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Abstract

Background and Objectives: Line and curve clipping is a fundame omputer
graphics, geometric modeling, and visualization systems, d portions of
geometric primitives are visible within a specified clipping wigfow. ping algorithms

such as Cohen-Sutherland, Liang-Barsky, Nicholl-Lee—-MNhONg@Nd mid®Oint subdivision have
been widely used due to their deterministic behavj matheMNggtical rigor. However, these
methods face increasing limitations when applif to mo®&rn graphics workloads involving

large datasets, complex curves, and rea rin quirements. Intersection-based

approaches often perform repeated and ionally expensive boundary calculations

RNSCA for sm#l to moderate CPU-based line-only datasets. The primary strength of RNSCA
lies in scalability and parallel suitability rather than small-scale sequential speed.

Methodology: This research introduces a Recursive N-Subdivision Clipping Algorithm (RNSCA),
which generalizes classical midpoint subdivision by initially dividing each geometric primitive

into N equal sub-segments. The value of N can be adaptively selected based on line length,
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dataset density, or available computational resources. Each sub-segment is classified using
region outcodes derived from the Cohen-Sutherland framework, enabling rapid trivial
acceptance or rejection through simple bitwise operations. Only ambiguous segments that
potentially intersect the clipping boundary are further recursively subdivided. The recursion
continues until the segment is trivially classified, a maximum recursion depth is reached, or
the segment length falls below a predefined tolerance. For curve primitives such as Bézier
and spline curves, parametric subdivision or polyline approximation is applied, allowing the
same outcode-based classification without explicit polynomial intersection solving. The

algorithm is intentionally designed to defer or avoid direct intersection cosmigbions, relying

instead on recursive refinement and classification. Experimental eval Wnducted

using synthetic datasets consisting of randomly generated line seg primitives
of varying sizes, and performance was compared against clas Writhms using
runtime, scalability, and visual accuracy metrics.
Main Results: The experimental results indicate that th@Profdgsed RN effectively reduces

rge-scalqgpnd curve-heavy datasets.

s demonstrate comparable or

r, as dataset size increases, RN-

Conclusions:®The Recursive N-Subdivision Clipping Algorithm represents a meaningful
advancement in clipping methodologies by shifting the computational focus from intersection-
centric processing to subdivision-based, outcode-driven classification. By generalizing
subdivision to N segments and refining only ambiguous regions, the algorithm achieves

improved scalability, reduced redundancy, and enhanced suitability for parallel processing.
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Its unified treatment of line and curve primitives simplifies clipping pipelines and reduces
algorithmic complexity in curve-dominated workloads. While careful selection of the
subdivision parameter N is required to balance precision and performance, the proposed
approach complements classical algorithms rather than replacing them, offering distinct
advantages in large-scale and real-time graphics environments.

Practical Application: The proposed RNSCA is particularly well suited for GPU-accelerated
rendering pipelines, real-time visualization systems, CAD/CAM platforms, GIS applications,
and vector graphics engines where large volumes of geometric primitives must be efficiently

processed. By minimizing expensive intersection computations and enabliggmmgabarrassingly

tune precision based on application needs, making it benefici
and large-scale industrial visualization tasks. The algorith
industry and research communities seeking scalable 4fhd

solutions.

Keywords: Line Clipping, Outcode Classjgcation ggrall raphics, Recursive Subdivision,
GPU Suitability, Curve Clipping, Scalabilit

Introduction

endpoint is giVen a 4-bit code that indicates its region with respect to the clipping window.
Simple bitwise operations are used to determine trivial acceptance and rejection; however,
intersection computations with the clipping boundaries are still necessary for ambiguous
segments. Through the formulation of clipping as a parametric inequality problem, the

Liang-Barsky algorithm optimized intersection handling, eliminating needless tests but adding
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extra arithmetic complexity [1]. By reorganizing the outcode logic, the Nicholl-Lee-Nicholl
algorithm decreased the number of special-case evaluations; however, it was still primarily
designed for vertical and horizontal cases.

