A Concept for Time-Dep enden t Pro cesses

K. P olthier

FB 3 Mathematik, T ec hnisc he Univ ersit¨ at Berlin

Straße des 17. Juni 136, 10623 Berlin, German y

M. Rumpf

Institut f ür Ang. Mathematik, Alb ert Ludwigs Univ ersit¨ at

Hermann Herder Straße 10, 79104 F reiburg, German y

Abstract

W e dev elop a new concept to extend a static in teractiv e visualization

pac k age to a time-dep enden t animation en vironmen t b y reusing as man y

as p ossible of the existing static classes and metho ds. The discussion

is based on an ob ject-orien ted mathematical programming en vironmen t

and is applied to parameter-dep enden t structures, time-dep enden t adap-

tiv e geometries and flo w computations but most of the ideas apply to

other en vironmen ts in scien tific visualization to o. W e define new classes

describing dynamic pro cesses (including e.g. time-dep enden t adaptiv e ge-

ometries) and sp ecify a proto col mec hanism they m ust understand. This

allo ws the definition of a class TimeNo de sup ervising an arbitrary dynamic

pro cesses as a time-dep enden t no de in a formerly static data hierarc h y . W e

discuss mec hanisms of suc h time-dep enden t hierarc hies, and additionally

the problem of algorithms on time-dep enden t geometries in a n um b er of

examples.

1 In tro duction

Time-dep enden t pro cesses o ccur in man y differen t areas as for example in the

description of natural phenomena and their computer graphical visualization,

in computer animation pac k ages, or in mathematics when analyzing parameter-

dep enden t problems. The pap er is cen tered around the question of ho w to

describ e suc h phenomena in a soft w are pac k age and what kind of algorithms

op erate on suc h data.

This pap er describ es a pro cedure to extend a static graphical programming

en vironmen t to handle arbitrary time-dep enden t pro cesses b y easily upgrading

existing classes and metho ds w orking on static data. Although this w as our

original goal, it turned out that the concept is useful in a more general sense.

The restriction of ha ving to start with a static en vironmen t and not to start with

an animation system righ t from the b eginning turned out to b e extremely useful

1 when form ulating the principal ideas. This migh t simply b e true b ecause ev en

in animation pac k ages a user usually is not able to w ork on an animated ob ject

during its animation but he stops the animation for mo deling ob jects - meaning

that he op erates on a static time cut. Surely , this is a simplification and w e will

later discuss the problem of algorithms w orking on complete dynamic pro cesses.

W e start our pap er with a discussion of the term time in c hapter 2. F or

example, w e generalize the meaning of time to b e lo cal to an ob ject, whic h allo ws

us to view the same dynamic pro cess at t w o differen t sp eeds sim ultaneously .

Surely , this is v ery useful when analyzing dynamic pro cess. A ma jor p oin t is

the definition of a new class TimeNo de in c hapter 3 describing a time-dep enden t

sub class of the class No de in the static case. Using suc h no des w e extend a static

hierarc h y to a time-dep enden t hierarc h y . A static no de has a p oin ter to a static

geometry . A instance of class TimeNo de has (b eside other instance v ariables)

additionally a p oin ter to a dynamic pro cess and reuses the p oin ter to the static

geometry to store the curren t time cut of the dynamic pro cess. If time do es not

c hange the hierarc h y b eha v es as in the static case and all existing to ols of the

existing static en vironmen t ma y still b e used.

Before discussing in c hapter 5 time-con trol in a time-dep enden t hierarc h y

with m ultiple no des of class TimeNo de , w e discuss in c hapter 4 a n um b er of ex-

ample classes describing dynamic pro cesses. F or example, w e extend the classical

k ey-frame tec hnique to allo w discretization c hanges of animated triangulated ge-

ometries. Finally , w e discuss in c hapter 6 a n um b er of mathematical algorithms

w orking on dynamic pro cesses. Suc h algorithms are not pure extensions of static

metho ds, but ma y ha v e m uc h more functionalit y . Consider for instance clipping

at a sphere where the algorithm is static but the sphere ma y ha v e an animated

diameter, or algorithms in tegrating o v er dynamic pro cesses.

Summarizing, our ma jor p oin ts are:

• Definition of a new class TimeNo de as a sub class of the static class No de

whic h p oin ts to a static geometry . The static geometry is no w the static

time cut of an attac hed dynamic pro cess and up dated via a simple proto col

mec hanism.

