Time-Critical

Rendering and the

T emporal Behavior of Graphics Systemsby

George Kyriazis

A Thesis Submitted to the Graduate

Faculty of Rensselaer Polytechnic Institute in Partial Ful�llment of the

Requirements for the Degree of

MASTER OF ENGINEERING

Approved: �

Michael J. W ozny

Thesis Advisor Rensselaer Polytechnic Institute

Troy, New Y ork

May 1993

T able of Contents List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1. The Big Picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2. Related / Previous Work . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3. What’s missing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4. Roadmap of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . 5

2. Overall structure of the system . . . . . . . . . . . . . . . . . . . . 7

2.1. Formal De�nitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2. Coherency assumptions . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3. Constraint Speci�cation and the TCR . . . . . . . . . . . . . . . . 15

2.4. Introduction to the Rendering Time Model . . . . . . . . . . . . . 17

3. The Rendering Time Model (RTM) . . . . . . . . . . . . . . . . . . 19

3.1. Graphics Environment Requirements . . . . . . . . . . . . . . . . 19

3.2. Description of the RTM operation . . . . . . . . . . . . . . . . . . 20

3.2.1. De�nitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.2. Structure of an RTM inquiry . . . . . . . . . . . . . . . . . . . . . . 23ii

3.3.

Formation of the RTM . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3.1. Time subdivision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3.2. Creating the RTM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3.3. Evaluation of t p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.4. Evaluation of t m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3.5. Combination of t m and t p . . . . . . . . . . . . . . . . . . . . . . . . 35

4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1. RTM Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1.1. Triangle Strip t p Results . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1.2. Triangle Strip t m Results . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1.3. Polyline Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2. A sample TCR implementation . . . . . . . . . . . . . . . . . . . . 46

5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.1. Explanation of t p and t m results . . . . . . . . . . . . . . . . . . . 52

5.2. Extending the RTM . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.3. Model-bound / Render-bound Break Point . . . . . . . . . . . . . 56

5.4. Future Trends of Graphics Hardware . . . . . . . . . . . . . . . . 58

6. Conclusions and Future Work . . . . . . . . . . . . . . . . . . . . 60

6.1. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.2. Recommendations for Future Work . . . . . . . . . . . . . . . . . 60

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Appendix A. MultiPolygon Results . . . . . . . . . . . . . . . . . . . . . . . . . . 65 iii

Appendix

B. TriangleStrip Results . . . . . . . . . . . . . . . . . . . . . . . . . . 74

Appendix C. QuadMesh Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Appendix D. Polyline Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 iv

List of Figures

2.1. A sample pipeline containing several stages. . . . . . . . . . . . . . . . 9

2.2. An open-loop control system. There is no feedback from ta to t r . . . . 10

2.3. A closed-loop control system. . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4. Example showing compatibility between t r and t a . . . . . . . . . . . . 17

2.5. The high-level structure of the TCR and the RTM . . . . . . . . . . . . 18

3.1. How primitives draw themselves . . . . . . . . . . . . . . . . . . . . . . . 20

3.2. T otal rendering time subdivision of high-level primitives into preprocessing time and actual processing time. . . . . . . . . . . . . . 21

3.3. Light-weight vs. heavy-weight high-level primitives. . . . . . . . . . . . 22

3.4. Rendering and temporal estimation to an rendering device. . . . . . . 24

3.5. T emporal estimation for heavy-weight primitives. . . . . . . . . . . . . . 25

3.6. The graphics pipeline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.7. Edge interpolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.8. Span Interpolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.9. Complexity of each primitive tested. . . . . . . . . . . . . . . . . . . . . . 34

3.10. Sphere rendering time as a function of radius and complexity, GT, no lighting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.11. Sphere rendering tests. Comparison between lighting and no lighting on the GT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.12. Sphere rendering time as a function of radius and complexity, GT, no lighting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 v

3.13.

Sphere rendering tests. Comparison between lighting and no lighting on the GS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.1. Pixel throughput across different machines. . . . . . . . . . . . . . . . . 41

4.2. Sliver ratio among different architectures, using color interpolation between vertices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.3. Time per point, no lighting. Grey boxes is actual performance in points transformed/sec, transparent boxes is the rated performance in terms of polygons/sec, assuming one point maps to one triangle. . 43

4.4. Time per directional light. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.5. Time per positional light. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.6. Polyline performance in pixels drawn per second. . . . . . . . . . . . . 47

4.7. Polyline performance in points transformed per second. . . . . . . . . 48

4.8. Screendump of the TCR program in operation. . . . . . . . . . . . . . . 50 vi

1. Introduction

W e are interested in the �elds of rendering and interactive computer graphics. Within that scope, we are attacking the problem of time-critical rendering, that is rendering under a temporal constraint.1.1.

The Big Picture

Psychology tells us that the process of learning and understanding is tightly coupled with the ability of the brain to relate and form concepts [BHN87]. Vision is a very critical sense to humans, and therefore a large percentage of the human understanding and interaction is done by visual communication. The use of images to convey information has been used throughout history from static images like paintings or illustrations, to movies that also convey the concept of time to the human brain. Computer graphics represents the

�nal frontier to address such interaction in the continuous quest for conceptual realism.

