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Abstract

We present a data model for movies and movie databa-
ses. A movie is considered to be a 2-dimensional semi-
algebraic figure that can change in time. We give a num-
ber of computability results concerning movies: it can be
decided whether a frame of a movie is only a topologically
transformation of another frame; a movie has a finite num-
ber of scenes and cuts and these can be effectively com-
puted.

Based on these computability results we define an SQL-
like query language for movie databases. This query lan-
guage supports most movie editing operations like cutting,
pasting and selection of scenes.

1. Introduction

We present a data model for movies and movie databa-
ses. We consider a movie to be an infinite sequence of 2-
dimensional figuresthat evolveintime. Each figure consists
of apossibly infinite number of pointsin the 2-dimensional
plane. A recent and much acclaimed method for effectively
representing infinite geometrical figuresis provided by the
constraint database model, that was introduced by Kanel-
lakis, Kuper and Revesz in their 1990 seminal paper [10] (an
overview of the area of constraint databases can be found
in [13]). In this model, a 2-dimensional geometrical fig-
ure is finitely represented by means of a Boolean combi-
nation of polynomial equalities and inequalities. These in-
volve polynomialswith two real variablesthat represent the

spatial coordinates of a point in the plane. The set of points
on the upper half of the unit circle, for instance, is in this
context given by

{(z,y) eR? [2® +y*> =1 Ay >0},

In more mathematical terminology, these figures are called
semi-algebraic sets and for an overview of their properties
werefer to [3, 6].

This way of representing fixed figures can easily be
adapted to describe figures that change. Indeed, we can
add a time dimension and consider geometrical objects in
3-dimensional space-time that are described by polynomial
equalities and inequalities that also have a time variable ¢.
This gives us adatamodel for movies. Figure 1 gives an ex-
ample of amovie, in particular a potential scene from Star
Trek. In this short movie the starship Enterprise remains at
a constant position in space and can therefore be described
by formulaygnterprise (7, ¥, t) = (22 +y* =1V 22 +y? =
(1/4)%* v ---) inwhich ¢ islacking. A fired photon torpedo
follows the dotted line (between the moments ¢ = 0 and
t = 1) an then explodes (depicted as increasing dotted cir-
cles, betweent = 1 and t = 2). At the bottom of Figure 1
three frames of the movie are shown: at ¢ = 1/2,1 and 2.
The complete movie can be described by the set

{(m,y;t) € R? x R| (@Enterprise(l',y) ANO<t< 2) V
(y=0Az=4tA0<t<T)V
(-4 +y* < (t-1)A1<t<2)}

The movie of Figure 1 can be used to illustrate a number
of propertiesthat all moviesin this model have in common.



Figure 1. USS Enterprise firing a photon torpedo at a (cloaked) Klingon vessel.

For instance, betweent = 1 and ¢t = 2 the movie frames
change continuously and all frames (1 < ¢ < 2) are, topo-
logically seen, the same. We will call such a sequence of
frames a scene of the movie. Momentsin which the movie
changesdiscontinuously arereferredto as cutsin themovie.
Inthemovieof Figure 1 thereis, forinstance, acutatt = 1:
apoint changesinto an increasing circle. The movie of Fig-
ure 1 hasfive scenes and six cuts (start and end of the movie
included). We remark that our notion of sceneis finer that
the cinematographic notion of scene.

We will show that the number of cuts and scenes in a
semi-algebraic movie is aways finite and that a represen-
tation of them by means of polynomia constraints can be
effectively computed. A key ingredient in this computa-
tion is a decision procedure for testing whether two movie
frames can be topologically transformed into one another,
i.e., whether they are homeomorphic. Although deciding
whether two 2-dimensional semi-algebraic sets are home-
omorphic is a result that belongs to the mathematical folk-
lore, awritten proof of it is not to be found in the mathemat-
ical literature[15, 18]. We give adecision procedureand we
also generalize it to parameterized frames: thereis an algo-
rithm that, given two movie frames that depend on time pa-
rameters¢; and ¢-, produces a formula built with conjunc-
tion and digunction from formulas of theforma < ¢; < b
and t; = ¢ (a,b,c constants and i = 1, 2) that expresses,
in function of ¢; and -, whether the frames are homeomor-
phic.