• Definition of a time-dep enden t hierarc h y whic h extends a static hierarc h y

in a natural w a y based on instances of class TimeNo de as hierarc h y no des.

• Definition of new classes describing dynamic pro cesses, as for example the

class TimeStep discussed in c hapter 4 allo wing time-dep enden t adaptiv e

geometries.

• Discussion of algorithms for dynamic pro cesses.

Our concept differs strongly from other concepts a v ailable in scien tific visu-

alization soft w are [ 8 ].

The time-concept describ ed in this pap er has b een implemen ted in the graph-

ical programming en vironmen t GRAPE [ 2 ] dev elop ed at the Sonderforsc h ungs-

b ereic h 256 for ”Nonlinear P artial Differen tial Equations” at the Univ ersit y of

Bonn. GRAPE is an ob ject-orien ted, in teractiv e visualization pac k age with a

library of classes and metho ds supp orting b esides others mainly solutions of

problems from con tin uums mec hanics [ 4 ] and differen tial geometry [ 1 ]. It is

device indep enden t and runs on a v ariet y of w orkstations.

The first author w an ts to thank Charlie Gunn for fruitful commen ts on the

pap er.

Before w e start with more detailed explanations let us clarify the term time.

2 What is Time ?

This question ma y seem a little bit curious to some p eople, esp ecially to scien-

tists studying ph ysical dynamic phenomena. Suc h problems carry in general an

inheren t time, just the ph ysical time of nature. Also a video animator usually

has this notion of time in his mind when designing a video. This is manifested

for example in the unique time slider in man y soft w are animation pac k ages.

In the ab o v e example the term time is alw a ys used as the ph ysical time, or

at most to some exten t mo dified, whic h nature giv es us. W e extend this c har-

acterization of time and define: time is an arbitrary but emphasized parameter

of the ob ject w e study .

As the first consequence of the extended meaning of time let us assume

our ob ject dep ends on a set of parameters. W e can emphasize one of those

and consider the ob ject as a dynamic pro cess dep ending on this parameter,

no w called the time-parameter. During in teraction w e ma y c ho ose a differen t

parameter or the other parameters ma y for instance also dep end on the time-

parameter.

A second c haracteristic of our time-parameter is lo c ality . In the extreme for

example, ev ery ob ject b elonging to a hierarc h y ma y ha v e an o wn time-parameter.

This ma y seem unnecessary when creating a video whic h relies on a global time.

But when analyzing dynamic pro cesses it is imp ortan t to see for example the

same pro cess running at differen t sp eeds or times sim ultaneously , or fix the time

of one of the pro cesses while k eeping the others running.

Our definition of a time parameter extends the term time from the ph ysi-

cal time to include an y real parameters. This arbitrariness for instance allo ws

in m ulti-parameter systems c hanging b et w een parameters to analyze differen t

asp ects of the problem with the same to ols. Surely , the new freedom in the

definition of time shall not mak e things more complicated and p ossibly only in-

tro duce a new parameter. When studying flo w problems one w ould still c ho ose

the ph ysical time as time . But ev en here one migh t w an t to see t w o copies of

the flo w ev olving sim ultaneously with differen t times, i.e. sp eeds.

Summarizing, w e use time as follo ws:

• time is a w ord for an arbitrary emphasized parameter of a parameter-

dep enden t ob ject

• time is a parameter b elonging lo cally to an animated ob ject.

3 The Class TimeNo de Sup ervising Dynamic Pro-

cesses

In this c hapter w e discuss the concept of the class TimeNo de to manage and

sup ervise dynamic pro cesses. Instances of class TimeNo de will b e no des of the

time-dep enden t hierarc h y in c hapter 5. Since our time-concept shall w ork to-

gether with existing soft w are to ols i.e. esp ecially to ols for handling static geome-

tries, one of our guiding threads w as to in tegrate the time-concept naturally with

existing static to ols. This includes con tin ued use of our w ell-pro v ed static classes

for discretized geometries and to ols op erating on them as w ell as con tin ued use

of our data hierarc h y .

An additional imp ortan t adv an tage of building up on a static system w as

already men tioned in the in tro duction: a user w orking with a time-dep enden t

system usually stops the animation when he tries to manipulate it. That means,

he naturally w orks on a time-cut rather than on the animated system. Since the

time-cut is a static ob ject with resp ect to the curren t animation, static ob jects

are still imp ortan t.

