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Obliq-3D: A High-Level, Fast-Turnaround 
3D Animation System 

Marc A. Najork and Marc H. Brown 

Abstract--This paper describes Obliq3D, a high-level, fast- 
turnaround system for building 3D animations. Obliq3D consists 
of an interpreted language that is embedded into a 3D animation 
library. This library is based on a few simple, yet powerful con- 
structs that allow programmers to describe three-dimensional 
scenes and animations of such scenes. By virtue of its interpretive 
nature, Obliq3D provides a fast-turnaround environment. The 
combination of simplicity and fast turnaround allows program- 
mers to construct nontrivial animations quickly and easily. 

The paper is divided into three major parts. The first part in- 
troduces the basic concepts of Obliq3D, using a series of gradu- 
ated examples. The second part shows how the system can be used 
to implement Cone Trees. The third part develops a complete 
animation of Dijkstra’s shortest-path algorithm. 

Index Term-3D graphics; 3D animation; information visu- 
alization; algorithm animation; interpreted language; embedded 
language; scripting language. 

I. INTRODUCTION 

ESIGNING an enlightening visualization of abstract infor- D mation is a tricky proposition, requiring both artistic and 
communication skills. Most successful visualizations undergo 
dozens of design iterations. Animations of dynamic informa- 
tion are even harder. 

Over the past few years, we and our colleagues have been 
exploring the use of 3D graphics to show the internal opera- 
tions of computer programs [7]. Fig. 1 shows snapshots of 
some of our 3D animations. Our earlier experience in develop- 
ing 2D algorithm animations convinced us that a high-level 
animation library, coupled with an interpreted language, is 
instrumental in developing high-quality animations [3], [4]. A 
high-level animation library allows users to focus on what they 
want to animate, without having to spend too much time on the 
how. An interpreted language significantly shortens the time 
needed for each iteration in the design cycle because time- 
consuming recompilations in such an environment are unnec- 
essary. 

This paper describes the 3D animation system we devel- 
oped. It consists of an animation library and an embedded in- 
terpreted language [ 181, [ 191. The animation library, called 
ANIM3D, is implemented in Modula-3 [9]. It uses the X Win- 
dow System as the underlying window system, and MPEX 
(Digital’s extension of PEX) as the underlying graphics li- 
brary. Support for other window systems (e.g., Microsoft 
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Windows NT) and graphics libraries (e.g., OpenGL) is nearly 
complete. ANIM3D is designed to interconnect easily with an 
embedded language. We chose Obliq [SI, an object-oriented, 
lexically scoped, untyped, interpreted language. The Obliq 
interpreter is designed to be both easy to extend and easy to 
embed into Modula-3 programs. The resulting embedded lan- 
guage is called Obliq3D. It provides all of the features of 
standard Obliq, plus extra modules that support the construc- 
tion of 3D animations. 

Before we developed Obliq-3D, we created animations by 
calling MPEX directly from Modula-3. By using Obliq3D, 
the size of a typical 3D animation (Dijkstra’s shortest-path 
algorithm, described in Section IV) decreased from about 
2,000 lines of Modula-3 to 70 lines of Obliq, and the part of 
the design cycle time devoted to running a new visualization 
on a DECstation 5000/200 decreased from over seven minutes 
to about 10 seconds. 

The remainder of this paper is structured as follows. Section 
I1 explains the main concepts of Obliq-3D, through a series of 
graduated examples. Sections I11 and IV contain two case 
studies. In Section 111, we implement an interactive visualiza- 
tion of Cone Trees. We also build a genexal-purpose function 
to perform “shadow casting.” This function takes an arbitrary 
graphical object and projects shadows of the object against 
walls. In Section IV, we develop an animation of Dijkstra’s 
algorithm for finding the shortest path in a graph. This anima- 
tion also serves as an introduction to our methodology for 
animating algorithms. Section V presents an overview of the 
implementation of the system. Section V1 compares Obliq-3D 
with other general-purpose animation systems and with other 
algorithm animation systems, Section VI1 describes the current 
status of the system and future directions, and Section VI11 
offers some concluding remarks. 

11. OBLIQ-3D BY GRADUATED EXAMPLES 

Obliq-3D is founded on three basic concepts: graphical 
objects for constructing scenes, time-variant properties for 
animating various aspects of a scene, and callbacks for provid- 
ing interactive behavior. 

Graphical objects include geometric shapes (spheres, cones, 
cylinders, and the like), light sources, cameras, groups for 
composing complex graphical objects out of simpler ones, and 
roots for displaying graphical objects on the screen. The 
graphical object (GO) class hierarchy is as follows: 
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Fig. 1. These snapshots are examples of the type of visualizations for which Obliq3D is very well-suited. Each visualization requires from 50 to 200 lines of 
code to produce. The top-left snapshot shows a divide-and-conquer algorithm for finding the closest pair of a set of points in the plane. The third dimension is 
used here to show the recursive structure of the algorithm. The top-right snapshot shows a view of Heapsort. Each element of the array is displayed as a stick 
whose length and color are proportional to the element’s value. With clever placement, the tree structure of the heap is visible from the front and the array im- 
plementation of the tree is revealed from the side. The bottom-left snapshot shows a k-d tree, for k = 2. When viewed from the top, the walls reveal how the 
plane has been partitioned by the tree; when viewed from the front or side, we see the tree. The bottom-right snapshot shows a view of Shakersort. The vertical 
sticks show the current values of elements in the array, and the plane of “paint chips” underneath provides a history of the execution. The sticks stamp their 
color onto the chips plane, which is pulled forward as the execution progresses, 
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Properties describe attributes of graphical objects, such as 
their color, size, location, or orientation. A property consists of 
a name that determines what attribute is affected and a value 
that determines how it is affected. Property values are not 
simply scalar values, but rather functions that take a time and 

return a value. Thus, property values form the basis for anima- 
tion. 

Graphical objects are reactive, that is, they can respond to 
user events. Events are handled by callbacks. Associated with 
each graphical object is a callback stack for each event type 
(e.g., mouse clicks, keystrokes, mouse movement). The pro- 
grammer can define or redefine the reactive behavior of a 
graphical object by pushing a new callback onto the appropri- 
ate stack. The previous behavior of the graphical object can 
easily be reestablished by popping the stack. 

The remainder of this section presents more details about 
graphical objects and properties. We omit a discussion of call- 
backs, since our model is fairly common in modem interactive 
graphics toolkits. 

A. Graphical Objects 

displays a white sphere: 
The following program installs a window on the screen, and 
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let r = RootGO-NewStdO; 
r. add(SphereG0-New( [ O ,  O,O] , O .  5) ) ; (Program I )  

The first line creates a root object, which is a special kind of 
graphical object, and assigns it to the variable r. Associated 
with each root object is a window on the screen, and creating 
the root object creates this window and installs it on the 
screen. 

The expression SphereGO New ( [ O f  0, 01 0 . 5 )  cre- 
ates a sphere object, which is another kind of graphical object. 
This particular sphere object represents a sphere whose center 
lies at the origin of the coordinate system, and whose radius is 
0.5 unit. 

SphereGO (3 
Fig. 2. The scene and the corresponding scene graph created by Program 1. 
For the sake of simplicity, we omit the camera and the light sources created 
by the call to RootGO-NewStd ( ) from all scene graphs. We also omit the 
arrowheads from all arcs in the scene graphs; arcs always implicitly point 
downwards. 

Finally, r .  add ( .  . . ) adds the sphere object to the root 
object and thereby causes it to be displayed in the window 
associated with the root object. See Fig. 2 (left). The user can 
manipulate the scene interactively, that is, he can move, rotate, 
and scale the objects displayed in a window as a group through 
mouse gestures. This interactive behavior is not innate to root 
objects, but rather added to the root object by the function 
RootGO NewStd. This function also creates (in addition to 
the root iGelf, a camera through which the scene is viewed and 
several light sources. 

The add method, which makes an object part of a larger 
object, is understood by all objects of type GroupGO. In par- 
ticular, it is understood by objects of type RootGO, which is the 
type of root objects and a subtype of GroupGO. This ability to 
group objects together into larger objects allows us to build up 
hierarchies of graphical objects. These hierarchies must form a 
directed acyclic graph, called the scene graph. Fig. 2 (right) 
shows the scene graph corresponding to Program 1. 

Because the hierarchy is a directed acyclic graph and not 
simply a tree, a node can have multiple parents. In particular, a 
scene graph can have several roots, making it possible to view 
the same scene in several windows, each with its own camera. 
The following program creates two windows that display a 
scene consisting of a sphere and a cone: 

let g = GroupGO-New(); 
RootGO-NewStdO .add(g); 
RootGO-NewStd ( 1  .add ( g )  ; 
g.add(SphereG0-New( [0,0,0],0.5)); 
g.add(ConeG0-New( [O,O,OI, [l, 1,11,0.5)); 

(Program 2)  
The first line creates a group object and assigns it to the vari- 
able g .  The next two lines create two root objects and add g to 
each. Creating the two roots also creates two windows on the 
screen. Because g is a child of both root objects, every object 
added to g will also be a descendant of both root objects and 
will consequently appear in both windows. Finally, the last two 
lines create the sphere and the cone, and add each to group g.  
The base of the cone is centered at the origin and is of radius 
0.5, and the tip lies at the point (1, 1, 1). Fig. 3 shows the two 
windows and the scene graph 

Fig. 3. The two windows and the corresponding scene graph created by Pro- 
gram 2. The two windows display the same scene; however, the user has 
rotated and scaled the scenes differently. This interactive behavior is provided 
automatically by the root object returned by RootGO-NewStd. 

