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Abstract. Knowledge engineering has developed fine tools for maintaining the
integrity of knowledge bases. These tools may be applied to the maintenance of
conventional programs particularly those programs in which business rules are
embedded. A unified model of knowledge represents business rules at a higher
level of abstraction than the rule-based paradigm. Representation at this high
level of abstraction enables any changes to business rules to be quantified and
tracked through to the imperative programs that implement them. Further,
methods may be applied to simplify the unified model so that the maintenance of
the imperative implementation too is simplified.

1 Introduction

A very simple example motivates this discussion. Consider the business rule: [K1]
“The sale price of apart isthe cost price of that part marked up by the markup rate for
that part”. Thisruleisnot in if-then form. Itsform isthat of a simple statement of
fact. It could give rise to the following simple Java program:

public int part sale price( int part no, int part cost markupl[] [],
int no of part nos ) {
if (no_of part nos < 1 ) return -1;
for ( int count = 0; count < no of part nos; count++ )
if ( part cost markup[count] [0] == part no ) {
return part cost markup [count] [1] *
part_cost markup [count] [2] / 100;
}
}
return -2;

} [P1]

that returns the sale_price of agiven part _no. Thereis no immediate issue here.
But if the wisdom in [K1] finds its way into other imperative representations then
some machinery is required to acknowledge that those representations are linked.
Further, as we will see, [K1] may contain within it other business rules that may also
be buried in yet others. The argument presented here is that these links are revealed
by applying knowledge engineering tools to the construction of a conceptual model
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Fig. 1. A thing and its representation in the unified representation, a declarative
representation and an imperative interpretation.

that is employed as a specification of the imperative implementations derived from it.
Further, methods may be applied to convert the conceptual model into a model in
which the original implicit links become explicit. This exposes the maintenance
structure so that it may then form an integral part of either a declarative or an
imperative implementation.

To illustrate the complexity present in this very simple example, consider aso the
businessrules: [K2] “The profit on apart is the difference between the marked-up cost
price and the cost price”, and [K3] “The profit on a part is the difference between the
sale price and the cost price of that part”. [K2] may be derived from both [K1] and
[K3]. Why does this present a problem? If the knowledge in either [K1] or [K3]
becomes invalid and so is modified then [K2] should be modified as well to preserve
consistency. The relationship between these three chunks is not difficult to identify
given the raw chunks, but, given only implementations as programs—even with
documentation—the relationship becomes more obscure.

An abstract conceptual model that describes the knowledge embedded in a set of
programs is used to drive the maintenance process for those programs. The
maintenance problem is to determine which programs should be checked for
correctness in response a change in the application [1]. This model is at a very high
level of abstraction. In it each chunk of knowledge is represented directly asasingle
‘item’. Each item may be interpreted as a number of declarative if-then rules. Each
rule may be interpreted as a number of imperative programs. So in the model an item
will correspond to a number of programs each of which implements an imperative
interpretation of the original chunk of knowledge. This abstraction hierarchy is
represented in Fig. 1.

In the above example, business rule [K1] admits three different declarative if-then
interpretations:

part/sale-price( X,y ) « part/cost-price( X, ),

part/mark-up(X,w), y = (z x w) [ClL1]
part/cost-price( X, z) « part/sale-price( X,y ),
part/mark-up(X,w), y = (z x w) [C1.2]

part/mark-up( X, w) « part/sale-price( X,V ),
part/cost-price( X,z), ¥y = (z x W) [C1L.3]



part/sale-price part/cost-price part/mark-up

1234 1.44 1234 1.20 1234 1.2
2468 2.99 2468 2.30 2468 1.3
3579 4.14 3579 3.45 3579 1.2
1357 10.35 1357 4.50 1357 2.3
9753 12.06 9753 6.70 9753 1.8
8642 12.78 8642 8.52 8642 1.5
4321 5.67 4321 2.70 4321 2.1

Fig. 2. Value set for a knowledge item.

and each of these admit a number of imperative interpretations. Program [P1] is but
one interpretation of [C1.1]. Note that [C1.1] as a Prolog program can find a
part_number with a given cost—atask that [P1] can not do directly.