Before w e start extending a static hierarc h y no de to a TimeNo de let us at

first review our static ob ject-orien ted en vironmen t. All geometric ob jects are

organized in a tree and eac h no de ma y store a geometry ob ject. One no de of

the tree is emphasized as the curr ent obje ct and metho ds are usually sen t to

this no de. The no de will then pass the message to his c hildren and so on. In

particular the principle applies to the metho d display , therefore only the subtree

ha ving curr ent obje ct as ro ot no de is usually visible. The user ma y c ho ose an y

hierarc h y no de as curr ent obje ct .

The new class TimeNo de is a sub class of the class No de with additional

instance v ariables dynamicPr o c ess , lo c alTime , curr entTime , and syncFlag as

sho wn in a follo wing pseudo co de and in figure 1. The instance v ariable dy-

namicPr o c ess p oin ts to an arbitrary dynamic pro cess whic h w e consider as a

blac k b o x at first. The detailed description of suc h pro cesses as for example an

animated real v ariable, a deforming surface or a flo w in a v olume will b e dis-

cussed in c hapter 4. The ma jor feature of suc h a blac k b o x will b e to generate a

static time cut on request via the getObje ct -proto col mec hanism. In this c hapter

the instance v ariable curr entTime shall b e a global time. Later in c hapter 5 w e

generalize its in terpretation. lo c alTime is used to store the v alue of curr entTime

eac h time a new time cut is generated. The instance v ariable syncFlag is a switc h

to prohibit up dating of the time cut staticObje ct , w e refer to c hapter 5.

The instance v ariable staticObje ct inherited from the sup erclass No de will

no w b e the curren t time cut of the attac hed dynamic pro cess. Suc h a time cut

is a static geometry in our former sense and can b e handled b y our existing

system. The only difference to the staticObje ct of a static no de is that here it

is up dated b ehind the scenes if curr entTime c hanges. If curr entTime is fixed

(at the momen t the global time) the TimeNo de acts as a static ob ject since all

displa y metho ds as for example display or clip b eing sen t to the TimeNo de will b e

passed on to its instance v ariable staticObje ct b y the same forw arding mec hanism as used b y static no des. On the other side, if the curr entTime c hanges, an up date

mec hanism assures that staticObje ct is up dated b efore receiving an y metho d.

The p oin ters to dynamicPr o c ess and staticObje ct are of arbitrary t yp e, there-

fore the TimeNo de needs to kno w nothing ab out the class of the dynamic pro cess

or the returned time-cuts.

The follo wing pseudo co de summarizes the class TimeNo de . The t yp e in-

stanc e defines a v ariable of arbitrary t yp e. The metho d forwar d is called if a

no de do es not understand a receiv ed metho d, it allo ws a no de to forw ard meth-

o ds to staticObje ct , lik e e.g. display or clip . Hierarc h y instance v ariables are

hidden.

class TimeNode : Node { /* TimeNo de is sub class of No de */

instance staticObject; /* inherited from sup erclass */

instance dynamicProcess;

float currentTime, localTime;

int syncFlag;

forward(Method method, Argument arg)

{ /* ’metho d’ is arbitrary */

if (localTime != currentTime) {

/* generate a new time cut */

staticObject = dynamicProcess:getObject(currentTime);

localTime = currentTime;

}

staticObject:method(arg); /* in v ok e metho d of staticOb ject */

}

setTime(float time) { /* in v ok ed e.g. when c hanging a time slider */

if (syncFlag == UPDATE ON)

currentTime = time;

}

setSyncFlag(int newFlag) { syncFlag == newFlag; }

}

An instance of class TimeNo de ma y b e used as a dynamic no de in a static

hierarc h y in the same w a y as an y static no de. In c hapter 5 w e discuss the up date

mec hanism in a hierarc h y in more detail as w ell as the use of differen t curren t

times.

The up date mec hanism of the time-cut staticObje ct is as simple as p ossible.

