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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 an
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 anc
efficiently specify and manage resources.
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1. Introduction client/server architecture, HTML-based Web page set-
ting, and hyperlink-based information navigation and
Database theories, especially the relational data search. But, hyper"nks and Web pages do not reflect
model and theory have gained a great success in theenough semantics to support complex and intelligent
past 40 yearf{2—4,11-13] But, these data models are  applications. The Semantic Web is proposed to cre-
incapable of effectively managing heterogeneous, dis- ate rich and machine-understandable semantics by us-
tributed and ocean resources in an open and dynamicing markup languages and ontology-relevant mecha-
interconnection environmefit4]. nisms[1,5,9]. However, the Semantic Web focuses on
The World Wide Web creates a convenient human- the semantic representation issue. To achieve the effi-
oriented information service mode based on the ciency and effectiveness of resource management, the
future interconnection environment still requires se-
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Foundation of China (Grants 60273020 and 70271007) and the The efforts towards the future interconnection envi-
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( * Correspondi)ﬁg author. Fax: +86 1062562703. and Peer-tojPegr COI’T\putil[lﬂ)], which fO_CUS onre-
E-mail addresszhuge@ict.ac.cn (H. Zhuge). source sharing in a tightly coupled environment and

0167-739X/$ — see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.future.2004.09.016


http://www.gridforum.org/

190

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

H. Zhuge et al. / Future Generation Computer Systems 21 (2005) 189-198

Suppos® is a domain terminology set like the data
dictionary, and there exists a mapping fr@onto do-
main ontology that explains the semantics. The formal
definition of RS is given as follows.

of the kernel issues of Grid services. Currently, re-
searchers have paid attention to the effect of introduc- Definition 1. Let S=29 be the power set dd. The
ing semantics into Peer-to-Peer computing to support resource space defined @ can be represented as
high-level intelligent applications and have made at- RS(Xy, Xo, ..., Xn), where RS is the name of the re-
tempt to incorporate Grid and Peer-to-Peer to obtain source space and ={Ci1, Ci, ..., Cip} is an axis,
more powerful computing models. 1<i<n, Cj is the root of the hierarchical structure
The resource space model (RSM) is a semantic dataof coordinates onX;, Ci ={(Vij, Ej)IVj €S E;j =
model for uniformly, normally and effectively specify-  {(v,, v;)|vy, vs € Vij, R(v:) 2 R(vs)}}, 1<j <p, where
ing and managing resources. Its theory basis is three R(v) denotes a class of resources representad By-
normal forms based on orthogonal classification se- ery point in RS is an element of the Cartesian product
mantics and relevantoperatidiag]. The RSMisbased  X; x X, x --- x X,,, denoted ap(x1, Xz, . . ., Xn).
on the following methods and viewpoints:

Tuples in the relational data model reflect the at-
tributes of relevant entity, not the semanti8k In the
RSM,x; in a pointp(xz, X2, . . ., Xn) reflects the partition
semantics. Resourcesrepresented by apainty, . . .,

Xn) € RS can be represented BR&(x1, x2, . . ., xp)) =
R(x1) N R(x2) N ---N R(x,), where R(x;) denotes a
class of resources representedkyl <i <n.

(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 itss_ Resource space schema and normal forms
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 of the resource space. The logic design of a resource

space schema and guide the logical design of resourcespace is to specify the resource space schema including

spaces. By defining a distance and constructing a qUO- 41 definition of axes and coordinates

tient space structure on the resource space, we obtain
some topological space properties of the RSM.

The resource space schema is the formal description

3.1. Definition of the resource space schema

Domain applications determine that resources in a
resource space schema must satisfy some given in-
tegrity constraints. The resource space schema should

A Resource Space is ardimensional space where  gescribe all these integrity constraints, so the resource
every pointuniquely determines one resource or a set of space schema is defined as follows.

related resources. A resource space can be represented
as RSKi1, Xo, ..., Xp) or RS in simple, where RS is
the name of the resource space afds the name of
an axis. We us¢éRS| to denote the number of dimen-
sions of the RS, i.e|JRS =n. X; ={Ci1, Ciz, ..., Cip} (1) RS isthe resource space name, the symbolized se-
represents an axis with its coordinat€sdenotes the mantics of the resource space;

coordinate name in form of a noun or a noun phrase. (2) A={X{|1<i <n} is the set of axes;

