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Abstract

With the complex event processing technology has been widely used in processing the information of the internet of things, many
scholars have proposed a lot of event query languages(EQL) for different scenarios. Early scholars generally study the operational
semantics of EQL. Recently, many researchers begin to pay attention to the correctness of the operational semantics of the EQL.
Some researchers have shown the correctness of the operational semantics by proven the equivalence between the denotational
semantics and the operational semantics of EQL. The internet of vehicles is an important research branch of internet of things and it
has a very wide range of applications. STeCEQL is a spatial and temporal constraint EQL for the internet of vehicles. In this paper,
we focus on the correctness of the operational semantics of STeCEQL. We mainly establish the denotational semantics of STeCEQL.
Finally, we prove the equivalence between the two semantics of STeCEQL. Therefore, the operational semantics of STeCEQL are

correct.
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1 Introduction

In recent years, many researchers have concerned the
internet of things and they has achieved a great deal of
results [1]. Internet of vehicles is an important kind of the
internet of things and it has very broad applications.
Unlike the other internet of things, there are a lot of non-
moving agents in internet of vehicles and many fast
moving agents in it. All kinds of sensors of agents in the
internet of vehicles produce great amount of temporal,
spatial and other data. Meanwhile, the internet of vehicles
is a performance critical system, which requires real-time
processing the data in the system [2, 3]. However, the
database technology cannot solve the daunting task.

In order to real-time processing these data of the
internet of vehicles, some researchers have introduced the
complex event processing technology into it. The
complex event processing technology is filtering the
amounts of data flow into the events by the EQL. When
there are some events occurs, the system will real-time or
near real-time to make the appropriate treatment, which
based on the predefined rules base. Moody has proposed
an EQL SpaTec and it has been applied to monitoring the
bus system of London [4, 5]. Jin has proposed an EQL
CPSL and it can describe the relationship between the
properties of the internet of wvehicles [6]. We have
proposed STeCEQL and given its syntax and the
operational semantics, which can effectively describe the
internet of vehicles.

The operational semantics is an important means to
describe the computer language. In the early studies, the

* Corresponding author e-mail: lihuiyongchina@126.com

15

researchers only give the operational semantics of EQL.
Zhu has proposed an EQL SEL and given its operational
semantics [7]. Seiri6 has proposed an EQL ruleCore and
given its operational semantics [8]. Wu has proposed an
EQL SASE and given its operational semantics [9].
Demers has proposed an EQL Cayuga and given its
operational semantics [10].

In recent years, some researchers begin to concern the
correctness of the EQL’s operational semantics. Michael
has proposed an EQL XChange and given its operational
semantics and the denotational semantics [11]. Finally, he
has demonstrated the equivalence of two semantics.
Darko has proposed an EQL ETALIS and demonstrated
the equivalence of its two semantics [12]. The
denotational semantics is more abstract than the
operational semantics. The equivalence of two semantics
is often used to verify the correctness of the operational
semantics.

Therefore, we establish the denotational semantics of
STeCEQL and proved the equivalence between the two
semantics of STeCEQL in this paper. The remainder of
this paper is organized as follows: Section 2 restates the
syntax of STeCEQL. Section 3 defines the denotational
semantics of STeCEQL. Section 4 proves the equivalence
of two semantics of STeCEQL by structural inductive
method. The last Section concludes this paper.

2 Syntax and operational semantics of STeCEQL

The STeCEQL can express the base events of the internet
of vehicles and the complex events composed by the base
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events in a specific relationship. The syntax of the
STeCEQL is as follows:
ABexp:

attribute ::=true | false |[x3 =a|xg3!=a
|Xg >alxg >=a|xg <a|xg <=a
| attribute0 A attribute, | attribute0 v attribute

TBexp:
time ::=true| false| x; BEFORE t|x; AFTER t

| ¢ EQUALt | x; OVERLAPt | x; DURING t
|timeo vtime1 | time0 /\timel

LBexp:

location ::=true | false | x EQI|x OP1|x INI

|, NORTH I|x SOURTH | x| EAST | |x WEST |
| X, NORTHWEST ||, NORTHEAST |
| X, SOURTHWEST I |x, SOURTHEAST |

| Iocationo v location, | Iocaiton0 A locationy

DBexp:

direction ::=true | false | Xq = d| Xq!= d

EBexp: _

en= agenttlme (attributel; attribute2; attribute3---)

| agent; . vion (attributel; attribute2; attribute3- - -)

time
| ageNt)oeation
time
|agem(locat|on direction) (attributel; attribute2; - - -)
CEexp:
ce:=elne2|elve2
The operational semantics of the STeCEQL is as
follows:
ABexp:

<true O'> — true

(attributel; attribute2; attribute3- - )

false, cr> — false

Xq =4, a> — true, if a(xa) =a

X, =a, 0'> — false, if o-(xa);t a

9)

X,!=a,0 >—>true, if a(xa)ia

{
(
(
(
<Xa'
(
(
(
(

a, (7> — false, if a(xa) =a

if o-(xa) >a

Xa >a, o-> — true,

X, >a,o)— false,

a if o(xa) <a

X, >=a

a > — true, if a(xa) >a

Xy >=a,0 >—> false, if o-(xa)< a
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Xy <a, o >—>true if a(xa)<a

Xy <a,o >—> false, if o-(xa)z a

<
<
{x, <
<
<

> — true, if a(xa)g a

Xq <=2, a) — false, if a(xa)> a

a'['[rlbute0 > - b0 <attribute1, 0'> - bl

<attr|bute0 A attributel, 0'> —b
if b0 = true and bl =true, b =true; else b = false

<attribute0 , 0'> - b0 <attribute1, 0'> - bl

<attribute0 Vv attributel, o—> —b

if b0 =trueor bl =true, b =true; else b = false
TBexp:
(true, o) — true

<fa|se, 0'> — false

<xt BEFORET t, a> — true, if a(xt).endn < t.startl
<xt BEFORET t,a> > false, if o(x,).endn > t.startl

<Xt AFTERt,a> — true, if cr(xt).start1>t.endn

<x,[ AFTERt, 0'> — false, if a(xt).star‘tlét.endn

<><t EQUALt, 0> > true,

if (Vie N.a(xt).starti = t.starti and a(xt).endi = t.endi)
<Xt EQUAL, o> — false,

if (3ie N.a(xt).starti # t.starti and cr(xt).endi # t.endi)
(x OVERLAPt, ) > true,

if (a(xt).endn >t.startland a(xt).endn <t.endn)
or (o(xt ).startl > t.startl and o(xt ).startl <t.endn)

(x, OVERLAPt, &) — false,

if o(x)-endn <tstartlor o(x;).startl > t.endn
(X DURINGt, &) > true,

if o-(xt ).startl > t.startl and o-(xt ).end1 <t.endn
(x, DURINGt, &) — false,

if a(xt ).startl < t.startlor a(xt ).end1>t.endn

<time, a> — true

<—|time, 0'> — false
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<time, a> — false

<ﬂtime, 0'> — true

<time0, 0'> - bo <time1, a>
<time0 /\timel, a> —>b

—>b1,

if b0 = true and bl =true, b =true; else b = false

<time0, 0'> - bo <timel, a> - b1
<time0 vtimel, o> —>b ’

if b0 =trueor bl =true, b =true; elseb = false
Lexp:
<true, cr> — true

<false, cr> — false

<x| EQI ,0'> — true,

if (Vie N.o-(xI ).rowi = l.rowi and a(xI ).columni = l.endi)
<x| EQI ,o-> — false,

if (Jie N.a(xI ).rowi = l.rowi or a(xI ).columni = l.endi)
<x| OPI ,0'> — true,

if (3i,je N.a(xI ).rowi = l.rowj and a(xI ).columni = l.columnj)
(x OP1,0) > false,

if (Vi, j € N.o(x)).rowi = l.rowj and Vo (x| ).columni = I.columnj)
<x| INI ,a> Strue, if o(x) |

(X IN1,0) > false, i o(x) |

(X NORTH I, &) > true,

if (Vi,je N.O'(XI ).rowi < l.rowj and O'(XI ).columnj = l.columnj)
(X NORTH I, ) - false,

if (3i,je N.cr(xI ).rowi > l.rowj or o-(xl).columnj # |.columnj)

<Iocation, o—> — true

<ﬂlocation, 0'> — false

(Iocation, 0> — false

<—|Iocation, 0'> — true

<Iocation0, 0'> - b0 <Iocation1, 0'>

b
<Iocation0 A Iocationl, 0'> —b ,
if b0 =true and bl =true, b =true; else b = false

