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Preface


Computer graphics is one of the fields in computing where mathematical ideas, computer architecture, programming, perception, and visual design come together to produce something immediately visible. From scientific visualization and computer-aided design to games, animation, simulation, and mixed reality, graphics systems have become a fundamental way in which people create, communicate, and interact with digital information.

This book takes a programming-oriented approach to computer graphics. Rather than treating graphics only as a collection of mathematical formulas or API calls, it develops the concepts from the way images are formed and processed, through the architecture of a graphics system, and finally to the programs and programmable stages that produce pixels on the screen. The goal is to help readers understand not only how to make a graphical application work, but also why the underlying graphics pipeline works the way it does.

A central practical choice in this book is WebGL. WebGL provides a browser-based interface to GPU-accelerated graphics and is built on the OpenGL family of APIs. It allows readers to experiment with graphics using JavaScript, HTML, and CSS without the installation and configuration overhead traditionally associated with native OpenGL environments. Because WebGL exposes programmable vertex and fragment shaders, it also provides a direct way to connect the concepts in the book to the programmable stages of a modern graphics pipeline. The examples are therefore practical and browser-based, while the underlying concepts generalize to other contemporary graphics APIs and systems.

The book begins with the foundations needed to understand a graphics system.

Chapter 1, Overview of Graphics Systems and Models, introduces applications of computer graphics, graphics-system components, input and output devices, image formation, the synthetic-camera model, and the graphics pipeline. It establishes the relationship between objects, viewers, light, images, hardware, and the software abstractions used to render them.

Chapter 2, Introduction to Graphics Programming, moves from concepts to implementation. It introduces the WebGL programming interface, primitives and vertex attributes, triangulation, color, shaders, rendering, and control functions. The chapter uses simple examples to establish a practical programming workflow, and to demonstrate how relatively small amounts of graphics code can produce increasingly sophisticated imagery.

Chapter 3, Cameras, Projection, and Viewing, develops the viewing process and the different ways a three-dimensional scene can be projected onto an image. Readers learn about classical and computer-generated views, projection methods, viewing volumes, coordinate systems, clipping volumes, and the role of the camera in a graphics application.

Chapter 4, Geometric Transformations, develops the mathematical foundations required to represent and manipulate geometric objects. It introduces affine and Euclidean concepts, points and vectors, coordinate frames, geometric representations, and the mathematical operations that allow objects and their representations to be transformed.

Chapter 5, Transformation Matrices, turns these ideas into the matrix-based machinery used in graphics systems. It covers translation, rotation, scaling, homogeneous coordinates, transformation matrices in WebGL, interactive transformation, and quaternions. Particular attention is given to understanding where transformations can be performed in an application and where they can be implemented in shaders.

Chapter 6, Lighting and Shading, addresses the central problem of making rendered geometry appear three-dimensional. It introduces light sources, light–material interactions, the Phong reflection model, vector computations, polygonal shading, and the implementation of lighting models. The chapter also considers where lighting calculations can be performed within a programmable graphics pipeline.

Chapter 7, Graphics Pipeline: From Vertices to Fragments, examines the later stages of rendering in detail. It covers geometry processing, clipping, rasterization, interpolation, hidden-surface removal, the z-buffer, and the transformation of geometric primitives into fragments and ultimately pixels. This chapter connects the earlier mathematical and shading concepts into a complete view of how a graphics system produces an image.

Chapter 8, Frame Buffer and Discrete Techniques, shifts attention from continuous geometric representations to the discrete data manipulated by graphics hardware. It introduces the framebuffer and related buffers, texture mapping, image representations, sampling and filtering, and techniques for working directly or indirectly with pixel data.

Chapter 9, Compositing, Curves, and Surfaces, develops techniques for adding visual complexity and representing smooth shapes. It introduces bump mapping and compositing for translucent objects, followed by curve and surface representations, including polynomial and parametric forms such as Hermite and Bézier curves. The chapter also discusses how curved geometry can be rendered using current graphics systems.

Chapter 10, Advanced Rendering, concludes the book by moving beyond the conventional interactive rendering pipeline. It introduces alternative rendering methodologies, and discusses techniques such as ray tracing, global illumination, procedural generation, and image-based rendering. The chapter provides a view of how the foundational concepts developed earlier connect to more advanced and state-of-the-art approaches to image synthesis.

Across the chapters, the emphasis is deliberately placed on the relationship between theory and implementation. Mathematical concepts are introduced when they become useful for explaining a graphics operation, and WebGL examples are used to make those operations concrete. Code examples, shader programs, interactive controls, and end-of-chapter exercises are intended to encourage readers to experiment, rather than simply read.

The book is designed primarily for students and beginning practitioners learning computer graphics and graphics programming. Readers with basic programming experience, particularly with JavaScript, should be able to follow the implementation examples. At the same time, the treatment of image formation, coordinate systems, transformations, lighting, rasterization, buffers, and advanced rendering is intended to provide a conceptual foundation that remains useful beyond WebGL.

Computer graphics is a rapidly evolving field, but its core ideas remain remarkably durable. The specific APIs and hardware available to programmers will continue to change; the fundamental questions, how objects are represented, how viewers see them, how light interacts with surfaces, how geometry becomes fragments and pixels, and how computation can generate convincing images remain central. This book is intended to provide that foundation, while giving readers a practical environment to explore it.





DID YOU KNOW

Did you know that Orange Education Pvt Ltd offers eBook versions of every book published, with PDF and ePub files available? You can upgrade to the eBook version at www.orangeava.com and as a print book customer, you are entitled to a discount on the eBook copy. Get in touch with us at: info@orangeava.com for more details.

At www.orangeava.com, you can also read a collection of free technical articles, sign up for a range of free newsletters, and receive exclusive discounts and offers on Books and eBooks.

PIRACY

If you come across any illegal copies of our works in any form on the internet, we would be grateful if you would provide us with the location address or website name. Please contact us at info@orangeava.com with a link to the material.

ARE YOU INTERESTED IN AUTHORING WITH US?

If there is a topic that you have expertise in, and you are interested in either writing or contributing to a book, please write to us at business@orangeava.com. We are on a journey to help developers and tech professionals to gain insights on the present technological advancements and innovations happening across the globe and build a community that believes Knowledge is best acquired by sharing and learning with others. Please reach out to us to learn what our audience demands and how you can be part of this educational reform. We also welcome ideas from tech experts and help them build learning and development content for their domains.

REVIEWS

Please leave a review. Once you have read and used this book, why not leave a review on the site that you purchased it from? Potential readers can then see and use your unbiased opinion to make purchase decisions. We at Orange Education would love to know what you think about our products, and our authors can learn from your feedback. Thank you!

For more information about Orange Education, please visit www.orangeava.com.







