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Computational Verb Rule Bases

Tao Yang

Abstract— Different types of computational verb rule
bases(verb rule bases, for short) are presented in this paper.
The basic properties of verb rule bases are defined. The formal
presentation of verb rule bases using Boolean matrices is given.
The algorithms of merging and splitting verb rule bases using
Boolean matrices are studied. Copyright (©) 2008 Yang’s Scientific
Research Institute, LLC. All rights reserved.

Index Terms— Computational verb rule base, computational
verb, Boolean matrix, rule base.

I. INTRODUCTION

OMPUTATIONAL verb rules are the basic building

blocks for almost all engineering applications of compu-
tational verbs. In an engineering application, we usually need
to model the input-output dynamics of a system. The inputs
of the system can be different kinds of waveforms while the
corresponding outputs can be different waveforms as well. In
general, the system can have more than one input and more
than one output. Therefore, to model the input-output relation
of the system, we build a set of computational verb rules, of
which the antecedents consist of multiple computational verbs
and the consequences consist of multiple computational verbs.
For each input or output, the dynamical behaviors are usually
clustered into a group of computational verbs if there are any
bifurcations along the parameter/phase space of the system, or,
if the dynamics are quantitatively/qualitatively different along
the parameter/phase space. In order to cover the input space
and the output space completely, we need to construct a set
of computational verb rules, of which many permutations of
the computational verbs in antecedents and consequences are
used. The function of each of these verb rules is to

1) cover a part of the entire parameter/phase space of the
input waveforms (resulting in disjunctive antecedents);

2) cover the entire parameter/phase space of the input
waveforms with its own emphasis (resulting in conjunc-
tive antecedents);

3) cover a part of the entire parameter/phase space of
the output waveforms (resulting in disjunctive conse-
quences);

4) cover the entire parameter/phase space of the output
waveforms with its own emphasis (resulting in conjunc-
tive consequences).
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Therefore, there are four permutations of types of an-
tecedents and consequences for constructing verb rules listed
as follows.

1) Conjunctive antecedents with conjunctive consequences;
2) Conjunctive antecedents with disjunctive consequences;
3) Disjunctive antecedents with conjunctive consequences;
4) Disjunctive antecedents with disjunctive consequences.

When a set of verb rules; namely, a verb rule base is used
to model the relations between dynamical inputs and outputs,
there are at least two kinds of inter-rule relations

1) Conjunctive inter-rule relation. In this case, the relation
between rules is in serial and each verb rule cover the
entire input-output relation with emphasis.

2) Disjunctive inter-rule relation. In this case, the relation
between rules if in parallel and each verb rule cover a
part of input-output relation.

With all permutations of different types of antecedents, conse-
quences and inter-rule relations, there are eight possible types
of verb rule bases. Since in a real-life problem, it is difficult
to find the crisp boundaries among qualitatively different
dynamics, we usually design a computational verb to cover
the entire parameter/phase space with emphasis. Therefore,
the most commonly used verb rule bases are with conjunctive
antecedents, conjunctive consequences and conjunctive inter-
rule relations.

The organization of this paper is as follows. In Section II,
the brief history of computational verb theory will be given. In
Section III, different types of verb rule bases will be defined.
In Section IV, the basic properties of verb rule bases will
be presented. In Section V, formal presentation of verb rule
bases in Boolean matrices will be given. In Section VI, the
merging algorithm of verb rule bases will be designed based
on the formal presentation of verb rule bases using Boolean
matrices. In Section VII, the splitting algorithm of verb rule
bases will be designed based on the formal presentation of
verb rule bases using Boolean matrices. In Section VIII, some
concluding remarks will be included.