—>bl,

<Iocation0, 0'> - bO <Iocation1, 0'>

<Iocation0 v Iocationl, o> —b
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if b0 =trueor bl =true, b =true;elseb = false
DBexp:
<true, 0'> — true

(false, o-> — false

<Xd =d1, a> — true, if a(xd )=dl

<xd = d1, 0'> > false, i o(xy)#dl

<xd 1= di, 0'> true, if o(xg)# dl

<xd 1= d1, o> > false, i o(xy)=dl

EBexp:

(time,o) >b1 (alo)—>b2 (a2,0) >b3 -

<agenttlme (attributel; attribute2;-- ), 0'> — true ’
if Vb e (bl,b2,b3,---),b=true
(time,o) »bl (al o) >b2 (a2,0) —>b3 -

time

<agent (attributel; attribute2;---),o> — false ’
if 3b e (b1,b2,b3,---),b = false
(o) > (o) >b2 (aLo)>b3 (a20) >ba -

<agent|tgr2§tion (attributel; attribute2; ---) , o-> — true
if Vb e (bL,b2,b3,b4--2),b =true
(o) >t (o) >b2 (aLo)>b3 (a20) >bs -

<agent|tg2§tion(attributel; attribute2; --) , o-> — false
if 3b e (b1,b2,b3,b4--2), b = false

(1 e o) o ) o () o

t
<agent(| ) (attributel; attribute2; w),a> — true

if Vb e (bl,b2,b3,b4,b5--), b = true

1 o on (o) o i) e o) o

if 3b e (bl b2,b3,b4,b5---),b = false
CEBexp:
(el, o) > bl (e2,5) b2
(elne2,o) — true
(el,o) »bl (e2,0) —b2
<elA e2, a> — false
(el,o) > bl (e2,0) —>b2

<e1v e2, (7> — true

, if vbe (bl b2),b=true

, if 3b e (b, b2),b = false

, if 3s e (s1,s2),b =true

(e,0) >bl (e2,0) —b2

<elv e2, o> — false

, if Vb e (bLb2),b = false
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3 Denotational semantics of STeCEQL

Let the states set X is composed by the function o that
from the storage set to different attribute values set. And
then, o(X) is the value of the storage unit X under the
state o . The ordered pair < attribute, o >— true means
that the value of the expression attribute is true under the
state o . The value of the complex event expressions is
Boolean. Let Boolean set is B={true, false} and the
element of the set express by b. Therefore, in the
STeCEQL, the denotational functions of the all kinds of
Boolean expressions are the mappings from the states set
> to the Boolean set B.

Numeric Boolean expressions attributee ABexp,
denotational function A[attribute]:X —B.

Temporal Boolean expressions timeeTBexp,
denotational function Z[time]:~X —B.

Spatial Boolean expressions locationeLBexp,
denotational function L[location]:~ —B.

Directional Boolean expressions directioneDBexp,
denotational function D[direction]:~ — B.

Event Boolean expressions e€eEBexp, denotational
function £fe]: X —>B.

We define the denotational semantic function by the
structural induction as below:
A:ABexp — (X — B)
7 :TBexp — (£ — B)
L:LBexp —»> (£ > B)
D:DBexp — (£ — B)
& :EBexpor CEBexp — (X — B)
ABexp:
Altrue]l ={(o,true) | o € =}

Al false] ={(o, false) | o € }

Alxg =a]={(o,true) | c e Zand o(xy) = a}
(o, false) | c e Zand o(xy) # a}
Allxg!=a]={(o,true) | c e Zand o(xy) # a}
(o, false) | c e Zand o(xy) = a}

Al xg >a]={(o,true) | c e Zand o(x5) > a}
(o, false) | c e Zand o(xg) < a}

Al xqg >=a] ={(o,true) | c e Zand o(xg) > a}
(o, false) | c e Zand o(xg) < a}

Alxg <a]={(o,true) | c e Zand o(xg) > a}
(o, false) | c e Zand o(xg) < a}

Al xg <=a] ={(o,true) | c e Zand o(xy) = a}
(o, false) | c e Zand o(xg) < a}
Alattributey A attribute; | ={(co,by Ar by) o€ X
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and (o, bo) € A[[aO]] and (o, bl) 5 A[[all]}
A[[attribute0 v attributel]] ={(o, b0 VT bl) |loeX

