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Abstract 

 

It is shown how Shackôs vector product (SVP) can be used to express the expansion of 

the monochromatic wavefront aberration function for rotationally symmetric optical 

imaging models using the H. H. Hopkinsô expansion coefficients.  As a result of this 

research it was discovered that SVP fits naturally within the framework of 2-dimensional 

Geometric Algebra (GA).  It is further shown how SVP can be used to define two-

dimensional vectors in terms of the Zernike polynomials.  The wavefront aberration 

function expansion is then expressed in terms of these Zernike vectors.  A method for 

calculating the H. H. Hopkinsô expansion coefficients is described, including the 

calculation of the per surface, sphere/asphere, intrinsic/extrinsic expansion coefficient 

contributions.  Methods for converting the Zernike expansion coefficients into the H. H. 

Hopkinsô expansion coefficients have been developed and are presented in this work.  

Nodal aberration theory (NAT), now well established in the literature, is presented in 

terms of these mathematical developments.  As a quantitative validation of the NAT 

predications of an optical systemôs field dependence, comparisons are made between the 

full field displays (FFDs) produced by using a double Zernike expansion of the wavefront 

aberration function and by application of NAT to rotationally symmetric optical imaging 

systems having one or more surfaces decentered and/or tilted.  Validation of these 

developments is provided using idealized computer models of several space telescopes 

having one or more optical surfaces decentered and/or tilted.  Initial steps toward one 

approach for extending NAT to include optical imaging systems containing freeform 

surface shapes defined by Zernike polynomials is also provided.  
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Chapter 1 Introduction  

Portions of this Chapter have been taken from the authorôs article [2] and appear here in a 

slightly revised form. 

 This research concerns the development of a bridge between the optical design 

communityôs utilization of the H. H. Hopkins expansion of the monochromatic wavefront 

aberration function and the optical testing communityôs utilization of a Zernike expansion 

of the wavefront aberration function.  Although the field dependence of the wavefront 

aberrations has been noted and utilized in the optical design community for many years 

(hence the development of the Fringe Zernike ordering of the Zernike polynomials), it is 

less well known or utilized in the optical testing community.  Equations are developed in 

this work that explicitly provide the field dependence of the Zernike polynomial 

expansion of the wavefront aberration function as well as equations for expressing the 

Zernike expansion coefficients in terms of the H. H. Hopkins expansion coefficients.   

 For aberration theorists working in optical design, a common starting point for 

evaluation of aberrations is a form of the wavefront aberration function expansion written 

out by H. H. Hopkins [3] in the 1950s.  R. V. Shack later wrote the wavefront aberration 

function expansion in terms of 2-dimensional (2D) pupil and field vectors [4].  This led 

Shack to develop a vector multiplication that has become known in the optics literature as 

Shackôs vector multiplication and Shackôs vector product (SVP) [5].  This vector product 

is similar to the multiplication of complex numbers [6].  It has also been defined in terms 

of the Cartesian components of the two vectors involved.  SVP of the two vectors has 
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then been defined by converting the vectors into complex numbers, performing the 

complex number multiplication, and then converting the result back into a 2D vector.  

Using geometric algebra (GA) [7, 8, 9, 10] as the 2D vector algebra eliminates any need 

to convert 2D vectors into complex numbers and vice versa.  This is because, as the 

research to be described in Chapter 2 has demonstrated, SVP is a fundamental construct 

of 2D GA. 

 Zernike polynomials [11, 12, 13] have been adopted by both the optical testing 

and the optical design communities and the supporting fields of optical engineering and 

optical alignment following the introduction of commercial laser-based interferometers.  

They are orthogonal and complete over a unit radius circular pupil and they present the 

balance between multiple orders of the aberrations of H. H. Hopkins in the context of 

minimizing the RMS wavefront error for optical design.  Zernike polynomials provide an 

excellent metric basis for describing and understanding errors in the shape of an optical 

surface.  In the initial application of Zernike polynomials to the testing of individual 

optical surfaces there was no motivation to consider field dependence, only aperture 

dependence was being sought.  With the research described here, the field dependence is 

made explicit and may then find useful application in the testing community. 

 Researchers have used Zernike polynomial fits to the wavefront computed at a 

sparse set of field-of-view points in an attempt to characterize the performance of 

misaligned optical systems.  Specifically, McLeod [14] used Zernike polynomials to 

describe characteristics of 4
th
 order astigmatism within the field of view resulting from 

misalignment between the primary and secondary mirrors of a Ritchey-Chrétien 
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telescope.  Rakich [15] describes the field dependence of the aberrations using the Burch 

plate diagram method [16] for simplifying the fourth-order analysis of optical systems 

and uses Zernike polynomials to resolve individual plate contributions to the system 

aberration into the coefficients for coma and astigmatism in Zernike terms that arise from 

misalignments.  Noethe and Guisard [17] present measurements of the astigmatic field 

for the European Southern Observatory (ESO) Very Large Telescope (VLT), using 

measurements of the coefficients of their Zernike polynomial astigmatic components Z4 

and Z5 (Fringe ordering Z5 and Z6).  Matsuyama and Ujike [18] have developed 

ñfunctions that are orthogonal to each other and expressed by a simple combination of 

Zernike function(s) of pupil coordinates and Zernike function(s) of field coordinates.ò  

Kim, et al. [19] used Zernike coefficients to develop a merit function for a telescope 

alignment scheme.  Lee, et al. [20] used Zernike polynomials as an orthogonal basis for 

decomposing alignment influence functions.  Schechter and Levinson [21] studied the 

fourth- and sixth-order aberration patterns that arise when small misalignments are 

present in a rotationally symmetric telescope system.   

 In Chapter 3 of this work the real number form (as opposed to the complex 

number form) of the Zernike polynomials is defined and it is shown how they can be 

written in terms of SVP.  It is then shown how to define Zernike vectors that will be used 

to express the wavefront aberration function expansion, a new result of this research.  An 

Appendix (Appendix III) to this Chapter is provided giving the details for the discrete 

orthogonality relation of the real number Zernike polynomials.  The relations developed 

are used in a Gaussian Quadrature (GQ) procedure (together with optical path length 



  4 

difference data obtained by real ray tracing for an optical model under consideration) to 

calculate the wavefront aberration function expansion coefficients.  An additional 

Appendix (Appendix IV) reports on a discovery of this research that the Zernike 

polynomials can be written as a sum of decentered, rotationally symmetric terms.   

 Chapter 4 develops and presents the core results of this research.  The H. H. 

Hopkins formulation of the wavefront aberration function used by aberration theorists 

working in the field of optical design is written in terms of SVP formulated in the context 

of GA.  In this form, the field dependence and the pupil dependence can be separated, 

and the vector nature of the field dependence is made explicit.  It is shown that a subset 

of the Zernike vectors introduced in Chapter 3 can also be written in terms of SVP.  This 

subset of Zernike vectors is exactly the collection of Zernike vectors needed for 

expressing the wavefront aberration function of rotationally symmetric optical imaging 

systems in terms of Zernike vectors.  New equations for the wavefront aberration 

function expansion having the field and pupil parameters separated, referenced to the 

Sagittal and the Medial focal surfaces, are presented.  A double Zernike expansion (in 

field and in pupil parameters) is also developed.  Equations for obtaining the H. H. 

Hopkinsô expansion coefficients from the double Zernike expansion coefficients are 

determined. 

 Chapter 5 provides a brief review of nodal aberration theory (NAT) [3].  NAT is 

used to investigate the field dependence of the wavefront aberration function expansion 

of rotationally symmetric optical imaging systems that have one or more of its surfaces 

perturbed (decentered and/or tilted).   
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 Chapter 6 presents validation of the mathematical development developed in the 

preceding Chapters using 2 and 3-mirror telescope models.  This Chapter provides 

examples of utilizing the developed field dependent equations for rotationally symmetric 

optical imaging systems that have at least one surface that is decentered or tilted.  

Quantitative and qualitative comparisons between the field dependent display plots 

generated by real ray trace data and the double Zernike expansion, and the single Zernike 

expansion using NATôs sigma offset vectors are presented.   

 Chapter 7 proposes a new method for utilizing NAT to obtain the field 

contributions due to freeform optical elements defined using xy polynomials and Zernike 

polynomials.  Examples of utilizing the new approach are also provided. 

 Finally, Chapter 8 provides conclusions and comments on future research 

directions. 
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Chapter 2 Shackôs Vector Product (SVP) in the Context of Geometric 

Algebra 

In this work, geometric algebra (GA) is used primarily as an alternative to using the 

complex number algebra for 2D vector calculations.  GA is an algebraic system that 

includes many other algebraic systems that are traditionally considered separately, such 

as vectors, complex numbers, quaternions, differential forms, Dirac and Pauli spinors, 

tensors, etc.  GA also provides real geometric interpretations of its elements (as opposed 

to ñimaginaryò elements).  Additionally, GA does not suffer from the deficiencies 

inherent in the traditional vector algebra.  For example, in the traditional vector algebra of 

Gibbs and Heaviside, the vector cross product is only valid in a 3-dimensional vector 

space, it makes no notational distinction between vectors and pseudo-vectors (for 

example, torque, angular momentum and the magnetic field pseudo-vectors), and ñdoes 

not include a consistent way to represent vector rotationsò [22].  Typically, in the vector 

algebra approach to vector rotations, the vector would first be converted into a complex 

number representation, then multiplied by a phasor, then converted back into a vector.  

The matrix formulation of vector rotations again requires objects and an algebra beyond 

the vector algebra (the matrix algebra) to accomplish vector rotations.  This is what the 

authors mean when they say that the vector algebra does not have a consistent way to 

represent vector rotations: An additional algebra (the complex number algebra, or matrix 

algebra) is required.  GA provides a single algebra which overcomes all these 
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deficiencies.  Finally, since GA is being used in many disciplines, from computer 

graphics to theoretical physics, it has the potential to provide a common mathematical 

system that will aid cross disciplinary studies.  

 The goals of this Chapter are to provide a brief introduction to GA at the level 

necessary to understand this work, show how Shackôs vector product (SVP) of two 2D 

vectors, which is central to this work, can be expressed using the GA vector products and 

to illustrate how calculations involving SVP can be performed.  It does not assumed that 

the reader has been previously exposed to GA.  In the next Chapter, it is shown how SVP 

in the GA form can be used to define a special set of Zernike polynomial vectors.  This 

set of Zernike vectors is exactly the collection of Zernike vectors needed for expressing 

the expansion of the monochromatic wavefront aberration function for rotationally 

symmetric optical imaging systems in terms of Zernike vectors.  This will be 

demonstrated in a later Chapter. 

2.1 Historical Background 

The concept of a vector is now so important and basic to the sciences that it is hard to 

imagine that there was a time in which vectors, vector algebra and vector calculus were 

not known.  Vectors had to be invented.  This is also true of complex numbers, complex 

number algebra, and complex analysis.  A fascinating account of the history and 

development of vectors can be found in Croweôs book [23].  In 1545, Gerolamo Cardano 

ñéacknowledged the existence of what are now called imaginary numbersò in his book 

Ars Magna [24].  However, it was not until the work of Cauchy (early to mid-1800ôs) that 

complex numbers were defined as a pair of real numbers [25].  Hamilton, attempting to 
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extend the complex number algebra to two and then to three dimensions, discovered and 

developed his quaternions in 1843 [23, 26].  Although well known, but not universally 

adopted at the time, quaternions have seen a recent increase in interest largely due to the 

fact that it is easier and more efficient to program rotations in 3D Euclidean space about 

an arbitrary axis using quaternions than using the Euler angle formalism [27].  Maxwell 

used Hamiltonôs quaternions, and components, in writing out his equations of 

Electrodynamics.  It was principally Gibbs and Heaviside who changed Maxwellôs 

equations into the vector form that we know today.  Maxwell never wrote his equations in 

modern vector form.  Vectors were being developed at that time as a reduction of 

Hamiltonôs quaternions.   

 While this development of quaternions and vectors was underway, Hermann 

Grassmann developed and published an alternative algebra in his 1844 book Lineale 

Ausdehnungslehre.  This algebra includes the complex number algebra, Hamiltonôs 

quaternion algebra and vector algebra, although this was not appreciated at that time.  

Grassmannôs book was not well received so another, refined, edition was published in 

1862 called Ausdehnungslehre [28].  But once again, although known, it was not adopted.  

William K. Clifford further developed Grassmannôs work in the 1870s and introduced the 

term ñgeometric algebraò.  ñIn 1878, one year after Grassmannôs death, William K. 

Clif ford (1845-1879) published his óApplications of Grassmann's extensive algebraôé, in 

which he successfully unified Grassmannôs extensive algebra with Hamiltonôs quaternion 

é description of rotations. This was the birth of (Clifford) Geometric Algebraéò [29].   
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 Although additional work in this area of algebra slowly progressed, present day 

interest did not significantly increase until David Hestenes saw that the algebras used in 

quantum mechanics (the spinor algebra of Pauli and Dirac) were exactly those of Clifford 

(Grassmann) algebra [30].  Hestenes continued to develop Clifford (Grassmann) 

Geometric Algebra, which is now seen to unify complex numbers, quaternions, vectors, 

differential forms, spinors, as well as Pluker coordinates, homogeneous coordinates, 

Euclidean geometry, differential geometry, projective geometry, and more, into a unified 

geometric algebra and calculus for physics and engineering [7].  Recently, a plethora of 

work in the application of GA has occurred in many areas including: rigid body dynamics 

(including robotics), computer vision, computer graphics, theoretical and applied physics, 

computational engineering, and other areas.   

2.2 Introduction to Geometric Algebra 

For a Euclidean three dimensional vector space, the orthonormal basis vectors are usually 

denoted in GA as 1 2 3
Ĕ Ĕ Ĕ, ,e e e.  

  
Figure 2.1  Basis vector notation. 

