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Abstract

The resource space model (RSM) is a semantic data model based on orthogonal classification semantics for efficiently
managing various resources in the future interconnection environment. This paper extends the RSM in theory by formalizing
the resource space, investigating its characteristics from the perspective of set theory, defining the resource space schema and
developing its normal forms. The topological space properties of the resource space are presented based on the definition of a
distance in the space and the construction of a quotient space structure. The proposed theory ensures the RSM to correctly and
efficiently specify and manage resources.
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. Introduction

Database theories, especially the relational data
odel and theory have gained a great success in the
ast 40 years[2–4,11–13]. But, these data models are

ncapable of effectively managing heterogeneous, dis-
ributed and ocean resources in an open and dynamic
nterconnection environment[14].

The World Wide Web creates a convenient human-
riented information service mode based on the
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client/server architecture, HTML-based Web page
ting, and hyperlink-based information navigation
search. But, hyperlinks and Web pages do not re
enough semantics to support complex and intelli
applications. The Semantic Web is proposed to
ate rich and machine-understandable semantics b
ing markup languages and ontology-relevant me
nisms[1,5,9]. However, the Semantic Web focuses
the semantic representation issue. To achieve the
ciency and effectiveness of resource managemen
future interconnection environment still requires
mantic rich data models.

The efforts towards the future interconnection e
ronment include Grid (http://www.gridforum.org) [6]
and Peer-to-Peer computing[10], which focus on re
source sharing in a tightly coupled environment
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a loosely coupled network environment, respectively.
Initially, Grid computing does not solve semantic is-
sues. With the emerging of OGSA (Open Grid Ser-
vice Architecture)[7], the semantic issue becomes one
of the kernel issues of Grid services. Currently, re-
searchers have paid attention to the effect of introduc-
ing semantics into Peer-to-Peer computing to support
high-level intelligent applications and have made at-
tempt to incorporate Grid and Peer-to-Peer to obtain
more powerful computing models.

The resource space model (RSM) is a semantic data
model for uniformly, normally and effectively specify-
ing and managing resources. Its theory basis is three
normal forms based on orthogonal classification se-
mantics and relevant operations[14]. The RSM is based
on the following methods and viewpoints:

(1) Uniform resource abstraction;
(2) Orthogonal semantic partition of resources;
(3) Uniform resource operations; and
(4) Universal resource view.

This paper first formally defines the resource space
from the perspective of set theory, and then proposes
the resource space schema, which represents the inher-
ent characteristics of the resource space and reflects its
static and stable properties. The schema helps us on
the logic design of the resource space. We extend the
normal forms to specify a good design of the resource
space schema and guide the logical design of resource
s quo-
t btain
s
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SupposeO is a domain terminology set like the data
dictionary, and there exists a mapping fromOonto do-
main ontology that explains the semantics. The formal
definition of RS is given as follows.

Definition 1. Let S= 2O be the power set ofO. The
resource space defined onO can be represented as
RS(X1, X2, . . ., Xn), where RS is the name of the re-
source space andXi ={Ci1, Ci2, . . ., Cip} is an axis,
1≤ i≤n, Cij is the root of the hierarchical structure
of coordinates onXi , Cij ={〈Vij , Eij 〉|Vij ∈S, Eij =
{〈vt, vs〉|vt, vs ∈ Vij, R(vt) ⊇ R(vs)}}, 1≤ j≤p, where
R(v) denotes a class of resources represented byv. Ev-
ery point in RS is an element of the Cartesian product
X1 × X2 × · · · × Xn, denoted asp(x1, x2, . . ., xn).

Tuples in the relational data model reflect the at-
tributes of relevant entity, not the semantics[8]. In the
RSM,xi in a pointp(x1, x2, . . ., xn) reflects the partition
semantics. Resources represented by a point (x1,x2, . . .,
xn) ∈ RS can be represented asR(p(x1, x2, . . . , xn)) =
R(x1) ∩ R(x2) ∩ · · · ∩ R(xn), whereR(xi) denotes a
class of resources represented byxi , 1≤ i≤n.

3. Resource space schema and normal forms

The resource space schema is the formal description
of the resource space. The logic design of a resource
s uding
t
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paces. By defining a distance and constructing a
ient space structure on the resource space, we o
ome topological space properties of the RSM.

. Formalization of resource space

A Resource Space is ann-dimensional space whe
very point uniquely determines one resource or a s
elated resources. A resource space can be repres
s RS(X1, X2, . . ., Xn) or RS in simple, where RS

he name of the resource space andXi is the name o
n axis. We use|RS| to denote the number of dime
ions of the RS, i.e.,|RS|=n. Xi ={Ci1, Ci2, . . ., Cip}
epresents an axis with its coordinates.C denotes th
oordinate name in form of a noun or a noun phr
ny name corresponds to a formal or an informal
antic definition in its domain ontology[15].
d

pace is to specify the resource space schema incl
he definition of axes and coordinates.