Given any form of conceptual model maintenance links are introduced that join
two things in that model if a modification to one of them means that the other must
necessarily be checked for correctness, and so possibly modified, if consistency of that
model isto be preserved. If that other thing requires modification then the links from
it to yet other things are followed, and so on until things are reached that do not
require modification. If node A is linked to node B which is linked to node C then
nodes A and C are indirectly linked. In acoherent model of an application everything
isindirectly linked to everything else. A good conceptual model for maintenance will
have a low density of maintenance links [2]. Ideally, the set of maintenance links
will be minimal in than none may be removed. Informally, one conceptual model is
“better” than another if it leads to less checking for correctness. The aim of this work
is to generate a good conceptual model. A classification of maintenance links into
four classes is given here. Methods are given for removing two of these classes of
link so reducing the density of maintenance links in the resulting model. In thisway
the maintenance problem is simplified.

Approaches to the maintenance of declarative conceptual models are principally of
two types [3]. First, approaches that take a model ‘asis and then try to control the
maintenance process [4]. Second, approaches that engineer amodel so that itisin a
form that isinherently easy to maintain [5] [6]. The approach described here is of the
second type because maintenance is driven by a maintenance link structure that is
simplified by transforming the model.

2. Representing Knowledge

Consider again the chunk of knowledge [K1]. Suppose that that chunk is represented
as an item—with the name [ part/sale-price, part/cost-price, part/mark-up]. The data
associated with this item may be presented as a rather messy relation; such arelation
is called the value set of the item, a possible value set is shown in Fig. 2.

The meaning of an item A—called its semantics Spo—is an expression that
recognises the members of that item’s value set. For the item considered above the
semantics could be:




Ax1x2y1y221z2°[( Spart/saleprice(xl' x2) A Spart/cost-price(yl’ y2) »
Spart/mark-up(@1: 22) ) » (xg =y =27) = (X3 = 22 % Y)))]*

where Spart/sale-price = AXY*[ Spart(X) » Ssale-price(y) » sells-for(x, y) ]
and where Spart = Axe[is-a[x:P]]* for some suitable domain P where:

=T ifxisinP
is-a[x:P]

= F otherwise

In general, an item is a named triple A[ Sp, Vo, Cal with item name A, Sp

is called the item semantics of A, V 5 is called the item value constraints of A and Cp
is called the item set constraints of A. The item semantics, Sy, isaA-calculus
expression that recognises the members of the value set of item A. The expression
for an item’s semantics may contain the semantics of other items {Ag,..., An} caled
that item’s components:

}»y%...yr}]l...yrr:]n-[SAl(yi,...,y%l) ALA SAn(yg ,...,y%n) A J(y} yr%] l,..,yr';n)]-
The item value constraints, V, is a A-calculus expression:

1 .1 1 1 1 1
7\‘y:]_ymlyrrT]‘|r_l.[V,D\l(y]_1vyrnl) Ah VAn(y?_ 1--'1yrr*|]']n) A K(yl 7--1ym 1,--1)’2]”)]'
that should be satisfied by the members of the value set of item A as they change in
time; so if atuple satisfies Sp then it should setisfy V5 [7]. The expression for an

item’s value constraints contains the value constraints of that item’s components.
The item set constraints, Cp, is an expression of the form:

CAl A CA2 A A CAn ~(L)a

where L isalogical combination of:

» Card liesin some numerical range;

* Uni(A;) for somei, 1<i<n, and

* Can(A;, X) for some i, 1<i<n, where X is a non-empty subset of

{Alv"'1 An} - {A|} ,
subscripted with the name of the item A, “Uni(a)” means that “al members of the
value set of item a must be in this association”. “Can(b, A)” means that “the value
set of the set of items A functionally determines the value set of item b”. “Card”
means “the number of things in the value set”. The subscripts indicate the item’s
components to which that set constraint applies.

