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Abstract Recently the technological advance in the hardware dealing with multimedia data as well
as the explosive increase of the volume of multimedia data bring about new interest in the use of
multimedia presentations in many application domains. To use multimedia presentations efficiently, the
integration of multimedia presentations intc DBMS is necessary. This paper presents a multimedia
presentatation query language based on contents and query processing techniques.

Presently, multimedia presentation authoring tools denote a multimedia presentation using a
presentation graph which is a DAG. A Node in the graph is a same type of media stream and edges
denote a play-out order and a synchronization way among nodes. The contents of presentations graphs
are the information of each stream, the sequential order of the information inside each stream and the
play-out order among the streams.

GCalculus/S is a calculus-based query language and can deal with the contents of a presentation
graph and physical characteristics of multimedia data. It expresses the sequential order of information
inside each stream and the play-out order of streams of a presentation graph using temporal operators
Next, Connected and Until. O-Algebra, which is object algebra, is extended to process GCalculus/S
queries. °
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BEju|t]o] ddold FrIstd Waos w2 gl
2o wpog AMERIA HEPTY] (E2E AGsh=
Aolth dx HEv|vo] JAEL AFH EX FY,
AFH BE g, 280 Y5 BEE k. dE
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dEjnjtie] ARES o83t dERYe] FAES
AZsle A} =7%F AFHY ASL IconAuthor,
Authorware, Quest[1,14,23]15°] it} o] EFEL o
2 7HA] ElQlel ARES o)&ste] HEu|He 4dE
o 7Y Ad S A2 EHez BHsy) Hse 2
gz, = AAE I Z(presentation graph)ES ©] L3}
A Yok AFE 2z =T 22 gl HEnd
o g2 s 2EYS Uehlr =& Alolg] ¢
Ale Z2EY Aol A &A9 5713 wHS HERd
o oE B0 28 19 4d aZe g2 3970
B F JlY vt 2EQT T A9 2 ~EYS
2 Aol gtk Hlge 2EW “TPAH or]o A
Ed “Promo Song”& FAld Adgd vrje 227
“BAALY] A" s BT 2EY ‘7RI orje &
E¥ “Promo Song”¢] B4d¥F =3Fog Addd.

V: 2734k Four
Title: T
= 2%
A: Promo V: g4t
a9 1 HEuYe] 49E ‘S #F

dEjuit]o] 2880 7IXe EdF 54L& 23
(segmentation)o|t}. Heln|tle] A2 EL 9n gle U
& o] B2 £ e HAFT @7 Utk A2 &
Hte EE9 Ade 1 Hi9 vrt ZHd
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GCalculus/S(GCalculus  with Set Operators)&
calculusell vlg-E & Agojoln GCalculus(Graph
Calculus)E BHEAA QoJRAth GCalculus® At =
2)(Temporal Logic)[24] & 43l A4A X(Next),
U(Unti), C(Connected)®}  Computational Tree
Logic(CTL)[8]9] & =2 A existential path
quantifer) E¢ @& )2 H=A(universal path
quantifier) AE AM8ste] iz HAE TG
GCalculusX & AFR v, #E d= HZA A,
a8 BA 43R & o83 B B o))
3l7] o#e HHEES wEo] dok =3 23 xde
g HE-2 w$ vt ole GCalculusE ®IHAA
GCalculus/SE @A A7t} GCalculus/S+= GCalculus
oA BFER Vel AE AAANA 39 EvF A T
€ base predicate®] AZFo|ARt ebdth 23t
GCalculus/S+ &t % ZEE 71534 959 1
g v8L Fo A

GCalculus/S¢] 49l HalE 93 O-Algebrall19]
£ #gA3sle dig(algebra)dl 2§ “bottom-up” A
%2 AFdE o) A3 O-Algebral19]elA] e
g d2kxt9} Next, Until, ConnectedZ A}2-3t ®H
H k= Alole] FAE DEIE H2E 2| sty
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2. GCalculus/S2} HIOIE} R

2.1 GIO|E} oy

2E doe dojgt 2dd] nlgg F3 glch old
GCalculus/S7F vlEHS F= dlolgl mdo] HQ3dic}
3 dolel Rl golr H98 FEjujde] AsEY
£ 54 A9 U, 49 JH9=E ayFez
BEHE 4= glojor 3ok ol AA A& dHolel wdg
o] &3te] RS gt} ol ohed duHE 039
171 H&oict. Hevdel Age vehte F3 F
79 AAEH 1 AAE Atold #A= class—subc—
lass hierarchy®} composition hierarchy o]-&3}e
AT 4 stk =3, "entie) A5 214 £33
B3l composition hierarchyE ©] &3l Az gc}.
olefe] Aol GCalculus/SE % diolel Edoj),

class Pres_Graph [
name: String;

other attributes;
Nodes: {Pres_Node};
Edges: {Pres_Edge}];

class Pres_Node: inherits
from Stream[
graph-in: Pres_Graph;
child-nodes; {Pres_Node};
parent-nodes; {Pres_Node};
other attributes];

class Stream { class Frame[
name: String; name: String;
type: String; objects: {C_Object};

rep_frame: <Frame>; other attributes];
other attributes];

class Pres_Edge class C_Object [

[<Pres_Node>]; name: String;
frame-in: Frame;
other attributes];
B7): {}, <> set constructor®} sequence con-

structorg WEpRATh

2.2 GCalculus?t GCalculus/S

GCalculusol= F 7FA FF9 71&(symbo)7} ATk
Bhbe =8 7]&(ogical symbol)olil THE e HiE
2 7)&(non-logical symbololtl =@r|EE < >,
<, 29 #& A Hlm V|EY <, O, g, 2,
29 22 Y3 vw 7|5E FAE Stk & 7]
ol &9 #HHA ALEEHE Aol vl 7
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2.2.1 GCalculus®] +&

03] GCalculus®] T&& 7|8ty ¢2og &
Angty, ¥ EeHformula) Al -Ad9] 2ulE %o] sy
ol A ARgEl= Aotk XEE A5 A6, Bl - B39 9]
E FHOo g ke ¢dE AMESHY didic