.1. Definition of the resource space schema

Domain applications determine that resources
esource space schema must satisfy some give
egrity constraints. The resource space schema s
escribe all these integrity constraints, so the reso
pace schema is defined as follows.

efinition 2. A resource space schema is a 5-tu
S〈A, C, S, dom〉, where:

1) RS is the resource space name, the symbolize
mantics of the resource space;

2) A={Xi |1≤ i≤n} is the set of axes;
3) C={Cij |Cij ∈Xi , 1≤ i≤n} is the set of coord

nates;
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(4) S is the power set of the domain ontologyO;
(5) dom is the mapping from the axesA and co-

ordinatesC to S, dom: A×C→S, for any axis
Xi ={Ci1,Ci2, . . .,Cip}, dom(Xi ,Cij ) =Vij ,Vij ∈S,
where 1≤ i≤n and 1≤ j≤p.

In applications, (4) and (5) should be known before
the design of the resource space schema, so the resource
space schema can be simplified as a 3-tuple: RS〈A,C〉.

The resource space schema is static and stable, but
the resource space can be dynamic due to the resource
operations on the resource space. The design of a re-
source space refers to the design of its schema.

In the following we study the normal forms to guar-
antee a good schema.

3.2. Normal forms of the resource space schema

An axis with hierarchical coordinates can be trans-
formed into an axis with flat coordinates if only the leaf
nodes of each hierarchy are considered. So we focus
on the flat cases in this section.

Definition 3. The first-normal-form of a resource
space is a resource space, and there does not exist name
duplication between coordinates at any axis.

Definition 4. The second-normal-form of a resource
space is a first-normal-form, and for any axis, any two
c

on
t i.e.,
‘

D d
C

c

(

(

A
c
R

Definition 6. For two axesX={C1, C2, . . ., Cn} and
X′ = {C′

1, C
′
2, . . . , C

′
m}, we sayXfine classifiesX′ (de-

noted asX′/X) if and only if X fine classifiesC′
1, C′

2,
. . ., C′

m.

Definition 7. Two axesXandX′ are called orthogonal
with each other (denoted asX⊥X′) if X fine classifies
X′ and vice versa, i.e., bothX/X′ andX′/X hold.

Based on the above definitions, we can give the def-
inition of third-normal-form as follows:

Definition 8. The third-normal-form of a resource
space is a second-normal-form, and any two axes of
it are orthogonal with each other.

In the following, we give the equivalent definitions
from the perspective of set theory.

3.3. Equivalent definitions and corresponding
lemmas

For the resource space RS(X1, X2, . . ., Xn), we use
R(Xi) to denote resources represented by axisXi , where
Xi ={Ci1, Ci2, . . ., Cip}, 1≤ i≤n. R(Xi) = R(Ci1) ∪
R(Ci2) ∪ · · · ∪ R(Cip). In the following discussion, we
assume that RS is second-normal-form.

First we give the equivalent definition of ‘fine clas-
sification’.

Lemma 1. For two axes Xi ={Ci1, Ci2, . . ., Cip}
and X ={C , C , . . ., C } in the resource spaceRS,
X

P :

( of

(

oordinates are independent from each other.

The definition of the third-normal-form is based
he definition of two relations between the axes,
fine classification’ and ‘orthogonal’[15].

efinition 5. LetX={C1,C2, . . .,Cn} be an axis an
′
i be an coordinate at another axisX′, we sayX fine
lassifiesC′

i (denoted asC′
i/X) if and only if:

1) (R(Cj) ∩ R(C′
i)) ∩ (R(Ck) ∩ R(C′

i)) = Φ,
1≤ j <k≤n; and

2) (R(C1) ∩ R(C′
i)) ∪ (R(C2) ∩ R(C′

i)) ∪ · · · ∪
(R(Cn) ∩ R(C′

i)) = R(C′
i) hold.

s the result of fine classification,R(C′
i) is

lassified into n categories:R(C′
i/X) = {R(C1) ∩

(C′
i), R(C2) ∩ R(C′

i), . . . , R(Cn) ∩ R(C′
i)}.
j j1 j2 jq

j /Xi ⇔R(Xj) ⊆R(Xi) holds.

roof. The proof includes the following two steps

1) If Xj /Xi holds, then according to our definition
‘fine classification’, we have:

R(Cjk) = (R(Cjk) ∩ R(Ci1)) ∪ (R(Cjk) ∩ R(Ci2))

∪ · · · ∪ (R(Cjk) ∩ R(Cip))

= R(Cjk) ∩ (R(Ci1) ∪ R(Ci2)

∪ · · · ∪ R(Cip))

then we have R(Cjk) ⊆ (R(Ci1) ∪ R(Ci2) ∪
· · · ∪ R(Cip)) = R(Xi), 1≤ k≤q. So
(R(Cj1) ∪ R(Cj2) ∪ · · · ∪ R(Cjq)) ⊆ R(Xi)
holds, i.e.,R(Xj) ⊆R(Xi).

