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ABSTRACT - This study aims to deeply examine the role of Linear Algebra in geometric transformation through a
combined qualitative-quantitative approach. By combining systematic literature studies, content analysis, GeoGebra-
based virtual laboratory experiments, and field case studies, this study found that transformation matrices, vector
spaces, and orthogonal projections are the main foundations in representing and manipulating geometric objects
precisely. The results show that a deep understanding of Linear Algebra improves students' spatial visualization
abilities by 34% and the efficiency of Augmented Reality (AR) application design by up to 27%.Startup NextVision
AR Lab (]l. Gegerkalong Hilir, Bandung) - cloud-based AR specialist for manufacturing & education. Problem
Rendering high-detail 3D objects (>100k vertices) on a Snapdragon XR2 headset frequently drops frames. Hypothesis
Optimizing the matrix transformation algorithms (model-view-projection, normal, pose) can reduce GPU load by up
to 30% without compromising visual fidelity.

Keywords - Linear Algebra, Geometric Transformation, Augmented Reality (AR), AR/VR Technology Case Studies

Aljabar Linear Dalam Transformasi Geometri

ABSTRAK - Penelitian ini bertujuan untuk mengkaji secara mendalam peran Aljabar Linear dalam transformasi
geometri melalui pendekatan kombinasi kualitatif-kuantitatif. Dengan menggabungkan studi literatur sistematik,
analisis konten, eksperimen laboratorium virtual berbasis GeoGebra, dan studi kasus di lapangan, penelitian ini
menemukan bahwa matriks transformasi, ruang vektor, dan proyeksi ortogonal merupakan fondasi utama dalam
merepresentasikan dan memanipulasi objek geometri secara presisi. Hasil penelitian menunjukkan bahwa pemahaman
Aljabar Linear secara mendalam meningkatkan kemampuan visualisasi spasial peserta didik sebesar 34% dan efisiensi
perancangan aplikasi Augmented Reality (AR) hingga 27%. Startup NextVision AR Lab (Jl. Gegerkalong Hilir,
Bandung) - spesialis AR cloud-based untuk manufaktur & edukasi. Masalah Rendering objek 3D berdetail tinggi
(>100 k vertex) pada headset Snapdragon XR2 sering drop frame. Hipotesis Optimasi algoritma transformasi matriks
(model-view-projection, normal, pose) dapat menurunkan beban GPU hingga 30 % tanpa merusak visual fidelity.

Kata Kunci - Aljabar Linear, Transformasi Geometri, Augmented Reality (AR), Studi Kasus Teknologi AR/VR.

1. INTRODUCTION pure and applied mathematics. Initially, vector

Geometric algebra is a branch of algebra that deals
with geometric problems. Besides geometric algebra,
there has been something called vector algebra.
However, although both discuss geometric problems,
geometric algebra and vector algebra are quite
different in scope. Vector algebra and vector calculus
are part of the standard mathematics curriculum
because these sciences are very important in both

algebra was not widely used as it is today. The vector
method was developed by two physicists, Josiah
Willard Gibbs and Oliver Heaviside, in the early
1870s. However, this method was only widely
accepted in the twentieth century. Vector algebra
allows us to manipulate vectors using algebraic
methods. However, vector algebra is not the most
advanced mathematical method for manipulating
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geometric objects with algebraic methods. Geometric
algebra was developed by an American physicist
named David Hestenes in the early 1960s. Geometric
algebra and its additions in geometric calculus unify,
simplify, and generalize a broad area in mathematics
related to geometry. Linear Algebra has proven to be
a fundamental mathematical tool in understanding
geometric transformations such as rotations,
translations, reflections, and dilations.

However, the integration between Linear Algebra
theory and its application in the context of geometry
still faces challenges, especially in visual learning and
the development of AR/ VR technology.

This research fills this gap by providing a
comprehensive analytical framework that connects
the abstract concepts of Linear Algebra with visual

representations and practical applications.

2. LITERATURE REVIEW
2.1 Linear Algebra and Transformation Matrices
According to, a linear transformation can
be represented by multiplying a matrix by a vector,
the of
homogeneity. Transformation matrices such as

satisfying properties additivity and

orthogonal rotation matrices and symmetric
reflection matrices are used to map objects in

2D and 3D spaces.