TBexp:
Ttrue] ={(o,true) | c € =}

T false] ={(o, false) | o € =}

T % BEFOREt] ={(o,true) |oc e Zand o(x).n <t.1}
A(o, false) | o € Zand o(x;).endn > t.startl}

T ¥ AFTERt] ={(o,true) | oc e Zand o(%).1> t.n}
A(o, false) | o € Zand o(x;).startl <t.endn}

7% EQUALt] ={(c,true) | o e 2

and (Vi e N.o(x).si =tsi and o(x;).ei =tei)}
HA(o, false) |oce =

and (3i € N.o(x¢).si # t.siand o(x; ).ei = t.ei)}

T % OVERLAPt] ={(o,true) |c € X

and (o (% ).endn > t.startland o(x; ).endn < t.startl)
or (o(x¢).startl > t.startland o(x; ).startl < t.endn)}
A(o, false) | o e Zand o(x).n <t.loro(x).1>tn}
T % DURINGt] ={(c,true) |c e X

and o(x;).s1> t.sland o(x; ).e1 > ten}

A(o, false) |c e =

and o(x;).startl < t.startland o(x; ).end1 > t.endn}
TIItimeO /\timel]] ={(o, bO AT bl) |loeX

and (o, by) € Alltimeyland (o, by ) € Altime, T}
’Tl[timeo vtimel]] ={(o, bO VT bl) |loeX

and (o, bo) € A[[timeo]] and (o, bl) € A[[timell[}

LBexp:
L[true] ={(o,true) | o € £}

L[ false] ={(o, false) | o € =}

L[[xI EQI] ={(o,true) |c e X

and Vi e N.a(xI ).rowi = l.rowiand a(xI ).columni = l.columni}
A(o, false) |oc e 2

and Ji N.o(xI ).rowi = I.rowiora(xI ).columni = l.columni}
£I[X| OPI]={(o,true) |c X

and 3i, j N.cr(xI ).rowi = l.rowj and o-(xI ).columni = l.columnj}

HA(o, false) |ceX
and Vi, j N.O'(XI ).rowi = l.rowj and a(xI ).columni = l.columnj}

LZI[XI INI] ={(o,true) | o € X and O'(XI) cl}
A(o, false) | o e Zand o (X)) = I}
L% NORTHI] ={(o,true) | o € =
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and Vi, j N.a(xI ).ri <l.rjand o(xI ).cj =1.cj}

Al(o, false) |oceZand Ji, j N.a(xI )ri>Lrj}

L locationy A location; | ={(c,by Ay b)) [o € X

and (o, bo) € A[[IocationO]] and (o, bl) € A[[Iocationl]]}
E[[Iocation0 v Iocationl]] ={(o, bo VT bl) |loeX

and (o, bo) € A[[Iocationo]] and (o, bl) € A[[Iocaitonl]]}
DBexp:

Ditrue] ={(o,true) | o € }

D[ false] ={(o, false) | o € X}

D[[Xd =d] ={(o,true)|c e Zand O'(Xd )=d}

A(o, false) | o0 e Xand a(xd ) =d}

D[[xd I=d] ={(o,true) | oc € Zand o-(xd) = d}

A(o, false) | c e £ and o-(xd )=d}
EBexp:

S[[agentt'me (attributel; attribute2; attribute3;---)]

={(o,blAr b2 Ay D3Ag ) |oeX

and (o,bl) e 7T(t]and (o,b2) € Alal]

and (o,b3) € A[a2]and (o,b4) € A[a3[}

EJ[[agentI ocation (attributel; attribute2; attribute3;- - -)]
={(o, bl/\-l— b2 AT b3/\-|- ~)|oeX

and (o, bl) e L[location]and (o,b2) € Alal]

and (o,b3) € A[a2]and (o,b4) € A[a3[}

time : At At .
& [[agentI ocaiton (attributel; attribute?; attribute3;---)]

:{(O', bl/\T b2 /\-l- b3/\T ) | oey
and (o, bl) e 7T[t]and (o, b2) € L]location]
and (o, b3) € Aal] and (o, b4) € Afa2]and (o, bS) € Afa3[}

time . .
(locaiton,direction) (attributel; attribute2;-- )]