Table of Contents


1. Overview of Graphics Systems and Models

Introduction

Structure

Applications of Computer Graphics

Display of Information

Design

Simulation, Gaming, and Animation

User Interfaces

Mixed Reality Interfaces

A Graphics Rendering System

Pixels and the Frame Buffer

The CPU and the GPU

Output Devices

Input Devices

Physical Input Devices

Logical Devices

Input Modes

Camera Systems

Objects and Viewers

Light and Images

The Virtual Camera Model

Programming Interfaces

Graphics Architectures

The Graphics Pipeline

Vertex Processing

Clipping and Primitive Assembly

Rasterization

Fragment Processing

Programmable Pipelines

Performance Features

Conclusion

Questions

2. Introduction to Graphics Programming

Introduction

Structure

The WebGL Programming Interface

Hello Triangle

Per-Vertex Coloring of the Triangle

Primitives and Attributes

Polygon Basics

Triangulation in 3D Graphics

Benefits of Using Triangles

Limitations and Drawbacks of Using More Complex Polygons

Approximating 3D Polygons with Triangles

Triangulation

Color

RGB Color

Indexed Color

Setting Color Attributes

Viewing

Orthographic Projection

Control Functions

Context Creation and Management

Context Loss and Restoration

Best Practices

Controlling Rendering States

Enabling and Disabling Capabilities

Buffer Clearing

Viewport and Scissor

Blend Functions

Depth and Stencil Operations

Shader and Program Management

Managing Shaders and Programs

Additional Program Management Functions

Adding UI Controls for User Interaction

Conclusion

Exercises

3. Cameras, Projection, and Viewing

Introduction

Structure

Classical and Computer Viewing

Classical Viewing

Orthographic Projection

Axonometric Projections

Oblique Projection

Perspective Projection

Viewing with a Computer

Vertex Shader Output and Clipping Volume

Hidden-Surface Removal and Flexibility

Transformations and Viewing Process

Important Frames in OpenGL

Flexible Viewing Process

Coordinate Systems

Local Space

World Space

View Space

Clip Space

Orthographic Projection

Perspective Projection

Putting It All Together

Example

Conclusion

Exercises

4. Geometric Transformations

Introduction

Structure

Scalars, Points, and Vectors

Geometric Objects

Coordinate-Free Geometry

Mathematics of Graphics: Vectors and Affine Spaces

The Computer Science Perspective

Geometric Abstract Data Types

Lines

Affine Sums

Convexity

Computing Convex Hull

Dot and Cross Products

Planes

Three-Dimensional Primitives

Coordinate Systems and Frames

Representation and N-Tuples

Change of Coordinate Systems

Example: Change of Representation

Homogeneous Coordinates

Example: Change in Frames

Working with Representations

Revisiting Coordinate Spaces in OpenGL

Introducing glMatrix Library

Installing the Library

Creating and Manipulating Vectors

Creating and Manipulating Matrices

Matrix Formatting

Conclusion

Exercises

5. Transformation Matrices

Structure

Translation, Rotation, and Scaling

Translation

Rotation

Scaling

Transformation in Homogeneous Coordinates

Translation

Scaling

Rotation

Shear

Concatenation of Transformations

Rotation about a Fixed Point

General Rotation

Rotation about an Arbitrary Axis

Transformation Matrices in WebGL

Current Transformation Matrices (CTM)

Rotation, Translation, and Scaling

Rotation about a Fixed Point

Order of Transformations

WebGL Example: Spinning a Cube

Memory Usage

Vertex Shader Execution

Quaternions

Complex Numbers and Quaternions

Quaternions and Rotation

Conclusion

Exercises

6. Lighting and Shading

Introduction

Structure

Light and Matter

Light Sources

Color Sources

Ambient Light

Point Sources

Spotlights

Distant Light Sources

The Phong Reflection Model

Ambient Reflection

Diffuse Reflection

Specular Reflection

The Modified Phong Model

Computation of Vectors

Normal Vectors

Angle of Reflection

Polygonal Shading

Flat Shading

Smooth and Gouraud Shading

Phong Shading

Understanding Lighting Parameters

Light Sources

Materials

Implementing a Lighting

Flat Shading

Lighting in the Vertex Shader

Per-Fragment Lighting

Efficiency

Global Illumination

Conclusion

Exercises

7. Graphics Pipeline: From Vertices to Fragments

Introduction

Structure

Basic Implementation Methods

Major Tasks in a Graphics Pipeline

Modeling

Geometry Processing

Rasterization

Fragment Processing

Clipping

Line-Segment Clipping

Cohen-Sutherland Clipping

Liang-Barsky Clipping

Polygon Clipping

Clipping of Other Primitives

Bounding Boxes and Volumes

Curves, Surfaces and Text

Clipping in the Framebuffer

Clipping in Three Dimensions

Rasterization

Bresenham’s Algorithm

Polygon Rasterization

Inside-outside Testing

OpenGL and Concave Polygons

Fill and Sort

Singularities

Hidden-Surface Removal

Object Space and Image-Space Approaches

Sorting and Hidden-Surface Removal

Scanline Algorithms

Back-Face Removal

The z-Buffer Algorithm

Scan Conversion with z-Buffer

Depth Sort and Painters Algorithm

Antialiasing

Conclusion

Questions

8. Frame Buffer and Discrete Techniques

Introduction

Structure

Buffers

Digital Images

Mapping Methods

Texture Mapping

Two-Dimensional Texture Mapping

Texture Mapping in WebGL

Shader Programs

Texture Coordinates

Loading and Binding the Texture

Texture Coordinates and Samplers

Texture Sampling

Texture Coordinates

Multitexturing

Texture Generation

Environment Maps

Environment Mapping Example – Skybox

Conclusion

Exercises

9. Compositing, Curves, and Surfaces

Introduction

Structure

Bump Mapping

Finding Bump Maps

Bump Mapping - Example

Other Techniques

Compositing Techniques

Blending and Opacity

Image Compositing

Blending and Compositing in WebGL

Antialiasing (Revisited)