The goal of subdivision-based methods was to completely avoid intersection math.
According to region codes, the midpoint subdivision algorithm recursively splits line segments
in half, accepting or rejecting each half until it is easy to classify them. According to the
literature, "each half is then subjected to the visibility tests"[2]. Until we have fully visible and
invisible segments, this subdivision process is repeated. Despite its robustness, this method

may waste computational resources by needlessly dividing up areas tha ell outside

ich uses

mbiguity is reduced.
ing curved primitives into

patches that were tested using bitmask codes || ed that "all subpatches can be

processed in parallel, leading to high effigency. ods demonstrate a developing
trend: lowering explicit intersection cost difying subdivision and outcode-based

logic for parallel architectures.

Even with these advag

'®cursive midpoint subdivision wastes time by splitting

ping boundary. Curve clipping techniques don't generalize

each primitive 8t the midpoint, RNSCA divides it into N equal pieces first. N can vary depending
on the length of the line, the density of the dataset, or the processing power available.
Each fragment receives a region outcode, making it simple to accept or reject without having
to perform any math. The algorithm does not rely on intersections at its core. Instead, it

focuses on boundary-relevant primitives, recursively refining only unclear fragments.
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You can adjust N to achieve a balance of granularity and recursion depth, allowing the
algorithm to run on a variety of hardware, from low-power CPUs to massively parallel GPUs.
This paper contains three main points.

1. Algorithmic innovation: A parameterized subdivision framework that decouples
recursion depth from spatial resolution by introducing adaptive N-way segmentation. Unlike
repeated midpoint subdivision (N=2), the proposed approach allows early coarse pruning of
distant primitives, reducing recursive depth growth and enabling parallel fragment evaluation.

2. Scalability and parallelism: A binary-subdivision structure that is well-suited to GPU

parallelization, consistent with trends in large-scale, real-time graphics wg

by reducing the number of intersection calculations and eliminating the need for repetitive

clipping steps [3]. The Midpoint Subdivision Line Clipping Algorithm is a recursive geometric
method for computer graphics that cuts a line segment against a rectangular clipping window.
It is considered a classic algorithm that appears in many computer graphics textbooks from

the early 1980s. The method works by repeatedly subdividing a line segment into smaller
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parts until the visible portion (inside the window) can be clearly identified [4].The Hybrid
Clipping Algorithm for Curve Intersection, proposed by Qi Lou and Ligang Liu in 2012, is an
efficient numerical technique for computing the intersection points of two parametric curves.
It combines the advantages of algebraic clipping and geometric subdivision, leading to faster
and more stable intersection detection particularly useful in computer-aided geometric
design (CAGD) and computer graphics[5]. The article [6] treats 2-D line-clipping (i.e., removing
or trimming portions of line segments outside a defined region) as a fundamental operation
in computer graphics. It surveys a wide range of line-clipping algorithms: the classic ones
(for rectangular windows) and more recent methods (including those fq X polygon

clipping windows). The paper [7] introduces a new primitive type called “curved

surface intersection problems.

(Boolean operations), pa

and highlight the algoriim

pipeline {8ggeometric intersection tasks. By introducing novel sketch-based filters (PSCMBR
for coarse bouMtling tests; PNP for point-in-polygon) and implementing them on GPU, they greatly
reduce the cost of the expensive refine phase. Their system shows very high throughput (tens
of millions of segment tests per second) and is well-suited for large-scale GIS/spatial join

workloads.
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Matthes and Drakopoulos [20] propose a neat, optimized line-clipping method for 2D
against a rectangular window, leveraging direct line-equation intersection evaluation (instead
of heavy region-code logic or full parametric interval methods). Their experiments indicate
that it outperforms several classical algorithms in their testbed. It provides a useful alternative
when your clipping needs are confined to axis-aligned rectangular windows and you prioritise
performance and simplicity. Skala and Bui [22] present an efficient algorithm for clipping line
segments in E* against a pyramidal clipping volume. By avoiding unnecessary intersection
computations and streamlining case handling, the method achieves better performance

than several classical algorithms in the authors’ tests.

rendering, walkthroughs, virtual environments) and w

1 gives summary of selected literature relevant

Table 1 Summarized Literature Survey

Reference Algorithm / Authors
Number Paper

Cohen-Sutherland

Key Idea Advantages /

Contribution

Uses region Simple, efficient for

Line Clipping codes (outcodes) | rectangular clipping;