It is realized b y sending the metho d

getObje ct(curr entTime)

to the dynamic pro cess and getting returned a new time-cut. Sending getObje ct

and up dating the time-cut is done b y the TimeNo de itself, immediately when

1: The class TimeNo de a metho d and curr entTime of the TimeNo de is differen t from the timetime. simple mec hanism allo ws to consider dynamic pro cesses as a blac k b o x.

dynamic pro cess is not a class definition, w e only require that on eac h dynamic cess exists the metho d getObje ct(time) returning a time-cut. That is, the pro cess observ es the getObje ct() -proto col. W e will see in the follo wing ho w p o w erful this simple mec hanism is and whic h wide class of dynamic cesses can b e handled with it.

is ob vious ho w to extend this proto col to include for example k eyframing the user mo difies the staticObje ct at a sp ecific time and forces the dynamic cess to store it as a new k ey frame.

The instance v ariable lo c alTime is the time at whic h the actual timehas b een generated. One migh t w an t to store that time inside the time-cut ject, but this w ould require mo difying eac h of the existing static geometry

(for example putting a wrapp er around the static classes), whic h w e to a v oid.

Examples of Dynamic Pro cesses the previous c hapter w e discussed the new class TimeNo de sup ervising a pro cess. The dynamic pro cess w as considered as a blac k b o x and ev ery ject understanding the proto col mec hanism ct(time) y serv e as a dynamic pro cess in a TimeNo de . Let us no w consider a few haracteristic examples of dynamic pro cesses in more detail. It will turn out their nature ma y b e quite differen t.

The Class TimeStep Extending Keyframe T ec hniques us discuss an example where the dynamic pro cess of a TimeNo de consists of sequence of discrete geometries as in the k eyframe tec hnique and later extend to allo w c hanging of the discretization. As an example in mind w e assume a surface in R o v er the time. In our description w e call h a dynamic pro cess TimeStep . The purp ose of this example is at first to classical k eyframe tec hnique in our approac h and at second extend to include adaptiv e tec hniques of v arying discretization in time direction.

dynamic pro cess TimeStep consists of a doubly-link ed list and eac h no de ving also an instance v ariable time and a p oin ter to an arbitrary ob ject. The alue of time is ob viously the time of the k ey-ob ject, whic h is in our example surface at this sp ecific time. F or the momen t w e assume all surfaces to v e the same underlying discretization. Linear in terp olation b et w een t w o k ey is therefore done b y simply in terp olating corresp onding v ertices in R this information w e can describ e the action of the metho d getObje ct (time) eing sen t to the dynamic pro cess TimeStep : the metho d returns a k ey-ob ject time is iden tical to the corresp onding k ey-time. Otherwise time is b et w een w o k ey-times and w e apply the men tioned in terp olation algorithm to generate time-cut. Linear in terp olation ma y b e extended to higher order tec hniques, w ould only complicate the curren t discussion.

concept of TimeStep allo ws to include classical k eyframe tec hniques in time-concept in a natural w a y . As b efore, w e only require the metho d ct(time) to exist on TimeStep , i.e. the ob jects on whic h eac h TimeStep ey p oin ts need to allo w some kind of in terp olation mec hanism.

us discuss the k eyframe t yp e approac h again, and this time assume a with adaptiv e discretization in time. Classical k eyframe tec hniques do apply since in terp olation no w has to deal with differen t discretizations. Since h situations o ccur quite naturally in time-dep enden t adaptiv e tec hniques w e v e expanded the concept of TimeSteps : eac h k ey of a TimeStep list has not one p oin ter to an ob ject, but it has t w o p oin ters: a pr eObje ct and a p osct . If the discretization needs to c hange at a time w e put at this time a ey and store the same ob ject t wice: the ob ject with the initial discretization is to pr eObje ct of the k ey and the ob ject with the mo dified discretization assigned to p ostObje ct . It is essen tial that the geometry of the ob ject do es not hange at this k ey , only its in ternal discretization. And it is also essen tial that discretization of the p ostObje ct of a k ey is iden tical to the discretization of pr eObje ct of the next k ey . Compare figure 2.