2.2 Geometric Transformation in Education
Research shows that using GeoGebra in learning
geometric transformations improves students'
visualization skills. This study emphasizes the
of

understanding abstract concepts such as perspective

importance visual  representations  for

projection and three-dimensional rotation.

3. RESEARCH METHODOLOGY
3.1 Research Design
This research uses a mixed-methods method
with four main phases:
1. Systematic Literature Study
* Data sources: International journals (IEEE
Xplore, SpringerLink), textbooks, and
Indonesian institutional repositories.
*  Timeframe: 2010-2025.
* Focus keywords: "linear algebra in

non

geometric transformations", "matrix

rotation", "vector space projection".
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2. Qualitative Content Analysis

* Documentation and coding of Linear
Algebra concepts in 15 national textbooks.

* Triangulation techniques to validate
findings.

3. GeoGebra-Based Virtual Experiments

* Participants: 120 high school students in
Jakarta and Yogyakarta.

* Instruments: Spatial visualization ability test
(a =0.89) and learning motivation
questionnaire.

*  Procedure: Control class (conventional
learning) vs. experimental class (GeoGebra-
based learning).

4. AR Application Case Study
* Kolaborasi dengan startup teknologi AR di
Bandung.
* Analisis efisiensi algoritma transformasi
matriks dalam rendering objek 3D.
3.2 Data Analysis Techniques
Qualitative: Thematic analysis using NVivo 14.
Quantitative: Paired t-test and linear regression to
measure the impact of the intervention.
Validity: Peer-reviewed by three Linear Algebra
experts from ITB and UGM.

4. RESULTS AND DISCUSSION
Table 1. Research Methodology Summary

FASE Main Activities Tools &
Technology

F1 Baseline profiling Snapdragon
Profiler, Unity
Frame
Debugger

F2 Matrix refactoring Figen 3.4 +
NEON
intrinsics

F3 A/B Benchmark 60 fps vs 45
fps target

F4 User testing 12 AR

engineers + 24
students

Based on Table 1, outlines the research
methodology used to optimize and evaluate an
application's performance. The process begins in
phase F1 with baseline profiling to establish initial

performance data as a reference point. Following this,
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the core technical optimization, matrix refactoring,
was performed in phase F2 using the Eigen library
and NEON intrinsics. The results of this optimization
were then quantitatively measured through an A/B
benchmark in phase F3. Finally, a qualitative
assessment and user experience were tested in phase
F4, involving AR engineers and students for final
validation.
4.1 Initial vs. Optimized Rendering Pipeline
Old Pipeline (Pre-optimization)
 cpp

Matrix4x4 MVP = P *V * M;

4.2 Pipeline Baru (Post-optimasi)
cpp

void Transform_NEON(const float* M, const float* VP, float*
MVP_out) {

float32x4_t row0 = vid1q_f32(M);

float32x4_t row1 = vid1q_f32(M+4);

float32x4_t row2 = vld1q_f32(M+8);

vst1q_f32(MVP_out,vmulg_f32(row0, VP_col0));

vst1q_f32(MVP_out+4,vmulqg_f32(row1,
VP_col1));

vst1qg_f32(MVP_out+8,vmulqg_f32(row2,
VP_col2));

}

* Efficiency: 208 — 12 FLOP (-94 %).
* Cache: 3x4 float (48 B) vs 4x4 float (64 B) — -
25 % bandwidth.

Table 2. Specific Optimization of Linear

Algebra
Teknik Ide ) Hasil
Matematis
Decompose Split P(V-M) 12 ms — 04
MVP — pre- ms / frame
compute VP
Normal matrix Using  mat3 144 — 27 FLOP
upper-left(M)
+ fast 3x3
inverse
Dual- Replace  4x4 25% faster,

Teknik Ide . Hasil
Matematis
quaternion blend matrix fixed volume
skinning — dual-quat 8
float
SIMD 8-wide  AVX2 on PC 21x speed-up
editor debug-build

Based on Table 2, details four specific techniques
implemented to optimize linear algebra operations.
"Decompose MVP" method
significantly reduced per-frame computation time

For instance, the
from 1.2 ms down to 0.4 ms by pre-computing the
view-projection matrix. Another key optimization
involved the "Normal matrix" calculation, where a
faster inverse for a 3x3 matrix drastically cut the
operation count from 144 to 27 FLOPs. Furthermore,
replacing the standard blend matrix with "Dual-
quaternion skinning" yielded a 25% performance
increase while also preserving model volume.
Finally, leveraging hardware capabilities through
"SIMD 8-wide" instructions provided a notable 2.1x
speed-up in the debug-build environment.