A. State Formulas
(Al) proposition(0-ary % ©](predicate))

(A2) ¢(tl,..,tn), ¢ n-ary €ojolH tl,. e Fterm)o|
o},

(A3)tl @ t2, @ € {set of logical operators}, t13} t2
€ Foltt

(A4 (3yp, (Vyp, pE =
o e WMotk

(AD) <<gxs>>p, gv LAZ B9 e 7= #, x
= £ BlY9 gg 7= FHsequence-valued term), s
= &4 Jehlle x9 A¥ =Z(starting node)E e}
Wi == FFojch o] B L = T B pE xt ¢F
goe Zdeo|th

(A6) Ex)<<gxs>>p, Ax)<<gxs>>p, E¥} Ax 39
Ve ouigl fAHE ouE MR Ex<<gxs>>pd
ulE od =E solA AlFSHE w2 x7t EAEY
HAeE da ETEEH pE UEIde Holth A
<<gxs>>p2 YrlE ofd kX solA AFEe RE
2 x& #& 5 pE UEFTE Aolth

B. Path Formulas
(BD [[n]lp, n& =& WY AHO|E E& pE ¢
Edi=a
(B2) (p), p= A= EEZL
B3) p @ q ps} qE A= EEH x= &4 Y &
< 7KHe &, @ = {X(next), Clconnect), UluntiD)}, X,
C, U &9 oule olele] 1oz At
Example 2.1: Ex)<<g, x, n0>>[[n0]]p X [[nl1]llg

£

Hol= gy y= pt

n0 nl
pE WE3le dhte] ==m0E o)FojA #2d ¢E
WSS shie EE@DE oFolzl B2 ST
gon I iy W xE FHAY, g AWsid o
& x7F EAFY x9 AE =Emo)E pE UEIM o
€ =EmDE g BEI

Example 2.2 EG)<<gxn0>>[[n0]lp C ([[nl]lq X [(
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D—Dr
n0 nl n2

g d2e e x=mOE FAHY AT F
HRo] pathe F 79 == F450] glon M= <
Fan Atk 2 =0 n2)S 44 o8 rE HEF
ot == n0$} nlAtelole O/ v BE49 :EU) E3)
& 4 At #2x 8w xob yERE die n0olA Al
zpsto] p2e A Bt

Example 2.3 Ex)<<gxn0>>([[(n0l1p X [[nlllq ) U
[[n2]]r

AP HDAD - HDADAD >

n0 nl

EE g0t pE BEFC 0L = nlE S B
t} A&sle ps} gF BEAIE F =271 AE ey
o r& 9E A7) == n27t UERE W7z ASEoh

222 GCaleulus® GCalculus/SZ2] HY

24 A (Relational Calculus)olA HE AL v}
A @izt 7o ALl Be yelo #@aA 4 4
o ¥8-g #ED2] WRVIAE Glaouus A HE

Azl At 5 A4 o AR w534
Ag wEo] Wt o] GCalclusolA V, A FFAE
ol 3 GCalclus/S(GCalculus with Set Operators)2
Nk GCaeuus/SE 39 E ARAEST 71AH
= base predicate?] 9Zol|Agt ALR®L). o] WL
o #Ag A9 8L A5sA s Eoh ol
GCalculus/S9) T+2& 7testA A9
() AFA Az AHEEA geth
@) AFA VE ASEA ek
(3) 84 d2A T & base predicate?] &7 Ve
t} (&, 989 2ol=T =g A V EE AR
nEoAe LB AFE YA Feth)

Lemma 2.1: A(x)<<g, x, SO>>PE AH|o|E EET 0]
t}. P #2 ¥ Eelolth 1 HA XEHE 93 1
29] AL xz9 mAg ==& 0% sjolth Petel Sl
L p= 09 TAYE e HA(assertion)oltk. 1E]31E,
AX)<KLg, %, sSO>OPE Sp ¢ Sqot FYU(equivalent) 3ttt
Sp = {x1 | <<gxl,s0>>[[s0]lp C [[snllsntype =
“Terminate’’} and Sq = {x1 | <<gx1,s0>>Q}. ek, ol
B3 2go|E ¥ E&} sitype = “Terminate’’ &) @3
2 3getn o™ Q = P, ol Q = P C [[sn]]

FIEL
3 ﬁzallo

L]

sn.type = ‘“Terminate’’.

Proof: S = {x}& s0 x=oiA A&l Terminate =
= snoll A Bue H2e Aol sk Aolo] ofslo
S = Sp.

(1) Case 1! si.type = “'Terminate’ 7} AH3 .

(a) AG)<<gxs0>>P7y Abdelgtn 7bge. Soe
{xi | <<gxlLsO>>P)Z HHE 4 7] H2 S=5p =
Sq. 2 E2E Sp € Sq

() AX)<<gxsO>>P7} Apde] ohela 7b3gskat 1
28 Spot Sqo A9 2t sno] whATt ==9l
2 xi7}b Spotel Egheoh e o] H2E Sglle X
gz geth 1YEE Sp ¢ Sq.

(2) Case 2 sitype = ““Terminate’ 7} A o] obduf

(a) A)<<gx,s0>>P7} Araelgln 7H4sixl 29|
Sqg = {xI | <<g =x1,s0>>(P C [[sn]lsntype =
“Terminate')}, S = Sp = Sq. IHEE Sp € Sq. )
A)<<gxs0>>P7b Aldel ollgtn 7pgstal 23w
Spelt £FH ] e ojd HA2 xie Sqoll XFEA Fe
th & Sp ¢ Sa. O

Lemma 22: A ¥t V APAES 72 3=
GCaleulus®) ©1® & formula® ESF 3 AL JE 4
AAE o] 48 GCalculus/Sel TEEIZ WY AUS
p=3