TimeStep f time; preStep, postStep;

� � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

2: The Class TimeStep preObject, postObject;

time) f

= self; /* first link of list */ find t w o k eys enclosing ’time’ */

(step.postStep.time ¡ time)

= step.postStep;

in terp olate b et w een t w o k eys (slopp y notation) */

= interpolate(step.postObject, time) object;

tec hnique allo ws us to c hange the discretization of an ob ject during animation. Ev ery c hange of discretization happ ens exactly at a k eyframe.

w een t w o k eyframes w e in terp olate b y linear in terp olation b et w een the t w o tical discretizations of the p ostObje ct of a k ey-step and the pr eObje ct of the step. Therefore in terp olation b et w een t w o successiv e k eys w orks as in the adaptiv e case. When during the animation w e pass o v er a k ey-step where discretization c hanges, w e also ha v e no problems. Since the geometry of the eObje ct and p ostObje ct at a k ey is iden tical, the user will not recognize the hange of the in ternal discretization (assuming he is w atc hing a shaded mo del).

figure 3.

the case the discretization b efore and after a k eyframe are iden tical, w e to store only one ob ject at the k ey . Both instance v ariables pr eObje ct and

3: In terp olation Mec hanism Bet w een Adaptiv e T riangulations ostObje ct ma y p oin t to the same ob ject.

Time-dep enden t V ariables and F unctions ery simple time-dep enden t geometric ob jects are for example animated p oin ts.

w e will discuss an ev en simpler example: a float v ariable. As men tioned efore, the dynamic pro cess can b e arbitrary , so w e can animate con tin uous ariables as for example a real n um b er. Suc h a v ariable ma y b e in the static a constan t with a fixed v alue, or it ma y ha v e differen t v alues. In the latter the soft w are en vironmen t ma y supp ort sliders to con trol and mo dify the ariable during run-time. W e will attac h to the v ariable a slider and call this ariable/slider pair the static situation in the follo wing, despite the v ariabilit y the v ariable’s v alue.

us create an instance of class TimeNo de to handle the situation. W e need dynamic pro cess con trolling our animated v ariable: a time-dep enden t v ariable simply a real-v alued function dep ending on the time. As a dynamic pro cess e therefore tak e a function curv e (e.g. a spline) dep ending on the time. The metho d getObje ct(time) sen t to the function curv e simply returns the v alue at the requested argumen t time . The TimeNo de has the function e as dynamic pro cess and the v ariable is the time-cut stored in the instance ariable staticObje ct . When time c hanges, the v ariable/slider is up dated b y aluating the function curv e, i.e. sending of getObje ct(time) .

user e.g. ma y still use only the v ariable, i.e. staticObje ct, in his program de and has nothing to do with the up date mec hanism. He uses the v ariable as ordinary v ariable a v ailable in his programming language. Except that there an in telligen t con trol mec hanism w orking in the bac kground to allo w con trol the v ariable o v er the time. The function curv e ma y for instance b e a spline e and in teractiv ely mo difiable b y the user. When initially defining suc h a enden t v ariable, the underlying function curv e migh t b e set to a v ariinitial v alue on default.

static case */ variable;

dynamic case */

*timeNode; = variable;= spline;

class Spline m ust understand the metho d ’getOb ject’ */ time) f call ev aluation routine */ evaluateSplineAtTime(time);

ab o v e description sounds as if the slider is sup erfluous in the timeenden t case, since the function curv e directly up dates the v ariable. But time is fixed for a short momen t. Then w e migh t still w an t to v ary the ariable at this sp ecific fixed time-cut to found an optimal v alue. Ha ving found h w e migh t edit the function curv e and incorp orate the v alue p ermanen tly , c hanging the time of the system w ould reset the v ariable and the via the up date mec hanism according to the function curv e. Therefore, the curv e con trols the time-dep endency of the v ariable and the slider ma y b e used to con trol the v ariable temp orary at an arbitrary time-cut.

example of a time-dep enden t v ariable ma y b e easily extended to higher

Mo ving p oin ts in R y b e con trolled b y three function curv es, for eac h co ordinate. Or one ma y ev en enlarge the domain of the function e to allo w parameterized, time-dep enden t curv es or surfaces:

: T Θ Ω ! R

T is the time in terv al and Ω æ R for curv es or Ω æ R surfaces.

viously Ω = Ω( t ) ma y also dep end on the time.

F urther Examples pro cesses ma y b e quite differen t. W e ha v e already seen this in the t w o ceeding examples. The action of the metho d getObje ct(time) w as once the aluation of one or more functions at the requested time, and in the other exam-

TimeStep an in terp olation mec hanism b et w een t w o discretized geometries.

men tioned there, the in terp olation mec hanism ma y b ecome quite complex geometries carry additional information as for instance finite-elemen t deor general functions as sho wn in figure 3. Another p ossibilit y of a pro cess w ould b e a request to a data base. But the dynamic proma y ev en b e a hierarc h y of dynamic pro cesses, and sending getObje ct(time) ould return a time-cut of the whole hierarc h y .