Back-to-Front and Front-to-Back Rendering

Scene Antialiasing and Multisampling

Image Processing

Other Multipass Methods

Curves and Surfaces

Representation of Curves and Surfaces

Explicit Representation

Implicit Representations

Parametric Form

Parametric Polynomial Curves

Parametric Polynomial Surfaces

Design Criteria

Cubic Polynomial Curves

Interpolation

Hermite Curves and Surfaces

Hermite Form

Geometric and Parametric Continuity

Bézier Curves and Surfaces

Bézier Curves

Bézier Surface Patches

Conclusion

Exercises

10. Advanced Rendering

Introduction

Structure

Beyond Pipeline Rendering

Ray Tracing

Building a Simple Ray-Tracer

Cornell Box

Implementation

Putting It All Together

The Rendering Equation

Radiosity

Radiosity Equation

Solving the Radiosity Equation

Computing Form Factors

Path Tracing and Global Illumination

Procedural Methods

Physically Based Models and Particle Systems

Newtonian Particles

Independent Particles

Spring Forces

Repulsive and Attractive Forces

Solving Particle Systems

Simple Particle System

Particle Attributes and Initialization

Initializing the Buffers

Vertex and Fragment Shaders

Particle Simulation Loop

State-of-the-Art Rendering Techniques

Procedural Generation

Non-Photorealistic Rendering

Face and Body Animation Techniques

Body Animation Techniques

Facial Animation Techniques

Neural Rendering

Conclusion

Exercises

Appendix

Scalars

Vector Spaces

Affine Spaces

Euclidean Spaces

Projections

Gram-Schmidt Orthogonalization

References

📝 Classic and Seminal Research Papers

📐 Geometry, Modeling, and Animation

🎨 Rendering and Shading

🖥 Graphics APIs and Systems

📊 Visualization and Human Perception

🌐 Online and Open Resources

Index





CHAPTER 1

Overview of Graphics Systems and Models


Introduction

Advancements in computer and communication technologies have wielded a profound influence on our daily existence. They have ignited ground-breaking shifts across a spectrum of sectors, including filmmaking, publishing, banking, and education, fundamentally reshaping our everyday rituals. The fusion of computers, networks, and the intricate human visual system, notably through computer graphics, has played a pivotal role in propelling these changes forward. This integration has opened up avenues for innovative methods of information presentation, exploration of virtual domains, and facilitation of communication among individuals and also between humans and machines. These technologies have greatly affected our society. They have transformed media creation and consumption, financial transactions, and education, changing how we interact with the world and each other. As these technologies continue to evolve, we can anticipate further fundamental shifts in how we engage with technology and the profound implications it has on our lives.

Computer graphics refers to the entire process of creating images or pictures with the help of a computer. It began modestly about 50 years ago, starting with the display of simple lines on a Cathode-Ray Tube (CRT). Today, we have the ability to produce computer-generated images and videos that look extremely realistic. It has now become a routine to use computer graphics simulations for various applications, such as airplane training for pilots, surgical training and so on, thus generating graphical representations of virtual environments in real-time. Moreover, feature-length animation films produced entirely by computer have achieved both critical acclaim and financial success.

In this chapter, we will start by providing a brief overview of applications of computer graphics, followed by an overview of graphics systems and imaging. We will compare computer graphics with the traditional image formation methods, such as drawing by hand or photography (taking pictures with a regular camera). With this perspective, it will help us understand the relationships between application programs, graphics libraries, and the architectures used in graphics systems. To have a hands-on practical approach, in this book, we will use WebGL, which is a popular graphics library for building 3D graphics applications. While lots of the earlier textbooks used OpenGL, which is a very popular graphics library, in this book we are focusing on WebGL for the following reasons. Firstly, it is an open standard, and does not require installing numerous libraries or packages, thus making it quite convenient for novice programmers to get started with implementing computer graphics programs. Secondly, it runs on a browser, and hence, offers strong inter compatibility between the operating systems. Thirdly, it is built on OpenGL and has very similar syntax, making it easier to switch back to OpenGL, if necessary. Lastly, since WebGL works with HTML5, JavaScript, and CSS, it allows for creating modern and nice-looking user interfaces by leveraging popular web APIs such as Bootstrap. While OpenGL offers more functionalities, WebGL offers a less steep learning curve, while offering all the features, such as access to shader-level programming, which is sufficient for this beginner-level book. This book will cover all the theoretical aspects of computer graphics and use WebGL to demonstrate those concepts.

Structure

In this chapter, we will discuss the following topics:


	Applications of Computer Graphics

	A Graphics Rendering System

	Camera Systems

	Programming Interfaces

	Graphics Architectures



Applications of Computer Graphics

Developments in computer graphics have been fueled by several factors, which include the needs of the user community, the growing animation and gaming industry with the need to create high-quality computer-generated imagery, the growth of mixed reality (AR/VR) interfaces, and the advances in hardware and software. There are many applications of computer graphics. However, here, we will look into the following major areas:


	Display of Information

	Design

	Simulation and Animation

	User Interfaces

	Mixed Reality (AR/VR) Applications



Display of Information

Classical graphics techniques emerged as a means of communication among people. While spoken and written languages fulfill similar roles, the human visual system stands out as unparalleled in processing data and recognizing patterns. Over 4000 years ago, the people of the Indus Valley Civilization depicted floor plans of buildings on stones. Similarly, more than 2000 years ago, the Greeks conveyed their architectural concepts graphically, even before the relevant mathematics was fully developed during the Renaissance. Today, architects, mechanical designers, and drafts people generate similar types of information using computer-based drafting systems.
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Figure 1.1: Computer Graphics for Visualizing Scientific Data-High-Resolution Detailed 3D Rendering of the Human Brain

In the past century, statisticians have explored various techniques for creating plots that assist the viewers in interpreting data. Today, we have computer plotting packages equipped with a range of techniques and color tools that are capable of handling multiple large datasets. However, it is still the human ability to recognize visual patterns that ultimately enable us to interpret the information within the data.

The field of information visualization is gaining increasing significance, as we grapple with understanding complex phenomena across diverse domains, from bioinformatics to security threat detection. Medical imaging presents particularly intriguing and vital data analysis challenges. Modern imaging technologies like Computed Tomography (CT), Magnetic Resonance Imaging (MRI), ultrasound, and Positron-Emission Tomography (PET) generate three-dimensional data that necessitates algorithmic manipulation to extract useful information.

Today, supercomputers empower researchers across diverse fields to tackle challenges that were once deemed insurmountable. Scientific visualization plays a crucial role by providing graphical tools to aid researchers in interpreting the vast volumes of data they generate. In disciplines like fluid dynamics, molecular biology, and mathematics, converting data into geometric entities for display has led to fresh insights into complex processes. As shown in Figure 1.1, computer graphics can be used to generate high-resolution 3D images from complex spatial data.

Design

Professions like engineering and architecture revolve around the concept of design. Starting with a set of specifications, engineers and architects aim to devise a cost-effective and aesthetically pleasing solution that meets the requisite specifications. Design, by nature, is an iterative process. Real-world problems rarely have a single optimal solution; they are often either overdetermined, lacking any solution that satisfies all criteria, or underdetermined, that is, offering multiple solutions that meet the design criteria. Consequently, designers work iteratively, generating potential designs, testing them, and using the results to explore alternative solutions.


[image: ]

Figure 1.2: Viewing of an Architectural Design from Different Perspectives

The potential of humans interacting with images on the screen of a CRT was recognized by Ivan Sutherland over 40 years ago. Today, the utilization of interactive graphical tools in Computer-Aided Design (CAD) is pervasive in fields, such as architecture, mechanical part design, and the creation of Very-Large-Scale Integrated (VLSI) circuits. In many such applications, graphics serve various purposes. For instance, in VLSI design, graphics provide an interactive interface between the users and design packages, often through tools like menus and icons. Additionally, once a user produces a potential design, other tools analyze it and display the analysis graphically. For instance, Figure 1.2 depicts two views of the same architectural design, both generated using the same CAD system. These images illustrate the importance of having the tools available to produce different views of objects at different stages of the design process.