II. A BRIEF HISTORY OF COMPUTATIONAL VERB THEORY

As the first paradigm shift for solving engineering prob-
lems by using verbs, the computational verb theory[27] and
physical linguistics[30], [47] have undergone a rapid growth
since the birth of computational verb in the Department of
Electrical Engineering and Computer Sciences, University of
California at Berkeley in 1997[13], [14]. The paradigm of
implementing verbs in machines was coined as computational
verb theory[27]. The building blocks of computational theory
are computational verbs[22], [17], [15], [23], [28]. The relation
between verbs and adverbs was mathematically defined in
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[16]. The logic operations between verb statements were stud-
ied in [18]. The applications of verb logic to verb reasoning
were addressed in [19] and further studied in [27]. A logic
paradox was solved based on verb logic[24]. The mathe-
matical concept of set was generalized into verb set in[21].
Similarly, for measurable attributes, the number systems can
be generalized into verb numbers[25]. The applications of
computational verbs to predictions were studied in [20]. In
[29] fuzzy dynamic systems were used to model a special
kind of computational verb that evolves in fuzzy spaces. The
relation between computational verb theory and traditional
linguistics was studied in [27], [30]. The theoretical basis
of developing computational cognition from a unified theory
of fuzzy and computational verb theory is the theory of
the UNICOGSE that was studied in [30], [35]. The issues of
simulating cognition using computational verbs were studied
in [31]. In [54] the correlation between computational verbs
was studied. A method of implementing feelings in machines
was proposed based on grounded computational verbs and
computational nouns in [37]. In [44] a theory of how to
design stable computational verb controllers was given. In
[38] the rule-wise linear computational verb systems and
their applications to the design of stable computational verb
controllers and chaos in computational verb systems were
presented. In [42] the concept of computational verb entropy
was used to construct computational verb decision tree for
data-mining applications. In [41] the relation between com-
putational verbs and fuzzy sets was studied by using com-
putational verb collapses and computational verb extension
principles. In [43] the distances and similarities of saturated
computational verbs were defined as normalized measures of
the distances and similarities between computational verbs.
Based on saturated computational verbs, the verb distances
and similarities are related to each other with a simple relation.
The distances and similarities between verbs with different life
spans can be defined based on saturated computational verbs
as well. In [45] the methods of using computational verbs to
cluster trajectories and curves were presented. To cluster a
bank of trajectories into a few representative computational
verbs is to discover knowledge from database of time series.
We use cluster centers to represent complex waveforms at
symbolic levels. In [11] computational verb controllers were
used to control a chaotic circuit model known as Chua’s
circuit. Computational verb controllers were designed based
on verb control rules for different dynamics of the region-
wise linear model of the control plant. In [10] computational
verb controllers were used to synchronize discrete-time chaotic
systems known as Hénon maps. Different verb control rules
are designed for synchronizing different kinds of dynamics. In
[49], how can computational verb theory functions as the most
essential building block of cognitive engineering and cognitive
industries was addressed. Computational verb theory will play
a critical important role in personalizing services in the next
fifty years. In [46], [48] computational verb theory was used
to design an accurate flame-detecting systems based on CCTV
signal. In [52] the learning algorithms were presented for
learning computational verb rules from training data. In [50]
the structures and learning algorithms of computational verb

neural networks were presented. In [53] the ambiguities of the
states and dynamics of computational verbs were studied. In
[51] the history and milestones in the first ten years of the
studies of computational verb theory were given. In [3] a case
study of modeling adverbs as modifiers of computational verbs
was presented. In [12] computational verb rules were used to
improve the training processes of neural networks.

The theory of computational verb has been taught in some
university classrooms since 2005'. The latest active applica-
tions of computational verb theory are listed as follows.

1) Computational Verb Controllers. The applications of
computational verbs to different kinds of control prob-
lems were studied on different occassions[26], [27].
For the advanced applications of computational verbs
to control problems, a few papers reporting the latest
advances had been published[33], [32], [44], [38], [55].
The design of computational verb controllers was also
presented in a textbook in 2005[1].

2) Computational Verb Image Processing and Image Un-
derstanding. The recent results of image processing by
using computational verbs can be found in[34]. The
applications of computational verbs to image under-
standing can be found in [36]. The authors of [2]
applied computational verb image processing to design
the vision systems of RoboCup small-size robots.

3) Stock Market Modeling and Prediction based on compu-
tational verbs. The product of Cognitive Stock Charts[6]
was based on the advanced modeling and computing
reported in [39]. Computational verb theory was used
to study the trends of stock markets known as Russell
reconstruction patterns [40].

Computational verb theory has been successfully applied
to many industrial and commercial products. Some of these
products are listed as follows.

1) Visual Card Counters. The YangSky-MAGIC card
counter[8], developed by Yang’s Scientific Research
Institute and Wuxi Xingcard Technology Co. Ltd., was
the first visual card counter to use computational verb
image processing technology to achieve high accuracy of
card and paper board counting based on cheap webcams.

2) CCTV Automatic Driver Qualify Test System. The
DriveQfy CCTV automatic driver qualify test system[9]
was the first vehicle trajectory reconstruction and stop
time measuring system using computational verb image
processing technology.

3) Visual Flame Detecting System. The FireEye visual
flame detecting system[4] was the first CCTV or we-
bcam based flame detecting system, which works under
color and black & white conditions, for surveillance and
security monitoring system.

