able), whereas if we take their disjun
tionwe get a 
on
ept that is overly general.Con
eptual vagueness is 
losely related to ambiguity. If a word is ambigu-ous, it has two or more distin
t senses that are 
learly distinguishable. However,a 
on
eptually vague term 
orresponds to a 
omplex 
luster of many overlap-ping senses, su
h that we 
annot say exa
tly what senses make up the 
luster.Moreover, one 
an meaningfully use a 
on
eptually vague term without being
ommitted to any one of its possible pre
ise interpretations. What we 
an sayabout these 
lusters will be made 
lear below when I introdu
e the theory ofsupervaluation semanti
s.Sorites vagueness is the kind of indetermina
y that a�e
ts the thresholds atwhi
h we assert properties su
h as `tall' or `heavy'. Su
h predi
ates 
lassify enti-ties with respe
t to some relevant measurable quantity, without being 
ommittedto any spe
i�
 boundary value.In a pure 
ase of sorites vagueness it is un
ontroversial whi
h fa
tors arerelevant to the as
ription or how those fa
tors should be measured, it is onlythe threshold that is at issue. However, many natural terms are a�e
ted by bothtypes of vagueness. For example to pre
isely interpret the 
on
ept `tall man' wehave �rst to de
ide how we are to measure the height of a man: must he removehis shoes and hat? what about hair and prostheti
 limbs? what about posture?On
e we have resolved these 
on
eptual issues we then still have to deal withsorites vagueness in setting the threshold for tallness.Both types of vagueness also intera
t strongly with 
ontextual phenomenaof various kinds. Many 
on
epts exhibit some form of 
ontextual variability. For



example `tall' in the 
ontext of `tall man' has a di�erent interpretation from inthe 
ontext of `tall 
hild'. In 
ases su
h as this we see that a sorites 
on
eptmay be a�e
ted by its 
ontext so that lo
ation of its albeit vague threshold isshifted. The range of possible interpretations for a 
on
eptually vague 
on
ept
an also be a�e
ted, not so mu
h by their immediate synta
ti
 
ontext but bytheir more general 
ontext within an information sour
e or ex
hange. Be
auseit is largely independent of vagueness, issues of 
ontextual vagueness will not beaddressed in the 
urrent work. I shall assume that 
ontext 
an be eliminated orignored.2 Despite the fa
t that in many 
ases vagueness seems to be separablefrom 
ontext there may be 
ases where this distin
tion is blurred. A 
lose 
on-ne
tion between the phenomena is born out by the fa
t that formalisations ofthe logi
 of 
ontext (see e.g. (M
Carthy 1993)) have mu
h in 
ommon with thesupervaluation approa
h to vagueness.3 Supervaluation Semanti
sOn the supervaluation a

ount of vagueness (Fine 1975) a vague language is onewhi
h 
an be made pre
ise in many di�erent and sometimes in
ompatible ways.A way of making a language pre
ise is 
alled a pre
isi�
ation. Ea
h pre
isi�
ationp is identi�ed with a pre
ise interpretation, Ip, of the vo
abulary of the language.In the simplest 
ase this would be a 
lassi
al propositional or 1st-order model.A supervaluation model then 
onsists simply of a set of pre
isi�
ations. Given asupervaluation model V , a proposition whi
h is true under every interpretationIp 2 V is 
alled super-true or | in my own terminology | unequivo
ally true.Supervaluation semanti
s by itself does not add anything interesting to logi
at the obje
t level. It is easy to see that those formulae that are unequivo
allytrue in every model are just the 
lassi
ally valid formulae. However, the semanti
sdoes provide a framework within whi
h we 
an de�ne operators that arti
ulate
ertain aspe
ts of the logi
 of vagueness.3.1 Modal Supervaluation Logi
One possibility is to take a modal approa
h and represent vagueness in terms ofpropositional operators (Bennett 1998). U� means that � is unequivo
ally true| i.e. true for all pre
isi�
ations; S� 
an be read `� is in some sense true' |i.e. true for some pre
isi�
ation. S is the dual of U and thus 
an be de�ned byS� $ :U:�. Logi
ally U behaves as the � operator of the modal logi
 S5 andS as its dual, �.We 
an now qualify assertions a

ording to whether they hold in some or allpre
isi�
ations. For example S[Wood(`Woodsley Clough')℄ orU[Wooded(par
el1 )℄.2 For instan
e we might suppose that some transformation 
an be 
arried out thatrepla
es 
ontextually variable 
on
epts with non-
ontextual 
on
epts and expli
it
onstraints; or, we 
ould just 
onsider 
omposite 
on
epts su
h as `tall man' and`tall 
hild' as if they were synta
ti
ally atomi
.