1] window) to quickly reduces unnecessary

, determine trivial | calculations

1 accept/reject
cases
Liang & Line clipping Uses parametric | Fewer intersection
Barsky (Rectangular equation of line | computations than
window) and inequality Cohen-Sutherland;
testing more efficient
icholl-Lee— Nicholl, Line clipping Reduces Outperforms
Nicholl (NLN) Lee & (Rectangular redundant Cohen-Sutherland &
(3] Nicholl, window) intersection Liang—Barsky in
1987 checks by many cases

classifying line

orientation
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Table 1 Summarized Literature Survey (continued)

Reference Algorithm / Authors Type / Domain Key Idea Advantages /
Number Paper & Year Contribution
Midpoint Classic Recursive line Recursively Conceptually
Subdivision 1980 clipping subdivides line | simple; useful for
(41 Algorithm until visible educational
segment purposes
identified
Hybrid Clipping for | Qi Lou & | Curve—curve Combines Faster and
Curve Intersection | Ligang Liu, | intersection algebraic < ally stable;
(5] 2012 clipping + « \GD
geometric
GPU Adaptive Nief3ner Subdivision -dependent
[10] Tessellation et al. surfaces (GPU) efinement;
improved GPU
performance
GPU Filter + Refine| Liu & Puri Geomdliric tch-based High throughput;
Pipeline interse / ers (PSCMBR, | suitable for large-
[19] PNP) before scale spatial joins
refinement
Optimized 2DWne clipping | Direct line- Faster than classical
[20] Rectangular Line equation methods in
Clipping intersection experiments
method
& Bui | 3D line Efficient clipping Suitable for
clipping (E?) against pyramidal | real-time/high-
volume throughput systems

Research

The proposed Recursive N-Subdivision Clipping Algorithm (RNSCA) is thoroughly explained
in this section. By adding flexible N-way pre-segmentation, outcode-based trivial rejection,
recursive refinement of ambiguous segments, and intersection-free decision making, the

technique expands on traditional midpoint subdivision. The algorithm was designed to take
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advantage of bitwise operations, reduce superfluous computations, and match it with current

GPU/parallel processing capabilities. Figure 1 illustrates the workflow of the proposed systsem.

Accept
Segment

Input Line Assign
] Curve Region
outcodes
(outcodel &

outcode2) =0

Reject
Segment

Ambigous

- Yes
Classify Reassi ivide i Discard
gn Subdivide into -
Sub- € Outcodes € N parts == < D b Segment

segments
E=HnS Output Clipped

Accept e e
Segments

Figure 1 Flow Diagram of the PrgPoS%ghSyste

+ Pre-Subdivision Strategy:
In traditional midpoint subdivision, a line @ement iWepeatedly cut in half until it is

no longer necessary to classify it in relg ng window. On the other hand,

RNSCA starts by splitting each line (or cur , Ppation) into N equal sub-segments. An

workload early.
* Regio ent:
rland logic is extended by assigning an outcode to each endpoint of
each sub-s ent. Cohen and Sutherland, 1967. RNSCA permits extensions of 5-9 bits for
complex or multi-window clipping, curved boundaries, or GPU-tile subdivision, while maintaining
the traditional 4-bit code (TOP, BOTTOM, LEFT, RIGHT).

Bitwise OR logic is used to compute the outcodes, which makes classification quick

and hardware-friendly.
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Three scenarios are used for segment classification:
1. Trivial Accept: All-zero outcodes from both endpoints are inside.
2. Trivial Reject: Endpoint outcodes # 0 (completely outside) based on logical AND.
3. Ambiguous: Endpoints that are not readily rejectable but are located in different
regions.
Further subdivision is only triggered in the ambiguous case.
* Recursive Refinement:
New outcodes are assigned at each level of the recursive division of ambiguous

sub-segments into N smaller parts. Until one of three termination conditi tisfied, the

recursion continues:

rminates in finite steps. Therefore, the algo-

rithm is guaranteed to converg subdivision depth or tolerance constraints.