 

The wedge product (also called the outer or exterior product), denoted by ñØò, of two 

basis vectors is defined by the relations 

 Ĕ Ĕ Ĕ Ĕ, ,i j j ie e e e i jØ =- Ø  ̧ (2.1) 
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 Ĕ Ĕ0, ,i je e i jØ = = (2.2) 

with , 1, 2, 3i j = .  Note that the new objects Ĕ Ĕ,i je e i jØ ¸ cannot be further reduced.  As 

relation (2.1) shows, the wedge product is anti-commutative.  It is also associative and 

distributive over addition.  The new objects, 1 2 2 3 3 1
Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ, ,e e e e e eØ Ø Ø, like the unit vectors 

1 2 3
Ĕ Ĕ Ĕ, ,e e e (and the unit scalar 1) are members of the basis set for 3D GA.  They represent 

oriented unit plane elements, analogues to the basis vectors 1 2 3
Ĕ Ĕ Ĕ, ,e e e which represent 

oriented unit line elements.    

 
Figure 2.2  The unit area basis elements.  The orientation of a plane is denoted in the plane, 

not perpendicular to the plane. 

 

Additionally, there is a basis object defined by 

 1 2 3
Ĕ Ĕ ĔI e e e= Ø Ø, (2.3) 

called the pseudo-scalar.  It represents the oriented unit volume element.   

 

Figure 2.3  Oriented unit volume basis element: A directional spiral in a unit volume. 

 



  11 

The complete basis set for 3D GA is then given by the set 

 { }1 2 3 1 2 2 3 3 1 1 2 3
Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ1, , , , , , ,e e e e e e e e e e e eØ Ø Ø Ø Ø. (2.4) 

A general element in the 3 dimensional GA can be written as 

 1 2 3 1 2 2 3 3 1 1 2 3
Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ ĔA s ae be ce d e e f e e g e e he e e= + + + + Ø + Ø + Ø + Ø Ø, (2.5) 

where s, a, b, c, d, f, g, h are real numbers.  The s part is called the ñscalarò part, the 

1 2 3
Ĕ Ĕ Ĕae be ce+ +  part is called the ñvectorò part, the 1 2 2 3 3 1

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕd e e f e e g e eØ + Ø + Ø part is 

called the ñbi-vectorò part, and the 1 2 3
Ĕ Ĕ Ĕhe e eØ Ø  part is called the ñtri-vectorò part.  This 

nomenclature is derived from the number of unit basis vectors needed to define a single 

term of the part considered.  The object A of Eq. (2.5) is called a multi-vector.  This is 

similar in structure to complex numbers when written in the form c real imaginary= + .  

The complex number c has a real number (scalar) part plus some mathematical object that 

is not a real number.  The whole cannot be further reduced to a real number.  In a similar 

way, objects of GA, for example, 1 2
Ĕ Ĕ3 5A e e= + Ø, cannot be further reduced to a single 

real number. 

 The geometric product, written as a juxtaposition of symbols, of two vectors (but 

not in general between two multi-vectors) is given by 

 AB A B A B= + Ø. (2.6) 

where the ñò is the vector inner product, also called the dot or vector scalar product.  

Although A  and B  are vectors, their geometric product, in general, is a multi-vector.  

The geometric product is associative, distributive over addition and invertible, but not 

commutative nor anticommutative.  To define the geometric product for arbitrary multi-
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vectors requires expanding the definition of the vector dot product for objects which are 

not simply vectors.  The resulting operator is called a ñleft contractionò.  Such an 

extension of the vector dot product is not required in this work.  The interested reader is 

referred to Hestenes [7] and to Dorst, et al. [9] for further details.   

 Since the dot product between vectors is symmetric ( )A B B A=  and the wedge 

product is antisymmetric ( )A B B AØ =- Ø, the following equations are obtained 

 ( )
1

2
A B AB BA= + , (2.7) 

 ( )
1

2
A B AB BAØ = - , (2.8) 

where the juxtaposition of the vectors indicates the geometric product.   

 Because the basis vectors are orthonormal, so that the dot product between 

different basis vectors is zero, a shorthand notation is frequently used in the literature for 

i j k¸ ¸  

 Ĕ Ĕ Ĕ Ĕ Ĕ,i j i j i je e e e eØ = =  (2.9) 

 Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ.i j k i j k i j ke e e e e e eØ Ø = =  (2.10) 

The pseudo-scalar can then be written as 

 1 2 3
Ĕ Ĕ ĔI e e e=  . (2.11) 

The inverse of the pseudo-scalar is given by 

 1

3 2 1
Ĕ Ĕ ĔI e e e-=  .   (2.12) 

Explicitly, this is shown by 
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 ( )( ) ( )( ) ( )1

1 2 3 3 2 1 1 2 3 3 2 1 1 2 2 1 1 1
Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ1I I e e e e e e e e e e e e e e e e e e-= = = = = . (2.13) 

Note that for i j̧   

 Ĕ Ĕ Ĕ Ĕ
i j j ie e e e=-   (2.14) 

 The magnitude of the wedge product of two non-zero vectors is the area of the 

parallelogram formed by the two vectors.  Additionally, for a 3D vector space only, there 

is a relation between the wedge product and the vector cross product given by  

 ( ) 1A B A B I-³ = Ø  , (2.15) 

Explicitly, for the nonzero vectors 
1 2 3
Ĕ Ĕ Ĕ

x y zA A e A e A e= + +  and 
1 2 3
Ĕ Ĕ Ĕ

x y zB B e B e B e= + +  , 

 ( )( )1 2 3 1 2 3
Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

x y z x y zA B A e A e A e B e B e B eØ = + + Ø + + , (2.16) 

 

( ) ( )

( )

1 1 2 3 2 1 2 3

3 1 2 3

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

Ĕ Ĕ Ĕ Ĕ

x x y z y x y z

z x y z

A B A e B e B e B e A e B e B e B e

A e B e B e B e

Ø = Ø + + + Ø + + +

Ø + +  , (2.17) 

 

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

x x x y x z

y x y y y z

z x z y z z

A B A B e e A B e e A B e e

A B e e A B e e A B e e

A B e e A B e e A B e e

Ø = Ø + Ø + Ø +

Ø + Ø + Ø +

Ø + Ø + Ø , (2.18) 

 1 2 1 3 2 1 2 3 3 1 3 2
ĔĔ ĔĔ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

x y x z y x y z z x z yA B A B e e A B e e A B e e A B e e A B e e A B e eØ = + + + + +  . (2.19) 

Multiplying by the inverse pseudo-scalar, gives 

 ( ) ( )1

1 2 1 3 2 1 2 3 3 1 3 2 3 2 1
ĔĔ ĔĔ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

x y x z y x y z z x z yA B I A B e e A B e e A B e e A B e e A B e e A B e e e e e-Ø = + + + + + , (2.20) 

 

( ) 1

1 2 3 2 1 1 3 3 2 1 2 1 3 2 1 2 3 3 2 1

3 1 3 2 1 3 2 3 2 1

ĔĔ Ĕ Ĕ Ĕ ĔĔ Ĕ Ĕ Ĕ Ĕ ĔĔ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

Ĕ ĔĔ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

x y x z y x y z

z x z y

A B I A B e e e e e A B e e e e e A B e e e e e A B e e e e e

A B e e e e e A B e e e e e

-Ø = + + + +

+  . (2.21) 

By using Eq. (2.14) this simplifies to 
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 ( ) 1

3 2 3 1 2 1
Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ

x y x z y x y z z x z yA B I A B e A B e A B e A B e A B e A B e-Ø = - - + + - . (2.22) 

This can be rearranged and written as 

 ( ) ( ) ( ) ( )1

1 2 3
Ĕ Ĕ Ĕ

y z z y z x x z x y y xA B I A B A B e A B A B e A B A B e-Ø = - + - + -  , (2.23) 

which is seen to be the vector cross product of A  and B .  Therefore, for a 3D vector 

space only, 

 ( ) 1A B I A B-Ø = ³ . (2.24) 

 

2.3 Reflection and Rotation Operators 

SVP of two 2D vectors results in a third vector, in the plane defined by the two vectors, 

that is a rotated and scaled version of one of the two vectors involved.  Therefore, 

rotations using 2D GA is here reviewed and illustrated.  

 The basis set for 2D GA is  

 { }1 2 1 2
Ĕ Ĕ Ĕ Ĕ1, , ,e e e eØ . (2.25) 

A general multi-vector then has the form 

 1 2 1 2
Ĕ Ĕ Ĕ Ĕ,V s ae be ce e= + + + Ø (2.26) 

where s, a, b, and c are real numbers. 

 The reflection operation of a vector A  about a unit vector Ĕn , in the 1 2
Ĕ Ĕe eØ  plane, 

is given by the expression 

 Ĕ Ĕ'A n An= . (2.27) 
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Figure 2.4  Reflection of A  about the unit vector Ĕn  gives 'A . 

 

As an example, consider the reflection of 1
ĔA e=  about the axis line defined by the vector 

2
Ĕe .  This is written as 

 2 1 2
Ĕ ĔĔ'A e e e= . (2.28) 

Since the geometric product (indicated by the juxtaposition of the vectors) is associative, 

this expression can be evaluated in any order.  For example 

 ( )2 1 2
Ĕ Ĕ Ĕ'A e e e= . (2.29) 

By Eq. (2.9), since the dot product 2 1
Ĕ Ĕ0e e= ,  

 ( )2 1 2
Ĕ Ĕ Ĕ'A e e e= Ø . (2.30) 

From Eq. (2.1) 

 ( )1 2 2
Ĕ Ĕ Ĕ' .A e e e= - Ø  (2.31) 

Using Eq. (2.9) again, in the opposite direction, gives 

 ( )1 2 2
ĔĔ Ĕ'A e e e= - . (2.32) 

By the associativity property, this can be written as 

 ( )1 2 2
Ĕ Ĕ Ĕ'A e e e=- . (2.33) 
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Finally, using Eq. (2.6) and Eq. (2.2)  

 1
Ĕ'A e=-, (2.34) 

as expected for a reflection of 1
Ĕe  about the line defined by 2Ĕe . 

 Since any rotation can be decomposed into two reflections, any rotation operator 

acting on a vector A  can be written as 

 ( ) ( )( ) 1Ĕ Ĕ Ĕ Ĕ ĔĔ ĔĔ ĔĔ ĔĔ''A m n An m mn Anm mn A nm R AR-= = = = , (2.35) 

where Ĕm  and Ĕn  define the two unit vectors about which the reflections are to be 

performed.  R is called a rotor and 1R-  denotes the inverse of the rotor.  That is 

 ( )( ) ( )1 ĔĔ ĔĔ Ĕ ĔĔ Ĕ Ĕ Ĕ1R R mn nm m nn m mm-= = = =. (2.36) 

As Eq. (2.35) shows, rotors are the geometric product of two unit vectors.  To better 

understand rotors, their general form as a multi-vector in a 2 dimensional GA vector 

space is presented.  Let 

 
1 2 1 2

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ,x y x ym m e m e n n e n e= + = +  , (2.37) 

where , , ,x y x ym m n n  are real numbers with the restriction that Ĕm  and Ĕn  are unit vectors.  

Then 

 ( )( )1 2 1 2
ĔĔ Ĕ Ĕ Ĕ Ĕ

x y x yR mn m e m e n e n e= = + + , (2.38) 

which can be simplified to 

 ( )( )1 2
ĔĔ

x x y y y x x yR n m n m n m n m e e= + + - . (2.39) 

Therefore, the rotor can be written as 

 ĔĔ ,R mn a b I= = +  (2.40) 
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where ( )x x y ya n m n m= + , ( )y x x yb n m n m= -  and 1 2 1 2
ĔĔ Ĕ ĔI e e e e= = Ø is the pseudo-scalar 

in the 2D GA.  Note that  

 ()()( )( )1 2 1 2 1 2 1 2 1 1 2 2
ĔĔ ĔĔ ĔĔ ĔĔ ĔĔĔ Ĕ1.I I e e e e e e e e e e e e= = =- =- (2.41) 

Thus the 2D GA includes the complex number algebra. 

 By analogy with the exponential expansion 

 
0 !

n
x

n

x
e

n

¤

=

=ä  ,  (2.42) 

and using the geometric product, the following expansion can be written 

 
( ) ( ) ( )

2 3

0

1 ... .
! 2 3!

n

I x

n

I x I x I x
e I x

n

¤

=

¹ = + + + +ä  (2.43) 

Using the property shown in Eq. (2.41) with Eq. (2.43) results in the equations  

 ( )
( )

( )
( )

( )

( )

2 2 4 4 3 3 5 5

2 3

2 2 1

0 0

1 ... ...
2! 4! 3! 5!

1 ... ...
2! 3!

1 1 .
2 ! 2 1 !

I x

n n
n n

n n

I x I x I x I x
e I x

x x
I x

x x
I

n n

+¤ ¤

= =

å õ å õ
= + + + + + + +æ ö æ ö
ç ÷ ç ÷

å õ å õ
= - + + - +æ ö æ ö
ç ÷ ç ÷

å õ å õ
= - + -æ ö æ öæ ö æ ö+ç ÷ ç ÷
ä ä  (2.44) 

Recalling the expansion of the sine and cosine functions leads to 

 cos( ) sin( )I xe x I x= + . (2.45) 

This is Eulerôs equation expressed in 2D GA.  One needs to be aware that the pseudo-

scalar I is not the same as the complex number 1i= -.  The pseudo-scalar I is an 

oriented unit area object.  Note that Eq. (2.45) is the same form as the rotor in Eq. (2.40) 

above.  Then let  
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2IR eq= . (2.46) 

It can be shown that 

 
1 2IR e q- -= , (2.47) 

so that 1 1RR-= .  A rotor acting on a general 2D vector  1 2
Ĕ Ĕ

x yA a e a e= +  is then written as 

(note the half-angles) 

 1 2 2I IRAR e Aeq q- -= . (2.48) 

It can be shown that this leads to 

 () ()( ) () ()( )1

1 2
Ĕ Ĕcos sin sin cosx y x yRAR a a e a a eq q q q-= + + - + , (2.49) 

and this is recognized as a rotation of the vector A  in the 1 2
Ĕ ĔI e e= Ø  plane by an angular 

amount q in the clockwise (x-axis toward ïy-axis) direction (when 0q> ).  Hence the 

name ñrotorò for R.   