Time-Dep enden t Hierarc hies concept of TimeNo de s suggests an ob vious definition of a time-dep enden t hierarc h y:

a time-dep endent hier ar chy is a static hierarc h y where TimeNo des are w ed as no des in the tree.

this definition a time-dep enden t hierarc h y is p erfectly conforming with static hierarc hies. W e only allo w an additional class of ob jects, namely des , to o ccur as hierarc h y no des.

w do es one w ork with suc h a hierarc h y? As men tioned in c hapter 3 in static case the user c ho oses an arbitrary hierarc h y no de as the curren t no de, as the curren t ro ot no de, to w ork on this branc h of the hierarc h y . If this no w a TimeNo de its curr entTime will b e the global time for the curren tly hosen branc h. A global time slider will b e attac hed to the curren t no de and y b e used to mo dify its curr entTime . Mo difying the slider will send an date metho d to the curren t no de, whic h in turn will send further up dates to c hildren up dating the whole branc h of the hierarc h y , i.e. the curr entTime off c hildren are set to the curr entTime of the curren t ro ot no de.

handling of metho ds b eing sen t to a hierarc h y no de is iden tical to the case: a no de receiving a metho d will apply it to its staticObje ct and then it to its c hildren. If a no de happ ens to b e of class TimeNo de , it will first up date its staticObje ct if necessary and then apply the metho d to the ct (metho ds w orking on dynamic pro cesses will b e discussed in the next hapter). Therefore, the only differen t action compared to static hierarc hies is additional up date p erformed b y TimeNo des , regardless of the t yp e of metho d eing send to it.

Using curr entTime of TimeNo des ma jor use of the instance v ariable lo c alTime is to store the time at whic h curren t time-cut has b een tak en. As an additional use the curr entTime of a de ma y b e set to a fixed sp ecific v alue to displa y the dynamic pro cess alw a ys the same time while other no des in the hierarc h y are c hanging in time. T o this, c ho ose the desired no de as curren t ob ject, set its curr entTime the time-slider, set its syncFlag to UPD A TE and c hange bac k to y our curren t ob ject.

exist a n um b er of metho ds to con trol curr entTime of eac h hierarc h y de. F or instance setTime(time) will set the curr entTime instance v ariable of no des to the v alue time . Suc h an action migh t b e forbidden on some no des if shall alw a ys sho w a fixed time-cut: this is done b y switc hing the syncFlag suc h a no de, therefore not allo wing to c hange his curr entTime v ariable.

Animation Con trol P anel easy implemen tation of an animation con trol panel with pla y , pla ybac k etc.

y w orks as follo ws: using the con trol panel buttons and its time-slider user migh t in teractiv ely c hange the slider’s time or let the slider automatc hange b y pressing a play button. This releases the sending of m ultiple d pairs setTime(time) and display to the curren t activ e hierarc h y no de.

a result an animated video will b e sho wn on the screen.

Viewing Differen t Time-Cuts Sim ultaneously additional feature is viewing differen t time-cuts of the same pro cess sim ultajust create a n um b er of TimeNo des under the same paren t and instancthe same dynamic pro cess. Then mo dify the instance v ariables curr entTime eac h TimeNo de to the requested differen t times. Notice that the dynamic cess itself exists only once. This is not only useful for large data sets but allo ws mo difications of the dynamic pro cess to tak e immediate effect on all t time-cuts. The same pro cedure migh t also b e c hosen if for instance one ould lik e to alw a ys lo ok at the same dynamic pro cess but using differen t displa y ds (e.g. clips, iso-lines, grid-mo del,...). In suc h a case w e lea v e the differen t des sync hronized but c hange their lo cal displa y-metho d to the requested

Compare figure 4 where differen t time-cuts are sho wn sim ultaneously and the trace of some p oin ts are dra wn.