'Dr. G. Chen, EE 64152 - Introduction to Fuzzy Informatics and Intelligent
Systems, Department of Electronic Engineering, City University of Hong
Kong. Dr. Mahir Sabra, EELE 6306: Intelligent Control, Electrical and
Computer Engineering Department, The Islamic University of Gaza. Dr.
D. H. Guo, Artificial Intelligence, Department of Electronic Engineering,
Xiamen University. Prof. T. Yang, Computational Methodologies in Intelligent
Systems, Department of Electronic Engineering, Xiamen University.
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4) Smart Pornographic Image and Video Detection Sys-
tems. The PornSeer[7] pornographic image and video
detection systems are the first cognitive feature based
smart porno detection and removal software.

Webcam Barcode Scanner. The BarSeer[5] webcam bar-
code scanner took advantage of the computational verb
image processing to make the scan of barcode by using
cheap webcam possible.

Cognitive Stock Charts. By applying computational
verbs to the modeling of trends and cognitive behaviors
of stock trading activities, cognitive stock charts can
provide the traders with the “feelings” of stock markets
by using simple and intuitive indexes.

TrafGo ITS SDK. Computational verbs were applied to
model vehicle trajectories and dynamics of optical field
and many other aspects of dynamics in complex en-
vironments for applications in intelligent transportation
systems (ITS).

5)

6)

7

III. COMPUTATIONAL VERB RULE BASES

A typical engineering system consists of multiple inputs and
multiple outputs as shown in Fig. 1. Since we usually observe
these input/output signals over a certain period of time, the
signals x;(t),i = 1,...,m; y;(t),j = 1,...,0 are usually
represented as time series in digital systems or waveforms in
analogue systems.

inputs outputs

x() ———> > Y0

X ——— ——> ¥,

. Engineering
o system
[ ]

Xn() ————> — y (1)

Fig. 1.
system.

Block diagram of the inputs and outputs of a typical engineering

To construct the model of the engineering system from
the observations of its inputs and outputs is the problem of
modeling. One way of modeling is to construct computational
verb rules to define the relation between the dynamical behav-
iors of x;’s and y;’s. For each input z;(t), the dynamics can
be lumped into some computational verbs. The same can be
done to each output y;(t). Therefore, a typical verb rule for
modeling an engineering system is usually of the form

IF [21 V1] Ao A [ Vi), THEN [y Vi) AL A [yo Vo] (1)

where each z; and a prescribed verb constitute a verb phase in
the antecedent while each y; and a prescribed verb constitute
a verb phrase in the consequence.

Sine each z; and y; can associate with different verbs to
form different verb phrases, there are many possible verb
rules to choose from the permutations of all possible verbs
associated to x;’s and y;’s in verb rules. Therefore, in a real-
life engineering application, we usually face a set of verb rules
of the same structure.
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A rule base is a set of rules, therefore, a rule base is also
known as an algorithm. If in a rule base,

o the relation between each rule in a verb rule base is
conjunctive, then the rule base is called conjunctive rule
base.

o the relation between each rule in a verb rule base is
disjunctive, then the rule base is called disjunctive rule
base.

Since in real-life problems, it is more difficult to find solutions
to satisfy all rules at the same time in a rule base than solutions
to satisfy one rule each time, disjunctive rule bases are more
common than conjunctive rule base.

If the relation between all verb phrases in the antecedent of
a computational verb rule is

« conjunctive, then the antecedent is called conjunctive
antecedent.

« disjunctive, then the antecedent is called disjunctive an-
tecedent.

Since in real-life problems, we usually expect all verb phrases
in an antecedent to be satisfied at the same time, it is more
commonly to use conjunctive antecedents than disjunctive
ones.

Based on all permutations of types of antecedents and types
of rule bases, we have the following four types of conjunctive-
consequent rule bases.

1) Conjunctive antecedents in disjunctive(CAD) rule base
as shown in Eq. (2).
Disjunctive antecedents in disjunctive(DAD) rule base
as shown in Eq. (3).
Conjunctive antecedents in conjunctive(CAC) rule base
as shown in Eq. (4).
Disjunctive antecedents in conjunctive(DAC) rule base
as shown in Eq. (5).

2)
3)

4)

CAD rule base (2) is the most commonly used one in real-life

problems.

