
;e3e,.,|F^6T.! r  A database useful for configuring and/or optimizing a
system and a method for generating the database 1 background of the
invention 5 The aim of the invention is to support automatic modeling,
analysis (verification) and realtime simulation of large-scale
configuration problems on a standard computer (e.g. a personal computer).
Mathematically speaking, such problems on finite domains or intervals can
be expressed in terms of truth tables with II~ combinations, each of which
can assume either of the truth-values true or false (legal or non-legal).
Here we are assuming( variables, each ~ 0 with M elements. Thus, binary
variables are to be considered as a special case with M=2. Obviously, Mr''
combinations will cause "combinational explosion" and it is therefore not a
trivia! task to solve large configuration problems with a multitude of
variables. Nevertheless, the present invention makes it possible to unify
the seemingly contradictory requirements for 1 s completeness (ail
combinations must be accessible to ensure logical consistency) with
compactness of representation and speed of simulation. For example,
interlocking systems for railway operation are controlled by several
thousands variables representing signal values or switch positions. To
illustrate, even a small interlock 20 ing system with 2000 binary variables
will be characterized by the huge number of 22 states or combinations. Some
combinations are legal (allowed), while other combinations are clearly
illegal because they would cause disasters. To handle these systems with
conven honat technology, it has been necessary to break down the system
into subsystems of sufficiently small size to allow their validation,
whereby not only illegal, but also a large number of 25 legal combinations
may be excluded, resulting in a less efficient utilization of the system.
In general, the system variables will not be limited to binary values but
will also include different data types on finite domains (e.g. multi-valued
logic, integers) or finite sets of intervals). It is highly desirable to be
able to handle configuration problems in systems of that size by means of
computerized tools which could provide complete and correct responses
almost instanta 30 neously. Another example is configuration of products or
services (e.g. cars) computers or travels) on the Internet. Many products
are available in a multitude of variants, which must be selected by the
customer from a number of mutually dependent options. Thus, only some
combina 35 lions of these options are possible or legal) while other
combinations are illegal due to some     technical or commercial
constraints. It is therefore desirable to design e-commerce tools to enable
the user to select interactively only the legal combinations, even from
very complex product models. 5 While a number of computerized configuration
tools have become available, e.g. the systems disclosed in WO 90I09001 and
US 5,515,524 there is still a demand for systems which fulfil the
requirements for completeness and compactness and speed of response. In
this context, the term "completeness" indicates the mathematical
requirement that all combinations have been verified to ensure logical
consistency. - 10 The present invention provides an elegant solution to
this problem without the problem of "combinational explosion". As it will
be understood from the following description, the crux of the invention is
the establishment of a novel type of database, in the following termed an
"array database". While the database is an optimal tool for the complex
configuration problems 15 indicated above and described in greater in the
following, tt will be understood that due to its unique inherent
advantages, it is also useful for a wide range of applications for which
con ventional database systems, typically relational databases, are used at
present. A scient~ficlmathematical discussion of principles relevant to the
invention is given in Moller, 2o Gert L.: On the Technology of Array-based
Logic. Ph.D. thesis, Electric Power Engineering Department, Technical
University of Denmark, January 1995. 



2   - l au~ 2002 2 Brief Disclosure of the Invention In one aspect) the
invention relates to a method for generating a database useful for
configuring and/or optimizing a system spanned by variables on finite
domains and/or intervals, 5 said method comprising generating and storing,
m a memory or storage 'medium of a com puter, an addressable configuration
space of the entire system in terms of all legal Cartesian subspaces of
states or combinations satisfying the conjunction of substantially all
system constraints on all variables, with all interconnected legal
Cartesian subspaces being addressable as legal combinations of indices of
link variables, so as to establish a database in 10 which substantially al(
legal solutions in the system are stored as nested arrays. In the
following, the database generated according to the invention will be termed
an "array database", this term reflecting the fact that all legal solutions
are stored in the database as one or more nested arrays. 15 Definitions and
explanations relevant to some of the terms used in the present
specification and claims are as follows: "Configuring" means establishing
substantially all legal combinations of the variables 2D satisfying
substantially all the constraints on the system. Preferably, all legal
combinations of the variables satisfying all the constraints on the system
are established, in which preferred case the legal Cartesian subspaces of
states or combinations will satisfy the conjunction of all system
constraints on all interconnected variables. 25 "Optimizing" means applying
a heuristic selection of combinations within a set of legal combinations.
The term "a system spanned by variables on finite domains and/or intervals"
indicates that each variable of the system consists of a finite set of
element or state values 30 (e.g., logical truth values) or a finite set of
intervals. The term "An addressable configuration space" indicates that
substantially all legal combinations are explicitly represented; in the
preferred case, all legal combinations are explicitly represented. 35 3   7
AU G 2002 "A c;artesian subspace" is a compact representation of one or
more legal combinations, all combinations being derivabielcalculatedl as
the Cartesian product of the elements or state values for each variable. 5
"System constraints" are the relations (propositional functions) on
variables defined for the system. "Interconnecting variables" indicates
variables present in at least two relations. 10 "-Alink variable" means a
variable generated bathe method according to the invention and added to a
given relation with a unique index which identifies one Cartesian sub
space. "Interconnected legal Cartesian subspaces" means legal Cartesian
subspaces with at 



15 least one common variable. It is a crucial feature of the invention that
all illegal states or combinations violating the system constraints are
excluded from the relations. Such exclusion of illegal states or combina
trons can preferably be performed while the database is generated by the
method according 20 to the rnvenhon, the illegal states or combinations
being excluded whenever identified. A state of contradiction or
inconsistency is present in a system rf just one relation of the system has
no legal combination or state. On the other hand, a system is said to be
consistent if at feast one state or combination is legal, i.e. satisfying
all system constraints. If, rn the generation of the database, lust one
relation of a system is found to have no legal combination or 25 state,
then that whole system is in a state of contradiction or mcopsistency and
must be excluded. 1n the following, the process of colligating relations
(that is, combining relations to arrive at a more complex subsystem or
system) is discussed in greater detail. It will be understood that 30 on
each level of the colligation process, inconsistencies or contradictions
writ be identified and will, thus, result in exclusion of the cotligated
subsystem or system. Thus) when the generating process has been completed,
the system will be consistent, as manifested by all rela tions having at
least one legal Cartesian subspace. 35 In the present specification and
claims, the term "system" is used about an entire system of variables or,
alternatively, about a part of an entire system of variables, In all cases
relevant to the present invention, the system, understood in this manner,
is completely defined in that 4   -- 7 aU G 2002 every combination under
the system is either legal or illegal with respect to all system
constraints relevant to the use of the database and preferably with respect
to absolutely all system constraints. Thus) the term system, used about an
entire system of variables, indicates, in the context of the claims and the
specification) that the entire system is completely defined 5 with respect
to all system constraints relevant to the use of the database, and
preferably with respect to absolutely all system constraints. When a system
of variables is not completely defined in the above sense of this term,
then only that part of the system which is in fact completely defined is
covered by the term "system" as used m the claims. The term "substan
tially", as used in claim 1, indicates that ~t is possible to have a system
which is not defined 10 with respect to system constraints that are not
relevant to the use of the database. The them "substantially" can also
indicate a system in which the process of colligation has not been
completed, and where the runtime environment must be adapted to perform
certain tests for consistency. While the latter variant is not considered
ideal, it may nevertheless apply for certain applications of the invention
where the realtime capability of the runtime environment i 5 is not a
requirement. As indicated above, the system constraints may be determined
by conjugating one or more relations, each relation representing the legal
Cartesian subspaces of states or cornbinations on a given subset of
variables. The conjugation of the one or more relations comprises cal20
culahng the Cartesian subspaces satisfying the combined constraints of the
one or more re lations. if no relations have common variables, no further
action is required to conjugate the relations. According to an important
preferred feature of the invention, all relations with at least one 25
common variable are colligated. The colligation comprises conjugating the
constraints of two or more relations being connected by having common
variables to establish the Cartesian subspaces) satisfying the combined
constraints of the two or more relations. The coiligation of the two or
more relations wilt normally be performed by joining the two or 30 more
relations up to a predetermined limit. Joining comprises the operation of
replacing a set of relations with a single relation satisfying the combined
constraints of the set. The set of relations is not limited to two
relations but can in general be any finite number of relations. in a
preferred embodiment of the invention the case where three or more
relations 35 are joined is typically decomposed into a number of pairwise
joins. This pairwise joining can comprise a predetermined strategy or the
joining can be in a random order. 