Computer graphics, (CG) as an applied topic, started in the early 1960’s [Sut63].

Since then, it has been acting as an “enabling” technology in various science, engineering and art disciplines. T oday, fundamental theories and concepts have been laid out, and

CG has obtained different names depending on its involvement with various disciplines

(scienti�c visualization, visual simulation, or virtual environments, to name a few).

Additionally, CG applications can be divided into interactive and non-interactive (batch).

CAD systems and modelers can be classi�ed as interactive, and ray-tracing can be classi�ed as non-interactive. Since we are interested in the temporal behavior of the human/machine interface, we will be looking at interactive computer graphics. 1

In addition to computer-generated interactive graphics, other electronic technologies

(mostly video) are also trying to become more interactive, for example, Interactive T elevision (ITV, [Lu93][Cla92]), video-disk based electronic games and portable computing.

Computer graphics is also being used in interactive simulation and simulation steering applications, where the user is trying to get a better feeling of the simulation results through interaction with the actual data.

The problem with today’s graphics systems is that they are focused more on the data representation and visual attributes of the geometry, and have neglected temporal behavior, which ends up being much more inconsistent from system to system than visual behavior. The programmer’s interface to PHIGS [PHI88][RO93] is a perfect example; almost all of the API is reserved by the get/set routines for the visual representation/attributes and the state of the internal graphics database. W e can see its temporal unpredictability by trying, for example, to rotate a cube using two different implementations of PHIGS on two different machines. One may be too slow to realize that the cube is rotating, the other one may be too fast to realize that there is a cube in the screen.

1.2. Related / Previous Work

Related work can be traced in the �elds of real-time visual simulation, multi-media systems, computational geometry, surface modeling and real-time systems.

Visual simulation is an area in which most of the related work took place. Highend ight simulators have tried for many years to provide a real-time temporal feedback for complex visual environments. Most of the references in that �eld, though, are very dif�cult to �nd, because of the military applications of ight simulation [Mon90], and up to recent years have only been applied to expensive and special ight-simulation 2

hardware.

Simulation sickness, which is one of the best examples of physiological side-effects of misleading visual and temporal cues related to visual simulation, is also described in [Mon90]. W ork related very closely to ight simulation is also described in [ZPMW92], that shows a network-oriented visual simulation system used in battle simulation. Interactive frame rates, culling of out-of-view geometry and levelof-detail representation switching1

are utilized. In terms of non-military work, [ARB90] and [FST92] consider the case of interactive walkthroughs of buildings. Here, room partitioning and walls are used extensively to partition the database for culling during traversal. Again, level-of-detail is utilized and interactive frame update rates are achieved.

Finally, the Performer toolkit by SGI [Sil92d] provides a framework for visual simulation that includes all of the features of the above references. It also claims to be able to keep up a constant frame rate. But it is left to the programmer, to provide geometry that is renderable in the requested amount of time.

All of the above work utilizes extensive data partitioning and computational geometry algorithms. [PS85] provides an excellent review of the basic algorithms. Additionally, work done in accelerating ray-object intersections in ray-tracing have and will be used more in the future of interactive graphics. Such work, which also utilizes computational geometry, is mostly related to data partitioning in order to decrease that amount of data that is to be considered for rendering at each frame. A very comprehensive summary can found in [Gla89] and [AK89]. Algorithms like those will have to be used extensively inside the time-critical renderer. 1

The act of switching between different representations (of various levels of complexity) of the same object, usually as a function of the distance from the viewpoint. Y ou can then use a more detailed representation when the object is close and a less detailed one when the object is far away. 3

In terms of rendering algorithms, [Abi89] has shown an algorithm for the adaptive tesselation of NURBS based on the relationship between the surface and the viewpoint.

The tesselation criterion in the above algorithm can be extended so that tesselation levels are not only adjusted based on the view, but also on time allotted for rendering the surface in question.

1.3. What’s missing

The most basic aspect of time-critical or real-time systems that is missing from all of the above work is treatment of time as an integral part of the system. Even in the cases where interactive update rates are required, time constraints are treated as either being satis�ed automatically, or built on top of an inherently non-temporal system.

It is the purpose of this paper to treat time as an integral part of the graphics system.

By knowing the temporal behavior of the different graphics operations, we can better solve time-critical problems.

It is important to note the signi�cance of time in interactive systems. When an application is a collection of several interacting systems (the user being one of them), it is important for each of the systems to be able to do its work in relation with the rest of the systems. The user, for example, being a part of the system, has several constraints attached to him. An example would be that the frame rate has to be above a certain limit for him to perceive temporal continuity and avoid simulation sickness. Another example is that of a scientist viewing a simulation of a highly varying phenomenon, with the restriction that he always wants to keep a constant frame update rate. A possible nonconstant update rate may be interpreted as a temporal behavior of the data itself, instead of an artifact of the rendering system. By letting each system know about temporal 4

relations with the rest of its world, we are allowing it to control its temporal behavior so that interactivity is sustained.

