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ABSTRACT 

One of the key challenges in the teaching of Optics is that students need to know not only the math of the optical design, 
but also, and more important, to grasp and understand the optics in a three-dimensional space. Having a clear image of 
the problem to solve is the first step in order to begin to solve that problem. Therefore to achieve that the students not 
only must know the equation of refraction law but they have also to understand how the main parameters of this law are 
interacting among them. This should be a major goal in the teaching course. Optical graphic methods are a valuable tool 
in this way since they have the advantage of visual information and the accuracy of a computer calculation. 
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1. INTRODUCTION 
For science and technology students, understanding what a mathematical equation means is not always an easy task. 
Also for whose teaching these subjects, the communication of the importance of a given equation and the relation of their 
constituents is also a challenging job. In optics this effort is even more important. Specially, when students try to 
understand how an optical system is working. Fortunately, optics, by nature, is typically linked with a visual 
representation of the light propagation and its interaction with nature.  This fact makes explanations close to everyday 
phenomena. Then, light propagation is easily explained, within the geometrical optics framework, as trajectories that we 
usually name as rays. These rays become straight lines when light propagates through uniform and homogeneous media. 
Even more, when explaining the basics of optical design, graphical schemes and plots are relevant tools to properly 
analyse the situation. In the past, around 50 years ago, before computing tools were extensive and essential in scientific 
and industrial environments, graphic methods were used very often [1-4] when equations and numeric calculus became 
complex. At that time, graphical methods had advantages over numerical ones: They were fast and easy to use, and its 
visual information was a very good way to get information [5-12]. When a student was working on a specific problem 
he/she could visualise the problem graphically, helping him/her to solve the equations. However, in those years graphic 
methods had an important inconvenience related with the lack of accuracy. When computers became cheaper and faster 
they spread its presence in all scientific and technological offices and classical graphic methods were forgotten. Graphic 
ability of that first computers was very much reduced and software interface was quite unfriendly. Nowadays computer 
developments have made possible working with software with an intuitive user friendly interface. Besides graphic 
capabilities have improved greatly. Optical design [7-9] and other fields [10] have benefited from such a leap in 
performance, enabling the sophisticated tools of computer-aided design that we know nowadays. Besides, graphical 
human interfaces have been developed to offer to the engineer and designer supplementary tools to interact with the 
results of the analysis in a very intuitive way. In this contribution we describe some simple solutions to the ray tracing 
problem that are solved using graphic methods. We show how reflection, refraction, and the characterization of optical 
surfaces can be addressed quite efficiently using graphics methods. 
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2. COMPUTER GRAPHICAL METHODS IN OPTICS 
 
When a student deals for the first time with the Snell Law he understands very fast how to work with it analytically, but 
usually he/she does not really understand what is behind the numbers and how the phenomena is working. For instance, 
it is not clear from the mathematical expression what happens when incident angles is small, or what happens in the case 
of incidence angles above the critical angle. In this paper we describe all the cases that we can find in a simple ray 
tracing process. The problems that we will evaluate graphically are: 
 

- Evaluation of the reflected ray for a plane mirror 
- Evaluation of the refracted ray for a plane interface 
- Evaluation of the normal to the surface at an arbitrary point of incidence. 

 
 
2.1 Reflected ray calculation 

The reflection of light on a polished surface is a very simple problem both mathematically and graphically. In history we 
can find a lot of problems solved by this graphic method [11-12]. Graphically, to find the location and direction of any 
reflected ray we only need to apply an operation of symmetry, where the axis of symmetry is the normal to surface.  In 
this case we apply this symmetry operation on a plane defined by the vector normal to the surface and the incident ray. 
However, if we think of a plane mirror as an image-forming system, then the surface acts as a plane of symmetry for the 
transformation of the object into an image. Even more, if the surface is used as a symmetry axis the obtained symmetric 
ray can still be used to obtain the reflected ray. To do that it will be necessary to extend the ray to the hemisphere where 
it is belong. This operation is integrated in all software CAD package as a function usually named as “mirror” operation. 
With this method it will be very easy for students to do a ray-tracing, for example, in a compound parabolic concentrator 
or an ellipsoidal system with a mirror treatment. 

 
 

Figure 1: Reflected ray calculation by using a symmetry operation. 

As an example, we show in figure 2 the ray-tracing obtained for a compound parabolic concentrator (CPC) using the 
graphic method showed previously. A CPC consist on a tilted parabola with foci at the exit of the system. This optical 
component is designed to accept light entering within the preset angle of acceptance. In Fig. 2 this angle of acceptance 
has a value of 30º. If light is entering from the optical axis till 30º is all accepted. If the angle is higher than 30º is easy to 
demonstrate that the ray is rejected. For this reason a CPC has a 2D efficiency of 100%.  
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Figure 2: Reflected ray calculation on a compound parabolic concentrator. 

 

2.2 Refracted ray calculation 

 
 

Figure 3: Refracted ray calculation by using a simple graphical method. 

