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Abstract 

A brief survey is conducted of the inheritance principle - the 
conveyance of properties between components within a hierarch- 
ical relational structure. The standard form of inheritance is con- 
sidered, using the subset (is-a) relation and highlighted as an 
example of downward inheritance. Downward inheritance is 
extended to specialisation of actions, and cases are presented in 
which the rule fails. 

sider them on tile same plane of generality and abstractness as 
the standard hierarchical inheritance rules. Upward inheritance, 
on the other hand, is formally on the same plane as the more 
common downward form. Our analysis shows that the explana- 
tion for this powerful tool resides in one semantical aspect of a 
large class of very common relations. 

2. D o w n w a r d  inheri tance 

An alternative and less well-known form of inheritance is intro- 
duced - upward inheritance. Several examples in which upward 
inheritance is valid and others in which it is not valid are given, 
in a treatment highlighting the analogy with downward inheri- 
tance. The validity of the rule, in those case in which it 
operates, is underlined, to distinguish it from induction. 

A brief acconnt is given of tile search for the underlying reasons 
for the validity of inheritance rules and these are then given. 
The solution turns out to be due to a hidden or implicit 
quantifier within the relations that are used. The semantical 
nature of the problem and of its solution are stressed, emphasis- 
ing the impossibility of a purely syntactic analysis and solution to 
the problem. Various points of interest arising from the analysis 
,are listed and discussed. 

1. Introduction 

The use of structures for representing knowledge has long been 
acknowledged as a vital tool in AI. A consequence of the use of 
structures is the identification of certain kinds of hierarchically 
organised sub-structures. These have many useful purposes, but 
one of particular significance is that of avoiding repetition, by 
storing information at one place in the hierarchy, and then using 
the hierarchical structure to infer that the property is inherited 
by many other components of the structure. In addition to the 
savings in storage that this inheritance over hierarchies can offer, 
there is the possibility of using the hierarchy to infer new infor- 
mation, so that the process becomes not just a means of saving 
space, but also of generating new knowledge. 

The form of inheritance most frequently studied is what we call 
"downward inheritance", because it exploits the passage from the 
general to the particular. There has been a considerable amount 
of work done about inheritance between objects via total inclu- 
sion relations, for the very good reason that this form is always 
valid /Findler 1979/. This form is sometimes confused with 
downward inheritance betwen sets, which, as we briefly discuss 
below, is much more problematic. 

We will concentrate on total hierarchical relations, between 
objects, classes and actions. The inheritance techniques that we 
consider are thus completely valid. The use of partial hierarchical 
relations introduces elements of plausibility which are beyond 
the present context. Touretzky provides a foundational analysis 
of partial hierarchies /Touretzky 1986/, while their use as the 
basic structure for semantical analogy is described in Garigliano 
and Long/Garigliano and Long 1988/. 

The concept that other relations, beyond set membership and 
inclusion, may have inferential properties has been investigated 
by Schank /Schank 1977/ and especially Wilensky /Wilensky 
t980/. Their inferential rules, however, tend to capture specific 
aspects of real world interaction: it would thus be difficult to con- 

A typical example of the use of downward inheritance is the 
argument cats are vertebrates, vertebrates have back-bones, so 
cats have back-bones. We have also identified other hierarchical 
relations for which downward inheritance is valid: embroidering 
is a special form of sewing (or, embroidering "specialises" sew- 
ing), sewing requires skill, so embroidering requires skill. 

The most common use of inheritance - so common that it is 
often the only inheritance rule discussed - is that which can be 
expressed abstractly as: every element in A has property P, B is 
a subset of A, so all elements of B have the property P. This is 
the rule exemplified by the cats and vertebrates above. 

A third kind of inheritance hierarchy is based on properties of 
sets, rather than of individuals within the sets. For example, I 
can count the set of first-division footballers, Liverpool United is 
a subset of first division footballers, so I can count the set of 
Liverpool United players. It is clear that this is not the same as 
the cats and vertebrates example, since the claim is about the set 
as a whole, rather than about the individual members. 

It is important to observe that the downward inheritance rule is 
not universally valid. To see this, consider the example: the Tory 
government was elected by the British people, tile Scots are a 
subset of the British, so the Tory government was elected by tile 
Scots. It is clear that this example leads to a false conclusion. We 
will not attempt to explain all the conditions under which a rela- 
tion can be expected to have the downward inheritance rule for 

classes in this work, but we do note that one important part of 
such conditions can be the "homogeneity" of the class in the first 
relation with respect to the given property and the related entity 
/Garigliano and Long 1988/. By homogeneity we refer to a 
measure of  the evenness of distribution of a property within a 
set. 