Proof: Lemma 210 9J3led A AE 7ML Sle
TEEHs A% B9 A% daE AT e 2ES
2 ¥y N2 4 Atk ¥48 A vel 53 A
- AT Qe TEFHE (4]0 AEEH de A0l
9} Qe FL o] g3t = AFA I JF AR
Z 7IAz e TEEE Wy Ag F Sl O

obgflo]l GCaleulus/SE |48 Aol XHe o8 20
g} 21004 AP dolg} RYUE o83t class-
name(x)2 R¥HE AL 4 x7} classnamed] F#l&
o &dhe 9u|olr}t. Example 25% ¥& A¥FA V7t
EZPE AE F /9 A HF A4z BEE
o]n Example 26& W4 2 i A7 x23HE 29
2 % A9 A9} AT AR HHF doltt

Example 24: Z€ 2EJ& e =¥ Y(frame)
A He ZHJL “facon HAE 7HA: Uz =EA
w z39L “mountainlion’”’ AAE M3 Qv YW
zZ e FoAL.
GCalculus/S:  {x | (3s,
Frame(n0) /\Frame(nl) A

{n0,n1} Ss.rep_frame /\<<s.rep_frame,x,no>>[ [n0] }

In0, 3Inl)Stream(s) /\
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(( 3 o1 XC_Object(ol) Nol.name=""falcon’’ /ol =nl.objec
ts) C [[n1]11(( 3 02)(C_Object(02) /\

o2name ="‘moutainlion’’ /\ 02 € nl.objects))}

Example 25. EE 2E@o] A “dear’$} A
“mountain lion"& 7FAl= I EZE FOAQ,
GCaleulus/S: {g | Pres_Graph(z) /\ All_Stream(g) =
Streams_Having_Deer_and Mountainlion(g)}
All Stream = {s1 | Stream(sl) /\ sl =g.Nodes /\ sl.type
=+ Terminate}
Streams_Having_Der_and Mountainlion = {sl1 | Stream(sl)
A sl e gNodes A

(301, 302)(C_Objectlol) /\ C_Object(02) /\ {ol, 02}
< sl.rep_frame.cbject /\

ol.name = "deer” /\ o2.name = "mountain lion")}

Example 26: o8 ~Efo] A3 “deer' & 7} A
€ W 2 2EHAA AFEe EE d=fd AA
“river’’'E ZHA 3l YE AEYo] v aZE o4
2.
GCalculus/S: {g | Pres_Graph(g) /\ ( 3 s1)(Stream(sl) /\
sl € g.Nodes /\

( 3o1)C_Objectlol) A  olname =
slrep_frame.objects /\
All_Paths_from_S1=Paths_Having Deer_and_River))}
All Paths from S1 = {x | (3s2) (Stream(s2)/\ s2
g.Nodes N\

<<gx,s1>>[[s1]]1True C
“Terminate’’)}
Paths_Having_Deer_and_River={x | ( 3sl1, 3
s2)((Stream(s2) /\ Stream(s3) /\
{s2,53} =g.Nodes \<<gx,s1>>[[s1]] TrueC{ [s2] ] (c1)(C
_Object(ol) A\
ol.name ="river’’ /ol € s2rep frame.cbjects) C [[s3]]
s3.type ="‘Terminate’’))}

3. CH==0l 9|8t GCalculus/S &22|9] X 2|

GCalculus/S A4j9) AFYE 2 TEHE NFA7E
2 WA (free variable)s e Zold)h w2 X EHE
ol® sjxol i3t A (assertion) S EHFCL s~ XE
2 o9 HEs oF USAIE dH& PE e otk

CF, =EEH AR daAEC] 95t BAIHA Qe E

A HEES B oD dF S

o GCalculus/S B4 EE x | ¢ A= &
2 Aol

TEAFE A 5 X2 &

“deer’' /\ ol e

[[s2]]s2.type =

_E_ u]—i/\] 7] A==
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GCalculus/Se] 29 AHelE 9)8td O-Algebral19) &
HA3te] el g “bottom-up” A 7lES
th o|& 93] O-Algebra[19]1914 HJE AIAEE o
83t GCalculus/S A9 FHHNAM ‘/}E}"}b ZEEHE
AT S BE REES et B3, O-Algebrall9]

A3

A AeE QR olel A= °DWX}* A 25}
AR X, C, US AHE3t 8" =& Alole] #AE
MEAFE EEL 3 1 =S| nlet: wAg

Fe=tt
3.1 O-Algebra
O-Algebra[191T= AA] A& dlolguo)29] ALFE

28t A di<(object algebra)o|th. O-Algebra® select
( 0), join(), project( ), union( ), difference(-)¢} Z-&
AEAH A9 g dAAE 73 ok A
AEHQ Atz ol9)9] AlAE T3] Angi)

of® A E}(object type) 7} FAAE B o
CO(collection of objects)= B}Y ol &3l dxgkio]
ol O-Algebra A4S AR COSlth
O-Algebradl|A] @4te] AfE 20 PR E COol
ot 24749 AAE (o 1Y EFE Rtk ox 4A
idloid)el] veE B4 FE(property tuple)oldt E2le &
Zolr},

Remap IR Ruaan(S): S CO°IH S £4 A
9} Soff & AAES oid?rd BAE GG} vk A
2] zte] Emgle] buk ErYeld wddHflattened)=
I8 2 (b R (emlopeece(Companies) G4+l A3} COol
t}. CO Companiesoll h= AAEY] oid9} &4 employee
9} Zk 7t BAE ATk

Map S8R @ (4 S S& COoIH S &4 A
o} Sl e AAEY odzte] #AE 2FHG aEy
Remophe 2] A7} buk EMJUAIZE @ds}t 21714
Pt I8 2 (OF D (ompyes..o(Companies)e] A
Coely,

Cap QA4 RaS): 27 Soll e AANEY cidyt &
5@ & A7 S9 # 49 W Ral®F 714
(@ aam®) ot 29 2 e
&Gk COoltt.

Group QXA W 4,(8) S7F Ay, ., An, As®] 4 S
7FR)3L Ano] scalar B} 49 W, Ay, .., Ar® #
o] & groupl & F&(partiion "t 1Y 2 (€ W,
(R (omplosee. e, o (Companies))oll 3|33z COolet.