For example, each part may be associated with a cost-price subject to the “value
constraint” that parts whose part-number is less that 1,999 should be associated with a
cost price of no more than $300. A set constraint specifies that every part must be in
this association, and that each part is associated with a unique cost-price. The
information item named part/cost-price thenis:

part/cost-price[ Axye[ Spart(X) » Scost-price(y) » COsts(x, y) ],
Axye[ Vpart(X) » Vcost-price(Y) » ((x <1999) = (y < 300)) ],
Cpart # Ccost-price » (Uni(part) » Can(cost-price, {part})part/cost-price ]



Rules, or knowledge, can aso be defined as items, although it is neater to define
knowledge items using “objects’. “Objects’ are item building operators. The
knowledge item [K1] [part/sale-price, part/cost-price, part/mark-up] which means“The
sale price of a part isthe cost price of that part marked up by the markup rate for that
part” is:

[ part/sale-price, part/cost-price, part/mark-up] [
Ax1x2y1y22122°[( Sparysale-priceX1: X2) * Spart/cost-price¥V1: ¥2) 4
Spart/mark-up(@1: 22) ) » (xg =y =27) = (X3 = 22 % Y)))I*,
Ax1x2y1y2z122° Vpart/saleprice(xl' x2) A Vpart/cost-price(yl’ y2)
Vpart/mark-up(zl’ 22)) » ((Xg=Y1) = (X5 >Yy5))]e,

C[part/sale~price, part/cost-price, mark-up] ]

What have we achieved with the representation of our businessrule [K1]? All of what
it says plus additional constraints is represented above as an item. The formal
notation is not particularly “user friendly”. An alternative schema notation is more
palatable for practical use[1]. But the item above is a complete formal representation
of the business rule. Further we will show that items may be modified so as to
simplify the maintenance links in the conceptual model and so too the links from the
model to an imperative program implementation of it.

Two different items can share common knowledge and so can lead to a profusion of
maintenance links. This problem can be avoided by using objects. An n-adic object
is an operator that maps n given items into another item for some value of n.
Further, the definition of each object will presume that the set of items to which that
object may be applied are of a specific “type”. The type of an m-adic item is
determined both by whether it is a dataitem, an information item or a knowledge item

and by the value of m. The type is denoted respectively by D™ IMand K™. Items

may also have unspecified, or free, type which is denoted by XM, The formal
definition of an object is similar to that of an item. An object named A is a typed
triple A[E,F,G] where E is a typed expression called the semantics of A, F is atyped
expression called the value constraints of A and G is atyped expression called the set
constraints of A. For example, the part/cost-price item can be built from the items
part and cost-price using the costs operator:

part/cost-price = costs(part, cost-price)
Costs[lP:XlQ:Xl-kxy-[ Sp(Xx) SQ(y) A COStS(X,Y) ]ee,
AP:X1Q:X Ledxye [V p(x) 4 Vo(¥) 4 ((1000 < x < 1999) » (y < 300)) ]=+,

AP:X1Q:xLe[ Cp Cqg » (UNi(P) » Can(Q, {P})y (costs p.0) I°]

where V (costs, P, Q) is the name of the item costs(P, Q).

Data objects provide a representation of sub-typing. Rules are quite clumsy when
represented as items; objects provide afar more compact representation. For example,
consider the [part/sale-price, part/cost-price, part/mark-up] knowledge item which
represents the rule “ parts are marked-up by a universal mark-up factor”. Thisitem can



be built by applying a knowledge object mark-up-rule of argument type
(12,12, 12) to the items part/sale-price, part/cost-price and part/mark-up. That is:

[part/sale-price, part/cost-price, mark-up] =
mark-up-rule(part/sale-price, part/cost-price, part/mark-up)

Objects also represent value constraints and set constraints in a uniform way. A
decomposition operation for objectsis defined in [1].

A conceptual model consists of a set of items and a set of maintenance links. The
items are constructed by applying a set of object operators to a set of fundamental
items called the basis. The maintenance links join two items if modification to one
of them necessarily means that the other item has at least to be checked for correctness
if consistency isto be preserved. Item join provides the basis for item decomposition
[8]. Givenitems A and B, the item with name A ®_ B is called the join of A and B

on E, where E is a set of components common to both A and B. Using the rule of
composition ®, knowledge items, information items and data items may be joined
with one another regardless of type. For example, the knowledge item:

[cost-price, tax] [kxy-[SCO\,:‘,[_IDIri ceX) A Sgu(¥) # X = yx 0.05]e,
}‘Xy'[vcost-price(x) r Viax(Y) A X <yl
C[cost-price, tax] ]

can be joined with the information item part/cost-price on the set { cost-price} to give
the information item part/cost-price/tax. In other words:

[ cost-price, tax] ®{ cost-price} part/cost-price =

part/cost-price/tax| Axyze[ Spart(x) A Scost-pri ceX) A S (Y) A costs(xy) »
z=yx 0.05]e,
AXyZe[ V part(®) &V eostprice®) # Viax(y)
((1000<x<1999) + (0<y<300)) » (z<y) ]e,
Cpart/cost-pr ice/tax ]
In this way items may be joined together to form more complex items. The ®
operator also forms the basis of a theory of decomposition in which each item is
replaced by a set of simpler items. Anitem | is decomposable into the set of items
D ={lq,15,..., 14} if: I} has non-trivial semantics for all i,
I=11®1,®..® I, , where each join is monotonic; that is, each term in this
composition contributes at least one component to I. If item | is decomposable then
it will not necessarily have a unique decomposition. The ® operator is applied to
objects in a similar way [2]. The rule of decomposition is: “Given a conceptual
model discard any items and objects which are decomposable’. For example, thisrule
requires that the item part/cost-price/tax should be discarded in favour of the two
items [cost-price, tax] and part/cost-price.



3. Maintenance Links

So far we have shown how business rules such as [K1] may be represented,
manipulated and decomposed. We now address the maintenace of the conceptual
model. A maintenance link joins two items in the conceptual model if modification
of one item means that the other item must be checked for correctness, and maybe
modified, if the consistency of the conceptual model is to be preserved [9]. The
number of maintenance links can be very large. So maintenance links can only form
the basis of a practical approach to knowledge base maintenance if there is some way
of reducing their density on the conceptual model [10].

For example, given two items A and B, where both are n-adic items with
semantics Sy and Sg respectively, if  is permutation such that:

(7 X1 X9.. Xp)[ SA(X1. X9, %) € SB(m(Xq,X0,....Xp)) ]

then item B is a sub-item of item A. These two items should be joined with a
maintenance link. If A and B are both data items then B is a sub-type of A. Suppose
that:

X = ED; where D=CAB )

for items X, D, A and B and objects E and C. Item X is a sub-item of item D.
Object E has the effect of extracting a sub-set of the value set of item D to form the
value set of item X. Item D is formed from items A and B using object C. Introduce
two new objects F and J. Suppose that object F when applied to item A extracts the
same subset of item A’svalue set as E extracted from the “left-side” (ie. the “A-side”)
of D. Likewise J extracts the same subset of B’s value set as E extracted from D.
Then:

X =CGK; where G=FA and K=JB 2

so G is asub-item of A, and K is a sub-item of B. The form (2) differs from (1) in
that the sub-item maintenance links have been moved one layer closer to the dataitem
layer, and object C has moved one layer away from the data item layer. Using this
method repeatedly sub-item maintenance links between non-data items are reduced to
sub-type links between data items.

It is shown now that there are four kinds of maintenance link in a conceptual
model built using the unified knowledge representation. Consider two items A and B,
and suppose that their semantics S, and Sg have the form:

Sa = ky%...y%l...yrﬁ’]p-[SAl(y%,...,yr}] DA A
SAp(yE,...,yrFr’]p) A J(y%,..,yr}ql,..,y%p)].
Sg = ky%...yrl]l...y‘ﬂ]q-[SBl(y%,...,y%l) A e A

1 1 o
SBq(y‘i,...,yCrl]q) A K(yl,..,ynl,..,y‘ﬁ]q)]



Sp contains (p + 1) terms and Sg contains (g + 1) terms. Let p be a maximal sub-
expression of S, g g such that:

both Sy = p and Sz =» u @
where u hasthe form:
ky%...yél...y[jr-[Scl(y%,...,y(ljl) A e » Sc (yfyg) » L(y%,..,yél,..,y&)]-

If uisempty, ie. ‘false’, then the semantics of A and B are independent. If w is non-
empty then the semantics of A and B have something in common and A and B should
be joined with a maintenance link.