 One important property of 2D GA is that the order of the geometric product of 

three 2D vectors can be reversed.  (This is not necessarily true for vectors of higher 

dimensional GAs because then the three vectors need not all lay in the same plane.)  For 

example, it can be shown that for 2D vectors 

 .ABC CBA=  (2.50) 

Using this property, it can be shown that rotations in a plane can also be accomplished 

without having to use the half -angle of the rotation amount.  By using Eq. (2.50) it can be 

shown that 

 
2 2 1I IRA e A Ae ARq q- -= = = , (2.51) 

and therefore 
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1 1 1 2 2

1 1 1 1 2' I I IA R AR AR R Ae e Ae ARq q q- - - - - -= = = = =. (2.52) 

Similarly, it can be shown that 

 
1 2 2

1 1 1 1 3' .I I IA R AR R R A e e A e A R Aq q q-= = = = =  (2.53) 

Therefore, rotation of a vector in the plane can be accomplished by the application of (the 

geometric product of) a single rotor on the left or the right of the vector. 

 Consider a rotor of the form 2
Ĕ ĔR e n=  where Ĕn  is a unit vector in the 1 2

Ĕ ĔI e e= Ø  

plane. 

 

Figure 2.5 An arbitrary unit vector in the 1 2
Ĕ ĔI e e= Ø  plane. 

 

Using the angle b as defined in Figure 2.5, we have 

 

( ) () ()( )

() () () ()

2 2 1 2 2 1 2

2 1 2 2 1 2

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕsin cos

Ĕ Ĕ Ĕ Ĕ ĔĔsin cos cos sin ,

x yR e n e n e n e e e e

e e e e e e

b b

b b b b

= = + = +

= + = -  (2.54) 

which gives 

 
IR e b-= . (2.55) 
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When used as a single sided rotor on the right of a vector this is a clockwise (x-axis 

toward  ïy-axis) rotation (assuming b is positive) of the vector in the 1 2
Ĕ ĔI e e= Ø  plane by 

the angular amount b that is the signed angle between 2
Ĕe  and Ĕn .   

 In the next section these properties of GA and rotors are used to develop 

equations for Shackôs vector product. 

2.4 Shackôs Vector Product 

This research makes extensive use of SVP, described as follows.  Consider two 2D 

vectors A  and B  in the xy-plane such that vector A  makes an angle a with respect to 

the y-axis, and such that vector B  makes an angle b with respect to the y-axis, both 

angles being measured in a clockwise direction from the y-axis toward the x-axis.  Let the 

vector C  be the result of SVP of A  and B .  Then the vector C  will have a magnitude 

equal to the product of the magnitudes of A  and B , and will make an angle g with 

respect to the y-axis equal to the sum of the angles a and b.  This is illustrated in  

Figure 2.6. 
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Figure 2.6  Shack's vector product of A  and B . 

 

 In the Optics literature, SVP is indicated by the juxtaposition of the vectors.  This 

conflicts with the GA geometric product notation.  Therefore the symbol ñò will be 

used to denote SVP in this work.  Other notation for SVP will be introduced below as 

needed. 

 There are many ways to interpret (and therefore implement) SVP as a procedure 

(sequence of calculations).  Some examples are: 

¶ First rotate the vector A  by the angular amount b and then multiply the result by 

the magnitude of vector B .    

¶ First rotate the vector B  by the angular amount a and then multiply the result by 

the magnitude of vector A . 
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¶ First rotate the vector 2Ĕe  by the angular amount a plus the angular amount b 

and then multiply the result by the magnitude of vectorA  and by the magnitude of 

vector B .   

¶ Since any rotation can be decomposed into 2 sequential reflections, first reflect 

vector A  about the y-axis (the 2
Ĕe  axis) to get a vector 'A .  Then reflect 'A  about 

a unit vector Ĕn  halfway between 2
Ĕe  and B .  Finally, multiply the resulting vector 

by the magnitude of vector B .   This sequence is shown in Figure 2.7 on the 

following page. 

 

 Based on the description of the GA equations for reflections and rotations of 2D 

vectors provided above, the steps illustrated in Figure 2.7 can be written as the following 

equation 

 ( )( )2 2
Ĕ Ĕ Ĕ ĔC A B B n e Ae n= = , (2.56) 

where the parentheses have been added for clarity, highlighting the groups of single 

reflection operations.  This is the starting point for all the other formulations of SVP in 

GA.   
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 (1) (2) 

     
 (3) (4) 

Figure 2.7  (1) Defining the vectors and their angles.  (2) A  is reflected about 2
Ĕe  to produce 

A¡.  (3) Unit vector Ĕn  is defined halfway between 2
Ĕe  and B .  (4) 'A  is reflected about 

Ĕn  and scaled by B  to produce the resultant vector C . 
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For example, by using a different grouping (recall that the geometric product is 

associative), SVP can be written as 

 ( )( ) 1

2 2
ĔĔ Ĕ ĔA B B ne A e n B R AR-= = , (2.57) 

where the rotor R is given by 

 2
ĔĔR ne= . (2.58) 

 Several different expressions and procedural interpretations for SVP are provided 

in Appendix I.  The simplest form developed in this research is 

 2
ĔA B Ae B=  . (2.59) 

Recalling the property shown in Eq. (2.50), that the outer two vectors can be exchanged 

in the geometric product of three 2D vectors, shows that SVP, Eq. (2.59), is a 

commutative product,   

 .A B B A=   (2.60) 

Eq. (2.59) also shows that SVP of two vectors explicitly depends on three vectors, the 

third vector being a unit vector along the line used as the reference axis.  Also, an 

important property of SVP is that the result is always a 2D vector. 

 A convention often used in the optical design community is that angles at 

measured from the positive y-axis toward the positive x-axis.  In the optical testing 

community, the x-axis is often chosen as the reference axis.  To accommodate both 

conventions, the notation and definition of SVP is extended.  A subscript on the Shack 

vector product symbol ñ ò will be used to indicate which axis is being used as the 
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reference axis.  Let ( ),x yA A A=  and ( ),x yB B B=  be two arbitrary non-zero 2D vectors.  

Then SVP is defined to be 

 ( )1
Ĕ ,x x x y y y x x yA B Ae B A B A B A B A B C¹ = - + =, (2.61) 

 ( )2
Ĕ ,y y x x y y y x xA B Ae B A B A B A B A B D¹ = + - =, (2.62) 

where the subscript on the star multiplication symbol indicates which axis is being used 

as the reference axis.  Note that Eq. (2.61) and Eq. (2.62) show that, depending on which 

axis is being used as the reference axis, SVP of two 2D vectors can produce different 

results, as Figure 2.8 illustrates. 

 

Figure 2.8  Shack's vector product.  (a) graphical representation of 
xA B, 

(b) graphical representation of 
yA B . 

 

Also note that Eq. (2.61) and Eq. (2.62) can be used to show that 

 0C D= , (2.63) 

and therefore, for non-zero vectors, xA B is perpendicular to yA B.  

 When the two vectors are the same vector, so that B A= , Eq. (2.61) and Eq. 

(2.62) form the second power or ñsquareò of the vector with respect to SVP.  This can be 

extended to include a vector raised to a positive integer power (or zero).  Using curly 
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braces to indicate powers of a vector with respect to SVP, the following notation is 

defined 

 {} ( ) ( )( )1 1 1

''

Ĕ Ĕ Ĕ cos , sin ,
n n

x x x x x
x

n A sn A s

A A A Ae Ae e A A A n na a= ¹ =  (2.64) 

 {} ( ) ( )( )2 2 2

''

Ĕ Ĕ Ĕ sin , cos ,
n n

y y y y y
y

n A sn A s

A A A Ae Ae e A A A n na a= ¹ =  (2.65) 

where n Ó 0 and an integer, A  is the magnitude of the vector, and the subscripts x and y 

indicate which axis is used as the reference axis.  To check that these definitions are 

consistent with Eq. (2.61) and Eq. (2.62), set n = 2, and use the trigonometric relations 

 ( ) () ()2 2cos 2 cos sinq q q= - , (2.66) 

 ( ) () ()sin 2 2cos sinq q q= . (2.67) 

Then  

 

{} ( ) ( )( )

( ) ( ) ( ) ( )( )

( )

2 2

2
2 2

2 2

cos 2 , sin 2

cos sin , 2cos sin

, 2

x x
x

x x x x

x y x y

A A

A

A A A A

a a

a a a a

=

= -

= -
, (2.68) 

and this is the same as Eq. (2.61) for the case B A= .  Similarly,  

 

{} ( ) ( )( )

( ) ( ) ( ) ( )( )
( )

2 2

2
2 2

2 2

sin 2 , cos 2

2cos sin , cos sin

2 ,

y y
y

y y y y

x y y x

A A

A

A A A A

a a

a a a a

=

= -

= - , (2.69) 

and this is the same as Eq. (2.62) for the case B A= .  The definitions in Eq. (2.64) and 

Eq. (2.65) are therefore consistent with the definitions in Eq. (2.61) and Eq. (2.62). 
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 Further extensions of the definitions of Eq. (2.64) and Eq. (2.65) can be made to 

define the n
th
 root of a 2D vector with respect to SVP as follows 

 {} ( ) ( )( )
1/ 1/

cos / , sin /
n n

x x
x

A A n na a¹ , (2.70) 

 {} ( ) ( )( )
1/ 1/

sin / , cos /
n n

y y
y

A A n na a¹ , (2.71) 

where n is a non-zero positive integer. 

 The cosine of the difference of two angles in terms of SVP has been developed in 

this research as follows.  Consider the trigonometric identity  

 ( ) ( ) ( ) ( ) ( )cos cos cos sin sinn n n n n nh h h h h ha b a b a b- = + , (2.72) 

where ɖ is either x or y indicating which reference axis is used.  This can be written in 

Cartesian vector component form using the vector dot product as 

 

( ) ( ) ( )( ) ( ) ( )( )

( ) ( )( ) ( ) ( )( )

cos cos , sin cos , sin

sin , cos sin , cos

n n n n n n

n n n n

h h h h h h

h h h h

a b a a b b

a a b b

- =

= . (2.73) 

And, using Eq. (2.64) and Eq. (2.65), this can be written in terms of SVP as 

 ( ){}{}Ĕ Ĕcos
n n

n n A Bh h hh
a b- =   , (2.74) 

where ĔA  and ĔB  are unit vectors having angles ha  and hb , respectively, with respect to 

the reference axis ɖ.  In writing Eq. (2.74) use of the fact that  

 {}{} {}{}
n nn n

x yx y
A B A B= , (2.75) 

has been employed.  Eq. (2.74) is key to writing the wavefront aberration function 

expansion in terms of SVP. 
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2.5 Example: The Quadratic Formula for Vectors 

As an example of using the above mathematical development, a quadratic formula for 

vector calculations using SVP is developed.  The resulting equation will be used in the 

chapter on nodal aberration theory (NAT).   

 For the quadratic equation 

 
2 0ax bx c+ + =, (2.76) 

the quadratic formula for the (possibly complex) solutions is given by 

 ( ) 21
4

2
x b b ac

a
è ø= - ° -
ê ú

. (2.77) 

An alternative expression exists but will not be considered here [31].   

 A quadratic equation for 2D vectors using SVP can be written as 

 {}
2

0a X b X ch h
h
+ + =, (2.78) 

where a , b  and c  are known constant 2D vectors, and ( )0 0,0¹  is the 2D zero vector.  

(Recall that the result of SVP is always a vector, never a scalar.)  It will be shown that the 

vector solutions for the 2D vectors X  such that Eq. (2.78) holds are given by the formula  

 {}{ }
1/2

2
11

4
2

X a b b a ch h
h

h

- è ø
= - ° -é ù

ê ú
 . (2.79) 

In Eq. (2.79) the notation 
1a-  is used for the unique vector such that 

 
1 1 Ĕa a a a eh h h

- -= = , (2.80) 

is the inverse of the non-zero vector a  with respect to SVP.  An explicit expression for 

1a-  is given by 
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( ) ( )( )

( ) ( )( )

1

1
cos , sin

1
sin , cos

x x

y y

x
a

a

y
a

q q h

q q h

-

ë
- =î

î
=ì
î - =
îí

 , (2.81) 

where xq is the angle that the vector a  makes with respect to the x-axis, and 
yq  is the 

angle that the vector a  makes with respect to the y-axis. 

 Let  

 ( )11

2
A a bh

-= - , (2.82) 

and 

 
{}{ }

1/2
2

11
4

2
B a b a ch h

h h

-= -
. (2.83) 

Then the solutions for X  can be written as 

 
X A B= ° . (2.84) 

This is demonstrated as follows.  Since the geometric product is distributive over 

addition,  

 {} ( ) ( )
2

Ĕ Ĕ Ĕ Ĕ ĔX A B e A B Ae A Be A Ae B Be Bh h h h h
h
= ° ° = ° ° +. (2.85) 

Using Eq. (2.50) gives 

 {}
2

Ĕ Ĕ Ĕ2X Ae A Ae B Be Bh h h
h
= ° + . (2.86) 

Putting this into the left hand side of Eq. (2.78) gives 
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Using Eq. (2.82) gives 
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Expanding gives 
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This can be simplified to 

 {}
2

11
Ĕ Ĕ Ĕ Ĕ.

4
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Now, using Eq. (2.83), ĔBe Bh  can be written as 
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Using this result in Eq. (2.90) gives 
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Therefore, 
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2
11

4
2
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h
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- è ø
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are solutions to the equation 

 {}
2

0.a X b X ch h
h
+ + = (2.94) 

For the special case Ĕa eh= , Eq. (2.94) can be written as 

 {}
2

0X b X ch
h
+ + = (2.95) 

with solutions 
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Equation Chapter (Next) Section 1 

Chapter 3 Selected Perspectives on Zernike Polynomials 

Zernike polynomials are used extensively in optical design and testing, primarily because 

they are orthogonal and complete over a unit radius circular disk and they present the 

balance between multiple orders of H. H. Hopkinsô aberrations in the context of 

minimizing the root mean square (RMS) wavefront error.  (A unit radius circular disk 

may represent a normalized circular optical pupil or a normalized circular optical surface 

in an optical imaging system.)  Zernike polynomials also provide an excellent metric 

basis for describing and understanding errors in the shape of an optical surface.  

However, multiple definitions of the Zernike polynomials exist, each having different 

normalizations and sign conventions, making communication with Zernike polynomials 

risky due to improper assumptions regarding which convention is being used.  In this 

work, the Zernike polynomials are used to express the pupil and field dependence of the 

wavefront aberration function expansion and to define the surface shape of a freeform 

optical element.   

