
COMPUTER GRAPHICS
LECTURE #4

MKS 537E – Intro to CAE



Computer Aided Design

Dr. Patrick Hanratty regarded as the father of CAD 
and CAM.
He worked for where in 1957 he wrote PRONTO 
(Program for Numerical Tooling Operations), an early
commercial numerical control programming
language.

Dr. Patrick Hanratty
(1931-2019) 



Sketchpad

It is a computer program written by Ivan Sutherland in 1963 in MIT. 
The Sketchpad system uses drawing as a novel communication medium 
for a computer. 

https://www.cl.cam.ac.uk/techreports/UCAM-CL-TR-574.pdf



Sketchpad

Øthe ancestor of modern computer-aided 
drafting

Øa major breakthrough in the 
development of computer graphics in 
general. 

Øcomputer graphics be utilized for artistic 
and technical purposes 

Øa novel method of human-computer 
interaction.

Øutilize a complete graphical user 
interface.

Øused an x-y point plotter display as well 
as the light pen. 

TX-2 computer at Lincoln Laboratory



Sketchpad

Sketchpad ran on MIT Lincoln Labs’ TX-2 computer. It was the machine 
with 306 kilobytes of core memeory, had 320 kb main memory, an 8 
Mb magnetic tape storage devise, a 7 inch 1024 x 1024 monitor, a light 
pen, and a button box. 

The computer occupied about 92 sq. 
meters and the 320 kb memory core 
alone was abour 0.76 cubic meters.



History of Innovation



Sketchpad

Sketchpad: Free online drawing application for 
all ages.

https://sketch.io/sketchpad/



What is engineering graphics

Engineering graphics is the 
graphical or pictorial solution of 
engineering problems.
Engineering graphics is the 
creation of engineering 
drawings. 
These are representations of 
physical objects/locations on 
paper (or in 2 dimensional or 3 
Dimensional electronic format).



Computer Graphcis

It is difficult to display an image of any size on the computer screen. 
This method is simplified by using computer graphics. 
Graphics on the computer are produced by using various algorithms 
and techniques.

Computer Graphics is the creation of pictures with 
the help of a computer. The end product of the 
computer graphics is a picture it may be a business 
graph, drawing, and engineering.



What is computer graphics ?

Graphics

CAD
CAM
CAE

Perception

Inverse 
rendering

Geometry 
modelling

Simulation 

Rendering

Physics

Mathematics

Vision

Psychology

Engineering

Photography



Computer graphics
Computer Graphics

Image Analysis LongnitiveGenerative Graphics

Used to generation of 
pictures and images

Used to photographic 
images

Used to create line, 
curve, circle, ellipse,



Graphics pipeline

In computer graphics, a computer graphics 
pipeline (rendering pipeline or simply graphics 
pipeline), is a conceptual model that describes 
what steps a graphics system needs to perform 
to render a 3D scene to a 2D screen.



Graphics pipeline

The graphics pipeline is a fundamental concept in computer graphics 
and refers to a series of interconnected stages through which data and 
commands describing a scene go through when being rendered. 



Rendering pipeline

Rendering Pipeline is the sequence of steps that 
OpenGL takes when rendering objects. 
Vertex attribute and other data go through a 
sequence of steps to generate the final image on 
the screen. 
There are usually 9-steps in this pipeline most of 
which are optional and many are programmable.



Display Processor

It is interpreter or piece of hardware that converts display processor 
code into pictures. It is one of the four main parts of the display 
processor.

Display Processor

Display 
Controller

Display 
Generator

Display 
Consol

Display 
File 

Memory

Parts of Display Processor
Ø Display File Memory
Ø Display Processor
Ø Display Generator
Ø Display Console



Pixel or Pel

The term pixel is a short form of the 
picture element. It is also called a point 
or dot. It is the smallest picture unit 
accepted by display devices. 
A picture is constructed from hundreds 
of such pixels. Pixels are generated 
using commands. 
Lines, circle, arcs, characters; curves are 
drawn with closely spaced pixels. To 
display the digit or letter matrix of 
pixels is used.



Scan Converting a Point

Each pixel on the graphics 
display does not represent 
a mathematical point. 
Instead, it means a region 
which theoretically can 
contain an infinite number 
of points. 
Scan-Converting a point 
involves illuminating the 
pixel that contains the 
point.



Representation of Points 

A vertex or point denotes location. 
A point is represented as a 
position vector.
In two dimensions as 𝑥 𝑦 and 
in three dimensions 𝑥 𝑦 𝑧 or 
alternatively by column vectors as 
𝑥 𝑦 !and 𝑥 𝑦 𝑧 !

respectively. 

x

y
𝑃(𝑥, 𝑦)⚫

x

y

z

𝑃(𝑥, 𝑦, 𝑧)⚫



Properties of Good Line Drawing Algorithm

ØLine should appear Straight
ØLines should terminate accurately
ØLines should have constant 

density
ØLine density should be 

independent of line length and 
angle

ØLine should be drawn rapidly



Algorithm for line Drawing

Direct use of line equation Digital Differential Analyzer (DDA) Bresenham's Algorithm



Defining a Circle

Circle is an eight-way symmetric 
figure. 
The shape of circle is the same in all 
quadrants. In each quadrant, there 
are two octants.
If the calculabon of the point of one 
octant is done, then the other 
seven points can be calculated 
easily by using the concept of eight-
way symmetry.



Defining a Circle

For drawing, circle considers it at the origin. If a point is 𝑃1(𝑥, 𝑦), then 
the other seven points will be :

y

x(0,0)

r

origin

P2 (x, -y)
P3 (-x, -y)
P4 (-x, y)
P5 (y, x)
P6 (-y, x)
P7 (-y, -x)
P8 (-y, x)



Defining a circle

There are two standards methods of mathemabcally defining a circle 
centered at the origin.

𝑦" = 𝑟" − 𝑥"

Defining a circle using Polynomial Method Defining a circle using Polar Co-ordinates

𝑥 = 𝑟 + cos 𝜃
𝑦 = 𝑟 + s𝑖𝑛 𝜃



Bresenham's Circle Algorithm

Scan-Converting a circle using 
Bresenham's algorithm works as follows: 
Points are generated from 90° to 45°, 
moves will be made only in the +𝑥 and 
− 𝑦 directions.



MidPoint Circle Algorithm

It is based on the following 
funcbon for tesbng the spabal 
relabonship between the 
arbitrary point (𝑥, 𝑦) and a 
circle of radius 𝑟 centered at the 
origin.



Scan Converting a Ellipse

The ellipse is also a symmetric figure 
like a circle but is four-way symmetry 
rather than eight-way.
There two methods of defining an 
Ellipse:
• Polynomial Method of defining an 

Ellipse
• Trigonometric method of defining 

an Ellipse

Trignometric Method

Polynomial description of ellipse



Midpoint Ellipse Algorithm

This is an incremental method for 
scan converting an ellipse that is 
centered at the origin in standard 
position i.e., with the major and 
minor axis parallel to coordinate 
system axis. 
It is very similar to the midpoint 
circle algorithm.



Coordinate systems



Coordinate systems

GCS Global Coordinate system

WCS World Coordinate system

LCS Local Coordinate system

MCS Model Coordinate system

VCS Viewing Coordinate system

DCS Device Coordinate system



Model Coordinate systems

It is the reference space of the model 
with respect to which all the model 
geometrical data is stored.
It is a Cartesian system with its X, Y, Z 
aligned with the characteristics 
dimension of the model under 
consideration. 
The choice of origin is arbitrary. 

z

y

x



World coordinate system

World coordinate system (WCS) 
is the right handed cartesian co-
ordinate system where we define 
the picture to be displayed. A 
finite region in the WCS is called 
the Window.
Also known as the "universe" or 
sometimes "model" coordinate 
system. This is the base reference 
system for the overall model, 
(generally in 3D ), to which all 
other model coordinates relate.