Let us assume that each of the rule bases (2) to (5)
consists of n computational verb rules, in each of which the
antecedent consists of m verb phrases and the consequent
consists of o verb phrases. The rule bases (2) to (5) are
multiple-input-and-multiple-output(MIMO). We usually need
to decompose a MIMO rule base into a multiple-input-and-
single-output(MISO) rule set because the latter is easy to
implement and analyze. As an example, for each rule in CAD
rule base (2) we have

IF [21 Va] A ... A [@m Vim], THEN [y1 Vil A .. A [yo Vio)

= [1'1 Vzl] FANAAN [.CCm Vzm} — [yl \711] FANAAN [yo \N/io]

Y[zr Val Ao Alzm Vim]}V{[yr Vil Ao A Yo Viol}
= Y[z1 V] Ao Alzm Vim]} V [11 Vi)

A A w1 Val A A Vim]}V 1o Vio]
= {lz1 Va] A A [z Vim]} = [y1 Vi

Ao Az Va] A A @ Vim]} — [yof/w]

= {IF [J,‘l Vﬂ} VAN [Z’m Vlm], THEN [y1 Vzl]}
A...ANIF [21 Vil A ... A [Zm Vim]. THEN [y, Viol}.

where “ " denotes logic negation.

(©)
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IF [1'1 Vlﬂ VAN

IF [iL’l an] VAN

IF [.7,‘1 Vll} V...

IF [Il an] A...

IF [151 Vlﬂ V...

A

A

IF [J)l Vl] AV

A\

IF [1'1 an] V...

A [Zm Vim], THEN [y1 Vi1] A . A [y Viol:

AN [l‘m Vim]a THEN [yl Vzl] JANPIAY [yo Vio];

A [Zm Vam], THEN [y1 Va1l A oA [Yo Vino)-

Vv [l‘m Vlm]» THEN [yl \711] TARPAN [yo \710];

LV [II?m Vlm]7 THEN [yl Vzl] VANAN [yo Vio];

.V [#m Vam], THEN [y1 Vo] A ... A [Yo Viol.

. A[#m Vim], THEN [y1 Vii] A ... A [yo Vi)

N [{Em Vim]s THEN [yl V’Ll] FANPIAY [yo Vio];

A [ Vam]s THEN [y1 Vot] A oA [Yo Vil

V [Zm Vim], THEN [y1 Vi1] A . A [y Viol:

V [Zm Vim]s THEN [y1 Vii] A . A [ye Viol;

V [®m Vam], THEN [y1 Va1l A cooA [Yo Vino)-

INTERNATIONAL JOURNAL OF COMPUTATIONAL COGNITION (HTTP://WWW.IJCC.US), VOL. 6, NO. 3, SEPTEMBER 2008

@

3)

“

)



{IF [xl Vnﬂ V...

The MIMO verb rule base (4) can be transformed into the

V [#m Vam], THEN [y, Viol}
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Therefore, we can transform the MIMO verb rule base (2) following MISO verb rule base.
into the following MISO verb rule base. ~
g {IF [£1 V1] A .. A [ Vim]. THEN [y1 Vi]}
VAN
~ {IF [z1 V1i1] A ... A [2m Vim], THEN [y, Vi,]}
{IF [xl Vll] AN [{Em Vlm], THEN [yl Vll]} A
VANINVAN .
{IF [.131 Vll] A A [],‘m Vlm], THEN [yo Vlo]} A
V ~
{IF [CCl Vzl] VANIRAN [l‘m Vim]’ THEN [yl Vzl]}
VANRAN
v . {IF [21 Vi1] A+ .. A [ Vim], THEN [yo Vio]}
VANINVAN .
{IF [z1 Vi1] A ... A [Zm Vim], THEN [y, Vio|}
A\
\Y ~
{IF [.7,‘1 an} ARRIA [xm V’rwn]a THEN [yl an]}
VANRRAN
v . {IF [21 Vat] A+ .. A [Zm Vi), THEN [y, Vio]}
VANIAAN
& The MIMO verb rule base (5) can be transformed into the
IF Vv e \% THEN \%
{IF [z1 Via] A Al Vi), [Wo Vnol} following MISO verb rule base.
{IF [z1 V11] V...V [Zm Vim], THEN [y; V11]}
VANRAN
{IF [1'1 Vll} V...V [SUm Vlm]’ THEN [yo Vlo]}
Similarly, the MIMO verb rule base (3) can be transformed A
into the following MISO verb rule base.
A\
~ IF T Vil V...Vi|izy, Vlm,THEN Y1 \7i1
{IF [xl Vll] V...V [l‘m Vlm]» THEN [yl Vll]} f\ [/\ ] [ ] [ ]}
Ao {ﬁ:”[ Vi1] V...V [#m Vim], THEN [y, Vio|}
= Ty Vi1 s V[ Tm Vim]s Yo Vio
{IF [l‘l Vll} V...V [Im Vlm]v THEN [yo Vlo]} A
\/ .
y A\
. IF (21 Vy1] V...V [Zsm Vi, THEN [y; V.,
{IF [z Vi1] V...V [t Vim], THEN [y1 Vii]} i [Al 1 [ ] b Vaal}
N A {Ii?”[ Vo] V...V [Zm Vi), THEN [y, Voo|}
7 X n ce 'Tﬂ’L nm/|» n
{IF [21 Vi1] V...V [£m Vim]. THEN [y, Vsol} L Yo Yo 10
V
All consequences in rule bases (2) to (5) are conjunctive.
If these conjunctive consequences are replaced by disjunctive
v B consequences, then we have the following four types of rule
{IF [z1 Va1] V...V [Zm Vam], THEN [y Vai]} bases.
A A 1) Conjunctive antecedents in disjunctive(CAD) rule base

