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Abstract— Computer vision is a field that studies how
computers perceive and interpret visual information from the
real world. A fundamental aspect of the field is the projection
of our three-dimensional world onto two-dimensional images
through mathematical camera models. Another important
aspect is color grading, where the appearance and mood of an
image are adjusted by transforming its color representation.
Both camera projection and color grading rely heavily on
linear algebra. Camera models use vectors, matrices, and
homogeneous coordinates to map 3D points in the world to 2D
points on an image plane. Similarly, color grading often applies
3×3 matrices to RGB color vectors to modify or correct colors
in a controlled, linear way. This paper explores how these
two processes can be formulated and understood using linear
algebra theory, and illustrates their implementation through
simple numerical examples and code-based experiments.

Keywords—Computer Vision, Camera Projection, Color
Grading, Digital Images

I. INTRODUCTION

Modern computers are increasingly used to capture, gen-
erate, and process visual data, from digital photography
and cinema to video games and augmented reality. A key
question in this context is how a three-dimensional world can
be represented as two-dimensional images that still preserve
geometric structure and visual meaning. This is the domain
of camera modeling and projection, which describes how
points in 3D space are mapped onto an image plane. Once
an image has been formed, post-processing operations such
as color grading play an equally important role, shaping
the mood, contrast, and overall appearance of the image by
adjusting its color characteristics.

Both camera projection and color grading can be for-
mulated in a unified way using linear algebra. In camera
modeling, points in three-dimensional space are represented
as vectors and mapped to the image plane by multiplication
with a projection matrix, typically expressed in homogeneous
coordinates. This approach allows a sequence of operations:
such as translation, rotation, and perspective projection to
be combined compactly using matrix multiplication. On
the color side, each pixel is treated as a vector in a
three-dimensional RGB color space, and many color trans-
formations, from technical color correction to creative looks,

can be described as linear transformations using 3×3 matrices
applied to these color vectors.

This paper explores how fundamental concepts from linear
algebra: vector spaces, linear transformations, matrices, and
homogeneous coordinates underpin two central processes in
digital imaging: camera projection and color grading. The
main goal is to present clear mathematical formulations of
these processes and to demonstrate their practical implemen-
tation through simple numerical examples and code-based
experiments. In doing so, the paper aims to make the con-
nection explicit between abstract linear algebra theory and
concrete applications in computer vision and digital image
processing.

More broadly, studying camera projection and color grad-
ing together highlights how a single mathematical framework
can unify diverse tasks in computer vision and graphics.
The same ideas that describe how a 3D scene is “seen”
by a camera also describe how the colors of that scene are
adjusted to achieve a particular visual style. Seeing these
connections helps bridge the gap between abstract linear
algebra learned in the classroom and the practical systems
used in modern visual media, and shows why a solid un-
derstanding of vectors, matrices, and linear transformations
is essential for anyone interested in imaging, graphics, or
computer vision.

II. THEORETICAL BASIS

A. Vectors

A vector in linear algebra is an object that can be described
by an ordered list of numbers (its components) and is often
interpreted as having both length and direction. Vectors may
live in spaces of different dimensions. For instance, in the
plane a vector v can be written as

v =

[
vx
vy

]
,

while in three-dimensional space a vector v is typically
written as

v =

vx
vy
vz

 .

Some basic operations and properties of vectors are:
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1) Addition: Two vectors of the same dimension can be
added by adding their components one by one. If

u =


u1
u2
...

un

 , v =


v1
v2
...

vn

 ,

then

u±v =


u1 ± v1
u2 ± v2

...
un ± vn

 .

Vector addition is both commutative and associative.
2) Scalar Multiplication: A vector can be multiplied by a

real number (a scalar) by multiplying each component
by that scalar. For a scalar c and a vector

v =


v1
v2
...

vn

 ,

the scaled vector is

cv =


cv1
cv2

...
cvn

 .

Scalar multiplication satisfies familiar distributive and
associative rules, such as

c(u+v)= cu+cv, (c+d)u= cu+du, (cd)u= c(du).

3) Magnitude (Norm): The length of a vector v, often
called its norm, is defined by

∥v∥=
√

v2
1 + v2

2 + · · ·+ v2
n.

This generalizes the usual Euclidean length formula
from two and three dimensions to Rn.

4) Direction: The direction of a nonzero vector describes
how it is oriented in space. In many applications in
geometry and physics, vectors are used specifically
to encode directions of motion, forces, or viewing
rays, where the magnitude represents intensity and the
direction represents orientation.