Simulation, Gaming, and Animation

As graphics systems advanced to generate sophisticated images in real time, engineers and researchers started employing them as simulators. Among the most significant applications is in pilot training. Graphical flight simulators have been instrumental in enhancing safety and cutting down training costs. Utilizing specialized VLSI chips has facilitated the development of arcade games as intricate as flight simulators. Moreover, games and educational software for home computers have reached impressive levels of sophistication, nearly matching the standards set by the professional simulators.
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Figure 1.3: Applications of Computer Graphics for Creating Various Visual Effects such as (a) Particle Effects for Simulating Explosions, (b) Photorealistic Effects for Simulating Real Environments, and (c) Physics-Based Rendering to Simulate Natural Phenomena such as Hair

The success of flight simulators paved the way for the widespread use of computer graphics in animation across the television, motion-picture, and advertising industries. The entire animated movies can now be produced using computer animation techniques, often at a lower cost compared to the traditional hand-animation methods. Combining computer graphics with hand animation allows for the creation of technical and artistic effects that are beyond the capabilities of either technique alone.

While computer animations have a distinct appearance, modern computer graphics can also generate photorealistic images. Images seen on television, in movies, and in magazines often appear to be so realistic that distinguishing between computer-generated or computer-altered images and photographs becomes challenging. Lighting effects play a significant role in computer animations, and in Chapter 6, Lighting and Shading, we will delve into many such techniques that are used to produce these effects.

User Interfaces

Our interaction with computers has shifted towards a visual paradigm dominated by elements such as windows, icons, menus, and pointing devices like mice. Across various operating systems, similar to the X Window System, Microsoft Windows, and the Macintosh Operating System, users experience similar interfaces with only minor variations. More recently, the widespread adoption of the Internet has introduced millions of users to graphical network browsers like Firefox, Chrome, Safari, and Internet Explorer, all of which utilize these familiar interface tools.

So accustomed have we become to this style of interface that we often overlook the fact that our interactions involve computer graphics. The seamless integration of visual elements into our computing experiences has become so natural that we may not even consciously recognize the underlying technology at play.

Mixed Reality Interfaces

Computer graphics plays a vital role in creating mixed-reality interfaces by providing visual elements that blend virtual and real-world environments seamlessly. Mixed reality interfaces aim to merge the digital content with the physical world, offering users an immersive and interactive experience. Here is how computer graphics contributes to this process:


	Virtual Object Rendering: Computer graphics render virtual objects, environments, and characters within the mixed reality space. These digital elements must be visually convincing and interact realistically with the real world to maintain immersion.

	Spatial Mapping: Computer graphics helps in spatial mapping, where the physical environment is scanned and mapped digitally. This enables the virtual objects to interact with real-world surfaces and obstacles accurately.

	Augmented Reality Overlays: In Augmented Reality (AR), computer graphics overlays digital information onto the user's view of the real world. This can include annotations, labels, or interactive elements that enhance the user's understanding or interaction with their environment.

	Visual Effects and Feedback: Computer graphics is responsible for generating visual effects and feedback to enhance user interactions. This can include realistic lighting, shadows, reflections, and particle effects to make the virtual objects feel more natural within the mixed reality environment.

	User Interface Design: Computer graphics is used to design intuitive User Interfaces (UI) for interacting with mixed-reality environments. This includes designing menus, buttons, and other interactive elements that users can manipulate using gestures or other input methods.

	Simulation and Training: Mixed reality interfaces are often used for simulation and training purposes in various industries. Computer graphics is essential for creating realistic training scenarios, virtual simulations, and interactive learning environments.



A Graphics Rendering System

A computer graphics system, like any computer system, comprises several essential components to function effectively. As shown in Figure 1.4, there are six major elements in our system:


	Input Devices

	Central Processing Unit (CPU)

	Graphics Processing Unit (GPU)

	Memory

	Framebuffer

	Output Devices



The model described previously encompasses a wide range of computing devices, including workstations, personal computers, interactive game systems, mobile phones, GPS systems, and sophisticated image-generation systems. While these devices share many components with a standard computer, it is the specialization of each element for computer graphics that distinguishes them as graphics systems.
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Figure 1.4: A Graphics System Comprising All the Key Processing, Input, and Output Components

For instance, in a graphics system, the GPU is often highly specialized and optimized for rendering visual content efficiently and at high speeds. Input devices may include specialized controllers or touchscreens tailored for interacting with graphical interfaces or virtual environments. Output devices may include high-resolution displays or immersive VR headsets designed to deliver rich visual experiences. Furthermore, the operating system and the graphics software on these systems are often optimized to leverage the capabilities of the hardware for graphics-intensive tasks, such as gaming, digital content creation, or AR applications.

Overall, while the basic components may resemble those of a standard computer, it is the specialization and optimization of each element for computer graphics that defines these systems as dedicated graphics systems.

Pixels and the Frame Buffer

Raster-based graphics systems are predominant in modern computing. In these systems, the image displayed on the output device, such as a monitor or screen, is composed of an array of picture elements, commonly known as pixels. Each pixel represents a tiny unit of the image and contains information about its color, brightness, and other attributes.

The frame buffer serves as a critical component of a graphics system, collectively storing the pixels that compose the image displayed on the screen. Its resolution, or the number of pixels it contains, determines the level of detail visible in the image. Additionally, the depth, or precision, of the frame buffer, measured in bits per pixel, determines properties, such as the range of colors, that can be represented. For instance, a 1-bit-deep frame buffer can display only two colors, while an 8-bit-deep frame buffer can represent 256 colors. In full-color systems, typically 24 bits per pixel are used, allowing for a realistic representation of most images. These systems are often referred to as true-color or RGB-color systems, as bits in each pixel correspond to the red, green, and blue color components.

High Dynamic Range (HDR) systems employ 12 or more bits per color component, enabling a wider range of color representation. Traditionally, frame buffers stored colors in integer formats, but recent advancements have introduced floating-point formats, facilitating easier support for HDR colors.

In some systems, the frame buffer contains some additional information beyond color data, such as depth information used for rendering three-dimensional scenes. These systems may comprise multiple buffers, including one or more color buffers dedicated to storing the colored pixels displayed on the screen. While the terms, "frame buffer" and "color buffer" are often used interchangeably, particularly in simple systems, they may refer to distinct components in more complex setups. For now, to avoid confusion, we can use the terms frame buffer and color buffer synonymously.