 In this Chapter, a review of some of the notation conventions used in the literature 

for specifying Zernike polynomials is presented.  Explicit definitions and lists of a few 

Zernike polynomials using both the zero-to-peak (0-P) and RMS normalizations is given.  

A discussion and examples of the Fringe ordering compared to other orderings is also 

presented.  Then it is shown how to use the properties of Shackôs vector product (SVP), 

developed in the previous Chapter, to define Zernike vectors that will be used in the 

definition of the wavefront aberration function expansion in the following Chapter.  
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Finally, brief comments on the issues of computer implementation and extensions to non-

circular pupil shapes are given.  Two interesting properties of the Zernike polynomials 

(orthogonality over a discrete set of points and expressions for the Zernike polynomials 

as sums of decentered, rotationally symmetric terms) are presented in Appendix III and 

Appendix IV, respectively.   

3.1 Introduct ion to Zernike Polynomials 

The Zernike polynomials were developed by Frits Zernike in 1934 [11, 32].  The original 

definition of these polynomials used a complex number representation that is still used by 

many researchers in different branches of optical sciences [11].  In this work, a real 

number representation commonly used in optical engineering is defined and utilized. 

 The Zernike polynomials are orthogonal and complete over a unit radius disk 

[11].  Therefore, they can be used to generate a mathematical expansion of any smooth, 

continuous function defined over the unit radius disk.  These properties of the Zernike 

polynomials make them ideal for fitting interferometric data as well as surface data of 

optical elements when dealing with circular shaped pupils and optical elements.   

 The real circular Zernike polynomials can be written as functions of the form  

 ( ) ( ) ()
( )

( )

cos 0
, ,

sin 0

m m m

n j n n

m m
Z Z N R

m m

j
r j r j r

j
°

+ ²ëî
= = ì

- <îí
, (3.1) 

where n and m are positive integers such that 0 m n¢ ¢ and such that n m-  is even and 

m can change in increments or decrements of 2.  mnN  is a normalization constant that may 
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be different for different values of n and m.  ()m

nR r  is the radial function factor and is 

given by [11] 
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with the radius parameter restricted to 0 1r¢ ¢.  A useful relation when calculating the 

norm of the Zernike polynomials is [11] 
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where  
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0 for
n n

n n

n n
d

=ë
=ì

¸í
 (3.4) 

is the Kronecker delta.  In some references the m value is allowed to be negative, 

absorbing the ñÑò into m itself.  In this case the radial function factor given in (3.2) is 

defined with the absolute value of m.  However, this notation is not universally used in 

the literature.  The azimuthal factors in Eq. (3.1) are written in the form shown to indicate 

that for a given 0m¸  there is a choice of either a cosine factor or a sine factor in the 

azimuthal parameter 0 2j p¢ < .   

 There are two primary normalization conventions in use.  These are called the 

zero-to-peak, 0-P, normalization and the root mean square, RMS, normalization.  For the 

0-P normalization the normalization constant m

nN  is set to 1.  In this case the squared 

norm of a Zernike polynomial is given by 
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 When the wavefront aberration function ( ), , ,W Hq r j, a function of field 

parameters H  and q, and pupil parameters r and j, to be defined in the next Chapter, 

is expanded in terms of the Zernike polynomials over the normalized pupil parameters, 

the expansion may be written as 

 ( ) ( ) ( ) ( ) ( ) ( )0 1 1

1 0 2 1 3 1, , , , , , ...W C H Z C H Z C H Zq r j q r j q r j-= + + +, (3.6) 

where ( ),jC H q  are the expansion coefficients.  Given an interferogram of the wavefront 

aberration in the exit pupil of an optical system, the Cj can be approximately determined 

by a least squares fit of the Zernike polynomials to the interferogram data.  The variance 

of the fit over the unit radius pupil is given by   

 ( ) ( )

2
2 1 2 1

2 2

0 0 0 0

, , ,W P d d W P d d

p p

w r f r r f r f r r f
å õ
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where the probability distribution function for a unit radius circular pupil is  

 ( )
1 1

, .
pupil area

P r f
p

= =  (3.8) 

Then, for this 0-P normalization, the variance is calculated to be  
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Table 3.1 provides a list of 21 Zernike polynomials using the 0-P normalization. 

 For the RMS normalization convention, employed by Noll [33] and Mahajan, et 

al. [12], the normalization constant is given by 
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 ( )( )0,2 1 .m

n mN nd= - + (3.10) 

 

Table 3.1 Examples of 0-P normalized Zernike polynomials up to j=21. 

ORDER 

PARAMETERS 

ZERNIKE POLYNOMIAL 

( ) ( ), ,m

n jZ Zr j r j° =  

j n m  

1 0 0 1   

2 1 +1 ()cosr j   

3 1 ï1 ()sinr j   

4 2 +2 ( )2 cos 2r j   

5 2 0 22 1r-    

6 2 ï2 ( )2 sin 2r j   

7 3 +3 ( )3 cos 3r j   

8 3 +1 ( ) ()33 2 cosr r j-    

9 3 ï1 ( ) ()33 2 sinr r j-    

10 3 ï3 ( )3 sin 3r j   

11 4 +4 ( )4 cos 4r j   

12 4 +2 ( ) ( )4 24 3 cos 2r r j-    

13 4 0 4 26 6 1r r- +   

14 4 ï2 ( ) ( )4 24 3 sin 2r r j-    

15 4 ï4 ( )4 sin 4r j   

16 5 +5 ( )5 cos 5r j   

17 5 +3 ( ) ( )5 35 4 cos 3r r j-    

18 5 +1 ( ) ()5 310 12 3 cosr r r j- +    

19 5 ï1 ( ) ()5 310 12 3 sinr r r j- +    

20 5 ï3 ( ) ( )5 35 4 sin 3r r j-    

21 5 ï5 ( )5 sin 5r j   

 

The squared norm of an RMS normalized Zernike polynomial is 

 ( ) ( ) ( )
2 1

2

0 0

, , ,m m m

n n nZ Z Z d d

p

r f r f r f r r f p° ° °¹ =ññ . (3.11) 
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When the RMS normalized Zernike polynomials are used to expand the wavefront 

aberration function, as in Eq. (3.6), the variance, Eq. (3.7), of the expansion is calculated 

to be [12] 

 
2 2

2

i

i

Cw
=

=ä . (3.12) 

Table 3.2, presented on the next page, gives 21 examples of the RMS normalized Zernike 

polynomials.  Note that not only are the normalization constants different, the j-ordering 

assigned to the Zernike polynomials are different.  This set is popular among astronomers 

as it colocates terms with the same j-dependence.  It was originally introduced by Noll 

in the context of atmospheric turbulence models [34]. 

 As indicated in Eq. (3.1), there is also the notational convention ( ),jZ r f used in 

the literature for specifying the Zernike polynomials.  This notation is often employed 

when there is need for sequentially ordering the Zernike polynomials or a finite subset of 

the polynomials.  One such subset ordering of the Zernike polynomials is called the 

Fringe Zernike polynomials.  Table 3.3 and Table 3.4 provide a list of the Fringe Zernike 

polynomials.  The ISO specification [35] utilizes the ordering label 0 35j¢ ¢  while 

CODE V®, for example, uses the labeling 1 37j¢ ¢ . 
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Table 3.2 Examples of RMS normalized Zernike polynomials up to j=21. 

ORDER 

PARAMETER 

ZERNIKE POLYNOMIAL 

( ) ( ), ,m

n jZ Zr j r j° =  

j n m  

1 0 0 1   

2 1 +1 ()4 cosr j   

3 1 ï1 ()4 sinr j   

4 2 0 ( )23 2 1r-    

5 2 ï2 ( )26 sin 2r j     

6 2 +2 ( )26 cos 2r j   

7 3 ï1 ( ) ()38 3 2 sinr r j-    

8 3 +1 ( ) ()38 3 2 cosr r j-    

9 3 ï3 ( )38 sin 3r j   

10 3 +3 ( )38 cos 3r j   

11 4 0 ( )4 25 6 6 1r r- +   

12 4 +2 ( ) ( )4 210 4 3 cos 2r r j-    

13 4 ï2 ( ) ( )4 210 4 3 sin 2r r j-    

14 4 +4 ( )410 cos 4r j   

15 4 ï4 ( )410 sin 4r j   

16 5 +1 ( ) ()5 312 10 12 3 cosr r r j- +    

17 5 ï1 ( ) ()5 312 10 12 3 sinr r r j- +    

18 5 +3 ( ) ( )5 312 5 4 cos 3r r j-    

19 5 ï3 ( ) ( )5 312 5 4 sin 3r r j-    

20 5 +5 ( )512 cos 5r j   

21 5 ï5 ( )512 sin 5r j   
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Table 3.3 Fringe Zernike polynomial orderings (0-P normalization). 

  

CODE V® 

 

ISO 

Zernike Polynomial 

( ) ( ), ,m

n jZ Zr j r j° =  

n m j j  

0 0 1 0 1   

1 +1 2 1 ()cosr j   

1 ï1 3 2 ()sinr j   

2 0 4 3 22 1r-    

2 +2 5 4 ( )2 cos 2r j   

2 ï2 6 5 ( )2 sin 2r j   

3 +1 7 6 ( ) ()33 2 cosr r j-     

3 ï1 8 7 ( ) ()33 2 sinr r j-    

4 0 9 8 4 26 6 1r r- +    

3 +3 10 9 ( )3 cos 3r j  

3 ï3 11 10 ( )3 sin 3r j  

4 +2 12 11 ( ) ( )4 24 3 cos 2r r j-    

4 ï2 13 12 ( ) ( )4 24 3 sin 2r r j-    

5 +1 14 13 ( ) ()5 310 12 3 cosr r r j- +    

5 ï1 15 14 ( ) ()5 310 12 3 sinr r r j- +   
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Table 3.4 Continuation of the list of Fringe Zernike polynomials (0-P normalization). 

  

CODE V ® 

 

ISO 

Zernike Polynomial 

( ) ( ), ,m

n jZ Zr j r j° =  

n m j j  

6 0 16 15 6 4 220 30 12 1r r r- + -   

4 +4 17 16 ( )4 cos 4r j  

4 ï4 18 17 ( )4 sin 4r j    

5 +3 19 18 ( ) ( )5 35 4 cos 3r r j-     

5 ï3 20 19 ( ) ( )5 35 4 sin 3r r j-     

6 +2 21 20 ( ) ( )6 4 215 20 6 cos 2r r r j- +    

6 ï2 22 21 ( ) ( )6 4 215 20 6 sin 2r r r j- +    

7 +1 23 22 ( ) ()7 5 335 60 30 4 cosr r r r j- + -    

7 ï1 24 23 ( ) ()7 5 335 60 30 4 sinr r r r j- + -    

8 0 25 24 8 6 4 270 140 90 20 1r r r r- + - +   

5 +5 26 25 ( )5 cos 5r j   

5 ï5 27 26 ( )5 sin 5r j   

6 +4 28 27 ( ) ( )6 46 5 cos 4r r j-     

6 ï4 29 28 ( ) ( )6 46 5 sin 4r r j-    

7 +3 30 29 ( ) ( )7 5 321 30 10 cos 3r r r j- +    

7 ï3 31 30 ( ) ( )7 5 321 30 10 sin 3r r r j- +   

8 +2 32 31 ( ) ( )8 6 4 256 105 60 10 cos 2r r r r j- + -   

8 ï2 33 32 ( ) ( )8 6 4 256 105 60 10 sin 2r r r r j- + -    

9 +1 34 33 ( ) ()9 7 5 3126 280 210 60 5 cosr r r r r j- + - +    

9 ï1 35 34 ( ) ()9 7 5 3126 280 210 60 5 sinr r r r r j- + - +   

10 0 36 35 10 8 6 4 2252 630 560 210 30 1r r r r r- + - + -  

12 0 37 NA 12 10 8 6924 2772 3150 1680r r r r- + - + 

  4 2420 42 1r r- +   

 

 In CODE V®, an extension of the Fringe Zernike set is extended through j = 49. 

 The Fringe convention is the preferred Zernike polynomial ordering for lens design 

because it groups terms according to the associated optical wavefront aberration order.  

When the wavefront aberration function is expanded in terms of Zernike polynomials, the 
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expansion coefficients are functions of the field parameters ( ),H q  [1], each having a 

factor of the form mH , while the Zernike polynomials are functions of the pupil 

parameters ( ),r j, with the pupil dependence of highest exponent value being 
nr .  The 

wavefront aberration order for a Zernike expansion term is then given by the sum m + n.  

As an example, 9Z  of the CODE V® Fringe set has a 
4r  pupil dependence, whereas 

10 11,Z Z  have a 
3r pupil dependence.  9Z  is placed before 10 11,Z Z  in the Fringe 

ordering because 9Z  has a 0H  factor in the associated aberration functionôs field 

dependence, whereas 10 11,Z Z  have a 3H  factor in the associated aberration functionôs 

field dependence.  In terms of the optical aberration ordering, 9Z  corresponds to a 0 + 4 

= 4
th
 order aberration whereas 10 11,Z Z  correspond to 3 + 3 = 6

th
 order aberrations.  

Therefore, 9Z  is placed before 10 11,Z Z  in the Fringe ordering of the Zernike 

polynomials.  

 The selection of the coordinate axis used for angular reference in optical design is 

often selected to be the y-axis.  In optical testing the x-axis is often employed as the axis 

for angular reference.  In Chapter 2, SVP has been defined for both the x- and the y-axis 

as reference.  It will shortly be shown how to define Zernike vectors in terms of SVP.  It 

is then necessary to specify which axis is being used as the reference axis for the Zernike 

polynomialôs azimuthal parameter.  Therefore, in this work, a subscript is included on the 

angular dependence indicating which reference axis is being used.  For example, 

 ( ) ( ), ,m

n jZ Zh hr j r j° = , (3.13) 
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where { },x yhÍ .  When no such axis is explicitly indicated, the x-axis will be assumed. 

 The explicit equation for the radial factor of the Zernike polynomials given in Eq. 