Working Coordinate System 

This is basically an auxiliary coordinate 
system used in place of MCS. 
For convenience while we develop the 
geometry by data input this kind of 
coordinate system is useful. 
It is very useful when a plane (face) in 
MCS is not aligned along any 
orthogonal planes. It is a user defined 
system that facilitates the geometrical 
construction. 

z

y

x



Global coordinate system

The global coordinate system defines 
the position and translation of a body in 
space. 
Coordinate systems are considered 
right if the Y axis is formed by rotating 
the X axis counter-clockwise when 
looking from the end of the Z axis at a 
90 degree angle.
In this global coordinate system, the Z 
axis is always directed upward.



Local coordinate systems

A local coordinate system (LCS) is 
a set of x, y and z axes associated 
with each node in the model. 
It is ojen preferable to use a 
local coordinate system for 
assigning constraints and loads 
to simplify the constraint or load 
to one direcbon.



Transformations between Coordinate Systems 



Coordinate System "Handedness"

OpenGL generally uses a right-hand coordinate system.

Right Hand Coordinate System (RHS) Left Hand Coordinate System (LHS)



Multiple Coordinate Systems in a Graphics 
Program
• World Coordinate System
• Object Coordinate System
• Hierarchical Coordinate Systems 
• Viewpoint Coordinate System
• Model Window Coordinate System
• Screen Coordinate System
• Viewport Coordinate System



Screen Coordinate System 

In contrast to MCS and WCS, Screen 
Coordinate System is a two-dimensional 
device-independent system whose origin is 
usually located at the lower left corner of the 
display screen. 
The SCS is important for display, screen 
input and digitizing tasks. 
For Raster Graphics, the pixel grid serves as 
the range of SCS. 
For a 1024x1280, the range is (0,0) to 
(1024,1280) 



Screen coordinate system

The screen coordinate system (SCS) is defined as a 2D device-
dependent coordinate system whose origin is usually located at the 
lower lej corner on the graphic display. 

The physical dimensions of a device 
system (aspect ratio) and the type 
of device (raster) determine the 
range of the SCS.



Working (Sketch) Plane

The “WP” in the prompts and in the picker stands for Working Plane —
a movable, 2-D reference plane used to locate and orient primitives.

• By default, the WP origin coincides with the global origin, but you can move it 
and/or rotate it to any desired position.

• By displaying a grid, you can use the WP as a “drawing tablet.”

WXWY

WX

WY

X2

X1 Y2

Y1
WP (X,Y)

widt
h

height



Cartesian coordinates

The invenbon of Cartesian coordinates in the 17th 
century by René Descartes revolubonized mathemabcs 
by providing the first systemabc link between Euclidean 
geometry and algebra.
The idea of this system was developed in 1637 in two 
wribngs by Descartes and independently by Pierre de 
Fermat, although Fermat used 3 dimensions and did 
not publish the discover. René Descartes 

(1596 – 1650)



Cartesian coordinate system

Cartesian Coordinate system is 
used to locate the position of a 
point in a plane using two 
perpendicular lines. 
Points are represented in the 
form of coordinates (x, y) in two-
dimension with respect to x- and 
y- axes.



3D Cartesian coordinate system

In three-dimensional space, the 
Cartesian coordinate system is based 
on three mutually perpendicular 
coordinate axes: the x-axis, the y-
axis, and the z-axis.



Polar coordinate system

There are two common methods for extending the polar coordinate 
system to three dimensions. The polar coordinate system is an 
alternate coordinate system where the two variables are 𝑟 and 𝜃, 
instead of 𝑥 and 𝑦.

ØCylindrical coordinate system
ØSpherical coordinate system



Cylindrical coordinate system

A cylindrical coordinate system is a 3D coordinate system that specifies 
point positions by the distance from a chosen reference axis, the 
direction from the axis relative to a chosen reference direction, and the 
distance from a chosen reference plane perpendicular to the axis. 

In the cylindrical coordinate 
system, a z-coordinate with the 
same meaning as in Cartesian 
coordinates is added to 
the r and 𝜃 polar coordinates 
giving a triple (𝜌, 𝜃, z).



Spherical coordinate system

Spherical coordinates determine the position of a point in three-
dimensional space based on the distance 𝜌 from the origin and two 
angles 𝜃 and 𝜑.

Spherical coordinates take this a step 
further by converbng the pair of 
cylindrical coordinates (𝑟, 𝑧) to polar 
coordinates (𝑟, 𝜑) giving a triple 
(𝑟, 𝜃, 𝜑).



3 D Space

The direction of the 𝑧-axis is determined 
by the right-hand rule.
By virtue of the right-hand rule, your 
thumb becomes the positive x axis, the 
index finger, which is at a right angle 
from the thumb, becomes the positive 
𝑦 axis and the middle finger becomes 
the 𝑧 axis.



Right-hand

The machine coordinate system is described 
by the right-hand rectangular coordinate 
system. 
The thumb represents the X-axis
The forefinger represents the Y-axis
The middle finger represents the Z-axis



Window
The method of selecting and enlarging a portion of a drawing is called 
windowing. The area chosen for this display is called a window. The 
window is selected by world-coordinate.
The size of the window is (0, 0) coordinate which is a bottom-left 
corner and toward right side until window encloses the desired area. 

Once the window is defined 
data outside the window is 
clipped before representing 
to screen coordinates.



Viewport

An area on display device to which a window is mapped. The window is 
an area in object space. It encloses the object. After the user selects 
this, space is mapped on the whole area of the viewport.



Window to Viewport Co-ordinate 
Transformation
Once object descripbon has been transmimed to the viewing reference 
frame, we choose the window extends in viewing coordinates and 
selects the viewport limits in normalized coordinates.
A point at posibon (xw, yw) in window mapped into posibon (xv, yv) in 
the associated viewport.



Window to viewport mapping

In order to maintain the same relative placement of the point in the 
viewport as in the window.

𝑥! − 𝑥!"#$
𝑥!"%& − 𝑥!"#$

=
𝑥' − 𝑥'"#$

𝑥'"%& − 𝑥'"#$

𝑦! − 𝑦!"#$
𝑦!"%& − 𝑦!"#$

=
𝑦' − 𝑦'"#$

𝑦'"%& − 𝑦'"#$

𝑥! = 𝑥!"#$ + 𝑥' − 𝑥'"#$ & 𝑆&

𝑦! = 𝑦!"#$ + 𝑦' − 𝑦'"#$ & 𝑆(

where 𝑆& =
𝑥!"%& − 𝑥!"#$
𝑥'"%& − 𝑥'"#$

𝑆( =
𝑦!"%& − 𝑦!"#$
𝑦'"%& − 𝑦'"#$



Viewing Transformation

Step 1 : Translate window to 
origin 1
𝑇# = −𝑥$%&' and 𝑇( = −𝑦$%&'

Step 3 : Again translate viewport to its correct position on screen.
𝑇# = 𝑥)%&' and 𝑇( = 𝑦)%&'

Step 2 : Scaling of the window to match its size to the viewport
𝑆# =

#!"#$*#!"%&
#'"#$*#'"%&

and 𝑆( =
(!"#$*(!"%&
('"#$*('"%&



Matrix Representation of 3 steps of 
Transformation

Translate window to the origin : 𝑇 =
1 0 0
0 1 0

−𝑥$%&' −𝑦$%&' 1

Scaling of the window to viewport size : 𝑆 =
𝑆# 0 0
0 𝑆( 0
0 0 1

Translating viewport on screen : 𝑇+ =
1 0 0
0 1 0

𝑥)%&' 𝑦)%&' 1
View transformation : 𝑇×𝑆×𝑇+



Zooming

Zooming is a transformation often provided with an imaginary 
software. The transformation effectively scales down or blows up a 
pixel map or a portion of it with the instructions from the user.



Panning

The process of panning acts as a qualifier to the zooming 
transformabon. This step moves the scaled up porbon of the image to 
the center of the screen and depending on the scale factor, fill up the 
enbre screen



Clipping
When we have to display a large portion of the picture, then not only 
scaling and translation is necessary, the visible part of picture is also 
identified.