Ungroup 824 @ 4,(S): S &4 As] buk EMY
o, A9 FE ©Ys AT A4ty daE Jehds

R ,(Companies)°l)
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Co8l &4 A scalar B1Yelth 29 2 (DE Q.
(D (ompioyee, o, o (Companies))ol] 8)F3h= COolth.

Extend 334 @war.aca(S): Ay, .., At 59 £33
ol Ae Sell F7lE= SAoltk FlHe &4 A9

< op(4y, ., Avelth 19 2 (e
B¢ U employees manager workersy(Companies) o] 3]738h= COett.

A% o] W2E OE gYy AASE o)FoRE &
£ hpathzt H-29. &, ppathe 4d9 2AA(a sequence
of objects)&2 Jebdtl FAFHOZ Sxi] AL Axlxe]
olut Sxi].ALAk[X wmlE Bglo]l T CO SelM &
gt £4 Al ., AkE T vehde Ao Ax
olFojAe HAE vepdth old x 7 xS AU
(optional) EE ¥elth SAL.AE BY TA.L.AS
9 Alextent) & YUEMAT olE E0] Departmentmanager
“Department”®] &4 “manager”®] A €}gle] 9
CO “Manager”& Wi}, 2E]3 hpath B wpe}
A B Ae Ot T2 g BH 9jsiod e
o] At}
CO_hpath(S[x1] Ar..Axlxcn]) =ser R (AL, x1,22)(S) X
R (a2, 23)(S.AL X

R (a3:3x0(S.ALA2) M. R (Ag XXk 1)(S.AAs.,,. A1)
o]l S[xi) Al Axlxe] & bulk dlolgt €9 T.ALAs.Ax
£ ©dst AT &, 919 94z grEolxE CoY
%A xn] #& scalar El§lo|ch

CO_hpath(S[x1} Ar...A[x'kn])
X R (a2.0.m(SAl) X

R a33x(S.ALA2) XL @ (AkXiXie1)(S.Ar Az, Ax-1)
ol

Slxd A Adlxeal WA %] 3ho) scalar BN A=
29 bulk E}gdelch

©°ofr

=@t R (AL, xl,s2)(S)

Cornpames R (employee,c,e)(companjes)
oid c e
oid| cname | employees | manager nd2 | 0l | pll
Al GE | {p01.p02} ml nd3 | 01 | pl2
| BP {p03} m2 nd4 | 02 | p03
05| BP {p03 m3 nd5 { 03 | p03
(&) CO Companies (b) Remap
D (omployees, ¢, o (Companies) R ,(Comparies)
oid C e oid b
k23 | <01 | {p01,p02} m34 01
kA4 | 2 {03} m3b5 cR
k25 | 3 {p03} m36 03
(c) Map (d) Cap

W ol R (emptosee, . (Companies)) @ ,( @ (employee, ¢, ¢)(Companes))

oid C e
od! ¢ e h4s | 01 | p0l
378 | 01 | {01,002} hd6 | 01 | p02
i79 | 02| {p03} h47 | 02 | p03
i%0 | 3| {p03} h48 | 03 | p03

(e) Group (f) Ungroup
@( U,employe&m)ager,workers)(corﬂpaIﬁeS)
oid | cname | employees | namager workers
01 GE {p01,p02} {ml} {p01,p02,m1}
2| BP {p03} {m2} {p03,m2}
3| BP {p03} {m3} {p03,m3}
(g) Extend
1y 2
Department Manager
oid | department | manager oid | skill | title
02 DB m2
03 network m03 mz| 5| (T4
4 0S nil m3| 6 | {T2}

(a)
Department[d] . manager-title[ t]

oid | d |[manager| t

- b
Department[d}.manager title[t"]

n6l|c0ll m0l | TI oid | d |manager| t*
no2 | c0l] mil | T2 p73| Ol m0l [{T1,T2}
2] m2 | (T}

o3|l m2 | Tl p74
Ol md3 | T1 P 03] mi3 {T2}
(c) (d)
g 3

hpath?] 53k 73-$(special case)E2A S[hl7} Ak
b Sell e &4 olFoH S Ue AMEY oid
& 47] HaA o] &Ah Slhole e RS0l 33
. 29 39 ©9 Dy ZZ hpath Department [d
] .manager.title( t] &}
Department[d] .managertitle[t"] o] s1g-3}= COelt}.

3.2 MER2 A £71: X, XConnect, 18|

o XU

GCalculus/Sell AHE-H I e A7t AAAE dl4H o
Z A8ty {84 2 4 38 #AE UE
AFe H2E TEIE MEL O-Algebra d4A7F 9
831}, o|Al GCalculus/Sell gl Al17F A4k=tel &4 3
02 dAAEE set-at-a-time QAAAE Ao}l A
1A 9] go] AoE 3t
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(@) W2 pY wpAT 2=oA d2 po] AF =E2
ANA7F & o), p2 ol AR adjacent) 3 Tt

(b) 2 po] A poll AFH AV, HE pol 1A
e gy =22 o]FoR #i& cpoll AL op
= pol AHEE, p2 mol AA(connected)H A ATkar
gtk 183 cpe 97 A (comecting path)EF 3o}

(©) AN A= py oo, ol YS W, prc o e
P - , P8l £A4E dZE(concatenation)dte] M ZL
£ Adste Ag e F pd oA 220N pa
g =22 JAE e pE paoll JHEA UETH

olAl H& AR thg3te tg AirAE Bejch
zZt AikAte} HALAE COooltt.

