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ABSTRACT

The study of shadows is a central topic in geometrical optics, but traditional approaches usually consider
only a real light source and a real object. This works for simple cases, yet becomes difficult to apply when
a plane mirror is introduced, since both real and virtual elements must be taken into account. To address
this challenge, I propose an alternative geometric method that provides a systematic way to analyze
shadow formation in mirror systems. The method treats four elements within a single ray-tracing
framework: a real source (S1), its virtual counterpart (S2), a real object (O1), and its virtual image (O2).
By examining how rays from S1 and S2 are blocked by Ol and O2, the method predicts where shadow
regions will appear. The analysis shows that the real and virtual objects always form complementary
shadows on opposite sides, although the exact location of these shadows (left, right, upper, or lower)
depends on the position of the light source relative to the mirror—object setup. Virtual objects and sources
are not physical entities, but by using them as geometric constructs the method gives consistent
predictions and resolves common ambiguities in conventional diagrams. Beyond theoretical interest, the
framework offers practical value for optics education and for producing clear, accurate visualizations of
mirror-based shadow phenomena.

Keywords - Geometrical optics, Shadow analysis, Plane mirror, Ray tracing methodology, Optical
visualization, Optics education

I . INTRODUCTION

The formation of shadows is one of the most fundamental concepts in geometrical optics. At its
core, a shadow occurs when light rays travel in straight lines and are blocked by an opaque object, leaving
behind regions of darkness known as umbra and penumbra [1]. In most textbooks and classroom
discussions, this phenomenon is introduced through simple single-source, single-object models. These
basic models are effective in explaining ordinary shadow formation and are widely taught at the school
and undergraduate levels [2].

However, such conventional treatments often fail to capture more complex situations, particularly
when mirrors are introduced into the system. A plane mirror does not only reflect light rays but also
creates virtual sources and virtual images. While these virtual elements do not physically emit light or



block it, they play an important role in ray-tracing analysis and must be considered to correctly represent
optical geometry [4]. For students and even practitioners, this creates difficulty: they must simultaneously
track real rays, virtual rays, real objects, and virtual images. This complexity frequently results in
confusion and diagrammatic errors. For instance, many conventional shadow diagrams either omit the
influence of virtual rays or incorrectly place shadow regions on both sides of the mirror.

To overcome these limitations, this work introduces an alternative geometric method that
systematically incorporates both real and virtual elements into a unified ray-tracing framework. Instead of
treating virtual sources and objects as optional or secondary, the method assigns them a role as analytical
constructs used for prediction. In this framework, the system is analyzed as though it contains four
elements: a real source (S1), a virtual source (S2), a real object (O1), and a virtual object (O2). By tracing
how rays from S1 and S2 interact with O1 and O2, the method can reliably predict shadow distributions.

The analysis reveals that complementary shadow patterns always occur: the real object and the
virtual object develop shadow regions on opposite sides. Importantly, the exact location of these shadows
(left, right, upper, or lower) depends on the position of the source relative to the mirror—object system.
Thus, while the complementary nature of the shadows is general, the geometry of each case must be
considered.

The proposed method has two main benefits. First, it provides an educational tool that helps
students avoid common misconceptions by offering a structured, rule-based approach to shadow
prediction [3]. Second, it offers practical value in optical system design and visualization, where accurate
diagrams are essential [5].

In summary, this work does not introduce new physics but rather a systematic analytical
methodology. By unifying real and virtual elements within a single geometric framework, the method
resolves ambiguities in conventional shadow diagrams and makes mirror-based shadow analysis more
accessible and reliable.



II. THEORY
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The system under study consists of a plane mirror, a real point source of light (S1), and a real
object (O1) placed in front of the mirror. According to the laws of geometrical optics, the plane mirror
produces virtual counterparts of both the source and the object. Thus, behind the mirror we can identify:

e S2: the virtual source, which is the mirror image of S1.

02: the virtual object, which is the mirror image of O1.

In this way, the mirror-based system can be modeled as containing four analytical elements:

1. Real source (S1)
2. Virtual source (S2)
3. Real object (O1)
4. Virtual object (O2)

While S2 and O2 do not physically exist or interact with light, treating them as geometric
constructs makes it possible to systematically analyze ray interactions. This approach follows the

common practice in optics where virtual rays are traced as backward extensions of reflected rays to aid

visualization [4].



B. Geometrical Ray-Tracing Framework

The framework applies systematic ray tracing to study how rays from S1 and S2 interact with O1
and O2. The following paths are considered:

S1 — O1: Direct rays from the real source to the real object.

S1 — 02: Geometric extension of rays from S1, reaching the virtual image of the object.
S2 — Ol: Apparent rays traced from the virtual source that reach the real object.

S2 — O2: Apparent rays traced from the virtual source that reach the virtual object.

el

By analyzing which of these rays are blocked by O1 or O2, the illuminated and shadowed regions can be
determined.