The downward inheritance rule for actions is also dependent on 
certain conditions being satisfied by the first relation, as can be 
seen by the example: rolling pins are used in cooking, frying 
specialises cooking, so rolling pins are used in frying. This is 
plainly false, so we may infer that there is some condition which 
"specialises" satisfies, but is violated by "are used in". The solu- 
tion to this particular example is actually found in the discussion 
below. There are other examples for which the solution is not 
quite so readily identified, but it is possible that tile solution is 
analogous to that for classes, in adopting some measurement of 
horn ogeneity. 

A more dramatic example in which downward inheritance fails is 
the following: cows eat plants, cacti are a subset of plants, so 
cows eat cacti. The inference is certainly false, but this example 
is of considerable interest since it appears to follow the same pat- 
tern as the cats and vertebrates example. If we follow the direc- 
tion of Schank and Wilensky, adopting a set of primitives from 
natural language as the basis of our knowledge representation, 
we cannot, it appears, identify the inheritance properties of those 
primitives by a simple syntactic check. This follows from the 
observation that the syntactic pattern of the cats and vertebrates 
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example  was essent ia l ly  identical  to that of the cows ~md plants ,  
yet the inher i tance  rule  is valid only  in the first case. 

3. U p w a r d  i n h e r i t a n c e  

We cm~ in tu i t ive ly  unde r s t and  upward inherit~mce as a form of 
inheritanc(: that  goes from the specific to the general .  An exam-  
pie of such inher i tance  is the a rgument :  A is smal ler  than B, B 
is a subse t  of  C, so A is smaller  than C. 

Fu r the r  examples  are: a camera  creates  pictures,  pictures are 
represen ta l ions ,  hence  a canrera creates representa t ions .  A pan 
is for cooking,  cook ing  is a specialization of process ing food,  
hence  a pan is for process ing food. 

Of coorse,  the h igher  we go up the hierarchy,  tile less usefi t l  the 
in format ion  der ived  may appear: for example ,  if we subs t i tu te  
Do ing  S o m e t h i n g  for Process ing  Food,  the above inference is 
still  valid,  but  no t  ve ry  nsefid.  It is impo~tant  to note ,  however ,  
that  when  ihe relat ion is an upward one,  then the der iv ing  infer-  
ence is valid,  no t  s imply  plausible.  There  is no possibi l i ty  of this 
inferen,-e being some  kind of induct ion:  the explauat ion for it is 

to be  fonta l  e lsewhere .  

As  we m e n t i o n e d  before,  .just as not  all relat ions al low down-  
ward inher i tance ,  so too no t  all re la t ions al low upward  inheri-  
tance.  Here  are some examples  when  the inference fails: 

John  is al lergic to cats, cats ~u'e ver tebra tes ,  hence  John  is aller- 
gic to ver tebra tes .  

1 can coun[ the size of a footbal l  team, a footbal l  temu is a sub. 
set of the world populat ion,  hence  I can couut  the size of the 
world popula t ion .  

Cats  avoid  swimming ,  s w i m m i n g  specifies moving ,  hence  cats 
avoid  moving .  

Al l  these  e:~amples emphas ize  the hnpossibi l i ty  of  ns iug  a syntac- 
tic check to decide which re la t ions  offer a hierarchical  inher i -  
tance,  or, if  they offer such an inher i tance,  which direct ion it is 
val id for. 

The  issue tu rns  a round the part icular  re la l ions  used;  this c lemly 
calls for au analysis  of  the under ly ing  s t ruc ture  of these  rela- 
tions. 

4. W h e n  i n h e r i t a n c e  is va l id  

We m u s t  now at tentpt  to ident i fy  what property of  a relat ion it is 
that enab les  it to be used  for upward or downward  inheri tance.  
First  let us explore  upward  inher i tance.  There  is a s t rong  clue 
avai lable  to us in our  search in the fol lowing example :  

if x is a m e m b e r  of  A and A is a subset  of B then x is a 
m e m b e r  of  11. 

I l e r e  we scc a set theore t ic  p roper ty  which actually obeys the 
upward  i n h e d t a u c e  rule. This  is a ve ry  impor tan t  example  - it is 
not  ha rd  to see why it works.  The reason that the proper ty  is 
inher i ted  is i:hat a l though the relat ion "is a m e m b e r "  relates  an 
object  to a class, at the stone t ime  it s ingles out  a ve ry  specific 
part o f  that  class. This  part o f  the class m u s t  be carr ied th rough  
to any  new class con ta in ing  the or iginal  one.  Thus ,  the significant 
fea ture  of  the relat ion,  "is a m e m b e r " ,  is that  it carr ies  an impli-  
cit act of  res t r ic t ing the part of  the class to which it refers.  