Finally, we define an SQL -like language to query movie
databases. Thislanguageis based on the above computabil-
ity results and on a well-known language to query databa-
ses in the constraint model, namely the relational calculus
augmented with polynomial inequalities[10, 16, 13]. It fol-
lows from aresult by Tarski that the latter language is also

effective[20] (although variablesrange over thereal contin-
uum). Our query language supports all basic movie editing
operationslike selecting scenes that satisfy some condition,
composing several scenes into a movie, removing scenes,
etc. It also alows for the manipulation of single scenes and
even of single frames.

This paper is organized as follows. In Section 2, we for-
mally define the notion of movie, frame, scene and cut. Pro-
cedures to decide homeomorphism of frames and to com-
pute the scenes and cuts of a movie are given in Section 3.
In Section 4, we present a query language and discuss ex-
pressibility issues.

2. Movies, Frames, Scenes and Cuts

We denote the set of the real numbers by R.. In the fol-
lowing we will consider planar figures that change in time.
A moving figureis described by means of an (often infinite)
set of tuples (z,y;t) in R? x R, where z and y represent
the spatial coordinates of a point in the 2-dimensional real
planeR? and ¢ representsthetime coordinatein R.. We first
define the notion of amovie.

Definition 2.1 A movieisaset
M ={(z,y;t) e R* xR |a <t <bAg(z,y,1)},

where a and b are real agebraic numbers and where
o(z,y,t) is a formula built with the logical connectives
A, V, - from atomic formulas of the form p(z,y,t) > 0,
with p(x, y, t) apolynomial with real algebraic coefficients
and real variables x,y,t. The numbersa and b are caled
the beginning and end of the movie respectively and are de-
noted by Begin(M) and End(M).

A movie databaseis afinite set of movies. O



Figure 2. An example of a movie.

Figure 2 depictsthe movie {(z,y;t) e R? x R | =1 <
t<5A@+yP+2 <1V (@2 +y2+(t-2)?% =
LAt<5/2)V (@2 +y2+(t—3)2=1At>5/2)}
in the space R? x R. This movie shows at its beginning
(i.e,att = —1) asinglepointintheorigin. Thenit showsa
disk whose radius increases and later decreases and ends in
apoint at moment ¢t = 1, followed by a circle whose radius
increases, decreases, increases and then shrinks to a point.
Finally, for 4 < t < 5, this movie shows nothing.

Definition 2.2 Let M be the movie {(z,y;t) € R? x R |
a <t<bApyt))adleaa < tp < b Theset
{(z,y) € R?| p(z,y,ty)} iscaled the frame of the movie
M at the moment ¢, and is denoted by Mo, |

For the movie of Figure 2, for instance, the frame M —!
is the origin, M is the closed unit disk and M? is the
empty set.

We can use this same example to illustrate the notion of
ascene. For —1 < t < 1, the movie of Figure 2 shows
a disk on which is zoomed into and then zoomed out of.
This continuous sequence of frames will be called a scene.
Alsofor1 < ¢t < 4, we have a scene in which acircle is
continuously deformed. Scenes are separated by cuts.

In thefollowing definition these conceptsare formalized.
The notion of continuity that we will give may seem rather
involved. It corresponds, however to the intuitive notion of
“continuously changing,” asillustrated by the above exam-
ple.

Definition 23 Let M = {(z,y;t) e R? xR | a <t <
bA p(z,y,t)} beamovieandleta < t9 < b.

e M is continuous on the right in ¢, if there exists an
e > 0 and acontinuous (in t) series (h; : R? - R? :
(z,y) = he(z,y) | to < t < to + €) of homeo-
morphisms of R? such that k(M) = M! for all
t € [to,to + €]. M iscontinuous on the left in ¢y is
defined similarly. And M is continuous in tg if itis
continuous both on the right and on the left in ¢ .

e Aset{(z,y;t) e R2xR|telApyt)}isa
scene of M if I isamaximal openinterval in {t | a <
t < b} suchthat M iscontinuousin eacht, € I.

e A point o inwhich M isnot continuousis called a cut
in M. O

The movie of Figure 2 is continuous in every t in the
open intervals (—1,1), (1,4) and (4,5). These intervals
therefore determine the three scenes of the movie. There
are four cutsin the movie of Figure2: int = —1,1, 4 and
5. Remark that the beginning and the end of a movie are
always cuts.

3. Computability Results

In this section, we present two computability results con-
cerning movies. First, we show that it is decidable whether
two (parameterized) frames are homeomorphic. Next, we
will show that a movie has a finite number of scenes and
cuts and that formulas describing them can be computed
from the formulathat defines the movie.