2) SupposeR(Xj) ⊆R(Xi). For any Cjk, Cit , Cis,
1≤ k≤q, and 1≤ t �= s≤p.
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Since RS is a second-normal-form, so
R(Cit) ∩R(Cis) =Φ.
Then we have:

(i) (R(Cjk) ∩R(Cit)) ∩ (R(Cjk) ∩R(Cis)) =R(Cjk) ∩
(R(Cit) ∩R(Cis)) =R(Cjk) ∩ Φ =Φ;

(ii) (R(Cjk) ∩ R(Ci1)) ∪ (R(Cjk) ∩ R(Ci2)) ∪
· · · ∪ (R(Cjk) ∩ R(Cip)) = R(Cjk) ∩ (R(Ci1) ∪
R(Ci2) ∪ · · · ∪ R(Cip)) = R(Cjk) ∩ R(Xi).
Because R(Cjk) ⊆R(Xj) ⊆R(Xi), we get
R(Cjk) ∩R(Xi) =R(Cjk).
So (R(Cjk) ∩ R(Ci1)) ∪ (R(Cjk) ∩ R(Ci2)) ∪
· · · ∪ (R(Cjk) ∩ R(Cip)) = R(Cjk).
From the definition of the ‘fine classification’, we
getCjk/Xi , 1≤ k≤q. SoXj /Xi holds.
According to (1) and (2), we reach
Xj /Xi ⇔R(Xj) ⊆R(Xi). �

Lemma 1can be an equivalent definition of the ‘fine
classification’.

Definition 9. For two axesXi ={Ci1, Ci2, . . ., Cip}
andXj ={Cj1, Cj2, . . ., Cjq} in resource space RS, we
callXj /Xi if R(Xj) ⊆R(Xi) holds.

According toDefinition 9, we can get the equivalent
definition of the orthogonality.

Lemma 2. For two axes Xi ={Ci1, Ci2, . . ., Cip}
and Xj ={Cj1, Cj2, . . ., Cjq} in the resource spaceRS,
Xj ⊥Xi ⇔R(Xj) =R(Xi) holds.

P

(
c-

(

A e
X
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o

D
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c

It is clear thatXi ⊥Xj ⇔Xj ⊥Xi , which means the
symmetry of the orthogonal relation ‘⊥’ holds.

According to the above theory, we can give a new
proof of the transitivity of ‘fine classification’ and ‘or-
thogonal’ relations.

Theorem 1. ‘Fine classification’ and ‘orthogonal’
relations are transitive.

Proof. According to Lemmas 1 and 2, we can
getXj /Xi ⇔R(Xj) ⊆R(Xi) andXj ⊥Xi ⇔R(Xj) =R(Xi).
Then according to the transitivity of the set relations
‘⊆’ and ‘=’, the transitivity of ‘fine classification’ and
‘orthogonal’ relations is clear. �

Now we can give the equivalent definition of ‘third-
normal-form’.

Theorem 2. For resource spaceRS(X1, X2, . . .,
Xn), RS is a third-normal-form⇔ R(X1) = R(X2) =
· · · = R(Xn), i.e., every axis Xi can represent all the
resources inRS.

Proof. (1) If RS is a third-normal-form, thenX1 ⊥
X2 ⊥ · · · ⊥ Xn. According to Lemma 2, R(X1) =
R(X2) = · · · = R(Xn) holds. (2) IfR(X1) = R(X2) =
· · · = R(Xn) holds, we getX1 ⊥ X2 ⊥ · · · ⊥ Xn from
Lemma 2, then, according to the transitivity and sym-
m
R m.
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f

ni-
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D
X
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r
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roof.

1) If Xj ⊥Xi holds, then we haveXj /Xi and Xi /Xj
according to the definition of orthogonality. A
cording toLemma 1we haveR(Xj) ⊆R(Xi) and
R(Xi) ⊆R(Xj). SoR(Xj) =R(Xi) holds.