Graphics systems to date have not dealt with time in such a way, because the whole structure of the system has to be re-thought to include time; each section of the system has to have time incorporated to its behavior. Usually the temporal aspect of the system is not given that much thought because of its complexity and high level of interaction with the rest of the system, and is ignored from being a basic requirement.

What is needed is a rendering system that can also supply to the users a temporal interface to the rendering process. This is a very important issue, since the average programmer who wants to make his program time-conscious, does not need to deal with all the trouble of knowing the temporal behavior of the graphics system he is working on, and then incorporating it to his own application.

In this thesis we are trying to lay out the major requirements behind such a timecritical renderer, and the development, implementation and results of a time model of the graphics system that is used by the renderer to provide us with predictable screen update rates. This work will provide the necessary tools for the creation of the time-critical renderer himself, which is not going to be a subject of this paper.

1.4. Roadmap of the Thesis

The remainder of this thesis will follow the following format: In Chapter 2 we develop an abstract model of the graphics system. Then, in Chapter 3 we brie y discuss the requirements for a time-critical renderer and elaborate on the rendering time model, 5

its creation and its utilization. In Chapter 4 we describe the tests that were needed for the model’s creation and in Chapter 5 we discuss the results obtained. 6

2. Overall structure of the system

In order to state the requirements behind a time-critical renderer and explain the rendering time model, we �rst have to describe an abstraction of the graphics system.

This will help the creation of a framework for further discussion.

2.1. Formal De�nitions

In order to provide an abstraction of the time-critical rendering problem, we will view the rendering process as a mapping. Traditionally, the application completely speci�es how some piece of geometry is being rendered. This process can be thought of as a one-to-one mapping of the user’s speci�cation of what is to be rendered, to the visual result actually being displayed:R

c

l

a ss

ic

:

S V (2.1) where R classic is the traditional (classic) rendering process,

S is the user’s speci�cation of what is to be rendered (the scene description), and

V is the visual result

Note that there is no explicit feedback to the user of the renderer of the actual time that the rendering process took.

In solving the time-critical rendering problem, we would like to have the exibility to control ta

, the actual time that the rendering process took, so that it matches a given requested time t r for the speci�ed speci�cation S. In many cases, by just adding the 7

restriction that t r has to be satis�ed, overconstrains the problem; the rendering system can only satisfy t r if t a � t r ; in that case, it can simply sleep for the remaining t r -t a . W e want to create a set of different geometric representations for each object speci�ed, that render in different amounts of time. Then, the renderer controls V, the visual result, by specifying alternate representations, so that t a can vary. The rendering process can then be treated as a one-to-many mapping of the speci�cation and time required, to the visual result and actual time: RT

C :(S

;

t

r ) (V ; ta

) (2.2) where R TC is the visualization process of the time-critical renderer. t r is the requested time t

Figure 2.1 A sample pipeline containing several stages.

It is important to emphasize that it is highly unlikely to be able to create a TCR that can satisfyt r

= ta exactly. In order to be able to accurately predict the time that a speci�ed piece of geometry will take to render, the renderer must have a time model for itself. T oday’s systems (both software and hardware) are de�cient in this respect, because of their high level of complexity. The evaluation of a fairly complete time model of a such a complex system could take a big fraction of the execution time of the actual process, and would therefore be of no use.

For example, let’s examine some current rendering engines: The SGI engines [Sil92c] are mostly implemented in hardware. They contain several pipelined stages, each one of which contains processing units operating in parallel. Each of the pipeline stages are connected using queues. The temporal behavior of each one of the pipeline stages is very well de�ned in terms of their inputs, but the behavior of the system as a whole is poorly de�ned. As shown in the example pipeline of Figure 2.1, the behavior of stage

C, is de�ned as a function of the output of stage B, but not as a function of the inputs at the beginning of the pipeline. W e can’t really “estimate” with precision the inputs to stage C because that’s the reason we have stages A and B there in the �rst place. The best we can do is provide a statistical estimate of the throughput and latency.

In the case of Sun’s GT accelerator, the situation is similar, except that some of the early stages in the pipeline are implemented using general purpose processors (Intel i860’s to be exact). Fully programmable processors allow for more complex algorithms. This 9

Figure 2.2 An open-loop control system. There is no feedback from ta to t r .

Figure 2.3 A closed-loop control system.

causes the temporal behavior of these stages of the pipeline to be much less clearly de�ned

(because of the ill-de�ned temporal behavior of average-case complex algorithms), which adds an additional level of complexity creating a time model for this architecture.

There are additional parameters that affect t a , such as system load, the state of the system, and of course the design of the computer system itself (processor type and speed, speed and type of communication with I/O devices, etc.)

By making certain assumptions and approximations about the behavior of the pipeline stages, though, we can create a rough model of the time behavior of the system.