(3.2) is sufficient for computing low order (low n value) Zernike polynomials using 

standard double precision floating point number representation.  But even for moderate 

values of 15nº  the factorials can quickly produce very large numbers that, when 

multiplied by small numbers (the azimuthal factor), can result in numerical inaccuracies 

in the computation [36].  It is known that the calculation of Zernike polynomials with 

25n>  can lead to significant numerical errors depending on the way that the radial 

factor is calculated [37, 38].  The solution is to adapt recurrence relations that do not 

suffer from such numerical errors even for high order, 50n> , Zernike polynomials.  A 

Matlab implementation of the recurrence relation [36, 38] is given in Appendix II .  

Another approach to the numeric inaccuracy issue is to take advantage of modern 

computer programming language number representations and computational methods.  

For example, Matlab® has a symbolic toolbox that includes ñvariable precision 

arithmeticò that enables numeric calculations to any specified precision (significant digits 

below the decimal point).  MathematicaÈ provides for ñarbitrary-precision numbersò that 

provides a similar numeric computational ability to any desired precision.  These 

techniques overcome the numeric accuracy limitations of standard double precision 

floating point number representation.  However, these alternatives tend to be slower in 

computational speed.   
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3.2 Defining Zernike Vectors Using SVP 

The Zernike polynomials, over a unit radius disk, using the 0-P normalization, Eq. (3.1), 

can be rewritten as 
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where n and m are positive (or zero) integers, m Ò n,  n ï m is even, and ()m

n rR  is given 

by   
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The subscript ɖ is used to indicate which axis is the reference axis.  The advantage of 

pulling out a 
mr  factor from the radial component of Eq. (3.1) and including it into the 

azimuthal factor will be shown below.  The ñ°ò superscript is to be considered a 

separate parameter and is not to be combined with the integer m.  One consequence of 

this notational convention is that there is now a Zernike polynomial notation for the 

number zero, 
{}( )0

0
, 0Z hh
r j- ¹ , although zero is not a Zernike polynomial.  This is a 

useful notational extension to be used in the definition of Zernike polynomial vectors that 

follows. 

 There are different ways in which Zernike vectors have been defined in the 

literature [39, 40, 41, 42].  Although the Zernike polynomials are orthogonal to one 

another, this property is not used in this research for defining the vector basis set for the 

Zernike vectors.  Instead, the Ĕ Ĕ,x y unit vector basis set of the object (image) and entrance 
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(exit) pupil coordinate planes of the optical system are used.  Define a 2D vector 

consisting of the Zernike polynomials by 

 {}( ) {}( )1 2

1 2

Ĕ Ĕ, , ,
m m

n n
Z a Z x bZ yh hh hr f r f

° °
= +  (3.16) 

where a and b are real constants.  Of particular interest to this research is the special 

subset of Zernike vectors for which m1 = m2 = m, n1 = n2 = n, and a = b = 1.  Denote these 

Zernike vectors as follows: 

 {}( ) {}( ) {}( )( ), , , , ,m m m

x x xn x n x n x
Z Z Zr f r f r f+ -¹  (3.17) 

 {}( ) {}( ) {}( )( ), , , , .m m m

y y yn y n y n y
Z Z Zr f r f r f- +¹  (3.18) 

Note that  

 {}( ) {}( ) {}( )( )( )0 0 0

0 0 0
, , , , 1, 0 ,x x xx x x

Z Z Zr f r f r f+ -¹ =  (3.19) 

while 

 {}( ) {}( ) {}( )( )( )0 0 0

0 0 0
, , , , 0, 1 .y y yy y y

Z Z Zr f r f r f- +¹ =  (3.20) 

These illustrate the use of the notational convention 
{}( )0

0
, 0Z hh
r j- ¹  mentioned above.   

 Using Eqs. (2.64), (2.65) and (3.14), the Zernike vectors in Eqs. (3.17) and (3.18) 

can be written in terms of SVP as 

 {}( ) {}, ( ) .
mm m

nn
Z hh h

r f r r=R  (3.21) 

 Table 3.5 provides a list of the Zernike vectors that will be used in the next 

Chapter to convert the H. H. Hopkins based wavefront aberration function expansion into 

an expansion in terms of Zernike vectors. 
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Table 3.5  Examples of 0-P normalized Zernike vectors written in terms of SVP. 

Zernike 

Vector 

Zernike Vector in Terms of SVP 
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3.3 Discrete Orthogonality of Zernike Polynomials 

The Zernike polynomials are complete and orthogonal over the unit radius disk.  This 

means that any continuous function ( ),f r j defined over the unit radius disk can be 
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expanded in terms of the Zernike polynomials.  The expansion coefficients, for 0-P 

normalization, are given by 

 
( )

( )
( ) ( )

2 1

0, 0 0

2 1
, ,

1

m m

n n

m

n
C f Z d d

p

r j r j r r j
d p

° °
+

=
+ ññ  . (3.22) 

However, it is often the case that the continuous function ( ),f r j is not known in 

analytic form, but its values are known, or can be determined, at a finite number of points 

over the disk.  In such cases, it is still desirable to know the Zernike expansion 

coefficients through an upper n and m value to obtain an approximation of the continuous 

function as a finite series expansion.  Such an approximation to the function will be a 

good representation of the function if the function converges within the n and m upper 

limits used.   

 In general, the Zernike polynomials are not orthogonal over a finite, discrete set 

of points.  However, in a 2005 paper [43], Pap and Schipp published a result showing that 

a finite set of complex number Zernike polynomials are orthogonal over a finite set of 

discrete points across a unit radius disk.  In this way, values for the expansion 

coefficients can be obtained by special sampling of the function over the discrete set of 

points. 

 As mentioned above, the original work presented in [43], as well as in [44, 45], 

utilized a complex number form of the Zernike polynomials.  Appendix III provides a 

derivation of the discrete orthogonality properties and equations for the real number form 

of the Zernike polynomials used in this dissertation.  The results derived in Appendix III 

were used in this research as part of a Gaussian quadrature (GQ) method for obtaining the 



  47 

Zernike expansion coefficients of the wavefront aberration function expansion, to be 

explained in the following Chapter. 

 

3.4 Zernike Polynomials for Non-Circular Pupils  

Optical systems need not have circular shaped pupils.  In such cases, it may still be 

desirable to work with orthogonal polynomials over the non-circular pupil shapes.  

Zernike polynomials have been used to define sets of orthogonal polynomials over 

annular, rectangular, elliptical and hexagonal pupil shapes [46, 47].  Each polynomial is 

then a finite weighted sum of the circular Zernike polynomials.  These new polynomials 

maintain the orthogonality and completeness properties of the circular Zernike 

polynomials and can therefore be used to fit data from systems having these non-circular 

pupil shapes.  During the research described in this dissertation, a Matlab® program was 

developed to implement these new polynomials for non-circular pupil shapes.  The 

program, called ZernikeCalc, is available on the MathWorkôs Matlab® Central File 

Exchange website [48].  Because the optical models investigated in this research have 

circular pupils, use of ZernikeCalc was not directly made. 

 

3.5 Zernike Polynomials as a Sum of Decentered Rotationally Symmetric Terms 

During the course of this research, it was discovered that the Zernike polynomials can be 

represented as sums of decentered rotationally symmetric terms.  A decentered 
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rotationally symmetric term is defined here by the sag equation (distance from the xy-

plane to the surface) 

 () nz f ar r= =  , (3.23) 

where a is a real number, ɟ is the radial distance from the rotational symmetry z-axis to 

the surface given by  

 2 2x yr= +  , (3.24) 

and n is a positive integer greater than 1.  The details are presented in Appendix IV. 

 Because this research project utilizes Zernike polynomials, decentering of 

rotationally symmetric optical surfaces, and NATôs method for the mathematical 

description of the field dependence of the wavefront aberration function for optical 

imaging systems having decentered surfaces (to be described in Chapter 5), finding that 

Zernike polynomials can be expressed as a sum of decentered rotationally symmetric 

terms was an interesting discovery to make.  Pursuing this line of research has led to an 

approach for the application of NAT to optical elements having a freeform surface shape 

defined by the Zernike polynomials.  The mathematical development and examples 

utilizing  NAT  with  freeform  optical  surface  shapes  made  possible  by  expressing 

the Zernike polynomials as decentered rotationally symmetric terms are presented in 

Chapter 7. 
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Equation Chapter (Next) Section 1 

Chapter 4 SVP, Zernike Vectors and the Wavefront Aberration 

Function Expansions 

Like the Zernike polynomial definition, there are different conventions and assumptions 

used in the literature resulting in different definitions of the wavefront aberration 

function.  Each of these satisfies a different need of the researcher employing the 

definition.  Quoting H. H. Hopkins: ñThus one is led to consider a spherical wave-front as 

free from aberration, and to define the aberration of a wave-front as its departure from 

any conveniently chosen sphere of reference measured as an optical path length.ò [3]  In 

this Chapter, the definition of the wavefront aberration function is presented that is used 

in this research.  In presenting the definition, an attempt to explicitly define the terms and 

assumptions is made.  No attempt is made to reconcile the developed definition with any 

other definition used in the literature.  The definition used in this work is that 

implemented in the optical design software CODE V® and Zemax® that use the real 

chief ray to define the reference sphere. 

 Using an extension of H. H. Hopkinsô expansion of the wavefront aberration 

function and his wavefront expansion coefficients as a starting point, it is shown how to 

convert the power series expansion into a vector expansion using Shackôs vector product 

(SVP).  An expansion in terms of Zernike polynomials and in terms of the Zernike 

vectors, defined in the previous Chapter, is derived.  A way to obtain the Hopkins 

expansion coefficients from the Zernike expansion coefficients is also derived.  In this 
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way, a bridge between the optical design community, using the Hopkinsô expansion 

coefficients, and the optical test and measurement communities, using the Zernike 

expansion coefficients, can be made. 

 The method for obtaining the Zernike expansion coefficients used in this research 

is presented.  It utilizes the Gaussian quadrature (GQ) method associated with the discrete 

Zernike orthogonality property mentioned in the previous Chapter and derived in 

Appendix III. 

 Because several different forms of the wavefront aberration function expansion 

will be developed, a labeling of the expansion coefficients has been used to assist in 

indicating which expansion is being referred to.  The ñUò expansion coefficients will be 

associated with double Zernike expansions of the wavefront aberration function, the ñVò 

expansion coefficients will be associated with the single Zernike expansion, and the ñWò 

expansion coefficients will be associated with expansions involving no Zernike 

polynomial.  It is hoped that this sequential labeling of the expansion coefficients will 

make the reading of this Chapter easier to follow. 

 The specific wavefront aberration function expansions to be developed are as 

follows. 

 Expansions using Wklm coefficients: 

  1) H. H. Hopkinsô Expansion.  For rotationally symmetric optical imaging 

systems.  Most often used by optical designers.  The field parameter 

H  is restricted to be along the y-axis.  No Zernike polynomials 

involved. 
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  2) Shackôs Vector Form.  For rotationally symmetric optical imaging 

systems.  An extension of H. H. Hopkinsô expansion that removes the 

restriction on the field parameter.  No Zernike polynomials involved. 

  3) Shack Vector Product Form.  For rotationally symmetric optical 

imaging systems.  The field vector H  and pupil vector r parameters 

are written in terms of SVP.  Field and pupil parameters can be 

factored by a vector dot product.  No Zernike polynomials involved.  

This form is used to derive the expansions in terms of Zernike 

polynomials. 

 Expansion using ,

m

k nV  coefficients: 

  1) An expansion where the pupil vector parameter r is expanded in terms 

of Zernike polynomial vectors.  For rotationally symmetric optical 

imaging systems.  The ,

m

k nV  expansion coefficients can be expressed in 

terms of the Wklm expansion coefficients. 

 Expansion using ,H

m

n nU
r
 coefficients: 

  1) An expansion where the field vector and pupil vector parameters are 

both expanded in terms of Zernike polynomial vectors.  For 

rotationally symmetric optical imaging systems.  The Wklm coefficients 

can be expressed in terms of the ,H

m

n nU
r
 coefficients. 
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 Expansion using 
,

,
H

H

m m

n nU r

r
 coefficients: 

  1) An expansion where the field and pupil parameters are expanded in 

terms of Zernike polynomials (not Zernike vectors).  For rotationally 

nonsymmetric optical imaging systems.  The GQ method uses this 

form to obtain the 
,

,
H

H

m m

n nU r

r
 expansion coefficients.  The 

,

,
H

H

m m

n nU r

r
 

coefficients reduce to the ,H

m

n nU
r
 coefficients in the rotationally 

symmetric optical imaging system case and these ,H

m

n nU
r
 coefficients 

are used to calculate the Wklm expansion coefficients. 

A graphical summary is presented in Figure 4.1. 

 
Figure 4.1  Summary of expansion coefficients U, V and W.  ñExp. Term Formò is an 

abbreviation for ñexpansion term form.ò  ñOpt. Sys. Typeò is an abbreviation for ñoptical 

system type.ò  ñRot. Nonsym.ò is an abbreviation for ñrotationall y nonsymmetric.ò  ñRot. 

Sym.ò is an abbreviation for ñrotationally symmetric.ò  ñò is the vector dot product.  { }
m

H  

and {}
m

r  are SVPs to the mth power. 

 

The details of Figure 4.1 are developed in the following sections. 
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4.1 The Wavefront Aberration Function Definition 

The coordinate systems used in this research are ill ustrated in Figure 4.2. 

 

Figure 4.2  Optical imaging systemôs components and local coordinate systems. 

 

The object plane is generally positioned to the left of the other optical systemôs elements.  

A ray is emitted from an object point in the object plane and travels to the right toward 

the entrance pupil.  This left to right direction is defined to be the +z-axis direction.  Each 

of the elements in the optical model, including the object, entrance pupil, optical surfaces 

with optical power, exit pupil and image have their own local coordinate systems.  These 

are all centered on the z-axis and form a right handed coordinate system with the +x-axis 

direction considered to be into the page and +y-axis direction considered to be ñupò or 

toward the top of the page.  A reflective surface does not change the local coordinate 

systemôs orientation of any of the surfaces in the optical model.  When it is necessary to 

utilize a global coordinate system from which all the other surfacesô location can be 

defined, the entrance pupilôs coordinate system will be used.  For optical imaging models 
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having the object plane at z = ï Ð, the entrance pupil will always be to the right of the 

object plane.  For those optical imaging systems having a finite distance between the 

object surface and the entrance pupil, it may occur that the entrance pupil is to the left of 

the object plane.  Similarly, the exit pupil for an imaging system may occur to the right of 

the image plane.   