Algorithms on Dynamic Pro cesses this paragraph w e discuss some algorithms on dynamic pro cesses. The main of this paragraph is not to explain the algorithms in detail, but to discuss w orking principles in connection with the idea of TimeNo de . Therefore e tak e a few example algorithms and see ho w they are applied to dynamic cesses, ho w they w ork on TimeNo de and b eha v e in a hierarc hical tree.

algorithms can b e divided in to sev eral groups:

w orking on the en tire dynamic pro cess, e.g. reflecting a time-dep enden t at a time-dep enden t symmetry plane in tegrativ e algorithms on dynamic pro cesses, e.g. computing particle traces a time dep enden t v ector field on a surface or in a v olume

4: Sim ultaneous View of Sev eral Time-Cuts algorithms generating dynamic pro cesses, e.g. computing the ev olution of surface under some force including adaptiv e refining in time direction extraction of time-cuts b y in terp olation tec hniques(see discussion in the c hapter)

Dynamic Pro cesses are Single New Ob jects first class of algorithms is b est suited to underline an imp ortan t differb et w een k eyframe tec hniques and our concept of TimeNo de and dynamic cesses. In our approac h w e consider a TimeNo de as a unit y , a single new ject to whic h w e can apply geometric and dynamic op erations to obtain other des . Also the dynamic pro cess app ears as a new ob ject whic h it is b est b y its blac k b o x b eha vior. This is in strong con trast to an ordinary of k eyframes. T o mak e this claim more concrete consider the follo wing us see ho w this p oin t of view conceptually simplifies op erations w orking these ob jects. a time-dep enden t surface, whic h can b e extended to a larger surface y reflection at a part of their b oundary lying on a symmetry plane. The plane therefore determined b y the b oundary arc. In the k eyframe tec hnique one to tak e an arbitrary k ey-surface, sp ecify the symmetry plane and apply reflection to all other k eys. This op eration will extend eac h k ey-surface a larger surface and one ends up with a mo dified k eyframe sequence. This eration is v ery tec hnical and determined b y the in ternal represen tation of the the time-concept w e apply no w the same op eration: the user migh t see arbitrary time-cut on the screen and decide to execute a reflection op eration.

or the user the actual time-cut represen ts the whole dynamic ob ject, so if he erates on the time-cut, then in ternally the TimeNo de itself should con trol and in v ok e the necessary actions on the dynamic pro cess. Instead of orking with the in ternal represen tation of the dynamic pro cess, whic h migh t e v ery complicated, w e only act on an arbitrary time-cut as a represen tativ e.

pro vides us not only with a v ery natural in terface (op erate on the data ou see on the screen and not on tec hnical details, [ 7 ]) but also giv es us a degree of abstraction in the passing of information from an action on time-cut to the dynamic pro cess: in the ab o v e example of reflecting a timeenden t surface one has to sp ecify in an abstract w a y the symmetry plane on time-cut suc h that it has a meaning for all ob jects of the dynamic pro cess.

king just three p oin ts on the time-cut and passing their p ositions is not unique the symmetry plane migh t v ary during the dynamic pro cess. It is also not t to pass to the dynamic pro cess the indices of the pic k ed p oin ts since dynamic pro cess ma y b e adaptiv ely refined during time. A solution w ould e to pass a unique iden tifier for a b oundary comp onen t.

the user will pic k a b oundary comp onen t of an arbitrary time-cut whic h then passed to the dynamic pro cess together with the reflect message. The pro cess has no w the necessary information ho w to reflect itself, for to reflect all mem b ers of a time-step. A t the end w e ha v e duplicated whole TimeNo de . A t no time the user has to b e a w are of the underlying pro cess in bac kground. He only op erates on the curren tly visible timeof a TimeNo de .

further difference to an ordinary k eyframe approac h is also, that w e genan additional new TimeNo de in con trast to extending eac h of the k eyframes a bigger one and preserving just one sequence. A t first sigh t the difference y lo ok not to o big, but at the end the differen t p oin t of view leads to man y p oin t of view as describ ed in the ab o v e example has also big limitations.

man y op erations can not b e decided on a single time-cut as a represen tae of the whole TimeNo de . F or example, if the pic k ed symmetry plane v anishes in the sequence. This are problems for future researc h.