The above description implicitly assumes the use of an open-loop control system

(as in Figure 2.2). W e can also use a closed-loop control system (see Figure 2.3), represented by the mappingR

T

C

:

S i

; t r;i ; t a;i�

1

V i ; t a;i

(2.3) where i signi�es the iteration or frame number. 10The

delay D of the feedback is very closely related to the frame time. The effect of

D could be variable if the frame time is not kept fairly constant. Here we will assume that D is kept constant across frames, since we are hoping that we will be able to keep up with the requested frame rate.2.2.

Coherency assumptions

From Equation 2.3 and Figure 2.3, we can observe that S i and t r,i are inputs to the system, while V i and t a,i are outputs. There are certain assumptions that can be made about both inputs and outputs that help in simpli�cation. These assumptions are related to “coherency” properties; the fact that the parameter in question does not have a big variation with respect to time.

In terms of inputs, we can de�ne:

• Model coherency, Cm : S i S i�1 ". T emporally adjacent model speci�cations differ only a small amount in terms of data they contain. As discussed above, S is the input description of the model.

• Model-Time coherency, C mt :

t r;i t r;i�1

". Adjacent frames are supposed to be rendered in about the same amount of time. Note that t r is the time that is left for rendering (per frame) after the simulation that is required for the given frame is performed.

• Load coherency, C l : l i l i�1 ". The average system load over a frame is almost the same across adjacent frames.

where " is an arbitrary small constant, not necessarily the same in all de�nitions.

In terms of outputs, we can now de�ne: 11•

Real-Time coherency, C rt :

t a;i t a;i�1

". Adjacent frames are actually rendered in about the same amount of time.

• Perceptual coherency, C p : P i P i�1 ". Adjacent frames produce about the same perceptual information to the user.

• Rendering (geometry) coherency, C g : G i G i�1 ". Adjacent frames contain about the same renderable geometric information to be processed. Notice that geometry is actually an “intermediate” product, since it is not directly accessible to the user.

As an example, if C m is satis�ed, then we would like C p to be satis�ed (model did not change, therefore the user’s perception of the model did not change). This could probably be done by keeping G in sync with S. Note that this is only possible if C l , as well as C mt are satis�ed.

In order to provide a framework under which the time-critical rendering problem is to be solved, we have to understand the components of the problem in detail. Let’s examine the input speci�cations �rst in detail: C m depends on what data the user wants to visualize. In most CAD applications, relatively static walkthroughs and virtual environment applications, where the user usually either orbits the data in order to get a better understanding of its three-dimensional nature, or gradually changes from one environment to another, C m will be satis�ed most of the time. In scienti�c visualization applications and relatively dynamic virtual environment applications, on the other hand, where there is a good chance that the whole data set changes from one frame to the next, C m will probably be not satis�ed. C mt means that: 121.

The user speci�ed a constant frame time, which is usually the case.

2. The simulation takes about the same time in adjacent frames.

The second assumption is arguable, since we can’t guarantee that the application simulation code will �t the time constraints. However, that’s the best we can do now, since we can’t enforce time constraints to the application at this time. SGI Performer [Sil92d] is also making the same assumption. C l is extremely dif�cult to predict and is also discontinuous. Things affecting system load include but are not limited to:

• System and user background processes.

• Peculiarities of the window system.

• Interaction of the main processor with the graphics and other input/output subsystems.

• Unpredictable interaction of the user with the system.

Here, we are taking the load l to mean the average system load over the period in which rendering for one frame is to be performed. It is a reasonable assumption that C l is not generally satis�ed; however, there are time periods though, that the load is fairly constant.

W e should be able to take advantage of these periods where C l is satis�ed, and produce fairly constant frame rates. It is also conceivable that the renderer’s perception of l may be used as an input to schedule process priority at the operating system level. This is an area where real-time operating systems can be extremely useful [HKNW][Sil91].

From the above descriptions of the concurrency de�nitions, we can make the following assumptions in order to make the problem more tractable:

131. C m is satis�ed, in other words, the model stays relatively constant across frames.

This assumption will help us de�ne a way to predict the rendering time for a slowly changing model (for example, a robot moving in the screen), that we can then extend to a model with high variation when C m is not satis�ed.

2. C l is satis�ed. The frame time is assumed to be small enough that the load can be treated as constant between adjacent frames.

3. C mt is not satis�ed. This is done because of the reasons stated above. If C mt is satis�ed we have a trivial problem; we are basically rendering a static model.

The above assumptions do not allow us to work with data that is continuously changing by large amounts from frame to frame. For example, in scienti�c visualization applications, or in building walkthroughs in situations where you enter a new room and suddenly many new objects come into view.

As an example to further understand C mt , let’s consider the following: W e are given a certain amount of time to render a scene description, and we fully utilized computing resources in order to obtain a visually correct result. Now, suppose that the application’s simulation process took more time than usual for a given frame or the system load changed, and that we must meet the time limit we are given. W e, as the renderer, then, have to alter the produced geometry, G, in order to meet the time criterion. Note that in this case, C m was satis�ed, but C mt or C l were not. Since we altered the geometry displayed in the screen to meet the time criterion, we observe that we satis�ed C rt , but probably violated C p . This may potentially produce a visually displeasing result, since the violation of C p did not come from a violation in C m . The way the geometric description of a model should be altered, then, under time constraints, to handle graceful visual

14change,

is a very complex geometric, perceptual and psychological problem. This is a basic task of the TCR itself, and is not addressed in this thesis.

