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Abstract

The resource space model (RSM) is a model for organizing versatile resources in normal forms and providing uniform resource
management operations. In applications, we find three important factors that influence the effectiveness of organizing and operating
resources: natural semantics of resources, resource providers’ beliefs, and resource users’ beliefs. The relationship between the three
factors influences the effectiveness of resource management operations. This paper proposes a fuzzy resource space model (FRSM),
which consists of a fuzzy resource space and a fuzzy operation language expressing the resource providers’ beliefs and the resource
users’ beliefs. By properly dealing with the two kinds of beliefs, the FRSM improves the RSM in effectively managing resources. The
proposed model has been implemented in the Knowledge Grid platform VEGA-KG.
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1. Introduction

The current Web resources have three major char-
acteristics: rapid expansion, global disorganization, local
autonomous, and separation of machine-understandability
and human-understandability. Their combinatorial effect
determines that the previous resource sharing and
management approaches could hardly stride over the
barriers of the accuracy, effectiveness, and efficiency
when using the globally distributed Web resources, al-
though many Web-based approaches have made some
limited success (Henzinger, 2001). People are targeting
the next-generation Web. The Grid (http://www.gridfo-
rum.org), the Web Service (http://www.webservice.org),
and the Semantic Web (http://www.semanticweb.org)
are three examples of this effort.

The Web Service aims at providing an open platform
for the development, deployment, intelligent interaction,
and management of globally distributed e-services. Web
standards like Web Service Description Language,
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Simple Object Access Protocol and Universal Definition
Discovery and Integration play the key role in Web
Service.

The Grid is a technology that enables a large-scale
distributed computing system to share, manage, coordi-
nate, and control distributed computing resources (Fos-
ter, 2000). The resources could be computers, networks,
data, and any types of computing devices. The key ideal is
that any compatible device could be plugged in anywhere
onto the Grid and be guaranteed a certain level of services
regardless of where those resources might come from, just
as the power grid. The Grid aims at a new interconnect
mechanism that is independent of the current Web. The
Global Grid Forum was established in 2001 to promote
and develop Grid technologies and applications (http://
www.gridforum.org). The current Open Grid Service
Architecture has absorbed the idea of Web Service.

The Semantic Web is an effort to improve the current
Web by making the Web resources machine-under-
standable, because the current Web resources could not
reflect machine understandable semantics (Hendler,
2001; McHraith et al., 2001). Currently, research on the
Semantic Web mainly focuses on ontology, logic, and
markup languages such as Resource Description
Framework (RDF) (Klein, 2001), Ontology Inference
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Layer, and DARPA Agent Markup Language (Hendler
and McGuinness, 2000). Intelligent indexing and
semantic retrieval of multi-model documents have been
investigated (Srihari et al., 2000). The Semantic Grid is
the combination of the Grid and the Semantic Web
(http://www.semanticgrid.org).

A special Semantic Grid model VEGA-KG has been
proposed (Zhuge, 2002a). It inherits the standards sug-
gested by the Semantic Web community and uses new
resource organization model (Zhuge, in press). It aims at
a new interconnection platform that can normally
organize, semantically interconnect and intelligently
cluster versatile resources. A soft-device model has been
proposed as the uniform resource model of the Semantic
Grid environment (Zhuge, 2002b). The kernel of the
VEGA-KG model includes a resource space model
(RSM) and a uniform resource-using mechanism. The
RSM is a uniform coordinate system with independent
coordinates and orthogonal axes for correctly and effi-
ciently organizing and managing resources. It is different
from the traditional relational data model, the nest
relational model, and the object-oriented model in no-
tion, theory and method (Codd, 1970; Mok, 2002;
Rumbaugh et al., 1991). The uniform resource-using
mechanism includes an operable resource browser, a
resource-using engine, an SQL-like resource operation
language (ROL), an operation enactment mechanism,
and an application development environment. The
operable resource browser provides an easy-to-use
interface for end-users to select the proper resources and
operation, determine operation parameters, and then
submit the operation. The resource-using engine accepts
the submitted operation and then performs the opera-
tions according to the types of the resources to be
operated. The ROL supports the end-users carrying out
one-stop operations or the application developers com-
posing resource operation programs to realize applica-
tions. The ROL also supports the application systems
using the resources and the resource browser operating
the resources. The end-users can use either the applica-
tion system to process domain business or a resource
browser to directly operate the resources.