Types of Clipping:
• Point Clipping
• Line Clipping
• Area Clipping (Polygon)
• Curve Clipping
• Text Clipping
• Exterior Clipping



Point Clipping

Point Clipping is used to determining, whether the point is inside the 
window or not. 



Line Clipping

It is performed by using the line clipping algorithm. The line clipping 
algorithms are:
• Cohen Sutherland Line Clipping Algorithm
• Midpoint Subdivision Line Clipping Algorithm
• Liang-Barsky Line Clipping Algorithm
• Cyrus–Beck Algorithm
• Nicholl–Lee–Nicholl Algorithm



Cohen–Sutherland algorithm

The Cohen–Sutherland algorithm is a computer-graphics algorithm 
used for line clipping. The algorithm divides a two-dimensional space 
into 9 regions and then efficiently determines the lines and portions of 
lines that are visible in the central region of interest (the viewport).
The algorithm was developed in 1967 during flight-simulator work 
by Danny Cohen and Ivan Sutherland.
The Cohen–Sutherland algorithm can be used only on a rectangular clip 
window.



Cohen Sutherland algorithm 

Using the Cohen Sutherland algorithm to clip line 𝑃+and 𝑃"against a 
window lower lej hand corner (50,10) and upper right hand corner 
(80,40).

(50,10) 

(80,40) 

𝑃! (70,20)

𝑃" (100,10)



Cohen Sutherland algorithm 

Slope of the line 𝑃+𝑃" ∶ 𝑚 = ((*()
#(*#)

= +,*",
+,,*-,

= *+
.

Finding intersection of line 𝑃+𝑃" with right edge of window 𝑃.(80, 𝑦)
−1
3
=

𝑦 − 10
80 − 100

𝑦 = 20 + 30 /3= 16,66.

(50,10) 

(80,40) 

𝑃! (70,20)

𝑃# (80,16,66)

So, after clipping line 𝑃+𝑃" against the 
window, new line 𝑃+𝑃. with co ordinates 
𝑃+(70,20) and 𝑃.(80,16.66).



Text Clipping

Several methods are available for clipping of text. Clipping method is 
dependent on the method of generabon used for characters.



Polygon clipping
Sutherland-Hodgeman Polygon Clipping:
It is performed by processing the boundary of polygon against each
window corner or edge. First of all entire polygon is clipped against one
edge, then resulting polygon is considered, then the polygon is
considered against the second edge, so on for all four edges.

Weiler-Atherton Polygon Clipping:
When the clipped polygons have two or more separate secbons, then 
it is the concave polygon handled by this algorithm. The vertex-
processing procedures for window boundaries are modified so that 
concave polygon is displayed.



Homogeneuos Coordinates

The rotation of a point, straight line or an entire image on the screen, 
about a point other than origin, is achieved by first moving the image 
until the point of rotation occupies the origin, then performing 
rotation, then finally moving the image to its original position.



Homogeneuos Coordinates

To combine these three transformations into a single transformation, 
homogeneous coordinates are used. In homogeneous coordinate 
system, two-dimensional coordinate positions (x, y) are represented by 
triple-coordinates.

Conceive that the 
Cartesian coordinates 
axes lies on the plane of 
h = 1. 



Example : 

Both the points (6, 9, 3) and 
(4, 6, 2) in the homogeneous 
coordinates corresponds to 
(2, 3) in the Cartesian 
coordinates. 
Conversely, the point (2, 1) of 
the Cartesian corresponds to 
(2, 1, 1), (4, 2, 2) or (6, 3, 3) of 
the homogeneous 



Homogeneuos Coordinates

The representation is introduced to express all geometric
transformations in the from of matrix multiplication for the convenience
of manipulation.

Dummy (n+1) th coordinate to facilitate multiplication 



Homogeneuos Coordinates

To enable multiplication, an extra element that can be set to unity is 
needed:

IX IY[ ] = x y 1!
"

#
$

1 0
0 1
m n

!

"

%
%
%

#

$

&
&
&
= x +m y+ n!
"

#
$

An extra coordinate is needed, which is convenbonally called H.

X Y H!
"

#
$= x y 1!

"
#
$

1 0 0
0 1 0
m n 1

!

"

%
%
%

#

$

&
&
&
= x +m y+ n 1!
"

#
$



3D Homogeneuos transformations

Any point with global coordinates (x y z) can be scaled as (X Y Z H) 
where

𝑥 =
𝑋
𝐻

𝑦 =
𝑌
𝐻 𝑧 =

𝑍
𝐻

Thus, for 3D global coordinates, a 4x4 transformation matrix is used.



3D Homogeneuos transformations

𝑋 𝑌 𝑍 1 = 𝑥 𝑦 𝑧 1 !

𝑥 𝑦 𝑧 1 = ⁄𝑋 𝐻 ⁄𝑌 𝐻 ⁄𝑍 𝐻 1

T =

a b c p
d e f q
h i j r
l m n s

!

"

#
#
#
#
#

$

%

&
&
&
&
&

The 3x3 matrix produces scaling, 
shearing and rotation. 

The 1x3 matrix produces traslation, 

The 3x1 matrix generates a projection
and

The 1x1 matrix gives an extra scale
factor

where



Transformations



Introduction of Transformations

The purpose of using computers for drawing is to provide facility to 
user to view the object from different angles, enlarging or reducing the 
scale or shape of object called as Transformation.
Two essential aspects of transformation are given below:
• Each transformation is a single entity. It can be denoted by a unique 

name or symbol.
• It is possible to combine two transformations, after connecting a 

single transformation is obtained, e.g., A is a transformation for 
translation.



IntroducSon of TransformaSons

There are two complementary points of view for describing object 
transformation.
Geometric Transformation: The object itself is transformed relative to 
the coordinate system or background. The mathematical statement of 
this viewpoint is defined by geometric transformations applied to each 
point of the object.
Coordinate Transformation: The object is held stationary while the 
coordinate system is transformed relative to the object. This effect is 
attained through the application of coordinate transformations.



Types of Transformations

• Translabon
• Scaling
• Rotabng
• Reflecbon
• Shearing

Basic
Transformations



Basic Transformations

Modeling systems operate on model entities (and hence the database) 
through three transformation operations.

Translation is a straightforward movement.

Rotabon does not affect the size or shape of the 
object.
Scaling (dilation) changes the size of the image 
without changing the shape.



Translation

It is the straight line movement of an object from one posibon to 
another is called Translabon. Here the object is posiboned from one 
coordinate locabon to another.
Translabon is a movement of objects without deformabon. Every 
posibon or point is translated by the same amount.

Matrix for Translation

1 0 1
0 1 0
𝑡# 𝑡( 1

1 0 𝑡#
0 1 𝑡(
0 0 1

or



TranslaSon of point

To translate a point from coordinate 
position (x, y) to another (x1 y1), we 
add algebraically the translation 
distances Tx and Ty to original 
coordinate.
The translation pair (Tx,Ty) is called as 
shift vector.
Let P is a point with coordinates (x, y). 
It will be translated as (x1 y1).



Translation of polygon

For translabng polygon, each vertex of the polygon is converted to a 
new posibon. Similarly, curved objects are translated. To change the 
posibon of the circle or ellipse its center coordinates are transformed, 
then the object is drawn using new coordinates.



Translation



Example : Given a circle C with radius 10 and center coordinates (1, 4). 
Apply the translation with distance 5 towards X axis and 1 towards Y 
axis. Obtain the new coordinates of C without changing its radius.

Solution : 

Thus, New center coordinates of C = (6, 5).



Scaling

It is used to alter or change the size of objects. The change is done 
using scaling factors. There are two scaling factors, i.e. Sx in x direction 
Sy in y-direction.
If Sx and Sy are equal it is also called as Uniform Scaling.