5   z auc zoaz The joining process will typically reduce the number of
relations, and the resulting number of relations are then colligated by
linking them and grouping them into one or more clusters) of relation(s). 5
A cluster can comprise one relation or a set of interconnected relations.
These clusters will be described in greater detail in the following ' The
finking of the relations consists of adding link variables and adding one
or more calcu lated relations} representing the constraints on the link
variables. 10  The linking of relations can be within a cluster or between
clusters. The linking between two clusters may be performed by establishing
a link relation comprising two link variables, while for a finking within a
cluster the link relations) comprises all link variables on the relations
in the cluster 15 If three or more relations interconnected with common
variables are generating cycles or closed paths, then they are grouped into
a single cluster comprising the three or more relations. As a consequence
the resulting clusters) are interconnected without cycles, i.e. in a tree
structure. 20 The tree structure makes it possible to ensure completeness
of deduction in the run time environment by state propagation, for example
when a configuration or optimization is performed. 25 The term
"completeness of deduction" indicates that all logical consequences must be
de duced on one or more variables. In important embodiments of the
invention, the completeness of deduction relates to all logical
consequences on all variables, but as indicated above, the invention is not
limited to that. 30 When the array database is to be used for optimization,
one or more object functions are in corporated. An object function of a
given subset of variables, the object function deriving characteristics of
the given subset of variables, is linked to the complete configuration
space by deducing the constraints imposed by the object function on each
link variable connected to the given subset of variables. 35 6   '- ~ AUG
~~~2  After the array database has been generated by the method according
to the invention, object functions can provide information between a set
'of variables and a set of object function values, a g., puce, weight,
color. 5 If a set of object function values does not have a "natural"
order, e.g. as numbers, an ar bitrary order can be assigned to the set of
object function values The characteristics of the object function may be
determined and the constraints on the link variables deduced on each
combination of the given variables, the result being repre 



10 sented as a relation on the object function, the given variables, and
the link variables These characteristics can be the values of the object
function given by functional mapping of a set of independent variables or a
set of constrained variables. The mapping can also be a general relation
yielding one or more object function values for each combination of 15 the
variables In another aspect, the invention relates to a method for
configuring and/or optimizing a system spanned by variables on finite
domains, said method comprsing 20 - providing a database generated by the
method according to the first aspect of the present invention and -
deducing any subspace, corresponding to an input statement and/or inquiry,
of states or combinations spanned by one or more variables of the system
represented by the nested arrays by deriving the consequences of a
statement and/or 25 an inquiry by applying the constraints defined by the
statement and/or inquiry to the database "Deducing" means deriving or
determining all logical inferences or conclusions from a given set of
premises, i a all the system constraints 30 "Inquiry" means a question for
which the array database can provide all answer A question could be about
the legal combinations) of a given set of variables satisfying the system
constraints and possibly also satisfying an external statement 35   = ~ Au~
zooz  An external statement can be a number of asserted and/or measured
states and/or con straints from the environment. Thus, a deduction of any
subspace of states or combinations is performed on a given 5 subset of
variables) either without or colligated with asserted and/or measured
states and/or constraints from the environment. The interaction between the
system represented by the array database and the environ merit is suitably
performed by means of a state vector (SV) representing all legal states or
10 values of each variable. Thus, an input state vector (SV1 ) may
represent the asserted and/or measured states from the environment, while
an output state vector (SV2) may represents deduced conse quence(s) on each
variable of the entire system when the constraints of SV1 are colli 15
gated with all system constraints in the array database The deduction can
be performed by consulting one or more relations) and/or one or more 



object functions) at a time by colligating the given subset of variables in
the relation with the given subsets of states in the state vector and then
deducing the possible states of 20 each variable The consultation of a
relation can be performed by colligating, e.g joining, the relation and the
states of the variables present in the relation The result of the
consultation can be the projection (union of a11 elements) on each variable
of the colligated relation, or the result 25 can be the colligated relation
The colligation can of course be a joining, but it should be evident from
the discussion given herein that the consultation of each relation is not
lim ited thereto In a preferred embodiment of the invention two or more
variables are colligated in parallel, 30 the projection on two or more
variables can similarly be performed in parallel. The inven tion is not
limited to such parallel implementation, and the invention can just as well
be implemented sequentially In one embodiment of the invention completeness
of deduction is obtained by consulting 35 connected relations, until no
further consequences can be deduced on any link variable   - 7 AUG 2002
This operation is termed "state propagation". Such state propagation
comprises consulting two or more relations m parallel The invention is of
course not limited to such parallel implementation, and, due to the cluster
structure, the invention can just as well be implemented sequenfially. 5 In
a further aspect, the invention relates to a database useful for
configuring and/or optimizing a system spanned by variables on finite
domains and/or intervals, the database storing an addressable configuration
space of the entire system in terms of all legal Cartesian subspaces of
states or combinations satisfying the conjunction of substantially all l0
system constraints on all variables, with al! interconnected legal
Cartesian subspaces being addressable as legal combinations of indices on
link variables, so that substantial all legal combinations in the system
are stored as nested arrays   7 ,~uG zooz An important feature of the
configuration and/or optimization according to the invention is that the
state of contradiction can be identified, when no legal states or values
are deduced when consulting at least one relation. 3 Figures 5 In the
following the invention will be described in greater detail with refererice
to the figures: Fig. 1 Modeling an array database Fig. 2 Array database
simulation (state deduction) Fig. 3 Compilation of variables and relations
` Fig. 4 Colligation i0 Fig. 5 Strategy for joining a list of relations
Fig. 6 Colligation graph of relations 



Fig. 7 Colligation graph of clusters (tree) Fig. 8 Directed colligation
graph of connected functions (input-output dataflow) Fig. 9 Colligating
relations in a cluster 15 Fig. 10 Cycle elimination yielding a tree
structure of colligated relations Fig.11Determination of run-time cluster
with added system relationsFig.12Linking clusters by colligating connected
relationsFig.13Colligation of relation pair by projection on link
variablesFig.14Linking an object function to the configuration space20
Fig.15The state deduction on a single cluster Fig. 16 State propagation on
interconnected clusters (acyclic connection of relations) Fig. 17
Combinationai logic network _ 25 9   l ~~U G ~~02' Fig. 98 User interface
example Fig. 19 User interface example 4 Summary of the Following
Disclosure The array database (to be termed ADB in the following) is a
compact, yet complete repre5 sentation of all legal combinations of
configuration problems on finite domains or intervals. The configuration
space of legal states or combinations is represented geometrically in terms
of nested data arrays, and the ADB can be simulated very efficiently by
simple operations on these arrays. Each step in the process of ADB modeling
and simulation is-explained in the Chapters 5 and 6, respectively. 10 The
major data flow of ADB modeling is summarized in Fig. 1. Input is a
user-defined specification of the system constraints in terms of a set of
rules or relations on a given set of variables. The ADB is modeled ~n a
three-step procedure as sketched in the process block ADB MODEL in Fig. 1
15 1. Compile variables and relation (Chapter 5. 9): Each user-defined
variable and each relation is compiled into the internal array repre
sentation. At this stage, the relations are considered as independent
items. 20 2. Colligate relations, verify system (Chapter 5.2): The
configuration space of the entire system is determined by colligating
interconnectected relations (constraint elimination). The system is
simultaneously tested for logical consistency and redundancy. 25 3 Generate
object functions (Chapter 5.3): Optionally, the relations may be extended
with further attributes, when the legal combinations satisfying the system
constraints are associated with values or object functions to be optimized
like) say, a price or a weight. 30 At this stage, the process of ADB
modeling is finished. The entire configuration space can now be addressed
by coordinate indexing and other simple operations on the nested arrays.