 The terminology ñoptical imaging system,ò ñoptical system,ò ñoptical imaging 

system model,ò and ñoptical modelò will all refer to an idealized software model and/or 

an idealized mathematical model of the real optical imaging system.  As part of this 

idealization away from the real optical imaging system, it will be assumed that diffraction 

effects can be ignored and that computer ray tracing is sufficient for describing and 

analyzing the optical systemôs optical aberrations. 

 The terminology ñparaxial imagingò will refer to ray tracing with rays that are 

infinitesimally close to the mechanical coordinate axis (MCA) (the symmetry axis for a 

rotationally symmetric optical imaging system) having infinitesimally small angles with 

respect to the MCA.  ñGaussian imagingò will refer to first order ray tracing [49].  This 

distinction is not strictly adhered to.  Paraxial imaging results in perfect imaging while 

Gaussian imaging, an extension to finite angles of the infinitesimal angles of paraxial 

imaging, is an approximation to perfect imaging.  ñReal ray tracingò will refer to 

computer ray tracing through an optical model without restrictions to first order 

idealizations. 

 The wavefront aberration function has been defined in several different ways in 

the literature [3, 11, 49].  As an initial definition (meaning without details), it can be 
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defined to be the optical path difference (OPD) from the rayôs wavefront point (labeled A 

in Figure 4.3) when the wavefront is at the systemôs exit pupil, to the rayôs intersection 

point (labeled B) with the image space reference sphere.   

 
Figure 4.3  Definition of wavefront aberration function W. 

 

In Figure 4.3 the point labeled ñCò is the intersection point of the optical axis with the 

image space reference sphere at the center of the exit pupil, the point labeled ñDò is the 

intersection of the optical axis and the Gaussian image plane, the point labeled ñEò is the 

center of the image space reference sphere, the point labeled ñFò is the intersection point 

of the ray being traced with the Gaussian image plane, ñRò is the reference sphereôs 

radius, ñ BFR¡ò is the ray being traced, and ñWò is the OPD for the ray being traced. 

 Although this initial definition seems simple enough, there are many subtleties 

that need to be made explicit.  For example, there are several choices for the location of 

the center of the reference sphere as well as choices for how the exit pupil is to be 

located.  Additionally, the parameters of the wavefront aberration function have different 

meanings depending on the definition used.  Therefore, additional details need to be 

provided.   
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 In this work, the image space reference sphere will be centered at the intersection 

point of the field pointôs chief ray and the Gaussian image plane (labeled ñEò in Figure 

4.3), determined by real ray tracing.  The image space reference sphereôs surface will be 

defined to pass through the intersection point of the field pointôs chief ray and the optical 

axis ray (OAR) in image space (the z-axis in the case shown in Figure 4.3).  This is the 

center of the real (as opposed to Gaussian) exit pupil.  Again, real ray tracing is used to 

determine this point along the field pointôs chief ray. 

 The reason that the professional optical design software packages use this 

definition for the image space reference sphere is because they are designed to perform 

far more than just geometrical ray tracing calculations.  Specifically, they are designed to 

perform diffraction related calculations and it is known that diffraction effects are 

minimal in the real exit pupil.  

 One consequence of the placement of the image space reference sphere at the 

intersection of the field pointôs chief ray with the image plane is that it removes distortion 

aberrations from the wavefront aberration function even in the case that the final image 

has significant distortion.  This is often acceptable because the distortion aberration is not 

an image quality reducing aberration and it can be computed independently. 

 The wavefront aberration function, W, for a monochromatic ray being traced 

through the optical imaging system model, is a scalar function in four parameters.  These 

four parameters uniquely define the ray that is being traced.  Two parameters are 

associated with the object source point (also called the field point) from which the ray 
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originates and two parameters specify a point in the optical system through which the ray 

passes.   

 There are different ways to specify the two field parameters as well as different 

conventions for choosing the point in the optical system that the ray passes through.  For 

example, the field parameters, denoted by ( ),x yH H H= , could be the x and y Cartesian 

coordinates of the object point from which the ray originates, or, when the object is 

effectively infinitely far away from the rest to the optical system, they could be the angles 

that a line from the center of the entrance pupil to the object point makes with the z-axis 

when the line is projected onto the xz- and yz-planes.  In this work, the field parameters 

are taken to be the Cartesian coordinates of the point in the optical systemôs object plane 

normalized by the maximum value defining the extent of the object (assumed to be a 

circle in the object plane).  Since these parameters are normalized, the case of the object 

plane being infinitely far away from the entrance pupil presents no difficulties.  An 

alternative form of the normalized Cartesian coordinates, the polar coordinate form, 

( ),H H hq= , where h is either x or y indicating which axis is used as the reference axis, 

may also be utilized. 

 The ray intersection point often selected in the optical system for the remaining 

two (pupil) parameters is the intersection point of the ray with either the (real or 

Gaussian) entrance pupil plane or the (real or Gaussian) exit pupil plane [11, 49].  Other 

choices that occur in the literature are the intersection point of the ray being traced with 

the object space or image space reference spheres [50, 51].  In this work, the Gaussian 

entrance pupil plane is chosen.  The point through which the ray passes in the Gaussian 
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entrance pupil plane will be denoted by ( ),x yr r r=  and these will be called the pupil 

coordinates of the ray traced.  These coordinates are normalized with respect to the 

pupilôs radial extent.  Alternatively, a polar form for these normalized pupil coordinates, 

( ), hr r j= , may be utilized.  The wavefront aberration function is then denoted by,  

 ( ) ( ) ( ), , , , , , ,x y x yW W H W H H W H h hr r r q r j= = =  . (4.1) 

 The object is idealized and modeled as a finite number of perfect point emitters in 

the idealized object plane.  From each objectôs field point an expanding spherical wave is 

imagined.  This spherical wavefront, also called the phase front, travels to the Gaussian 

entrance pupil of the optical imaging system model.  The location of the Gaussian 

entrance pupil plane is determined by paraxial imaging and the pupil will be assumed to 

have a plane circular shape.  Rays are imagined and modeled, in the absence of 

diffraction, as vectors normal to the wavefront surface.  For any object field point there is 

a unique ray that connects the object field point to the center of the Gaussian entrance 

pupil.  This ray is called the chief ray for that field point, or the field pointôs chief ray.  

The sphere centered on the field point and passing through the intersection of the fieldôs 

chief ray with the center of the Gaussian entrance pupil is called the object space 

reference sphere for that field point. 

 A real ray trace is performed through the optical imaging system model from the 

object plane field point to the Gaussian image plane.  The optical path length (OPL) of 

the ray from the rayôs intersection with the object space reference sphere to the image 

space reference sphere, defined above, is calculated.  The optical path difference (OPD) 



  59 

is then defined to be the OPL of the ray minus the OPL for the field pointôs chief ray.  

This means that for any field pointôs chief ray, the OPD for that chief ray is always zero.   

 The wavefront aberration function value ( ) ( ), , , ,x y x yW W H W H Hr r r= =  for 

the ray specified by the normalized parameters ( )( ), , , ,x y x yH H Hr r r=  is the OPD 

value for that ray   

 ( ) ( ), , , , , ,x y x y x y x yW H H OPD H Hr r r r=  . (4.2) 

 There is another aberration used in optical design called the transverse ray 

aberration.  The transverse ray is the vector, in the Gaussian image plane, from the 

Gaussian image point of the ray to the real ray trace intersection point of the ray with the 

Gaussian image plane.  It is often stated that the relation between the wavefront 

aberration function and the transverse ray aberration vector function is given by 

 ( ) ( )
1

, , , , , ,
' '

x y x y x y x yH H W H H
n u

r r r r= Ð  , (4.3) 

where ( ), , ,x y x yH H r r  is the transverse ray vector function, 'n  is the image space 

index of refraction, 'u  is the marginal rayôs image space angle with respect to the optical 

axis, ( ), , ,x y x yW H H r r is the wavefront aberration function and Ð is the gradient 

operator with respect to the pupil parameters.  This equation is valid for the 4
th
 order 

wavefront aberration function W but does not hold in general for high order terms of the 

wavefront expansion [52].  That is, in the derivation of this equation (see for example 

[49]) the approximations used limit its validity to 3
rd

 order in transverse ray aberrations.  

It can be shown that Eq. (4.3) leads to inconsistent equations for the 6
th
 order wavefront 
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aberration expansion coefficients when used with Coxôs 5
th
 order equations for the 

transverse ray aberration function expansion [53].  (See Appendix V for an example.)  

Also, as pointed out previously, there are several different ways to define the wavefront 

aberration function.  Different meanings of the pupil parameters (defined with respect to 

entrance or exit pupil planes, or defined with respect to object or image space reference 

spheres) may not be consistent with the derivation of this equation.  Lastly, the selection 

of which definition of the image space reference sphere to use may result in an 

incompatibility with the derivation of Eq. (4.3).  Therefore, using Eq. (4.3) as the vehicle 

for obtaining wavefront aberration expansion coefficients, or for work involving higher 

than 4
th
 order wavefront expansion terms, is perilous. 

 Because the exact analytic form of the wavefront aberration function for an 

optical model is not in general known, an expansion of the function in terms of a power 

series in the rayôs four normalized parameters is made.  This is written as 

 ( )
0 0 0 0

, , , ,m n p q

x y x y mnpq x y x y

m n p q

W H H C H Hr r r r
¤ ¤ ¤ ¤

= = = =

=ääää  (4.4) 

where 
mnpqC  are the expansion coefficients.  It is assumed that this expansion (as well as 

all other expansions of the wavefront aberration function to be presented) converges.  The 

question of the rate of convergence of this expansion is of particular interest for 

rotationally non-symmetric optical imaging systems.  However, it is an issue not well 

addressed in the literature. 

 The z-axis will be used as the MCA.  The optical imaging system models to be 

considered will be restricted to be rotationally symmetric about the MCA in the absence 
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of any decenters and/or tilts of the modelôs surfaces.  Consequently, the form of the 

wavefront aberration function consists of only terms that are rotationally invariant to a 

rotation about the symmetry axis (i.e., MCA).  The terms in the expansion Eq. (4.4) are 

then restricted to be any one or multiples (including powers) of the following four 

rotationally invariant forms 

 ( )2 2 ,x yH H H H+ =  (4.5) 

 ( )2 2 ,x yr r r r+ =  (4.6) 

 ( ) ,x x y yH H Hr r r+ =  (4.7) 

 ( ) ,x y y x
Z

H H Hr r rè ø- = ³ê ú (4.8) 

where []
Z
Ö  indicates the z-component of the vector enclosed.  Further requiring the 

wavefront aberration function to have reflection symmetry through a meridional plane (a 

plane containing the field point and the rotational symmetry z-axis) rules out Eq. (4.8).  

That is, the wavefront aberration function is not to change sign across the plane 

containing the field point and the z-axis.  The resulting form of the wavefront aberration 

functionôs expansion can then be written as 

 ( ) {}( )( )( )
0 0 0

, ,
n m p

k l m S
n p m

W H W H H Hr r r r
¤ ¤ ¤

= = =

=äää  (4.9) 

where {}k l m S
W  are the expansion coefficients with 2 , 2k n m l p m= + = +.  The notation 

ñ{S}ò is used to indicate that an additional ñSò subscript is appended to Wklm when the 

Wklm coefficient is associated with the sagittal focal surface.  This occurs when, for a 

Wklm, both n Í 0 and p Í 0. 
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 Because the optical system is restricted to be rotationally symmetric, the field 

point, in optical design, is often selected to be along the positive y-axis.  Using the y-axis 

as the reference axis from which angles are measured, the field parameters may be 

written as ( ), yH H q=  with 0yq= .  Similarly, the pupil parameters may be written as a 

vector in the plane of the entrance pupil, ( ), yr r j= .  Then the wavefront aberration 

function can be written in the form 

 ( ) ( )2 2

{ }

0 0 0

, cosn m p m m

klm S y

n p m

W H W Hr r j
¤ ¤ ¤

+ +

= = =

=äää , (4.10) 

where H is the magnitude of the normalized field parameter vector H , r is the 

magnitude of the normalized pupil parameter vector r and 
yj  is the angle that the pupil 

parameter vector makes with respect to the positive y-axis.  This is the traditional form 

presented for the expansion of the wavefront aberration function for rotationally 

symmetric optical imaging systems.   

 To explore the full field parameter dependence of the aberration function the 

restriction that the field point selected be along the y-axis is removed.  Then from Eq. 

(4.9) 

 ( ) ( )2 2

{ }

0 0 0

, cosn m p m m

klm S

n p m

W H W H h hr r q j
¤ ¤ ¤

+ +

= = =

= -äää  (4.11) 

where 
h hq j-  is the angle, in the xy-plane, between the field parameter vector H  and the 

pupil parameter r, and the subscript { },x yhÍ  is used to indicate which convention is 
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used as the reference axis, either the x-axis or the y-axis, from which the angles are 

measured.  This is a generalization of the form presented in Hopkins [3]. 

 The wavefront aberration order of a term in Eq. (4.11) is given by the sum 

 2 2 2 2( )Order k l n p m n p m= + = + + = + +, (4.12) 

and is therefore always even. 

 For clarity, it is stated again that the field parameters used in this work are the 

normalized Cartesian coordinates of the object point of the ray under consideration. 

 

4.2 Wavefront Aberration Function in T erms of SVP 

It is most desirable to write the wavefront aberration functionôs terms in such a way that 

the two field parameters are factored (separated except by multiplication) from the two 

pupil parameters.  As the function is written in Eq. (4.11), the factor ( )cosm

h hq j-  

appears to prevent this.  However, it has been found in this research that this separation of 

field and pupil parameters can be accomplished by using the trigonometry relation 

 ( ) () ( )( )( )
()( )1

1
2

1
0

1 1
cos cos 2

2 2
2

E mm

m

E mm m
t

m
m

m tm
t

d

h h h hq j d q j

- -

-
=

å õ
å õæ ö- = + - -æ öæ ö ç ÷

ç ÷

ä , (4.13) 

where  

 ()

1

0
E m

for m even

otherwise
d

ë
¹ì
í

. (4.14) 

Writing  

 2 2m m t tH H H-= , (4.15) 
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2 2m m t tr r r-= , (4.16) 

the following relation is obtained, 

 

( ) ()

( ) ( )( )
()( )1

1
2

2 2 2 2

1
0

1
cos

2
2

1
cos 2 2 .