={(c.blry b2Ap D3AL ) |o el

and (o,bl) e 7[t] and (o,b2) € £[1]and (o,b3) e D[d]

and (o,b4) e A[al] and (o,b5) € A[a2]and (o, b6) € A[a3]}
CEBexp:

Elelne2] ={(o, bl/\-l- b2)|oceX

and (o,bl) € &[el] and (o,b2) € £[e2]}

Elelve2] ={(o, blv-l— b2)|oeX

and (o, bl) € &[el] and (o,b2) € £[e2]}

Elagent

4 Equivalence between operational semantics and
denotational semantics

The operational semantics of STeCEQL describes the
behavioural characteristics of each step. The denotational
semantics is more abstract than the operational semantics.
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The denotational semantics describes the relationships
between the state sets. To illustrate the correctness of the
operation semantics, we prove the equivalence between
the operational semantics and the denotational semantics
of STeCEQL.

Theorem 1: For every expression attributee ABexp,
we have Alattribute] ={(o,b) |< attribute, o >— b}.

Proof. We prove the theorem by structural induction.
We have that

P (attribute) S Gef

Al attribute] = {(o, b) |< attribute, o >— b}

The case: attribute=true.

Let (o,b) € Aftrue] < o > and b =true.
Obviously, if (o,b)e Altrue] ,
<true, o >— true.

Conversely, if <true,o >—true , then the only
possible derive is b=true, thus (o, b) € A[true].

The case: attribute=(xa=a), Xa is the storage unit.
By the definition:

Allxg =a] ={(o,true) | c e Zand o(xy) = a}
A(o, false) | o e Zand o(xy) # a}.

then b=true and

Then(o,true) e A[xg =a]l <> oceXand o(Xg)=a.

If (o,true) e A[xq =a], then o(xz) =a.
By the operational semantics of the expression, we
get< xg=a,c >—>true.

Conversely, suppose < x5 =a,c >—> true, then there

must be a derivation as below:

< Xg=a,0 >—>true
Thus, (o,true) e Aftrue].
Hence, (o,true) e Aftrue] << x3=a,c >—> true
Similarly,

(o, false) e Atrue] << xg=a,c >— false.

Thus, we can get:
Alixa=al < {(o,b) < xq=a,0 > b}
The case: attribute=(attributeoAattributes), let

attributeo and attribute: are ABexp.
Suppose P(attributeo) and P(attributes) are true.
By the definition:

(o,b) A[[attributeO A attributel]]

<o eXand 30y, b.b=byAr by

and (o, bo) € Al[attributeo]] and (o, bl) € A[[attributel]] .
Thus, suppose (o,b) e A[[attribute0 /\attributel]] ,

then Elbo, b_l. (o, bo) IS .A[[ao]] and (o, bl) e .A[[al]]

By the suppose, the P(attributeo) and P(attributes)
are true, then
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< attributeo, o> b0 and < attributel, o> bl

Hence, we can derive
< attrlbuteO A attrlbutel, o>—>b, b= b0 AT bl
Conversely, every derivation of

< attributeo A attributel, o >—> b must have the follows:

< attributeo, o> b0 < attributel, o> bl

< attributeO A attributel, o>>b

For a bo and b1,we can derive b = b0 AT bl
Because the P(attributeo) and P(attributes) are true,
(o, bo) € A[[attributeo]] and (o, bl) € A[[attributel]] .

Hence, (o,b) € Al attribute] .

The proofs of other cases are completely analogous.

We finish the proof of this theorem.

Theorem 2: For every expression timeeTBexp, we
have

T time] ={(o,b) |< time, o >— b}

Proof. We prove the theorem by structural induction.

We have that
P(time) S gef Ttime] ={(o,b) |< time, c >—> b}
The case: time=true
Let (o,b) e Ttrue] < o e X and b =true.
Obviously, if (o,b) e Ttrue] then

b =truer H. < true, o >—> true.
Conversely, if <true,oc >—true , then the only
possible derive is b=true, thus (o, b) € 7 [true].