A key lemmain this context is the following.

Lemma 3.1 It is decidable whether two movie frames are
isotopict, and also whether they are homeomor phic.

Proof (sketch). Let A and B be two movie frames. A and
B are homeomorphicif and only if A isisotopicto B or to
areflection of B (see, eg., [7, 14, 19]). It therefore suffices
to provethat it is decidable whether A isisotopicto B.

The algorithm to decide isotopy first computes for X =
A, respectively B the labeled planar graph embedding G x
as follows. The nodes of G x are the “singular points’ of
X, i.e, the points that do not belong to the topological in-
terior of X or the complement of X', nor to a topologicaly
smooth border of X (see [12] for a forma definition) to-
gether with the lowest left most points on each closed curve
of the topological border of X on which there is no singu-
lar point. As an illustration, we take the frame X shown
in (@) of Figure 3. The singular points of X arep1,p, and
ps3. The closed polygon in the right upper corner of X does
not contain a singular point and has more than one most | eft
point. Of these the lowest is picked: p,. We remark that the
singular points can be computed by means of a first-order
formulain the theory of the real numbers. It was shown
by Tarski that this theory is effective [20], and symbolic
algorithms for the first-order theory of the reals [1, 5, 17]
can effectively compute the nodes. The computation of the
other nodes can be performed via a Cylindrical Algebraic
Decomposition (CAD) [5] (seedso [1]).

11sotopic means homeomorphic by an orientation preserving homeo-
morphism.



Figure 3. A frame of a movie X (a) and its graph Gx (b).

In the graph G x (see (b) in Figure 3) these nodes are
labeled with typed labels: pj for nodes that belong to X
and p;” labelsfor nodesthat do not belong to X.

Next, the connected components of the intersection of X
with the topological border of X minus the labeled points
are computed. These form edges of G x and are labeled
with labels of typelj. Similarly, I; labels are given to the
connected components of the border that does not belong
to X. The topological border of a frame can be computed
in the first-order theory of the reals. The computation of
connected components of a frame is described in [4, 8, 9].
Finally, the areas formed by the graph embedding are com-
puted and labeled aj, respectively a; depending on their
containment in X. Let the sets of labeled nodes, edges and
aressbecaled Px, Lx and Ax, respectively.

From results in [11] it follows that A and B are iso-
topic if and only if there exist bijectionsbp : P4 — Pp,
br, : Lo — Lp,and by : Ay — Ap that map +-labels
to +-labels and —-labels to —-labels and that preserve the
clockwise occurrence of edges and areas around each of the
labeled nodes. These conditions can be verified. It is there-
fore decidable whether two movie framesareisotopic. O

It should be remarked (details omitted) that it can be de-
cided whether two frames A and B are isotopic in polyno-
mial time (in the size of the polynomial constraint formulas
that describe A and B).

Theorem 3.1 Let M; and M- be two movies. There is
an algorithmthat on input these two movies produces a for-
mula y aq, A1, (t1, t2) built with conjunction and disjunction
from formulas of the forma < ¢; < bandt; = ¢ (a,b,c
constantsand ¢ = 1, 2) that expresses, in function of ¢, and
t2, whether the two frames M and M% areisotopic (the
same is true for homeomor phic).

Proof (sketch). Let M be the movie {(z,y;t) € R®> x R |
a <t<bA ¢(x,y,t)}. Collinsproves that from the for-
mulaa <t < b A ¢(z,y,t) aCylindrical Algebraic De-
composition (CAD) C of R? x R. can be computed such that

each cell in C entirely belongsto M or to the complement
of M [5] (seealso[1]). C inducesaCAD C,, ; of the (z, t)-
plane which in its turn induces a CAD C, of the t-axis. For
the movie of Figure 2 thisis illustrated in Figure 4. The
cells of C are points, lines, curves, 2-dimensiona surfaces
and 3-dimensional areas that are built as stacks on the dif-
ferent cellsof C, +. Thecellsof C, ; arethe (black and grey)
dots, arcs and patches of white space in Figure 4 (compare
with Figure 2). C, consists of the grey dots on the ¢t-axisand
the open intervals determined by them as shown in Figure 4.
The cells of C, ;+ are stacks built on these points and inter-
vals. It can be easily shown that the movie M is continuous
in each ¢ that belongsto one of the open intervalsof C;. So,
M remains isotopic in these intervals. The only possible
cuts of the movie are therefore the points of C; (grey dots).
The algorithm we seek could therefore work as follows.
Compute, using Collins's CAD agorithm, both for M ; and
M, the representatives of all the cells in the induced CAD
Ci. Lettheseber; <rp <o <rpands; < s3 < -+ <
sm respectively. Decide, using Lemma 3.1, for each pair
(r,s)intheset {r1,...,mn}x{s1,...,sm}, Whether M7 is
isotopic to M3. If they are, and if  represents, let’s say an
interval a < t; < b of theinduced CAD of thet-axisin M
and if s represents, let’s say a point ¢ in the induced CAD
of the t-axisin M, then we add the conjunctiona < t; <
b A to = casadisunct to theformulay aq, aq, (t1,82). O