Any name corresponds to a formal or an informal se- (3) C={C;j|Cjj € Xj, 1<i<n} is the set of coordi-
mantic definition in its domain ontolody5]. nates;

2. Formalization of resource space

Definition 2. A resource space schema is a 5-tuple:
RS(A, C, S dom), where:
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(4) Sis the power set of the domain ontolo@y

(5) dom is the mapping from the axds and co-
ordinatesC to S dom: Ax C— S, for any axis
Xi={Ci1, Ci2, ..., Cip}, dom(;, Cjj) =Vjj, Vj € S
where I<i<nand 1<j <p.

Definition 6. For two axesX={Cy, Cy, ..., Cy} and
X' ={C},C,, ..., C,},wesayXfine classifieX’ (de-
noted asx'/X) if and only if X fine classifies”}, C5,
cn G

Definition 7. Two axesXandX’ are called orthogonal
with each other (denoted &sL X') if X fine classifies

In applications, (4) and (5) should be known before X' and vice versa. i.e.. botX’ andX'/X hold
the design of the resource space schema, so the resource T '

space schema can be simplified as a 3-tupléARS).

Based on the above definitions, we can give the def-

The resource space schema is static and stable, buinition of third-normal-form as follows:

the resource space can be dynamic due to the resource

operations on the resource space. The design of a re- .
space is a second-normal-form, and any two axes of

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

Definition 8. The third-normal-form of a resource

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

An axis with hierarchical coordinates can be trans- lemmas

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

For the resource space RG( Xy, ..., Xn), we use
R(X;) to denote resources represented by Zxishere
Xi={Ci1, Ci2, ..., Cpp}, 1<i=<n. R(X;) = R(Ci1) U
R(Ci2) U --- U R(Cjp). Inthe following discussion, we

space is a resource space, and there does not exist nam@ssume that RS is second-normal-form.

duplication between coordinates at any axis.

Definition 4. The second-normal-form of a resource Lemma 1. For two axes X= {Ci1, Ciz,
space is a first-normal-form, and for any axis, any two and %={Cj1, Cj2,

coordinates are independent from each other.

The definition of the third-normal-form is based on

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

..., Cjg} in the resource spacdes,
XX < R(Xj) € R(X) holds

Proof. The proof includes the following two steps:

the definition of two relations between the axes, i.e., (1) If Xj/X holds, then according to our definition of

‘fine classification’ and ‘orthogona[15].

Definition 5. LetX={Cy, Cy, ..
C; be an coordinate at another ax§ we sayX fine
classifiesC; (denoted ag’;/ X) if and only if:

(1) (R(C)j) N R(C})) N (R(Ck) NR(CY)) = @,
l1<j<k=n;and

(2) (R(C1)NR(CH)U(R(C)NR(CHU---U
(R(Cr) N R(C?)) = R(C}) hold.

As the result of fine classification,R(C}) is
classified inton categories: R(C:/X) = {R(C1) N
R(C}), R(C2) N R(C)), ..., R(Cy) N R(C)}.

.,Cn} be an axis and

‘fine classification’, we have:
R(Cjx) = (R(Cjx) N R(Ci1)) U (R(Cjx) N R(Ci2))
U--- U (R(Cj) N R(Cip))
= R(Cjx) N (R(Ci1) U R(Ci2)
U---UR(Cip))

then we have R(Cjy) S (R(Ci1) U R(Ci2) U
- UR(Cyp)) = R(X)), 1<k=aq. So
(R(Cj1) UR(Cj2) U ---UR(Cjg)) € R(X:)
holds, i.e.R(Xj) € R(X).