The case: time=(xt BEFORE t), x; is the storage
unit.
By the definition:

7% BEFOREt] ={(o,true)

| o € Zand o(x;).endn < t.startl}

A(o, false) | o € Zand o(x ).endn > t.startl}
Then

(o,true) e 7% BEFORE]]

< o ezand o(x).endn < tstartl.
If (o,true) e T[[x BEFOREt]] : then

o(X¢)-endn < t.startl.
By the operational semantics of the expression, we get
< X%t BEFORE t, o >— true.
Conversely, suppose < X BEFOREt, o >—true ,
then there must be a derivation as below:
o(%¢)-endn < t.startl
< X% BEFOREt, o >— true

Thus, (o,true) e 7% BEFORE].
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Hence, (o,true) e T BEFORE]]

<< ¥ BEFOREt,o >— true.
Similarly,

(o, false) e T[[x BEFORE t] << X5 =a,0 >— false.
Thus we can get:

7% BEFOREt] < {(o,b) |< xy BEFORE t, 5 >— b}

The case: time=(timeoAtimez), let timeo and time:
are TBexp.

Suppose P(timeo) and P(timez) are true.

By the definition:

(o,b) ’T[[timeO /\timel]] Soey
and Hbo,bl.b = b0 AT bl
and (o, bo) € T[[timeO]] and (o, bl) € T[[timel]]
Thus, suppose (o,b)e T[[time0 /\timel]] , then
(o, bo) € T[[timeoll and (o, bl) € T[[timelll .

By the suppose, the P(timeo) and P(time1) are true,
then

< timeo, o> bO and < timel, o> bl

Hence, we can
derive < time0 /\timel, o>>h, b= b0 AT bl
Conversely, every derivation of

< time0 /\timel, o >—> b must have the follows:

< timeo,a > b0 < timel, o> bl

< timeo /\timel, o>>b

For a bo and by, we can derive b = b0 AT bl

Because the P(timeo) and P(timei) are true,
(o, bo) € T[[timeo]] and (o, bl) € T[[timel]].

Hence, (o, b) € 7[time] .

The proofs of other cases are completely analogous.

We finish the proof of this theorem.

Theorem 3: For every expression location€ELBexp,
we have L[location] ={(o,b) |< location, o >— b}

Proof. We prove the theorem by structural induction.
We have that

P (location) S gef

L[[location] ={(o,b) |< location, o >— b}
The case: location=true.
Let (o,b) € L[true] < o € > and b =true
Obviously, if (o,b) e L[true] ,
b=true and <true,o>—true.
Conversely, if <true,c>—>true , then the only
possible derive is b=true, thus (o, b) € L[true].
The case: location=(xi EQ I), xi is the storage unit.

then
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By the definition:
LIIXI EQI]={(o,true) |ceX
and Vi e N.o-(XI ).rowi = l.rowi and c;(xI ).columni = l.endi}
HA(o, false) |oeZ
and (Ji N.o-(xI ).ri # I.rioro-(xI ).ci =1.ci)}

Then (o,true) e £[[xI EQI] <
oceXandVie N.o-(xI ).rowi = l.rowi and o—(xI ).columni = lL.endi -

If (o,true) e E[[xI EQI] , then

Vie N.a(xl ).rowi = l.rowi and a(xl ).columni = l.endi .
By the operational semantics of the expression, we get
<X EQI, o >—>true.
Conversely, suppose < X EQ l,oc >—true, then there

must be a derivation as below:
Vie N.o(xI ).rowi = L.rowi and o(xI ).columni = l.endi

<X EQI, o >— true
Thus, (o,true) e C[[xI EQI].

Hence, (o, true) e £[[x| EQI] o< X| EQI,o >—>true.
Similarly,
(o, false) e LZ[[XI EQI] << x3=a,0 >— false.
Thus we can get:
El[xl EQI] < {(o,b) < X EQI, o >— b}
The case: locaiton=(locationpAlocation;), let locationg
and location; are LBexp.

Suppose P(locationo) and P(locations) are true.
By the definition:

(o,b) e L] Iocation0 A Iocation1 leooeX

and Hbo,bl.b = b0 AT bl

and (o, bo) € £[[Iocationo]] and (o, bl) € £[[Iocationl]]
By suppose, the P(locationo) and P(location:) are

true, then

(o, bo) € £[[Iocati0n0]] and (o, bl) € L‘,[[Iocationl]]
Hence, we can

derive < locationg A location;, o >—>b, b=by Ap b .
Conversely, every derivation of

< Iocationo A locationy , o >— b must have the follows:

< Iocatlono, o> bO < Iocatlonl, o> bl

< Iocation0 A Iocationl, o>>b
For a bo and by, we can derive b = b0 AT bl

Because the P(locationo) and P(locationi) are true,
(o, bo) eﬁl[locationO]] and (o, bl)eﬁlllocationlll.