The major operation of AD8 simulation is sketched in Fig. 2 and will be
described in more detail in Chapter 6. 35 10 



7 AUG 2002 Each item of the state vector SV represents the state (the legal
values) of the associated variable. In the input state vector SV1, one or
more variables are bounded due to external measurements or assertions. SV2
represents the resulting constraints on all variables. An important
technological requirement is completeness of deduction; that is, all
constraints on 5 the variables m the output state vector must be deduced.
The most important technological novelty of the ADB can be summarized as
follows: 1. ADB simulation is performed with completeness of deduction in
real-time - with predict?0 able use of processing time and memory. The ADB
simulation is therefore suitable for embedded configuration or control
systems and perfor~-ns well on small computers. 2. A precondition for ( 1 )
is that all relations are colligated before simulation and that the
configuration space of the entire system is represented geometrically in
terms of nested arrays. The entire system is automatically tested for
logical consistency (verification). ~ 5 ADB modeling is not a real-time
task. On large systems, the modeling process can with advantage be computed
on a dedicated modeling server with multiple processors. 3. One common
representation of all system constraints (the standard array form of
relations) unifies prepositional logic, predicate logic (mufti-valued
logic) and relational algebra. 20 4. All processing on the standard array
form (ADB modeling and simulation) is based on a few fundamental array
operations, all of which are suitable for parallel processing. The
different rule-based systems on the market today are representing rules or
relations as independent items (no colligation). Thus) these rules must be
manipulated individually by 25 search rather than simple geometrical
operations on arrays. Processing time therefore depends on the extent of
search, which is a problem m applications where completeness of de duction
must be ensured in real-time (e.g. railway interlocking systems). ~ ADB
Modeling Basically) the task of ADB modeling is constrainf ehminafion; that
is, all non-legal combina 30 tions must be eliminated yielding an explicit
representation of all legal combinations or legal Cartesian subspaces. 5.1
Compile Variables and Relations Input is the user-defined system
constraints in terms of variables (on different data types or scales of
measurement) and rules or relations on these variables. The compilation is
a two 35 step procedure as shown in Fig. 3. 11   - 7 ~U G 2002 5.1.1
Compile the Domain of Variables The domain of each variable rs any ordered
finite set (a list) withn unique items. The domain (False, Trued of a
propositional variable is thus a special case with n=2. The Irst may be an
explicit representation of ail elements in a finite domain, or, in the case
of large or maybe 5 even infinite numenca! domains, an ordered set of
dis~omt intervals. As an example, we will consider the global domain of a
system with six different state variables illustrated in Table 1. 



J 1 GIYIi"~7C~ t JC ~ fC ~ I I ~ Jl = .JV vx> 100} I 1I l0 1lI 11 3011I 11
OIr--r, Il00Il ' 1'II L I--- ~ r ~I i ~0 Table 1 Domain of system with six
statE variables A and ALARM are propositional variables with the length
n=2, while COLOUR(x) is a predi cate variable representing a nominal scale
measurement with n=4. In the internal array representation) each
measurement is given by its associated domain index. LENGTH(x) and 15
WIDTH(x) are simple ordinal scale measurements with an explicit
representation of all do main elements, while TEMP(x) illustrates an
interval scale measurement given by a finite set of intervals. An interval
is defined by its lower and upper boundary given by the value and type of
each boundary (0=open, 1=closed). 5.1.2 Compile Each Relation into Standard
Array Form 20 Each user-defined relation on a subset of domain variables is
compiled into the sfandard array form, which is a nested array with two
items. The first item is the set of legal Cartesian subspaces, while the
second item is the domain indices of the associated state variables. A11
the succeeding processing on the relations is based on this common
representation, which may be conceived as the basic component of the ADB.
12    - ~ AU G 2002 EXAMPLE a)Expanded Given the following relation on the
variables WIDTH and LENGTH in Table 1: 5 R: WIDTH is less than LENGTH 



That is, the complete state space of legal and non-legal combinations is:
R: 2 4 6 8 (LENGTH) r -r 1 p 1 1 y _ 9 !0 0 1 1~ 5 ~0 0 1 l~ (WIDTH) r
Table 2 ~ 5 The standard array form of Table 2 is depicted below as tables
in two isomorphic forms with eight legal combinations (expanded form) or,
alternatively, two legal Cartesian subspaces (compressed form): 1 2 1 2 9 6
8 1 4 4 5 6 8 1 6 1 8 b 4 8 5 6 b) Compressed Table 3 20 # EXAMPLE The
compiled array form of the relation TEMP ( > 12 0 ) ~ ALARi~i on the domain
in Table 1 rs: 25 73   7 AU G 2002 .",_..,. 0 I p o yn 30 ~ j p yoo i2o ~ j
t i i ~ L 1 i i 1 f"r~ 0~~120~~~~ Table 4 S.2 Colligate Relations 5
Mathematically speaking, the constraints of the entire system are the
con~unctron of all relations. So far, during compilation, we have
considered the user-defined relations as rnde pendent items. The
configuration space of the complete system rs now computed by colligatrng
the interconnected relations (elimination of the connectivity constraints).
Simultaneously, the system is tested for logical consistency: when a local
configuration space is empty, the con~unctron of all system constraints
yields a contradiction. Moreover, redundant and non-constrained information
is eliminated automatically. The procedure shown in Fig. 4 is adopted. 75
5.2.1 Join Relations until Size Limit The simplest operation of colligation
is to join relation pairs with common variables into single relations
representing the con}unction of the pair. Connected relations are joined
whenever convenient; that is, when the size of the joined result is less
than a given limit. When two re 20 lations have many common variables, the
joined relation will be smaller than the arguments. 



Similarly, when the relations are sparsely connected, the joined relation
may blow up in size. in the case of contradiction (logical inconsistency),
the configuration space of the joined relation is empty. Isolated
(non-connecting) variables without importance for the system simulation
(interim variables) may be eliminated. 14   7 AU G 2002 The strategy for
joining a list of relations is shown in Fig. 5. The torn factor or
connectivity factor of a relation pair is used to predict the size of the
joined result . The join factor of a connected pair is defined as follows:
5 loxl,h(.4ox(1.+1nT,~))x(A,x(1+In~A }) JF ---- z ' C where: I,: number of
isolated variables in relafion r to A,: size of relation r (number of
Cartesian subspaces) T,: size of relation r (number of tupies
(combinations)) C: number of common variables + number of common ~ntenm
variables ~ 5 EXAMPLE Given the small system with three relations R0, R1,
R2: R0: (A v B) ~ (C v D) 20 R1: C ~ E n F R2: D a E n G Table 5 The
compilation of each relation yields: RO 0 0 0 0 0 1 0 1 0 1 1 0 ~ 0 1 ~ 1 0
R1 0 0 1 0 1 1 1 1 R2 0 0 1 0 1 1 1 1 25 Table 6 The relations in Table 6
may be joined into a single relation R = RO n R 1 n R2 representing the
complete configuration space:  15   7 AU G 2002 R = join RO R1 R2 00000 10
10 101 01 0110 1101 01 1111101 01 10110 1 Table 7 



We have thus finished the coiligatron task on this small example; all
constraints of the iso lated relations as well as the connectivity
constraints are represented in the joined relation. 5 The result of
modeling the system is thus an array database with the single relation
depicted in Table 7. In general, the array database will contain more than
a single relation, when systems scale ~ 0 up. 5.2.2 Group Relations into
Clusters At this stage, rt is not possible to loin further relations within
the user-defined size limit. The colligation strategy now depends on the
properties of the colligation graph depicting the ~ 5 structure of
interconnected relations. The relations are represented by the nodes, while
an arc linking two nodes (relations) represents the common variables. Two
drtferent kinds of graphs are particular rmportant~ 2o  Trees (graphs
wrfhout closed paths or cycles): !n this case rt is possible on ensure
completeness of deduction by state propagation on the simple links between
the relations. Example: RO: A ~ (B v C) 2~ R1: (H v C) ~ '~(~D Table 8
Graphs with closed pafhs or cycles: The cycles must be eliminated to ensure
completeness of deduction by simple state propagation. Example:  30 16   -
7 AU G 20Q2 R0:(A vB)~ (C v D)R1:C ~E nFR2:D ~E nG Tadie 9 ~Q (C)- .(D)
~(E~ 5 Before further colligation, the relations are grouped into clusters,
all of which can be linked together without cycles. When the colligation
graph of relations is a tree, each relation is thus associated with a
single cluster. Fig. 6 illustrates the colligation graph of a given system.