Note that this program does not contain any explicit state- 
ments to draw the scene. Obliq-3D is based on a darnage- 
repair model: Modifying the scene graph damages the scene, 
that is, the scene shown on the screen is no longer consistent 
with the scene graph. An animation server thread detects such 
damage and repairs it by redrawing the scene. (Obliq-3D also 
provides a primitive that declares a set of changes to be 
atomic.) This model is powerful, because it is conceptually 
simple and minimizes the amount of Obliq-3D code a user has 
to write. 

B. Properties 

The graphical objects in a scene graph describe what types 
of objects are contained in the scene. But there are other at- 
tributes to an object besides its shape: its color, location, size, 
etc. These aspects of an object are described by properties. 

A property consists of two parts: a name and a value. The 
name describes what aspect of a graphical object is affected by 
the property, and the value controls the appearance of that 
aspect of the object. Many properties can be attached to a 
graphical object. These properties form a mapping-a partial 
function from names to values. Properties affect not only the 
graphical object they are attached to, but also all those objects 
that are descendants of the object and that do not “override” 
any attached properties. 

For example, the following program displays a red sphere 
and a yellow cone: 
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let r = RootGONewStdO; 
let s = SphereGO_New([O,O,O],O.5); 
r.add(s); 
let c = ConeGO-New( [O,O,O], [l, 1,1] , 0 . 5 ) ;  
r.add(c); 
SurfaceGO-SetColor (r, ”red”) ; 
SurfaceGO-SetColor (c, ”yellow“) ; (Program 3 )  

The first five lines create a root object that contains a 
sphere and a cone. Executing these lines causes a white 
sphere and a white cone to appear. The statement 
SurfaceGO Setcolor (r, “red”) attaches the color 
property “red“ to the root object. This causes the root 
and all objects contained in it, i.e., the sphere and the cone, 
to be redrawn in red. The statement 
SurfaceGO-SetColor (c, “yellow”) attaches the 
color property “yellow” to the cone, thereby overriding the 
color that the cone had inherited from the root. The cone turns 
yellow, while the rest of the root (i.e., the sphere) remains red. 
Fig. 4 shows the final scene and the corresponding scene 
graph. 

In this program, the name of the property that was attached 
is SurfaceGO Color, and the values are the colors “red” 
and “yellow.” The procedure SurfaceGO Setcolor takes 
as arguments a graphical object g and an expression describ- 
ing a color and attaches a property with the name 
Surf aceGO-Color and the appropriate value to the graphi- 
cal object g. 

ColorPropConst Val ConeGO SurfaceGo-color le- 
Fig. 4. The final scene and the corresponding scene graph created by 
Program 3. 

Property inheritance works as follows: Let r be a root ob- 
ject and let o be a leaf object that is a descendant of r. The 
animation server displays an instance of o in the window as- 
sociated with r for each path from r to 0, using the properties 
attached to the graphical objects along that path. Thus, if there 
are several paths to a particular object, the object will be dis- 
played several times using different sets of properties. The 
“shadow casting” function Shadowwrapper of Section 1II.C 

makes use of this feature. 
To a first approximation, the sequence in which graphical 

objects are added to groups, and properties are attached to 
graphical objects, is immaterial. The appearance of the final 
scene does not depend on the sequence; however, the appear- 
ance of intermediate versions does, should the changes be SO 

complex that the batch of changes is not completed before the 
scene is repainted. For example, the following program creates 
exactly the same final scene as Program 3. 

let r = RootGO-NewStdO ; 
let s = SphereGO-New([O,0,0],0.5); 
let c = ConeGO-New( [O,O,Ol, [1,1,11 , 0 . 5 ) ;  
SurfaceGO-SetColor (c, “yellow”) ; 
SurfaceGO-SetColor (r, “red”) ; 
r.add(c); 
r.add(s); (Program 4 )  

AS mentioned, to prevent the display of intermediate versions, 
Obliq-3D provides a primitive that declares a set of changes to 
be atomic. 

Color property values are one type of property value. Other 
types include Boolean property values, real property values, 
point property values, and so on. 

Properties control not only surface attributes of an object, 
such as its color and transparency, but also spatial attributes, 
such as its location and size. For example, the center of a 
sphere is controlled by a point property named 
SphereGO-Center, and the radius is controlled by a real 
property named SphereGO Radius. The expression 
SphereGO-New ( c, r) creates a sphere object and attaches 
two properties to it: a property with name 
SphereGO Center and value c, and a property with name 
SphereGO-Radius and value r. 

Althoughany property can be attached to any object, an 
object’s appearance does not necessarily depend on all of its 
properties. For example, it is perfectly legal to attach a 
SphereGO Center property to a cone; this will not affect 
the appearance of the cone. 

C. Property Values and Behaviors 

Property values are time-variant. For example, we could 
create a real property value that changes from 4.3 to 1.7 over 
10 seconds, a point property value whose x component de- 
pends on the current value of some real property value, a color 
property value that alternates between blue and red every two 
seconds, and of course, a property value that doesn’t change 
over time. Property values are implemented as Obliq objects; 
they have a method called value that takes a time and returns 
the value at that time. 

In Programs 3 and 4 we used SurfaceGO Setcolor to 
attach a color property value. We passed the textual name of a 
color (i.e., ”red”) as an argument, and 
SurfaceGO Setcolor used this to create a color property 
value. These property values were constant; the color didn’t 
change over time. 

We can also create property values directly. For example, 
the expression Colorprop - Newconst ( ”green“ ) ere- 
ates a new constant color property value, whose value is green. 
One reason why we would like to create property values di- 

- 
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rectly is to be able to attach the same property value to several 
graphical objects. The following program displays two 
spheres. The radius of both spheres is determined by the 
shared property value rad: 

let r = RootGONewStd(); 
let rad = Realprop-NewConst(O.5); 
r . add ( SphereGO-New ( [-1, 0,O I , rad) ) ; 
r . add ( SphereGO-New ( [ 1,0,01, rad) ) ; (Program 5 )  

Fig. 5 shows the scene displayed by the program, together with 
the corresponding scene graph. Changing rad affects both 
spheres. 

Note that the second argument to the procedure 
SphereGO New is overloaded: It can take either a real num- 
ber (as in Program 1) or a real property value (as above). (The 
first argument is overloaded as well; as we shall see, Program 
7 takes advantage of this feature.) This form of overloading is 
common in Obliq-3D and leads to shorter and easier-to-read 
programs. 

Fig. 5 .  The scene and the scene graph created by Program 5.  

The ability to attach the same property value to several 
graphical objects provides us with an alternative to “property 
inheritance.” In the example above, instead of attaching rad 
to each sphere, we could have attached it to their common an- 
cestor r instead. If no other radius property were attached to 
either sphere, then the radius of both spheres would have been 
inherited from r. However, there are many cases in which the 
natural structure of the scene graph prevents us from using 

property inheritance. For example, in a scene describing a car, 
we might want to put two tires and an axle into the same 
group, but we might also want the four tires to have the same 
color and the two axles to have a different color. Having the 
tires and the axle in the same group prevents us from using 
property inheritance to describe their color; in such a case, 
shared property values are a convenient solution. 

Conceptually there are four kinds of property values: con- 
stant, asynchronous, synchronous, and dependent. A constant 
property value does not change over time. An asynchronous 
property value changes perpetually, independent of other 
property values. A synchronous property value changes from 
one value to another when signaled. And finally, a dependent 
property value changes whenever some other property value 
has changed. If we were to realize these four kinds as subtypes 
of a property value, PropVal, these subtypes would have 
different method suites. For instance, a constant property value 
would have a “set” method to change its value, whereas a syn- 
chronous property would have an “interpolate” method. 

We cannot realize the four kinds of property values as sub- 
types because we would like to allow a user to dynamically 
change the kind of property value. However, in Obliq (like 
most programming languages), it is not possible to change the 
method suite (i.e., the type) of an object on the fly. 

To achieve this effect, we introduce a level of indirection. 
We introduce a new object type, PropBeh, that has four 
subtypes corresponding to the four ways that property values 
can behave. Each property value has a private data field that 
contains its behavior. If v is a property value, the method call 
v .  getBeh ( ) returns the behavior of v. Similarly, if b is a 
behavior, the method call v . setBeh (b) sets the behavior of 
v to b. 

Thus, property values serve merely as “clerks” for behav- 
iors: They forward value-inquiring messages from the client 
program or the animation server to the behavior. Replacing 
one behavior with another one is transparent to the client pro- 
gram and to the animation server, because the property value 
acts as an intermediary. 

C. I .  Constant Behaviors 

time. For example, the statement 

that we encountered in Program 5 creates a real property value 
whose behavior is constant. All constant behaviors understand 
the set message. For example, adding the statement 

We now consider each type of behavior in more detail. 

Constant behaviors are behaviors that do not change over 

let rad = Realprop-NewConst(r); 

Fig. 6. Snapshots of the animation created by Program 6 
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rad.getBeh0 .set(0.3); 

to the program changes the radius of both spheres to 0.3, since 
the radius property of both spheres was rad. 