 
 
The case of refraction involves the graphical resolution of the Snell law. In this case, we have two materials with index 
of refraction ni and nt are given. First of all we define the point of incident on the surface separating these two materials. 
This point is labelled as I in figure 3. Now we draw two concentric circles being I the centre of these two circles. The 
radii of each circle are the values of the index of refraction of the two media involved in the refraction. We define point 
A as the intersection of the inciding ray with the circle having a radius equal the index of refraction of the first medium, 
ni. Then, we draw a segment, AB, perpendicular to the normal to the surface and ending at the same circle. The next step 
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is to draw another line, now parallel to the normal to the surface, beginning at point B and ending at a point C that 
belongs to the circle having a radius equal to the index of refraction of the second medium. Finally, the ray after 
refraction passes through point C, and it is therefore defined by the segment IC. Students know that Snell law is given as, 
 

ni sin(ε1)=nt sin(ε2),       (1) 
 
From a graphical standpoint and, by analyzing figure 3, we can see that the distance from point A to the normal to the 
surface is equal to the left hand side of Snell law. Analogously, the distance between point C and the normal to the 
surface is equal to right side hand of equation (1). Finally, by graphical construction we may see that these two previous 
distances are equal. 
 
As an example, we show in figure 4 a simple case where a ray path changes for two different wavelengths. Two rays fall 
in a spherical lens made with polycarbonate with a refraction index in the visible range of 1.63 at 380 nm and 1.57 when 
the wavelength is 780 nm. In this example we only show the refraction graphic method for the first refraction in the first 
surface of the lens but the graphic method is applied in each interface. The chromatic dependence is graphically 
represented by the two outer circles that appear at the incidence point. Each one of these outer circles has an index of 
refraction different, corresponding with the two wavelengths of interest. When reaching the second surface the graphical 
construction method has to be separately applied to each one of the intersection points obtained from the two rays 
generated at the first surface. Students must be careful since in the second surface of the lens the ray pass from a high 
refraction index to another lower refraction index. When students have done all refractions for the rays they can easily 
check how the chromatic aberration affects to the raytracing.  

 
Figure 4: Refracted ray calculation for two wavelengths in a lens 

Limit angle condition appears when light travels from an index to another lower index of refraction.  If the angle of 
incidence is larger than the limit angle, the ray will be reflected and not refracted as showed in figure 5. This situation is 
depicted by the students when, in lens analyzed previously they find a ray in the second surface of the lens inciding at a 
large angle. If the angle is larger than the limit angle, it is not possible to draw a line parallel to the normal to the surface 
that intersect the circle having a radius equal to the index of the second medium. It is also possible to conclude that limit 
angle condition only happen when the index of refraction of the second medium is smaller than the index of refraction of 
the first medium. 

Proc. of SPIE Vol. 8481  84810W-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/13/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



,-.."--..-
,..--.--- i

 

 

 
Figure 5: Total internal reflection in a second surface of a lens. 

 

2.3  Calculation of the optical surface 

 

 
Figure 6: Graphic method for calculating the surface normal at incident point. 

 
Sometimes, optical design problems begin with the specification of the final location of the refracted, or reflected, light 
refracted by a given and still unknown surface. Then, the surface needs to be found. Graphic methods may help to 
perform this task very easily. When we know the point where light is inciding on an optical surface, and the direction of 
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the incident and refracted rays are also known, we typically need to find out how would be the surface in that point, i.e. 
what will be the normal of this surface. In this case, from a classical point of view, students should define a geometry or 
even use a software program to define it. This can be a quite challenging task if addressed analytically.  It will spend a 
lot or time and effort. However, a graphic method, as the one presented in this paper can do the job quite quickly and in a 
very straightforward way. Now we have the incoming direction labelled as r in figure 6, and an outgoing direction. We 
also have a point of incidence. This point of incidence is the intersection between rays r and r’. Then, from figure 3 we 
have seen that ABC is a right angle. At the same time A and B belong to the circle having a radius equal to the index of 
refraction of the first medium, ni, meanwhile C lies on a concentric circle having a radius equal to the index of refraction 
of the second medium, nt. However, we still know only the location of A and C. To know it we can use a circle having as 
diameter the segment AC. This circle contains all the right triangles with AC as hypotenuse. At the same time this circle 
will intersect the circle having a radius equal to ni. The intersection will be a two points: A and B. Therefore, we already 
know the location of A, B, and C. As far as the normal to surface has to be parallel to BC and perpendicular to AB and 
passing through the intersection between r and r’, we can say that the problem has been already solved graphically. 
 
Now again, we show an example of how to calculate a plane-convex lens free of spherical aberration. To simplify the 
situation we assume that the first surface is a plane diopter and that incidence is represented by a collection of parallel 
rays coming from infinity. In this situation it is easy to find the right second surface by means of the graphic method 
described before. The starting point is located at the optical axis because in such a way it is possible to define the 
thickness of the lens. Step by step, the incidence is displaced away from the center in order to find the directions of the 
normal to the surface. We can see that the method is sequential, so after the first segment you can find the second one 
and successively until the edge of the lens is obtained. Figure 7 shows the final result of the graphical calculation. 

 
 

Figure 7: Graphic method for designing the second surface of a plano-conex lens without spherical aberration. 

 

3. CONCLUSIONS 
This paper reviews the relationships between teaching CAD and optics. We revisited the basics laws of optics from a 
different perspective, and we propose to use simple graphical methods based on symmetry properties when working with 
CAD systems in order to propagate light through optical optical systems. Also we show some interesting examples of 
useful optical systems that can be easily designed or evaluated with a graphical method. We believe that if students can 
work with CAD systems, which are very intuitive and produce results with high accuracy, they will understand better 
how optics works and how it is possible to analyze graphically the raytracing through refracting or reflecting optical 
surfaces. These methods can be of great help when introducing optics to experienced mechanical designers, or any other 
professional used to the graphical tools of modern CAD packages. 
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