We 
an also use these operators to spe
ify dependen
ies between the mean-ings of vague 
on
epts. Thus 8x[Copse(x) ! SWood(x)℄ means anything whi
his a 
opse (i.e. a small group of trees) is in some sense a wood. Similarly,8x[Wood(x) ! SForest(x)℄ 
aptures the intuition that any wood is arguablya (small) forest. If a 
opse is in some sense a wood and a wood is in some sensea forest, this does not mean that a 
opse is in some sense a forest; and indeeda

ording to supervaluation semanti
s the formula U:9x[Forest(x) ^ Copse(x)℄is 
onsistent with the previous two formulae. This illustrates the ability of thetheory to model the blurring of 
on
epts, while still maintaining 
ertain strong
onstraints.In the 
ontext of a 
omputer database we will often be dealing with 
on
eptsthat are pre
ise sharpened version of natural terms. The supervaluation opera-tors enable us to relate these arti�
ial 
on
epts to their vague natural language
ounterparts. For instan
e, the following formula asserts that Forest1 is a morepre
ise version of the 
on
ept Forest:8x[Forest1(x) ! (SForest(x))℄ ^ 8x[(U Forest(x)) ! Forest1(x)℄By spe
ifying su
h axioms, `soft' 
onstraints are pla
ed on the meanings of natu-ral 
on
epts. Classi�
ations in terms of arti�
ial 
on
epts 
an be 
ombined withinformation 
ontaining natural 
on
epts.Supervaluation semanti
s allows one to spe
ify a number of di�erent entail-ment relations of varying strength. Bennett (1998) de�nes the following (togetherwith three weaker forms of `reliable' entailment):�1; : : : ; �n j=arguable  i� j=S5U S((�1 ^ : : : ^ �n) !  )�1; : : : ; �n j=global  i� j=S5U (U�1 ^ : : : ^ U�n) ! U �1; : : : ; �n j=lo
al  i� j=S5U U((�1 ^ : : : ^ �n) !  )�1; : : : ; �n j=reliable  i� j=S5U (S�1 ^ : : : ^ S�n) ! U The weakest entailment is `arguable' whi
h holds if there is any sense ofthe 
on
epts in the formulae under whi
h the impli
ation 
orresponding to theentailment holds. This gives us entailments that hold under very 
exible (per-haps even in
onsistent) interpretations of the 
on
epts involved. The strongestis `reliable' entailment, whi
h holds if: whatever senses the premisses are inter-preted under, the 
on
lusion holds in every sense. This 
an be used to deriveentailments whi
h must hold despite the presen
e of vagueness. For instan
eSDesert(x) ! U:Marsh(x) might hold even where Desert and Marsh are veryvague predi
ates. This ability to derive se
ure 
onsequen
es involving vague 
on-
epts is perhaps the main advantage of supervaluation semanti
s over fuzzy logi
,where fuzzy 
on
epts 
annot support 
ompletely reliable inferen
es.3.2 Rei�ed Pre
isi�
ationsAlthough modal operators allow many logi
al properties of vague 
on
epts to beexpressed, they do not provide any way of referring dire
tly to individual pre-
isi�
ations. However, in the environment of a GIS we will often want to re
ord



information about whi
h interpretations 
an be given to information in parti
-ular datasets. To do this we need a language in whi
h names of pre
isi�
ations
an be related expli
itly to spatial formulae.In a general rei�ed supervaluation semanti
s we 
ould asso
iate arbitrarypropositions with pre
isi�
ation variables and 
onstants. Thus, InPre
(p; �)would assert that � is true a