as shown in Eq. (11).

2) Disjunctive antecedents in disjunctive(DAD) rule base

®) as shown in Eq. (12).
3) Conjunctive antecedents in conjunctive(CAC) rule base

as shown in Eq. (13).
4) Disjunctive antecedents in conjunctive(DAC) rule base

as shown in Eq. (14).
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IF [1'1 Vlﬂ VAN

IF [iL’l an] VAN

IF [.7,‘1 Vll} V...

IF [Il an] A...

IF [151 Vlﬂ V...

A

A

IF [J)l Vl] AV

A\

IF [1'1 an] V...

A [Zm Vim], THEN [y1 Vi1] V ...V [y Viol:

AN [l‘m Vim]a THEN [yl Vzl] V...V [yo Vio];

A [Zm Vam], THEN [y1 Va1l V..oV (Yo Vio)-

Vv [l‘m Vlm]» THEN [yl \711] V...V [yo \710];

LV [II?m Vlm]7 THEN [yl Vzl] V...V [yo Vio];

.V [#m Vam], THEN [y1 Voi] V ...V [Yo Viol.

. A[#m Vim], THEN [y1 V1] V ...V [yo Vio);

N [{Em Vim]s THEN [yl V’Ll] V...V [yo Vio];

A [ Vam]s THEN [y1 Vot] V...V [yo Vinol.

V [Zm Vim], THEN [y1 Vi1] V ...V [y Viol:

V [Zm Vim]s THEN [y1 Vii] V ...V [yo Viol;

V [@m Vam], THEN [y1 Va1l V ..oV [Yo Vio)-
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(12)

13)

(14)



YANG, COMPUTATIONAL VERB RULE BASES 29

Similarly, we can transform the MIMO verb rule base (11)
into the following MISO verb rule base.

following MISO verb rule base.

{IF [xl Vnﬂ V...

V [Zm Vm], THEN [y, Vil }
(16)

The MIMO verb rule base (13) can be transformed into the

{IF [z1 V11] A ... A [Zm Vim), THEN [y1 Vi1]}
V...V
. IF [z1 Vi1l A ... A [Zm Vim], THEN [y, Vi,
{IF [21 V1] A ... A [£m Vim]. THEN [y1 Vi1]} i [ Vil (7 Vi o Viel)
V...V
{IF [.131 Vll] AN A [],‘m Vlm], THEN [yo Vlo]}
v A\
{IF [xl Vzl] AL A [l‘m Vim]a THEN [yl Vzl]}
V...V
\/ ~
~ IF [z Vz A A I'mvim,THEN yOViO
{IF [21 Vat] A .. A [ Vim], THEN [y1 Va]} i b Val [ ] o Vol
V...V
{IF [z1 Vi1] A ... A [Zm Vim], THEN [y, Vio|}
v A\
{IF [z1 V1] A ... A [Zm Vi), THEN [y1 Vpi]}
V...V
\/ ~
~ IF [x1 Vo1l Ao Axm V], THEN [y, Vio
{IF [21 Viot] A ... A [ Vi), THEN [y Vyu]} {IF [ V] | ] [ ]}(17)
V...V
{IF [21 Vo] A~ .. A [2m Vi, THEN [y, \7%]} The.MIMO verb rule base (14) can be transformed into the
(15) following MISO verb rule base.
{IF [z1 V11] V...V [Zm Vim]. THEN [y3 V11]}
V...V
) {IF [1‘1 Vll] V...V [:I?m Vlm]’ THEN [yo Vlo]}
The MIMO verb rule base (12) can be transformed into the A
following MISO verb rule base.
AN
{IF [361 Vll} V...V [mm Vlm], THEN [yl \711]} {IF [1‘1 Vzl] V...V [{Em Vim], THEN [yl Vzl]}
V...V
V...V ~
{IF [35'1 Vll} Ny, [Zm Vlm], THEN [yo \710]} {IF [CCl VLI] V...V [l'm Vim]’ THEN [yo Vw]}
v AN
v AN
{IF [y Var] V ..V [ Vi) THEN [y Vir]} {IF o Via] V.o V[ V], THEN [y Via}
V...V
V...V ~
{IF [561 Vzl] VY [xm Vym], THEN [yo \7@0}} {IF [xl an} V...V [xm V’rwn], THEN [yo V'rw]}
(18)
V
IV. PROPERTIES OF COMPUTATIONAL VERB RULE BASES
v . The basic properties of verb rule bases are defined as
prop
{IF [x1 Vp1] V...V [Zm Viam], THEN [y Via]} follows.
V...V Definition 1 (Complete): A computational verb rule base is