2

E m

m m m m m
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m

t t m t m t

m
t

m

H Hm

m
H H m t m t

t

h h

d

h h

r q j r d

r r q j

- -

- -

-
=

å õ
æ ö- =
æ ö
ç ÷

å õ
+ - - -æ ö

ç ÷
ä   (4.17) 

Recalling Eq. (2.74), repeated here for convenience,  

 ( ){}{}Ĕ Ĕcos
n n

n n A Bh h hh
a b- =  , (4.18) 

the cosine terms in Eq. (4.17) can be written as 

 ( ) ( )( ){} {}
2 22 2 cos 2 2

m t m tm t m tH m t m t Hh h hh
r q j r

- -- - - - - = . (4.19) 

Then 

 

( ) { }{} ()
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()( )
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1
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where the relation { }{}
0 0

1H
hh
r =  has been used.  This result can be used to write Eq. 

(4.11) as 
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where the field and pupil parameters have been completely separated by a vector dot 

product for all orders of the expansion. 

 Keeping only through 8
th
 order terms, the wavefront aberration function 

expansion can be written as follows.   
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Collecting like terms in { }{}
u u vH

hh
r r results in  
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By using the definitions [54] 
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where the subscript ñMò is used to indicate quantities associated with the medial focal 

surface, the wavefront imaging aberration function through 8
th
 order can be written as 
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 A general pattern of the field dependent vector functions is that they factor into a 

scalar part, shown in parentheses, containing even powers of H , and a Shack vector 

product part, shown as curly braces.  For example 
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Of primary interest in this work are the characteristics of the field dependent parts of the 

wavefront aberration function expansion terms, called the ñfield functionsò, particularly 

when the rotationally symmetric optical systemôs elements are perturbed, breaking the 

rotational symmetry restriction.  This is the subject of NAT, briefly reviewed in the next 

Chapter. 

 From the notational patterns found in Eq. (4.34), a summation equation for the 

wavefront aberration function expansion using the medial focus surface klmMW  

coefficients has been developed in this research.  The wavefront aberration function 

expansion can be written as  
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where 

 0,

1 0

0 0
m

m

m
d

=ë
=ì

¸í
 , (4.37) 

and 2 , 2k n m l p m= + = +.  The ñ{M}ò subscript indicates inclusion of the ñMò 

subscript when 0 and 0p n¸  ̧ for a given Wklm coefficient.  The wavefront aberration 

order of a term is, as before, given by 

 ( )2Order n p m= + + . (4.38) 

 In terms of the Wklm{S}  coefficients used in the original expansion, Eq. (4.11), the 

following relation has been derived 
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the wavefront aberration function expansion can be written as 
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Thus by using the medial focal surface based coefficients, { }k l m M
W¡ , and SVP, a simple 

equation (compared to Eq. (4.21)) for the aberration function expansion with the field and 

pupil parameters factored has been achieved. 

 It is interesting to note the similarities and differences of Eq. (4.43) and Shackôs 

vector form of the wavefront aberration function expansion, Eq. (4.9), repeated here for 

ease of comparison. 

 ( ) {}( )( )( )
0 0 0

,
n m p

k l m S
p m n

W H W H H Hr r r r
¤ ¤ ¤

= = =

=äää  . (4.44) 



  70 

 

4.3 Wavefront Aberration Function Expansion in Terms of Zernike Vectors 

There are several different ways that the pupil dependence of the wavefront aberration 

function expansion terms, through 8
th
 order, Eq. (4.34), can be converted into Zernike 

vector functions of the pupil parameters.  One way is to simply use algebra.  Specifically, 

the entries in Table 3.5, listing the Zernike vectors in terms of SVP, can be used to solve 

for the pupil dependencies in terms of Zernike vectors.  For example, the pupil 

dependence {}
1 2

h
r r is determined by first noticing that (from Table 3.5) 

 {}() {} {}
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3
3 2Z h h h

r r r r= -  . (4.45) 

Then 
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And since (from Table 3.5) 
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the following is obtained 

 {} {}() {}()
1 2 1 1

3 1

1 2

3 3
Z Zh hh

r r r r= +  . (4.48) 

Proceeding in a similar way, a tabulation of all the pupil dependencies of Eq. (4.34) in 

terms of the Zernike vectors is obtained.   
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Table 4.1  Pupil dependence in terms of Zernike vectors. 
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Dependence 

 

Equivalent Zernike Vector Combination 
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 The pupil dependence of the terms in the wavefront aberration function expansion 

of Eq. (4.34) can now be written in terms of the pupil Zernike vectors.  Substituting the 

Zernike vector equivalent pupil dependence of Table 4.1 for the pupil dependencies in 
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Eq. (4.34) and then collecting terms of like Zernike pupil dependence results in the 

wavefront aberration function as shown in Eq. (4.49). 
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  (4.49) 

Using a single symbol ,

m

k nV  for the expansion coefficient of each term gives, 
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The general form for rotationally symmetric optical imaging models is given by 
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 The terms most often of interest are the Zernike astigmatism {}()( )2

2
Z h r  , Zernike 

coma {}()( )1

3
Z h r  , and Zernike spherical {}()( )0

4
Z h r  terms.  In Chapter 6, the examples 

provided will utilize this through 8
th
 order expansion of the wavefront aberration 

function.  Explicit expressions for the ,

m

k nV  coefficients in terms of the { }k l m MW  

coefficients for the through 12
th
 order expansion are presented in Table 4.2 on the 

following page. 

 It is also desirable to write the wavefront aberration functionôs field dependence 

in terms of Zernike vectors.  To write the field dependence in Eq. (4.49) in terms of the 

Zernike vectors, the r and r of Table 4.1 are replaced with H  and H , respectively.  

The field functions in Eq. (4.49) can then be replaced with field dependent Zernike 
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vectors.  The idea of expanding both the pupil and the field dependence in terms of 

Zernike polynomials for rotationally symmetric optical imaging systems has been 

previously suggested in the literature [55, 56, 57, 58].  However, these other double 

Zernike expansions have not been in terms of the Zernike vectors nor SVP, a result of 

this research.   
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m

k nV  expansion coefficients. 
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 For a rotationally symmetric optical imaging model, the double Zernike vector 

expansion of the wavefront aberration function is given by 

 ( ) {}( ) {}()
0

,

0 0

2

,
H H

H

m m m

n n n n
n m n n

m

W H U Z H Z
r r

r r

h hr r
¤ ¤

= = =

-

=ää ä  (4.52) 

where the ñm ï 2ò below the summation is used to indicate decrements of m by 2 rather 

than increments of 1. 

 The preceding development has been for rotationally symmetric optical systems.  

For the case of rotationally nonsymmetric optical systems, an expansion in field and pupil 

parameters in terms of the Zernike polynomials, in field and pupil, is given by 

 ( ) {}( ) {}()
,

,

0 0
22

,
H

H H

H H

H H H

H

n n
m m mm

n n n n
n m n n m n

mm

W H U Z H Z
r

r r

r r

r r r

r

h hr r
¤ ¤

= =- = =-
++

=ä ä ä ä  , (4.53) 

where ñ2mr+ ò and ñ2Hm + ò indicate addition in increments of 2.  Note that these are 

Zernike polynomials, not the Zernike vectors previously used for the case of rotationally 

symmetric optical systems.  Recall that the Zernike polynomials are complete over a unit 

radius disk (normalized object and pupil) and thus any function defined over the unit 

radius object disk and unit radius pupil disk may be so expanded [56, 59, 60].  This, Eq. 

(4.53), will be called the double Zernike expansion of the wavefront aberration function.  

It is this form of the wavefront aberration function expansion that is used together with 

the GQ method to obtain the expansion coefficients 
,

,
H

H

m m

n nU r

r
 from which, for rotationally 
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symmetric optical imaging systems, the Wklm{M}  expansion coefficients of Eq. (4.49) can 

be obtained, as will be shown below.  

 

4.4 Method for Obtaining Expansion Coefficients 

The 
,

,
H

H

m m

n nU r

r
 expansion coefficients of the general double Zernike expansion of the 

wavefront aberration function, Eq. (4.53), may be calculated in the following way.  An 

optical design, ray tracing software package is used to implement the optical imaging 

system models and to perform the real ray tracing.  The OPD value for each ray traced 

(real ray tracing) is calculated.  A data file containing five numerical values for each ray 

traced is obtained.  These five values are the 2 field and 2 pupil parameter values 

identifying the ray traced, and the calculated OPD value for that ray.  Using the discrete 

Zernike orthogonality properties described in Appendix III, the GQ method is used twice, 

once in pupil and once in field parameter values, to obtain the 
,

,
H

H

m m

n nU r

r
 expansion 

coefficients. 

 For the through 12
th
 order expansion of the wavefront aberration function, the 

maximum radial, n, Zernike index is set to max 12n = .  Then the number of radial (field 

and pupil) values needed to perform the GQ procedure, as calculated by Eq. (III .61), is  

 max 12
1 1 7

2 2
radial

n
N

é ù é ù
= + = + =é ù é ù

ê úê ú
 , (4.54) 

while the number of angular values required, as given by Eq. (III .65), is   

 max2 1 2 12 1 25angleN n= + = ³ + = . (4.55) 
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There are then 7 25 175radial angleN N³ = ³ = field and pupil points required for one 

application of the GQ method.  This means that 175 175 175 30,800³ + =  rays need to be 

traced, and their OPD values calculated.  The ñ+175ò is to account for the chief ray, 

which is not one of the rays needed by the GQ method and so must be traced in addition 

to the GQ rays.  Depending on the implementation of the real ray tracing program, this 

can take a long time.  Fortunately, the available commercial optical design software 

packages today are very fast for tracing rays.   

 Note that the number of rays to be traced, 30800, is for a single optical model to 

determine the optical modelôs total { }k l m M
W  values.  As will be detailed in the next 

section, to obtain the required per surface, sphere/asphere, and intrinsic/extrinsic 

expansion coefficient values, { }k l m M
W , requires at most 4 separate optical models per 

surface of the original optical model.  So, depending on the number of surfaces in the 

original optical model, several times this number of rays may need to be traced.   

 With the double Zernike expansion coefficients 
,H

m

n nU
r
 of Eq. (4.52) for a 

rotationally symmetric optical imaging model known (the 
,

,
H

H

m m

n nU r

r
 coefficients reduce the 

to 
,H

m

n nU
r
expansion coefficients for the rotationally symmetric case), a set of equations 

can be derived for the calculation of the { }k l m M
W  expansion coefficients.  The derivation 

of these equations has been accomplished for the through 12
th
 order expansion of the 

wavefront aberration function.  The method of derivation is here described. 
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 A Matlab® program, using the add-on symbolic toolbox for symbolic algebraic 

manipulation, was written to implement Eq. (4.43), providing the wavefront aberration 

function expansion in terms of the { }k l m M
W  expansion coefficients and SVP in field and 

pupil parameters.  Another Matlab® function was written to calculate the conversion of 

the pupil and field dependencies occurring in the wavefront aberration function 

expansion into the equivalent real number Zernike polynomials.  A portion of these 

conversions has been presented in Table 4.1.  Then, in software, collecting like terms in 

the resulting symbolic expression of the ( ),W H r  expansion provides the Zernike-in-

field, Zernike-in-pupil expansion of the wavefront aberration function in terms of the 

{ }k l m M
W  expansion coefficients.  Comparison with the double Zernike expression of Eq. 

(4.52) provides equations for the 
,H

m

n nU
r
 expansion coefficients in terms of the { }k l m M

W  

expansion coefficients.  A sample of these equations is presented here. 

 2

10,2 1022

1
.

420
U W

å õ
=æ ö
ç ÷

   (4.56) 

 2

8,2 822 842 1022

1 3 3
.

112 448 140
MU W W W

å õ
= + +æ ö
ç ÷

   (4.57) 

 2

6,2 622 642 662 822 842 1022

1 1 1 1 3 1
.

30 40 50 16 64 12
M M MU W W W W W W

å õ
= + + + + +æ ö
ç ÷

  (4.58) 

 

2

4,2 422 442 462 482 622 642

662 822 842 1022

1 3 3 1 1 1

8 32 40 16 6 8

1 5 15 5
 .

10 28 112 28

M M M M M

M M

U W W W W W W

W W W W

å
= + + + + +æ
ç

õ
+ + + + ö

÷
  (4.59) 
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2
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  (4.65) 

 The complete set of such equations through 12
th
 order (not shown) are then 

inverted to provide the { }k l m M
W  coefficients in terms of the 

,H

m

n nU
r
 coefficients.  Some of 

the resulting equations are provided here. 

 

(

)

0 0 0 0 0 0 0

040 0,4 0,6 0,8 0,10 0,12 2,4 2,6

0 0 0 0 0 0 0 0

2,8 2,10 4,4 4,6 4,8 6,4 6,6 8,4

6 5 15 35 70 5

15 35 5 15 5 .

W U U U U U U U

U U U U U U U U

= - + - + - +

- + + - + - + +  (4.66) 
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 ( )0 0 0 0 0 0

080 0,8 2,8 4,8 0,10 2,10 0,1270 9 9 45 .W U U U U U U= - + - + +   (4.80) 

 

Thus a bridge between the Wklm expansion coefficients often used by the optical design 

community and the 
,H

m

n nU
r
 expansion coefficients of the double Zernike expansion has 

been established at the total system level.  In the following section, the per system Wklm;j 

expansion coefficients are obtained.  

 For a rotationally symmetric optical imaging model, some of the expansion 

coefficients, 
,

,
H

H

m m

n nU r

r
, of the general expansion Eq. (4.53) should be zero.  The deviation 

from zero of such coefficients provides some indication of the accuracy of the method 

used to obtain all of the 
,H

m

n nU
r
 coefficient values.   
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 Since, for rotationally symmetric systems, the 
,

,
H

H

m m

n nU r

r
 occur in pairs, 

( ), ,

, ,,
H H

m m m m

n n n nU U
r r

+ + - -
, it should be the case that ( ), ,

, , ,H H H

m m m m m

n n n n n nU U U
r r r

+ + - -= ¹ .  Then the 

difference in the pairsô values is another indication of the accuracy of these coefficients.  