C. Shadow Prediction Rules

In this framework, shadow regions are defined as parts of the object (real or virtual) where rays
from a given source are geometrically blocked by the corresponding obstruction.

e For Ol (real object):
o Some regions are illuminated directly by rays from S1.
o  Other regions may appear illuminated by rays from S2.
o Shadow occurs where rays from S2 are blocked by O2.

e For O2 (virtual object):
o Some regions are illuminated by rays traced from S2.
o Other regions may appear illuminated by rays traced from S1.
o Shadow occurs where rays from S1 are blocked by O1.

Thus, the general rule is that the shadows on O1 and O2 are complementary: if the real object has
a shadow on one side, the virtual object will have its shadow on the opposite side.

It is important to note, however, that the specific side (left, right, upper, or lower) is not fixed. It
depends on the position of the light source relative to the mirror-object arrangement. For example, if the
source is above and to the left, the real object may show a shadow in its lower-right corner while the
virtual object shows one in its lower-left. Changing the source position shifts these regions accordingly,
but the complementary nature of the shadow distribution remains [3].

D. Theoretical Significance

This approach builds on established principles of geometrical optics—namely, that light travels in
straight lines and shadows form when rays are blocked [2]. By including virtual elements as analytical
tools, the model resolves a common problem in optics education: how to accurately represent shadow
formation in mirror-based systems without confusion or diagrammatic errors.

The theoretical contribution here is not a new physical law but rather a geometric methodology
that improves clarity and systematic prediction. As emphasized in modern optics education, accurate
diagrammatic reasoning is essential for both conceptual understanding and practical system design [5].



III. RESULTS AND ANALYSIS

A. Application of the Geometric Method

Using the dual-source geometric framework, shadow formation was analyzed for a representative
configuration in which the real source (S1) is placed above and to the left of the real object (O1) and a
plane mirror. From this configuration, the following illumination and shadow patterns were obtained:

e For the Real Object (O1):
o  The upper-left and lower-left regions receive direct illumination from S1.
o  The upper-right region appears illuminated by rays traced from the virtual source (S2).
o The lower-right region is shadowed because rays from S2 are geometrically blocked by
the virtual object (02).

e For the Virtual Object (O2):

o The upper-right and lower-right regions appear illuminated by rays traced from S2.
o  The upper-left region is illuminated by rays from S1.
o The lower-left region is shadowed because rays from S1 are blocked by O1.

This produces a complementary shadow pattern: O1 develops a shadow in its lower-right region,
while O2 develops a shadow in its lower-left region.

B. General Rule from the Analysis

The case above illustrates a specific configuration. When the source position is changed, the exact
location of the shadowed regions shifts. For example:

e Ifthe source is placed above and to the right, the real object (O1) may show a shadow in the
lower-left, while the virtual object (O2) shows one in the lower-right.

e If the source is placed below, the complementary shadows may instead appear in the upper
regions of O1 and O2.

Thus, the method demonstrates that:

e The complementary nature of shadow placement is consistent: the real object and virtual object
always have shadows on opposite sides.

e The specific shadowed side depends on the position of the light source relative to the
mirror-object system.

This distinction is critical because conventional single-source diagrams often mistakenly suggest
fixed shadow regions or fail to account for the influence of virtual sources [2].



C. Comparison with Conventional Approaches
Traditional shadow diagrams usually:

1. Consider only the real source and real object.
2. Neglect the contribution of the virtual source.
3. Sometimes incorrectly draw shadows on both sides of the mirror, leading to misconceptions [3].

In contrast, the dual-source geometric method provides a systematic framework that:

Correctly assigns shadow regions only to physically permissible sides.

Explains the asymmetry and complementary nature of shadow placement.

Produces diagrams that conform to the principles of geometrical optics, where light travels in
straight lines and shadows occur only when rays are blocked [1].

D. Educational and Practical Insights
The results highlight two key insights:

1. Educational Value: The method simplifies a concept that is often confusing to students. By
providing clear rules and consistent diagrams, it helps avoid common errors in understanding
shadow formation with mirrors.

2. Practical Value: In optical system design, especially in setups involving mirrors, accurate
prediction of illuminated and shadowed regions is essential (Smith, 2007). The framework offers
a reliable geometric tool for such predictions.

IV. DISCUSSION
A. Key Findings

The analysis confirms that when both real and virtual elements are systematically included in ray
tracing, shadow formation in mirror systems can be predicted with clarity and consistency. The most
important finding is the recognition of a complementary shadow relationship: the real object (O1) and its
virtual image (O2) always form shadows on opposite sides.

This complementary nature holds true across different source placements. For example, with the
source above and to the left, O1 shows a lower-right shadow while O2 shows a lower-left shadow. If the
source is repositioned, the exact shadowed sides shift accordingly, but the opposite-side relationship
remains consistent. This observation resolves a common ambiguity in conventional diagrams, which often
neglect the influence of the virtual source or misrepresent shadow placement [2].