Direct parametri iSi e polyline approximation are used to handle curve

jne curves. Curves are divided into N parameter intervals,

are re ivided. This eliminates the need for explicit solutions of Bézier-line in-
tersection®@nd makes RNSCA naturally extensible to curves without the need for quadratic
or higher-orde¥ intersection solvers.
» GPU and Parallel Suitability:

RNSCA's architecture is well suited to GPU architectures. Because trivial accept/reject
decisions and outcode calculations are embarrassingly parallel, each sub-segment can be

processed independently. Like hierarchical rasterization techniques, ambiguous cases cause
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recursive kernels or dynamic parallelism [7]. Additionally, costly arithmetic operations that
are expensive on GPU ALUs, like division, square root, or matrix inversion, are minimized
by outcode-based filtering. Because of this, RNSCA is especially well-suited for real-time
rendering pipelines or large-scale curve clipping in visualization tasks. Figure 2 describes

pseudo code for N-Subdivision Clipping Algorithm (RNSCA).

Algorithm 1: Recursive N-Subdivision Clipping Algorithm (RNSCA)

divide line into N sub-segments
for each sub-segment:
compute outcodes of endpoints

if outcodes ==
accept segment

else if (outcodel & outcode2) i= 0:
reject segment

else if depth < maxDepth:
recurse on sub-segment with N @ubdivisids

else:
discard or approximate s

n Clipping Algorithm (RNSCA)

This pseudocod€mSQEsizes tM® intersection-free decision flow: only trivial tests and

recursion are regffred until gment is fully classified. RNSCA has a computational

complexity of ereN is the number of subdivisions and d is the depth of recursion.

real life, parti®ilarly on curves where intersection solvers are expensive.

It is important to note that all experimental evaluations were conducted using a CPU-
based implementation. No GPU-based implementation or benchmarking was performed in
this study. Therefore, claims regarding GPU suitability are based on structural algorithmic

analysis rather than empirical GPU measurements.
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Results and Discussion

After being put into practice, the proposed Recursive N-Subdivision Clipping Algorithm
(RNSCA) was evaluated against the traditional Cohen-Sutherland line clipping algorithm. All
experiments were conducted on a system with an Intel i7 processor, 16 GB RAM, running
Windows 11. The implementation was developed in Python 3.10. Synthetic datasets consisting
of 100 to 10,000 randomly generated line segments and Bézier-like curves were used for
evaluation. Performance was evaluated in terms of runtime, the quantity of accepted, rejected,
and ambiguous fragments, as well as the clipped output's visual accuracy. The clipping window

was fixed as a square region. The Line Clipping using proposed system is as in Figure 3.

Adaptive Outcode Subdivision (Line & Curve)

400

300 1

200 +

100

Fi ine curve clipping results using the proposed algorithm

The

algorithms peMormed similarly for small datasets (100-500 lines), with Cohen-Sutherland's

time for increasing numbers of line segments is summarized in Table 2. Both

direct intersection computation resulting in a slight speedup. Although RNSCA incurs higher
runtime for small CPU-based line datasets due to recursive overhead, performance trends
change under high clipping density and curve-dominated workloads. In scenarios where a large

proportion of primitives are trivially outside the clipping window, RNSCA reduces intersection
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evaluations and demonstrates improved pruning efficiency compared to intersection-driven
methods. To better understand computational behavior, operation counts were analyzed.
Compared to Cohen-Sutherland, RNSCA performs fewer boundary intersection tests but
introduces additional subdivision and classification steps. For dense datasets, early rejection
of irrelevant fragments reduces deeper processing stages, explaining its improved scalability
characteristics despite higher constant overhead in small datasets.Cohen-Sutherland took
about 0.0204 seconds to process 10,000 lines, whereas the subdivision method took about
0.0648 seconds. In contrast to intersection-based approaches, the recursive method's par-

allel-friendly structure allows independent segments to be distributed a PU threads

polynomial evaluations, whereas the recursive subdivision cli
points in 0.197s for 200 Bézier-like curves with 2000-500
explicit intersection math, curve smoothness across |
merical instability was decreased.

Visual comparisons showed that Cohen-@therlandfienerated exact boundary inter-
sections and clipped lines. However, depgnding e imum depth and subdivision N,

the recursive method sometimes preser all redundant fragments close to the

d the computational cost, it also decreased

s (very brief boundary-crossing fragments

e recursive approach consistently performed better

s for curves. The recursive outcode evaluation offered a

under identicX conditions.