Matrix for Scaling

𝑆# 0 0
0 𝑆( 0
0 0 1



Scaling

Enlargement Reduction



Example : Given a square object with coordinate points A(0, 3), B(3, 3), 
C(3, 0), D(0, 0). Apply the scaling parameter 2 towards X axis and 3 
towards Y axis and obtain the new coordinates of the object.

SoluVon : 



Rotation

It is a process of changing the angle of the object. Rotation can be 
clockwise or anticlockwise. For rotation, we have to specify the angle of 
rotation and rotation point. Rotation point is also called a pivot point. It 
is print about which object is rotated.

Matrix for Rotabon

cos 𝜃 −sin 𝜃 0
sin 𝜃 cos 𝜃 0
0 0 1

anticlockwiseclockwise

cos 𝜃 sin 𝜃 0
−sin 𝜃 cos 𝜃 0
0 0 1

(0,0)

- 𝜃

CW

+ 𝜃

CCW



Rotation



Types of Rotation

Anticlockwise :The positive value 
of the pivot point (rotation angle) 
rotates an object in a counter-
clockwise (anti-clockwise) 
direction.

Counterclockwise: The negabve 
value of the pivot point (rotabon 
angle) rotates an object in a 
clockwise direcbon.



Rotation about an arbitrary point

If we want to rotate an object or 
point about an arbitrary point, first 
of all, we translate the point about 
which we want to rotate to the 
origin.
Then rotate point or object about 
the origin, and at the end, we again 
translate it to the original place. 
We get rotation about an arbitrary 
point.



RotaSon about an arbitrary point

The point (x, y) is to be rotated. The (xc yc) is a point about which 
counterclockwise rotation is done.

Step1: Translate point (xc yc) to origin Step2: Rotation of (x, y) about the origin Step3: Translation of center of rotation 
back to its original position



Object rotaSon

• Straight Line: is rotated by the endpoints with the same angle and 
redrawing the line between new endpoints.

• Polygon: is rotated by shifting every vertex using the same rotational 
angle.

• Curved Lines: are rotated by repositioning of all points and drawing of 
the curve at new positions.

• Circle: can be obtained by center position by the specified angle.
• Ellipse: Its rotation can be obtained by rotating major and minor axis 

of an ellipse by the desired angle.



Example : Given a line segment with starting point as (0, 0) and ending 
point as (4, 4). Apply 30 degree rotation anticlockwise direction on the 
line segment and find out the new coordinates of the line.

SoluVon : 

New ending coordinates of the line after rotation = (1.46, 5.46).



Reflection

It is a transformation which produces a mirror image of an object. The 
mirror image can be either about x-axis or y-axis. The object is rotated 
by180°.

Types of Reflection

• Reflecbon about the x-axis
• Reflecbon about the y-axis
• Reflecbon about an axis perpendicular to xy plane and 

passing through the origin
• Reflecbon about line y=x



Reflection about x-axis

In this transformation value of x will remain same whereas the value of 
y will become negative. Following figures shows the reflection of the 
object axis. The object will lie another side of the x-axis. The object can 
be reflected about x-axis with the help of the following matrix:

Matrix for ReflecVon about x-axis

1 0 0
0 −1 0
0 0 1



Reflection about y-axis

Here the values of x will be reversed, whereas the value of y will remain 
the same. The object will lie another side of the y-axis. The object can 
be reflected about y-axis with the help of following transformation 
matrix :

Matrix for Reflection about y-axis

−1 0 0
0 1 0
0 0 1



Reflection about an axis perpendicular to xy
plane and passing through origin
In this value of x and y both will be reversed. This is also called as half 
revolution about the origin. In the matrix of this transformation is given 
below :

Matrix for ReflecVon

−1 0 0
0 −1 0
0 0 1



Reflection about line y=x

First of all, the object is rotated at 45°. The direction of rotation is 
clockwise. After it reflection is done concerning x-axis. The last step is 
the rotation of y=x back to its original position that is counterclockwise 
at 45°. The object may be reflected about line y = x with the help of 
following transformation matrix.

Matrix for Reflection about line y=x

0 1 0
1 0 0
0 0 1



Reflection



Reflection



Example: A triangle ABC is given. The coordinates of A, B, C are given as 
A (3 4), B (6 4), and C (4 8). Find reflected posiTon of triangle i.e., to the 
x-axis.

Solution :
The a point coordinates after reflection

𝑥 𝑦 1 = 3 4 1 ×
1 0 0
0 −1 0
0 0 1

= 3 −4 1

The b point coordinates after reflection

𝑥 𝑦 1 = 6 4 1 ×
1 0 0
0 −1 0
0 0 1

= 6 −4 1

The c point coordinates ajer reflecbon

𝑥 𝑦 1 = 5 8 1 ×
1 0 0
0 −1 0
0 0 1

= 4 −8 1



Shearing

It is transformabon which changes the shape of object. The sliding of 
layers of object occur. The shear can be in one direcbon or in two 
direcbons.



Shearing in the X-direction

In this horizontal shearing sliding of layers occur. The homogeneous 
matrix for shearing in the x-direction is shown below:

Matrix for Shearing in the X-direction

1 0 0
𝑆ℎ# 1 0
0 0 1



Shearing in the X-direcSon



Shearing in the Y-direction

In this vertical shearing sliding of layers occur. The homogeneous 
matrix for shearing in the y-direction is shown below:

Matrix for Shearing in the Y-direcVon

1 𝑆ℎ( 0
0 1 0
0 0 1



Shearing in the Y-direction



Shearing in the X-Y direction

Here layers will be slided in both x as well as y direction. The sliding will 
be in horizontal as well as vertical direction. The shape of the object 
will be distorted. The matrix of shear in both directions is given by:

Matrix for Shearing in the X-Y direcVon

1 𝑆ℎ( 0
𝑆ℎ# 1 0
0 0 1



Composite Transformation

A number of transformabons or sequence of transformabons can be 
combined into single one called as composibon. The resulbng matrix is 
called as composite matrix. The process of combining is called as 
concatenabon.



Advantage of composition

Advantage of composition or concatenation of matrix:
• It transformations become compact.
• The number of operations will be reduced.
• Rules used for defining transformation in form of equations are 

complex as compared to matrix.



Example : 
The enlargement with respect to center

Step1:
The object is kept at its 
position

Step2:
The object is translated so 
that its center coincides 
with the origin

Step3:
Scaling of an object by 
keeping the object at 
origin is done

Step4:
Again translation is done. This 
second translation is called a 
reverse translation. It will 
position the object at the origin 
location



ComposiSon of two translaSons

They are two translations 𝑃1 and 𝑃2. The matrix of 𝑃1 and 𝑃2 given 
below. The 𝑃1 and 𝑃2are represented using Homogeneous matrices 
and 𝑃 will be the final transformation matrix obtained after 
multiplication.

𝑃+ =
1 0 𝑡+
0 1 𝑡"
0 0 1

𝑃" =
1 0 𝑡.
0 1 𝑡/
0 0 1

𝑃 =
1 0 𝑡+ + 𝑡"
0 1 𝑡. + 𝑡/
0 0 1



ComposiSon of two Scaling

The composition of two scaling is multiplicative. Let 𝑆11 and 𝑆12 are 
matrix to be multiplied.

𝑆++ =
𝑆+ 0 0
0 𝑆" 0
0 0 1

𝑆+" =
𝑆. 0 0
0 𝑆/ 0
0 0 1

𝑆 =
𝑆+ + 𝑆. 0 0
0 𝑆" + 𝑆/ 0
0 0 1



General Pivot Point Rotation or Rotation 
about Fixed Point

Original posistion of object Translation of object at 
pivot point

RotaUon of object about 
origin

Retranslation of object to its 
original position

1 0 𝑥
0 1 𝑦
0 0 1

1 0 −𝑥
0 1 −𝑦
0 0 1

cos 𝜃 −sin 𝜃 0
sin 𝜃 cos 𝜃 0
0 0 1



Three-dimensional 
transformations



Three Dimensional Graphics

The three-dimensional transformabons are extensions of two-
dimensional transformabon. In 2D two coordinates are used, i.e., 𝑥 and 
𝑦 whereas in 3D three co-ordinates 𝑥, 𝑦, and 𝑧 are used.
Computer graphics uses CAD which allows manipulabon of machine 
components which are 3 Dimensional.