B. Vector Spaces

A vector space (or linear space) over the real numbers
is a set V whose elements are called vectors, together with
two operations: vector addition and scalar multiplication, that
satisfy certain axioms. The scalars are real numbers, and the
vectors can be added to each other and multiplied by real
numbers in a way that is compatible with these axioms.

Formally, a set V is a vector space over R if:
• For any u,v ∈ V , the sum u+ v is in V (closed under

addition).

• For any c ∈R and v ∈V , the product cv is in V (closed
under scalar multiplication).

In addition, the following properties (axioms) must hold
for all u,v,w ∈V and all scalars c,d ∈ R:

1) Associativity of addition:

(u+v)+w = u+(v+w).

2) Commutativity of addition:

u+v = v+u.

3) Additive identity: There exists a zero vector 0 ∈ V
such that

v+0 = v for all v ∈V.

4) Additive inverse: For every v ∈V there exists a vector
−v ∈V such that

v+(−v) = 0.

5) Compatibility of scalar multiplication with field
multiplication:

c(dv) = (cd)v.

6) Identity element of scalar multiplication:

1 ·v = v for all v ∈V.

7) Distributivity of scalar multiplication over vector
addition:

c(u+v) = cu+ cv.

8) Distributivity of scalar multiplication over scalar
addition:

(c+d)v = cv+dv.

C. Matrices

A matrix is a rectangular table of numbers arranged in
rows and columns. An m × n matrix has m rows and n
columns. In linear algebra, matrices are used to describe
linear transformations and can model operations such as ro-
tations, scalings, and shears in spaces of various dimensions.

Some basic operations and properties of matrices are:
1) Addition: Two matrices of the same size can be added

by adding their entries component-wise. If

A=


A11 A12 . . . A1n
A21 A22 . . . A2n

...
...

. . .
...

An1 An2 . . . Ann

 , B=


B11 B12 . . . B1n
B21 B22 . . . B2n

...
...

. . .
...

Bn1 Bn2 . . . Bnn

 ,

then their sum is

A+B =


A11 +B11 A12 +B12 . . . A1n +B1n
A21 +B21 A22 +B22 . . . A2n +B2n

...
...

. . .
...

An1 +Bn1 An2 +Bn2 . . . Ann +Bnn

 .
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2) Scalar Multiplication: Multiplying a matrix by a
scalar c means multiplying every entry of the matrix
by c. For a scalar c and a matrix A,

cA = c


A11 A12 . . . A1n
A21 A22 . . . A2n

...
...

. . .
...

An1 An2 . . . Ann

 ,

so that

cA =


cA11 cA12 . . . cA1n
cA21 cA22 . . . cA2n

...
...

. . .
...

cAn1 cAn2 . . . cAnn

 .

3) Matrix Multiplication: If A is an m× p matrix and
B is a p× n matrix, then the product C = AB is an
m×n matrix. The entry in row i and column j of C is
defined by

Ci j =
p

∑
k=1

AikBk j.

This operation corresponds to composing the linear
transformations represented by A and B.

4) Transpose: The transpose of a matrix A is obtained
by reflecting it across its main diagonal, so that rows
become columns and columns become rows. The trans-
pose is denoted by AT . If

A =


A11 A12 . . . A1n
A21 A22 . . . A2n

...
...

. . .
...

Am1 Am2 . . . Amn

 ,

then

AT =


A11 A21 . . . Am1
A12 A22 . . . Am2

...
...

. . .
...

A1n A2n . . . Amn

 .

D. Camera Projection

Camera projection describes how points in three-
dimensional space are mapped onto a two-dimensional image
plane using a camera model such as the pinhole camera.
In the pinhole camera model, all rays of light from the
scene pass through a single point (the camera center) before
intersecting the image plane, which produces a perspective
projection in which objects farther from the camera appear
smaller. This model can be expressed in a compact way using
homogeneous coordinates and matrix–vector multiplication,
and is the standard formulation in modern computer vision.

In a linear algebra framework, a 3D point in world
coordinates is written in homogeneous form as

X =


X
Y
Z
1

 ,

and the camera is represented by a 3× 4 projection matrix
P that combines intrinsic parameters (focal length, principal
point, pixel aspect ratio) and extrinsic parameters (rotation
and translation describing the camera pose).The correspond-
ing image point, also in homogeneous coordinates, is then
given by

x ∼ PX,

where ∼ denotes equality up to a nonzero scalar factor,
reflecting that homogeneous coordinates represent points
only up to scaling.