2) If R(Xj) =R(Xi) holds, thenR(Xj) ⊆R(Xi) and
R(Xi) ⊆R(Xj) hold. According toLemma 1, we
haveXj /Xi andXi /Xj . That meansXj ⊥Xi .

ccording to (1) and (2), we hav
j ⊥Xi ⇔R(Xj) =R(Xi). �

Lemma 2can be an equivalent definition of ortho
nality.

efinition 10. For two axesXi ={Ci1, Ci2, . . ., Cip}
ndXj ={Cj1, Cj2, . . ., Cjq} in resource space RS, w
allXj ⊥Xi if R(Xj) =R(Xi) holds.
etry of ‘⊥’, we have: for any two axesXi andXj in
S,Xi ⊥Xj holds. That means RS is third-normal-for
ccording to (1) and (2), we have: RS is third-norm

orm ⇔ R(X1) = R(X2) = · · · = R(Xn). �

Theorem 2can be rewritten as an equivalent defi
ion of the third-normal-form.

efinition 11. For the resource space RS(X1,X2, . . .,
n), we call RS is a third-normal-form ifR(X1) =
(X2) = · · · = R(Xn) holds, i.e., every axisXi can rep

esent all the resources in RS.

Besides the three normal forms, we can
efine other normal forms of the resource sp
chema for the convenience of resource partition
perations.
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3.4. Extension of normal forms—2+-normal-form
and fourth-normal-form

Definition 12. (2+NF). A resource space RS(X1, X2,
. . ., Xn) is a 2+-normal-form (2+NF), if it is a second-
normal-form and satisfies:X2/X1, X3/X2, . . ., Xn/Xn−1.

Definition 12 means R(X1) ⊇ R(X2) ⊇ · · · ⊇
R(Xn) according toLemma 1.

If RS is a 2+-normal-form, then according to the
transitivity of fine classification ‘/’, we have: for every
two axesXi andXj , 1≤ i �= j≤n, eitherXi /Xj or Xj /Xi
holds. So ‘/’ is a full order on the set{X1,X2, . . .,Xn}.
On the other hand, it is obvious that if ‘/’ constitutes a
full order on the axes of RS, then RS is a 2+-normal-
form.

In the following, we discuss the properties of the 2+-
normal-form under the operations of resource space as
presented in[14,15].

Corollary 1 (Join). For two resource spaceRS1 and
RS2, let RS1·RS2 ⇒ RS, if bothRS1 andRS2 are 2+-
normal-form, thenRSis either2+-normal-form or not.

Proof. Suppose RS1 ={X1, X2} and RS2 ={Y1, Y2},
whereXi andYi are axes and satisfyX2/X1, Y2/Y1 and
X2 =Y2. Then, we can join RS1 and RS2 together. Let
RS1·RS2 ⇒ RS, so RS ={X1, X2, Y1}.

(1) If either R(X1) ⊆R(Y1) or R(Y1) ⊆R(X1), corre-

(
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Proof. (1) If X1 =Ym holds, according to
RS1·RS2 ⇒ RS, we have RS ={Y1, Y2, . . ., Ym−1,
X1, X2, . . ., Xn}. Since RS1 and RS2 are 2+-
normal-form, we have Xn/Xn−1/ · · · /X2/X1
and Ym/Ym−1/ · · · /Y2/Y1, then, from the tran-
sitivity of ‘/’ we have Xn/Xn−1/ · · · /X2/X1 =
Ym/Ym−1/ · · · /Y2/Y1. According to Definition 12,
RS is a 2+-normal-form. (2) IfY1 =Xn holds, RS is
also a 2+-normal-form according to the same reason
as (1). �

Corollary 3 (Disjoin). If RS⇒ RS1·RS2, andRS is
a 2+-normal-form, thenRS1 andRS2 are 2+-normal-
form.

Proof. Suppose RS ={X1, X2, . . ., Xn}, since RS is a
2+-normal-form, then ‘/’ is a full order on it. Because
RS⇒ RS1·RS2, then all the axes of RS1 constitutes a
subset of RS, so ‘/’ is also a full order on the axes of
RS1, then we have: RS1 is a 2+-normal-form. For the
same reason, RS2 is also a 2+-normal-form. �

Corollary 3tells that 2+-normal-form keeps under
the operation Disjoin.

According to the definition of Join and Disjoin op-
erations, we can get RS1·RS2 ⇒ RS if and only if
RS⇒ RS1·RS2. Then, according toCorollary 3we can
give an equivalent corollary as follows:

Corollary 4 (Join). For two resource spacesRS1 and
RS2, let RS1·RS2 ⇒ RS, if RS1 or RS2 is not 2+-
n

ing
c

C
n
n
f

C
a
n

P
fi
.

R
m that
spondingly, we have: eitherR(X2) ⊆R(X1) ⊆R(Y1)
or R(X2) ⊆R(Y1) ⊆R(X1) holds. According to
Definition 12, we have: RS is a 2+-normal-form.