C. 2. Asynchronous Behaviors 

Asynchronous behaviors are behaviors that change over 
time, and they change throughout their entire lifetimes. They 
do not depend on other property values, nor do they synchro- 
nize their changes with them. For example, the following pro- 
gram displays a sphere whose radius oscillates between 0.3 
and 0.7 unit: 

let root = RootGO-Newstdo; 
let rad = Realprop-NewAsync(meth(self,time) 

root.add(SphereGO-New([O,O,Ol,rad)); 
(0.2 * math-sin(time)) + 0.5 end); 

(Program 6) 
The second line creates a new real property value rad with 
an asynchronous behavior. This behavior is defined by a 
method that takes two arguments, the behavior itself and the 
current time, and returns a real number. In this case, the value 
of rad at time t is defined to be 0.2 . sin(t) + 0.5, a value be- 
tween 0.3 and 0.7. This method will be periodically called by 
the animation server whenever the behavior is reachable from 
one of the root objects. 

The object rad is attached as the radius property to a 
sphere object, which causes the sphere to pulse. Fig. 6 shows a 
“filmstrip” of successive snapshots of the scene generated by 
this program. 

C.3. Synchronous Behaviors 

A synchronous behavior represents a value that does not 
change continuously, but rather upon being signaled and for a 
specified finite period of time. Each synchronous behavior is 
connected to a synchronization object, called an animation 
handle. We say that the animation handle controls the behav- 
ior. Many synchronous behaviors can be controlled by the 
same handle. 

Conceptually, a synchronous behavior consists of a current 
value and a priority queue of requests, called the request 
queue. Requests are objects that change the current value of 
the behavior. For each type of behavior, there is a set of pre- 
defined requests that perform linear interpolations between the 
current value of the behavior and a new one; in addition (as we 
shall see in Section KD), the client program can define arbi- 
trary new requests. 

Associated with each request is a start time and a duration. 
A request with start time s and duration d begins to affect the 
value of the behavior s seconds after the controlling animation 
handle is signaled and ceases to do so d seconds later. 

The following program demonstrates the use of synchro- 
nous behaviors. It creates a red sphere at the origin and then 
gradually changes its color to green. This change takes four 
seconds. One second after the color starts to change, the 
sphere smoothly moves from the origin to the point (O,l,O). 
The movement takes three seconds. 

let ah = AnimHandle-New(); 
let p = PointProp-NewSync(ah, [ 0 ,0 ,0 ] ) ;  
let c = ColorPropJewSync (ah,”red“) ; 
let s = SphereGO-New(p,0.5); 
SurfaceGO-SetColor(s,c); 
let r = RootGO-NewStdO; 
r.add(s); 
p. getBeh ( ) .linMoveTo ( [ O ,  1, 01 ,1,3) ; 
c . getBeh ( ) . rgbLinChangeTo (“green”, 0,4) ; 
ah.animate0; (Program 7) 

The first line creates a new animation handle ah. The next two 
lines create a point property value p whose initial value is 
(0, 0, 0) and a color property value c whose initial value is 
“red.” Both p and c are synchronous property values (that is, 
property values containing a synchronous behavior), and both 
are controlled by the animation handle ah. The next two lines 
create a sphere object whose center depends on the current 
value of p and whose color depends on the current value of c. 
So, initially the sphere is red and centered at the origin. The 
following two lines create a root object, to which the sphere 
object is added. In the next line, we send the message 
linMoveTo to the behavior of p, asking it to change from its 
present value to (0, 1, 0). This change will start one second 
after the animation handle is signaled and will take three 
seconds to complete. Similarly, we send a message 
rgbLinChangeTo to the behavior of c, asking it to change 
from its present value (that is, red) to green. The change will 
start immediately when the animation handle is signaled and 
will take four seconds to complete. Fig. 7 shows the state of 
the scene graph after this message. 

Up to this point, no changes have actually taken place. 
Sending the message animate to the animation handle ah 
causes the requests to be processed. The ah. animate ( ) 
call returns only after all requests have been processed, that is, 
it will run for four seconds. 

Many requests can be added to the request queue of a syn- 
chronous behavior. However, the time intervals of these re- 
quests must not overlap. The requests are processed in increas- 
ing order of their start times. 

Fig. 7. The scene graph created by Program 7 before the call to 
ah. animate. 

C.4. Dependent Behaviors 

A dependent behavior is a behavior whose value depends 
on other property values. Dependent behaviors allow us to 
specify functional dependencies between property values. 
Such dependencies are often called one-way constraints. A 
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Fig. 8. Snapshots of the animation created by Program 8. 

checked run-time error occurs if the dependency graph in- 
duced by the dependent behaviors includes any cycles. 

A dependent behavior is defined just like an asynchronous 
behavior, through a method that is passed to its creation func- 
tion. This method takes the behavior itself and the current time 
as arguments and returns the value for the behavior at that 
time. The fundamental difference is that the body of the 
method may access other property values. 

The following program creates a sphere and a torus. As in 
Program 6, the radius of the sphere is defined by an asynchro- 
nous property value, which causes the sphere to pulsate. The 
radius of the torus is dependent on the radius of the sphere; it 
will always be 1.5 times as large. 

let root = RootGO-Newstdo; 
let radl = Realprop-NewAsync( 

meth(self, time) 

end) ; 
(0.2 * math-sin(time)) + 0.5 

root.add (SphereGONew ([O,O,Ol,radl)); 
let rad2 = Realprop-NewDep ( 

met h ( se1 f , time ) 

end) ; 
1.5 * radl.value(time) 

root.add (TorusGO-New( LO,  0,01, [O, 1,01, 
rad2, 0.1)); 

(Program 8) 
The first three statements of this program are identical to Pro- 
gram 6. The fourth statement defines a new dependent prop- 
erty value rad2, whose value at a given time is 1.5 times the 
value of radl at that time. The last statement creates a torus, 
whose center is (0, 0, 0) and whose normal vector is (0, 1, 0). 
The major radius of the torus is defined to be radl, and the 
minor radius has a constant value of 0.1. Fig. 8 shows a “film- 
strip” of successive scenes created by this program. 

D. Requests 

Section II.C.3 showed how synchronous behaviors can be 
used to change a property value from its current value to a new 
one. In order to make the transition appear smooth, continuous 
property values (e.g., reals, points, colors, and transforma- 
tions) must be interpolated between the initial and final values. 
Each synchronous behavior provides one or more default in- 
terpolation methods. An interpolation method creates a request 
object for performing the interpolation and adds the request to 
the behavior’s request queue. 

Obliq3D allows the programmer to specify arbitrary inter- 
polations by creating customized request objects. Such a cus- 
tom request object r can then be added to the request queue of 
a synchronous behavior b by calling b. addRequest ( r ) . 

As stated before, the time intervals of requests in the request 
queue must not overlap. 

For instance, a point request object r is created by calling 
the function PointProp NewRequest(s, d, m). This func- 
tion takes the desired starttime s of the interpolation (relative 
to the time at which the controlling animation handle is sig- 
naled), its desired duration d, and a method m, which will be 
used to interpolate between the initial point value and the de- 
sired new one. The interpolation method m takes three argu- 
ments: the request itself, a point that is the value to start inter- 
polating from, and the time that has elapsed since the control- 
ling animation handle was signaled. It returns the value the 
point should have at this time. Later on, the animation server 
will call this method repeatedly to perform the actual interpo- 
lation. 

Let’s assume that we want to move a sphere along a straight 
path. However, we don’t want to move at constant speed as we 
did in Program 7 by calling linMoveTo. Rather, we’d like 
the movement to be in “slow-in/slow-out” fashion [lo], where 
the sphere gradually picks up speed and gradually slows down 
again. The function SlowInSlowOut implements this type 
of animation. It takes an endpoint, a start time, and a duration 
and returns a point request object: 

let SlowInSlowOut = 
proc (endpoint, s,d) 
let m = 

meth (self, startpoint, reltime) 
if d is 0.0 then 

else 
endpoint; 

let f = (reltime - s) / d; 
let r = 0.5 + 0.5 * 

Point3_Plus(startpoint, 
math-sin ((f - 0.5) * mathgi); 

Point3_TimesScalar( 
Point3_Minus(endpoint,startpoint), 
r)); 

end 
end; 

Pointprop-NewRequest (s, d,m) 
end; 

SlowInSlowOut first defines the interpolation method, m. 
This method takes three arguments: self, startpoint, the 
initial value of the point, and reltime, the time that has 
elapsed since the animation handle was signaled. 

If the request has a duration of 0, calling m immediately re- 
turns the endpoint. Otherwise, it computes a value f ,  which 
indicates what fraction of the duration of the animation has 
already passed. It then computes a real value r, which depends 
on f ,  that indicates what fraction of the path the point has 
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Fig. 9. Snapshots of the animation created by Program 10. 

traversed. If we were to implement constant-speed motion, r 
would be equal to f .  To achieve a slow-in/slow-out effect, we 
instead choose r = + +sin(n( f - i)) . Finally, m returns a point 
that lies between startpoint and endpoint, depending 
on the value of r. 

Now that m is defined, SlowInSlowOut creates a new re- 
quest object with start time s, duration d, and value method m 
and returns it. The values endpoint, s, and d are captured 
in the closure of the method m. This is due to the fact that 
Obliq is a higher-order language, which treats methods (just 
like procedures) as first-class values. 