« Suitable Application Contexts:
According to the findings, the suggested RNSCA is especially well-suited for: intersection
computations are costly to implement in shaders, and GPU-accelerated rendering pipelines

can process thousands of primitives in parallel. Subdivision and pruning offer substantial
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cost savings over algebraic intersection in curve-heavy applications like font rendering, CAD/
CAM visualization, and GIS.

On large datasets (=1M primitives), performance is dominated by trivial rejection of
distant segments and predictable scaling maintained by the recursive approach. Micro-frag-
ments close to clipping boundaries are aesthetically inconsequential in real-time systems
with a moderate tolerance for precision, such as VR/AR rendering and games. Table 2 reports
both qualitative characteristics and measured runtime performance trends observed during

the experiments.

Table 2 Comparative Performance and Computational Characteristics of, utherland

and Recursive-N-Subdivision Clipping Algorithm (RNSCA)

in
Criteria Cohen-Sutherland PPIng
Uses 4-bit outcodes (left, right, ivi i o N fragments,
top, bottom) and calculates tcodes to each

Core Principle intersections until segment is : rsively refines ambiguous

trivially accepted or rejected. ithout explicit intersection.

Intersection Explicit intersection cal¢®
Handli ) when recursion reaches ambiguous

andlng at every ambiguous bou
fragments near boundary.

Computational Avoids intersection math for trivially

Redundancy outside fragments; accepts/rejects via

bitmask evaluation.

Scales efficiently with dense datasets

Scalability and is inherently parallelizable for

GPU execution.

Adaptive choice of N based on line

® cameter tuning. length, proximity to boundaries,

hardware capacity, and accuracy needs.

Strengths Simple, robust, widely adopted. High parallel throughput, reduced

redundancy, flexible precision.

Intersection-heavy, not GPU- N selection requires adaptive tuning;

Limitations oriented, inefficiency for massive | overhead possible for very small/short

datasets. lines.
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On the other hand, conventional intersection-based algorithms continue to be more
suitable in applications that require pixel-accurate boundary intersections (such as compu-
tational geometry proofs or legal CAD drawings).

+ Comparative Analysis of Proposed algorithm:

Cohen-Sutherland is still a reliable baseline for basic line clipping, particularly on
CPU-based implementations with small input sizes. But when it comes to curves, parallel
hardware, and heavy workloads, the recursive N-subdivision method clearly excels. With
the subdivision parameter N, its accuracy—performance trade-off can be adjusted, providing

a versatile framework that can be adjusted to system limitations. Overzsmmigese findings

approaches excel in precision. Figure 3 presents representativ
the proposed algorithm. Figure 4 illustrates qualitative c

provides performance comparisons between RNSCA b

e: D.005563 sec

original Curve 1
— PK Clipped Curve 1
original Curve 2
—— PK Clipped Curwve 2
——— Original Curve 3
— PK Clipped Curve 3
original Curve 4
PK Clipped Curve 4
original Curve 5
—— PK Clipped Curve S

T T T T T T
—100 o] 100 200 300 400
X-axis

Figure 4 Multiple Curve Clipping using proposed algorithm
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Table 3 Comparative Measures of Traditional Curve Clipping and Recursive-N-Subdivision
Clipping Algorithm (RNSCA for Curves)

Criteria

Traditional Curve Clipping
(Hybrid/Fat-line, Midpoint,

Bézier methods)

Recursive-N-Subdivision Clipping
Algorithm (RNSCA for Curves)

Core Principle

Recursive subdivision of curves
(Bézier, B-spline) using bounding
boxes, fat-line/fat-curve intervals,

or midpoint halving.

Curve subdivided into N fragments, each
evaluated with outcodes for trivial
accept/reject, recursively refined for

ambiguous regions.

Intersection

Deferred intersection using
Bounding boxes or interval tests;

some methods still compute

Strictly intersection-dg

Handling
intersections frequently at finer scales.
Uses bounding volume hierarchy
Fragment (boxes, fat-lines) or midpoint rules;
Evaluation sometimes ambiguous fragments

lead to excessive recursive depth

Parallelism

Many methods are sequential; GP
adaptations exist but are

specific (e.g., hybrid clippi

Oependently classifiable, making it
well-suited for GPU and compute shader

environments.