ording to pre
isi�
ation p. At the expense ofsome elegan
e we 
an a
hieve the same expressive power by simply supplement-ing ea
h predi
ate and fun
tion of an ordinary 1st-order language by an addi-tional argument pla
e. For instan
e a predi
ate Swamp(x) would be repla
ed bya relation Swamp(p; x) saying that, in pre
isi�
ation p, x is a swamp. If we usethis approa
h we need not worry about axiomatising the logi
al predi
ate InPre
.Logi
al relationships between vague 
on
epts that hold whatever reasonable waythey are interpreted 
an now be represented by quantifying over the (possiblyin�nite) spa
e of pre
isi�
ations.Sin
e a pre
isi�
ation �xes the meanings of all the vague vo
abulary of alanguage, a 
lassi�
ation whi
h makes pre
ise only part of the vo
abulary may be
ommon to a 
lass of pre
isi�
ations. In a formalism with rei�ed pre
isi�
ations,we 
an model this by introdu
ing predi
ates of pre
isi�
ations. For example,UNESCOF(p) $ �(p) might mean that the predi
ate UNESCOF applies to thosepre
isi�
ations satisfying some pre
ise formal spe
i�
ation � of the UNESCOforestation 
lassi�
ation given below in Table 1.The use of a language with rei�ed pre
isi�
ations is also motivated by theanalysis of vague nominal expressions given in the next se
tion, whi
h seems tobe diÆ
ult to express within a modal framework.3.3 Vague Nominal ExpressionsThe established theory of supervaluation semanti
s models a situation where wewish to reason with vague predi
ates, whi
h are applied to a perfe
tly de�nitedomain of obje
ts. The question of whether the obje
ts referred to by a language
an themselves be vague has also re
eived attention from philosophers (Evans1978, Hughes 1986, M
Gee 1997). There is no 
onsensus on this issue but themore popular view seems to be that vagueness is a feature of language and notof the obje
ts it des
ribes. But even if this is so, one 
ould still argue that thenominal expressions of a language may be vague in that they may not unequiv-o
ally refer to a unique entity, but rather may be understood in di�erent sensesas applying to di�erent physi
al entities.The 
urrent paper 
on
entrates primarily on vague 
on
epts rather thannominals. However, I suggest that the vagueness nominals 
an be explained asderived from the 
on
epts that they exemplify. Thus, an expression su
h as`Sherwood Forest' refers to a parti
ular instan
e of the vague sortal predi
ate`forest' and the range of possible extensions that might be assigned to SherwoodForest are determined by the range of possible pre
ise senses that 
an be givento the 
on
ept `forest'.



3.4 Implementing Supervaluation Semanti
sThe rei�ed pre
isi�
ation approa
h to vagueness lends itself well to implementa-tions in established logi
 programming languages su
h as Prolog. Alternativelyone 
ould use some des
ription logi
 system (Calvanese, Lenzerini and Nardi1998). In either 
ase one 
ould expli
itly add pre
isi�
ation variables to thede�nitions of vague 
on
epts.For most appli
ations one would probably want to hide the apparatus ofpre
isi�
ations from the user and employ a more intuitive way of showing theresults of vague queries. For instan
e, this might be a
hieved by expanding aquery su
h as `?- show(forest).' to a form something like?- setof(R, (forest(P,F), Ext(P,F,R)), PossExts),illustrate(PossExts).P is a pre
isi�
ation variable, whi
h parameterises both the sense in whi
h `forest'is interpreted and the sense in whi
h its extension is determined by the Extrelation. `illustrate(PossExts)' produ
es informative graphi
al output aboutthe distribution of possible extensions under di�erent interpretations.This example glosses over 
ertain diÆ
ulties. In parti
ular it assumes that a�nite number of senses of forest are de�ned, whereas the spa
e of possible sensesmight be better des
ribed in terms of 
ertain 
ontinuous parameters (su
h as av-erage tree height). To handle this a mu
h more sophisti
ated pro
edure would beneeded whi
h might display the extensions of a range of possible interpretationstaken at sample points within the spa
e of pre
isi�
ations.4 Spatial VaguenessSupervaluation semanti
s is a very general approa
h to vagueness but it 
anonly be useful for reasoning about a spe
i�
 domain if the pe
uliar logi
 of thatdomain is adequately modelled. With the ex
eption of (Kulik 2000) I am notaware of any other work applying supervaluation semanti
s to spatial 
on
epts.4.1 Spatial Con
epts and ExtensionsThe spatial properties that are easiest to understand semanti
ally are those that
an be de�ned in terms of properties of points | i.e. their extension 
onsistsof all points satisfying some given 
ondition. Examples of su
h 
on
epts are`the region of the Earth that is more than 1000m above sea-level. However, ingeneral, a `region property' will be asso
iated with a property of the whole set ofpoints, whi
h 
annot be expli
itly redu
ed to properties of individual points. Forexample a `lake' is not simply made up of the set of points whi
h are 
overed bywater, it is rather a parti
ular maximal 
onne
ted set of water 
overed points.Although maximal 
onne
tedness is one of the most important fa
tors in theindividuation of geographi
al features, only very basi
 types of feature 
an beregarded simply as maximal 
onne
ted sets of points exhibiting a given property.
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)Fig. 1. Models of Vagueness and ExtensionTypi
ally, whether a set of spatial points 
an be taken as the extension of afeature of a given type, is dependent on mu
h more 
omplex 
onstraints onthe stru
ture of this set (
onsider e.g. how we di�erentiate lakes from otherhydrologi
al features or how we might 
hara
terise a `building'). Some of these
onstraints may not even relate to physi
al properties (e.g. a `listed building').I say that a region property is: integral i� when it is true of a region itis not true of any proper parts of that region; and, divisible i� whenever itholds of some region it holds of all parts of that region. A