The following program uses the slow-in/slow-out effect. It 
creates two spheres and then moves them up. The left sphere 
moves at a constant speed, whereas the right sphere uses slow- 
in/slow-out: 

let root = RootGONewStd(); 
let ah = AnimHandle-New(); 

let left = PointProp-NewSync (ah, [-1, -1 ,011  ; 
root.add(SphereGO-New(left,O.3)); 
left.getBeh0 .linMoveTo([-l,l,Ol,O.O,3.0); 

let right = PointProp-NewSync(ah, [l,-l,O]); 
root.add(SphereGO-New(right,0.3)); 
right.getBeh().addRequest( 

SlowInSlowOut ( [ 1,1,01 , 0 . 0,3.0) ) ; 
ah. animate ( ) ; (Program 9) 

E. Light and Camera Objects 

In Section II.A, we mentioned that the function 
RootGO NewStd ( ) creates not only a root object, but also 
two lightsources and a camera. Obliq-3D treats cameras and 
light sources as ordinary graphical objects. They can be added 
to groups, properties can be attached to them, and their ap- 
pearance is controlled by properties. Cameras and lights 
“inherit” the current values of properties that are attached 
along the path between them and the root, just like every other 
graphical object does. 

In particular, both cameras and light sources, like all 
graphical objects, are affected by the GO - Transform prop- 

erty. This property implements time-variant transformation 
matrices. We exploit this fact in the following program, which 
positions a camera inside of a rotating beacon. The beacon is a 
group containing a camera, a light source, and a cone. Chang- 
ing the transformation property attached to this group rotates 
all three objects contained in it. 

let cam = PerspCameraGO-New([O,O,Ol, [0.5,0,01, 

let beacon = GroupGO-New ( ) ; 
beacon.add(ConeGO-New([0.5,0,01, [0,0,0],0.2)); 
beacon. add ( SpotLightGO-New (“white“, 

[0,0,11,0.75); 

[O,OrOIt [0-5r0rOIr 
l,O. 38,0.5,0.5) ) ; 

beacon.add(cam); 

let rot = TransformProp-NewAsync( 
meth (self, time) 

end) ; 
Matrix4_RotateZ(Matrix4_Id,time) 

GO-SetTransform(beacon, rot); 

let g = GroupGONewO; 
SurfaceGO-Setshading ( g ,  “Gouraud“) ; 
g.add(SphereGO-New([O,l,Ol,O.2)); 
g.add(SphereGO-New([l,O,O],O.2)); 
g .  add (SphereGONew ( CO, -1,Ol, 0.2) ) ; 
g.add(SphereG0-New( [-1,0,01,0.2) ) ;  
g.add(TorusGO-New([O,O,O], [0,0,1],1.5,0.1)); 
g .  add(beacon) ; 

let rootl = RootGO-NewStdO; 
rootl .add (9) ; 

let root2 = RootGO-NewStdO; 
root2. add ( g )  ; 
root2.changeCamera(cam); (Program 10) 

The first five lines create a group object beacon and add a 
cone, a spot light source, and a perspective camera to it. The 
camera is located at the tip of the cone, and its viewing direc- 
tion is parallel to the central axis of the cone. Similarly, the 
spot light source is located at the tip of the cone, and the cone 
of light emitted by it roughly overlaps with the cone object. 

The next four lines create an asynchronous transformation 
property value, which continuously rotates around the z axis, 
and attach it to beacon. This causes beacon and all objects 
contained in it (i.e., the cone, the spot light, and the camera) to 
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rotate around the z axis. 
Next, we create a group object g and attach a property to it 

that causes all objects in g to be Gouraud-shaded. We add four 
spheres, which are arranged in diamond formation, a torus, and 
the beacon object to g. 

Fig. 10. The scene graph created by Program 10 

Finally, we create two standard root objects, root 1 and 
root", and add CJ to each of them. We also change the cam- 
era used by root2 to be not the default camera, but rather 
cam, the camera that is part of the rotating beacon. 

Fig. 9 shows a series of snapshots of the animation in prog- 
ress. The upper row of pictures shows root 1, the scene as 
observed by the stationary camera; the lower row shows 
root2, the scene as observed by the rotating camera. The 
corresponding scene graph is shown in Fig. 10. 

111. CASE STUDY: 
INTERACTIVE CONE TREES WITH SHADOWS 

This section shows how one can use Obliq-3D for creating 
an interactive display of Cone Trees. A Cone Tree is a three- 
dimensional representation of a tree structure [23], where the 
root of a tree (represented by a cube, a sphere, or some other 
appropriate object) is located at the tip of a transparent cone, 
and the children of the root node are arranged around the base 
of the cone. Each child can be the root node of a subtree, 
which is represented in a recursive fashion by a cone whose tip 
is located at the object representing the child. 

In this section, we first give the code to create a static Cone 
Tree display. We then add interactivity: The user can select a 
node in the tree, and that node and its ancestors rotate to the 
front of the display. Then, we show how to improve the quality 
of the picture by casting shadows of the tree onto adjacent 
walls. The code for shadow-casting is not specific to Cone 
Trees; it can be used for shadow-casting of any object. Finally, 
we further improve the image by adding more perspective 

cues, such as grid lines on the surrounding walls and height- 
ened viewing perspective. 

A. Static Cone Trees 
The function ConeTree takes the Obliq representation of 

an arbitrary tree and returns a graphical object that represents 
the Cone Tree visualization of the tree. Each node of the tree 
contains a numeric value and an arbitrary number of children. 
A tree t with root value v and subtrees t l ,  . . . , t,, is represented 
by an Obliq array [v, al, . . . , a,,], where each a, is the represen- 
tation of t,. For simplicity, we do not deal with empty trees. 

let rec ConeTree = 
proc (tree) 
let H = 0.6; ( *  height of the cone * )  
let R = 0.3; ( *  radius of the cone * )  
let r = GroupGONew ( )  ; 
let ball = SphereGONew([O,H,O],O.l); 
let hue = real-float(tree[Ol) * 0.01; 
SurfaceGO-SetColor(bal1,color-hsv( 

r .add (ball) ; 
if #(tree) > 1 then 

hue, 1.0,l. 0 )  ) ; 

let cone = ConeGO-New( [O,O, 01, [ O , H , O l  ,R); 
r.add(cone); 
SurfaceGO-SetTransmissionCoeff(cone,O.E); 
SurfaceGO-SetColor (cone, "gray") ; 

end; 
for i = 1 to #(tree)-1 do 
let angle = 2.0 * m a t h g i  * real-float(i-1) / 

let ctr = [math-sin(angle)*R, 0, 

let edge = LineGONew(ctr, [O,H,01); 
r.add(edge); 
LineGO-SetColor (edge, "gray") ; 
let child = ConeTree(tree[il); 
r . add (child) ; 
let M = Matrix4-Id; 
let M = Matrix4-Scale(M,0.5,0.5,0.5); 
let M = MatrixrlTranslate (M, 0, -H/2 .0 ,  R) ; 
let M = Matrix4-RotateY(M,anqle); 
GO-SetTransform(child,M); 

real-float ( #  (tree) - 1) ; 

math-cos (angle) *RI ; 

end; 
r; 
end; 

The function creates a group object r and a sphere object 
ball and adds ball to r. The sphere represents the root 
node of the tree, and it is colored to indicate the value of the 
node. If the root node has any subtrees (that is, if the array 
tree has more than one element), we add a transparent gray 
cone to r, whose tip coincides with the center of the sphere. 
Finally, we iterate over the subtrees of the root node. For each 
subtree we add a gray line to r. The line leads from the tip of 
the cone to a point on its base. The points on the base are 
evenly spaced. We then call ConeTree recursively on the 
subtree, and add the returned Cone Tree representation to r. 
We also attach a transformation property to the subtree's Cone 
Tree, which scales it down by a factor of 0.5 and translates it 
such that its tip coincides with the endpoint of the gray line. 

The following program illustrates the use of ConeTree, 
and Fig. 1 1  (upper-left) shows the scene created by the pro- 
gram 
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Fig. 11. These snapshots show the successive refinements of the Cone Tree visualization. The upper-left image shows the Cone Tree by itself. In the upper- 
right, shadows have been added. In the lower-left, a grid has been superimposed on the walls upon which the shadows have been cast. And tinally, in the lower- 
right, the camera has been modified to increase the perspective impression. 

let t = [ 5 6 ,  [ 4 3 ,  [ 3 2 ,  [ 6 2 1 ,  [ 1 8 1 ,  [711  

[371 I ,  
[911 r 
[ 1 7 ,  [ 6 7 1 ,  [ 2 4 1 ,  [83111;  

let root = RootGO-NewStdO; 
root.add(ConeTree(t) ) ;  (Program f f) 

B. Interactive Animation 

The cone trees generated by the ConeTree function are 
static. We’ll now add animation, similar to that performed by 
the Xerox PARC “Information Visualizer” project, to focus on 
a particular node in the tree: 

When a node is selected with the mouse, the Cone Tree rotates 
so that the selected node and each node in the path from the 
selected node up to  the top are brought to the front and high- 
lighted. The rotations of each substructure are done in parallel, 
following the shortest rotational path, and are animated so the 
user sees the transformation at a rate the perceptual system can 
track. Typically, the entire transformation is done in about one 
second. [23] 

To keep things simple, we omit the code for selecting a tree 
node with the mouse. Instead, the user triggers an animation by 
calling Focus(t, v), where t is the cone tree returned by the 
ConeTree function, and v is the value of the node that he 
wants to focus on. We will assume that v is unique. This call 
triggers the following animation: First, the tree node corre- 
sponding to v and all its ancestors in the cone tree start to 
blink, at a rate of five pulses per second. One second later, the 
selected node and all its ancestors are brought to the front. The 
rotations of all substructures are done in parallel, following the 
shortest rotational path. The rotations take two seconds. Fi- 
nally, one second after the rotations have completed, the se- 
lected node and its ancestors stop blinking. 