Of copse, we may eliminate all cyi o cles by grouping the relations into a
single cluster. However) in order to make the succeeding colligation
process most efficient on large systems, it is desirable to group the
relations into the maximum number of clusters. in this example) the maximum
number of clusters is four as shown in Fig. 7. i 5 In the case of
input-output systems, each relation is a function (output = f(input)). The
predefined flow of data from input nodes to output nodes is depicted in
adirectsd coliigation graph. When the graph is acyclic (no cycles or strong
components), the data flow is complete by a simple state propagation from
input to output. In the case of a cyclic digraph, the cycles must be
eliminated by grouping the associated relations (functions) into clusters
as shown above. 20 Fig 8 illustrates a predefined dataflow on the system in
Fig. 6 assuming that each relation is a function. We note that the graph is
acyclic and the flow is thus complete with a state propagation from RO to
R95. 25 5.2.3 Colligate Relations in Each Cluster The major steps are
sketched in Fig. 9. !n order to ensure completeness of deduction, all
cycles in the cluster must be eliminated (Fig. 9.1 ). The nested run-time
cluster (Fig. 9.2) is an alternative compact and efficient representation
of the cluster configuration space. 30 5.2.3.1 Cycle Elimination: Determine
Tree Structure of Colligated Relations (Fig. 9.1) 



When a list of relations closing one or more cycles in a cluster are large
and sparsely connected) the "combinational explosion" will make it
impossible to loin the list into a single rela 17   R0: (A v B) ~ (C v D) ~
R1: C ~ E n r (C)"(D) R2: D ~ E n G Table 9 5 Before further coil~gation,
the relations are grouped into clusters, all of which can be finked
together without cycles. When the coiligation graph of relations is a tree,
each relation is thus associated with a single cluster. Fig. 6 illustrates
the colligation graph of a given system. Of course, we may eliminate ail
cy~ o cles by groupEng the relations into a single cluster. However, in
order to make the succeeding colligation process most effcient on large
systems) it is des~rabfe to group the relations into the maximum number of
clusters. In this example) the maximum number of clusters is four as shown
in Fig. 7 ~ 5 In the case of input-output systems, each relation is a
function (output = f(~nput)). The predefined flow of data from input nodes
to output nodes is depicted in adrrect~d collfgatron graph. When the graph
is acycl~c (no cycles or strong components), the data flow is complete by a
simple state propagation from input to output. In the case of a cyclic
digraph, the cycles must be eliminated by grouping the associated relations
(functions) into clusters as shown above. 20 Fig. 8 ~Ilustrates a
predefined dataflow on the system in Fig. 6 assumcng that each relatoon ~s
a function. We note that the graph es acyclic and the flow is thus complete
with a state propagation from RO to R15. 25 S.2.3 Colligate Relations in
Each Cluster The major steps are sketched m Fig. 9. In order to ensure
completeness of deduction, all cycles in the cluster must be eliminated
(Fig. 9.1 ). The nested run-time cluster (Fig. 9.2) is an alternative
compact and efficient representation of the cluster configuration space. 30
5,2.3.1 Cycle Elimination: Deterriine Tree Structure of Coliigated
Relations (Fig. 9.1) When a list of relations closing one or more cycles in
a cluster are large and sparsely connected, the "combinational explosion"
will make ~t impossible to join the list into a single rela ~7   7 AU G
2002 ton. Therefore, we will generate an equwalent but much more compact
list of colligated subspaces; that is, a new list of relations with the
following characteristics:  Each user-defined variable (domain variable) is
only present in a single relation. 5  The relations are linked together by
system generated link variables yielding a tree structure (without cycles).
Each local Cartesian subspace of legal combinations is associated with a
unique fink variable with a unique index. 10 Thus, we will isolate
variables present in a single relation and perform the colfigat~on only on
subspaces with common variables. The five-step procedure shown in Fig.
-~&can be used on any set of relations, even when the colligation graph is
acyclic. EXAMPLE 15 Given the cluster relations R0, R7, R2 closing a single
cycle: R0: (A v B) ~ (C v C) R1: C ~ E R2: D ~ E 20 



Table 10 ~0 ,~ (C)"(D) ~(E~ The standard array form of each compiled
relation is: RO 0 0 0 0 0 1 0 1 0 1 1 0 1 0 1 1 0 25 R1 R2 0 0 1 0 0 1 1 1
1 1 Table 11 List of relation{s) on isolated (non-connecting) variables
(Fig. 10.1 and Fig. 10.2): 0 0 0 0 1 0 1 1 0 1 0 1 2 Table 12 18   - ~ Au ~
zooz List of relations on connecting variables (Fig. 10.1 ): 0 0 0 0 0 1 0
~ 0 1 0 1 1 1 J. 1 1 1 1 0 ~ 2 Table 13 5 When the I~st of relations on
connecting variables is joined (Fig. 10.4), we have the following result
with two relations on isolated domain vanabfes and one common link variable
LinkO: 0 0 0 ' 0 1 0 1 1 2 t0 0 0 0 1 0 0 1 ( 1 1 I [- i o i I 2 Tabte 14
15 20 The tree structure of coll~gated relation fulfills the requirements
for completeness, compactness, and speed of simulation. Completeness of
deduction is ensured by state propagation on the relations m the tree (see
Section 0). The nested cluster representation to be introduced in the
following is an alternative (isomorphic) representation. Sometimes the
user-defined relations are including internal system variables (interim
vanabfes), which can be eliminated. An example is network problems with
input and output nodes (which are connected to the environment) and a
number of internal nodes connecting input and output nodes. When the
network constraints are represented in the ADB, it is desirable to
eliminate the internal variables and to represent only the subspaces on the
input output variables. 19   5.2.3.2 Determine Nested Run-time Cluster
(Optionally) 



The aim of the following task is to determine a very compact run-time
cluster representation, 5 which can be simulated by simple coordinate
indexing and table look-up without state propa gation - even on small scale
computers and controllers like, say, electronic relays. The run-time
cluster consists of the original domain relations extended with link
variables addressing the Cartesian subspaces, and a set of system relations
representing the relations ~ o between link variables. The impact of each
Cartesian subspace on the entire system is de termined by asserting the
associated link variable index and then deducing the state of each link
variable. This deduction is for example carried out by state deductions on
each link vari able index. The state deductions may be executed in
parallel. ~ 5 The determination of the nested run-time cluster is shown in
Fig. 11. EXAMPLE 20 Let us again consider the cluster Table 1U with three
relations R0, R1, R2 The run-time cluster depicted below consists of the
three domain relations (left row) and the three associated system relations
(right row). For example) in sysfem relafion 0, the three indices of Irnk
variable LrnkO (representing the Cartesian subspaces of RO) is used as the
25 input to deduce the constraints on each link variable. Thus, system
relation 0 represents the impact of the Cartesian subspaces in RO on the
entire system. 20   7 Auc ~ooz RO  0 0 0 0 ~~ ~0' 0 1 0 I 0 1 1 1 o I o 1 x
o .z System relation 0 Q~'~,' 0 1 0 1 x 2' 1 1 R1 System relation 1 0 0 ~ -
"'p" ~- 0  rFr~,,~:-b..z 0 0 1 1 1 0 1 2 ~ " ~. ~ 1 R2 System relation 2 i
0 0 "'-_~fl~ ':~ 0 0 0 1 1 .'v1 - 0 1 2 1 ~ `1~~ -. Table 15 5.2.4 Link
Clusters We have now finished colligation of the relahon(s) in each
clusfer, and the fnal step m the process of colligation is to colligate all
relation pairs, which are connecting clusters. For example, m the system
sketched m Fig 7 the relation pairs (3~~"5,2~, 3~n~s,~,,), (9 10) and (10
12) must be colligated. The data flow of linking clusters is shown in Fig.