Hence, (o,b) e L[[location].

Li Huiyong, Chen Yixiang

The proofs of other cases are completely analogous.

We finish the proof of this theorem.

Theorem 4: For every expression directioneLBexp,
we have D[direction] ={(o,b) |< direction, o >— b}

Proof. We prove the theorem by structural induction.

We have that P(direction) S def

Dldirection] ={(o,b) |< direction, o >— b}

The case: direction=true.

Let (o,b) € D[[true] < o € > and b =true.

Obviously, if (o,b) e D[true] , then
b=true and <true,o>—>true.

Conversely, if <true,o >—>true , then the only
possible derive is b=true, thus (o, b) € D[true] .

The case: direction=(xq=d), X4 is the storage unit.
By the definition:

Dixy =dl={(o,true)| o eXand o(xy) =d}
A(o, false) | o € X and a(xd )= d}
Then
(o, true) e DIde =d]eo oceXand U(Xd )=d.
If (o,true) e D[[xd =d], then G(Xd )=d.
By the operational semantics of the expression, we
get<xy = d,o >—true.
Conversely, suppose < Xq = d,o >—>true , then

there must be a derivation as below:
a(xOI )=d

<X4 = d,o >— true
Thus, (o, true) € Dtrue] .
Hence, (o,true) € D[true] << Xq = d,o >—true.
Similarly,
(o, false) e D[true] << Xq = d,o >— false.
Thus, we can get:
D[[xd =d] < {(o,b) < Xq = d,o >— b}

The proofs of other cases are completely analogous.

We finish the proof of this theorem.

Theorem 5: For every expression eEEBexp, we have

Elel ={(o,b) |< e, >—> b}

Proof. We prove the theorem by structural induction.
We have that P(e) S def Elel ={(o,b) < e, > b}.

The case:
e= agentl!Me (attribute,; attribute, ; attribute,) , let time

is EBexp, attributes are ABexp,
Suppose P(time) and P(attribute)s are true.
By the definition:

(o,b) Sﬂagentt'me
< oeXanddb,b,, b, b,.b=b A b, Ar by AL by

(attribute, ; attributez; attribute3)1|
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and (o,b)) € T[time] and (o,b,) € A[[attributel]]

and (o,b;) € A[[attributez]] and (o,b,) € A[[attributes]]
Thus, suppose
(o,b) € E[agent (attributel; attribute2; attribute3)]
then 3b,b,,b,,b,, (o,b) e 7Ttime] and (o,b,) € A[al]
and (o,b;) € A[a2]land (o, b,) € A[a3].
By the suppose P(time) and P(attribute)s are true,
then <time,oc >—Db, and <attribute,,oc >—>b,

time

and < attribute,, o >—> byand < attribute;, o >— b,

3!
Hence, derive

< agentt'me

we

(attributel; attribute2; attribute3), o >— b,

can

b:bl/\'r bz/\.l. b3/\.|. b, .

Conversely, derivation of

< agentt'me (attributel; attribute2; attribute3), o >— b

must have the follows:

every

<t,o>—>bl <a1,o>—>b2 <a2,a>—>b3

< agenty (al, ay, a3), o>>Db
For a time and attributes , we can derive
b:bl/\'r b, AT b3/\.|. b,.
Because the P(time) and P(attribute) are true,
(o,b)) e TTtime] and (o, b,) € Al attribute; |

and (o, b3) € A[[attributeZ]]and (o, b4) € A[[attributes]] .
Hence,

(o,b) € &l agent (attributel; attribute2; attribute3)] .
The proofs of other cases are completely analogous.
We finish the proof of this theorem.

Theorem 6: For every expression ceeCEBexp, we

have &[[ce] ={(o,b) |< ce,c >— b}

Proof. We prove the theorem by structural induction.

We have that

P(e) S def Elcel ={(o,b) |< ce,o >— b}.

time

The case: ce=(e1nez), let exand ez are EBexp,
Suppose P(e1) and P(e2) are true.

By the definition: (o,b) efle ne,l=oe >
and Hbo,bl.b = b0 AT b1 and (o, bo) e S[Ielﬂand (o, bl) S S[[ez]] .
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