3D geometry

Three dimension system has three axis 𝑥, 𝑦, 
𝑧. The orientation of a 3D coordinate system 
is of two types. Right-handed system and 
left-handed system.
In the right -handed system thumb of right-
hand points to positive 𝑧-direction and left-
hand system thumb point to negative two 
directions. 



Three Dimensional Models
The techniques for generating different images of a solid object depend 
upon the type of object. Two viewing techniques are available for 
viewing three-dimensional objects.

Geometry

It is concerned with measurements. Measurement is the location of a 
point concerning origin or dimension of an object.

Topological Information
It is used for the structure of a solid object. It is mainly concerned 
with the formabon of polygons with the help of points of objects or 
the creabon of the object with polygons.



Three Dimensional Transformations

The geometric transformations play a vital role in generating images of 
three Dimensional objects with the help of these transformations. The 
location of objects relative to others can be easily expressed.
Sometimes viewpoint changes rapidly, or sometimes objects move in 
relation to each other. For this number of transformation can be carried 
out repeatedly.



3D TranslaSon

It is the movement of an object from 
one position to another position. 
Translation is done using translation 
vectors. There are three vectors in 
3D instead of two. 
These vectors are in 𝑥, 𝑦, and 𝑧
directions. 



3D Translation

If 𝑃 is a point having co-ordinates in 
three directions (𝑥, 𝑦, 𝑧) is 
translated, then after translation its 
coordinates will be (𝑥1 𝑦1 𝑧1) after 
translation. 𝑇𝑥 , 𝑇𝑦 and 𝑇𝑧 are 
translation vectors.

𝑥7 = 𝑥 + 𝑇&
𝑦7 = 𝑦 + 𝑇(

𝑧7 = 𝑧 + 𝑇8



3D Translation

Translabon in the 𝑥-direcbon is represented using 𝑇𝑥. The translabon is 
𝑦-direcbon is represented using 𝑇𝑦. The translabon in the 𝑧- direcbon is 
represented using 𝑇𝑧.

Matrix for Translation

1 0 0 0
0 1 0 0
0 0 1 0
𝑇# 𝑇( 𝑇0 1

or
1 0 0 𝑇#
0 1 0 𝑇(
0 0 1 𝑇0
0 0 0 1



3D TranslaSon



Example: A point has coordinates in the x, y, z direction (5, 6, 7). The 
translation is done in the x-direction by 3 coordinate and y direction, 
and in the z-direction by 2. Three coordinates and in the z- direction by 
two coordinates. Shift the object. Find coordinates of the new position.

Solution : Multiply co-ordinates of point with translation matrix.

𝑥+ 𝑦+ 𝑧+ 1 = 5 6 7 1

1 0 0 0
0 1 0 0
0 0 1 0
3 3 2 1

= 8 9 9 1



3D Scaling
Scaling is used to change the size of an object. The size can be 
increased or decreased. The scaling three factors are required 𝑆𝑥 , 
𝑆𝑦 and 𝑆𝑧.
If all scaling factors 𝑆𝑥 = 𝑆𝑦 = 𝑆𝑧. Then scaling is called as uniform. If 
scaling is done with different scaling vectors, it is called a differential 
scaling.

Matrix for Scaling

𝑆# 0 0 0
0 𝑆( 0 0
0 0 𝑆0 0
0 0 0 1



Scaling of the object relative to a fixed point

Following are steps performed when scaling of 
objects with fixed point (𝑎, 𝑏, 𝑐).

Translate fixed point to
the origin

Scale the object relative to
the origin

Translate object back to its 
original posiUon



3D Rotation

It is moving of an object about an 
angle. Movement can be 
anticlockwise or clockwise. 3D 
rotation is complex as compared 
to the 2D rotation. 
For 2D we describe the angle of 
rotation, but for a 3D angle of 
rotation and axis of rotation are 
required. The axis can be either 𝑥
or 𝑦 or 𝑧.

Rotation of the object about the Y axis

Rotation of the object about the Z axis



3D rotaSons about the X axis
Matrix for Rotation about X-axis

1
0
0
0

0
cos 𝜃
sin 𝜃
0

0
−sin 𝜃
cos 𝜃
0

0
0
0
1



3D rotaSons about the Y axis
Matrix for Rotation about Y-axis

cos 𝜃
0

−sin 𝜃
0

0
1
0
0

sin 𝜃
0

cos 𝜃
0

0
0
0
1



3D rotations about the Z axis
Matrix for Rotation about Z-axis

cos 𝜃
sin 𝜃
0
0

−sin 𝜃
cos 𝜃
0
0

0
0
1
0

0
0
0
1



Rotation about Arbitrary Axis

When the object is rotated about an axis that is 
not parallel to any one of co-ordinate axis, i.e., x, 
𝑦, 𝑧. 
Then addibonal transformabons are required. 
First of all, alignment is needed, and then the 
object is being back to the original posibon. 

𝑥 = 𝐴𝑢 + 𝑥,
𝑦 = 𝐵𝑢 + 𝑦,
𝑧 = 𝐶𝑢 + 𝑧,

𝐿 = 𝐴" + 𝐵" + 𝐶"



Rotation about Arbitrary Axis

STEP 1 : Translate the object to the origin

𝑃, = 𝑥, 𝑦,. 𝑧, !

𝑇 =

1 0 0 −𝑥,
0 1 0 −𝑦,
0 0 0 −𝑧,
0 0 0 1



Rotation about Arbitrary Axis

STEP 2 : Rotate object so that axis of 
object coincide with any of coordinate 
axis.

𝐿 = 𝐴" + 𝐵" + 𝐶"

𝑉 = 𝐵" + 𝐶"

sin 𝜃+ =
𝐵
𝑉

cos 𝜃+ =
𝐶
𝑉



Rotation about Arbitrary Axis

STEP 2 : Rotate Vector about X Axis to get into the x - z plane 

𝑅# =



Rotation about Arbitrary Axis

STEP 3 : Perform rotation about co-ordinate 
axis with whom coinciding is done.

sin 𝜃" = −
𝐴
𝐿

cos 𝜃" =
𝑉
𝐿

𝑅( =



Rotation about Arbitrary Axis

STEP 4 : Rotate angle 𝜃 about axis

𝑅01 =



Rotation about Arbitrary Axis

STEP 5 : Reverse the rotabon about the Y-axis

𝑅′( =



Rotation about Arbitrary Axis

STEP 6 : Reverse the rotation about the X-axis

𝑅′# =



RotaSon about Arbitrary Axis

STEP 7 : Apply inverse translation to bring rotation axis to the original 
position.

𝑇′ =

1 0 0 𝑥,
0 1 0 𝑦,
0 0 0 𝑧,
0 0 0 1



Rotation about Arbitrary Axis

Overall Transformabon :

𝑇! = 𝑇 𝑅# 𝑅( 𝑅01 𝑅′( 𝑅′# 𝑇′

New point :
𝑃" = 𝑇! 𝑃+



Example

Step1: Initial position of P' and P” 
is shown

Step2: Translate object P' to origin



Example

Step3: Rotate P" to z axis so that it 
aligns along the z-axis

Step4: Rotate about around z- axis



Example

Step5: Rotate axis to the original 
posibon

Step6: Translate axis to the 
original position.



3D Reflection

It is also called a mirror image of an 
object. For this reflection axis and 
reflection of plane is selected. 
Three-dimensional reflections are 
similar to two dimensions. 
Reflection is 180° about the given 
axis. 
For reflection, plane is selected (𝑥𝑦, 
𝑥𝑧 or 𝑦𝑧).