Cons ide r  a fur ther  example :  John  owns a cat, cats are animals ,  
so John  owns an animal.  This  is an instance of ~l  upward  inher i -  
tance rule  that  works,  m~d the relat ion is "owns a". If  we exam-  
ine this  re la t ion we find that  it has Ihe imalogons proper ty  for 
objects  that  "is a m m n b e r "  has for classes -it implici t ly restricts 
that object  to which it refers  out  of  all tile objects.  John  does not  

own all cats, but  only  a s ingle cat, in ti le same way that not  
eve ry  e l emen t  in A is x, but  on ly  one.  Again,  a frying-p~m is fi~r 
frying, f rying specialises cooking,  so a fi 'ying-pan is for cook ing  
is an example  of an upward inher i tance  over  action.,;, us ing "is 
for". Here ,  too, we find that what  is be ing  said implicit ly is that 
there  is a conceivable  instance of  frying for which one  conld use 
a frying-pan. It does  not  mean  that fi 'ying mus t  always be done 
with a frying-pan - we could use a deep-fat  fryer or a wok tor 
example .  Thus ,  when we ex t end  frying to cook ing  we are actuo 
ally r e fe r r ing  to the same  ins tance of frying ill which a frying-pan 
could  be used,  and ush lg  the fact that this is also an instance of  
cook ing  because  frying specialises cooking.  

So, we have  three examples  of re la t ions which have  the upward 
inher i tance  property mid seem 1o have  an analogous  proper ty  -- 
for objects this property is that the relat ion specil ies a particular 
object of  all the possible  objects in a class. For classes the pro-- 
pe t ty  is that the relat ion h ighl ights  a subset  of the class (in tile 
"is a m e m b e r "  example  this subset  is '{x} ) and for actions the 
proper ty  is that  the relat ion s~ccities a p,'u'ticular instance 
( though  possibly hypothet ical )  of an action in which a certain 
condi t ion  hohls .  

Af ter  a more  formal  analysis  of  these  examples  (cons idered  in 
detai l  in / L o n g  and Garigl iano 1988/)  we lind tha! for a t lansi-  
t i r e  and re l lex ive  hierarchical  re la t ion,  such ~, "subset" or "speci-- 
alises", a second relat ion has the upward inher i tance proper ty  it" it 
conta ins  an implicit  ex is ten t ia l  quant i f ier  - lhat is. if the relat ion 
impl ies  a property of a l imi ted parl of the class of objects to 
which it refers,  in sonte sense.  This  sense  has been m a d e  more  
fo rmal  in / L o n g  and Garigli~mo 1988/.  Fu r the rmore ,  this condi- 
l ion is shown to be both necessary  and sntl icienl .  

A l t e r  see ing  tile pat tern for npward inheri tance,  it is not  difficult 
to lind tile pat tern fk~r downward inheri tance.  In this case, the 
inher i tance  works for ref lexive and t ransi t ive hierarchies  if and 
only  if the inher i ted  proper ty  contai~s  an implicit universa l  
quantif ier ,  in a sense which has been made  formal.  For  example ,  
when we say "ver tebrates  have  backbones" ,  we a~:t~ally mean  all 
ver tebra tes  have  a backbone.  

The analysis  indicates that there  is a very  simple role lha.I allows 
]us to conver t  any relat ion into one  for which tile upward int~cri- 
i tance rule operates  and,  converse ly ,  for checLin,~,, it" ~n inhcr i  
lance rule  will work for a given relat ion.  F 

For  exeanple, suppose  we take tile relat ion used above,  John is 
al lmgic to tats.  Now, if we modi fy  "is allergic to" according t~ the 
analysis,  we may build the new relat ion,  "is allergic to some",  
Thus ,  John  is allergic to some cats, cats are vertebrates~ so John 
is allergic to some ver tebra tes .  It is quite clear that this new rela- 
tion has the  proper ty  of  upward  inher i tance,  unl ike  the original  
relat ion.  