Now examine p to see why A and B should be joined. If p is non-empty and if
both A and B are items in the basis then:

Aand B are apair of basisitems with logically dependent semantics (b)
If uisnon-empty and if A isnot in the basis then there are three cases. Firgt, if:
SA - SB e U ©

then items A and B are equivalent and should be joined with an equivalence link.
Second if (c) does not hold and:
either Sy & p or Sg & p @

then either A is a sub-item of B, or B is a sub-item of A and these two items should
be joined with a sub-item link. Third, if (c) and (d) do not hold then if A isaminimal
sub-expression of S, suchthat A= p. Then:

. j j .
either SAJ_( Y ,...,ymj) € A, for some | ®

1 1
or J( Y] ,..,ymj,...,yrﬁ:p) €A ®

Both (e) and (f) may hold. If (e) holds then items A and B share one or more
component items to which they should each be joined with a component link. If (f)
holds then items A and B may be constructed with two object operators whose
respective semantics are logically dependent. Suppose that item A was constructed by
object operator C then the semantics of C will imply:

b= AQ X] QX2 ...Qj:X'jJ Ay} .yd Y
1 1
SPl(yl ,...,yd 1) A e SPr(yi ,...,yrd r) A
L(y::]I_- !"!yé 1!"!y[-jr)].

where the Qj’s take care of any possible duplication in the Bj’s. Let E be the object
E[®, T, d] then C is a sub-object of E; that is, there exists a non-tautological
object F such that:

C =y E®,F ©)



[K1] [K3]

[ part/mark-up] [part/sale-price] [part/cost-price] [ part/profit]

[ mark-up] [sale-price] [part] [cost-price] [ profit]
Fig. 3. Maintenance links for [K1] and [K2].

for some set M and where the join is not necessarily monotonic. ltems A and B are
weakly equivalent, written A=, B, if there exists a permutation = such that:

(7 X1 X5 XD[SAX 1 X000 X ) € Sp(T(Xq,Xo,..,X )]
where the x; are the n; variables associated with the i’th component of A. If Aisa

sub-item of B and if B is a sub-item of A then items A and B are weakly equivalent.

If (g) holds then the maintenance links are of three different kinds. If thejoinin
(g) is monotonic then (g) states that C may be decomposed into E and F. If thejoin
in (g) is not monotonic then (g) states that either C=,, E or C =, F. So, if the
joinin (g) is not monotonic then either E will be weakly equivalent to C, or C will
be a sub-object of E.

It has been shown above that sub-item links between non-data items may be
reduced to sub-type links between dataitems. So if:

¢ the semantics of theitemsin the basis are al logically independent;

¢ al equivalent items and objects have been removed by re-naming, and

¢ sub-item links between non-data items have been reduced to sub-type links between
dataitems

then the maintenance links will be between nodes marked with:

e adataitem that is a sub-type of the data item marked on another node, these are
called the sub-type links;

¢ an item and the nodes marked with that item’s components, these are called the
component links, and

e an item constructed by a decomposable object and nodes constructed with that
object’s decomposition, these are called the duplicate links.

If the objects employed to construct the conceptual model have been decomposed then
the only maintenance links remaining will be the sub-type links and the component
links. The sub-type links and the component links cannot be removed from the
conceptual model.



4. Conclusion

A very high level conceptual model represents each chunk of knowledge as a single
item. A rule of decomposition is applied to reduce [K2] above to [K1] and [K3], so
removing [K2] from the conceptual model. Maintenance links join two itemsin the
conceptual model if modification of one of these items could require that the other
item should be checked for correctness if the validity of the conceptual model isto be
preserved. The efficiency of maintenance procedures depends on a method for reducing
the density of the maintenance links in the conceptual model. One kind of
maintenance link is removed by applying the rule of knowledge decomposition [11].
Another is removed by reducing sub-item relationships to sub-type relationships [2].
And another is removed by re-naming. In the simple example given the conceptual
model consists only of [K1] and [K3], and the maintenance links are just the
component links as shown in Fig. 3. So what? Because the model can not be
decomposed it means that the maintenance links in Fig. 3 are complete. These links
may then be mapped to the imperative programs that implement the knowledge in
chunks[K1] and [K2].
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