complete if and only if all possible permutations of computa-
tional verb phrases of the inputs are included in the antecedents
of the rule base.

Definition 2 (Incomplete): A computational verb rule base
is incomplete if and only if at least one permutation of
computational verb phrases of the inputs is missing in the
antecedents of the rule base.
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Definition 3 (Exhaustive): A computational verb rule base
is exhaustive if and only if all possible permutations of
computational verb phrases of the outputs are included in the
consequences of the rule base.

Definition 4 (Non-exhaustive): A computational verb rule
base is non-exhaustive if and only if at least one permutation
of computational verb phrases of the outputs is not included
in the consequences of the rule base.

Definition 5 (Consistent): A computational verb rule base
is consistent if and only if each permutation of computational
verb phrases in the input is mapped onto only one permutation
of computational verb phrases of the outputs.

Definition 6 (inconsistent): A computational verb rule base
is inconsistent if and only if at least one permutation of
computational verb phrases in the input is mapped onto more
than one permutation of computational verb phrases of the
outputs.

Definition 7 (Monotonic): A computational verb rule base
is monotonic if and only if each permutation of computational
verb phrases in the output is mapped from only one permuta-
tion of computational verb phrases of the inputs.

Definition 8 (Non-monotonic): A computational verb rule
base is non-monotonic if and only if at least one permutation
of computational verb phrases in the output is mapped from
more than one permutation of computational verb phrases of
the inputs.

A very good computational verb rule base is most likely
complete, non-exhaustive, non-monotonic and must be consis-
tent. However, in real-life applications, a useful computational
verb rule base doesn’t need to be “very good” in order to be
“useful”. The degree of usefulness of computational verb rule
bases with all permutations of different properties are listed in
Table I where the last column shows the degree of usefulness
of the rule base. The degree of usefulness are lumped into three
categories represented by H(hight), M(medium) and L(low).
Observe that the consistent and complete verb rule bases are
of high degree of usefulness, the consistent and incomplete
ones are of medium degree of usefulness while the inconsistent
ones are of low degree of usefulness. Since a verb rule base
of M degree of usefulness is incomplete, we can upgrade it
into H degree by constructing additional verb rules based on
additional observations.

V. FORMAL PRESENTATION OF COMPUTATIONAL VERB
RULE BASES USING BOOLEAN MATRICES

Definition 9 (Boolean matrix): An m x n Boolean matrix
is a matrix consisting of m rows and n columns and, of which
each element can only take O or 1 as its value.

The formal presentation of a computational verb rule base
using Boolean matrix is constructed as follows.

1) Label the rows of the Boolean matrix with all permuta-
tions of computational verb phrases of inputs;

2) Label the columns of the Boolean matrix with all
permutations of computational verb phrases of outputs;

3) If an element corresponds to a mapping between an input
permutation to an output permutation, then set its value
to 1. Otherwise, set its value to 0.