The CPU and the GPU

In a basic graphics system, there might be only one processor, typically the Central Processing Unit (CPU), which is responsible for both general processing tasks and graphical processing. The primary graphical function of the CPU is to interpret specifications of graphical primitives, such as lines, circles, and polygons, generated by application programs. It then translates these specifications into values assigned to the pixels in the frame buffer, aiming to accurately represent these entities on the screen. For instance, to display the outline of a triangle specified by its three vertices, the graphics system must generate a set of pixels that appear as line segments to the viewer. This conversion of geometric entities to pixel colors and positions in the frame buffer is known as rasterization or scan conversion.
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Figure 1.5: Pixels — (a) An image of a Cat, and (b) Detail of the Area around an Eye of the Cat, Showing the Individual Pixels

In early graphics systems, the frame buffer was typically a part of the system's standard memory, directly accessible by the CPU. However, in modern graphics systems, specialized Graphics Processing Units (GPUs) handle these tasks. GPUs are custom-tailored to perform specific graphics functions efficiently (such as matrix multiplications and transformations). They may be integrated into the motherboard or included as separate graphics cards. The frame buffer is accessed through the GPU, often residing on the same circuit board.

GPUs have evolved to become highly sophisticated components, sometimes rivaling or even surpassing CPUs in complexity. They feature special-purpose modules optimized for graphical operations and exhibit a high degree of parallelism. Modern GPUs can contain over a hundred processing units, each of which is programmable by the user. This parallel processing capability makes the GPUs powerful enough to serve as mini supercomputers for general-purpose computing tasks, extending their utility beyond graphics processing. In the current age, they are also being extensively used for training large Machine Learning (ML), Deep Learning (DL), and Large Language Models (LLMs).

Output Devices

Flat-panel monitors, including those based on LED, LCD, and plasma technologies, are indeed replacing the traditional CRT displays due to their slim profile and energy efficiency. These flat-panel monitors operate on raster-based principles, utilizing a two-dimensional grid to address individual light-emitting elements.

In a generic flat-panel monitor, there are two outside plates, and each contains parallel grids of wires arranged perpendicular to each other. By sending electrical signals to the appropriate wires in each grid, the electrical field at a specific location, determined by the intersection of two wires, can be manipulated to control the corresponding element in the middle plate.

In Light-Emitting Diode (LED) panels, the middle plate contains LED s that can be turned on and off by the electrical signals that are sent to the grid. Each LED acts as a pixel, emitting light of a specific color when activated. In Liquid Crystal Display (LCD) displays, the electrical field controls the polarization of liquid crystals in the middle panel. These liquid crystals can twist and change their polarization state when subjected to an electric field, thus modulating the light passing through the panel. Backlighting, usually provided by LEDs, illuminates the liquid crystals to produce the desired images on the screen.

Overall, flat-panel monitors rely on the precise control of electrical signals to manipulate light-emitting elements or liquid crystals, resulting in the display of the images on the screen. This technology offers numerous advantages over CRT displays, including reduced size, weight, and power consumption.
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Figure 1.6: Arrangement of Various Grids in a Flat-Panel Display

Input Devices

Most graphics systems are equipped with a keyboard and at least one additional input device, commonly known as a pointing device. These input devices provide positional information to the system and typically include buttons to send signals to the processor. The most common pointing devices include the mouse, joystick, and data tablet or a touchscreen, each allowing users to interact with the display screen by indicating specific locations.

However, modern graphics systems, especially game consoles, offer a diverse range of input devices, with new ones emerging frequently. These devices may include motion controllers, touchscreens, gamepads, virtual reality headsets, and more. Some input devices even provide a three-dimensional or multi-dimensional input, adding depth and complexity to user interactions.

Given the variety of the available input devices, it is essential to develop a flexible model for incorporating the input from these devices into graphics programs. This model should be capable of handling different types of input devices and translating their signals into meaningful actions within the graphics environment. By designing programs with flexibility in mind, developers can create experiences that cater to a wide range of input devices and user preferences.

Thinking about input devices in terms of both their physical characteristics and their logical properties is crucial for a comprehensive understanding and effective utilization in application programming. From a physical perspective, it is essential to understand the technical details of input devices, such as how they are constructed, how they transmit signals, and how they interact with the computer system. This understanding helps ensure proper integration and operation within the overall system architecture.

However, from the perspective of an application programmer, focusing on the logical properties of input devices is more relevant. Logical devices abstract away the physical details, and instead provide a high-level interface for interacting with the device from the perspective of the application program. This allows programmers to write the code that is independent of the specific physical device being used, promoting portability and flexibility.

For example, in programming languages like C and C++, input and output operations are performed using functions and streams that operate on standard data types. The programmer interacts with these logical devices, such as stdin and stdout, without needing to know the underlying details of the physical devices handling the input and output operations. This abstraction enables the same code to work seamlessly across different platforms and devices.

Understanding the physical properties of input devices is important for system integration and low-level programming. However, thinking of input devices as logical devices makes application development easier by offering a standard interface that hides the hardware details. This approach helps programmers write a code that is efficient, portable, and easy to maintain.

In computer graphics, the concept of logical devices becomes more nuanced due to the diverse forms that input can take. Unlike in non-graphical applications, where an input is often restricted to strings of bits or characters, graphical applications may receive input in various forms, each requiring a different interpretation. For instance, consider the use of a mouse as a physical device. In one scenario, the user may use the mouse to select a location on the screen, in which case the application program receives an x, y pair, representing the coordinates of the selected point in some coordinate system. In another scenario, the user may use the mouse to interact with a menu, where the application program receives an integer identifier corresponding to the selected menu item.

The separation of physical devices from the logical devices in computer graphics enables flexibility and versatility in input handling. It allows the same physical device to be used in multiple logical ways, depending on the context of the application. For example, a mouse can be used for both direct manipulation tasks, such as drawing or dragging objects on the screen, and indirect manipulation tasks, such as selecting menu items.

Furthermore, this separation enables programs to remain agnostic to the specific physical device being used. For example, if a mouse is being replaced by another physical device like a data tablet or trackball, the same program can continue to function without modification, provided that the logical device interface remains consistent. Overall, the separation of physical and logical devices in computer graphics facilitates flexibility, adaptability, and reusability in both input handling and application development. It allows programmers to focus on designing intuitive and responsive user interfaces, without being constrained by the specifics of the underlying hardware.

Physical Input Devices

Understanding the physical properties of input devices is essential because different devices are more suitable for specific tasks. In most workstation literature, input devices are categorized into two primary types: pointing devices and keyboard devices.


	Pointing Devices: Pointing devices allow users to indicate positions on the screen, typically through movements or gestures. These devices often incorporate one or more buttons, allowing users to send signals or interrupts to the computer. Examples of pointing devices include mice, trackballs, touchpads, and styluses used with graphics tablets.

	Keyboard Devices: Keyboard devices primarily consist of physical keyboards, but can be generalized to include any device that returns character codes, such as virtual keyboards or speech-to-text systems. These devices allow users to input alphanumeric characters, symbols, and other commands. In examples, the American Standard Code for Information Interchange (ASCII) is commonly used. ASCII assigns a single unsigned byte to each character, providing a standard character encoding system. However, it is worth noting that other character encoding systems (such as Unicode), particularly those used for Internet applications, may use multiple bytes for each character, allowing for a broader range of supported characters and symbols.