MakeNext A2 (X iqa0(S): SE 0001 aidt 4
£ S9 F £4o9 #2E Elist type)olth H2E
Ele 27 Ble2 A4 MakeNext A
S9 &4 AFRY 17} B2 £48 71K COE v
W AEA FriHEe £488 akelth p pe Soll A
FZ(Tuple) t9) ais}t a9 gkl pizl piel AH3I
28 aks e p -7t T OFA ¥2W e
MakeNexts14te] A7 COdl| Yeh A o=t

MakeConnect AR (X ga0(S): SE 00019 ai
9} gi= S F &Aow 2E E(ist type)olth
MakeConnect A4HA= S9] &4 7Rt 7 g2
£4& 71 COE ©wEY AMEA drtEe §4L akol
. p¢ pe SOl Y= F-E(Tuple) t9 ai} aj9] koo
pi7b pioll GAH U3 cprt AA FAoldE akd] Fe
pi-cp - pj 7F Aok 28A] oW t= MakeNextd4H]
Ax Cooll UehiA gketh 92 w27} ] ol o
zZyzbe] A7 w 2ol digiM Agshe FEo] AR COY
(R =d

Rename 924 (RenameqH(S)): SE COolH ae= Soll
A= HAolth Renamed4AAs &4 a7l a2 WA ®ok
MakeUntil A2 (X™qa0(9)): S CO°lH it &
Se] ¥ &£Aoln #2E BFY(ist type)eltl. MakeUntil
A= Se) 54 JSEG Uizl 22 £48 7
COE 9EY ANEA H7HEE $48L akelch MEA
£0°] A= COE
Pl U .. UPnol™ Pl = X™aa0(9),

Pi = (Rename™™( 7, sz X Gwap(S M aao(Prn))
oW Pyole FEo| gt

O% 4 (@F " Ad auZeld (e I Add
a2z x=e] ARE 7EAT e CO Pres_Nodeo|th.
3% 58 CO Nodes9} @aka} XN, Xt XU g
3% 49 Y= 4D aEZE ARE Hg Aol

]

3o fr

oid | child-nodes
al {a3,a4}
a2 {ad}
a3 {ab)
ad {a6}
ab {a7}
a6 {a7)
4l nil
(b)

oid sl s2

o6 | al ail

o57 | a3 a7

058 a4 a7

059 ab ai ;

o0 al 6 od | sl| s2| pl
o6l a3 6 m23 | ab| a7|<aba7>
62 ad a0 m24 | ad| ab| <ada6>
063 | &b ab

(a) Nodes (D)X 1 21 (Nodes)

od| sl| s2 p2 ;

W | al| 7] <almears| 205 2 B8

ha | al| a7|<aladabar>| | 92| | 7| <adar>
h5 | a3| a7| <a3.aba7> q3| ad| ab| <ada6>
h6 | ad| a7| <adab,a7> a4l a3| a7| <a3a5aT>
h7 | ab| a7| <aba?>

18 | al| o6] <aladabs | | P[] @] <aladab>
1o [ a4} 6] <ada6> ab| al| a7|<al,a3aba7>

(@)X 1 252/(Nodes) (X" 20(Nodes)

a8 5

3.3 GCalculus/SOIM O-Algebraz29| pigt
GCalculus/S 299l W3 AHEle “dA bz
Z7(“inside-out )W FE we} o]Fo At &, AHEye ¢

zZ9] 7|2 FEeHatomic formula)olAF-E A|Fste] uf

Z2zo g ZAFL dE 5o ofgfe GCaculus/S B

g ®Bxh

{x | (I I, s], s2, 53, sd<<g, x, sO>>((([[0]] &

X [[s111 8) U [[s2]]1 ) C ([[s3]] ¢ X [[s4]] e}
FL: ({[[s0]} e X [[s1]] 8 ), F22 F1 U [[s2]] »,

F3 ([[s31] 6 X [[s4]] €), F4 F2 C F4

99 GCaluclus/S Hele [(s011 o, ((si11 8, F1, [[s2]] ¥,

F2, [[s31] 6, [[s4]] &, F3, F49] =X 2 o|FojZiTh
3313} 332904 GCalculus/Sell AHE-R AAatxle] oigt

AGH3 =€ 39 GCaeulus/S 27t dl=d &



192 AR e =

dog AT USE FHT 333904 e dodE A
H8 o JAZ A2 de doehlo]lx TS
o] 83l ti3 THOE AFIAF ISLS F3Id)

331 712 EEZHAtomic Formula)9] thsze] e

GCalculus/S 29]9) AE 7IX 7NE XEHE s
F@oz upps S S “4a oy olE
o] "wilderness"el® 1 4| Z#iZe) e AHI F
e =EF FOAIL. AE k=9 o]FE "Yosemite ]
W F A =9 o|FL "birdolth Mg xtef Ad
Alzto]l & WA k=9 A AZkRY Ay

{x | ( 3 g)(Pres_Graph(g) /\ g.name="wilderness” /\
Stream(s1) /\ Stream(s2) /\

{s1,s2} cgnode /\ <<gx,s1>>(([[s1]]sl.name="Yose-
mite”) X

([[s2]]s2.name="bird") /\ (sl.duration<s2.duration)))}

el GCalculus/S A= 7] B} Pres Graph(g),
Stream(sl), Stream(s2)E 7}AY g.name, {s1,s2), g.node,
slname, s2.name, sl.duration, s2duration®] 32 7}2th
Ztztel 718 eSS Fof gt ey x9S of

et 2o

& o B8
Pres_Graph(g) R ¢(Pres_Graph)
g.name R tramegn(Pres_Graph)
Stream(s1) R 51(Stream)
Stream(s2) R o(Stream)

{s1,s2} B Usion( R i(Stream)X. R (Stream))
g.node @ tnodegs»(Pres_Graph)
sl.name R e st (Stream)
s2.name R amesony(Stream)
sl.duration R (durationst.an(Stream)
s2.duration R (durations2 2(Stream)

3.3.2 GCalculus/SoN A tl=29] W

GCalculus/Soll = 0w TEelE vz Tdoes
HEE £ 9SS Kl o] £918 GCalculus/Sol AHE
He dikxe] digk AdH "““°§ Bl <A
GCalculus/S A2)7t ME|=He ¥ Y(domain)yg A <] §et.
#2 {t | ol thaled DOM( )& ¢t Y& ZE o
9] ZHvalueyel B4 Ade 7S (symba)EY Agto)2}
L=