Toillustrate the previoustheorem, we give ¥ p a1 (t1, t2)
for the movie M of Figure 2:
(h==1Vt =1Vt =4 Ata=—1Vis =1Vt =4))
V(-1<ti<1IA-1<ta2<])V(I<ti<4N1<ta<4)
V(i >4Vt <=1)A(t2>4 Vi < —1)).

Theorem 3.2 A movie has a finite number of scenes and
cuts. Polynomial constraint formulas describing them can
be effectively computed.

Proof (sketch). Let M be the movie {(z,y;t) € R?> x R |
a <t<bA p(zy,t)} Consder again a CAD of M,



Figure 4. The induced CADs C, ; (black and grey) and C; (grey only) for the movie of Figure 2.

as in the proof of the previous theorem. From the proof of
the previous theorem it is clear that there are only a finite
number of cuts and scenes. The cuts are among the points
of the induced CAD C;. Not al these points must be cuts,
however. For the example of Figures 2 and 4, the grey dots
at=—1,1,4and 5 arecuts. Theoneat ¢t = 5/2, however,
is not.

For what concerns the computation of the scenes and
cuts, wefirst compute the candidate pointsfor cuts (namely,
the pointsin C;). It remainsto be tested whether M is con-
tinuousin these points. Let ty beapointinC; different from
the beginning or end of M. Thetest for continuity of M in
to istwo-fold:

1. test whether the frame M is isotopic to two frames
Mto~=T and Mto+7 in the neighboring intervals;

2. test for each (z,y,t0) € M (resp. ¢ M) whether for
each small enough = > 0 and each 4 > 0 there exist a
points (z',y') and (z",y") at distance a most § from
(z,y) suchthat (z',y',to + 7) € M (resp. ¢ M) and
(z",y" to — 7) € M (resp. ¢ M).

Thefirst test can be performed using the techniques out-
lined in Lemma 3.1. The second test can be expressed as a
sentencein thefirst-order theory of therealsand istherefore
effective [20]. Condition 1 is clearly necessary for continu-
ity. It is, however, not sufficient. At a cut, a frame can,
for instance, just jump to a different location. This would
not violate Condition 1. Condition 2 guarantees that there
isnot ajump. When it is decided which of the points of C;
are cuts, the computation of the scenes is straightforward.
Collins's agorithm produces polynomial constraint formu-
lasfor al the cellsina CAD. The scenes and cuts can there-
fore aso be given by means of their defining polynomial
constraint formula. O

4. Querying Movie Databases

In this section, we present an effective SQL-like lan-
guage to query movie databases. MSQL. This language
is based on the computability results of the previous section
and on a well-known query language for databases in the
constraint databases model, namely the relational calculus
augmented with polynomial constraints.

First, we define

Definition 4.1 A movie database query is a mapping that
maps every n-tuple of moviesto amovie. O

In the following, we will consider queries that have pa-
rameters M4, ..., M,.

The calculus. We will use the relational calculus aug-
mented with polynomial constraints, the calculus for short,
as an essentia part of MSQL. The calculus was introduced
and studied in, e.g., [10, 16] (seedso [13]).

A calculusformula

(1, ey Ty, My, .oy M)

isbuilt fromtheatomicformulas M ;(z,y,t) ( = 1,...,n)
and p(z1,-..2;) > 0 (p apolynomial), the logical connec-
tives—, A, V and the quantifiers3, V.

The calculus formula (3z0)(Jyo)(Fr > 0)(Vz)(Vy)
((x —20)? + (y — y0)? = 2 = My(=,y,1)), for instance,
defines the moments when there appears a circle (as a sub-
set) in movie M.