3D Reflection

Reflecbon relabve to 
XY plane

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 1



3D Reflection

Reflecbon relabve to 
YZ plane

−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1



3D Reflection

Reflection relative to 
ZX plane

1 0 0 0
0 −1 0 0
0 0 1 0
0 0 0 1



3D Shearing

It is change in the shape of the object. It is also called as deformation. 
Change can be in the 𝑥 -direction or 𝑦 -direction or both directions in 
case of 2D.

Matrix for Shearing

1 0 𝑎 0
0 1 𝑏 0
0 0 1 0
0 0 0 1



3D Shearing in X axis



3D Shearing in Y axis



3D Shearing in Z axis



Example : Consider a 3D object. Rotate the 3D object by 30 
degree in clockwise (CW) direction at point D about the Y-axis. 

The coordinates of the verbces are given as follows: 
A=[3, 5, 3] B=[7, 5, 3] C=[7, 5, 5] 
D=[3, 5, 5] E=[3, 6, 5] F=[3, 6, 3] 

The definition of the point matrix in the 
homogeneous representation 



Step 1

First we translate 𝑇 2*3 the object at the reference point 𝐷 to the 
origin 𝑂. 



Step 2

Then we rotate 𝑅 (
*.,about the Y-axis 



Step 3

Finally, we translate 𝑇 3*2 the point 𝐷 from the origin back to its 
original position. 



New points

𝑃" = 𝑇 3*2 𝑅 (
*., 𝑇 2*3𝑃+



Mapping and Parallel Projections



Mapping and Parallel Projections

Mapping involves calculating the 
coordinates of a point known with 
respect to a CS to a new CS. 



Transformations

Transformations are 
applied for both changing 
WCS in respect to MCS, 
but also for projections.



Mapping and Parallel ProjecSons 

𝑋", 𝑌", 𝑍" are assumed to be calculated by applying the 
transformation matrix 𝑇+*" to 𝑋+, 𝑌+, 𝑍+ :

𝑋" 𝑌" 𝑍" 1 ! = 𝑇+*" 𝑋+ 𝑌+ 𝑍+ 1 !

𝑋"
𝑌"
𝑍"
1

=

𝑛# 𝑜# 𝑎# 𝑝#
𝑛( 𝑜( 𝑎( 𝑝(
𝑛0 𝑜0 𝑎0 𝑝0
0 0 0 1

𝑋+
𝑌+
𝑍+
1

px , py , pz : x2 , y2 ,z2 components required to translate
nx , ny , nz : x2 ,y2,z2 components a unit vecot along x1
ox , oy , oz : x2 ,y2,z2 components a unit vecot along y1
ax , ay , az : x2 ,y2,z2 components a unit vecot along z1



Mapping and Parallel ProjecSons 

Once mapping has been 
performed the zv coordinate 
are not dropped yet and the 
xv, yv coordinates are scaled 
following the similarity rule 
of triangles (L,S needed). 
Then zv is dropped. 



Generating Parallel Projection 

Drop the n,  zv coodinate 

𝐷' =

1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 1

𝑢
𝑉
0
1
=

1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 1

𝑢
𝑉
𝑛
1



Generating Parallel Projection 

In summary, to project a view of an object on the UV plane, one needs 
to transform each point on the object by: 

𝑇 = 𝐷' 𝑅0 𝑅( 𝑅0 𝐷4!,4

𝑃6 = 𝑇 𝑃

𝑢
𝑉
0
1
= 𝑇

𝑥
𝑦
𝑧
1



Orthographic Projection 

Projection planes (Viewing 
planes) are perpendicular to 
the principal axes of the MCS 
of the model.
The projection direction 
(viewing direction) coincides 
with one of the MCS axes.



Orthographic views

View C.O. Projection Proj. Plane
Front On +ve z-axis Z = 0 (xy)
Right side On +ve x-axis X = 0 (yz)
Top On +ve y-axis Y = 0 (xz)
Rear On -ve z-axis Z = 0 (xy)
Left side On -ve x-axis X = 0 (yz)
Bottom On -ve y-axis Y = 0 (xz)



Transformation matrix

Generalized 4 x 4 transformation matrix in homogeneous coordinates 

Translations l, m, n along x, y, and z axis 

Linear transformations – local scaling, shear, rotation reflection 

PerspecZve transformaZons 

Overall scaling 



Orthographic projection matrices

𝑇0 =

1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 1

𝑇( =

1 0 0 0
0 0 0 0
0 0 1 0
0 0 0 1

𝑇# =

0 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1



Orthographic Projection - front

Geometric transformations for generating :

𝑃) =

1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 1

𝑃

Drop Z



Orthographic Projection - top

Geometric transformabons for generabng :

Drop Z 𝑅 &
9:



Orthographic Projection - right

Geometric transformations for generating :

Drop Z 𝑅 (
;9:



Isometric projection

Rotabons needed for generabng 
isometric projecbon :



Example: Trimetric projections 
Consider the following cube rotated by φ=30°about y axis and 
θ=45°about x-axis followed by a parallel projection onto the z=0 plane. 

The position vectors for the cube with one corner removed are



Solution

The concatenated matrix is : 



Perspective Transformation 

If any of the first 3 elements in the last column of 4x4 transformation 
matrix is non-zero a perspective transformation results



Transformation matrix

Generalized 4 x 4 transformabon matrix in homogeneous coordinates 

Translations l, m, n along x, y, and z axis 

Linear transformations – local scaling, shear, rotation reflection 

Perspective transformations 

Overall scaling 



Perspective Projection 

To obtain perspective projection, we project the results of perspective 
transformation on to a any of the orthographic projection planes, say, 
𝑧 = 0 plane. 



The Perspective Projection of a Point 

Consider the following figure where using similar triangles we can write 
the transformed coordinates as: 



Perspective Transformation 

The effect of the perspective transformation is to bring a point at 
infinity to a finite value in the 3D space. The entire semi-infinite 
positive space 0 ≤ 𝑧 ≤ ∞ is transformed to finite positive half-space 
0 ≤ 𝑧 ∗≤ 1/𝑟. 
A point at infinity can be shown to transform to a finite distance 



A single point perspective

A single point perspective transformation with respect to z-axis : 



A single point perspective

The perspective projection is obtained by concatenating the 
orthographic projection matrix : 



A single point perspective

A single point perspecbve transformabon with respect to x- axis 



A single point perspective

A single point perspective transformation with respect to y- axis 



Scale effect on a single point Perspective 



Example: A single point perspective transformation has to be performed 
on a unit cube from a center zc=10 on the z-axis, followed by its 
projection on z=0 plane 

Since zc=10 , r=-1/ zc= -1/10= -0.1, the perspective projection matrix for 
this problem can be written as 



The two point perspective projection

The two point perspective projection can directly be obtained on 
similar lines as: VP

VP



The two point perspective projection

The two point perspective projection can directly be obtained on 
similar lines as: VP

VP



The three point perspective projection

The three point perspective projection can be obtained on similar lines 
as: 



PerspecSve TransformaSons: Vanishing Points 

There are two methods of finding VPs :
• Finding intersection between any 

two parallel line after transformation 
and projection 

• Find the concatenated Perspective 
matrix. Use this to transform points 
at infinity 



Graphics Standards



Graphics Standards

Agreed specifications which define the common interfaces between 
computer systems or subsystems. Standards, if they are generally 
observed by manufacturers, promote the interchangeability of 
computer equipment. 
When standards promote the portability of programs, this is called 
device independence.