In applications, we find three important factors that
influence the effectiveness of organizing and operating
resources: the natural semantics of resources, the resource
providers’ beliefs, and the resource users’ beliefs. The
main intention of this paper is to propose a fuzzy re-
source space model (FRSM) to improve the RSM in
effectively managing resources by properly dealing with
the relationship between the three factors.

Human factors have been studied in human-com-
puter interaction area concerning users’ cognitive mod-
els, distributed cognition, and knowledge reuse (Hollan
et al., 2000; Ritter and Young, 2000; Sutcliffe, 2000), as
well as in cognitive cooperation aspects (Zhuge, 2000).
These previous work neglected an important phenome-

non that users can be dynamically classified into two
categories: the resource providers and the resource users.
Any user plays the role of either the resource provider or
the resource user at a certain time. The match degree
between the beliefs of the two roles affects the effec-
tiveness of resource retrieval and management. The
effective organization of versatile resources is also an
important factor of raising the efficiency and effective-
ness of resource retrieval and management.

2. Resource space model

A resource space is an n-dimensional space where ev-
ery point determines a set of resources, denoted as
RS(X1, Xz, ..., X,), where RS is the name of the resource
space and X; is the name of an axis. |RS| denotes the
number of dimensions, |RS| =n. X; = (Ci1,Ci, ..., Ci)
represents an axis with its coordinates and their order.
Two axes are called the same if their names are the same
and all the corresponding coordinates are the same. R(C;)
denotes all the resources determined by coordinate C;.

Assumption 1. An ontology-service mechanism is avail-
able: Output = Ontology—Service(Input). The input
parameter is a word or a word phrase. The ontology-
service outputs a word set with the following elements:
the synonym(s), the abstract-concept(s), the specific-
concept(s), and the instance(s) of the input word.

Definition 1. A coordinate C is independent of another
coordinate C' if C & Output = Ontology — Service (C').

Definition 2. Let X = (Cy,C5, ..., C,) be an axis and C;
be a coordinate at another axis X', we say X fine clas-
sifies C; (denoted as C;/X) if and only if:

(1) R(C1) NR(C)) # d%
R(C2) NR(C) # ¢, ..., and R(C,) N (C) b
2 éR(Cl R(C)) N ( (C 2) NR(G)) N0 (R(C) N
, an

)N

) =

1)NR ( G

) NR(C)
As the result of the fine classification, R(C}) is clas-

sified into n categories: R(C!/X) = {R(Ci) NR(C}),

R(C2) NR(C)), .-, R(C) NR(C)}.

(C; nd,
(3) (R(C JU(R(C)NR(CH)U...U
(R(C ) =

R(C!) hold.

Definition 3 (Fine classification). For two axes X =
(C1,Cy,...,C) and X' = (C},C,,...,C ), we say X fine
classifies X’ (denoted as X'/X) if and only if X fine

classifies C},C,, ..., and C,,.

Definition 4 (Orthogonality). Two axes X and X’ are called
orthogonal each other (denoted as X | X’) if X fine
classifies X" and vice versa, i.e., both X’ /X and X /X" hold.
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For example, KnowledgeLevel = (Concept, Axiom,
Rule, Method) | Discipline = (Computer, Communication,
Ecology, Math) because of (Concept, Axiom, Rule, Method)
constitutes a fine classification of every coordinate of the
“Discipline” axis and (Computer, Communication,
Ecology, Math) also constitutes a fine classification of
every coordinate of the “Knowledge Level” axis. To answer
the question of what is a good design of the resource
space, we need to define the normal forms of the resource
space.

Definition 5. The first-normal-form of a resource space is
a resource space, and there does not exist name dupli-
cation between coordinates at any axis.