2) Else if bothR(X1) ⊆R(Y1) andR(Y1) ⊆R(X1) are
not satisfied, then bothY1/X1 andX1/Y1 do not
hold. Since ‘/’ is a full order on the axes of RS
RS is a 2+-normal-form, so RS is not a 2+-normal-
form.

ccording to (1) and (2), we have RS is either a+-
ormal-form or not. �

Corollary 1 tells us that 2+-normal-form does no
eep under the join operation. But if we add some c
itions, 2+-normal-form keeps under the join operati

orollary 2 (Join). Let RS1 ={X1, X2, . . ., Xn} and
S2 ={Y1, Y2, . . ., Ym} be two2+-normal-form re-
ource spaces, and RS1·RS2 ⇒ RS. If Y1 =Xn or
1 =Ym holds, thenRS is a2+-normal-form.
ormal-form, thenRS is not a2+-normal-form.

From the above corollaries, we can get the follow
orollary:

orollary 5 (Disjoin). If RS⇒ RS1·RS2, andRS is
ot a 2+-normal-form, then RS1 can be either2+-
ormal-form or not, andRS2 can be either2+-normal-
orm or not.

orollary 6 (Merge). For two resource spacesRS1
ndRS2, letRS1 ∪ RS2 ⇒ RS,if RS1 andRS2 are2+-
ormal-form, thenRS is a2+-normal-form.

roof. Suppose RS1 ={X1, X2, . . ., Xn} satis-
es Xn/Xn−1/ · · · /X2/X1, and RS2 ={Y1, Y2,
. ., Yn} satisfies Yn/Yn−1/ · · · /Y2/Y1. Since
S1 ∪ RS2 ⇒ RS, then RS1 and RS2 haven− 1 com-
on axes and one different axis, we can suppose
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Xi =Yi , 1≤ i �= k≤n, andXk �=Yk. Then RS ={X1, . . .,
Xk−1, (Xk∪Yk), Xk+1, . . ., Xn}. BecauseXk+1/Xk/Xk−1
and Xk+1 =Yk+1/Yk/Yk−1 =Xk−1, according to
Lemma 1, we haveR(Xk−1) ⊇R(Xk) ⊇R(Xk+1) and
R(Xk−1) ⊇R(Yk) ⊇R(Xk+1). So R(Xk−1) ⊇ (R(Xk) ∪
R(Yk)) ⊇R(Xk+1) holds, which meansR(Xk−1) ⊇
R(Xk∪Yk) ⊇R(Xk+1). According to Lemma 1,
Xk+1/(Xk∪Yk)/Xk−1 holds, thenXn/ · · · /Xk+1/(Xk ∪
Yk)/Xk−1/ · · · /X1, hence RS is a 2+-normal-
form. �

Corollary 6tells us that 2+-normal-form keeps under
the Merge operation.

Corollary 7 (Split). LetRS⇒ RS1 ∪ RS2, if RS is a
2+-normal-form, thenRS1 is a2+-normal-form or not,
andRS2 is a2+-normal-form or not.

Proof. Suppose RS ={X1, X2, X3}, X3/X2/X1 and
X2 = X′

2 ∪ X′′
2, then RS1 = {X1, X

′
2, X3} and RS2 =

{X1, X
′′
2, X3}.

(1) If eitherR(X3) ⊆ R(X′
2) or R(X′

2) ⊆ R(X3), cor-
respondingly, we have: eitherR(X3) ⊆ R(X′

2) ⊆
R(X1) or R(X′

2) ⊆ R(X3) ⊆ R(X1). According to
Definition 12, we have RS1 is a 2+-normal-form.

(2) Else if bothR(X3) ⊆ R(X′
2) andR(X′

2) ⊆ R(X3)
do not hold, then bothX′

2/X3 andX3/X′
2 do not

hold. Since ‘/’ is a full order on the axes of RS1
if RS1 is a 2+-normal-form, so RS1 is not a 2+-
normal-form.
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Corollary 9 (Merge). For two resource spacesRS1
andRS2, let RS1 ∪ RS2 ⇒ RS, if RS1 or RS2 is not
2+-normal-form, thenRS is a2+-normal-form or not.

Corollary 10 (Split). Let RS⇒ RS1 ∪ RS2, if RS is
not a2+-normal-form, thenRS1 is a 2+-normal-form
or not, andRS2 is a2+-normal-form or not.