CAD/CAM Software Architecture

Application data 
structure/model

ApplicaUon 
program

Input/Output
devices

Graphic 
system

Without graphics standard

Application data 
structure/model

Application 
program

Input/Output
devices

Kernel 
(core) 
system

Device 
handler/ 

driver

With graphics standard

Graphic Standards



Graphics Standards in Graphics Programming
GKS (Graphical Kernel System, 1977)
PHIGS (Progragmmer’s Hierarchical Interface for Graphics, 1984)
PHIGS+ include more powerful 3-D graphics functions (1986)
CORE (ACM-SIGGRAPH)
GKS-3D (Added three-dimensional capabilities)
IGES (Initial Graphics Exchange Specification)
DXF (Data Exchange Format)
STEP (Standard for the Exchange of Product Model Data)
DMIS (Dimensional Measurement Interface Specification)
VDI (Virtual Device Interface)
VDM (Virtual Device Metafile, 1989)
GKSM (GKS Metafile)
NAPLPS (North America Presentational Level Protocol Syntax)



Standards for CAD data exchange



Data exchange

Descripbon of product or product definibon data 

Engineering drawings
(manual or electronic)

CAD systems

Vector data for lines (solid lines, 
hidden lines, center lines, dimension 
lines and extension lines)

Annotation data for the dimension 
values, notes and symbols in the 
drawing

A solid model representation with 
some associated annotation data.



Requirements for data exhange
Shape data

Both geometric and topological informabon, part or form features. 
Fonts, color, annotabon are considered part of the geometric 
informabon.

Non-Shape data
Graphics data such as shaded images, and model global data as 
measuring units of the database and the resolution of storing the
database numerical values.



Requirements for data exhange
Design data

Information that designers generate from geometric models for
analysis purposes. Mass property and finite element mesh data 
belong to this type of data

Manufaturing data
Information as tooling, NC tool paths, tolerancing, process planning, 
tool design, and bill of materials (BOM).



Product data exchange

Product data exchange (PDE) refers to the task of expressing and 
transferring information about a given product in digital format.
There are two approaches to data translation:

CAx 1 CAx 2

CAx n

CAx 2Neutral
FormatCAx 1

CAx n

Neutral format translationDirect translation



Direct translation

System 1

System 2 System n

System 3

System 4

System 5



Neutral format translation



Native File Formats

Native file formats are proprietary 
of a particular CAD software 
maker, to be used with their 
software.

File Format Extensions

AutoCAD *.dwg

CATIA V4 *.model

CATIA V5 & V6 CATPart, CATProduct, CGR

Creo, Pro/E *.prt, *.asm

NX, Unigraphics *.prt, *.jt, *.j_t

Inventor *ipt, *.iam

MicroStation *.dgn

SolidWorks *.sldprt, *.sldasm

Solid Edge *.par, *.asm, *.psm



Neutral File Formats

Neutral file formats were developed 
to make it easier to exchange files 
with someone that is using different 
CAD software.
These types of file formats are 
extremely beneficial when you don't 
want to pay for another CAD 
software you may only use once or 
twice.



Neutral CAD format

A neutral specificabon such as IGES, 
STEP/PDES, VDAFS, SET etc. is 
normally used to interface different 
CAD systems.
Neutral CAD file formats are 
interoperable between different 
CAD sojware.
Neutral CAD formats are the 
lowest-common denominator 
between CAD systems. 

Neutral CAD 
Format Extensions

STEP *.step, *.stp

STL *.stl

IGES *.igs, *.iges

3D PDF *.pdf

Parasolid *.x_t, *.x_b

VRML *.vrml

X3D *.x3d

COLLADA *.dae

DXF *.dxf



Tessellated Formats

CAD formats are often converted to 
polygonal formats such as STL and 
OBJ for the purposes of 3D printing, 
animation or game development. 
Polygonal formats are tessellated, 
or faceted, containing none of the 
engineering information found in 
Brep CAD models, such as weight or 
volume.

Precise model Tessellated model



Tessellated Formats
Format Extensions Precies / Tessellated Vendor/Managing Entity TransMagic Read TransMagic Write

3DXML *.3dxml Tessellated Dassault Up to R2016 Up to R2016

3D PDF *.pdf Tessellated Tetra 3D Yes Up to R2019 SP2

OBJ *.obj Tessellated Wavefront All All

Collada *.dae Tessellated ISO All All

NGRAIN *.3KO Voxels Ngrain All 5.0  & 5.1

PLY *.ply Tessellated Stanford University All All

POD *.pod Tessellated All All

PRC *.prc Tessellated All All

Stereo Litography *.stl Tessellated 3D systems All All

U3D *.u3d Tessellated ECMA-363 ECMA-363

VRML *.wrl Tessellated WWW3 1.0 & 2.0

WebGL *.html Tessellated WWW3 1.0 & 2.0



List of file format
Neutral formats Proponents File extensions Geometry type Parts in doc Contains BOM Colors
IGES ANSI/ASME *.IGS, *.IGES Preceise Single ✓ ✓
JT Siemens PLM *.JT Either / Both Either ✓ ✓
Parasolid Siemens PLM *.X_B,*. X_T Preceise Single ✓ ✓
PRC Tech Soft *.PRC Preceise Single ✓ ✓
STEP ISO *.STP, *.STEP Either / Both Either ✓ ✓
Stereolithography 3D Printer Ven *.STL Tessellated Single ✗ ✗
Universal 3D ECMA *.U3D Tessellated Single ✗ ✓
VRML Web3D, ISO *.WRL, *.VRML Tessellated Single ✓ ✓

Proprietary formats Vendors File extensions Geometry type Parts in doc Contains BOM Colors
Inventor Autodesk *.IPT, *.IAM Both Multiple ✓ ✓
CATIA V5 & V6 Dassault Sys *.Catpart Both Multiple ✓ ✓
CATIA V5 & V6 Dassault Sys *3dxml, *.cgr Tessellated Single ✓ ✓
Pro/E, Creo PTC *.asm, *.prt Both Multiple ✓ ✓
I-DEAS Siemens PLM *mf1, *.unv Both Multiple ✓ ✓
NX Siemens PLM *.prt Both Multiple ✓ ✓
Solid Edge Siemens PLM *.asm *.par Both Multiple ✓ ✓
SolidWorks DS SolidWorks *.sldprt Both Multiple ✓ ✓



Comparison between direct and neutral 
format data translation

Advantages Disadvantages

Direct translation

- Better opportunity for accurate translation
- One (direct) translation

- Explosion in the number of translators (n2-n)
- Expensive implementation and support
- Developer needs to keep experts in other systems

Neutral format translation

- Only two for each Cax system 
- Independence of supplier
- Possibility of use for achiving, protection 
against obsolescene

- Long time to develop
- Prone to limitations on coverge
- Two translations, double opportunity for errors



Communicating design data to manufacturing

Design creates the specification for a product as a 3D model. Detailing 
decides the manufacturing requirements for the product by making a 
drawing. Path planning generates tools paths. Manufacturing controls 
production. 



Product Data Exchange Standards Evolution



Comparison among product data exchange 
specifications

IGES SET VDA/FS STEP ACIS

Scope Wireframe models
Surface models
Solid models
FEM models
Technical drawings

Wireframe models
Surface models
Solid models
FEM models
Technical drawings

Surface models Product models 
for the entire 
life cycle

Wireframe model
Surface models
Solid models

Specification 
characteristics

Collection of entites
File format

Collection of entites
File format

Collection of entites
File format

Format 
specification of 
a product 
model
Format 
definition of 
file syntax

Geometric 
modeler kernel



Levels of Graphics Standards Communication
Level-1 
Common b/w Graphics Utility SW & Graphics Output Device (screens, 
plotters etc.)

Level-2 
Common b/w Application SW & Graphics Utility

Level-3 
Communication between different CAD Systems



Level 1

VDI (Virtual Device Interface) or CGI (Computer Graphics Interface) is 
the most important standard in this category.
VDI specifies a standard format for transferring GD between Graphics 
utility & device drivers.
VDM (Virtual Device Metafile) can be stored or transmitted from 
graphics device to another. VDM is now called CGM (Computer 
Graphics Metafile).
CGI is a standard functional and syntactic specification for the exchange 
of device independent data and associated control information 
between systems with graphical functional capabilities.