12. The result of colfigating a relation pair is a new relation (to be
termed lrnk relation in the following) on the common variables and the two
link variables. When the set of link relations is added to the array
database, it is possible to ensure completeness of deduction by stata
propagation on the clusters and the link relations. Fig. 13 illustrates in
more detail the colligation of each relation pair (Fig 13.2) 21 



?' A U ~ ~aoz 5 EXAMPLE Gwen the relation pair R0, R1: R0: (A v B) ~ (C v
D) Rl: (C v D) ~ (E n F) Table 16 Obviously, the simplest way to colligate
these simple relations is to join the pair into a single: 10 0000010 1_ 0
10 10 111__ 10 i0 i1011 Table 17 However, to illustrate the isomorphic form
of link relations, we will extend the standard array form of R0, R1 with
Irnk var~abfes: R0: (A v B1 ~ (C v D) v em ~0 0 0 000 1 0 1 0 1 110 1 0 1 1
02 R1: (C v D) ~ (E n F) I0 0 ~ 0 1 000 0 0 110 1 0 1 1 12 15 Table 18
Colligating the subspaces on the common variables C, D yields the following
link relation: Link relation: RO R1 . 0 0 0 0 1 2 0 1 1 1, 2 1 0 2 2 Table
19 22   In addition to the argument relations RD,R1 the Irnk relation makes
it possible to address the entire configuration space on the indices of the
link variables. On large and sparsely connected relations) this is a more
compact representation than joining the relations. 5 5.3 Add Object
Functions (Optionally} The configuration space of legal combinations may be
extended with user-defined object functions to be manipulated
heuristically, e.g. a fuzzy value (for fuzzy logic computations), a 



weight or a pace (for optimization). An object function O is defined on a
subset on the state variables So, S,,... S~: O = f(So, S,,... S" ) and is
compiled into standard array form. EXAMPLE ~ 5 Given a system model with
the configuration space (VIiIDTH, LENGTH) and the object function PRIZE = f
(VI~IDTH, LENGTH) represented in a single relation in standard array form:
'.1~ 22.5I49.0163.3I88.44620.24830.05614.05817.2 Table 20 20 When the
object function is to be optimized during system simulation, we may also
represent the configuration space of large domains rn terms of Cartesian
subspaces on which the ob~ect function is monotonic: 23   7 A a ~ 2ooz 1 2
9 [2.5 4.0j 1 6 8 [3.3 8.9} 5 4 6 8 [14.0 30.0] Table 21 The obtect
function of each Cartesian subspace is gwen by an interval with the lower
and upper boundary, and the associated state variables are ordered to make
the object function 5 increasing. The obtect function may be linked to the
configuration space in either of two ways: 10 1 If the configuration space
of the state variables So, S,,...S~ is rEpresented in a single rela tion
(in standard array form), the relation may be extended with a further
attribute0 representing the object function. This is to be considered as a
special case as shown ~n Table 3. 2. In general, it ~s more convernent to
add the object function as a new relation in standard 15 array form on the
attributes O, So, S,,...S" and the link variables associated with the con
figuration space of SA S,,...S" . The flow chart of adding object functions
is shown in Fig. 14. 24   - 7 Au~ ~ooz EXAMPLE Given the following
configuration space in terms of three relations: 5 RO0 0 000 1 0 1 0 7.1 10
1 0 1 10 2 R1 0 0 0 1 ~ 0 0 0 I 0 0 ~ 1 0 1 0 1 1 1 2 



Link relation: RO R1 0 0 0 , 0 1 2 0 1 ~ 1 I 1 2 1 0 2 2 Table 22 10 T he
object function Y = f(i3,E) is added to the array database by a projection
on ali hnk vanabies associated with the state variables B,E: Y = f (B, E) 0
0 ~ 0 , 0 1 0 1 ~ 0 I 2 0 2 1 1 ~ ~ 1 2 2 Table 23 '15 6 ADB Simulation
When the modeling task is finished, the array database is prepared for a
very efficient simulation, which can be performed in real time. The major
operation for ADB simulation is the state deduction shown in Fig. 2. 25   ~
au ~ ~ooz The state vector represents the state (the legal values) of each
state variable, In the input state vector SV1, one or more variables are
bounded due to external measurements or as sertions. The deduced state
vector SV2 represents the resulting constraints on all variables, 5 when
the system constraints and the constraints of the input state vector are
colfigated. The state deduction is carried out by means of a few array
operations (suitable for parallel processing) on the basic components of
the array database:  the relations, 10  the relation clusters,  the
interconnected (linked) relation clusters, and  the forked object functions
6.1 The State Deduction on a Single Relation ~ 5 The state deduction on a
single relation m standard array form is carved out by colfigating (by
intersection) the input state vector (SV1 ) with the relation succeded by a
pro~ect~on on each variable of the relation yielding the output state
vector (SV2). The colligation and pro~ection are described in greater
details below. 20 EXAMPLE To illustrate) we will again consider the system
with the relations R0, R9, R2: R0: (A v B) ~ (C v D) R1: C ~ E 25 R2: D ~ E
Table 24 Modeling the system into a single relation (by joining R0, R1, R2)
yields: 0 0 0 0 0 1 0 1 0 1 0 1 1 1 0 1 0 1 1 0 1 Table 25 30 We will now
deduce all consequences of the external measurementA=7 (true). The
following 



three-step procedure is adopted: 26   7 au ~ zoo2 1. Identify all bounded
variables in the input state vector SV1. A is bounded or constrained to 9,
while the other variables are unbounded and thus assigned all the possible
domain values (0 1). The input state vector SV1 is therefore: 0 1~ 0 1 ~ 0
1 0 1~~ A B C D E 5 Table 26 2. Colligate the constraints of the relation
and the input state vector SV1. Each Cartesian subspace in the relation is
intersected with SV9, item by item (variable by variable). The most
efficient operation is to select only the bounded input variables and to
compute the intersection ax+s by axis (suitable for parallel ~racessrng if
desired). Nonvalid (empty) Cartesian subspaces are deleted. In the present
example, only the first Cartesian subspace is empty and therefore deleted:
1 0 1 o 1 1 1 ~ i ~ 0 1 1 o i -~ Tabte 27 3. The output state vector SV2 is
the projection (union of all elements) on each axis. ~ 5 This operation rs
also suitable for parallel processing on each axis. The axis projection on
Table 27 yields the following output state vector SV2: ~o yo i o y A B C D
E Table 28 We conclude that A=E=1, while the other variables are unbounded
(don't care or tautology). 20 # This basic state deduction on a single
relation is the foundation for state deduction on relation clusters and
interconnected clusters. Moreover, it should be noted that this operation
can be used on any data type (scale of measurement) on any relation in
standard array form, in 25 eluding object functions. In the case of object
functions, the input state vector may be constrained by optimization
criteria like, say) the minimum prize of a given configuration. 27   .~ ~
au ~ zooz 6.2 The State Deduction on a Nested Relation Cluster The
structure of the nested run-time cluster with domain relations and system
relations on common link variables was introduced previously (modeling step
2.3.2). The state of the cluster can be deduced very effciently in a
five-step procedure shown in Fig. 15. 5 The key to the efficient state
deduction is that each Cartesian subspace in the complete configuration
space has a unique projection on the link variables, which can be deduced
(Fig. 15.1 -Fig. 15.2) and then indexed (Fig. 15.4 -Fig. 15.5) one-by-one
or in parallel. No heu ristic search is used in this process. The
identification of bounded input variables (Fig. 15.1 ) is used to select
those domain relations) which are candidates to be consulted (there is no
reason to consult domain relations only with unbounded variables - thESe
relations will not deduce further constraints on the state vector).