In tegrativ e Algorithms t yp e of algorithms in this and the follo wing section are not new, but they the w orking principles of our new ob jects. In tegrativ e algorithms

TimeNo des are for example the in tegration of a time-dep enden t v ector-field a surface or in a v olume. As an input w e tak e for example a finite elemen t of a v ector field in a v olume as ob jects in a TimeStep , whic h v aries v er the time. This is an ordinary differen tial equation [ 5 ][ 3 ]. The user ma y an t to insert test particles in suc h a system and study their traces. In the this is realized b y pic king an initial p oin t or c ho osing an initial surface on an arbitrary time-cut. This initial condition is then passed to dynamic pro cess whic h p erforms the necessary computations and returns trace of the test set. In this case the trace is also a dynamic pro cess and b e inserted somewhere in the data hierarc h y as a TimeNo de . Its time-cuts just a test set at a p osition corresp onding to the curren t time.

tegrativ e algorithms tak e a TimeNo de and generate a new one usually differen t t yp e. In the example w e to ok a time-dep enden t v ector field and an animated particle. See figure 5 for in tegration of v ector fields on geometries. Generating Dynamic Pro cesses the previous discussion w e ha v e already seen a few algorithms generating

TimeNo des and new dynamic pro cesses. A further imp ortan t example is to with a static ob ject, and apply a sequence of op erations, eac h generating new static ob ject. Arranging this sequence as ob jects in a time-step creates dynamic pro cess whic h can b e used to expand the original static ob ject to a pro cess.

precise, tak e a surface in R a static ob ject and for example let it w in normal direction with a certain sp eed. This is a v ery common pro cedure mathematics to obtain solutions of differen tial equations [ 6 ]: constan t sp eed to solutions of the eik onal equation, sp eed equal to the mean curv ature to minimal surfaces, one could study w a v e propagation of let the surface b e en b y arbitrary energy gradien ts. Collecting the surface at differen t stages the ev olution in a time-step, the user is free to in teractiv ely refine the surdiscretization in ev olution direction, according to areas with high or lo w ature for example or criteria deriv ed from the b eha vior of the underlying tial equation. Compare figure 5.

w a y the user is able to store the ev olution of the surface in a TimeNo de a TimeStep attac hed. The in terp olation tec hniques inheren t in the ob ject allo w the surface not only to c hange discretization. It also includes hange of the top ological structure, e.g. splitting a long cylindrical b one in to w o spheres b y letting the small w aist shrink.

5: Flo w along V ectorfield on Surface

Conclusion w e discussed a new concept to extend a graphical en vironmen t static mathematical problems to an animation system. W e in tro duced the class TimeNo de as an extension of a static hierarc h y no de without a need c hange the existing classes and metho ds, and w e discussed descriptions of pro cesses and dynamic algorithms.

e ha v e assumed in our description that the geometry data is organized in tree. A more general discussion should b e made allo wing dynamic data to b e in differen t w a ys although this do es not seem to b e a principal problem.

concept using time-cuts as represen tativ es of a whole dynamic pro cess and teract only with a single time-cut as in the reflection example surely has its as already remark ed in c hapter 6.1. This is a large area with op en for future researc h since man y static algorithms w ait for b eing made

F or example consider time-dep enden t clipping, b o olean op erations pic king. Also our concept of TimeStep allo wing k eyframe tec hniques with e triangulation should b e extended, for example to higher order degree in terp olation - b oth in time direction and in the appro ximation of the static steps.

A. Arnez, B. Ob erknapp, K. P olthier, M. Steffens, C. T eitzel, Timeenden t Curv es and Surfaces in Differen tial Geometry , in preparation

GRAPE Man uals, V ol. 4.1, SFB256 Univ ersit y of Bonn, Aug. 94

M. Geib en, M. Rumpf, Mo ving and T racing in Time-dep enden t V ector Fields

Adaptiv e Meshes, Rep ort No. 12, SFB256 Bonn

M. Geib en, M. Rumpf, Visualization of Finite Elemen ts and T o ols for Nu-

Analysis, Eurographics W orkshop on Scien tific Visualization, Delft

B. Ob erknapp, K. P olthier, V ector Fields on Surfaces, in preparation

U. Pink all, K. P olthier, Computing Minimal Surfaces and Their Conjugates,

Exp erim. Math., V ol. 2 (1), 1993

K. P olthier, M. Rumpf, WYSIWYO in Differen tial Geometry , Rep ort No.

SFB256 Bonn

C. Upson, et. al., The Application Visualization System: A Computa-

En vironmen t for Scien tific Visualization, IEEE Computer Graphics

Appl. July 1989