ording to this anal-ysis, 
on
epts des
ribing geographi
al features, su
h as `lake', `river', `forest'are integral; whereas land-type 
on
epts su
h as `wooded region', `marshy re-gion' are divisible. Many properties are neither integral nor divisible | e.g.`r en
ompasses a lake'. Whether properties are divisible is important in deter-mining whether a 
onjun
tion of several spatial 
on
epts applies to the inter-se
tion of their extensions of di�erent spatial 
on
epts (or of the same 
on
eptunder di�erent pre
isi�
ations)A further issue that 
ompli
ates the identi�
ation of regions with sets ofpoints is the status of boundary points. For many spatial 
on
epts it is not
lear whether boundary points should be 
ounted as in
luded in the region towhi
h they refer. This may be regarded as an example of 
on
eptual vagueness.However, it is also a general ontologi
al issue whi
h applies to spatial 
on
eptsthat are not in other ways vague.4.2 Extensions of Vague Con
eptsFrom the perspe
tive of spatial information, the most important property ofany obje
t is its spatial extension. Hen
e, it is vital to model the way in whi
hvagueness a�e
ts the attribution of extensions.The `Egg-Yolk' theory (Lehmann and Cohn 1994, Cohn and Gotts 1996a,Cohn and Gotts 1996b) dire
tly models the notion of a vague region in terms ofits maximal and minimal possible extensions. The maximal extension is 
alledthe `egg' and the minimal is the `yolk', whi
h is required to be a part of theegg (see Figure 1a). (The 
ase where the yolk is equal to the egg is allowed,su
h 
ases 
orresponding to `
risp' regions.) This analysis is simple and supportsan a

ount of some signi�
ant inferen
es involving relationship between vague



regions. However, it 
annot handle 
omplex 
onstraints on a region's possible ex-tensions between its maxima and minima. For instan
e, although a vague regionsu
h as an area of marshland might have maxima and minima as illustrated inFigure 1a, the area within the dotted line might not 
orrespond to any reasonablepre
ise interpretation of `marshland'.Supervaluation semanti
s is mu
h more general in that it has the potential tomodel arbitrary 
onstraints on the distribution of possible extensions, as illus-trated in Figure 1b. However, the possible extensions of natural vague 
on
eptswill not be 
ompletely 
haoti
 sin
e, a