However, step (Fig. 15.1 ) is not essential: all domain relations may be
chosen 



~ 5 as candidates for the succeeding step (Fig 15.2). The domain relations
(Fig. 15.2) may be consulted one-by-one or m parallel yielding a local
output state vector, presumably with new constraints on same variables. If
the link variables are still unbounded, the state deduction ~s completed
(F~g. 15.3). 2o If some link variables are bounded, the impact on the
complete cluster is deduced by consulting the system relations (Fig. 15.4)
(one-by-one or in parallel). Finally, the complete impact on the domain
variables is deduced by consulting all domain relations with new
constraints on the associated link variables (Fig. 15.5). The result is the
25 complete output state vector. Summing up, parallel processing may be
introduced at different levels: 1. Parallel colligation (intersection) of
each axis in the individual relations. 2. Parallel projection on each axis
in the individual relations. 30 3. Parallel state deduction on domain
relations (10.2). 4. Parallel state deduction on system relations (10.4).
5. Parallel state deduction on domain relations (10.5). EXAMPLE 35 Given
the nested cluster representation of the following system: 28   ? AU G 2002
RO - -000 0 00 10 10 1 1 10 1 ~0 l~1 ~ 0~ 2 System relation 0 0  0 1 0 1 Z
1 1 2 1 ~~ R1 System relation 1 0 0 0 0 ' 0 0 0 1 1 1 0 1 2 1 1 R2 0 0 0 r
0 1 1 1 System relation 2 0 0 0 0 1 2 1 1 Table 29 5 Moreover, given an
input state vector SV1. The state deduction on the cluster is earned out as
illustrated m Fig. 15: 10 1. Identify bounded domain variables in the input
state vector (Fig. 15.1 ) Only vanabfe A is bounded: 5V1: 0 1 0 1 ~ 0 1 ~ 0
1 I 0 1 2 I 0 1 I 0 1 I A B C D E LinkO ~ Linkl Link2 Table 30 15 



2. Consult alt domain relations with bounded domain variables (Fig. 15.2)
RO is the only domain relation on the bounded vanable A. Thus; there is no
reason to consult R7 and R2. Consulting RO yields a focal output state
vector with new constraints on LinkO: 29   7 Au ~ zooz Conjunction RO n
SV1: 1 0 1 0 I I 1 i y o I ~-1_Ta ~ Local output SV: o I o I o I o i~-o
i[-o I A B C D E LinkO Linkl Link2 Table 31 5 ~ . Consult all system
relatians associated with bounded link variables (Fig. 15.4) System rel.0 n
SV: " , " , 1 1 1 T 1 Local output SV: 0 1 `0 1 0 1 0 I A B C D E LinkO
Lmkl Lank2 Table 32 4. Consult all domain relations with bounded link
variables (Fig. 15.5) The domain relations associated with bounded link
variables are consulted yielding the global output state vector SV2: R1 n
SV: 0 1 1 1 Local output SV: 0 1 0 1 0 1 A H C D E LinkO Linkl Link2 15
Table 33 30   ~- 7 AU G 2QU2 Rz n SV: 0 1 I 1 



SV2: _ 0 1 0 1 0 1 n A B C C E LinkO Linkl Link2 Table 34 6_3 State
Propagation 5 State deduction on interconnected clusters is carved out by
state propagation as shown in Fig. 16. Al! cluster relations with bounded
variables are consulted and the state vector updated repeatedly, until no
further information can be deduced. In practice) the propagation is
controlled by the link variables: when no further constraints can be
deduced on the link vanabies, the propagation is finished. 10 Completeness
of deduction is ensured with state propagation, whenever the colligation
graph is acyclic. Thus, state propagation can be used on the following
structures:  The configuration space of interconnected clusters on common
link variables  Object functions connected with the configuration space on
common link vanables 15  Dynamic systems with predefined input and output
variables (acyclic digraph) 7 Illustrative Examples The following small
examples illustrate different applications of the invention. 20 7.1
Combinational Network The constraints of the small combinational network
shown in Fig. 17 are given by the interconnections of the logical gates.
The input file for the array database describes the domain of variables and
the user-defined relations: 25 DOMAI N A, Interim, Boolean; B, Interim,
Boolean C, Interim, BoolearL; 31   s' 7 ~~~ ~ ~;; '~ n D, Interim, Boolean;
E, Interim, Boolean; 5 10 15 20 25 30 F,Interim,Boolean;G,T_nterim,Boolean;
H,Interim,Boolean;I,Interim,Boolean;J,Interim,Boolean;I1,Input,Boolean;
I2,T_nput,Boolean;O1,Output,Boolean;02,Output,Boolean; RELATIONS A = not
I1; B = (I1 and I2) ; C = ^ot I2; D = not (A or B); E = (D or B) ; F = (B
or G) ; G = not (B or C); H = not D; 



I = (E or F) ; J = not G; O1 = ;H and I); 02 = ~ T_ and J) ; Modeling the
array database yields the following result with all user-defined relations
joined into a s~ngie database relation with just 4 legal states or
combinations: Table 35 We conclude that l9=02 and l2=07; that is, all gates
could be removed! 32    ~ 7 AUG 20Q?. In Fig. 18 an example of a simulation
environment is depicted. The variable O2 is assertedlassigned the state
02=1 (true) with all consequences deduced. Jt is seen that any variable or
combination of variables can be used as rnput - there is no distinction
between input and output variables. 5 7.2 Alarm System Given the foJlow~ng
input file for a small alarm system with three state variables on different
data types: 10 DOMAIN ALARM, Boolean; SIGNAL, Enum(Red, Yellow, Green,
Blue); TEMP, Interval ( ] 11; 30] , ( 100; ( ) ; 15 RELA':IONS TEr7P ( [
100; [ ) -> SIGNAL (Yellow, Blue) ; TEI~1P ( ] 120; [ ) -> ALARM; The two
relations have one common variable TEMP and must therefore be coll~gated.
Join2o ~ng the relations yields the following array database with three
legal Cartesian subspaces on a single relation: Table 36 Note that the
relation is depicted with the legal domain values rather than the
doma~nindices. 25 The internal binary representation is shown m Table 37.