Accuracy

Flexible: accuracy scales with adaptive
N. High precision achievable while still

reducing overhead for trivial segments.

Generalizes line clipping logic to curves
seamlessly; efficient for rendering,

visualization, real-time contexts.

over-subdivide far-away

fragments; sometimes
computationally expensive for

complex curves.

Requires careful tuning of N; trade-off

between accuracy and speed.
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Line Clipping Performance Curve Clipping Performance
0.16

—8— Cohen-Sutherland —8— Fat-line (baseline)
0144 T% RNSCA 00006 7 \ o

0.124 0.0005
0.10 +

0.08 +

Time (s)

0.06
0.04 4 0.0002 1

0.02 4
0.0001

.—__\

T T T T T T T T T T T T T T T
o 1000 2000 3000 4000 5000 2000 3000 4000 5000 6000 7000 8000 9000 10000
#Lines Curve Points

0.00 4

Figure 5 Comparison of RNSCA vs. Cohen-Sutherland (line clipping) (

(Recursive N-Subdivision Clipping Algorithm) against
line clipping (left) and curve clipping (right). Th
execution time in seconds, while the horizont
clipping tasks, especially in simple rectangul{g windols, Cohen—Sutherland remains
ost due to recursive subdivision but

nified handling of complex primitives.

@ e specialized fat-line approach in raw speed,
i Ceptatte runtime growth, A unified clipping framework

tant development in the line and curve clipping technique family is the
Recursive N-Subdivision Clipping Algorithm (RNSCA). RNSCA demonstrates how to reduce
numerical instability, improve scalability, and take advantage of the inherent parallelism of
modern computer architectures by shifting the computational paradigm from intersection-

centric methods to subdivision and outcode-based classification. The algorithm's recursive
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structure and adaptive outcode evaluation make it suitable for a wide range of datasets,
including curved primitives, dense vector graphics, and large scientific or GIS applications.
Practically speaking, RNSCA successfully overcomes a number of traditional approaches'
long-standing drawbacks. Despite being historically fundamental, Cohen-Sutherland and
Liang—-Barsky suffer from repetitive intersection evaluations that can take up a lot of runtime
in rendering pipelines with a large volume of data. In contrast, subdivision-based methods
frequently waste time on pieces that are far from the clipping region. RNSCA strikes a balance
by ensuring that small accepts and rejects are handled quickly, while only cases that are
2lcorithm fits
SAwith this

unclear receive additional attention. These properties are an indication tha

well in large and parallel processing environment. However, there are

encouraging scalability properties during special
efficiency with hardware trends and pragtical n

in computer graphics and related fields i adaptable, and future-ready manner.

Future Scope

The Recursive N-Su

valuable additio the field Ogomputational geometry. Its core is free of intersections,

merous promising research and implementation avenues that could
its full potential. One critical aspect is determining the best way to set the
value of N. FUture research could replace random selection with adaptive strategies that
change N based on factors such as the length of the line relative to the clipping window,
the resolution or zoom level of the window, and the desired balance of accuracy and

computational cost. This would result in a smart balance of accuracy and performance.
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A dedicated GPU implementation using CUDA, OpenCL, or compute shaders is
required to quantitatively validate these claims. Such benchmarking is left as future work.

Curve-specific optimizations, such as creating curve-aware outcode for Bézier curves,
B-splines, and NURBS, may result in even greater improvements. These may be far more
useful than traditional fat-line or fat-curve methods in CAD, GIS, and scientific visualization
applications. Because the algorithm is embarrassingly parallel, integrating it with GPU and
multi-core hardware via shader-based, CUDA, or OpenCL implementations could result in
massive speedups, ideal for real-time rendering pipelines. Adding RNSCA directly to game
usage and
pin fields

engines, AR/VR platforms, and professional CAD toolchains could reducg

enable work with large datasets at faster frame rates. RNSCA is especia appea

on these issues, RNSCA could evg

(A

modern graphics and geomety

(Inteli7, Python 3.10).
GPU implementajg
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