ording to supervaluation theory, they
orrespond to a 
luster of pre
ise 
on
epts with similar meanings. In the 
ase ofa purely sorites vague 
on
ept, where the vaguenss is in the 
hoi
e of a suitablethreshold for some observable, the possible extensions will typi
ally (though notne
essarily) be 
ontoured as shown in Figure 1
. Ea
h 
ontour 
orresponds to amore or less stri
t sense of a spatial 
on
ept. For instan
e di�erent de�nitions of`marshland' may require more or less water to be present. Where we have mixedvagueness we will have several sets of 
ontours ea
h 
orresponding to varying thethreshold for some 
on
eptually unambiguous but still sorites vague 
on
ept.5 Geographi
al Con
epts and FeaturesVagueness is pervasive in spatial and geographi
al 
on
epts and tends to persisteven where steps are taken to give them pre
ise de�nitions. For example, in(Ordnan
e Survey 2000), the guide book to the Ordnan
e Survey's Land-Linedata set a road is de�ned as: \A metalled way for vehi
les." This does tell ussomething about what is meant by `road' but the de�nition is still vague in manyrespe
ts. We may be unsure about what surfa
es 
ount as `metalled'. Neither
ondition of the surfa
e nor any restri
tions on its spatial extent is spe
i�ed. Theterm `way' 
ould be understood in many more or less general ways. `Vehi
le' isalso too general a term for what is intended. The OS de�nition of road wouldseem to apply to bi
y
le paths, whi
h may not be intended. It also seems to ruleout 
obbled or 
agged streets whi
h one might expe
t to be 
lassi�ed as roads.5.1 When is Vagueness an Issue?To illustrate how our theoreti
al approa
h might be applied to pra
ti
al problemswe fo
us in this paper on the example of the 
on
ept of a `forest', looking atdi�erent ways in whi
h the term 
an be interpreted and how these e�e
t thedetermination of the spatial extension of a forest.Inventories of the properties and extent of woodland are vital to eÆ
ientforest management. However, problems of de�nition are not a major 
on
ernin the literature on forestry (the standard text book (Hus
h, Miller and Beers1963) does not mention any de�nitional problems). This is not surprising whenwe 
onsider the nature of forestry and the kinds of information it requires. Formost purposes a forester 
an assume that a forest 
onsists of a 
olle
tion ofstands whose boundaries are well-de�ned. The properties of ea
h stand 
an then



be determined by random sampling te
hniques; and from these measurements,e
onomi
ally important quantities su
h as `forest volume' 
an then be derivedby simple 
omputations or by the use of empiri
ally veri�ed tables. The problemof determining boundaries is not of great importan
e be
ause the statisti
alapproa
h to measurements works with any reasonable bounding of the forestarea, and, in all but ex
eptional 
ases, mitigates the e�e
t of any un
ertainty inthis boundary.Although meta-questions about the nature of a forest may be largely irrel-evant to the narrowly de�ned 
on
erns of industrial forestry, they are 
ertainlyrelevant to more general problems of determining and allo
ating land types. Forinstan
e, if we want to answer a question su
h as `How rapidly is the forestedarea of the earth shrinking?' the problem of demar
ating forest areas is 
entral.Similar problems apply to the identi�
ation and 
lassi�
ation of `deserts' (andthe problem of measuring and monitoring the progress of deserti�
ation). Forinstan
e, the Global Change Data Base produ
ed by NOAA in
ludes multipledata sets on topi
s su
h as soil, pre
ipitation, vegetation, temperature, land
over, et
. Several of these data sets have `desert' as a spe
i�
 
lass, ea
h with itsown method of 
ompilation and 
on
ept of what a
tually 
onstitutes a desert |absen
e of vegetation, annual rainfall below a parti
ular (and varying) threshold,number of months per year ex
eeding a pre
ipitation threshold, type of soil,e
osystem 
hara
teristi
s, et
. The result is a set of maps that produ
es a verydi�erent distribution of deserts a