We first create an animation handle ah. This will be used to 
synchronize the rotations of the subtrees and the blinking of 
the nodes: 

let ah = AnimHandle-New(); 

Next, we replace the ConeTree procedure with the following 
version: 
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let rec ConeTree = 

proc (tree) 
let H = 0.6; ( *  height of the cone * )  
let R = 0.3; ( *  radius of the cone * )  
let r = GroupGO-New().extend( 

(Val => tree[O], 
kids => [ 1, angle => 0.0, 
lumin => RealProp-NewSync(ah,0.5))); 

TransformProp-NewSync (ah, Matrix4-Id)); 
GO-SetTransform (r, 

let ball = SphereGONew ( [ O ,  H,  01 , 0 .1) ; 
let hue = real-float(tree[Ol) * 0.01; 
SurfaceGO-SetColor(ball,color-hsv(hue,1.0,1.0) ) ;  
r.add(bal1) ; 
if #(tree) > 1 then 
let cone = ConeGO-New( [ O ,  0,Ol , [ O , H ,  01 ,R) ; 
r.add(cone); 
SurfaceGO-SetTransmissionCoeff(cone,O.8); 
SurfaceGO-SetColor (cone, "gray") ; 

end; 
for i = 1 to #(tree)-1 do 
let angle = 2.0 * mathpi * real-float(i-1) / 

let ctr = [math-sin(angle)* R, 0, 

let edge = LineGO-New(ctr, [ O , H , 0 1 ) ;  
r.add(edge) ; 
LineGO-SetColor (edge, "gray") ; 
let sub = GroupGO-New(); 
r.add(sub) ; 
let M = Matrix4-Id; 
let M = Matrix4-Scale (M, 0.5,O .5,0.5) ; 
let M = Matrix4-Translate (M, 0, -H/2 .O, R) ; 
let M = Matrix4_RotateY(M,angle); 
GO-SetTransform (sub, M) ; 
let child = ConeTree(treeLi1); 
sub.add(child); 
r.kids := r.kids I3 [child]; 

real-float ( #  (tree) - 1) ; 

math-cos (angle) *RI ; 

end; 
r; 

end; 

The group object r is extended with four fields: val stores the 
numeric value of the node; kids is an array containing the 
group objects representing the children; angle stores the cu- 
mulative rotation of the node; and lumin is a synchronous 
real property value that controls the brightness of the node and 
is used to make the node blink. Next we attach a synchronous 
transformation property to r that controls its animated rota- 
tion. Both the real and the transformation property values are 
controlled by the animation handle ah. As before, we create a 
sphere ball that represents the node in the tree. We attach 
r . lumin to the ball as the ambient reflection coefficient (or, 
loosely speaking, the luminosity of the sphere). As before, we 
color the sphere according to its value and create a transparent 
gray cone if the node has any children. 

Then, we iterate over all the children of the tree node. As 
before, for each such child (or subtree), we draw a gray line 
from the tip of the cone to a point on its base and we call 
ConeTree recursively to visualize each subtree. In the origi- 
nal version, we attached a constant transformation property to 
the child node that was used to scale it to the right size and 
move it to the proper position. This is not possible in the 
modified version, since the recursive call to ConeTree also 
attaches a synchronous transformation property to the child. 
So, we create a new group object sub, place it between r and 
the child, and attach the constant transformation property to it 
instead. Finally, we add the child object to r . kids, the array 

of children. 
The method BlinkMeth is used to create a request object, 

which will be used by the synchronous property that controls 
the brightness of a node: 

let BlinkMeth = 
meth(self,startval,reltime) 
if reltime is self.dur0 then 

0 . 5  
else 
if (real-round(re1time * 5 . 0 )  % 2 )  is 0 

then 0.3 else 0.7 end 
end 

end; 

BlinkMeth will be invoked by the animation server when the 
request object is activated. It returns a value that alternates be- 
tween 0.3 and 0.7, changing five times a second. After the re- 
quest is completed, the value is reset to its original value of 0.5. 

The procedure FocusRec is used to bring a node to the 
front in an animated fashion. It recursively walks the tree 
structure looking for the desired node. Once it finds the de- 
sired node, it bottoms out of the recursion, scheduling the ani- 
mations that blink the current node and rotate it to the front. It 
returns true if the requested node was found in the tree, and 
false otherwise. This implementation uses depth-first search to 
find the correct node. 

let rec FocusRec = 

proc (node,val) 
if node.va1 is val then 
node.lumin.getBeh().addRequest( 

true 

var i = 0; 
var found = false; 

RealProp-NewRequest(0,4,BlinkMeth) ) ;  

else 

loop 
if (i >= #(node.kids)) or 

found := FocusRec(node.kids[il,val); 
if found then 

found then exit end; 

let angle = 2 . 0  * mathpi * real-float(i) / 

var delta = angle - node.angle; 
node.angle := angle; 
if delta > math-pi then 

if delta < -mathgi then 

node.getProp(G0-Transform).getBehO. 

node.lumin.getBeh() .addRequest 

real - float(#(node.kids)); 

delta := delta - 2.0 * mathpi end; 

delta := delta + 2 . 0  * mathpi end; 

rotateY (-delta, 1,2) ; 

(RealProp-NewRequest(0,4,BlinkMeth) ) ;  
end; 
i := i t 1; 

end; 
found 

end; 
end; 

The last procedure, Focus, is the client's interface. Calling 
Focus(t, v) calls FocusRec to schedule the appropriate 
animations and then signals the animation handle ah to actu- 
ally perform them: 

let Focus = 

proc(tree,val) 
FocusRec(tree,val) ; 
ah. animate ( ) ; 

end; 
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C. Casting Shadows 

Shadows provide powerful cues for disambiguating the 
shapes and locations of three-dimensional objects [32]. There 
are several techniques for implementing shadows. A particu- 
larly simple technique for generating the shadow cast by an 
object is to “flatten” the object (or a copy of it) so that it ap- 
pears to be planar and superimpose the flattened object onto a 
polygon that acts as the surface onto which the shadow falls 
[l], [30], [16]. Objects can be flattened by applying a non- 
uniform scaling operation to them. 

The function Shadowwrapper takes an arbitrary graphi- 
cal object and returns a group that contains the original object 
together with three walls and shadows of the original object 
cast against the walls: 

let Shadowwrapper = 
proc (go) 
let top = GroupGO-New(); 
top.add(go); 
top.add(PolygonG0-New( [ [-1,-1, -11, [-1, -1, 11, 

top.add(PolygonG0-New( [ [-1,-1,-11, [-l,-l,  11, 

top.add(PolygonG0-New( [ [-1, -1, -11, [-1, 1, -11, 

let CastShadow = proc (a, b,  c, x, y, z) 

[ - I ,  1, 11, [ - I ,  1 , - 1 1 1 ) ) ;  

[1,-1, 11, [1,-1,-111)); 

[ I ,  1,-11, [1,-1,-111)); 

let g = GroupGO-New(); 
top.add(g); 
g.add(go); 
GO-SetTransform(g, 

Matrix4_Translate( 
Matrix4-Scale (Matrix4-Id, a, b, c) , 
x, y, 2 )  ) ; 

end; 
CastShadow(0.0001, 1, 1, -0.995, 0, 0); 
CastShadow(1, 0.0001, 1, 0, -0.995, 0); 
CastShadow(1, 1, 0.0001, 0, 0, -0.995); 
top; 

end; 

The function Shadowwrapper takes a graphical object go 
as its argument. The object (and its descendants) must lie in- 
side the cube whose comer points are ( 1 ,  1 ,  I )  and (-1, -1, -1)  
in go’s local coordinate system. When invoked, 
Shadowwrapper creates a new group object top and adds 
go to it. It also creates three square-shaped polygons, which 
form three adjacent sides of a cube, and adds them to the 
group object. These polygons provide the surfaces onto which 
the shadow of the object go will be projected. Next, it adds 
the three “shadows” of go to the group object top. This is 
achieved by calling the nested function Castshadow. A call 
to this function creates a new group object g, whose parent is 
top and whose only child is go. Attached to g is a transfor- 
mation property which scales all objects in the group and then 
translates the scaled objects. Choosing a scaling factor close to 
0 in one dimension, say x, causes the objects in go to have 
almost no extent in the x dimension. Translating the flattened 
objects in the x dimension such that they (almost) lie on the 
square-shaped polygon orthogonal to the x axis creates the 
impression of a shadow of go, cast onto this polygon. 

It is possible to construct a general-purpose shadow-casting 
function with so little code because the scene hierarchy can be 
a directed acyclic graph, as opposed to a simple tree. We can 

places in the scene graph without having to copy it. Moreover, 
if g or one of its descendants changes in any way, the shadows 
automatically remain consistent. 