While ASCII is prevalent, the choice of character encoding system is not restricted to it. The selection of a character encoding system depends on the specific requirements of the application and the supported character set. Different encoding systems (such as UTF-8 or UTF-16 from the Unicode family) offer varying levels of support for international characters, special symbols, and other linguistic elements, catering to the needs of diverse user bases and application contexts.

Relative positioning, as provided by devices like mice or trackballs, can present challenges for certain tasks, particularly those that require precise and continuous tracing or drawing, such as following a curve on the screen. One of the limitations of relative positioning is that the position of the cursor or pointer on the screen is determined based on its movement relative to its previous position (Figure 1.7). Therefore, if the user lifts and moves the mouse or trackball, the cursor's position on the screen is reset, causing the user to lose the absolute position on the curve being traced.

For tasks that require accurate tracing or drawing, absolute positioning is typically preferred. Absolute positioning allows the user to specify a precise location on the screen without reference to the cursor's previous position. Devices like graphics tablets or touchscreens often provide absolute positioning capabilities, allowing users to interact with the screen by directly touching or pointing to specific locations.
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Figure 1.7: Positioning of Cursor Based on the Mouse Movement

The mouse and trackball are similar in both use and construction. A typical mechanical mouse, when turned over, resembles a trackball. In both devices, the motion of the ball is converted into signals that are sent back to the computer by pairs of encoders inside the device, which are turned by the ball's motion. These encoders measure motion in two orthogonal directions, typically horizontal and vertical. There are various variants of these devices. Some utilize optical detectors instead of mechanical ones to measure motion. Small trackballs are popular with portable computers, as they can be integrated directly into the keyboard. Additionally, there are pressure-sensitive devices used in keyboards that perform similar functions to the mouse and trackball, but they do not move. These devices measure the pressure exerted on a small knob, which is usually located between two keys on the keyboard.

The output of the mouse or trackball can be viewed as two independent values provided by the device, representing motion in two dimensions. These values can be interpreted as positions and converted to a two-dimensional location in a convenient coordinate system. While this configuration allows for automatic positioning of a cursor on the display, it is rarely used in this direct manner. Alternatively, the output from the mouse or trackball encoders can be interpreted as two independent velocities. The computer can then integrate these velocities over time to obtain a two-dimensional position. This approach enables variable-sensitivity input, where small deviations from rest cause slow or small changes, while large deviations result in rapid and large changes. Essentially, the device's movement translates into cursor movement on the screen.

In this mode, where the distance traveled by the ball is interpreted as velocity, the devices function as relative-positioning devices. Changes in the position of the ball yield corresponding changes in the position of the cursor in the user program, without considering the absolute location of the device. Relative positioning, as provided by a mouse or trackball, is not always required. Specifically, these devices are unsuitable for the tasks that require precise manipulations, such as tracing a diagram. When the user is trying to follow the curve on a screen, if he/she lifts and moves the mouse, then the absolute position of the curve is lost.

Data tablets offer absolute positioning, which is typically achieved through rows and columns of wires embedded under the tablet's surface. The position of the stylus is determined through the electromagnetic interactions between signals traveling through the wires and sensors in the stylus. Touch-sensitive transparent screens, akin to data tablets, share similar properties and provide absolute positioning capabilities. Additionally, pressure-sensitive touchpads, often found in the keyboards of portable computers, can function as either relative or absolute positioning devices.

Another noteworthy input device is the joystick. The joystick encodes the motion of the stick in two orthogonal directions, interprets these motions as velocities, and integrates them to determine a screen location. The joystick's integration feature enables variable-sensitivity input, where the cursor movement depends on the stick's distance from its resting position. Furthermore, joysticks can incorporate mechanical elements like springs and dampers to provide resistance, thus enhancing user experience in applications, such as flight simulators and games.
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Figure 1.8: Most Common Physical Input Devices

For three-dimensional graphics, three-dimensional input devices are preferred. One example is the spaceball, resembling a joystick with a ball at the end. However, unlike the traditional joysticks, the spaceball's stick remains stationary, while pressure sensors in the ball measure applied forces in multiple directions, providing six degrees of freedom. The Nintendo Wiimote is another three-dimensional input device, offering both position and orientation tracking through infrared technology. An extension of the Wiimote is the current state-of-the-art VR controllers (Figure 1.8), which can provide 3D spatial tracking and orientation, that is particularly useful in mixed reality applications.

Furthermore, laser-based structured-lighting and laser-ranging systems, as well as various tracking systems used in virtual reality applications, can measure three-dimensional positions. Additionally, devices like data gloves can sense motion across different parts of the body, providing multiple additional input signals, which are particularly useful in virtual reality and robotics applications that require more degrees of freedom than traditional input devices offer.

Logical Devices

When considering an input from within the application program, we must shift our focus to the logical perspective of the input devices. Two key characteristics define the logical behavior of an input device:


	Measurements Returned to the User Program: This refers to the data or information provided by the input device to the application program. Depending on the device and its capabilities, these measurements can vary widely. For example, a mouse may provide position coordinates (x, y) on a two-dimensional plane, while a data tablet may offer absolute positioning coordinates. Similarly, other input devices may provide velocities, pressure levels, or other relevant data points. Understanding the type and format of measurements returned by the device is crucial for effectively processing and interpreting user input within the application program.

	Timing of Measurements: This aspect pertains to when the input device returns the measurements to the user program. Different devices may have varying rates of data transmission or update frequencies. For instance, some devices may provide measurements continuously at a high sampling rate, ensuring real-time responsiveness to user actions. In contrast, other devices may deliver measurements intermittently or in response to specific events triggered by the user. Understanding the timing of measurements is essential for designing responsive and interactive user interfaces within the application program.



By considering these two major characteristics of input devices from a logical standpoint, developers can effectively integrate user input into their applications, thereby ensuring smooth interaction and user experience. Additionally, understanding how devices return measurements and when they provide them enables developers to implement appropriate handling and processing mechanisms to meet the specific requirements of their applications.

In the realm of logical input devices, the logical string device corresponds to character input obtained through functions or UI elements. For instance, the prompt function in JavaScript can be used for gathering user input and storing its value in a variable. Regardless of the source—whether from a physical keyboard, a file, or an on-screen keyboard accessed via a pointing device—the application receives the input from the user. Logically, these methods are all examples of a string device, and application code for processing such input can remain consistent regardless of the physical device used.

The physical pointing device offers versatility in its logical usage. As a locator, it can provide positional information to the application in either a device-independent coordinate system (such as, world coordinates in OpenGL) or in screen coordinates, which the application can then transform into another coordinate system. On the other hand, a logical pick device returns the identifier of an object on the display to the application program. While typically implemented with the same physical device as a locator, it features as a separate software interface to the user program.

Widgets and graphical interactive devices— provided by the window system, a toolkit, or a web API— offer another layer of logical input devices. Examples include menus, scrollbars, and graphical buttons, which are often implemented as special types of windows. Widgets can serve to provide additional types of logical devices; for instance, a menu offers a selection of choices, much like a row of graphical buttons. Similarly, a logical valuator delivers analog input to the user program, typically through a widget such as a slider, although the same logical input could be provided by a user typing numbers on a physical keyboard.