Definition: ¢7} GCalculus/S 2 2lo) & T Eee} 3}
A 33d DOM(9E o3t 2] Fo=n T, Tnd
{tl..tn)e] 42 gotell Sle B Ageet sixh a8l
EE Tidl sidsl= W43 Edolg}t 3o COis Edl

- | HFey Ae

A el oleslel 2 Al 27 | A 2 (20006

sgshs Cozt gheh Zhzhe] COie €4 il,.kE 7
ok 283 SR)E AlE) U .. U #kE)e sz o
#HH DOM(¢)= SRD U .. U SERn) U {tl,..tm} ©]
=3

coE Stk COl(s),...sme 44
sl.sn& ZHAI i o]20) COIY COS Jeidch =
€ 718 EEa gisld g4 Bdo| EA8 1 d4
Edd g3t Cozt Aok webr] MExEeet At
A 7HA R ftEoixls X8I Aeee U ¥
o] EAgty 1 =3 R ol 4§33k CO7t EA)RATh

cr a7t H3A(DeMorgan's law)2 o] 83ld RE ¥
BEE =EF QA A 7 e 2EYE uEe A
.

Theorem 3.1: & GCalculus/S 29]9)] théld F53
(equivalent) i X &o] EAFH)

Proof: {t | «}& GCalculus/S AjE} 31l =xazte]
HA D [27] oA Mool & HAS o]&3td dwrA
& AAgte] glol(without loss of generdlity) w¥ /\,
Ve AE IR YA guin JHRE 4 sloh 2
2EE o0& I, (23 base predicate?] 9ZoTh), E,
\/, A% Bl A, AE v ARk A1z 94k

72}k E= DOM( w)oll A-8-3te dld B Hola) 3t
] Ek‘\:‘ E X .. X Ek times)E UeRJT) oA ¥ &&
woll e FEH MEXEF e inductionS ©] 83}
FHe

£45¢ Mz

o theorem2
Basis
#H(Terms):
Case (a) v, v7} W4 .
g v DOM( 0)9] 483k dl4 3 E= dg3d
Case (b) {vy, .. , v}, v7} WY o),
(v, .., T O Usn.mp(ENSE HE
Case (¢): VAL .. .Ay, v base predicate S(v)ol A&
&4 oY .
3 vAL ... A CO hpath(S[v].A;
=2
712 ¥ E2HAtomic Formulas):
Casela): @=S(v), SE base predicatec]® v W4
o).
SwE vk 282 So Wnds

p
w—

. ADE WEE

Wit J|BREEe

SROERCE L
Caseb): w=x6y, x9} yv= HFZL dgo|H o A
NE A B WY vl AN o,
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PE(w,...;up 0%t PEy(v1,.., v, vy)7F x9F yoll A3l
g4 T8tk vy, v, wt vyE, 1 <i<p, 1<j=<q Pk
9} PE,ol AH-&3ke CO8 £49 olgolth wst we x
o} yoll Ag3he e HAe &40 wef x9b vt
VAL . A VAL L A FEo)x vi=v2old ¥E#)
we Ot 0 uy)(PEX X PEY)E t&fﬁé},]u} 019’]9’] 73‘?“01]

duw 8 w(PEx X PEy)2 W¥ =t}

Caselc): w=x 8 t, x= WFolH t& A4 uj.

PEx(ul,..,.upux)7} xo 4-gsls di4d F&olgk 3iA.
w, 1 <i<ps} ue xoll 383 COY %7439 o)&oln
uE xo AE3e e JHAE &40l 1Y a5
0t owx 6 oPEVE WHHE}

Induction

3HTerms): w={ty, ..
o

PEw(Q,....QmDLe Do KL ko) S 0wl A-S3HE ti4d ®
dolz} slak giv PE« 3-&3he Codll Sle &40l
O HEL ol Ak S p2 TEHR (G, o e | @
w} uhzkel A Aejg W, °1]2 9]V, "”’—Uh:} PEui

rir

to | owh, 5, 1<j<m WFY

«1 FZe Wy t.4 w3 LB wwg ‘3}’:?*]7]\_ H
Vel & JHRE 00 A8t digrd Xdoldh g2
Bl set Ellolth TeF m=201 &Y, . st @
whe

. X PEmoZ Wyg

o o9 A é m=1%1 76‘—r FEHL | wwe
7ol..., pu,ql(PEwl)oi Ay A
¥ E2H(Formulas)

Casela): w = o1V w2

o] Ao FHe (27194 @A JHe A u5=
HWANAE  theorem®] FB 71HES AT PR
(w,. ,Un)3’—]' PEz(vq,... Vp)7} wl-b} w20l 3}]"‘3}-& EH*’?‘- ®
?l":}. °]‘1H ug = y1gl uZt EAJGE 12 qoll ’2]'—50]":'4
a2 @god n+lZ mAleldl EXEe £
(unique integer)olch, wi7bR|e] WY o g2 PE'E o3
. & PE'e i mPE: X E"PE AYHY v, = y¢l
vt EAAAE & gofl 483 28R god i
pr13 mAteld] Sle RUg frolth aW TEE o
PE" X PE;'2 W34}

Caseb): w = 7 ay

PEi(w,...,un)® E7} o1 DOM(wp)ol 383 o
Edolgt sixf, a8 EEeE o= ET - PECE WY

He}

Caselc): w = w10 wy 67} X .

PEi(u,..,u) @ PE(W,..,vp)& @ w20 433l o
T Egolg 34k ut  viE # oYX EEr0h
a/\ oF, (T eV 7w AEEE de 23
PEE 3ttt 18d PE= FEE°| PEY PEE 5/
of ¥EA7lE 009t Agdth oW XES ov
X mm(PE)0] R8-S PE's} shxb)2 Wagd plo
p2E o]l TEE e wdl APShe 2l &40
o} e o7} o Ha TEEle] HEXEGDS) ol
ho: ]

s

Uul( ”w;B(PE))NPE (E ’% _)I:E ?_E]' o]EH Ul\— EE’
o ol A9 Aol A wsold o dite

s e £45% 7}21 0% vE 13U pd 3E
L FY AL =5 AT vB¢4 Fgelth
CCaseld: 0= @10 wy, O} CY 9.