As  an example  of tile process of checking  whe the r  upward  inher-  
i tance will apply to a g iven relat ion,  cons ider  the following. We 
have  the relat ion "is smal le r  than", at)plied be tween  sets, as used  
in ~m example  above.  In order  to confirm that upward inheri.- 
t ruce  call be applied with this relat ion we m u s t  l ind the construc- 
tion that yields "is smal le r  than", given some  s tar t ing relation. 
Cons ider  the relat ion "one up on", def ined by: 

A is one up on B i f f l A l +  1 = IBt 

Now, "is smal ler  thmL" can be def ined by: 

A is smal ler  than B fit" there  is ,,;ome subset  of B which is one  
up on A. 

Thus ,  "is smal ler  .than" has upward inher i tance  with respect  to 
the subset  hierarchy.  

ltl this case, the relat ion is a ma thema t i ca l  one,  so p rov ing  that  
the inher i tance  is valid is not  difficult, even wi thout  tile ins ighl  
we have  gained,  However ,  for more  general  relat ions,  bor rowed  
directly from natura l  language (in a Schank or Wi lensky  style for 
pr imi t ives)  the insight  provides  the only  tool we have  to for-- 
really prove an inher i tance  property.  
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There is a way o~ modifying a relation with an hnplicit existential 
quantifier so that it becomes a relation with an implicit universal 
quantifier, in addition to simply adding the universal quantifier 

• on top of the relation - we can restrict the domain of the relation 
by inserting "the, in front of each group of objects in the 
domain. For example: 

Johri eats fruit, apples are an~ong fruit so John eats apples 

is not valid. Once we modify the domain, however, we obtain: 

John eats the fruit, the apples are among the fruit so John eats 
the apples. 

Now~ the use of "the" indicates a specification of an exact group 
of fruit, F say, and of apples, say A, so "the apples are among 
the frnit" now means: 

every member of the set of apples, A, is in the set of fruit, F. 

What makes the inference correct is the peculiarity of the use of 
"the" in conjunction with the relation. It means that the relation 
is true of every element in the group - so John eats every piece 
of fluit in F. 

For several hierarchies we have studied there are perfectly 
raeaningful and uncontrived relations which have neither the 
upward or downward inheritance rule. For example, consider the 
following: 

the Tortes were elected, for by forty per-cent of British, Scots are 
a snbset of British, so the Tortes were elected by forty per-cent 
o~" Scots. 

This is false, so the "elected by forty per-cent of" relation does 
not have downward inheritance over subsets. 

The Tortes were elected by forty per-cent of British, British are a 
subset of Europeans, so the Tortes were elected by forty per- 
cent of Europeans. 

Again, this is false. 

There are other hierarchies, such as "has part", which holds 
between an object and each of its parts; for which very few rela- 
tions have any inheritance properties. In this case it is because 
there are very few things that can be said of an object which 
mnst be true of all its p~ats, or things which can be said of a part 
of an object which must be true of the object as well. Positional 
relations seem to be the only useful relations - all parts of an 
object mast be where the ohject is, though an object does not 
have to be where one of its parts is. For example, a tyre must be 
there where there is a car, but a car does not have to be there 
where there is a tyre. 

Finally, we must  highlight a consequence of these findings, 
which is that those relations for which upward inheritance holds 
occur in sentential forms with precisely the same type and struc- 
ture as those for which the rule fails. The only distinguishing 
feature that we have discovered and that accounts for every 
example we have considered is the implicit quantifier within the 
semantic definition of the relation. This leads us to conclude 
that the power of this rule of inheritance can only be available 
following a semantical analysis of the relations involved and will 
not yieldto auy kind of syntactical or grammatical analysis. 

like "is for" or "causes", to the mathematical relations such as "is 
a member of" or "smaller than". 

We have, in our language, some relations which carry an iraplicit 

existential quantifier and others which carry an implicit universal 
quantifier, but we can identify no particular reason that any of 
these relations should have developed in that way. The impor~ 
rant thing is that we are now able to build relations for which 
inheritance will work, and also recognise those relations, 
amongst those we already have, for which the rule applies. 

The final point we wish to stress is that this analysis strengthens 
the argument in favour of the semantical approach to inferences. 
As we have pointed out before, the distinction between the rela° 
tions which allow upward inheritance, and those which do not, 
cannot be identified by pt, rely syntactical means, even if that dis u 
tinction appears evident to the human ear, and easily recognis~ 
able by a semantical analysis. 
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5. Conclusions 

In this paper we have described and analysed a technique, the 
nse of inheritance, for transferring properties between com- 
ponents within total hierarchical ,~tructnres. It is a powerful tech- 
nique, because it allows valid inferences, as well as being very 
natural, since it models sentences that could occur in everyday 
use of language. At the same time, it is widely applicable, using 
relations which range from the common and simple such as 
"drink" or "wear", through the fundamental, primitive, relations 
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