Input Modes

In computer graphics, the diversity of input types extends beyond what is typically encountered in simpler C and C++ programs that rely solely on keyboard inputs. The manner in which the physical and logical input devices provide input to an application program can be understood in terms of two main entities: the measure process and the device trigger.


	Measure Process: This refers to what the device returns to the user program. For example, the measure of a keyboard includes the string of characters typed by the user, while the measure of a locator (such as a mouse) includes the positional information.

	Device Trigger: This is a physical input mechanism on the device that allows the user to signal the computer. For instance, the trigger for a keyboard can be a key press (such as the Return or Enter key), while for a locator device, it can be a button on the pointing device.



The measure of a device can be obtained in three distinct modes, that are characterized by the relationship between the measure process and the device trigger:

Request Mode: In request mode, the measure of the device is not returned to the program until the device is triggered. This mode is commonly used in non-graphical applications. For instance, in a typical C program requiring character input, functions like scanf are utilized. When the program requires input, it pauses at the scanf statement, awaiting user input at the terminal. Users can correct the input using backspace and take as much time as needed. The data is stored in a buffer, and its contents are returned to the program only after a specific key, such as Enter, is pressed (the trigger). Similarly, for a logical device like a locator, users can position the pointing device and then trigger it with its button, causing the location to be returned to the application program.

Sample Mode: In sample mode, the input is immediate. As soon as the function call in the application program is encountered, the measure is returned (such as the coordinate position of the pointing device or the button pressed on the keyboard). However, users must have already positioned the pointing device or entered data using the keyboard before the function call, as the measure is extracted directly from the buffer.

One characteristic of both request and sample mode input in APIs that support them is that users must specify which device provides the input. Consequently, any other available information from other input devices is ignored. While request and sample modes are useful when the program guides the user, they are not suitable for those programs where the user controls the program flow. For instance, flight simulators or computer games often utilize multiple input devices simultaneously, making it nearly impossible to control the simulation solely with sample and request mode inputs.

Event-Driven Mode: Event-Driven mode addresses these challenges by handling various interactions. In an environment with multiple input devices, each with its own trigger and measure process, triggering a device generates an event. The device measure (for example, the 2D location of the pointer returned by a mouse), along with its identifier, is then placed in an event queue. This process is independent of the application program's actions. One way for the program to work with events is to examine the event at the front of the queue or wait for an event if the queue is empty. The program can then decide what to do based on the event's type (as shown in Figure 1.9).

Another approach is associating a function, called a callback, with a specific event type. In this approach, the operating system regularly queries or polls the event queue and executes the callbacks corresponding to events in the queue. This approach is widely used in major window systems and has proven effective in client-server environments.

Understanding these modes of obtaining input from devices is crucial for designing responsive and interactive graphics applications, as it allows developers to choose the most appropriate mode based on the application's requirements and the nature of the input devices being used.
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Figure 1.9: Workflow of an Event-Driven Model

In this figure, there is a dedicated process for the trigger that obtains the measures from the same; these measures are then added to the event queue, which is handed over to the application program.

Camera Systems

In modern systems, the goal is to leverage both software and hardware capabilities to create realistic images of computer-generated three-dimensional objects. This task involves various aspects of image formation, including lighting, shading, and material properties. Since most current computer graphics systems directly support such functionality, it is preferable to lay the foundation for creating these images upfront, rather than expanding a limited model later.

Computer-generated images are synthetic or artificial, meaning that the objects being imaged do not physically exist. In this chapter, we will advocate for a method of forming computer-generated images that resembles the traditional imaging methods, such as cameras and the human visual system. Therefore, before delving into the mechanics of writing programs to generate images, it is important to understand how images are formed by optical systems. We will construct a model of the image-formation process that serves as a basis for understanding and developing computer-generated imaging systems.

In this chapter, we will minimize the use of mathematics to establish a paradigm for creating images, and present a computer architecture for implementing that paradigm. Detailed equations and mathematical formulations will be provided in the subsequent chapters, where we will derive the relevant principles.

Objects and Viewers

Our world is rich with three-dimensional objects, and throughout history, the development of various branches of mathematics, such as geometry and trigonometry, was driven by the need to organize and quantify spatial relationships among these objects. Whether it is measuring sizes or distances between objects, humans have sought to represent their understanding of spatial relationships through visual means like maps, paintings, and photographs.

Moreover, the invention and advancement of physical devices like cameras, microscopes, and telescopes have been motivated by the human desire to visualize spatial relationships more accurately and effectively. These devices serve as tools for capturing and interpreting images, further reinforcing the intrinsic connection between the physics of light and the mathematics of image formation.

Therefore, as we delve into the realm of computer image formation, we can leverage this deep-rooted connection between physics and mathematics to develop more sophisticated and realistic methods for generating images in the digital world. By understanding the principles of image formation from both perspectives, we can create computational models that mimic the natural processes of vision and produce visually compelling computer-generated imagery.

In any image generation process, whether it is theoretical or physical, two fundamental components are essential: the object and the viewer. The object, existing independently in space, is what we aim to visualize or represent. In computer graphics, where synthetic objects are common, we must define objects by specifying the positions of various geometric primitives like points, lines, and polygons in space. These primitives serve as the building blocks for creating more complex objects or scenes.

On the other hand, the viewer is the entity responsible for forming the image of the objects. This can be a human observer, a camera, or any other imaging device. For instance, in the human visual system, the image of an object is formed on the retina at the back of the eye, while in a camera, the image is captured on the film or digital sensor.

It is important to distinguish between objects and images, as they are often confused. While we perceive an object from our own perspective, it is crucial to recognize that other viewers, positioned differently, will perceive the same object differently. For example, if multiple observers are looking at a building from different angles, each observer will see a different image of the building based on their viewpoint. Figure 1.10 shows the same building seen from different angles and perspectives. Figure 1.10(a) shows the image of what is being seen by an observer A, who is far enough away from the building to see both the building and the two other viewers, B and C. From A’s perspective, B and C appear as objects, just as the building does. Figure 1.10(b) and (c) show the images as seen by B and C, respectively. All three images contain the same building, but the image of the building is different in all three.

In the process of image formation, both the object and the viewer exist in a three-dimensional world, yet the resulting image is typically two-dimensional. The transformation from the three-dimensional object-space to the two-dimensional image-space is the crux of image formation. This process involves combining the specifications of the object and the viewer to generate a coherent and visually meaningful representation of the object on a projection plane or image plane. Understanding this process is essential for creating accurate and realistic computer-generated images.
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Figure 1.10: Image Seen by Three Different Viewers - (a) The Top View of the Building, (b) Front View as Seen by B, and (c) C’s View

Light and Images

In our previous discussion of image formation, we had omitted important factors such as light and color. Light is crucial for visibility; without it, objects would remain in darkness, rendering them invisible in our images. Additionally, we did not explore how color is introduced into the imaging process, or how surface properties affect the appearance of objects.