(2) SupposeR(X)) SR(Xj). For any Cy, Ci, Cis,
l<k=<g,and I<t#s<p.
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Since RS is a
R(Cit) "R(Cis) = @.
Then we have:

() (R(Cjk) NR(Cir)) N (R(Cjk) N R(Cis)) =R(Cj) N
(R(Cit) NR(Cis)) =R(Cj) N P = P;

(i) (R(Cjx) N R(Cin)) U (R(Cjx) N R(Ci2)) U
~- U (R(Cj) N R(Cip)) = R(Cjx) N (R(Ciz) U
R(Ci2) U---UR(Cip)) = R(Cjx) N R(X;).
Because R(Cik) SR(X)<SR(X), we
R(Cik) N R(Xi) = R(Cik).
So R(Cjx) N R(Ci1)) U (R(Cjx) N R(Ci2)) U
- U(R(Cj) N R(Cip)) = R(C k).
From the definition of the ‘fine classification’, we
getCi/Xi, 1<k =<g. SoX/X; holds.
According to (1) and (2), we reach
XX < R(X)) € R(X). a

second-normal-form, so

get

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

Definition 9. For two axesX; ={Ci1, Ci2, ..., Cip}
andX; ={Cj1, G, ..., Cq} in resource space RS, we
call Xj/X; if R(Xj) € R(X;) holds.

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

Lemma 2. For two axes X={Ci1, Ci2, ..., Cip}
and X ={Cj1, G, ..., Cjg} in the resource spades,
X L X < R(Xj) =R(X) holds

Proof.

(1) If X; L X holds, then we have/X; and Xi/X;
according to the definition of orthogonality. Ac-
cording toLemma 1we haveR(X;) € R(X;) and
R(Xi) € R(X). SoR(X) =R(X) holds.

(2) If R(X)=R(X) holds, thenR(X;) CR(X;) and
R(Xi) € R(Xj) hold. According toLemma 1 we
haveXj/X; andX;/X;. That means L X;.

According to (1) and (2), we have
X L X < R(Xj) =R(X). O

Lemma 2can be an equivalent definition of orthog-
onality.

Definition 10. For two axesX; ={Cit, Cio, ..., Cip}
andX; ={Cj1, G, ..., Ciq} in resource space RS, we
call X L X if R(Xj)=R(X;) holds.
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It is clear thatX; L Xj < Xj L X, 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 2we can
getXj/X; < R(X)) € R(X) andX; L Xi < R(Xj) =R(X)).
Then according to the transitivity of the set relations
‘C’ 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(Xy, Xo, ...,
Xn), RSis a third-normal-forms R(X1) = R(X2) =
.-+ = R(X,), i.e., every axis Xcan represent all the
resources irkS.

Proof. (1) If RS is a third-normal-form, theix1 L
Xo 1 --- 1L X,. According toLemma 2 R(X1) =
R(X3) = --- = R(X,) holds. (2) IfR(X1) = R(X?) =
--- = R(X,) holds,wegeX; 1 Xp 1 --- L X, from
Lemma 2 then, according to the transitivity and sym-
metry of ‘L’, we have: for any two axeX; andX; in
RS, X; L X holds. Thatmeans RS s third-normal-form.
According to (1) and (2), we have: RS is third-normal-
form < R(X1) = R(X2) = --- = R(X,). O

Theorem Zan be rewritten as an equivalent defini-
tion of the third-normal-form.

Definition 11. For the resource space RQ(Xo, .. .,
Xn), we call RS is a third-normal-form iR(X1) =
R(X2) = --- = R(X,)holds, i.e., every axi¥; canrep-
resent all the resources in RS.

Besides the three normal forms, we can still
define other normal forms of the resource space
schema for the convenience of resource partition and
operations.
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3.4. Extension of normal forms——hormal-form
and fourth-normal-form

Definition 12. (2*NF). A resource space R%{, X2,
..., Xp) is a 2 -normal-form (ZNF), if it is a second-
normal-form and satisfieX/X1, X3/Xa, . . ., Xn/Xn_1.

Definition 12 means R(X1) 2 R(X2)2---2
R(X,) according td_.emma 1

If RS is a Z-normal-form, then according to the
transitivity of fine classification */’, we have: for every
two axesX; andXj, 1<i#j <n, eitherX/Xj or Xj/X;
holds. So '/ is a full order on the sy, X, ..., Xn}.
On the other hand, it is obvious that if ‘/’ constitutes a
full order on the axes of RS, then RS is &@ormal-
form.