Note that G is a hidden implementation and C g is really a hidden speci�cations, even though the geometry is what actually gets drawn on the screen. In most cases the user does not really care about the implementation details of what gets rendered (the geometry itself). All he cares is that what he sees is pretty “close” to what he asked.

This difference between what should be drawn and what actually gets drawn may be interpreted by the user’s visual and perceptual systems as something inherent in the data, while it was merely an artifact of the rendering system. In the reverse case, a jump should have been perceived by the user, but the system could not accurately convey it.

Jaggies or aliasing is an equivalent spatial effect in current graphics environments.

In the same way that spatial aliasing or discontinuities may be irritating to the user, temporal discontinuities could have the same effect. Consider the case of time itself being the data that needs to perceived by the user: If a scientist is interactively viewing a simulation of a highly varying phenomenon, he may interpret a non-constant update rate as the temporal behavior of the data itself, while it was merely an artifact of the rendering process! As it has already been stated, it is highly unlikely that C m will be satis�ed in those situations. In addition, C p has to be violated, then, in order to produce the discontinuities inherent in the model. Since we are not dealing with these cases right now, we should just keep the above example in mind, because a time-critical rendering system will have to deal with them in the future.

2.3. Constraint Speci�cation and the TCR

The above discussion tells us that there is a need for a speci�cation language that

15noti�es

the TCR of the aspects of the rendering process that are important to the user.

Some of the questions that the TCR will probably need to ask are:

1. How important are certain primitives with respect to others?

2. If I can’t render everything in the alloted time, should I sacri�ce primitives (not draw them at all), or extend the frame time?

3. If the frame rate is to be extended, by how much?

4. How can I alter the displayed geometry in the current frame, if I know the behavior of the input model in the near future?

Therefore, the TCR is trying to �nd the best (optimal) visual representation of the input model, while being restricted by constraints such as the ones stated above. W e are making the assumption that the human is not a hard real-time system (where any violation of a constraint is considered a failure), but a “soft” one; ie. a small violation of the frame-time is tolerated most of the time, provided that it is not commonplace. There are mainly two reasons why this is a valid assumption:

1. The human perceptual system is exible and can usually “forgive” small inconsistencies, provided they don’t happen often.

2. Screen updates are done at a multiple of the frame time (usually 1/60 sec). If we violate a frame deadline we can then:

a. Display what we have rendered so far. This assumes that less important geometry is rendered last.

b. Extend our allotted time by one frame time. Because of case (1), this may not have a displeasing result if it is not done often. 16

3

. The Rendering Time Model (RTM)

This chapter treats, in detail, the RTM and it’s relationship with the rest of the graphics

system. First we will brie y discuss the graphics environments in which the RTM and the

TCR can be implemented in, and then will describe how the RTM is implemented in such

environments and explain in detail all the experiments that were needed for its creation.

3.1. Graphics Environment Requirements

Our implementation of the RTM and the TCR can be built around any object-oriented

graphics system that �ts the requirements that are outlined in this section.

There is a class called RenderingDevice that communicates in a system-dependent

way to the underlying immediate mode procedural graphics library (like GL[Sil92a]

from SGI or XGL[Sun91] from Sun). Low-level Primitives, like Polylines, Polygons or

QuadMeshes (which are the basic implementation of all parametric surfaces with a domain

of dimension 2 and a range of dimension 3), communicate with the RenderingDevice to

render themselves. Higher level Primitives are able to express themselves in terms of

other Primitives (either low-level or high-level), and they render themselves in the screen

in that way. As it can be seen from Figure 3.1, each primitive understands a method

called draw(). When a low-level primitive gets this method, it noti�es the interactive

device that it needs to be drawn. When a high-level primitive gets this method, it delegates

it to its implementation, and the implementation then performs the decomposition and

rendering appropriately. In that way, the platform and graphics library dependent details

of how a primitive gets drawn are hidden in the RenderingDevice, which makes portability

of the system across platforms easier for the designers of the renderer.

19

Figure 3.1 How primitives draw themselves

From the same �gure, we can see that there is a one-to-one correspondence between

the low-level primitives and the rendering device; there is a slot in the device for each low-

level primitive. Also, observe that since higher-level primitives are rendered in terms

of low-level primitives, the temporal behavior of the high-level primitives (like Cone

or Superquadric) mostly depends on the behavior of their low-level implementations

(QuadMesh in this example), provided that either the decomposition time is negligible

or that decomposition is done as a pre-processing step.

Another Primitive that is utilized during rendering is a Container. A container’s

purpose is to delegate the draw method to all of its constituent objects in a way that is

characterized by that type of container. For example, a Bag may contain a Transformation,

a set of Attributes and a list of Primitives. Its job is to update the current transformation

matrix and attribute state of the RenderingDevice, and then delegate the draw method

to all of its Primitives.