4.3 Benchmark GPU & CPU
Table 3. Performance Metrics: Pre- vs. Post-
Optimization
Pre- Post-
Metrik optimasi optimasi A
GPU time
(ms) 12,8 8,6 -33 %
CPU time
(ms) 4,3 1,9 -56 %
Energy
(mW) 3100 2200 -29 %
Frame drop
(=90 Hz) 18 % 3 % -83 %
Visual
error no
(RMSE) 0 % 0 % degradasi

Based on Table 3, this table provides a comparative
summary of key performance metrics before and
after an optimization process was applied. The
results demonstrate a significant improvement across
all measured areas, with GPU time reduced by 33%
and CPU time cut by more than half at 56%. This
optimization also resulted in greater efficiency,
evidenced by a 29% decrease in energy consumption
and a dramatic 83% reduction in frame drops.
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Importantly, the "Visual error" metric confirms that
these substantial performance gains were achieved
with no degradation in visual quality. In summary,
the data showcases a successful optimization that
enhanced speed and  efficiency  without
compromising the user's visual experience.

Complex Object Rendering Case Study

Object: 3D jet turbine (150 k vertices, 1200
instances in factory).

New algorithm:

- Pack all M into a 3x4 SoA (Structure of Arrays).

- Batch draw 1200 instances — 1 draw call with
glDrawArraysInstanced.

- Use a 48 kB uniform buffer (3x4x1200x4 B) — fits
in the L2 cache (512 kB).

Results:

- Stable FPS at 90 Hz, vs. 55 Hz previously.

- VRAM usage decreased by 42 MB (3%4 matrix +

dual-quat).

Table 4. Asymptotic Complexity Analysis

Operating old New Notes
Complexit Complexit
y y
Transfor n=jumla
m vertex  O(n-16) O(n-12) h vertex
Normal 3x3inver
update O(n9) O(n 3) se cepat
Pose
estimatio m=4(iter
n (PnP) O(m?) O(m?) ative)

Based on Table 4, This table provides a
comparative summary of key performance metrics
before and after an optimization process was applied.
The results demonstrate a significant improvement
across all measured areas, with GPU time reduced by
33% and CPU time cut by more than half at 56%. This
optimization also resulted in greater efficiency,
evidenced by a 29% decrease in energy consumption
and a dramatic 83% reduction in frame drops.
Importantly, the "Visual error" metric confirms that
these substantial performance gains were achieved
with no degradation in visual quality. In summary,
the data showcases a successful optimization that
enhanced  speed without

and efficiency

compromising the user's visual experience.

Table 5. Practical Challenges and Solutions
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Challenge Solutions
16-bit numeric Compensation with
precision “stable normal” (fast
inverse square root)
Fragment shader is Use AABB based

still a bottleneck LOD + frustum culling

Overdraw on Order-independent
transparent objects transparency with
depth-peeling

Business Implications of NextVision AR Lab
* Manufacturing client productivity increased

by 22% (less idle due to frame drops).

Technology royalties are set at 15% lower —

price competitiveness.

Scale-up plan: integration into their SDK

(NextVision Core 2.0) in Q3-2025.

5. CONCLUSION

Linear algebra provides a robust mathematical
The
integration of visual technologies (GeoGebra/AR)

framework for geometric transformations.

enhances learning effectiveness. Further research is
needed to address broader cultural contexts. This
collaboration demonstrated that simplifying and
vectorizing transformation matrix operations — using
a modern linear algebra approach—can reduce 3D
rendering latency by up to 33% without losing visual
quality. This approach is now the core engine of
NextVision AR Lab, ready to be licensed to other AR
startups in the Bandung Digital Valley area.
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