33    r"1 i Table 37 7.3 Product Configuration We will now assume that a
car manufacturer wants all the possible combinations of customer 5 options
to be available on the Internet. Given the following array database input
file with the logical constraints of the cars: DOMAIN 10 Model, Input,
Enum(c300 



c3001 cap c300 cab c3000 cc c3000 cs 15 c300C cd ^Car mo "CAR 300", "CAR
300 Cabriolet", "CAR 300 Turbo 16 Cabriolet", "CAR 3000 CC", "CAR 3000 CS",
"CAR 3000 CD") del"; Engine, Input, Enum(m_20`16"2,O116, I2Bhp,173Nm/
3000rpm",m21 16"2,1i16, 190hp,190_Nm/ 2900rpm",20 ms"2,0S16, 195hp,205Nm/
3800rpm",mturbo 16"Turbo 16, 160 hp, 255 Nm ! 2800 rpm",c3000"2,016,
130hp,173Nm/ 3750rpm",c3000 23"2,316, 150hp,212Nm/ 3800rpm",c30C0
23turbo"2,3Turbo,200hp,330Nm / 2000 rpm", 34      l AU G 2002 c 3000 23
turbos "2,3 TurboS, 200 hp, 330 Nm /2000 rpm") "Engine type"; 5 Doors,
Input, Integer(2 "Two doors", 3 "Three doors", 4 "Four doors", 5 "Five
doors") "Number of doors"; 10 PaintType, Input, Enum(Normal"Normal
paint".Metallic"Metallic paint")"The type of paint";15PaintColcur, Input,
Integer(153"Cirrus white",170"Black",198"Embassy blue",214"Cherry
red",219"Talladega red",20223"Odoardo grey metallic",227"Citrin binge
metallic",22B"Platana grey metallic",229"Le Mans blue metallic",230"Scarabs
green metallic",25231"t~lonte Carlo yellow" ,232"Derby grey",233"Carrara
write",239"Nocturnal blue metallic",23S"Eucalyptus green metallic")30, "The
paint colour"; E4heeiType, Input, Enum(NoAlloy Alloyl Alloy9 35 Alloy6
Alloy7 "Whe "No Alloy wheels", "Alloy wheels 15 spokes, open", "Alloy
wheels, Aero design", "Alloy wheels, 15 spokes, closed", "Alloy wheels) 3
spokes, asvmmetr~c") e1 type"; FrontSeat, Input, Enum(MAS "Manually
adjustable front seats", 40 EAS1 "Else. adjust. left front seat", EAS2
"Else. adjust. front seats", 35   ~ 7 AU G 2DD2 EAS1M "Elec. adjust. EAS2M
"Elec. adjust. , "Front seats type"; 5 SunshineRoof, Input, Enum(NoSSR
"NoSSR", SSR1 "SSR1", SSR2 "SSR2", SSR3 "SSR3") "Sunshine roof"; 10 



GearBox, input, Enum(Manual "Manual", Automatic "Automatic") "Gearbox
type"; 15 20 25 30 35 40 left front seat, memory", front seats, memory")
RELATIONS Model(c300i^cab) -> Engane(m-21_16); Engine(c 3000y ->
Model(c3000 cc,c3C00 cs,c3000 cd); Model(c3000_cc) -> Engine(c~3000);
Model(c3000,cd,c3000^cs) -> nct Engine(m,20_16,m_21-16,m-s,m_turbo-16);
~lodel(c300-cab) -> Engire(m_turbo-16); Engine(c 3000 23 turbos) ->
Model(c3000 cs); Engine(c 3000 23,c 3000 23 turbo) -> Model(c3000 cs,c300C
cd); Model(c300) -> Engine(m_20_16,m_21_16,m-s,m_turbo_16); Model(c300i
cab, c300 cab) - Doors(2); (Model(c300) and Engine(m turbo 16)) -> not
Doors(4); Model(c3000 cd) -> Doors(9); Model(c3000 cs,c3000 cc) ->
Doors(5); Engine(m 20 16) -> FrontSeat(:'~IAS); Engine (m_ZI-16,m-s,m
turbo,l6) -> not FrontSeat (EAS1M, Ee=.S2M) ; Engine(c 3000 23 turbos) ->
FrontSeat(EAS2M); Model(c300 cab) -> FrontSeat(EAS2); Model(c300i cab, c300
cab) -> not FrontSeat(EAS1M,EAS2M); (Model(c300) or Engine(m 21 16)) -> not
FrontSeat(EAS1,EAS2); Engine(m 20 16) -> not Sunshineftoof(SSR3,SSR2);
Engine(m 21 16) -> not SunshineRoof(SSR2);
Engine(c-3000_23,c_3000_23_turbo,c_3000`23-turbos) -> not
SunshineRoof(SSR1); Engine(m s) -> not SunshineRoof(SSR3); Engine(m turbo
16) -> not SunshineRoof(SSR1,SSR3); Model(c3000 cc) ->
S:.inshineRoof(NoSSR,SSR2); Model(c300i cab, c300 can) ->
SunshineRoof(NoSSR); 36   - 7 AU G 2002 (Engine(c-300C) and
Model(c300C-cd,c3000,cs)) -> not SunsnineRoof(SSR1); hlodel(c300,c300r cab,
c300 cab) -? PaintColour(223); htodel(c300) -> not PaintColourl231,235); 5
Enaine(c 3000,c 3000 23,c 3000 23 turbo,c 3000 23 turbos) -> not
PaintColour(231,235); Engine(c-3000_23-turbos) -> not
PaintColourl198,219,232,233,227,230,234); Engine(m_20_16,m_21-16) -> not
WheelType(Alloyl,Alloy4,Alloy7); 10 Engine(c_3000_23) -> not
TrJheelType(Alloy9,Al1oy6,Alloy7); Engine(c_3000_23_turbos) ->
WheelType(Alloy9); Engine(c_3000-23_turbo) -> WheelType(Alloy7);
Engine(m_s) -> WheelType(Alloyl); Engine(m,turbo-16) -> not
WheelType(Alloy9,Alloy6); 15 Model(c300 can) -> WheelType(A11oy7); Model
(c3001-cab, c3000,cc) -> not WheelType (Ailoyi, Alloy=) ( Alloy'; ) ;
(Engine(c-3000) and Model(c3000-cd,c3000-cs)) -> 



not WheelType(Alloy1,A11oy9,Alloy7); (~7odei(c300) and Engine(m turbo 16))
-> WheelType(Alloyl); 20 Engine~c_3000,23-turbos) -> GearHox(Manual);
PaintType(Metallic) = PaintColour(223,227,228,229,230,23.),235); Note that
the user-defined relat(ons can be written in any order and in many
different ways. In the abovementioned relations, the user has written many
symbolic express)ons with logical 25 implications (IF-THEN) rather than a
few tables. The modeling process is independent of the input format.
Modeling the input file yields the following array database with five
'relations representing the configuration space of the car. These relations
are interconnected by common link variables: 37
FrontSeat5unshineRoofLINKOMASNoSSR0MASSSR11MASSSR32MASSSR23EAS1NoSSR9EAS1SS
R35EAS1SSR26EAS2NoSSR7EAS2SSR38EAS2SSR29EAS1MNoSSR10EAS1MSSR311EAS1MSSR212E
AS2MNoSSR13 -EAS2MSSR314EAS2MSSR2~ 15~
DoorsWheelTypehINKI3,4,5NoAlloy,AlloyS03,4,5Alloyli
I3,5Alloyl22NoAlloy,Alloy632Alloy745NoAlloy,Alloy65
I5NoAllcv,Alloyl65Alloy774NoAlloy,Alloy684NoAlloy,Alloy 199_
Alloy7105Alloy4 ~11 En i.neGearBoxLINK3m 20 16Manual,Automatic0m 21
16Manual,Automatic1m sManual,Automatic2m turbo 16Manual,Automatic3c
3000Manual,Automatic4,5c 3000 23Manual,Automatic6,7c 3000 23
turboManual,Automatic8,9c 3000 23 turnosManual10,l1 (to be continued on the
next page..) 38   - ~ au c zooz
ModelLINKO~LINK1LINK2c3000,10pc3000,1,201c3000,1,312c3000,323c3001 cab03
i4c300 cab745c3000 ccC,3,4,6,7,9,10,12,13,155c3000
cs0,2,3,9,5,6,7,8,9,10,11,12,13,14,1557C3000
cs0,2,3,4,5,6,7,8,9,10,11,12,13,14,156$c3000
cs0,2,3,4,5,6,7,8,9,10,11,12,13,14,1579c3000
cd0,2,3,4,5,6,7,8,9,10,l1,12,13,19,158lpc3000
cd0,2,3,4,5,6,7,8,9,10,11,12,13,14,15911c3000
cd0,2,3,4,5,6,7,8,9,10,11,12,13,19,151012c3000 cs13,19,151113 PaintT
aPaintColourLINK2LTNK3Metallic223 _0 I0Metallic223 ~1,4 1Metall~.c
I22322Metallic2233,53Normal153,170,198,214,219,232,2336,7,10
IMetallic223,227,228,229,230,2346,7,10 I
5Normal153,170,198,214,219,232,2338,11 I d
IMetallic223,227,228,229.230,239E,11 7Normal I153.170,198,214,219,232,233
I9,12 ~ 8Metallic223,227,228,229,230,2349,l2 9Mormal153,l70,219 I13 I
10Metallic I223,228,22913 ; 11  Table 38 The array database in Table 38 can
be stored on an Internet server to make it accessible for 5 any client on
the network. This is carried out in either of two ways:  The array database
is loaded to the client before simulation  The array database is stored on
the server and simulated from the client through the network (only the
state vector is transmitted) 10 To illustrate, let us assume that a
customer wants a car with two doors. The deduced state vector with all
consequences is depicted in Fig. 19. We conclude that only the cabriolet
cars are available with two doors - and the sunshine roof is not a legal
option! 15 



39   = ~ AU G 2uu2 ao CL:~1MS 1. A method for generating a database useful
for configuring and/or optimizing a system spanned by variables on finite
domains and/or intervals, the method comprising 5 generating and storing,
in a memory or storage medium of a computer, an addressable configuration
space of the entire sy stem in ternis of all legal Cartesian subspaces of
states or combinations satisfying the conjunction of substantially all
system constraints on all variables, with all interconnected legal
Cartesian subspaces being addressable as legal combinations of indices of
link variables, so as to establish a database in which 10 suhstantially all
legal solutions in the system are stored as nested arrays 2. :A method
according to claim 1. wherein all illegal states or combinations v iolating
the system constraints are excluded from the relations 15 3. A method
according to claim ?. wherein. If~llst a single relation of a swtem is
found to have no legal combination or state. the entire wst~m is considered
to be in a state of contradiction or inconsrstencv and rs excluded ~. ,~,