3.2. Description of the RTM operation

In this section, we will describe how the interface for the RTM looks, and how the

20

Figure 3.2 Total rendering time subdivision of high-level primitives into preprocessing time and actual processing time.

TCR can use this information while rendering a frame.

3.2.1. De�nitions

First, it is necessary to make several de�nitions.

Traversal is de�ned to be the process by which a Primitive (including a Container),

is inquired for its data for estimation or rendering purposes.

Estimation can be performed for either spatial or temporal purposes:

• Spatial estimation is required when we want to produce an approximation of some

spatial feature of the traversed entity, ie. obtain the bounding volume extents.

• T emporal estimation is required whenever we want to produce an approximation of

the rendering time of the traversed entity.

Rendering is always performed in order to create an approximation of the visual

representation of the traversed object.

For rendering, we divide the total time required for rendering of high-level primitives

into

1. Preprocessing time, which is the time that it takes for a high-level primitive to

convert itself into low-level primitives

2. Rendering time, which is the time that the low-level primitive takes to render itself.

21

Figure 3.3 Light-weight vs. heavy-weight high-level primitives.

A pictorial representation can be seen in Figure 3.2.

W e also divide all high-level primitives into two categories:

1. Light-weight, that are easily expressible in terms of low-level primitives, and require

little or no extra preprocessing during rendering.

2. Heavy-weight, that require signi�cant additional processing during spatial rendering.

NURBS that adjust tessellation based on the view are a perfect example [Abi89].

Figure 3.3 shows the difference between light-weight and heavy-weight primitives.

All of the preprocessing time is spent in the main processor(s), while the actual

processing time can be spent in either the main processor or attached graphics subsystems.

The theory of the RTM that is described here deals with both light-weight and heavy-

weight primitives. The current implementation, though, does not deal with preprocessing

separately, and is therefore only operational with light-weight primitives. The reason is

the following: Any user of the system can write his/her own high-level primitive and

attach it to the system. In order to provide accurate temporal rendering of a new primitive,

that primitive must be able to provide an estimation of its rendering time. If this primitive

is a heavy-weight primitive, then the user must specify this estimate. At this time, it is

not clear how the user can be forced to provide an accurate time estimation. That limits

our implementation to only light-weight high-level primitives.

22

3.2.2. Structure of an RTM inquiry

The RTM is inquired during the estimation traversal of a primitive. In order to

explain the RTM inquiry, we �rst have to look how the TCR will use that information.

The TCR contains, internally, a list of primitives that it has to render or perform

a temporal estimation of, for each frame. These two sets may not be the same. The

rendering list contains the primitives that are about to be drawn to the screen in the

current frame. The temporal estimation list contains the primitives that we want to

inquire an estimate for their rendering time for the current frame.

A reason why there are elements in the spatial list that are not in the temporal list may

be that the TCR may make the assumption that the time estimate for a certain primitive

did not change, so there is no reason to inquire the RTM for that primitive for the current

frame. In the reverse case (elements in the temporal list do not exist in the spatial list),

it may be that the TCR wants to get an idea of the rendering time of primitives that are

not visible yet, but will be pretty soon.

The TCR will, usually, �rst estimate the time for the primitives in its temporal

estimation list (to get an estimate of the time), and then it will render the primitives in

its rendering list.

Because all of our high-level primitive are light-weight, almost all of the time spent

during a rendering occurs at the low-level primitive level (refer to Figure 3.1). Since

all of the device dependencies are kept inside RenderingDevice, and since the temporal

behavior of a low-level primitive is implementation dependent, it is perfectly reasonable

to place the RTM inside RenderingDevice. This makes the design of the system very

23

Figure 3.4 Rendering and temporal estimation to an rendering device.

clean, since there is no visual difference between a rendering and a temporal estimation

of any Primitive, as it can be seen in Figure 3.4. A Superquadric, under special cases,

creates an internal Sphere for ef�ciency. The sphere, without any knowledge to the

superquadric, contains an internal QuadMesh for rendering purposes. When someone

asks for either a temporal estimation or rendering of a superquadric, it delegates the

request to the internal sphere, which, in turn, delegates to the quadmesh, which in turn

sends the appropriate request to the device.

In all light-weight primitives, the device performs all of the time estimation using

the RTM. When heavy-weight primitives are to be rendered, the main structure of the

system stays the same, except that the intermediate primitives operate on the time that

they got from their delegated primitive, to add the estimate for themselves, as shown

in Figure 3.5. In this example, a NURBS in delegating the get�time() method to its

quadmesh. The quadmesh returns the estimation that the device returned to it, but the

NURBS has to update that information with its internal estimation of its rendering time.

There are two things that we should note though:

24

Figure 3.5 Temporal estimation for heavy-weight primitives.

1. The additional time that the NURBS incorporated into the time estimation is part of

the pre-processing time. As it was discussed above, all preprocessing is performed in

the main processor(s), which means that the time estimation will differ from machine

to machine. This implies that an database should be used to store the temporal

behavior of the high-level primitives for different architectures, on a per-class basis.