Writing

x =

 x̃
ỹ
w̃

= PX,

the inhomogeneous image coordinates are obtained by nor-
malizing with respect to the third component,

x =
x̃
w̃
, y =

ỹ
w̃
,

so that the final homogeneous image point is

x̂ =

x
y
1

 .

This division by w̃ implements the perspective effect of the
pinhole model, since w̃ depends on the depth of the 3D point
relative to the camera.

The 3×4 projection matrix is often factorized as

P = K [R | t ],

where K is the 3×3 intrinsic calibration matrix, R is a 3×
3 rotation matrix, and t is a 3 × 1 translation vector.This
factorization makes explicit that camera projection under the
pinhole model is a linear transformation in homogeneous
coordinates, allowing rotations, translations, and perspective
effects to be combined into a single matrix multiplication
followed by a homogeneous normalization step.

E. Color Grading

Color grading adjusts the visual appearance of an image
by modifying its colors to achieve a desired look or correct
color imbalances. In terms of linear algebra, each pixel color
can be represented as a vector in the RGB color space,

cin =

R
G
B

 ,

where R, G, and B denote the intensities of the red, green,
and blue channels, respectively. The RGB color space can
be viewed as a three-dimensional vector space, so any linear
color operation on a pixel can be modeled as a linear
transformation on this three-dimensional vector.

A global, linear color transform can therefore be modeled
by a 3×3 matrix M that maps one RGB vector to another:

M =

m11 m12 m13
m21 m22 m23
m31 m32 m33

 , cout = Mcin.
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Written component-wise, this givesRout

Gout

Bout

=

m11 m12 m13
m21 m22 m23
m31 m32 m33


R

G
B

 ,

so each output channel is a linear combination of the three
input channels:

Rout = m11R+m12G+m13B,

Gout = m21R+m22G+m23B,

Bout = m31R+m32G+m33B.

There are three input components (R,G,B) and three output
components, and each output component is allowed to mix all
three inputs with different weights. By choosing the entries
of M appropriately, one can implement operations such
as channel mixing, white balance adjustments, approximate
luminance-based black-and-white conversion, or simple cre-
ative looks (for example, cool, warm, or green-tinted tones).
Applying the same matrix M to every pixel implements a
consistent, linear color grading operation across the entire
image.

III. IMPLEMENTATION

This section presents the implementation of two small
Python programs that demonstrate how linear algebra is used
in camera projection and color grading. Both implemen-
tations use NumPy for matrix and vector operations, with
Matplotlib for visualization and OpenCV for image I/O.

A. Camera Projection

Fig. 1. Python code defining the pyramid geometry in world coordinates,
including vertices, faces, per-face colors, and homogeneous coordinates.

In the implementation stage, a colored pyramid is used as
a simple 3D object to demonstrate camera projection. The
pyramid is defined by five vertices in world coordinates: four
form a square base on the plane z=0, and one is an apex
elevated along the z-axis. These vertices are grouped into one
quadrilateral face for the base and four triangular faces for
the sides, and each face is assigned a distinct color so that it
remains visually distinguishable after projection. The vertex
array is then extended to homogeneous coordinates [x,y,z,1],
which allows all subsequent transformations (view and pro-
jection) to be expressed as matrix–vector multiplications
in homogeneous space, consistent with standard projective
camera models in computer vision.

Fig. 2. Python code for the camera view matrix, perspective projection
matrix, and the projection function from homogeneous world coordinates
to 2D image coordinates.

The camera model is represented by a 4×4 view matrix
and a 4×4 perspective projection matrix, as shown in Fig-
ure 2. The view matrix translates the world by (0,−5,−8),
which corresponds to placing the camera at approximately
(0,5,8) in world coordinates and orienting it toward the
origin, so that the pyramid lies inside the camera’s field of
view. The projection matrix is parameterized by a vertical
field of view of 60◦, an aspect ratio of 1, and near–far
clipping planes at 1 and 50 units, yielding the standard
pinhole camera matrix that maps camera-space coordinates
into clip space. The projection function then applies the view
and projection matrices to the homogeneous world vertices,
performs the homogeneous normalization by dividing by
the fourth component w, and returns both the camera-space
coordinates and the 2D image-plane coordinates (ximg,yimg).
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Fig. 3. Python code for rendering the colored pyramid and camera in
3D (left subplot) and its perspective projection as colored faces on the 2D
image plane (right subplot).