TABLE I
THE DEGREE OF USEFULNESS OF COMPUTATIONAL VERB RULE BASES
WITH PERMUTATIONS OF DIFFERENT PROPERTIES OF COMPUTATIONAL
VERB RULE BASES (Y=YES AND N=NO).

no. | complete | exhaustive | consistent | monotonic | degree
1 Y Y Y Y H
2 Y Y Y N H
3 Y N Y Y H
4 Y N Y N H
5 N Y Y Y M
6 N Y Y N M
7 N N Y Y M
8 N N Y N M
9 Y Y N Y L
10 Y Y N N L
11 Y N N Y L
12 Y N N N L
13 N Y N Y L
14 N Y N N L
15 N N N Y L
16 N N N N L
TABLE II
LABELING THE BOOLEAN MATRIX FOR VERB RULE BASE (19)
Input/output | II | ID | DI | DD
111 0 0 0 1
11D 0| 0 0 0
IDI 0| 0 0 0
IDD 0| 0 0 0
DII 0 1 0 0
DID 0| 0 0 0
DDI 1 0 0 0
DDD 0| 0 0 0

Example 1: Consider the following verb rule base of which
both input and output take two computational verbs increase
and decrease.

IF [z7 increase] A [zg increase] A [z3 increase],

THEN [y; decrease] A [y2 decrease];

IF [z decrease] A [xo increase] A [z3 increase],

THEN [y; increase] A [y2 decrease];

IF [z, decrease] A [z2 decrease] A [z3 increase],

THEN [y; increase] A [yz increase].

(19)

The Boolean matrix is constructed as shown in Table II and
given by

0 0 01
0 0 0 O
0 0 0 O
0 0 0 O
01 0 0 (20)
0 0 0 O
1 0 0 O
0 0 0 O

Based on the formal presentation of verb rule bases using
Boolean matrices, the properties of verb rule bases can be
easily defined as follows.

Definition 10 (Complete): A verb rule base is complete if
and only if there is at least one 1 in each row of its Boolean
matrix.



YANG, COMPUTATIONAL VERB RULE BASES

Definition 11 (Incomplete): A verb rule base is incomplete
if and only if there is at least one row of its Boolean matrix
consists of all 0’s.

Definition 12 (Exhaustive): A verb rule base is exhaustive
if and only if there is at least one 1 in each column of its
Boolean matrix.

Definition 13 (Non-exhaustive): A verb rule base is non-
exhaustive if and only if there is at least one column of its
Boolean matrix consists of all 0’s.

Definition 14 (Consistent): A verb rule base is consistent
if and only if there is no more than one 1 in each row of its
Boolean matrix.

Definition 15 (inconsistent): A verb rule base is inconsis-
tent if and only if there is at least one row of its Boolean
matrix consists of more than one 1.

Definition 16 (Monotonic): A verb rule base is monotonic
if and only if there is no more than one 1 in each column of
its Boolean matrix.

Definition 17 (Non-monotonic): A verb rule base is non-
monotonic if and only if there is at least one column of its
Boolean matrix consists of more than one 1.

VI. MERGING COMPUTATIONAL VERB RULE BASES

Given the following two computational verb rule bases

B :
IF [1Vi] Ao A [2m Vi)
THEN [y1Vir] A+ A [YoViol:
B; :
IF [#1Vj1] Ao A 36V,

i=1,....,.n55=1,...,m. 21
Let 2B, and B, be the Boolean matrices of B, and Bs,
respectively. And assume that 8, and B, are p; X ¢; and
p2 X qo Boolean matrices, respectively. The permutations of
verb phrases for inputs used by 3, and 3, are packed into
two vectors x; and xo, respectively. x; is p; dimensional
while x5 is po dimensional. The permutations of verb phrases
for outputs used by #; and W3, are packed into two vectors
vy, and y,, respectively. y; is ¢; dimensional while y, is g2
dimensional. Observe that ; and y, are row label vector and
column label vector of B, respectively. And x5 and y, are
row label vector and column label vector of 85, respectively.

Let ‘B be the Boolean matrix of the merging verb rule base
B = W81+ 5. B is a p1p2 X q1¢2 matrix. Let « and y denote
the row label and column label vectors of ‘B, respectively. x
and y are pi1p> and ¢1¢2 dimensional matrices, respectively.
Then we have

= I'W(ibl © :B2T)a

y = rw(y, ©yy) (22)

where rw(A) denotes the operation of repack elements of
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matrix A into a vector. For example,

The symbol “®” denotes a symbolic dot product illustrated as

follow.