The homogeneity of rendering that existed in light-weight primitives is destroyed,

though.

2. In the future, a NURBS primitive could be incorporated to the Device. In this case,

that preprocessing time will have to migrate as actual processing time to the Device.

This could be tricky.

These are mainly the reasons why heavy-weight primitives are not discussed in this paper.

3.3. Formation of the RTM

In the previous section, it was discussed how an inquiry to the RTM is handled.

Now we will describe the contents of the inquiry itself, and how the RenderingDevice

is performing the actual estimation.

25

Figure 3.6 The graphics pipeline.

Figure 3.8 Span Interpolation

of the edges of the input triangle. The output of the stage B is, then, a collection of spans

for the triangle. Stage C, �nally, calculates (horizontally in this case) all the pixels in the

spans that is got from stage B, as shown in Figure 3.8. This produces all the pixels to be

drawn for the input triangle. Usually, the time per pixel for edge interpolation is bigger

than the time for pixel interpolation. It must be noted that this type of interpolation also

occurs for the R, G and B color components, if gouraud shading is enabled, and for the

z-values if z-buffer style hidden surface elimination is performed.

From the above discussion we can see that we associate different times for each differ-

ent section in the graphics pipeline. W e can, then, call modeling time the time associated

with the modeling (transformation and clipping) of the primitive, edge interpolation time

the time associated with the interpolation of the edges into spans, and span interpolation

time the time associated with the calculation of the pixels in the spans themselves.

For the purposes of the RTM, we let t m to be modeling time, and t p (pixelation time)

to be the combined edge interpolation and span interpolation time. The reason why edge

27

and span interpolation times are bundled into one number is that

• For the purposes of the RTM, it is pretty dif�cult to differentiate the two.

• In some graphics architectures, these two operations are not clearly separated into

distinct pipeline stages, so differentiating them would be wrong.

W e call the combined pixelation and modeling time, t t (total time).

Different graphics architectures are built differently. For non-pipelined architectures,

for example, t t = t p + t m , which means that there is no overlap in the execution of the

modeling and pixelation (the two operations are performed sequentially). For pipelined

architectures, though, we have that t t = m a x (t p ; t m ) [HB84] if we assume that transport

delay is insigni�cant. This means that there is a different “combination” function that

produces t t , depending on the architecture, which means that apart from the constituent

times t m and t p , we also have to keep track of the combination function that produces

t t from these two values.

When the RTM is inquired to produce an estimate of the rendering time of a primitive,

it does not return an estimation of the total time t t , but of the constituent times t m

and t p . The TCR, depending on the architecture, may need the separate times and the

combination function, to estimate what is the best representation of a primitive for the

current architecture.

3.3.2. Creating the RTM

In this section, we will describe the several tests that are performed in order to

produce the RTM. The primitives that were tested for the RTM are:

28

1. Polyline: A piecewise linear curve, or a set of line segments connected beginning-

to-end.

2. MultiPolygon: A collection of disjoint polygons with no common vertices and same

number of vertices for each constituent polygon. Here, each polygon is a triangle.

3. TriangleStrip: The set of triangles such that for each i, V i , V i-1 and V i-2 form a

triangle, given V to be a list of vertices.

4. QuadMesh: A set of 4 vertex polygons (quads) organized in a 2–D mesh.

All of the above primitives were chosen because they are either implemented in the

underlying immediate mode library, or they can be ef�ciently and easily implemented.

For each type of primitive we will perform tests that accumulate results for both t m

and t p . W e expect that t p will be the same for all primitives of the same “dimensionality”,

ie. all area de�ning primitives (Multipolygons, TriangleStrips and QuadMeshes) will have

the same t p , and all length de�ning primitives (Polylines or edges of surface primitives

with edges turned on) will have the same t p . W e also expect that t m may vary from

primitive type to primitive type, since different algorithms may have to be used for

different primitive types.

3.3.3. Evaluation of t p

In this section we will describe the tests designed for the evaluation of t p . Attributes

to be tested were chosen based on our initial assumptions of how t p is affected, and then

by re�ning those assumptions. These assumptions are:

• The rasterizers contain edge processors and span processors. Each one of those

performs a different function, and tests should be able to separate their timings.

29

• Span processors are oriented a certain way. There will be a situation where the span

processors will have no work, while the edge processors will have a lot of work.

This happens in the case of “sliver” triangles: Triangles with very small area, but

large perimeter. T ests should show when this happens.

The list of parameters tested is de�nitely not exhaustive. The tests shown below are

designed so that they produce results based on the above assumptions:

1. Time per pixel, no color interpolation between vertices (constant color per polygon).

2. Time per pixel, with color interpolation between vertices.

3. Time to calculate one span (edge walking for one step), with no color interpolation.

4. Time to calculate one span, with color interpolation.

5. Ratio between horizontal and vertical slivers, no color interpolation.

6. Ratio between horizontal and vertical slivers, with color interpolation.

The �rst two tests measure what is usually called the polygon “�ll-rate”: The

throughput of the rasterizer (span interpolator). This number is rarely given by vendors.