Finally, the visualization code in Figure 3 renders both
the 3D configuration and the 2D projection. In the left
subplot, a Poly3DCollection is constructed from the
face index lists and colored using the predefined face colors,
producing a colored pyramid in 3D world space. The camera
is drawn as a point at (0,5,8) with a text label, and an arrow
created with ax3d.quiver indicates the viewing direction
toward the origin. In the right subplot, the projected 2D
points are grouped according to the same face indices and
filled as colored polygons using ax2d.fill, so that each
3D face maps to a similarly colored region in the image
plane; vertex indices are annotated to emphasize the one-
to-one correspondence between 3D vertices and their 2D
projections, providing a concrete visual illustration of the
perspective camera model.

B. Color Grading

Figure 4 shows the Python code used to load the input
image and convert it to an RGB representation with floating-
point intensities in the range [0,1]. The image is first read
from disk using cv2.imread, then converted from BGR
(OpenCV’s default) to RGB, and finally normalized to ensure
numerically stable linear operations.

Fig. 4. Python code for loading and normalizing the input RGB image.

Fig. 5. Definition of the 3× 3 color matrices for cool, warm, contrast,
grayscale, and green-enhanced effects.

Several 3 × 3 color matrices are then defined, as illus-
trated in Figure 5. The matrices M_cool, M_warm, and
M_contrast adjust the balance between the red, green,
and blue channels in a coupled way: diagonal entries slightly
larger than one strengthen the main channel, while small
negative off-diagonal terms redistribute part of the intensity
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into other channels, thus modifying the global color tone and
contrast. Mathematically, each output color c′ = [R′,G′,B′]⊤

is obtained from an input color c = [R,G,B]⊤ via

c′ = M c,

where M is one of the color matrices shown in the figure.
The matrix M_bw in Figure 5 implements a

weighted grayscale conversion using the coefficients
(0.299,0.587,0.114) for the R, G, and B components,
which are widely used to approximate luminance according
to human visual perception. Because all three rows are
identical, each output channel receives the same intensity,
producing a visually grayscale image. The matrix M_green
is designed to emphasize the green channel while still
incorporating contributions from red and blue.

Fig. 6. Function for applying a 3×3 color matrix to all pixels of the RGB
image.

Figure 6 presents the function apply_color_matrix,
which applies a chosen color matrix to all pixels of the
image. The three-dimensional image array of size (h,w,3) is
reshaped into a two-dimensional array of size (h×w,3), so
that each row corresponds to one RGB color vector. A single
batched matrix multiplication with the transpose of M applies
the linear color transform to all pixels simultaneously, and the
result is clamped to the interval [0,1] to keep the intensities
within a valid range. This design is modular: adding a new
color style only requires defining another 3× 3 matrix and
calling the same function.

Fig. 7. Saving the transformed images after applying the different color
matrices.

Finally, the code fragment in Figure 7 converts each
processed image back to 8-bit format and saves it to disk
using OpenCV. The images are rescaled from [0,1] to
[0,255], cast to uint8, and converted from RGB to BGR
to match OpenCV’s default channel ordering for file output
[web:184][web:193]. Each result is written with a filename
that encodes the corresponding color transformation (cool,
warm, contrast, grayscale, or green), which facilitates visual
comparison of the different matrix-based effects.

IV. RESULTS

A. Camera Projection

In the results, the 3D and 2D visualizations clearly show
how the camera projects the colored pyramid from world
space onto the image plane. In the 3D view on the left,
the five pyramid vertices are located at fixed coordinates
in the world frame: four vertices form a square base on
the plane z = 0 at positions

(
±base_size

2 ,±base_size
2 ,0

)
,

while the apex lies at (0,0,apex_height). Each face of
the pyramid is drawn with a distinct color (a gray base and
four differently colored sides), so that it is easy to see how
each planar 3D face is oriented relative to the camera. The
camera itself is placed at approximately (0,5,8) in world
coordinates, and an arrow from this point toward the origin
indicates the viewing direction along the principal axis, i.e.,
the line from the camera center to the scene that defines the
center of the field of view in the pinhole model.

Fig. 8. Visualization of camera projection. Left: colored pyramid in
3D world coordinates with camera position and viewing direction. Right:
perspective projection of the same pyramid onto the 2D image plane.