B. Advantages of the Method

1. Systematic Prediction:
The dual-source framework eliminates guesswork by providing step-by-step ray-tracing rules.



Unlike conventional approaches that rely on intuition, this method uses a structured geometric
process aligned with principles of straight-line propagation and ray obstruction [1].
Improved Visualization:

The method produces ray diagrams that clearly distinguish illuminated and shadowed regions,
avoiding the common mistake of incorrectly placing shadows on both sides of the mirror. This
aligns with established recommendations for accurate optical diagrams [3].

Educational Value:

For students, the framework provides a reliable way to understand complex mirror-based
scenarios. By treating virtual sources and objects as analytical constructs, misconceptions about
their physical reality can be reduced while still benefiting from their predictive power.

Scalability:

Although demonstrated for a single plane mirror, the same approach can be extended to multiple

mirrors or curved mirrors, offering a path to handle more complex optical systems [5].

C. Important Clarifications

It is critical to emphasize that this method does not propose new physics. Virtual sources and objects are
used here purely as geometric constructs. In physical reality:

Only real sources emit light.
Only real objects obstruct rays and cast observable shadows.

The value of this framework lies in its ability to treat virtual elements as part of a systematic model,
thereby improving clarity in diagrams and teaching, not in altering the laws of geometrical optics [4].

D. Limitations

Plane Mirror Restriction:

The method has so far been demonstrated only for plane mirrors. Extensions to spherical or
parabolic mirrors would require modification of the ray-tracing rules.
Idealized Sources and Objects:

The analysis assumes point sources and opaque objects. Extended sources, partial transparency,
or penumbra regions are not yet incorporated.
Experimental Validation:

While the model is consistent with geometric optics, controlled experiments would strengthen its
acceptance and demonstrate its practical utility in educational settings.

E. Applications

1.

Optics Education

The framework can be introduced in classrooms to simplify teaching of shadow formation with
mirrors, a topic that is often confusing for students.
Textbook Diagrams

It provides a standardized way of drawing diagrams that reduces ambiguity and prevents
misconceptions in educational materials.



3. Optical System Design
Engineers can use the method to anticipate shadow behavior in systems where mirrors are
integral, such as periscopes, optical instruments, and imaging setups [5].

F. Broader Implications

The discussion of shadow formation here also illustrates a broader principle in optics: sometimes
geometric constructs such as virtual rays or virtual images, though not physically real, are essential for
making accurate predictions. This reinforces the importance of careful diagrammatic reasoning as a
bridge between physical principles and conceptual understanding [4].

V. CONCLUSION

This work has presented an alternative geometric method for analyzing shadow formation in
plane mirror systems. Unlike traditional approaches that only consider real sources and objects, the
proposed method systematically incorporates four elements—a real source (S1), a virtual source (S2), a
real object (O1), and a virtual object (O2)—into a single ray-tracing framework.

The analysis shows that when both real and virtual elements are included, shadow prediction
becomes more reliable and less ambiguous. A key finding is the recognition of complementary shadow
patterns: the real object and its virtual counterpart always develop shadows on opposite sides.
Importantly, the specific side (left, right, upper, or lower) is not fixed; it depends on the position of the
real source relative to the mirror-object system. This correction prevents the misconception of fixed
shadow regions and provides a more flexible, accurate understanding of shadow behavior.

The contribution of this method lies not in proposing new physics but in offering a systematic
analytical framework that improves clarity. Virtual sources and virtual objects are treated strictly as
geometric constructs, consistent with established principles of geometrical optics [4]. Only real sources
emit light and only real objects block rays, but the inclusion of virtual elements in the analysis resolves
ambiguities that often appear in conventional diagrams [3].

Practical benefits include:

1. Educational Value — The method provides students with a structured approach to mirror-based
shadow problems, reducing misconceptions and improving conceptual understanding.

2. Diagrammatic Clarity — It ensures that shadows are placed only on physically permissible sides,
avoiding errors common in traditional sketches.

3. Potential Applications — The framework can aid in optical system design where mirrors are used,
ensuring accurate visualization of illuminated and shadowed regions.

Limitations and Future Work:

At present, the method has been demonstrated only for plane mirrors with point sources and
opaque objects. Future work should extend the framework to curved mirrors, multiple reflections,
extended sources, and partial shadowing scenarios. Controlled experiments with mirrors and directed light
sources would also strengthen its educational and practical value.

In conclusion, the proposed dual-source geometric method offers a clear, consistent, and scalable
approach to shadow analysis in mirror systems. By unifying real and virtual elements within a single



framework, it enhances both the teaching of optics and the accuracy of optical system visualization,
bridging the gap between theoretical principles and practical understanding.
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