In the following, we discuss the properties of the 2

193
Proof. (1) If Xi=Yym holds, according to
RSI‘RS = RS, we have RS#Y1, Yo, ..., Ym-1,
X1, X2, ..., Xn}. Since R$ and RS are Z-
normal-form, we have X,/X,_1/---/X2/X1
and Y,,/Yy-1/---/Y2/Y1, then, from the tran-
sitivity of ‘' we have X,/X,-1/---/X2/X1=
Yin/Ym—1/---/Y2/Y1. According to Definition 12
RS is a Z-normal-form. (2) I1f Y1 =X, holds, RS is
also a Z-normal-form according to the same reason
as (1). O

Corollary 3 (Disjoin). If RS= RS$-RS, andRSis
a 2"-normal-form thenRS; andRS, are 2*-normal-
form.

Proof. Suppose RS £X1, X3, ..., Xn}, since RSis a
2*-normal-form, then /" is a full order on it. Because
RS= RS -RS, then all the axes of RSconstitutes a

normal-form under the operations of resource space assubset of RS, so /' is also a full order on the axes of

presented ifl14,15]

Corollary 1 (Join). For two resource spacBRS; and
RS, let RS -RS = RS, if bothRS; andRS, are 2*-
normal-form thenRSis either2*-normal-form or not

Proof. Suppose R&={X1, X2} and RS ={Y1, Y2},
whereX; andY; are axes and satisi,/X1, Y2/Y1 and
X2=Yo. Then, we can join RSand RS together. Let
RSI‘RS = RS, so RSFXj, X2, Y1}.

(1) If either R(X1) CR(Y1) or R(Y1) CR(X1), corre-
spondingly, we have: eith&(X,) € R(X1) C R(Y1)
or R(X2) CR(Y1) CR(X;1) holds. According to
Definition 12 we have: RS is a®2normal-form.

(2) Else if bothR(X1) € R(Y1) andR(Y1) C R(X1) are
not satisfied, then botN1/X; and X;/Y71 do not
hold. Since /" is a full order on the axes of RS if
RS is a Z-normal-form, so RS is not a2normal-
form.

According to (1) and (2), we have RS is eithera 2
normal-form or not. |

Corollary 1tells us that 2-normal-form does not
keep under the join operation. But if we add some con-
ditions, 2 -normal-form keeps under the join operation.

Corollary 2 (Join). Let RS; ={X1, X2, ..., Xn} and
RS ={Y1, Y2, ..., Ym} be two2*-normal-form re-
source spacesand RS;-RS = RS. If Y1=X, or
X1 =Ym holds thenRSis a2"-normal-form

RS, then we have: RSis a 2"-normal-form. For the
same reason, RSs also a 2-normal-form. O

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

According to the definition of Join and Disjoin op-
erations, we can get RRS = RS if and only if
RS= RS -RS. Then, according t€orollary 3we can
give an equivalent corollary as follows:

Corollary 4 (Join). For two resource spacd’®S; and
RS, let RS- RS = RS, if RS, or RS is not 2*-
normal-form thenRSis not a2*-normal-form

From the above corollaries, we can get the following
corollary:

Corollary 5 (Disjoin). If RS= RS -RS, and RS is
not a 2*-normal-form then RS; can be either2*-
normal-form or notandRS, can be eithe@*-normal-
form or not

Corollary 6 (Merge). For two resource spaceRS;
andRS, letRS, URS, = RS, if RS, andRS; are 2*-
normal-form thenRSis a 2*-normal-form

Proof. Suppose R8={Xi, Xz, ..., Xy} satis-
fies X,/Xp-1/---/X2/X1, and RS={VY1, Yz,
.. Yn} satisfies Y,/Y,_1/---/Y2/Y1. Since
RS URS = RS, then Rgand RS haven— 1 com-
mon axes and one different axis, we can suppose that
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Xi=Yi, 1<iz#k=<n,andXy# Y. Then RS {Xy, ...,
Xi—1, (KU Y)y Xia 1, - - -, Xn}. BecauseXps1/ X/ Xy—1
and  Xi+1=Yir1/Yi/Yke1=Xk—1, according to
Lemma 1 we haveR(Xx_1) 2 R(Xk) 2 R(Xk+1) and
R(Xk-1) 2 R(Yk) 2 R(Xk+1). S0 R(Xk-1) 2 (R(X) U
R(Yk)) 2 R(Xk+1) holds, which meansR(Xk-1) 2
R(XkU Yk) 2 R(Xk+1). According to Lemma 1
X1/ (X U Yi)/Xk—1 holds, thenX,, / - - - / Xpy1/(Xx U
Yi)/Xv-1/---/X1, hence RS is a *2normal-
form. O