In the 2D view on the right, the same vertices have been
transformed by the view and projection matrices and then
normalized by their homogeneous component w to obtain
image-plane coordinates (ximg,yimg). Each 3D face uses the
corresponding projected vertices to draw a filled polygon
with the same color as in the 3D plot, so the gray base
and each of the four colored side faces appear as separate
regions in the image. Vertex indices are labeled consistently
in both views, making explicit which 3D point (X ,Y,Z)
maps to which 2D point (ximg,yimg). This figure therefore
illustrates the complete mapping from world coordinates
(left) through the camera model to image-plane coordinates
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(right), providing a concrete example of the perspective
projection described by the pinhole camera model.

B. Color Grading
The following figures show the original image and the

results of applying several different 3 × 3 color grading
matrices.

Fig. 9. Original image (ITB’s Plaza Widya)
Source:

Author’s archive

Fig. 10. Color grading result: Cool tone
Source:

Author’s archive

Fig. 11. Color grading result: Warm tone
Source:

Author’s archive

Fig. 12. Color grading result: Black and white
Source:

Author’s archive

Fig. 13. Color grading result: Higher contrast
Source:

Author’s archive

Fig. 14. Color grading result: Green tone
Source:

Author’s archive

V. CONCLUSION

The work in this paper shows that two seemingly different
tasks in digital imaging, projecting a 3D scene onto a 2D
image plane and manipulating the colors of that image,
are both naturally and efficiently described using linear
algebra. Camera projection was modeled using homogeneous
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coordinates and a projection matrix that maps 3D points
to 2D image coordinates via matrix–vector multiplication,
illustrating how translation, rotation, and perspective can be
combined into a single linear transformation. Color grading
was formulated as applying 3×3 matrices to RGB color vec-
tors, demonstrating how global adjustments such as cool and
warm looks, increased contrast, grayscale conversion, and
tinted styles can all be implemented as linear transformations
in a three-dimensional color space.

Through simple Python implementations, these concepts
were made concrete. The camera projection experiment
projected the corners of a virtual cube using a view and
projection matrix, and the results were visualized as 2D
point configurations that match the geometric intuition of a
pinhole camera model. The color grading experiment applied
several different 3×3 matrices to a real image, producing
side-by-side comparisons that directly reveal how changes
in matrix entries translate into changes in image appearance.
These examples highlight that many core operations in com-
puter vision and graphics reduce to carefully chosen matrix
operations on vectors representing geometry and color.

Overall, the paper emphasizes that vector spaces, matrices,
and linear transformations are not just abstract mathemat-
ical objects but practical tools that underpin real imag-
ing pipelines. Understanding how camera matrices and
color matrices operate makes it easier to reason about,
design, and debug visual systems, from rendering engines
to post-production workflows. By connecting course-level
linear algebra theory with tangible visual results, this work
illustrates why a solid grasp of linear algebra is essential for
further study and development in computer vision, computer
graphics, and digital content creation.

VI. SUGGESTION

For future work building on this paper, several directions
can be explored to deepen both the mathematical and prac-
tical understanding of camera projection and color grading
as applications of linear algebra:

• More Realistic Camera Models: This work uses a sim-
plified pinhole camera and manually defined projection
matrix. Future projects could incorporate real camera
calibration data, including intrinsic and extrinsic param-
eters as well as lens distortion, to compare idealized
linear models with more realistic imaging pipelines.

• Extension to Non-Linear Color Pipelines: The current
implementation focuses on linear 3× 3 color matrices
in RGB space. Further research could investigate how
these linear blocks fit into full color pipelines that
include non-linear operations such as gamma correction,
tone mapping, and film-style curves, and analyze which
parts remain purely linear.

• Comparative Study of Color Spaces: Another direc-
tion is to extend the analysis beyond RGB to other color
spaces, such as XYZ, YUV, or Lab, and study how
linear transformations behave in each space. This could
include implementing and comparing color grading ma-

trices in multiple spaces and evaluating their visual and
numerical effects.

• Integration with Graphics or Vision Frameworks:
The simple Python implementations presented here
could be integrated into a small rendering demo or
a basic computer vision project (for example, using
OpenGL or a vision library). This would highlight how
the same matrix formulations are used in real-time
graphics and image processing systems.

By pursuing these directions, students and developers can
gain a deeper appreciation of how vector spaces, matrices,
and linear transformations are embedded in real imaging
pipelines, and how theoretical linear algebra concepts trans-
late into concrete design decisions in computer vision, graph-
ics, and digital content creation.

APPENDIX

The GitHub repository for this paper can
be accessed at https://github.com/philipphqiwu/
Makalah-IF2123-CameraProjection-ColorGrading. A
video explanation of the contents of this paper is also
present at https://youtu.be/wozE5LjCdWU
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