ording to whi
h 
lassi�
ation you 
hoose touse at any one time. Moreover, the 
on
ept of desert 
an itself be variously
lassi�ed into sub-types (e.g. `desert, mostly bare', `sand desert, partly blowing',`other desert and semi-desert', `polar desert', `tropi
al desert').A further example of the importan
e in environmental modelling of 
larifyingvague terms is provided by Alker, Joy, Roberts and Smith (2000) who 
onsiderissues in de�ning the 
on
ept of a `Brown-�eld' whi
h is often used in formulatingdevelopment poli
ies.5.2 De�ning `Forest'I now examine the range of possible de�nitions whi
h may be used to spe
ify apre
ise 
on
ept 
orresponding to some reasonable sense of the natural language
on
ept of `forest'. I start by 
onsidering a number of questions, ea
h of whi
haddresses one of the main aspe
ts of vagueness asso
iated with the term, andhen
e has no 
lear-
ut answer:1. Is a forest a natural feature or one determined by 
onvention and legality?2. Does `forest' refer to an integral feature or 
an it be applied to an arbitraryregion of land?3. What type of vegetation 
an 
onstitute a forest? (i.e. what spe
ies and howbig must they be?)4. How dense must the vegetation be?5. How large an area must a forest o

upy?6. Are there any 
onstraints on its shape?



7. Must a forest be self 
onne
ted, or 
an it 
onsist of several disjoint parts?8. Must it be maximal or 
ould it share a border with another region of forest?9. Is a 
learing a part of or a hole in a forest?10. Are roads and paths going through a forest parts of the forest?11. How should seasonal and other temporal variations be taken into a

ount?12. If part of a forest is felled and subsequently re-grown, does it remain part ofthe forest throughout?3In the following subse
tions I shall suggest how the issues underlying thesequestions 
an be 
lari�ed by di�erentiating between many possible pre
ise sensesof `forest'. Preliminary analysis of some of these sense variations in terms ofsupervaluation theory will also be given.5.3 Natural vs. `Fiat' ForestsOne of the most important aspe
ts of the 
on
eptual vagueness of the term `for-est' is the ambiguity between forests 
on
eived of as a natural feature and forestsas par
els of land upon whi
h is legally or 
onventionally 
onferred the statusof being a forest. Although it may be argued that forests are always originallyidenti�ed with some natural feature, on
e they are named (and thus probablyalso owned) additional 
onventional and legal me
hanisms may be employed toindividuate forests. Smith (1995) has investigated the ontology of 
onventionalregions of this kind, whi
h he 
alls �at regions.In axiomatising the vague term `forest' it is 
lear that the natural and �atinterpretations will obey rather di�erent axioms. Hen
e, any ontology of geo-graphi
al 
on
epts should split the 
on
ept into two spe
ialisations. The follow-ing axioms ensure that in any pre
isi�
ation Fiat Forest and Natural Forest aresub-
on
epts of Forest and that all forests are of one of these two types (they donot rule out the possibility that something may be both):� 8px[Fiat Forest(p; x) ! Forest(p; x)℄� 8px[Natural Forest(p; x) ! Forest(p; x)℄� 8px[Forest(p; x) ! (Fiat Forest(p; x) _ Natural Forest(p; x))℄Though free from a 
ertain ambiguity, the predi
ates Fiat Forest andNatural Forest are still extremely vague, ea
h will 
orrespond to a wide rangeof possible senses and further subdivisions and axioms will be required to expli-
ate these. In the rest of the analysis I shall dealing only with `natural' forests,sin
e these seem to be vague in a greater variety of ways; however, the semanti
sof �at forests is no doubt also very 
omplex. Hen
eforth the predi
ate Forestshall be used to mean Natural Forest.3 A

ompanying its `Land Usage of the World' data the web site www.e
oworld.
omgives the following de�nition of forest: \Forest: Land under natural forests or plantedstands of trees. Also in
ludes logged areas to be replanted in the near future, afterlogging."