W e are trying to get the measurement by drawing a polygon where:

• The time spent in the span interpolator is small with respect to the time spent in the

edge interpolator.

• The time spent transforming points is small with respect to the time drawing pixels.

This is achieved by drawing one large polygon several times. Speci�cally, the test was

performed by drawing a large primitive (300 x 600 = 180000 pixels) 1000 times and

measuring the elapsed time. The whole test was performed 10 times. The average time

was then divided by 1000 (number of primitives) and then by 180000 (number of pixels

30

per primitive) to come up with a time per pixel. The area of the primitive was chosen to

be big enough so that we are de�nitely render-bound (see Section 3.3.5) and the effect of

the rendering of multiple primitives is minimized. Additionally, the number of primitives

rendered was large enough to provide a good estimate keeping in mind the (possibly)

low resolution of the system timer.

The second two tests measure the throughput of the edge interpolator. This number

is not given by vendors, but it is important. The reason why this is, can be demonstrated

by the following two cases:

1. A certain area on the screen is taken up by a single polygon.

2. The same area is taken up by many small polygons.

The latter case is going to take longer to render, because of two reasons:

1. W e reached a point where t m > t p (if the combination type is max), or t m is a

signi�cant fraction of t p (if combination type is a dd). This reason will be explained

in detail later.

2. There are many more edges present in the latter case, and since edge interpolation

takes a signi�cant amount of time, the second case took longer to render.

In order to perform these two tests, lots of sliver-like triangles were drawn so that:

• The time spent in the span interpolators is small with respect to the time spent in

the edge interpolators.

• Again, the time spent transforming points is small with respect to the time drawing

pixels or calculating spans.

31

Primitive Size of Primtive

QuadMesh 100 x 100 = 10000 points

TriangleStrip 10000 points

MultiPolygon 1000 triangles = 3000 points

Polyline 10000 points

Figure 3.9 Complexity of each primitive tested.

9. Overhead to perform lighting, using gouraud shading.

It is worth noting that in the above tests it is implied that the lighting model can be

applied once per vertex, but color interpolation between vertices may not occur. Color

interpolation is a characteristic that affects t p , and not t m .

In order to make accurate measurements from the above tests, we need to minimize

t p . This is done by minimizing the area and the perimeter of the primitives. The tests

for this case then draw polygons with almost no area. For example, for the case of the

QuadMesh primitive, an array of 100 by 100 points occupied only 1 pixel in the screen.

For the Polyline primitive, not all of the above tests were performed. Many graphics

libraries do not support lighting of polylines. Therefore, only the �rst test was performed:

Time per point with no lighting.

The table in Figure 3.9 shows the number of points for each tested primitive of

each class. Before anything is rendered, the graphics library was setup to re ect the

test conditions (e.g.: at/gouraud shading, number of positional or directional lights).

Then, a cached version of the primitive was evaluated. Finally, we come to the time

estimation stage: Each primitive was rendered 100 times and the result timed. This whole

procedure was repeated 10 times. The average time resulted was divided by 100 (the

34

    0

0.005

 0.01

0.015

 0.02

0.025

 0.03

0.035

 0.04

     0 50 100 150 200 250

Time, in seconds

                              Radius, in pixels

Sphere rendering time as a function of radius and complexity, GT, no lighting

                                                          8   points
                                                          32  points
                                                          128 points
                                                          512 points

0

0.005

0.01

0.015

0.02

0.025

0 50 100 150 200 250

Time, in seconds

Radius, in pixels

Sphere rendering tests.  Comparison between lighting and no lighting (GT)

8 points
lighted 8 points
128 points
lighted 128 points

   0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

     0 50 100 150 200 250

Time, in seconds

                              Radius, in pixels

Sphere rendering time as a function of radius and complexity, GS, no shading

                                                          8   points
                                                          32  points
                                                          128 points
                                                          512 points

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 50 100 150 200 250

Time, in seconds

                            Radius, in pixels

Sphere rendering tests.  Comparison between lighting and no lighting (GS)

                                                          8 points
                                                  lighted 8 points
                                                        128 points
                                                lighted 128 points

0M 50M 100M 150M 200M Pixels / sec

ES3050

ES3100

Elan

Extreme

R3000 RE

SS2 GS

SS10 GS

SS2 GT

SS10 GT

Machine Type

0.0 5.0 10.0 15.0 20.0 Points / sec

12.79

12.66

1.069

1.0009

2.6161

8.6107

8.815

1012 745

0 500000 1000000 Points / sec

ES3050

ES3100

Elan

Extreme

R3000 RE

SS2 GS

SS10 GS

SS2 GT

SS10 GT

Machine Type

0 2 4 6 8 microseconds / directional light microseconds / positional light

0M 10M 20M 30M 40M Pixels / sec

0 500000 1000000 Points / sec

ES3050

ES3100

Elan

Extreme

R3000 RE

SS2 GS

SS10 GS

SS2 GT

SS10 GT

Machine Type