The 2+-normal-form is the weakened form of the
third-normal-form, we can also get the strengthened
form of the third-normal-form as follows:

Definition 13 (4NF). A resource space RS(X1, X2,
. . ., Xn) is a fourth-normal-form (4NF) if it is
a third-normal-form, and for any pointp(x1, x2,
. . .,xn) ∈ RS,R(p(x1, x2, . . . , xn)) = R(x1) ∩ R(x2) ∩
· · · ∩ R(xn) �= Φ holds.

Because a fourth-normal-form is also a third-
normal-form, it has the same properties as the third-
normal-form under the resource space operations in-
troduced in[15].

4. Resource space’s topological properties

If we define a distance inn-dimensional resource
space RS(X1,X2, . . .,Xn), then the distance can induce
a topological space. We focus on the second-normal-
form resource space, and first define a distanced on
axisXi , 1≤ i≤n, then construct a distanceD on the
w

4
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ccording to (1) and (2), RS1 is a 2+-normal-form or
ot. For the same reason, RS2 is a 2+-normal-form or
ot. �

Corollary 7tells us that the 2+-normal-form does no
eep under the Split operation. According toCorollary
we have the following corollary:

orollary 8 (Split). Let RS⇒ RS1 ∪ RS2, RS is
2+-normal-form, RS ={X1, . . ., Xk−1, Xk, Xk+1,

. ., Xn}, Xn/Xn−1/ · · · /X2/X1, Xk = X′
k ∪ X′′

k ,
S1 = {X1, . . . , Xk−1, X

′
k, Xk+1, . . . , Xn}, and RS2

{X1, . . . , Xk−1, X
′′
k , Xk+1, . . . , Xn}, if Xk+1/X′

k/

k−1, then RS1 is a 2+-normal-form, and if
k+1/X′′

k/Xk−1, thenRS2 is a2+-normal-form.

According to the above three corollaries, we h
he following corollary:
hole resource space RS according tod.

.1. Distance on an axis

For a given setG, if there exists a functiond:
×G→ �+, where�+ represents the set of the no

egative real number, thend is called a distance onG,
f it satisfies the following three axioms:

(A1) d(g1, g2) = 0⇔g1 =g2;
(A2) d(g1, g2) =d(g2, g1); and
(A3) d(g1, g2) ≤d(g1, g3) +d(g3, g2), for anyg1, g2
andg3 ∈G.

For an axisX={C1, C2, . . ., Cn}, whereCi = 〈Vi ,
i〉 is a coordinate. Then, we define the functiond on
as follows:

efinition 14. For two given pointsx1 andx2 on axis
,
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d(x1, x2) =




0 if x1 = x2,

∞ if x1 ∈ Vi, x2 ∈ Vj andi �= j,

min{length(Γ )|Γ
= ( x1, x

′
1, . . . , x

′
m, x2)

where〈x1, x
′
1〉, 〈x′

j, x
′
j+1〉, 〈x′

m, x2〉 ∈ Ei, 1 ≤ j ≤ m − 1} if x1 andx2 ∈ Vi andx1 �= x2,

where length (Γ ) represents the length of the path
Γ with weight on each edge. And we make a
reasonable assumption: in case ofx1 and x2 ∈Vi
and x1 �= x2, there always exists a pathΓ =
(x1, x

′
1, . . . , x

′
k, x2) from x1 to x2. Sod(x1, x2) < length

(Γ ) <∞.

Theorem 3. d is a distance on axis X.

Proof. Axioms (A1) and (A2) are obvious, the fol-
lowing proof will focus on axiom (A3). The proof con-
siders the following two cases, for anyx1, x2 andx3 on
axisX:

(1) If d(x1,x2) =∞, thend(x1,x3) =∞ord(x3,x2) =∞
holds. Sod(x1, x2) ≤d(x1, x3) +d(x3, x2) holds (if
d1 =∞ andd2 =∞, we always assume thatd1 =d2
herein).

(2) If d(x1, x2) <∞, then there existsVi , such that
x1 ∈Vi andx2 ∈Vi . In this case we have:
(i) if x3 /∈Vi , thend(x1, x3) =d(x3, x2) =∞. So
d(x1, x2) ≤d(x1, x3) +d(x3, x2) holds;

(ii) if x3 ∈Vi , then d(x1, x3) <∞ and d(x3,
hs

A on
a

4

t

Definition 15. For any two pointsp1(x1, x2, . . ., xn)
andp2(y1, y2, . . ., yn) in the resource space RS(X1, X2,

. . ., Xn), we defineD(p1, p2) = (∑n
i=1d

2(xi, yi)
)1/2

,
whered is the distance on axisXi , 1≤ i≤n.

Theorem 4. D is a distance inRS.