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

Corollary 7 (Split). LetRS= RS URS,, if RSis a
2*-normal-form thenRS; is a2*-normal-form or not
andRS; is a 2*-normal-form or not

Proof. Suppose RS £X1, X2, X3}, Xa/Xo/X1 and
X2 = X, U X7, then RS = {X1, X}, X3} and RS =
{X1, X5, X3}

(1) If either R(X3) € R(X5) or R(X%) € R(X3), cor-
respondingly, we have: eithe®(X3) € R(X})
R(X1) or R(X5) € R(X3) € R(X1). According to
Definition 12 we have Rgis a 2" -normal-form.

(2) Else if bothR(X3) € R(X%) andR(X%) € R(X3)
do not hold, then botiX?,/ X3 and X3/ X’, do not
hold. Since ‘/' is a full order on the axes of RS
if RSy is a 2-normal-form, so Rgis not a Z-
normal-form.

According to (1) and (2), RSis a 2"-normal-form or
not. For the same reason, RiS a 2"-normal-form or
not. O

Corollary 7tells us that the 2normal-form does not
keep under the Split operation. Accordinglorollary
7 we have the following corollary:

Corollary 8 (Split). Let RS= RS URS, RS is
a 2"-normal-form RS={Xi, ..., Xk_1, Xk, Xk+1,
oy Xnb Xa/Xu-1/---/ X2/ X1, Xk = X;{ U X;(/,
RS = {X1, ..., X;_1, X;{, Xi+1, .-, Xp}, and RS
={X1, ..., X1, XZ, Xit1, ..., X}, if Xk+1/X;</
Xi—1, then RS, is a 2"-normal-form and if
Xi+1/ X}/ Xk-1, thenRS; is a2*-normal-form

According to the above three corollaries, we have
the following corollary:
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Corollary 9 (Merge). For two resource spaceRS;
and RS, let RS URS, = RS, if RS or RS is not
2*-normal-form thenRSis a 2*-normal-form or not

Corollary 10 (Split). LetRS= RS URS,, if RSis
not a 2*-normal-form thenRS; is a 2*-normal-form
or not andRS; 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 R%{, Xo,
.., Xp) is a fourth-normal-form (4NF) if it is
a third-normal-form, and for any poinp(xi, Xo,
.o Xn) €RS,R(p(x1, x2, ..., x,)) = R(x1) N R(x2) N
<+ N R(x,) # @ 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 in15].

4. Resource space’s topological properties

If we define a distance in-dimensional resource
space RSy, Xo, .. ., Xp), then the distance can induce
a topological space. We focus on the second-normal-
form resource space, and first define a distashom
axis Xj, 1<i <n, then construct a distand2 on the
whole resource space RS accordinglto

4.1. Distance on an axis

For a given sefG, if there exists a functiord:
G x G— R, wheref™ represents the set of the non-
negative real number, thehis called a distance 08,
if it satisfies the following three axioms:

(A1) d(91,92) =04 01=02;

(A2) d(g1, 92) =d(g2, 91); and

(A3) d(g1, 92) < d(91, 93) +d(gs, 92), for any g, 92
andgs € G.

For an axisX={Cy, Cy, ..., Cn}, whereC; = (V;,
E;) is a coordinate. Then, we define the functtbon
X as follows:

Definition 14. For two given points; andxy on axis
Xy
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0

o0

min{length(")| "
=(x1,X], ..., %,,x2)
where(xy, x7), (x/j, x/j+1>, (x!

d(x1, x2) =

m>

where length [7) represents the length of the path
I' with weight on each edge. And we make a

reasonable assumption: in case xaf and xz €V,
and Xx3#Xp, there always exists a path =
(x1, ¥, ..., X}, x2) fromxg to X2. Sod(xq, x2) <length
(I <oo.