Definition 6. The second-normal-form of a resource space
is a first-normal-form, and for any axis, any two coor-
dinates are independent of each other.

Definition 7. The third-normal-form of a resource space is
a second-normal-form where any two axes are orthog-
onal each other.

The three normal forms provide the designers the
guidelines to design a proper resource space. The setting
of the coordinates of a resource space is relevant to the
type of resources. The role of the three normal forms is
very similar to the normal forms of relational data
model. The main differences are that the former is based
on orthogonal classification and the latter is based on
functional dependence relationship, and that the former
is used for organizing versatile resources and the latter is
used for organizing atomic data.

We have applied the RSM to organize and manage
information, knowledge and service resources (http:/
kg.ict.ac.cn). Fig. 1 shows the retrieval interface of the

A Knowledge Grid Site - Microsoft Internet Explorer
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Knowledge Grid, where the middle portion is a two-
dimensional knowledge space and the lower portion is
the operation interface corresponding to an operation
button at the up-portion. An operation process includes
the following steps: (1) choose an operation by clicking
the relevant operation button; (2) choose a node of the
category tree shown on the left portion; (3) choose a
rectangle in the two-dimensional space by moving the
mouse and then clicking the right point; (4) complete the
query statement; and, (5) submit the query by clicking
the “go” button.

3. Fuzzy resource space
3.1. Fuzzy semantics of resources

The management and retrieval of resources can be
regarded as a kind of resource-mediated human-to-hu-
man interaction processes. The efficacy and efficiency
are closely related to the consensus between people’s
understandings of resources when providing and using
resources. Resources have the following fuzzy charac-
teristics:

(1) Overlap between some resources’ natural classifica-
tion semantics. This naturally hinders resource pro-
viders from correctly putting resources into the
exact categories and retrieving the right resources
from the exact categories.

(2) Resource providers’ fuzzy beliefs on the classification
of the resources they provide. This causes a resource
to be put into an incorrect category.

(3) Resource users’ fuzzy beliefs on the category of the re-
sources they expect to use, i.e., users do not know the
exact category that the required resources belong to.
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Fig. 1. Knowledge retrieval interface of the Knowledge Grid.
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The current resource retrieval and management ap-
proaches do not deal with the above fuzzy characteris-
tics. Users have to specify the exact resource retrieval
condition even though they are not sure.

3.2. Fuzzy resource space

Recall and precision are criteria for assessing the
effectiveness of information retrieval. They are defined
as: recall = the number of relevant resources retrieved/
the number of relevant resources existing, and pre-
cision = the number of relevant resources retrieved | total
number of resources retrieved. Users of different appli-
cation domains have different requirements on the
lowest recall and precision.

Assumption 2. There exist the lowest recall and precision
that satisfy the application requirement of the given
domain, denoted as #;econ a0d Nprecision-

Based on the fuzzy set theory (Zadeh, 1965), we de-
fine the fuzzy resource space as follows.

Definition 8. Let RS(X}, X5, ..., X,) be an n-dimensional
resource space, C;; be the coordinate of X, i, € [0, 1] be
the resource provider’s belief on whether the
resource belongs to category Cyj (i, + py; + -+ + py; = 1).
A Fuzzy Resource Space of RS(X,,X,,...,X,) is an n-
dimensional fuzzy space represented as FRS
(Fl/Xl,Fz/Xz, e ,E,/X,,), whereF,- = (uil/C,-l,,uiz/C,-g, ceey
W,/ Cin) 1s a fuzzy set on X;.

The fuzzy resource space (FRS) is defined together
with the corresponding resource space. In application,
we can first use the RSM to define and normalize the
resource space, then define the corresponding fuzzy re-
SOUTCE SPACES. Myl ANA Mprecision determine the o-level
fuzzy sets on the fuzzy resource space that meets the
needs of domain applications. For example, Fig. 2
shows a two-dimensional fuzzy resource space: FRS
(F/X,F,/Y). The expected fyecan and 7precision determine
two a-level fuzzy sets on F; and F;, which determine two
rectangle regions in the space.