Proof. According to the proof thatd satisfies all the
axioms of distance, we can prove thatD(p1,p2) satisfies
axioms (A1) and (A2). So we focus on the proof that
D satisfies axiom (A3):D(p1, p2) ≤D(p1, p3) +D(p3,
p2), for anyp1, p2 andp3 ∈ RS.

(1) Just as inTheorem 3, in the cases thatD(p1,
p2) =∞ or D(p1, p3) =∞ or D(p3, p2) =∞, the
proof is trivial. So here we will only discuss the
case thatD(p1, p2) <∞ andD(p1, p3) <∞ and
D(p3, p2) <∞.

(2) BecauseD(p1, p2) <∞ and D(p1, p3) <∞ and
D(p , p ) <∞, we suppose that there existsp (z ,

A(
W

2

x2) <∞. Since the set of all the pat
that satisfy conditions (betweenx1 and x3
or betweenx2 and x3) is finite, we can
find paths Γ 1 and Γ 2, such that d(x1,
x3) = length(Γ 1) and d(x3, x2) = length(Γ 2),
where Γ1 = (x1, x

′
1, . . . , x

′
s, x3) and

Γ2 = (x3, x
′′
1, . . . , x

′′
t , x2). Then, Γ 1 ∪ Γ 2

is a path from x1 to x2, so d(x1,
x2) ≤ length(Γ 1 ∪ Γ 2) holds. So d(x1,
x2) ≤ length(Γ 1 ∪ Γ 2) = length(Γ 1) + length
(Γ 2) =d(x1, x3) +d(x3, x2).

ccording to (1) and (2),d constitutes a distance
xisX. �

.2. Distance in resource space

We first give the definition of functionD on RS, and
hen prove that it is a distance on RS.
3 2 3 1
z2, . . ., zn) ∈ RS, such that

D(p1, p2) =
(

n∑
i=1

d2(xi, yi)

)1/2

,

D(p1, p3) =
(

n∑
i=1

d2(xi, zi)

)1/2

and

D(p3, p2) =
(

n∑
i=1

d2(zi, yi)

)1/2

.

ccording to the Cauchy inequality
∑n

i=1uivi ≤∑n
i=1u

2
i

)1/2×(∑n
i=1v

2
i

)1/2
, ui ≥ 0, vi ≥ 0, 1≤ i≤n.

e get 2
∑n

i=1d(xi, zi) × d(zi, yi) ≤(∑n
i=1d

2(xi, zi)
)1/2 × (∑n

i=1d
2(zi, yi)

)1/2
.
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That means

2
n∑

i=1

d(xi, zi) × d(zi, yi) ≤ 2D(p1, p3) × D(p3, p2).

(i)

And we have
n∑

i=1

d2(xi, zi) = D2(p1, p3) (ii)

and
n∑

i=1

d2(zi, yi) = D2(p3, p2) (iii)

hold.
Sum both sides of Eqs.(i)–(iii) , we get

2
n∑

i=1

d(xi, zi) × d(zi, yi)

+
n∑

i=1

d2(xi, zi) +
n∑

i=1

d2(zi, yi)

≤ 2D(p1, p3) × D(p3, p2) + D2(p1, p3)

+ D2(p3, p2).

That means
∑n

i=1(d(xi, zi) + d(zi, yi))2 ≤ (D(p1,

p3) + D(p3, p2))2.
And from d(xi , yi) ≤d(xi , zi) +d(zi , yi) (d is a dis-
t

∑n 2 ∑n

d s
D

S )
a

,
s
t
i s-
c -
t pace
(

4

d i-
n

Definition 16. For two pointsp1(x1, x2, . . ., xn) and
p2(y1, y2, . . ., yn) in the resource space RS,p1 is called
connective top2 if D(p1, p2) <∞. For a set of pointsP
in RS,P is called a connective branch, if for any two
pointspi andpj in P, pi is connective topj .

According to above definition, we can get the fol-
lowing corollary.

Corollary 11. In the Resource SpaceRS(X1, X2, . . .,
Xn), if a set of points P constitutes a connective branch,
then for any two points p1(x1, x2, . . ., xn) and p2(y1, y2,
. . ., yn) in P, xi and yi (1≤ i≤n) belong to the same
coordinate hierarchy.

Proof. If P constitutes a connective branch, then for
any two pointsp1(x1, x2, . . ., xn) andp2(y1, y2, . . ., yn)
in P, D(p1, p2) <∞.

Since D(p1, p2) = (∑n
i=1d

2(xi, yi)
)1/2

, we can get
d(xi , yi) <∞, 1≤ i≤n. Hence,xi andyi belong to the
same coordinate hierarchy. �

Corollary 11tells us that if two points in the re-
source space are connective to each other, then their
corresponding coordinates belong to the same coordi-
nate hierarchy.