Level 2

GKS (Graphics Kernel System) most universally accepted  standard 
developed in W. Germany in 1979. GKS provides interface between 
application package and Graphics utility programs for any CAD system.
CORE (an American software equivalent to GKS)
PHIGS (Programmers Hierarchical Interface for Graphics) has been 
proposed to eliminate restrictions of GKS.
NAPLPS (North American Presentation- Level Protocol Syntax) 
describes text and graphics in the form of sequences of bytes in ASCII 
code.



Level 3

• Initial Graphics Exchange Specification (IGES)
• Drawing Exchange Format (DXF)
• Standard for the Exchange of Product Model Data (STEP)

Currently CAD systems which used to support IGES format are moving 
toward the use of STEP.



Current Situation
Translation using IGES is unreliable
• geometry is corrupted
• much cleanup required after translation

Translation using STEP is not widespread
• STEP translators only recently available

Existing translators lose information
• parametrics and constraints
• features and history trees



Drawing Exchange Format

Drawing exchange format (DXF) 
is a file format for graphics 
information. 
It is an ASME/ANSI standard 
that is used for PC-based 
CAD/CAM platforms. 
DXF enables vector data 
exchange as well as 2D and 3D 
graphics drawing.



Drawing Exchange Format

Depending on the software creating 
the DXF file, it can either be in an 
ASCII or a binary format.

Almost all CAD (Computer Aided 
Design) drawings can be 
represented by a DXF file.



Drawing Exchange Format

HEADER section – General information about the drawing. Each parameter has a variable name and an associated value.
CLASSES section – Holds the information for application-defined classes whose instances appear in the BLOCKS, ENTITIES, 

and OBJECTS sections of the database. Generally does not provide sufficient information to allow interoperability with 
other programs.

TABLES section – This section contains definitions of named items.
Application ID (APPID) table
Block Record (BLOCK_RECORD) table
Dimension Style (DIMSTYPE) table
Layer (LAYER) table
Linetype (LTYPE) table
Text style (STYLE) table
User Coordinate System (UCS) table
View (VIEW) table
Viewport configuration (VPORT) table

BLOCKS section – This section contains Block Definition entities describing the entities comprising each Block in the drawing.
ENTITIES section – This section contains the drawing entities, including any Block References.
OBJECTS section – Contains the data that apply to nongraphical objects, used by AutoLISP and ObjectARX applications.
THUMBNAILIMAGE section – Contains the preview image for the DXF file.
END OF FILE



ASCII Code

American Standard Code for 
Information Interchange is a 
character-encoding scheme. 
Originally based on the 
English alphabet, it encodes 
128 specified characters into 
7-bt binary integers.
ASCII was published as ASA 
X3.4-1963.



Initial Graphics Exchange Specification (IGES)

IGES was designed for the exchange of database information between 
computer-aided systems. 
It establishes information structures to be used for the digital 
representation and communication of product definition data.
IGES was first developed by National Institute of Standards and 
Technology (NIST) in 1980 and published as ANSI Standard (Yl4.26M) in 
September 1981. 



Communication via IGES

IGES

Pre-
processor 1

Post-
processor-1

Database 1

CADCAM 
System 1

CADCAM 
System 2

Database 2

Post-
processor 2

Pre-
processor 2

Archival 
database



Development of IGES
2-D

IGES Ver.1.0 – mainly addresses the exchange of CAD drawings
IGES Ver.2.0 – supports the exchange of finite-element data and 
printed circuit-board data
IGES Ver.3.0 - enchances the capabilities of user-defined Macros that 
are essential to exchange the standard part libraries.

3-D
IGES Ver.4.0 – supports the CSG tree of a solid.
IGES Ver.5.0 – handles the B-rep data of solids



IGES File Format

An IGES file is composed of 6 sections in the following order. A record is 
a line comprising 80 characters. 

1- The flag section
2- The start section
3- The global section
4- The directory entry section
5- The parameter data section
6- The terminate section



IGES Entity Specifications
Number Description
100 Circle/Arc (curve for trimming)
102 Composite curve (list of curves for trimming)
104 Ellipse (curve for trimming)
106 Copious data (for some CAD systems, interpreted as a curve)
110 Line (curve for trimming)
112 Parametric spline curve (curve for trimming)
114 Parametric spline sutface
116 Point (used for 190)
118 Ruled surface
120 Surface of revolutiıon (some CAD systems incorrectly specified the beginning and ending angles in early flies)
122 Tabulated cylinder surface
123 Direction (used for 190)
126 NUBR curve (curve for trimming)
128 NURB surface
140 Offset surface (can be applied toany surface type)
141 Boundary entity
142 Curve on parametric surface (basic trimming curve)
143 Bounded surface
144 Trimmed surface
190 Prametric plane



IGES file format
An IGES file is composed of 80-character ASCII records.Text strings are
represented in "Hollerith" format.



IGES file format



Product Data exchange Specification (PDES)

The goal of PDES is the exchange of product models with sufficient 
information content that will allow interpretation directly by advanced 
CAD/CAM application programs. 
The draft version of PDES will be functionally the same as the current 
version of IGES with a data migration path defined for conversion from 
IGES to PDES.
PDES will include a geometry model that will include solid model 
representations.



Product Data exchange Specification
PDES is a much more comprehensive and complex standard than IGES 
or any other predecessors.

Archival 
product data

Discipline 
model

Product 
data

PostprocessorPreprocessorDiscipline 
model

Product 
data

Three-layer 
architecture

Data 
exchange unit



Standart for Exchange of Product - STEP

STEP is a comprehensive ISO standard (ISO 10303) that describes how 
to represent and exchange digital product information. 
ISO 10303 is an International Standard for the computer-interpretable 
representation of product information and for the exchange of product 
data. 



Standart for Exchange of Product - STEP

Since STEP is an international standard, most CAD software applications 
provide STEP file input and output capabilities. 
STEP is emerging standard set to replace IGES. 
The STEP specification is a drawing toghether and unifying of the
existing standards.
STEP defines the exchange of more than just graphical or topological
data.



STEP functional modules 

STEP consists of many different 
parts. These parts are grouped 
functionally into eight modules.



STEP functional modules 

STEP Part 11 : defines the STEP standard's information modeling 
language - EXPRESS. The EXPRESS language supports aspects of the 
STEP architecture.
STEP Part 21 : defines various formats and structures for STEP-format 
product data files for different industries.
STEP Part 22:  SDAI (Standard Data Access Interface of STEP), provides 
an application programming interface (API) to data contained in and 
described by an EXPRESS information model.



STEP Architecture

Layer 1: Implementation methods
(EXPRESS)

Physical files

Layer 2: Resource information 
models

Layer 3: Application protocols

Conformance 
testing
& test 
suites



Three major STEP file formats

• STEP AP203: Defines geometry, topology, and configuration 
management data of solid models for mechanical parts & assemblies.

• STEP AP214: Includes STEP AP203 features along with colors, layers, 
GD&T, and design intent.

• STEP AP242: Merges both STEP 203 & STEP 214 to introduce



Hierarchical structure of STEP AP203



STEP



STEP file example



STEP file example



STEP file example



Abrrivations
API Application Programming Interface 
ASCII American Standard Code for Information 

Interchange 
CGI Computer Graphics Interface
CGM Computer Graphics Metafile
DDA Digital Differential Analyzer 
DXF Drawing Exchange Format
DMIS Dimensional Measurement Interface 

Specification
GCS Global coordinate system
GKS Graphics Kernel System
IGES Initial Graphics Exchange Specification 

LCS Local coordinate systems
LHS Left Hand Coordinate System
PDES Product Data Exchange Specification 
PHIGS Programmers Hierarchical Interface for 

Graphics
RHS Right Hand Coordinate System 
SCS Screen coodinate system
SDAI Standard Data Access Interface
STEP Standart for Exchange of Product 
VDI Virtual Device Interface
VDM Virtual Device Metafile
WCS World coordinate system