5.4 Forest as Feature or Land TypeIn 
larifying the 
on
ept of `(natural) forest' we immediately en
ounter a se
ondfundamental ambiguity that a�e
ts this and many similar geographi
al 
on
epts.When used with an arti
le (`a forest' or `the forest') the term typi
ally refersto a parti
ular integral feature whose boundary (albeit vague) is determined bythe meaning of the 
on
ept. However, it 
an also be used in an adje
tival senseto des
ribe an arbitrary region as `forest'. These two uses are not really dueto vagueness but rest on a logi
al distin
tion that ought to be expli
it in theontology of any GIS that supports high-level queries.Though ontologi
ally distin
t, features and 
orresponding land-type 
on
eptshave strong logi
al interdependen
e whi
h must be formally spe
i�ed (see (Es-
henba
h 2000)). Let us use the predi
ate Forest as a vague feature type andForested as the 
orresponding vague land-type 
lassi�er and see what axiomsone would expe
t to link the two 
on
epts. We might be in
lined to say that aregion is `forested' i� it is part of some forest. However, this de�nition su�ersfrom a problem of granularity, sin
e forests may 
ontain po
kets whi
h are notat all forested. We 
an avoid this problem by taking forested as the more basi
property. Using P for parthood and CON for 
onne
ted we 
an de�ne a forest asa maximal 
onne
ted wooded region:Forest(p; x) �def (Forested(p; x) ^ CON(x) ^:9y[CON(y) ^ P(x; y) ^ Forested(p; y)℄) .The s
ope of the pre
isi�
ation variable p ensures that under any given pre-
isi�
ation the meaning of Forest is logi
ally determined by the meaning ofForested under that same pre
isi�
ation. This would support various patternsof reliable inferen
e that hold whatever reasonable sense we give the 
on
epts.5.5 Classifying VegetationHaving de�ned `forest' in terms of `forested' we need to 
onsider how observablemeasurements of the physi
al world determine whi
h regions should be deemed`forested'; or rather, given our supervaluation methodology, we need to elu
idatehow these observables relate to di�erent pre
ise interpretations of `forested'.Table 1 shows a physiognomi
 
lassi�
ation, of levels of forestation that wasproposed in (UNESCO 1973) and later adopted in (USGS 1994b). The range ofdi�erent terms employed in the table illustrates how a pre
isi�
ation (or 
lass ofpre
isi�
ations) is not merely asso
iated with a 
olle
tion of senses of individualterms but with a 
omplex system of logi
al 
onstraints 
on
erning the meaningsof multiple interrelated 
on
epts.This 
lassi�
ation 
arries with it a lot of impli
it 
on
eptual baggage whi
hmay not be 
ompatible with other ways of de�ning forests. For instan
e, any pre-
isi�
ation satisfying it must enfor
e the 
onstraint that woodland and shrublandare ne
essarily disjoint. There is also some la
k of spe
i�
ity in the 
lassi�
ation.It is not 
lear whether a population of fairly widely spa
ed tall trees growingamong a dense 
over of small shrubs should be 
ounted as `sparse woodland' or



Per
ent Canopy Cover of Vas
ular Vegetation100%{60% 60%{25% 25%{10% 10%{1%Plant-form/Height (interlo
king) (tou
hing) (spa
ed)Trees >5m Forest Woodland Sparse WoodlandShrubs/Trees 0.5{5m Shrubland Sparse Shrubland SparselyShrubs <0.5m Dwarf Shrubland Sparse Dwarf Shrubland VegetatedHerbs Herba
eousTable 1. A physiognomi
 
lassi�
ation of vegetation types (UNESCO 1973)`shrubland'. So some pre
isi�
ations satisfying UNESCOF might require heightto take pre
eden
e over density while others 
ould require the 
onverse.Another way of des
ribing vegetation is the so-
alled 
oristi
 approa
h, wherevegetation types are spe
i�ed in terms of the plant spe
ies found within a re-gion (see e.g. (USGS 1994b)). Given that an area may 
ontain limitless possible
ombinations and distributions of di�erent plants there is the potential for ahuge number of di�erent 
lassi�
ations. Although I have not investigated thesein any detail I am 
on�dent that the supervaluation approa
h 
ould be used toformalise relationships among 
oristi
ally de�ned 
on
epts.5.6 Determining Boundaries for Dense ForestationThe diversity of views taken in the literature on vegetation 
lassi�
ation indi-
ates that no generally appli
able solution has yet been found to the problemof demar
ating boundaries for vegetation types and similar land 
lassi�
ations.(USGS 1994a) surveys a number of approa
hes by whi
h the demar
ation ofstand boundaries is eli
ited from other relevant and more dire
tly measurablefa
tors, su
h as 
limate, and topography. In relation to soil-type boundariesMark and Csillag (1989) note that boundaries are often introdu
ed on the basisof surfa
e features that are 
orrelated with but not essential to soil 
lassi�
ation.Similar in
uen
es of inessential features on forest stand demar
ation from aerialphotographs are hinted at by the results of Johnston and Lowell (2000).Although indire
t methods may be e�e
tive for many purposes they do notelu
idate how to partition vegetation-types in terms of properties of the vegeta-tion itself and hen
e, from an ontologi
al point of view they are inadequate. Ifwe 
onsider the problem from the point of essential properties of forested regionswe have at least the following options:� Atomi
 area based: divide an area up into 
ells. Apply some measurementpro
edure to ea
h 
ell to determine whether is is a `forest' area.� Tree population based: �rst determine the distribution of trees (e.g. as a setof point 
oordinates) and then apply some algorithm to determine the forestboundary.