3.3. Fuzzy resource operations

A fuzzy resource operation language (FROL) sup-
ports users to operate resources in the fuzzy resource
space. We have developed the FROL based on the
syntax and semantics of our previously developed re-
source operation language ROL (Zhuge, 2002a). The
major difference is their condition portions. The syntax
of the condition portion of the FROL is:
(F1/X)&(F/X0)& ... &(F,/X,), which specifies the
fuzzy resource spaces that contain the resources to be
retrieved. The following are two examples of the FROL

Located resources

0

.
>

X
Fig. 2. Resource location in a two-dimensional fuzzy resource space.

for putting a resource into and getting a resource from a
FRS respectively.

PUT R INTO FRS WHERE (EX =0.5/X1+
0.2/X2+0.3/X3)&(FY =0.4/Y1+0.3/Y2+0.3/Y3)
GET* FROM FRS WHERE (EX =0.4/X1+
0.3/X2 + 0.3/X3)&(FY = 0.4/Y,+ 0.4/Y2 +0.2/Y3)

The put operation assigns resource R the provider’s
belief 14viger- The get operation provides the resource
user’s belief yi,.. Usually the retrieval result is a set of
resources that satisfies: (1) e, Matches yoidger N @
certain degree; (2) the recall of the returned result
= Necans and, (3) the precision of the returned result
Z Nprecision*

The FROL enables developers to compose resource
operation programs to realize domain applications. We
have implemented the operation interface as shown in
Fig. 3 to support end-users directly operating resources.

4. Implementation, analysis and strategy
4.1. Implementation

The FRSM and the operation language have been
implemented in the initial version of the Knowledge
Grid platform VEGA-KG (http://kg.ict.ac.cn) and
published online since 2001. The structure and semantics
of resources in the FRS are represented by the XML and
RDF (Klein, 2001; http://www.w3c.org/RDF/). Seman-
tic relationships between resources are represented by
semantic links rather than traditional hyperlinks. Fig. 3
shows the fuzzy knowledge retrieval interface, where the
middle portion shows the two-dimensional resource
space, and the lower portion displays the interface for
specifying the constraint of the fuzzy retrieval. The
operation process of the interface is the same as Fig. 3
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Fig. 3. Interface of fuzzy retrieval in fuzzy knowledge space.

except for the lower portion that determines the user’s
beliefs on the coordinates of two axes. The retrieval
result is displayed in the lower portion of the interface
shown in Fig. 4. The interface for putting knowledge
into the knowledge space is similar to that shown in Fig.
3. Currently, we are implementing the fuzzy Service
Grid by using the FRSM.

4.2. Impact analysis

The resource retrieval operation is the basis of re-
source management operations, so we herein focus on

JI‘FF(D fEE EEFW dWme TITA@ #Bhoo

analyzing its precision and recall. Previous work on
information retrieval mainly focuses on technical as-
pects like the improvement of the efficiency and effec-
tiveness (Flake et al., 2002; Srihari et al., 2000). In the
following, we analyze the human factors in retrieval
process.

Table 1 shows the relationship between the resources’
natural characteristic, the resource providers’ belief, the
resource users’ belief, and their impact on the retrieval
result in case of without using the fuzzy beliefs.
“R € AU B” means that resource R belongs to or is put
into both 4 and B. “R € 4 or R € B” means that the
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Fig. 4. Interface for displaying results of fuzzy retrieval.
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Impact analysis of exact resource retrieval

Resources’ natural characteristic

Resource providers’ beliefs Resource users’ beliefs

Impact on retrieval result

Reference value

Re4

RecAUB

R ¢ any subspace
ReAUB
ReAUB
RecAUB

ReA

Re4

Re4d

R ¢ any subspace
R ¢ any subspace
Re4

ReA

R ¢ any subspace

Re4 Re4d + +1
ReAUB ReAUB + +1
R ¢ any subspace R ¢ any subspace + +1
Re4 Re4 + +0.9
Re4 ReAUB + +0.7
ReAUB ReA + +0.7
ReAorReB ReAorReB + +0.4
ReAorReB ReA + +0.4
R&A R&A 0 0
ReA ReA 0 0
Re4 R¢A - -1
Re4 R¢&A - -1
R¢ A Red - -1
R ¢ any subspace Re4 - -1

Note: A and B are the subspaces that contain resource R, “+” means positive,

most negative, and “0” means neutral impact.

provider does not know exactly which category (4 or B)
resource R belongs to, but he/she must decide to put the
resource into a category. The consistence among the
three factors forms the positive impact on the retrieval
result.