method according to claim 1 or ~, wherein the system constraints are
determined by 20 conju;ating one or mor;, relations, each relation
representing the Izgal Cartesian sub spaces of states or combinations on a
given subset of variables. A method according to any of the preceding
claims, wherein all relations with at least one common variable are
colligated. 25 6. A method according to claim ~, wherein the colligation
comprises conjugating the con straints of two or more relations being
connected by having common variables to establish the Cartesian subspaces)
satisfying the combined constraints of the two or more relations. 30 7. A
method according to claim ~ or 6, wherein the colligation of the two or
more re lations is performed by joining the two or more relations up to a
predetermined limit,   ' ~ AUG ~DD2 41 the resulting number of relations
being colligated by linking them and grouping them 



into one or more clusters) of relation(s). 8. A method according to claim
7, wherein each relation is extended by adding a unique 5 link variable
with a unique index identifying each legal Cartesian subspace on the given
subset of variables. 9. A method according to claim 7, wherein all
connected relations are grouped into one or more clusters. each relation
being associated with a single cluster of relations) 10 15 10. A method
according to claim 7 or 9, wherein three or more relations interconnected w
ith common variables generating cycles or closed paths are grouped into a
single cluster comprising the three or more relations, the resulting
clusters) being interconnected in a tree structure without cycles. 1 1. A
method accordrng to claim 10. wherein a11 constraints of the interconnected
relations within each cluster are determined by colligating all
interconnecting v ariables within the cluster thereby d~terrnrning the
configuration spacz of the entire cluster. all constraints between the
three or more link variables bein~ represented as one or more 20 new
relations on the three or more link ~~ariables. 12. A method according to
claim 9. 10 or 1 1, wherein any pair of relations with common variables
linkinb two clust:rs is coiligated b~ adding a nevv relation on the common
25 variabes and the two link variables. 13. A method according to any of
the preceding claims, wherein an object function of a given subset of
variables. the object function deriving characteristics of the given 30
subset of variables, is linked to the complete configuration space by
deducing the constraints on each link variable connected to the given
subset of variables. I ~. A method according to claim I 3, wherein the
characteristics of the object Function are determined and the constraints
on the link variables are deduced on each combination   42 of the given v
ariables, the result being represented as a relation on the the object
function, the given variables, and the link variables. 



15. A method for configuring and!or optimizing a system spanned by
variables on finite 5 domains, said method comprising - providing a
database generated by the method according to any of the claims I-14 and -
deducing any' subspace, corresponding to an input statement and/or inquy~,
of 10 states or combinations spanned by one or more variables of the system
represented by the nested array's by deriving the consequences of a
statement and.!or an inquiry by applying the constraints deFned by the
statement and~'or inquiry to the database. 15 16. A method according to
claim I~; wherzin a deduction Ot any subspace of states or combinations is
performed on a given subset of variables) colligated with oC w lthout
asserted and:'or measured states and,'or constraints from the enviroruner2t
17. A method according to claim 1 ~ or 16, wherein all interaction between
the sy stem 20 representec! by the array database and the em ironment is
performed by a state ~ ector (SV) representing all legal states or values
of each variable. 18. A method according to claim 16 or 17, wherein an
input state v ector (SV' 1 } represents the asserted and~or measured states
from the environment, w-hile an output state vector 25 (SV2) represents
deduced consequences) on each variable of the entire s>~stem, w hen the
constraints of SV 1 are colligated with all system constraints in the array
database. 19. A method according to any of claims 16-18, wherein the state
of the entire system is deduced by consulting one or more relations) and;
or one or more object functions) at 30 a time by colligating the given
subset of variables in the relation with the given subsets of states in the
state vector and then deducing the possible states of each variable.   l
a~~ 200Z 43 20. A method according to claim 19, wherein W o or more
variables are colligated in parallel. 21. <4 method according to claim 19,
wherein the deduction of possible states is performed 5 on two or more
variables in parallel. 22. A method according to claim 19, w~llerein
completeness of deduction is performed by consulting connected relations
until no further consequences can be deduced ore any 10 link variable. 



23. A method according to any of claims 19-?`', wherein at least two
relations are consulted in parallel. 2=1. A method according to ally of
claims 16-?3, wherein a state of contradiction is 15 identified by no legal
stnt~s or values being d~ducibte when consulting a relation. 25. A database
useful for contigurin~~ and%or optimizing a system spanned by variables on
finite domains amlror intervals. the database storing an addressable
configuration space of the entire system in terms of all legal Cartesian
subspaces of states or combinations 20 satisfy ing the conj unction of
substantially al l sy stem constraints on al! variables, w ith all
interconnected legal Cartesian subspaces bein~~ addressable as legal
combinations of indices of link variablca, so that substantially all legal
combinations in the system are stored as nested arrays. 25 26. A database
according to claim 2~ stored in a memory or storage medium of a machinery
and/or computer and,'or network. 27. A database according to claim 26 which
is stored in the memory or storage medium in such a way that it is
accessible for deduction of any subspace of the system by applying 30 input
statements and-~or inquiries to the database.   44 ~ '~ ~~ Zooz ?8. A
database according to claim 26 which is stored in a memory or storage
medium which is adapted to be operably connected to a machinery and/or
computer and! or network so that the database can thereby become accessible
for deduction of any subspace of the system by applying input statements
and/or inquiries to the database. 5 29. A machinery andr`or computer and!or
network comprising a memory or storage medium in which a database according
to claim 25 is stored. 30. A machinery and/or computer and/or network
according to claim 29 in which the 10 database is stored in the memory-or
storage medium in such a way that it is accessible for deduction of any
subspace of the system by applying input statements and!or inquiries to the
database. 31. A network according to claim s0 in which thz database is
stored in the memory or 15 storage medium of one or more computers) in such
a way that the database is 



accessible for deduction of any subspace of the system by applying input
statements and! or inquiries to the database from any computer connected to
the network. 32. A memory or storage medium in which a database according
to claim 2~ is stored 20 3 ,. A memory or storage medium according to claim
32. ~~-herein the database is stored in such a way that it is accessible
for deduction of any subspace of the system by applying input statements
an~j%or inquiries to the database. 25 3~. A memory or storage medium
according to claim 33 which is adapted to be operably connected to a
machinery and-or computer and!or network so that the database can thereby
become accessible for deduction of any subspace of the sy stem by applying
input statements and,'or inquiries to the database. 30
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