The following program demonstrates the use of the Ma ke- 
Shadow function. It creates a group object that contains a red 
cube and a red torus. It then creates a root object and adds the 
shadow-enhanced group to it. 

let g = GroupGO-New 0 ; 
g.add (BoxGO-New([-0.1,0.3,-0.1], [0.1,0.5,0.11)); 
g.add (TorusGO-New( [O,O, 01, [ 0 , 1 , 0 1 , 0 . 5 , 0 . 1 )  ) ;  
SurfaceGO-SetColor ( g ,  “red“) ; 
RootGO_NewStd().add(ShadowWrapper(q) ) ;  

Fig. 12. A scene that uses the shadow-function 

Fig. 12 shows the result of executing this program. 

placing the last line of Program 1 1 by 

Fig. 11 (upper-right) shows the resulting scene. 

D. Perspective Cues 

We can further ease the viewer’s perception of the spatial 
structure of the scene by drawing grid lines on the walls onto 
which the shadows are cast. 

The hnction NewWall creates a wall object with purple 
grid lines and returns it. It utilizes the fact that Obliq-3D al- 
lows the edges of surfaces (objects composed of polygons) to 
be shown in a different color than the surface itself. 

We can add shadows to the Cone Tree visualization by re- 

root.add(ShadowWrapper(ConeTree(t)) ) ;  

let NewWall = 

proc (fun) 
var pts = array2_new(ll,ll,ok); 
for i = 0 to 10 do 
for j = 0 to 10 do 
let p = fun(i,j); 
pts[il [jl := 

L ( 0 . 2  real-float(p[O])) - 1.0, 
(0.2 * real-float(p[ll)) - 1.0, 
(0.2 * real_float(p[21)) - 1.01; 

end; 
end; 
let wall = QuadMeshGO-New(pts); 
SurfaceGO-SetEdgeVisibility(wal1,true); 
SurfaceGO-SetEdgeColor (wall, “purple”) ; 
wall 

end: 

insert the object g that is to be shadow-enhanced into several We want NewWall to be able to return walls that are aligned 
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Fig. 13. These snapshots are from the animation of Dijkstra’s shortest-path algorithm described in Section IV. The top-left snapshot shows the data just before enter- 
ing the main loop. The top-right snapshot shows the algorithm about one-third complete. In the bottom-left snapshot, the algorithm is about 2/3 complete, and the 
snapshot at the bottom-right shows the algorithm upon completion. 

to either the xy, the xz, or the yz plane. We achieve this by 
passing a lower-order function fun to it. This function takes 
two arguments and returns an array of length 3, representing a 
3D point. NewWall creates an 1 1  x 11 array of points and 
uses fun to map the index of each cell to a point in 3-space. 
Based on this grid of points, it then creates a quadrilateral 
mesh, makes its surface edges visible, colors them purple, and 
returns the mesh. 

We now modify Shadowwrapper to use NewWall by 
replacing the lines 

top.add(PolyqonGONew([[-1,-1,-11, [-1,-1, 1 1 ,  

top.add(PolyqonGONew( [ [-1,.-1, -11, [-1, -1, 11, 

top.add(PolygonG0-New( [ [-1,-1,-11, [-1, 1,-11, 

[-I, 1, 11, [-I, 1,-111)); 

[1,-1, 11, [1,-1,-111)); 

[I, 1, - 1 1 ,  [ I ,  -I-, -11 I ) ) ; 

bY 
top. add (NewWall (proc (i, j ) [i, j , 0 1  end) ) ; 
top.add (NewWall(proc(i,j) [ i , O , j ]  end) ) ;  
top.add (NewWall(proc(i, j )  [O,i,jl end)); 

Fig. 11 (lower-left) shows the resulting scene. 
Finally, we can further improve the viewer’s perception of 

the scene by using a wide-angle camera that is located close to 

the Cone Tree. This is done by adding the line 
root.chanqeCamera(PerspCarneraGO~New([O,0,61, 

[O,O,Ol ,  [ 0 , 1 , 0 1 , 0 . 7 ) ) ;  

to the end of the program. This line replaces the camera that 
came with the standard root object by a camera that is closer to 
the Cone Tree and has a wider field-of-vision. Fig. 11 (lower- 
right) shows the resulting scene. The complete program for 
generating this scene (building a cone tree with animation, 
shadows, grid lines, and a wide-angle camera) is only 117 lines 
of code. 

IV. CASE STUDY: 
SHORTEST-PATH ALGORITHM ANIMATION 

This section contains a case study of using Obliq-3D with 
the Zeus algorithm animation system [2] to develop an anima- 
tion of Dijkstra’s shortest-path algorithm. We first describe the 
algorithm, then sketch the desired visualization of the algo- 
rithm, and finally present the actual implementation of the 
animation. 
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A. The Algorithm C. I .  The Interesting Events 
The single-source shortest-path problem can be stated as 

follows: Given a directed graph G = (V,  E)  with non-negative 
weighted edges and a designated vertex s, called the source, 
find the shortest path from s to all other vertices. The length of 
a path is defined to be the s u m  of the weights of the edges 
along the path. The following algorithm, due to Dijkstra 1131, 
solves this problem: 

D(s) := 0; s := 0 

s:=su {U} 

for all v E V do D(v) := - endfor 

while V \ S # 0 d o  
let U E V\ S such that D(u) is minimal 

for all neighbors v of U do 
D(v) := min{D(v), D(u) + “(U, v)} 

endfor 
endwhile 

In this pseudo-code, “(U, v) is the weight of the edge from U to 
v, S is the set of vertices that have been explored thus far, and 
D(v) is an upper bound on the distance from s to v .  Moreover, 
for all v E S, D(v) is the length of the shortest path from s to v .  
The notation V \ S denotes those elements in V that are not also 
in S. 

B. The Desired Visualization 

An interesting 3D animation of this algorithm is shown in 
Fig. 13. The vertices of the graph are displayed as white disks 
in the xy plane. Above each vertex v is a green column repre- 
senting D(v), the best distance from s to v known so far. Ini- 
tially, the columns above each vertex other than s are infinitely 
high. An edge from U to v with weight W(u, v )  is shown by a 
white arrow that starts at the column over U at height 0 and 
ends at the column over v at height W(u, v). 

Whenever a vertex U is selected to be added to S, the color 

The interesting events for Dijkstra’s shortest-path algorithm 

a d d V e r t e x ( u ,  x, y, d) adds a vertex U (where U is an 
integer identifying the vertex) to the graph. The vertex is 
shown at position (x, y) in the xy plane. In addition, D(u) 
is initialized to d. 
s e l e c t V e r t e x ( u )  indicates that U was added to S. 
a d d E d g e ( u ,  v, w )  adds an edge from U to v with weight 
w to the graph. 
r a i s e E d g e ( u ,  v,  d) visualizes the addition D(u) + W(U, 
v )  by raising the edge (U, v)  by d (where the caller passes 
D(u) ford). 
l o w e r D i s t ( u ,  d) indicates that D(u) gets lowered to d. 
p r o m o t e E d g e ( u ,  v) indicates that the edge (U, v) is 
part of the shortest-path tree. 
d e m o t e E d g e ( u ,  v) indicates that the edge (U, v)  is not 
part of the shortest-path tree. 

In addition, we need another event for house keeping pur- 
poses: 

s t a r t ( r n )  is called at the very beginning of an algo- 
rithm’s execution; it initializes the view to hold up to m 
vertices and up to m2 edges. 

(and many other shortest-path algorithms) are as follows: 

C. 2. Annotating the Algorithm 

Section 1V.A. 
Here is an annotated version of the algorithm we showed in 

v i e w s . s t a r t ( l V 1 )  
for all v E V do D(v) := - endfor 

for all v E V do v i e w s .  addVertex(v,  v,, v,, D(v)) endfor 
for all (U, v) E E do v i e w s .  addEdge(u, v, W(u, v)) endfor 
while V \ S # 0 d o  

D(s) := 0; s := 0 

of the corresponding disk changes from white to red. The ad- 
dition D(u) + “(U, v) is animated by highlighting the arrow 
corresponding to the edge (U, v) and lifting the arrow such that 

let U E V\ S such that D(u) is minimal 

S v i e = w s S . ~ ~ ~ ~ c t v e r t e x ( u )  
for a11 neighbors v of U do 

its tail starts at the top of U ’ S  column (i.e., raising it by D(u)). 
If D(u) + W(u, v) is smaller than D(v), the top of the arrow will 
still touch the green column over D(v). In this case, we shrink 

v i e w s .  r a i seEdge(u ,  v, D(u)) 
if D(v) < D(u) + W(u, v) then 

v i e w s  .demoteEdge(u, v) 
else 

the column over v to height D(u) + W(U, v) to reflect the as- D(v) := &U) + W(u, v) - 
v i e w s  .promoteEdge(u, v) 
v i e w s .  l owerDis t (v ,  D(v)) signment of a new value to D(v), and color the arrow red, to 

indicate that it has become part of the shortest-path tree. 0th- endif 
envise, the head of the arrow is higher than the green column, 
and the arrow simply disappears. 

Upon completion, the 3D view shows a set of red arrows 
that form the shortest-path tree and a set of green columns 
which represent the best distance D(v) from s to v. 

endfor 
endwhile 

In this pseudo-code, v i e w s  is the dispatcher provided by 
Zeus. The dispatcher notifies all views selected by the user of 
events. 

C. Implementation of the Animation 

In the Zeus framework, strategically important points of an 
algorithm are annotated with procedure calls that generate 
“interesting events.” These events are reported to the Zeus 
event manager, which in turn forwards them to all interested 
views. Each view responds to interesting events by drawing 
appropriate images. The advantages of this methodology are 
described elsewhere [6]. 