Taking a more physical perspective, we can examine a simple imaging system, as depicted in Figure 1.15. In this setup, we have a physical object, a viewer (represented by the camera), and a light source illuminating the scene. Light emitted from the source interacts with various surfaces of the object, and a portion of the reflected light enters the camera through its lens. The amount of light that enters the camera is determined by the intricate interactions between light and the object's surfaces.
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Figure 1.11: Camera System with an Object, Camera. and a Light Source

From a physical standpoint, light is a form of electromagnetic radiation. Classically, we can describe electromagnetic energy as waves, characterized by their wavelengths or frequencies. The electromagnetic spectrum encompasses various forms of radiation, including radio waves, infrared (heat), and the visible spectrum, which is responsible for our visual perception. The visible spectrum ranges from approximately 350 to 780 nanometers (nm) and is what we perceive as light. Different wavelengths within this range correspond to different colors. For instance, wavelengths around 520 nm appear green, those near 450 nm appear blue, and those around 650 nm appear red. Other colors, such as yellow and violet, result from combinations of different wavelengths within the spectrum.

Light sources emit energy at specific wavelengths, determining their colors. Some sources emit light at discrete frequencies, while others emit light continuously over a range of frequencies. In computer graphics, we typically do not delve into the detailed physics of light; instead, we focus on understanding how light interacts with objects to create visual representations.

At this juncture, we will mainly consider the perceptual aspects of light, such as color and intensity, rather than its physical properties. In scenarios such as in Computer Graphics

The Virtual Camera Model




	Viewing Frustum: The viewing frustum defines the region of space that the camera can see and capture. It is typically defined by a near plane, a far plane, and four bounding planes (left, right, top, or bottom) that define the field of view.

	Camera Position and Orientation: The position and orientation of the camera determine its viewpoint within the virtual scene. This includes its location (specified by coordinates in 3D space) and its orientation (specified by rotation angles or a transformation matrix).

	Projection: The projection process maps the 3D scene onto a 2D plane to create the final image. There are two primary types of projections used in computer graphics: perspective projection and orthographic projection. Perspective projection mimics how objects appear smaller as they move away from the camera, thus creating a sense of depth and distance. Orthographic projection maintains the same size for objects regardless of their distance from the camera, resulting in a more uniform appearance without depth perception.

	Field of View: The field of view determines how much of the scene is visible to the camera. It can be adjusted to widen or narrow the viewing angle, influencing the composition and perspective of the final image.

	Image Plane: The image plane represents the 2D surface where the final image is formed. It corresponds to the film or digital sensor in a real camera. The size and resolution of the image plane affect the quality and detail of the rendered image.

	Lens Properties: In a realistic camera simulation, lens properties such as focal length, aperture size (for controlling depth of field), and lens distortion may also be considered.
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Programming Interfaces
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	Position: The position of the camera or viewer typically refers to the location of the Center of Projection (COP), which corresponds to the position of the camera lens or viewpoint. This position determines where the camera is located in the scene relative to the objects being viewed. In 3D graphics APIs like OpenGL, the camera position is often defined using a 3D vector, representing the coordinates (x, y, z) of the COP in world space.
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	Orientation: The orientation of the camera describes its direction or pointing angle in the scene. It includes parameters, such as pitch, yaw, and roll, which determine the camera's rotation around its axes. For example, pitch refers to the angle of the camera's up-down tilt, yaw controls its left-right rotation, and roll affects its tilt along the viewing axis. In some APIs, orientation may be specified using Euler angles or quaternions, which represent rotations in the 3D space.

	Field of View (FOV): The Field of View (FOV) defines the angular extent of the scene visible to the camera. It determines how much of the scene is captured within the camera's view frustum, which is the 3D pyramid-shaped volume representing the visible region. The FOV angle influences the perspective distortion and depth perception in the rendered image. Typically, FOV is measured either horizontally or vertically, and APIs may provide functions to set or adjust the FOV angle.

	Aspect Ratio: The aspect ratio refers to the ratio of the width to the height of the camera's viewport or image plane. It determines the shape of the rendered image, and affects how objects are displayed in the final output. For example, a wider aspect ratio (such as 16:9) produces a wider field of view, while a narrower aspect ratio (such as 4:3) results in a more square-like image. The aspect ratio is essential for rendering images correctly on different display devices, such as monitors, screens, or aspect-corrected cameras.









	Location: The position in the scene from which light emanates.

	Strength: The intensity or brightness of the light emitted by the source.

	Color: The hue and intensity of the light, which can vary based on the source's characteristics.

	Directionality: Whether the light radiates uniformly in all directions (like a point source) or is focused in a particular direction (like a spotlight).





	Color: The intrinsic color of the object's surface.

	Reflectivity: How much light is reflected off the surface.

	Transparency: The degree to which the light passes through the object.

	Specularity: The shininess or glossiness of the surface, affecting the appearance of highlights.
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Questions


	Discuss the importance of choosing the right input device for specific graphic design tasks. Compare and contrast the suitability of a mouse, graphics tablet, and stylus for tasks, such as drawing, 3D modeling, and photo editing.

	One of the most recent interaction paradigms is the use of pressure input, which is becoming prevalent in most touchscreen devices. Explain how pressure sensitivity in graphics tablets and styluses enhances the digital art creation process. Think of all the novel applications that the pressure input can be used for.

	Discuss why the synthetic camera model is essential in computer graphics and what it helps to achieve.

	Compare and contrast the synthetic camera model with traditional optical cameras used in photography.

	Describe how triggers are utilized to handle user interactions, such as mouse clicks or keyboard inputs, in GUIs.

	Consider a first-person shooter game in which the user is clicking the left mouse button to shoot and the right mouse button to change the weapon. Explain the interaction mechanism by analyzing the various input modes that are being used here.

	Compare the performance and capabilities of modern GPUs with the GPUs that were in the market 10 years ago (you can get this information from the popular GPU manufacturers such as nVidia, AMD, Intel, and so on). Analyze the differences in rendering speed, visual quality, and supported features.

	Repeat the same exercise for Mobile GPUs (popular GPU manufacturers for mobile devices are Imagination Technologies, ARM, Qualcomm, Intel, and nVidia). Analyze and compare the mobile GPUs with desktop GPUs.

	A typical full display has 1920×1080 pixels on the display. To ensure that there is no flickering, the screen needs to be refreshed 60 times per second (popularly called 60 Hz). Assuming a full-color display, that is, 24-bits per pixel, calculate the amount of memory required and also the speed of the memory. Compare this with a 640×480 display with 30 Hz and with a mobile display, which has a resolution of 1344×2992 pixels with 120Hz and HDR images (96 bits per pixel).

	How does the FOV impact the view volume in the synthetic camera model? Also explain how each of the parameters, namely, the aspect ratio of the projection plane and the position of the camera, influences the image formation.
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