EEg =Y(argument)= (@9 AS-¢ B3tk &
PE'E X9 om(PE) 9)8le] Faic),

Casele) w = 1 @ w, 67} UY W,

BE =Y(argument)= ©9 A9 FY3ith ©@x
PE'E X" 0m(PE)O o)1) Tie)

Caself): 0 =S & & ST (s}, VAL ..
{ttm | @} o)A 5, v, 5 WFL o).

{st,..50), VAL .. Ag {f,tm | omdl AF3E O
RS Tk e 99 ASdA d9EHAh
PEi(yy,a1,...am)® PEx(y2br,...b)7F Si3 S0l 4-$-8h= o
 Fdolgt AL yi# v S S0l &3 @ )
A &A0It}. vkt S Spptolell FEQ £A4de] gk
H XEF 0E oy SpPE X PRE WIHY 359
o] EME 0T oy Sw(PE X PE)E ¥ A

Caselg): w =51 c 82

Qr7E cujdel o7 ARRE AR A9Ekn 2E
=ol= Bdsict = E‘E%E}' s Oyl gyZ)(PEl X PE)®E
= oy SyoPE; M PE)E HE8E).

Caseth) @ = v e S, S= {vi..,vm}, WAL .. AZEL
&l wie] Zeleld v, v, ue WY o,

PE/(pv) % PE(pypi,..p)7t v Sl 83 i B
dolzt &4 pedt peE PE.SF PES 383k COIA v
9} Soll A&k FE MR HAoith aed g
0T o Sp(PEy X PEYE H¥ "

otefel] GCalculus/S HYE 45 o83t AHEshe
A& HALt

Example 3.1: o] &

A B

(name)©] “deer’¢] 2E®L 71A+
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FAE (aYZT)E oL
{g | Pres_Graph(g) /\ ( 3s)}Stream(s) /\ {s} Sgnodes
/\ sname = "deer’)}

&gt o ¥
Pres_Graph(g) PEl(g): R g(Pres_Graph)
Stream(s) PE2(s): R s(Stream)
{s} PE3(s): N s(Stream)
g.nodes PEA(g,no): CO_hpath(Pres_Graph[g] .nodes{no#] )
s.name PEX(g,na): CO_hpath(Stream(s] .nodes[nal)
A9 GCalculus/S o9 FA T8, f Pres.
Graph(g) /A (3s)Stream(s) A\ {s} Sgnodes A

sname = "deer’>= T ( "Pres Graphlg) V T{(3s)
(7( " Stream(s) V(™ ({s} Sgnodes) \V T (sname =
"deer”)))MNE HEHAT
F1: 7(s.name = "deer”), F2: ~({s} Sg.nodes),
F3 Fl1 V F2, F4& ~Stream(s), F5: 7(F4 V F3). F6:
7 3s)FD), F7: T Pres_Graph(g),
F8 (7 V F5)
oA} theoremel] X Aw® HE H3HL HL3c} Fl9
A3 Ui BIEE A3t A2 8ol sldshe
ol 288 WETh o) AEdA A= dolgl H)o)
22 = U(domain), E DOM(f)olH 7z (PE1D) UJ
(PE2) U 7(PE3) U m(PEA) U moPE1) U
7(PES) U 7(PE5) U {deer}olt}.
Fl: B — Gtuaen(PED) = PE6(s;na)
F2 E - 7ognl 0s S na(PE3 X PE4)) = PE7(s,g,n0)
F3 E' - (m234PE7 X E) U m342PE6 X E2)) =
PE8(s,g,no,na)
F4: E - PE2 = PEY(s)
F5 E! - (m234PEY X B3) U mp34(PER)) =
PE10(s,g,no,na)
F6: E' - PEI0 = PEl1(s,g,nona)
F7 E - PEl = PEI2(g)
F8 F4 - 73134(PE12 X E3) U mi234(PEID) =
PE13(s,g,nona)
GCalculus/S dej9] A3k r(PEI3)
3.4 DOM( w)2 ALZS5IX| gtz pg
3329014 GCalculus/S 78 {t | o}F dir TP =2
HEA 7 WS 71e Qo 2eln o {esth A
He el He dHolel wiel22 A DOM( 0)E ©}-83
gt 28t DOM(w)e] 271 oi$ 23aigd 4 Uz
o] Xg] WHe uAEAHY = qlch

GCalculus/S8] X&) = zhzhe] WM4Ee 1
FE°] &3e FUzo] ostd Fi(restricted) =t
%, A4 v Glaculus/SAA AHgE o) 7|2 ¥ 88
Sw)9 HEEo] GCaleulus/S ¥ 3o 3 ZAFch
GCalculug/Se] A& et T o] #~(two passes)
E 7P 2t W 99 Gange)E AP oy
o] DOM( w)& AHE3IA 9a AE HIY F U=
e e AT

2E w= o VerE Ug TP HEAA BAL
EE {nil}olz}t 8iAk nile % AA(no ohject) 2 (&
vehdoh PE(w,..un)® PEvi,..v)E @13 w2l A%
EMMelet Aotk wef vy = yidl ust EAHTE i
qoll 4&3st 28R oW i n+l¥ m Atold] EA)
= Y3 S(unique integer)olth FAME WhHom
PE: =

7iL,.im(PE2 X E"P)olt}, weF vy = yi9l w7t EA31th
W 2 goll 88t 184 od & prl m Alo)e)
EA5e Y93 Flunique integer)olth W 4
PE" U PE/2 Wig"th

EEH o= o N\ wxE U EHOR MEAT)7) 9
3 PEi(u,..,u) ¥ PE(wi,..vo) = @1 wdl ASshe
i F@ole} &) vhef £12 oL IAE £4 ui
9} vi7} 2A3%H o= PR X PRE HEHH o]99)
7A%ol= PE X PRE HEdn
XEZ o = 7 oi¥ 9 PEwilw,...un)®] oi(w,...un)ol
Feale tig B8 olg) AL uw FE¥l2 Sl 483