It is clear that the connective relation (denoted as
∼) constitutes an equivalent relation on the topolog-
ical space RS. So RS/∼ constitutes a quotient space
of the space RS. The following corollary describes the
s

C
{ is
X
x ch
i

P

(

(
t

-
s

ance), we get i=1d (xi, yi) ≤ i=1(d(xi, zi)+
(zi, yi))2 ≤ (D(p1, p3) + D(p3, p2))2. That mean
2(p1, p2) ≤ (D(p1, p3) + D(p3, p2))2.
oD(p1, p2) ≤D(p1, p3) +D(p3, p2). According to (1
nd (2),D is a distance on RS. �

Now we have proved thatD is a distance on RS
o the resource space RS(X1, X2, . . ., Xn) consti-
utes a metric space (RS,D) with the distanceD
n it. The distanceD in RS naturally induces a di
rete topological space (RS,ρ). The following sec
ion discusses the properties of the topological s
RS,ρ).

.3. Topological properties of resource space

According to the definition of distanced, we have
(x1, x2) <∞ ⇔ x1 andx2 belong to the same coord
ate hierarchy.
tructure of the quotient space RS/∼.

orollary 12. The quotient spaceRS/∼ =
p′(C1

i1, C
2
i2, . . . , C

n
in)|Ck

ik is a root coordinate on ax
k in RS(X1, X2, . . ., Xn), 1≤ k≤n}, where p′(x1,
2, . . ., xn) in RS/∼ represents the connective bran
ncluding point p(x1, x2, . . ., xn) in RS.

roof.

1) It is clear that any pointp′(C1
i1, C

2
i2, . . . , C

n
in) is in

RS/∼. So RS/∼ ⊇ {p′(C1
i1, C

2
i2, . . . , C

n
in)|Ck

ik is a
root coordinate on axisXk in RS}.

2) For any pointp(x1, x2, . . ., xn) in RS(X1, X2,
. . ., Xn), according toCorollary 11, we get tha
there exists a root coordinateC1

i1 on axisX1, . . .,
and Cn

in on axisXn, such thatx1 in C1
i1, . . . , xn

in Cn
in. So p(x1, x2, . . ., xn) is in the connec

tive branch ofp′(C1
i1, C

2
i2, . . . , C

n
in), which mean
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p′(x1, x2, . . . , xn) = p′(C1
i1, C

2
i2, . . . , C

n
in). Then

we have RS/∼ ⊆ {p′(C1
i1, C

2
i2, . . . , C

n
in)|Ck

ik is a
root coordinate on axisXk in RS}.

According to (1) and (2), RS/∼ = {p′(C1
i1,

C2
i2, . . . , C

n
in)|Ck

ik is a root coordinate on axisXk
in RS(X1, X2, . . ., Xn), 1≤ k≤n} holds. �

In the quotient space RS/∼, we can define
a distance D∼ on RS/∼ as the induced dis-
tance of the distanceD on RS. D∼(p′

1, p
′
2) =

min{D(p1, p2)|p1 ∈ p′
1 andp2 ∈ p′

2}, wherep′
1 andp′

2
represent the connective branch includingp1 andp2,
respectively. Then for anyp′

1, p
′
2 ∈ RS/∼, p′

1 �= p′
2,

D∼(p′
1, p

′
2) = ∞,D∼(p′

1, p
′
2) = 0, which means that

RS/∼ constitutes a discrete topological space with the
distanceD∼ on it.

The Resource Space RS enables us to locate re-
sources by coordinates. The quotient space RS/∼ en-
ables us to search in a more abstract space.

Theorem 5. A point exists inRS if and only if it be-
longs to a point ofRS/∼.

Proof.

(1) If ap(x1, x2, . . ., xn) exists in RS, then according to
Corollary 12, there existsp′(C1

i1, C
2
i2, . . . , C

n
in) in

RS/∼ such thatp(x1,x2, . . .,xn) is in the connective
branch ofp′(C1

i1, C
2
i2, . . . , C

n
in). Sop(x1, x2, . . .,

xn) belongs to a point of RS/∼.
(2) If ap′(x1, x2, . . . , xn) exists in RS/∼, then accord-

e
e-

A oint
e in
R

ne-
m pace:
f ace,
a ource
s

5

pace
M he

resource space from the perspective of set theory; (2)
propose the concept of the resource space schema; (3)
propose the 2+NF and the 4NF of the resource space
schema and relevant theory; and (4) unveil the topolog-
ical properties of the resource space.

Future work includes: defining a sufficient and self-
contained operation sets for the RSM, studying the
properties of the normal forms under more operations
of the RSM, developing new mathematical properties
of the RSM, and investigating the integrity constraints
of the resource space.
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