C.3. The View 

A view is an Obliq object that has a method corresponding 
to each interesting event and a number of data fields. In this 
view, the data fields are as follows: a R o o t G O  object that 
contains all graphical objects of the scene, together with a 
camera and light sources; arrays of graphical objects holding 
the disks (vertices), columns (distances), arrows (graph edges), 
and shortest-path tree edges; and a synchronous animation 
handle for triggering animations. This leads us to a skeletal 
view: 
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let view = { 
scene => RootGO-NewStdO, 
ah => AnimHandle-New(), 
verts => ok, ( *  initialized by start method * )  
dists => ok, ( *  initialized by start method * )  
parent => ok, ( *  initialized by start method * )  
edges => ok, ( *  initialized by start method * )  
start => meth(self,m). . . end, 
addvertex 
selectvertex => meth (self, U) . . . end, 
addEdge => meth(self, u,v, w) . . . end, 
raiseEdge => meth(self,u,v, z) . . . end, 
lowerDist => meth(self,u,z). . . end, 
promoteEdge => meth (self, u ,  v) . . . end, 
demoteEdge => meth (self, U, v) . . . end 

1;  

=> meth (self, U, x, y, d) . . . end, 

The Zeus system has a control panel that allows the user to 
select an algorithm and attach any number of views to it. 
Whenever the user creates a new 3D view, a new Obliq inter- 
preter is started that reads the view definition. The algorithm 
and all views run in the same process, but in different threads 
(thread creation is very lightweight). The expression above 
creates a new object view and initializes view. scene to be 
a RootGO and view. ah to be an animation handle. 

The remainder of this section fleshes out the eight methods 
of view, which correspond to the eight interesting events: 

The start method is responsible for initializing 
view. verts, view. dists, and view. parent to 
be arrays of size m and view. edges to be an m x m ar- 
ray. The elements of the newly created arrays are initial- 
ized to the dummy value o k. Here is the code: 

start => meth(self, m) 
self .verts := array-new(m, ok); 
self .dists := arraynew(m, ok) ; 
self .parent := array-new(m, ok); 
self .edges := array2-new (m, m, ok) ; 

end 

The addvertex method adds a new vertex to the view. 
Vertices are represented by white disks that lie in the x y  
plane. Above each vertex, we also show a green column 
of height d, provided that d is greater than 0. The loca- 
tion of the cylinder’s base is constant, while its top is 
controlled by a synchronous point property value. 
addvertex => meth (self, u, x, y, d) 
self .verts [U] := 

self.scene.add(self.verts[ul); 
if d > 0.0 then 

DiskGO-New( [x, y, 01, [ O , O ,  11, 0.2) ; 

let top = 

self .dists [U] := 

SurfaceGO-SetColor (self .dists [U] ,“yreen”) ; 
self.scene.add(self.dists[ul); 

PointProp-NewSync (self. ah, [x, y, d] ) ; 

CylinderGO-New( [x,y,Ol, top, 0.1); 

end; 
end 

The selectvertex method indicates that a vertex U 
has been added to the set S by coloring U’S disk red: 

SurfaceGO-SetColor (self .verts [U] ,”red”) ; 

0 The addEdge method adds an edge (represented by an 
arrow) from vertex U to vertex v. The arrow starts at the 
disk representing U and ends at the column over v at 

selectvertex => meth(self,u) 

end 

height w. An arrow is composed of a cone, a cylinder, 
and two disks; its geometry is computed based on the 
“Center” property of the disks representing the vertices to 
which it is attached. The following diagram illustrates 
this relationship: 

A 

W 

a 
1 

And here is the code for the method: 
addEdge => meth(self,u,v,w) 
let a = 

let b = 

let c = Point3_Plus(b, [O,O,w]); 
let d = Point3-Minus(c,a); 
let e = 

let grp = GroupGO-New(); 
GO-SetTransform(grp,TransformProp-Newsync( 

grp . add ( DiskGONew (a, d, 0.1 ) ) ; 
grp.add(CylinderGO-New(a,e,O.l)); 
grp.add(DiskGONew(e,d,0.2) ) ;  
grp. add (ConeGO-New (e, c, 0.2) ) ; 
self .edges[ul [VI := grp; 
self.scene.add(grp); 

DiskGO-GetCenter(self.verts[ul).get(); 

DiskGO-GetCenter(self.verts[vl).get(); 

Point3-Minus(c,Point3-ScaleToLen(d,0.4)); 

self .ah,Matrix4_Id) ) ; 

end 

The raiseEdge method highlights the edge from U to v 
by coloring it yellow and then lifting it up by z. The ar- 
row is moved by sending a translate request to its 
transformation property. The translation is controlled by 
the animation handle se 1 f . ah and takes two seconds to 
complete. Calling self. ah. animate ( ) causes all 
animation requests controlled by se1 f . ah to be proc- 
essed. 
raiseEdge => meth (self, U, v, z) 
SurfaceGO-Setcolor( 

self .edges [U] [VI, “yellow”) ; 
let pv = GO~GetTransform(self.edges[ul[vl); 
pv. getBeh ( ) .translate ( 0 ,  0, z, 0,2) ; 
self. ah. animate ( ) ; 

end 

The method lowerDist indicates that the cost D(u) of 
vertex U has decreased, by shrinking the green cylinder 
representing D(u). This is done by sending a 
1inMoveTo (“move over a linear path to”) request to 
the “Point2” property of the cylinder. Again, the anima- 
tion takes two seconds. 

lowerDist => meth(self,u, z) 
let pv = CylinderGO~GetPoint2(self.dists[ul); 
let p = pv.get0; 
pv.getBeh0 .linMoveTo([p[Ol, p[ll, 21, 0 ,  2 ) ;  
self.ah.animate0; 

end 

The method promoteEdge indicates that (U, v), the 
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edge that is currently highlighted, has become part of the 
shortest-path tree. This is indicated by coloring the edge 
red. If there already was a red edge leading to v, it is re- 
moved from the view. 
promoteEdge => meth(self,u,v) 
SurfaceGO-SetColor (self. edges [U] [VI, “red”) ; 
if self.parent[vl isnot ok then 

end; 
self .parent[v] := U; 

self .demoteEdge (self .parent [VI ,v) ; 

end 

Finally, the method demoteEdge removes the edge 
(U, v) from the view: 
demoteEdge => meth (self, U ,  v) 

end 
self. scene. remove (self. edges [U] [VI ) ; 

This completes our example. The complete view is about 70 
lines of Obliq-3D code, compared to the roughly 2,000 lines of 
Modula-3 code of the PEXlib-based version that generated the 
animations presented in [7]. This measure is honest; we did not 
add any functionality (such as a new class ArrowGO) to the 
base library in order to optimize this example. Furthermore, 
turnaround time during the design of this view was limited 
only by the design process per se (and our typing speed), 
whereas compiling a single Modula-3 file and relinking with 
the Zeus system takes several minutes. 
C. 4. The Actual Algorithm 

Here we present a version of the algorithm, implemented in 
Obliq, that drives the view from Section IV.C.3 directly, with- 
out using the Zeus event dispatcher: 

let alg = proc (V,E) 
var D = array-new(#(V), 10.0); 
D[O] := 0.0; 
var S = array-gen(#(V), (proc(i) i end) ) ;  
view.start (#(V)); 
for i = 0 to #(V) - 1 do 

end; 
foreach e in E do 

end; 

view.addVertex(i,V[il .x,V[il .y,D[il); 

view.addEdge(e.f,e.t,e.w); 

loop 
var best = (i => -1,d => 1000.0); 
foreach i in S do 
if i isnot ok then 
if D[il < best.d then 

end; 
best := ti => i, d => D[il); 

end; 
end; 
let U = best.i; 
if U is -1 then exit end; 
S [ u l  := ok; 
view. selectvertex ( U )  ; 
foreach e in E do 
if e.f is U then 
let v = e.t; 
view. raiseEdge (U, e. t, D[uI ) ; 
if D[v] < D[u] + e.w then 

view. demoteEdge ( U ,  v) ; 
else 

D[vl := D[u] + e.w; 
view.promoteEdge (U, v) ; 
view.lowerDist(v, D[u] + e.w); 

end; 
end: 

end; 
end; 

end; 

To start the animation, we define the data structures holding 

let V = [ 

the vertices and edges, and then invoke the algorithm: 

(x => 0 . 0 ,  y => O . O ) ,  
(x => -1.0, y => -1.01, 
... 

I ;  
let E = [ 

(f => 0, t => 1, w => 0.3), 
(f => 0, t => 2, w => 0.51, 
... 

I ;  
alg (V, E) ; 

V. IMPLEMENTATION 

Obliq3D consists of two major layers: an animation library 
called ANIM3D that provides a Modula-3 3D programming 
interface and a customized Obliq interpreter that allows the 
client to call ANIM3D procedures fiom within Obliq. Both 
ANIM3D and the Obliq interpreter are themselves implemented 
in Modula-3. 

Every 3D-specific Obliq object has a Modula-3 counter- 
part. Calling object creation functions such as 
SphereGO New not only creates an Obliq object (a 
SphereGOx but also a corresponding Modula-3 object (a 
SphereGO. T), and links the two objects together. 

Adding a graphical object o to a group g does not actually 
establish a connection between the Obliq objects representing 
o and g, but rather between their Modula-3 counterparts. So, 
the scene graph is represented internally by a Modula-3 data 
structure. 