Theorem 3. dis 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 ary, X, andxz on
axis X:

(1) Ifd(xq,%2) =00, thend(xz, X3) = co ord(x3, X2) =00
holds. Sad(x1, X2) < d(x1, X3) +d(x3, X2) holds (if
d1 = o0 andd; = oo, we always assume thai =d,
herein).

(2) If d(xq, x2) <00, then there exist¥;, such that
X1 € Vi andxz € V. In this case we have:

(i) if x3¢ Vi, thend(xy, x3)=d(x3, X2) =0c0. So
d(x1, X2) < d(x1, x3) +d(x3, X2) holds;

(i) if xzeVi, then d(x1, X3)<oco and d(xs,
xp)<oo. Since the set of all the paths
that satisfy conditions (betweexy and x3
or betweenxy and x3) is finite, we can
find paths I'1 and I'2, such that d(xy,
x3) =length("1) and d(xs, x2)=length("2),
where I o= (x1,x7, ..., X}, x3) and
I = (x3,x7,....,x/,x2). Then, I'tur,
is a path from x; to Xp, so d(xg,
x2) <length("1UTI'2) holds. So d(x,
x2) <length("1 U I'2) = length("1) + length
(I"2) =d(x1, X3) + d(x3, X2).

According to (1) and (2)d constitutes a distance on
axisX. O

4.2. Distance in resource space

We first give the definition of functio® on RS, and
then prove that it is a distance on RS.

x2)eE;,1<j<m-—1}
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if x1 = x2,
if x1€ Vi, x2€ Vyandi # j,
if x1andx, € V; andx1 # x2,
Definition 15. For any two point1(X1, X2, . . ., Xn)

andpa(y1, Y2, - - -, Yn) in the resource space R§( Xo,

) 1/2
-2 Xn), we defineD(p1, p2) = (X1_yd?(xi, y1)) 2,
whered is the distance on axd, 1<i<n.

Theorem 4. D is a distance irRS.

Proof. According to the proof thad satisfies all the
axioms of distance, we can prove tBeps, p2) satisfies
axioms (A1) and (A2). So we focus on the proof that
D satisfies axiom (A3)D(p1, p2) < D(p1, p3) + D(ps,
p2), for anyp1, p2 andps € RS.

(1) Just as inTheorem 3 in the cases thab(pz,

p2) =00 or D(p1, ps) =co or D(ps, p2) =oo, the
proof is trivial. So here we will only discuss the
case thatD(p1, p2) <oo and D(ps, p3) <oco and

D(ps, p2) <oo.

(2) BecauseD(p1, p2) <oco and D(p1, p3)<oco and
D(ps, p2) <oo, we suppose that there exigts(z1,
2, ...,Zy) € RS, such that

" 1/2
D(p1, p2) = (Z d*(x;. )’i)> :
i=1

n 1/2
D(p1, p3) = (Z d*(xi, z,-)) and
i=1

n 1/2
D(p3, p2) = (Z d*(zi, )’i)) :
i=1
According to the Cauchy inequality "} ju;v; <
(X 1?) P x (T v?) Y%, 4 = 0,0, > 0, 1<i<n.

We get D" 1d(xi, zi) x d(zi, yi) <
1/2 1/2
2(301d%(xi, z) Y2 x (g d2(zi, ) 2
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That means

n

2 " d(xi, zi) x d(zi, yi) < 2D(p1, p3) x D(ps, p2).
i=1

0}
And we have
Z d?(x;, zi) = D*(p1, p3) (i)
i=1
and
Y d%(zi. yi) = D¥(ps. p2) (i)
i=1
hold.

Sum both sides of Eqsi)—(iii) , we get

ZZd(xi, zi) x d(zi, yi)

i=1
n n
+ Y (i z)+ Y d%(z vi)
i=1 i=1

< 2D(p1, p3) x D(ps3, p2) + D*(p1., p3)
+ D%(p3, p2).