Table 2 considers the fuzzy characteristics of the re-
source providers’ beliefs and the resource users’ beliefs
and their impact on the retrieval result in case of using
the fuzzy beliefs. “R € A U B with u;” means that the
provider should put R into both 4 and B with the same
belief ;. For the provider, “R € 4 with u; or R € B with
u,”” implies that the provider does not know exactly
which category (4 or B) resource R belongs to, he/she
can put the resource into both 4 and B but with different
beliefs. The degree of impact on retrieval result is a value
in [0, 1], the larger one means more positive impact on
the retrieval result.

To compare the effectiveness of the fuzzy and exact
retrieval approaches under different conditions, we have
carried out experiment by selecting the exact “get”
operation and the inexact “get” operation of the

Table 2
Impact analysis of fuzzy resource retrieval

TR

means negative, ““+1”” means the most positive, “—1” means the

Knowledge Grid prototype (see http://kg.ict.ac.cn). We
assume that the resource’s natural characteristic is
“R €A ”, the resource provider’s belief is “R € 4 with
u;”, and the resource user’s belief is “R € 4 with g’ in
the fuzzy approach. Table 3 shows the average retrieval
results of three times independent experiments. The
number of retrieval results of the exact approach is exact
and reduces sharply with the increase of the number of
keywords under “and” conjoint condition. The number

Table 3
Comparison between the number of retrieval results of the exact and
fuzzy approaches

No. Condition Exact Fuzzy
approach approach

1 Without keyword 13 0-51

2 1 keyword 8 0-36

3 2 AND keywords 3 0-13

4 3 AND keywords 3 0-8

5 2 OR keywords 12 0-43

6 3 OR keywords 12 0-49

Resource’s natural
characteristic

Resource providers’
beliefs

Resource users’ beliefs

Degree of impact on retrieval result

Re4 R € 4 with y, R € 4 with g}

Re4 R € 4 with g, R & A with g}

ReA R & 4 with g, R & 4 with p}

Re4 R & A with y, R € 4 with g}

Re4 R €A with yy orReB R e A4 with ij orRe B
with , with

RecAUB R €A with yy orReB R €A with ij orRe B
with , with 1),

RecAUB R € AU B with y, R € AU B with )

R ¢ any subspace R € 4 with g, R € A4 with

R ¢ any subspace R € 4 with y; R & A with g}

R ¢ any subspace R ¢ any subspace R € A4 with

Min(py, i) /Max(uy, ;)
in(u, 1 — 4f)/Max(u, 1 — 1))
in(l — gy, 1 — py)/Max(1 — g, 1 —4y)
in(l — gy, 1)) /Max(l — gy, 41y
0.5« (Min(rulv:u’l)/MaX(iu] ) Iu,l) + Min(#z»ﬂ’z)/MaX(sz :“/2))

£

0.5+ (Min(u, ;) /Max(py, 1) + Min(uy, 1) /Max(py, 15))

Min (g, 4)/Max (g 1)
0.8 Min(uy, 4y)/Max(py, i)
0.4+ Min(p,, 1 — pj)/Max(p;, 1 — 1)

!
-1

Note: A and B are the subspaces that contain resource R.
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Fig. 5. Recall and precision of resource space search.

of retrieval result of the fuzzy approach is a range
determined by the matching degree of the resource
provider’s belief and the resource user’s belief. The
range is narrowed quickly with the increase of the
number of keywords under “and” conjoint condition.