The language MSQL: An elementary query in MSQL

is of theform
Select (z,y;t)
From  M;, M;,...
Where a<t<bAC,

where a and b are real algebraic numbersand C' is a con-
dition that can be expressed by means of the usual logical



connectives and quantifiers, calculus expressions, other ele-
mentary M SQL queries and the following primitives:

e Scene({(z,y;t) | a < t < b A p(z,y,t,
My, ..., Mp)},(f,9)), with ¢ a caculus formula
and f and g computable? functions that work on in-
puts (My,...,M;) and (i, M4,..., M,,) (i ana-
ural number), respectively, and return natural num-
bers. This primitive returns the movie consisting of
the scenes and cuts in the movie defined by a < t <
b A p(z,y,t,M4,..., M,) whose sequence num-
bersare g(1, M1,..., My),9(2, My1,...,My),...,

g(f(My,...,M,),My,...,M,) (in that order and
consecutive);

« Cut({(yit) | a < t < b A
o(z,y,t, Mq,...,M,)},i), with ¢ a cdcu-

lus formula and ¢ a natural number. It re
turns the 4-th cut in the movie defined by

a’StSb/\@(xﬂyataMlaaMn)’

e Isotopic({(z,y;t) | a < t < b A
@1(x7y7t7M17'"7Mn)}t17{(x7y;t)|a§tSb/\
pa(z,y,t, My,...,Mp)}?), with 1 and ¢, calcu-

lus formulas. It expresses the condition on ¢, and ¢,
that tells us when the two given frames are isotopic (as
discussed in Theorem 3.1);

e Begin({(z,y;¢) | o« < t < b A
o(z,y,t, Mq,...,M,)}) with ¢ a caculus for-
mula Also End({(z,y;t) | a < t < b A

(
o(x,y,t, Mq,...,My)}), with ¢ acaculusformula
They express the beginning and end of the movie
definedby a <t < b A p(x,y,t, Mq,..., My).

Furthermore, from elementary queries more complicated
gueries can be constructed by composition, which we de-
note by o. For two movies M; and Ms, My o M is
defined to be the movie consisting of M ; without its last
frame, immediately followed by M 5.

The result of an MSQL query isamovie. The meaning
of these queriesis the obviousone and will beillustrated by
the consequent examples. The function of the From-part of
an elementary query isto indicate which of theinput movies
are under consideration. It should be noted that some of
these primitives are redundant and are only added for ease
of use. From the proof of Theorem 3.2 it followsthat Cut()
can be expressed in terms of Isotopic().

Finaly, we remark that

Theorem 4.1 MSQL queries are computable.

2This means computable on the polynomial constraint formulas that
define the movies.

Proof (sketch). Let ) bea MSQL query. Giventhe polyno-
mial constraint formulas of the input movies M 4, ..., M,,
we can, by Theorems 3.1 and 3.2 replace all the occur-
rences of Scene(), Cut() and Isotopic() in @ by con-
crete constraint formulas. Also the beginning and end
of movies can be computed (from a CAD, for instance).
Thereforeall occurrencesof Begin() and End() canbere-
placed by concrete constraint formulas. Thisway we obtain
a first-order formula over the reals, that can possibly con-
tain quantifiers. From Tarski’s quantifier elimination theo-
rem it follows that these can be eliminated [20]. Thisyields
apolynomial constraint formulafor the output of the query
(). The output is guaranteed to be a movie by the syntactic
conditiona < t < b that appearsin the Where part of ele-
mentary MSQL queries. O

We give some examples of M SQL queries, that illustrate
that all the basic movie editing operations can be performed
in MSQL:

Example 1. “Give dl the frames of the movie M that are
homeomorphicto acircle” is expressible by the elementary

query

Select (z,y;t)
From My
Where Begin(M;) <t A

t <End(M;) A My(z,y,t) A
Isotopic({(u,v) | u? +v% = 1}, M?).

Example2: “Giveall the scenes of the movie M ; of which
al frames are homeomorphic to a circle” is a variation on
the query of Example 1 and it is expressible by the elemen-
tary query

Select (z,y;t)
From  M;
Where Begin(M;) <t At < End(M;) A

Scene(M1, (#scenes, id))(x, y,t) A
Isotopic({(u,v) | u? + v = 1},
Scene(M;, (#scenes, id))?),

where #scenes is the function that returns the number of
scenes of the input movie and id is the identity function of
the natural numbers.