Most data in GIS and other land surveys is impli
itly based on atomi
 areas(e.g. raster 
ells) as a minimal unit for whi
h a land-type is determined. Usingthis ontology the diÆ
ulty of assigning a boundary to an intri
ate natural obje
tis largely avoided. Instead, measurements are applied to whole 
ells (or randomsamples from 
ells) and a land-type inherits its boundary from the already givenboundaries of a group of 
ells. This is �ne as long as we always take a 
oarseview of the world, where we 
an treat the 
ells as atomi
 units. However, if weare in the business of a

ounting for the di�erent senses of a term like `forest'we will also want to a

ount for perspe
tives that go right down to the level ofindividual trees. For example we might have data that tells us that a garden iswithin a dense forest but we 
annot infer that the garden 
ontains trees unlessthe atomi
 units that have been 
lassi�ed as forest are smaller than the garden.The alternative of de�ning `forested' in terms of individual trees is diÆ
ultbut may lead to a fruitful analysis. There are 
ertainly a large number of in
om-patible ways in whi
h this 
ould be done and the la
k of any reason to 
hose aparti
ular approa
h is perhaps the main reason why this kind of 
lassi�
ationhas not been widely studied. However, using the framework of supervaluationtheory one 
an explore many possible de�nitions without 
ommitting to any one.A simple example is the following de�nition, in whi
h a forested region isde�ned as one su
h that all of its points are within a 
ertain distan
e of a tree:Forested(p; x) �def 8(� 2 x)[9t[Tree(p; t) ^ dist(�; t) � Æ℄℄This a
tually gives a family of possible pre
ise 
on
epts determined by the ratherarbitrary parameter Æ. There is a strong logi
al 
onstraint on this family in thatthe extension of this 
on
ept with a small Æ is always a subset of the extensiondetermined by any larger Æ. Hen
e we might get a 
ontoured distribution ofextensions similar to that shown in Figure 2. An obvious problem with thisde�nition is that ea
h isolated tree 
onstitutes a small forest. Perhaps a betterapproa
h is to 
onsider the sum of 
onvex hulls of sets of `suÆ
iently 
lose' trees.A more detailed examination of possible de�nitions of `forested' 
an be found in(Bennett 2001).

Fig. 2. Possible forest demar
ations for a given tree distribution



6 Con
lusionThe paper has highlighted the e�e
t of vaguely de�ned 
on
epts on the inter-pretation of spatial data. The idea of a spa
e of possible pre
isi�
ations hasbeen suggested as a powerful tool for des
ribing and manipulating many aspe
tsof vagueness, and its use illustrated by a variety of examples relevant to GIS.However, 
ertain phenomena of spatial vagueness may be beyond the expressive
apabilities of the simple languages that have been presented here. More 
omplexlogi
s with additional operators are des
ribed in (Bennett 1998).Although the supervaluation approa
h is extremely general, appli
ations ofthe theory are at a very early stage of development. To use the formalism withina GIS one would need to provide detailed axioms des
ribing the logi
al rela-tionships between the meanings of a signi�
ant family of vague geographi
al
on
epts. Further work in this dire
tion 
an be found in (Bennett 2001). Addi-tionally one would need to implement pra
ti
al fun
tionality for manipulatingvague 
on
epts within a query system or data analysis pa
kage. Ea
h of thesetasks is a major proje
t in itself but one that must be undertaken if the de-tailed quantitative information stored in GIS is to be 
onne
ted with the vagueintuitive 
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