PE= tid E3 Swol 4gddn 71gsa 18

O B & oox
e
rir
s
>
be
T
a
i
5
g
o
ud
249
3
i

¥ES 0w = @60 w, OF X4 9 PEw,..u)?
PE2(V1,.., )= en® weoll 83t i B@Hojet AL
ust vive 2 ol&& 7S Stk adEE $4 o
Aol 831 U4 B89 730 I i 28S
PEE} 3kl 28 o A&de dg ZES
X oeaPEelTh o] dld E8S PEE 21 9t o
7} = BB AMEZEEIHZ)L ol Wu(x
inPENXPE'S gtk ot X8 o7t dehis
29 XL ko) Fese SAolth o] dFe 3
< PE'S 28 £4L 7HAE CO8 vad 2y p&
4o FE 2L oA AlREE A2 el
¥Ee 0= @0 o 07 CEL U 3% EE =
o= o7 XA A9 Btk ©@x| PEV 47
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X (PR X 1p0m(PE)Ol] el8he] -8 ck
Example 32: 2E39] o]F¢] “deer’®EE "buffallo”3]

Z2EHS I E FFEES FoNL

{g | Pres_Graph(g) /\ (3s)(Stream(s) /\ (sname =

"deer’” \/ sname = "buffalle”) /\ s g.nodes))

Fl: s = gnodes, F2' sname = "buffallo”, F3: sname =

"deer”,

F4 F3 V F2, F5 Stream(s) A\ F4 /A Fl

F6: Pres_Graph(g) /\ ( 3s)(F5)

zE e 248

Pres_Graph(g) PEl(g): R g(Pres_Graph)

Stream(s) PE2(s): R 5(Stream)

s.name PE3(s,nal): CO_hpath(Stream([s].
name[nall)

s.name PEA(s na2): CO_hpath(Stream(s].

name[na2])
s PES(s): R (Stream)
gnodes  PEB(gno): CO_hpath(Pres_Graph[g] nodes[no’l)

go g AFHE g XA EE {nil}E “ehdoh
F1 PE7(s,g,n0). 0is € na(PES X PEO)

F2 PES(s,na2):  Otnu-bustalod(PE4)

F3 PEY(s,nal):  Otual-deert(PE3)

F4 PEI0(s,nal,na2): m2aPE9 X E) U miza(PES X E)
25 PE11(s,nal naZgnoy: PE2 X F4 X F1

6 PE12(s,nal,na2,g,no): PE1 X PE1l

GCalculus/S &]9] A3} 7, (PE12)

Example 3.3: 3t 2E#9] A4 Azto] 15019 12 &
EFd AT JYE BE 2EFS] 4 A 15E
T & 2EYES A AAES FoAL.

{g | Pres Graph(g) /\ ( 3sl, 3s2, 3 sn)(Stream(sD) /\
Stream(s2) /\ Stream(sn) A\ {sls2sn} Sgnodes A

{x1/E<<g,s1,x1>>[[s1]1] (sLduration=15) C [ [sn]]sn.type
= Terminate}
{(x2|E<<g,s1,x2>>[[s1]11(sl.duration=15)X[[s2]]
(sl.duration < s2.duration) C [[sn]]sn.type = Terminate})}
F1: X [[s2]](sl.duration < s2.duration) C

[[sn}]sntype = Terminate
s {x2 | F1}
. E<<g,s1,x1>>[[s1]](sl.duration=15) C [[sn]]sn.type
= Terminate
F4: {x1 | F3}
Fo9: {sl,s2,sn} <g.nodes
zE o X

F2
F3

Pres_Graph(g) PE1(g): R g(Pres_Graph)

Stream(sl)  PE2(s1): R s (Stream)

Stream(s2)  PE3(s2): R o(Stream)

Stream(sn)  PEA(sn): R o(Stream)

{sl,s2,sn} PE5(s1,s2,sn,s): D(Usl,s2,sn,s) (PE2(s])

X PE3(s2) X PEA(sn))

g.nodes PE6(g,no): CO_hpath(Pres_Graph[g] nodes(
no’l)

sl.duration PE7(s1,dl): CO_hpath(Stream[sl].duration[
dil)

s2.duration  PER(s2,d2): CO_hpath(Stream[s2] .duration[

2D

sn.type PES(sn,tn): CO_hpath(Stream[sn] .type[tn])

PE10(s1,d1,52,d2,p1,50,%2): X% 1 60 (X 15200 Glan-16)
(PE7 X oai<anPE7 X PES)) X (PE4 M 6tn-Terminatet(PE9))
F1 PE11(s1,d1,s2,d2pl,sn,x2): sl 72(PE10) X PELO
F2 PE12(s1,52,5n,%2): 7s1s2snx2(PE11)

PE13(sLdlsn): X 1 2x( ca-15(PE6) X PEA)
F3 PE14(sldlsnx1): sl 7 (PEL3)) X PE13
F4 PE1S(sl,sn,x1):  7s1enx1(PE14)
T4 = F2 PE16(sl,snx1,52x2): 6w S(PEIS X PE12)
F5 PE17(sl,s2,sn,s,g,n0%): 6 S no(PES X PE6)

GCaleulus/S 9] Qx  Ax  EEE  PEIB
(g,sls2,sn,sn0 x1,x2): PE1 X PE2 X
PE3 X PE17 X PE16
GCaleulus/S 2 2l9] A7} r,(PELS)
4 Bl 17
dolehilo]AolA 2YZTE A7 4FE(different

contexts)o) A o3 AT7AEL] Bl Hoj St ol
DAGE X#dHE ZHHbe] AdAE Zeeld
GCaloulusy/Set 18l = g1l e 2 RHHE ARE HA4
= & Aeojole] H# 5 (expressive power)?] zto]F
o o] v A #AANA Hindch AR, £
oA wAsle o8 A Eisle Bl sl
4, £718 588 F ek AR, gz sj2g
TAsE =EEY £4F BET F ) oA
2 2 AFA AZ e 188 € 5 Uert de
Aot AFE o ZHAQ FHFo dFshe AAAHU
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