The Obliq3D runtime contains a dedicated thread, called 
the animation server thread, that periodically locks the scene 
graph, determines if there have been any changes (or 
“damages”) since the last rendering, and redraws those parts of 
the scene that have changed. 

Damage is caused by operations that change the structure of 
the scene graph and by property values whose values differ 
from those of the prior rendering. 

Detecting changes to the scene graph is trivial, because 
changes are always triggered by client operations. Examples of 
such operations are adding a graphical object to a group, at- 
taching a property to a graphical object, and changing the be- 
havior of a property value. The operation that inflicts the dam- 
age sets a flag. 

Detecting changes in property values is harder. In particu- 
lar, the behavior of asynchronous and dependent property val- 
ues is defined by client-supplied Obliq methods, which take a 
time as an argument and return a result. It is not possible to 
decide whether the result of a method at a given time differs 
from the result at an earlier time without actually evaluating 
the method. This means that at the onset of a rendering cycle, 
the animation server thread must traverse the portions of a 
scene graph that are reachable from root objects and call the 
Obliq interpreter to evaluate the asynchronous and dependent 
property values encountered along the way. Fortunately, the 
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cost for these interpreter invocations is insignificant when 
compared with the cost of rendering (at least on our hardware 
and for the animations we have built). Also, evaluation results 
are cached, so the Obliq interpreter evaluates a property value 
at most once per rendering cycle. 

Once the animation server detects that the content of the 
window corresponding to a particular root object has changed, 
it redraws the window. We improve rendering speed by cach- 
ing primitive objects, such as spheres. In PEX, we use 
“structures” for caching; in OpenGL, we use “display lists.” 
Structures and display lists are expensive in terms of memory, 
so caching every graphical object in the scene graph would be 
problematic. This problem is amplified when using a high- 
level interpreted language like Obliq, where the user normally 
does not perform explicit memory management. For this rea- 
son, we do not cache all graphical objects in the scene graph; 
instead, we cache “prototypical objects.” For instance, we 
cache the unit sphere at various resolutions, where resolution 
refers to the number of triangles per sphere. We then use the 
cached unit-spheres to render arbitrary spheres by applying 
appropriate transformation matrices. 

VI. RELATED WORK 

There are two bodies of work related to Obliq-3D: general- 
purpose 3D animation libraries and algorithm animation sys- 
tems used for developing 3D views. 

The most closely related general-purpose animation library 
is Silicon Graphics’ Inventor [28], [29], an object-oriented 
graphics library with a C++ application programmers’ inter- 
face. Obliq3D adopts some of Inventor’s key ideas: Scenes 
are modeled as directed acyclic graphs of graphical objects, 
and geometric primitives, cameras, and light sources are 
treated uniformly. But there are also some important differ- 
ences. In Inventor, both shapes and properties can be added as 
nodes to the scene graph. Therefore, the order in which nodes 
are inserted into the graph affects the appearance of the scene: 
Inserting first a color node and then a sphere node will pro- 
duce a different image than that obtained by adding them in 
reverse. Another key difference is that Inventor properties are 
not inherently time-variant. Animation is achieved through 
engines, which change the state of property nodes and shape 
nodes. Engines are very similar to Obliq-3D’s asynchronous 
and dependent behaviors; however, it requires a fair amount of 
work (involving a chain of various kinds of engines) to achieve 
the effect of Obliq-3D’s synchronous behaviors. Finally, In- 
ventor lacks an interpreted language, a feature that we have 
found crucial to rapid prototyping. The lack of an interpreter 
becomes a more acute problem when developing visualiza- 
tions, a task that typically requires many design iterations. 

TBAG [15] is a recent tool kit developed at SunSoft for 
building interactive 3D animations. It too has many similarities 
with Obliq-3D: Both systems distinguish between values that 
define geometry and values that define attributes (such as 
color); both allow the user to impose a hierarchical structure 
on the geometry of the scene; both systems treat light sources 
like any other geometric primitive; and both systems have the 

notion of time-varying values. TBAG allows for a more gen- 
eral class of constraints than Obliq-3D, and it provides support 
for building distributed, collaborative applications. Like Inven- 
tor, TBAG does not have an embedded interpreted language. 
Also, as of this writing, TBAG is not available. 

The earliest 3D animation system we know of to provide an 
interpreted language is the Actor/Scriptor Animation System 
(ASAS) developed by Reynolds at the Architecture Machine 
Group at MIT [22]. The interpreted language used in ASAS is 
based on the Actor paradigm and uses Lisp as the underlying 
substrate. 

The Brown (University) Animation Generation System 
(BAGS) [27] is another influential 3D animation system that 
features an interpreted language, called SCEFO, to describe 
the structure and animation behavior of a scene. Although 
quite powerful, SCEFO is only an animation language, not a 
full-fledged programming language. It provides assignment 
and iteration constructs, a set of arithmetic functions, and pro- 
cedural abstraction, but no conditionals. However, BAGS al- 
lows the user to write C code stubs that can be compiled into 
the system and can then be called from SCEFO. 

BAGS was succeeded by the Unified Graphics Architecture 
(UGA) [33], [17], which uses an interpreted language, called 
FLESH, that is based on the prototype-and-delegation para- 
digm. Scenes are modeled as collections of objects. Attached 
to each object is a list of “change operators” that define some 
aspect of the object’s appearance, such as its color, transfor- 
mation, and even its shape. Moreover, the change operators 
are functions of time; they are the basis for animation in UGA. 

Alice [ l l ] ,  [12], developed at the University of Virginia, is 
another rapid prototyping system for creating 3D animations. 
It uses Python as its embedded interpreted language. There are 
many similarities between Alice and Obliq3D. Both systems 
use an object-oriented interpreted language to allow for rapid 
prototyping. Both separate the application from the rendering. 
(Alice uses a process to perform the rendering; Obliq-3D uses 
a separate animation server thread.) Both systems allow for 
hierarchical grouping of graphical objects. However, the two 
systems differ in their basic animation model: Alice treats a 
scene as a hierarchy of graphical objects, each of which has a 
list of action routines that are called each frame of the simula- 
tion and that are responsible for changing the internal states of 
the objects. New animation effects are created by defining new 
action routines and adding them to the graphical object. Obliq- 
3D, on the other hand, uses time-variant properties to specifjr 
the appearance of objects. In other words, Alice performs 
frame-based animation, whereas Obliq3D has an explicit no- 
tion of time. 

We now describe three systems designed for producing 3D 
algorithm animations: Pavane, Polka3D, and GASP. These 
systems tend to provide less powerful primitives that the more 
general 3D rendering systems described so far. 

In Pavane [24], the computational model is based on tuple- 
spaces and mappings between them. Entering tuples into the 
“animation tuple space” has the side-effect of updating the 
view. A small collection of 3D primitives are available (points, 
lines, polygons, circles, and spheres), and the only animation 
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primitives are to change the positions of the primitives. 
Polka3D [25],  like Zeus, follows the BALSA model for 

animating algorithms. Algorithms communicate with views 
using “interesting events,” and views draw on the screen in 

to modify the code of a program even as it runs. 
Our experience with Obliq-3D convinces us that the combi- 

nation of a high-level language and a fast-turnaround environ- 
ment are instrumental for developing effective animations. 

at runtime; thus, GASP provides rapid turnaround. However, it 
does not provide the flexibility to develop views with arbitrary 
animation effects. 

VII. CURRENT STATUS AND FUTURE DIRECTIONS 

We are currently developing an OpenGL back-end for the 
system. The home page for Obliq-3D, 

contains current information about the system, including the 
availability of the code. 

Thus far, Obliq-3D has only been used within our research 
lab. In particular, the authors have animated a handful of al- 
gorithms (see Figs. l and 13), and another colleague has de- 
veloped animations of some advanced mathematical concepts 
(see Fig. 14) [20], [21]. 

We have just begun to work on a distributed version of the 
system. In particular, we would like to be able to view the 
same scene on different machines in a heterogeneous environ- 
ment, where the topology of the sharing varies dynamically. 
Fortunately, Obliq provides us with a rich infrastructure for 
distributed computation. 

http://www.research.digital.com/SRC/3D-animate 

VIII. CONCLUSIONS 

The first part of this paper described Obliq-3D, a high-level, 
fast-turnaround animation system. The second part showed 
some nontrivial uses of the system, for implementing animated 
Cone Trees and general-purpose shadow casting. The third 
part presented a case study showing how to use Obliq-3D 
within the Zeus algorithm animation system for producing a 
3D visualization of a graph-traversal algorithm. The final parts 
of the paper described the implementation of Obliq-3D, 
its relationship to other systems, and the current status of the 
system. 

Obliq-3D is based on three concepts: scenes are described 
by directed acyclic graphs of graphical objects, time-variant 
property values are the basis for creating animations, and call- 
backs are the mechanism by which reactive behavior is speci- 
fied. These concepts provide a simple yet powerhl framework 
for building animations. The system provides fast turnaround 
by incorporating an interpretive language that allows the user 

Fig. 14. These scenes show instances of the budget conjgurafions EZ,I,I and 
Bl,1,1,1. The Budget Rules, recently discovered by Ramshaw and Saxe, de- 
termine a family of intriguing configurations, some familiar and some novel 
They used ObliqJD to illustrate the novel budget configurations that live in 
3-space. 
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