Fig. 5 compares the recall and precision with the
change of constraints (the number of keywords) in case
of exact approach based on the average experimental
results of a set of retrieval operations. The precision
goes up and the recall goes down with tightening the
constraint. The reason of the high starting points of the
two curves is that the orthogonal multi-dimensional
resource space limits the search space in polynomial
scale (this enables resource retrieval to be accurately
carried out).

Fig. 6 compares the user’s beliefs with the provider’s
beliefs in a two-dimensional fuzzy resource space. The
dark areas CB, and CB,, respectively reflect the common
beliefs between the provider and the user on axes X and
Y. CB,=Miny (:uprovidervl“‘user)/Xl +oet Mian(:“provider?
uuser)/Xm and CBy = Miny, (:uprovider, :uuser)/Yl +ooot
Miny, (Lproviders Huser)/ Yo» Where X; and Y; are the coor-
dinates of X and Y respectively. We can use CB,, =

(M%HXI(:“provider’ :uuser) + -+ Mian (ﬂprovidera :uuser))x
(Miny,; (:uproviden Uyser) + -+ -+ Miny, (.uproviden Huser))  tO

Y
A

User’s beliefs

Ve Provider’s beliefs

—

CBy /" ___----Common beliefs

v

CBx

Fig. 6. Common beliefs between providers and users in a two-dimen-
sional fuzzy resource space.
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Fig. 7. Recall and precision with the change of CB,, under the same
constraint.

reflect the general common beliefs between the provider
and the user.

To examine the recall and precision of the fuzzy re-
trieval approach in the fuzzy resource space, we asked
one group of students to provide resources and the other
group to use resources under the same topic. One stu-
dent records the belief of each student when providing
and using resources and records all the retrieval results
under different beliefs and constraints. The two groups
of students were asked to jointly compute the recall and
precision by comparing the provided resources and the
retrieval results. Fig. 7 reflects the change of recall and
precision with the change of CB,, under the same con-
straint (two ‘“‘and” conjoint keywords). It shows that
more common beliefs between the provider and the user
lead to higher precision and higher recall.

4.3. Strategies

According to the above analysis, the following strat-
egies can be adopted to increase the effectiveness of re-
source management:

(1) The resource providers and users should put re-
sources into and use resources in the resource space
with high beliefs when they are sure of the categories
of the resources, and do with average beliefs on all
coordinates when they are not sure.

(2) The resource users should tighten or loosen the re-
trieval constraint (e.g., by providing more or less
“and” conjoint keywords) to raise the starting
points of the precision and recall.

(3) Communication between resource providers and
resource users is a way to raise the effectiveness of
resource management and retrieval. The communi-
cation provides the chance to update their beliefs
and make their beliefs better match each other.
The current information management and retrieval
mechanisms do not provide such a communication
function.

(4) Establish feedback mechanism and belief mainte-
nance mechanism. The feedback mechanism enables
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resource users and providers to adjust their beliefs
during using resources and collects their opinions
on beliefs (in form of voting). The belief mainte-
nance mechanism can dynamically synthesize a kind
of reference beliefs according to the providers’ be-
liefs and the users’ beliefs. The reference belief will
approach the natural classification semantics of the
resources after a long-term execution of the mainte-
nance mechanism.

5. Summary

Based on the RSM, this paper proposes the FRSM,
which includes a FRS and a fuzzy ROL. The major
contribution concerns the following factors: first, we
have proposed a new approach to improve the effec-
tiveness of resource operation by taking into account the
fuzzy semantics of resources, the resource providers’
beliefs, the resource users’ beliefs and the relationship
between them. These characteristics are often neglected
in previous works. Second, we proposed a solution to
balance between the ideal: normal organization of ver-
satile resources that guarantees the correctness and
efficiency of resource operations, and the reality: the
fuzzy characteristics of resource organization and
management as well as the application requirement of
flexible resource operation. Third, we have implemented
the software platform based on the proposed model.
The proposed model and platform provide a promising
way to organize and manage versatile resources in the
next-generation Web environment.
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