Example 3: “Remove scene 2 from movie M,”" is ex-

pressed by

Select (z,y;t)
From  M;
Where Begin(M;) <t At < End(M;) A

Scene (M, (#scenes — 1, 9))(z,y,1),

where g is the function that maps 1 toitself and al n > 1
ton + 1.



Example4: “Give methefirst scene of movie M followed
by the second scene of movie M, followed by movie M 3”
is a query that manipulates complete scenes. It can be ex-
pressed as the composition of the elementary queries given
by the following three expressions:

Select (z,y;t)
From  M;
Where Begin(Scene(My, (1,1))) <
t < End(Scene(M,, (1, 1)))
Scene(My, (1,1))(z,y,t)
Select (z,y;t)
From M,
Where Begin(Scene( Mo, (1,2))) <
t < End(Scene(Ms, (1 2)))
Scene(Mas, (1,2))(z,y,t)
Select (z,y;t)
From  Msj
Where Begin(M3) <t A

t S End(M3) A M3(x7yﬂt)7

where the numbers 1 and 2 stand for the constant functions
to1l and 2.

Example5: A query of particular interest for the Star Trek
movie of the Introduction: “Give all frames of M that
contain a photon torpedo (i.e., an isolated point)” can be
expressed as

Select (z,y;t)
From M,
Where Begin(M;) <t At <End(M;) A

M (@,y,1) A (o) (3y0) (M (0,30, 1) A
(Fe > 0)(Vu) (Vo) (M (u,v,t) A
(u—w0)®+ (v—yo)? <e
— (u:xO/\v:yo)).

Example6: Thefollowing query manipul atesthe frames of
ascene. It also reversesacomplete scene. “Play movie M |
at double speed followed by the reversed play of movie M
turned upside down” is expressed as the composition of the
movies expressed by the following elementary queries

Select (z,y;t)

From M,y

Where Begin(M;) < 2t A
2t < End(M;)
A My (1., Y, 2t)

Select (z,y;t)

From Moy

Where —End(M;) <t

A
t < —Begin(M,) A My (z, —y, —t).

Example 7: The next example manipulates one scene. “Re-
turn the first half of the first scene of movie M " is ex-
pressed by

Select (z,y;t)
From M,
Where Scene(My, (1,1))(z,y,t) A
Begin(Scene(M;, (1,1))) <t A
t < (Begin(Scene(Mj, (1,1)))+
End(Scene(M,,(1,1))))/2.

Example 8: The next example manipulates complete
scenes without touching their individual frames. “Return
the movie consisting of the scenes of movie M but played
inreversed order” is expressed by

Select (z,y;t)
From My
Where Begin(M;) <t A

t S End(M1) A
Scene (M., (#scenes, g))(z,y, 1),

where g isthe function that mapsi to #scenes — 7 + 1.

Example 9: Thelast example returns a certain computable
scene. “Return the middle scene of movie M 1" isexpressed

by
Select (z,y;t)
From  M;
Where Begin(M;) <t A

t <End(M;) A
Scene(My, (1, 9))(z,y,t),

where g is the function that maps every natural number to
(#scenes + 1)/2 if the number of scenes is odd and to
#scenes/2 if itiseven.

5. Discussion and conclusion

We have presented a data model for movies and movie
databases, in which a movie is considered to be a 2-
dimensional semi-algebraic figure that can change in time.
We have given a number of computability results concern-
ing movies. homeomorphism and isotopy of movie frames
are decidable; a movie has a finite number of scenes and
cuts and these can be effectively computed.

Based on these computability results we have defined an
SQL-like query language for movie databases. This query
language supports most movie editing operations like cut-
ting, pasting and selection of scenes.

We remark that the presented model is very elementary
and that it can be extended and made more suitable for prac-
tical applications in many ways. For instance, the movies
that we consider here have frames that are purely black and
white (even without variations of grey and certainly without
colors). Movies have one single “image’, whereas many



movies (e.g., cartoon movies) are multi-layered. The pre-
sented model can be extended to cope with this.

Finaly, we remark that our model cannot straightfor-
wardly be applied to existing movies. The problem of con-
verting cinematographic movies, for instance, into the pro-
posed model is beyond the scope of this paper. We remark
however that anumber of 3D animation toolsand virtual re-
aity environments work with data that can be readily con-
verted into the constraint model. 3D Studio Max [21] and
Virtual Reality Modeling Language (VRML) [2] are exam-
ples of such environments.
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