That means Y1 (d(xi, z;) + d(zi, yi))? < (D(p1,
p3) + D(ps, p2))*.

And from d(x, yi) <d(x;, z)+d(z, yi) (d is a dis-
tance), we getY ! d%(xi, yi) < Y q(d(xi, zi)+

d(zi, y1))? < (D(p1, p3) + D(p3. p2))°. That means

D?(p1, p2) < (D(p1, p3) + D(p3. p2))> _
SoD(p1, p2) < D(p1, p3) + D(ps, p2). According to (1)
and (2),D is a distance on RS. O

Now we have proved thdD is a distance on RS,

so the resource space R®( X2, ..., Xp) consti-
tutes a metric space (R®) with the distanceD

in it. The distanceD in RS naturally induces a dis-

crete topological space (R%). The following sec-

tion discusses the properties of the topological space

(RS, p).

4.3. Topological properties of resource space

According to the definition of distana® we have

d(x1, X2) <00 < X1 andxz belong to the same coordi-

nate hierarchy.

Definition 16. For two pointspi(X1, X2, .. ., X5) and
p2(Y1, Y2, - . ., Yn) in the resource space R, is called
connective tqy if D(p1, p2) <oco. For a set of pointP

in RS, P is called a connective branch, if for any two
pointsp; andp; in P, p; is connective tg;.

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

Corollary 11. Inthe Resource Spa&sS(Xy, Xo, .. .,
Xn), if a set of points P constitutes a connective brgnch
then for any two pointsq§xi, Xo, . . ., Xn) and p(y1, Y2,

.., ¥Yn) In P, x; and y (1 <i <n) belong to the same
coordinate hierarchy

Proof. If P constitutes a connective branch, then for
any two pointg1(x1, X2, . . ., Xn) andpa(y1, 2, - - ., ¥n)

in P, D(p1, p2) <oo.

Since D(p1, p2) = (Y1 q1d?(x;, y,-))l/z, we can get
d(x;, yi) <oo, 1<i < n. Henceyx andy; 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
structure of the quotient space RS/

Corollary 12. The quotient spaceRS/~ =
{p'(CY,C%, ..., C1)ICK is aroot coordinate on axis
Xk in RSK1, X2, ..., Xn), 1<k=<n}, where p(x1,

X2, ..., Xn) in RSH represents the connective branch
including point @§x1, X2, ..., Xn) i RS.

Proof.

(1) Itis clear that any poinp’(Ch, C2, ..., Cl)isin
RSA.SORY~ 2 {p/(CH.C5,....CL)ICY isa
root coordinate on axiXy in RS}.

(2) For any pointp(x1, X2, ..., Xn) in RS(X1, Xo,
..., Xp), according toCorollary 11 we get that
there exists a root coordinaliE;“Ll on axisXq, ...,
and C, on axis X, such thatx; in CY, ..., x,
in C . SO p(X1, X2, ..., Xn) is in the connec-
tive branch ofp’(C},, €2, ..., C), which means
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P(x1, x2, ..., xz) = p/(CH, C5, ..., CL). Then
we have R$~ C {p/(CY. C5, ..., C1)ICk is a
root coordinate on axiXy in RS}.
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resource space from the perspective of set theory; (2)
propose the concept of the resource space schema; (3)
propose the 2NF and the 4NF of the resource space

schema and relevant theory; and (4) unveil the topolog-

According
C5, ...,
in RS(Xy, Xy, .

to (1) and (2, RE={p(Ch.
Cﬁz)|Cl’.‘k is a root coordinate on axiXy
., Xn), 1<k<n} holds. O

In the quotient space RS/ we can define
a distance D~ on RSA as the induced dis-
tance of the distanceD on RS. D~(p}, p}) =
min{D(p1, p2)|p1 € p} andpz € p5}, wherep) andp,
represent the connective branch includmgand py,
respectively. Then for any’, p, e RS/~, p)| # p5,
D~(p}, py) = 00, D~(p7, p,) = 0,whichmeans 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~RSi-
ables us to search in a more abstract space.

Theorem 5. A point exists irRSif and only if it be-
longs to a point oRS/.

Proof.

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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