(3)eCi23)=( 5 )
(5)oCa b er=(m 5 i)
(3)eCr2a)=(5 0 i) e

Let’s pack all elements of 8, and 85 row wise into piq:-
vector v1 and page-vector vo, respectively. Calculate a p1q1 X
pogo matrix A as

rw(j 2 ; (23)

0 QO R

SR TR N

A=wvivg =1w(B)[rw(B)]". (25)
We split A into a p; X ps block matrix as follow
An Aip,
A= : : (26)
Apll A,’D1P2
where A;;,4 = 1,...,p1;55 = 1,...,p2 are g1 X g2 matrix.

Then we first repack all A;; row-wisely and then repack each
A;; row-wisely to form the Boolean matrix as

{rw(A1)}’
{rw(Aup)} '
B = : 27
{rw(4p0)}"
{rW(A;DlIh)}T
Example 2: Let B and 55 be
1 0 0 1 1
%12(1 1>7%2=(1 0 1)7 (28)

the row label and column label vectors of ‘B; are given by

e(1)0-(5)

and row label and column label vectors of B2 are given by

1 3
To = ) Yo = 4
)

(29)

(30)
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The row label vector and column label vector of B are given

by
a3
al ol
a2 ad
b2 (4
35
We calculate matrix A as
A = rw(B))[rw(By)]"
T
0
1 1
B 0 1
o 1 1
1 0
1
01 1 1 01
0O 00 0 00O
- 01 1 1 0 1 ’ (32)
01 1 1 01

from which the block matrices are given by

0 1 1 1
A11<0 0),1412(0

0
011 1
A21—<O 1 1)7A22—<1

Then B is given by

1

0 Y
1

1 ) (33)

oo OO

011000
101 0 00

B = 011011 (34
101 1 01

w2

A fast algorithm to calculate B i
Algorithm 1: Let B1 = {b1(i,j
structed as

given as follow.
}, then B can be con-

~—

b1(171)%2 bl(laql)%Q

B = (35)

b1(p1,1)B2 b1(p1,q1)Be
Example 3: Let us use the fast algorithm to redo Exam-

ple 2.

01 1 01 1
%711010101
Tl 0ty (011
101 101
011000
101000
“lo11011 (36)
101101

VII. SPLITTING COMPUTATIONAL VERB RULE BASES

The reverse process of merging verb rule bases as presented
in Section VI is to split a verb rule base into two verb rule
bases. It follows from Algorithm 1 that only 18 with Boolean
matrix ‘B of the form in Eq. (35) can be split into two W5’s.

Algorithm 2: For any pi1ps X q1q2 Boolean matrix ‘B, let
us split it into p; x ¢ block matrices {A;;}. If A;;’s can
be categorized two classes, one of which consists of all zero
elements and the other of which consists of at least one 1,
then B can be split into the following two Boolean matrices.

0, if A;; contains no 1,
By = {bij}, bij = { 1, if Aij- contains at least one 1,

(37

By = A;;, if A;; contains at least one 1.
Example 4:
01 000O0O0OTI1O
01 000O0O0OT1O
B = 000010000 (38)
00 0O010O0O0O0
2x3

Observe that if we choose A;; to be 2 x 3 matrices, then A;;
can be categorized into the following two types:

010 0 0 0
Al(o 10>’A0<000>' 39)
And we have
(A A Ay
B = ( A AL A > (40)
Therefore, B can be split into
1 0 1 010
B, = 01 0 ,%2—A1_<0 1 0). (41)
Example 5: In Example 4 if we choose
A1:(O 1 0)7A0:(000), (42)
then
A Ay Ay
| A Ay A
B4 4 A “3)
Ao A1 A
Therefore, B can be split into
1 01
1 01
Bi=| 1 o [Ba=A4=(010) ¢4
010

Observe from Examples 4 and 5 that some verb rule bases
can be split into different sets of verb rule bases.

VIII. CONCLUDING REMARKS

To manage the complexity of verb rule models of engineer-
ing systems, we need to either merge or split verb rule bases.
When two verb rule bases are closely related to each other, we
usually merge them into one. On the other hand, if it becomes
too difficult to handel a big verb rule set, we usually split it
into smaller verb rule bases. However, not all big rule bases
can be split into smaller ones. Boolean matrices provide us
with an efficient tool to study the properties of verb rule bases
and a tool to merge and split verb rule bases. However, to split
a big verb rule base into smaller ones is lack of general method
though Algorithm 2 provides an easy way to split verb rule
bases of special configurations. To split big verb rule bases
is much more important than to merge small verb rule bases
because in engineering we usually divide a complex problem
into controllable small ones. Therefore, future studies will be
focused on splitting verb rules bases.
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