This method for estimating the computational error of the 
,H

m

n nU
r
 values is used in 

Chapter 6. 

 Using error propagation techniques, and the estimate of the ,H

m

n nU
r
 error, an upper 

bound for the estimate of the computational errors in the final { }k l m M
W  expansion 

coefficients can be calculated.  Examples will be provided in Chapter 6.  Estimations for 

the errors in the calculated { }k l m M
W  expansion coefficients appears to be lacking in the 

literature.  The technique used in this research provides a method to obtain computational 

error estimates for the values calculated.  These errors occur due to limitations of 

numerical representation and error propagation during calculations. 

 

4.5 Per Surface, Sphere/Asphere, and Intrinsic/Extrinsic Contributi ons 

In optical design, and for a large part of the present work, specifically for NAT, it is 

desirable to know the contribution that each optical element in the optical model, surface 

by surface, makes to the total systemôs aberration function.  An assumption is made, for 

rotationally symmetric optical models, that the contribution each optical element (surface 

with optical power) makes to the total systemôs aberration function can be summed to 
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produce the total systemôs aberration function.  Therefore a sum over all surfaces is 

introduced.  For example, Eq. (4.9) is now written as 

 ( ) {} ( )( )( )
#

;
1 0 0 0

, ,
Surfaces

n m p

k l m S j
j n p m

W H W H H Hr r r r
¤ ¤ ¤

= = = =

=ä äää   (4.81) 

where the expansion coefficients 
{ };klm S jW  now carry the subscript j to indicate the j

th
 

surfaceôs contribution.   

 When the optical surface j has a rotationally symmetric non-spherical shape, the 

surface is considered to be composed of a sphere base shape plus an ñaspheric capò shape 

that is added to the sphere base shape.  It is then desirable to know the contribution to the 

surfaceôs total aberration contribution provided by the sphere base shape and separately 

the contribution attributable to the aspheric cap shape.  In this terminology, an asphere is 

composed of a sphere base shape plus an ñaspheric capò given by  

 aspheric cap asphere sphere= -  . (4.82) 

A conic is one type of asphere. 

 A spherical wavefront is a wavefront without aberrations.  When a spherical 

wavefront interacts with (is refracted or reflected by) an optical element, the resulting 

wavefront will in general have a nonspherical shape.  The difference between the 

spherical shape of a nonaberrated incident wavefront and the resulting nonspherical shape 

of the wavefront due to aberrations is called the intrinsic aberration contribution.   

 It is not always the case that the incident wavefront onto an optical surface is free 

of aberrations.  Then the resulting wavefront, after refracting/reflecting from the optical 

surface, will have components due to the aberration free spherical incident wavefront and 
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a component due to the aberrations present in the incident wavefront.  The contribution 

due to the aberrations in the incident wavefront is called the extrinsic aberration 

contributions.  The total aberration contribution of a surface is the sum of the intrinsic 

and the extrinsic aberration contributions. 

 Because the surface is divided into a sphere base shape plus an aspheric cap 

shape, there are four contributions to the surfaceôs total aberration contribution.  These 

are denoted by 
( ) ( ) ( ) ( )

; ; ; ;, , , andIS IA ES EA

klm j klm j klm j klm jW W W W  where ñISò denotes the intrinsic 

contribution from surface jôs sphere base shape, ñIAò denotes the intrinsic contribution 

from surface jôs aspheric cap shape,  ñESò denotes the extrinsic contribution from surface 

jôs sphere base shape, and ñEAò denotes the extrinsic contribution from surface jôs 

aspheric cap shape.  Then 

 
( ) ( ) ( ) ( ) ( )

; ; ; ; ; ;

Surf Tot IS IA ES EA

klm j klm j klm j klm j klm j klm jW W W W W W¹ = + + +   (4.83) 

where 
( )

;

Surf Tot

klm jW  is the total expansion coefficient aberration contribution for surface j.   

 Figure 4.4 provides an illustration of one example of the hierarchy of 

contributions to the surfaceôs total aberration coefficient value.   

 
Figure 4.4  Hierarchy of total surfaceôs aberration coefficient.  The numbers at the left 

indicates the level of separation in the hierarchy tree.  ñSò = sphere, ñAò = aspheric cap, ñISò 

= intrinsic sphere, ñESò = extrinsic sphere, ñIAò = intrinsic aspheric cap, ñEAò = extrinsic 

aspheric cap. 
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 There are other ways that this hierarchy can be arranged.  For example, at the 

second level, the 
( )

;

Surf Tot

klm jW  could be separated into the total intrinsic contribution 
( )

;

I

klm jW  

and the total extrinsic contribution 
( )

;

E

klm jW  rather than the sphere and aspheric cap 

contributions. 

 Assuming that the total optical modelôs 
klmW  values can be obtained, as outlined 

in the preceding section or by other means, the following method has been defined and 

implemented in this work to obtain the per surface, sphere/asphere cap, and 

intrinsic/extrinsic 
( )

;

Type

klm jW  contributions.  These expansion coefficients are utilized in NAT 

to be described in the next Chapter for the analysis of the wavefront aberration functionôs 

field dependence.   

 Assume that the optical model consists of N optical surfaces that have non-zero 

optical power.  For completeness of the method to be described, assume that all the 

surfaces are aspheres.  For any surface j N¢  in the optical system, it is assumed that all 

the surfaces preceding surface j form an optical imaging subsystem, denoted by 
'j j

S
<

 , of 

the total optical system TotalS .  Each such subsystem will have its own object, entrance, 

exit, and Gaussian image planes.  It is further assumed that each individual surface j, 

separated from the rest of the original optical system, will form its own optical imaging 

subsystem, denoted by 
jS  .  These subsystems are defined and modeled such that the 

Gaussian entrance pupil for 
jS  is the Gaussian exit pupil of 

'j j
S
<

 and the Gaussian 
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object plane for 
jS  is the Gaussian image plane of 

'j j
S
<

.  Then the total per surface 

expansion coefficients for surface j are defined to be  

 
( ) ( ) ( )

; ; ;' '
Total Total Total

klm j klm j j klm j j
W W W

¢ <
¹ -  . (4.84) 

 To obtain the four wavefront expansion coefficient types listed above, changes to 

both the shape of the wavefront that is incident onto the j
th
 surface as well as to the shape 

of the j
th
 surface are needed.  Additional notation to keep these changes clear will now be 

defined.  The incident wavefront onto the j
th
 surface will be either the real wavefront 

(RW) shape from subsystem 
'j j

S
<

 or, by constructing a new optical model consisting of 

just surface j, an aberration free spherical wavefront (SW).  The j
th
 surface may have 

either the real surface (RS) shape of the original surface or it is replaced in the optical 

model with just the base sphere shape (SS) component of the j
th
 surfaceôs shape.  Then 

Eq. (4.84) can be written as  

 
( ) ( ) ( )

; ; ;' '
RWRS Total Total

klm j klm j j klm j j
W W W

¢ <
= -  , (4.85) 

denoting the aberrations attributable to surface j as a result of the real wavefront incident 

onto surface j using surface jôs real surface shape. 

 By replacing the j
th
 optical surface by its spherical base shape in the 'j j

S
¢  model 

 
( ) ( ) ( )

; ; ;' '
RWSS RWSS Total

klm j klm j j klm j j
W W W

¢ <
= -  , (4.86) 

is obtained.   

 Replacing the incident wavefront onto the j
th
 surface by a spherical wavefront 

originating from the local, surface jôs, object plane, the coefficient values ( )

;
SWRS

klm j
W  are 
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obtained.  This is accomplished by constructing a separate optical model, 
jS  , consisting 

of only one surface with optical power, namely surface j. 

 Finally, replacing the j
th
  surface shape in the 

jS  optical model by the sphere base 

shape of the j
th
 surface, ( )

;
SWSS

klm j
W  is obtained.  The four per surface expansion coefficient 

types can now be calculated as follows.   

 ( ) ( )

; ;
IS SWSS

klm j klm j
W W=  , (4.87) 

 ( ) ( ) ( )

; ; ;
IA SWRS SWSS

klm j klm j klm j
W W W= -  , (4.88) 

 ( ) ( ) ( )

; ; ;
ES RWSS SWSS

klm j klm j klm j
W W W= -  , (4.89) 

 ( ) ( ) ( ) ( ) ( )

; ; ; ; ;
EA RWRS IS IA ES

klm j klm j klm j klm j klm j
W W W W W= - - -  . (4.90) 

 Note that by the construction of these equations, it is always the case that 

 ( ) ( ) ( ) ( ) ( )

; ; ; ; ;
Total IS IA ES EA

klm j klm j klm j klm j klm j
W W W W W= + + +  . (4.91) 

This is unfortunate because it does not provide for a way to independently validate the 

separation of the total surface contribution into the four component values.  However, as 

mentioned in other work [50] the 4
th
 order extrinsic coefficients ( ) ( )

; ;
andES EA

klm j klm j
W W  are 

always zero.  This has been a valuable debugging condition during the implementation of 

this method for calculating the ( )

;
Type

klm j
W  coefficients.  Using Eq. (4.87) through Eq. (4.90) 

for the 4
th
 order extrinsic coefficients should always produce a number close to zero.  

When this does not occur an error in implementation can be assumed.  It also provides 

some indication of how accurate the calculated 
;klm j

W  values are.  The inaccuracies arise 
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from the limitations of the number representation used for the calculations, and from 

error propagation associated with the implemented equations.  The 4
th
 order extrinsic 

coefficients, being theoretically zero, are not programmed into the generation of any full 

field display (FFD) plots to be presented in Chapters 5 through 7. 

 Although the above method for obtaining the ( )

;
Type

klm j
W  expansion coefficients 

appears to be straight forward, there is a subtle point that needs to be made explicit.  

Recall that the wavefront aberration function expansion is defined in this dissertation 

using the normalized Cartesian coordinate object field parameters H .  Not all researchers 

may choose to use this parameterization of the wavefront aberration function.  It is 

possible that some researchers may choose to use a normalized object angle 

parameterization.  An illustration comparing these choices is given in Figure 4.5.  

 
Figure 4.5  Field parameterization choice comparison.  Points labeled ñAò are all the same 

point in the object plane along the +y-axis.  Points labeled ñBò are all the same points in the 

object plane along the ïy-axis.  NCC = normalized Cartesian coordinates.  NOA = normalized 

object angle.  The object pointôs angle, along with its sign convention, is shown as o.  ENP = 

entrance pupil.  +Z is the direction of positive ray translation. 
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In Figure 4.5, the normalized field component along the y-axis, Hy , may be either the 

normalized Cartesian coordinate 
NCC

yH  or the normalized object angle 
NOA

yH .  The object 

angle to the point (either point ñAò or to point ñBò) is given by o.  The sign convention 

for o is indicated in Figure 4.5.   

 From Figure 4.5 it is seen that the following relation holds between the two 

different normalized field choices, 

 NCC NOAH H=-  . (4.92) 

Why this matters is because it changes the sign of all the Wklm values with k odd.  k is the 

power of the field parameter H.  As an example, consider the 4
th
 order coma term 

 ( ) 2

131,comaW H W Hr rr=  . (4.93) 

Explicitly stating that the field parameters are the normalized Cartesian coordinates, this 

can be written as 

 ( ) 2

131,NCC NCC NCC

comaW H W Hr rr=  . (4.94) 

Explicitly stating that the field parameters are the normalized object angles, the coma 

term is written as 

 ( ) 2

131,NOA NOA NOA

comaW H W Hr rr=   (4.95) 

Since the amount of the departure of the wavefront from the reference sphere, the amount 

of wavefront aberration, is independent of the choice of field normalization, the relation  

 ( ) ( ), ,NCC NOA

coma comaW H W Hr r=  , (4.96) 
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holds.  This implies that 

 131 131

NCC NCC NOA NOAW H W H=  . (4.97) 

Using Eq. (4.92) in Eq. (4.97), the following equations are obtained 

 ( )131 131

NCC NCC NOA NCCW H W H= -  , (4.98) 

 
131 131

NCC NOAW W=-  . (4.99) 

Therefore, the sign of the odd k Wklm expansion coefficients is different depending on the 

normalized field parameter chosen. 

 This result may be the cause of a sign issue in the examples of Chapter 6.  In that 

Chapter, the 4
th
 order Wklm values calculated using the GQ method are compared to the 

values reported by the CODE V® macros fifthdef and FORDER, which also calculate the 

4
th
 order Wklm values.  It is there seen that the W131 values of fifthdef/FORDER have 

opposite signs to that of the GQ calculated values.  However, it is not known exactly 

what field parameterization the equations implemented in fifthdef/FORDER are for. 

 The important point of this discovery of this research is that the Wklm values are 

not all independent of the choice of the normalized field parameterization used, and it is 

therefore critical to report which field normalization is being used when calculating and 

reporting Wklm expansion coefficient values. 
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Equation Chapter (Next) Section 1 

Chapter 5 Sigma Offset Vectors, Full Field Displays, and Nodal 

Aberration Theoryôs Nodal Splits 

Nodal aberration theory (NAT) was originally developed by Kevin P. Thompson [5, 54, 

61, 62, 63, 64], based on early insight into binodal astigmatism from Roland V. Shack.  It 

builds on the work of Buchroeder, also working with Shack, who determined that when 

an optical surface of a rotationally symmetric optical imaging system is tilted, the center 

of the field dependence of the wavefront aberration function in the image plane shifts. 

[65]  The quantification of this shift is denoted by a per surface 2D sigma ñoffsetò vector, 

js .  If the optical surface is composed of a sphere base shape plus an aspheric cap shape 

(which includes the conic shapes), then each of these two component shapes of the 

overall surface shape contributes a different shift to the total field dependence.  

Therefore, for a single optical surface, there is a sigma offset vector for the sphere base 

shape and a different sigma offset vector for the additional aspheric cap shape.   

 In NAT, a nodal point (a.k.a. node point) for an aberration term in the wavefront 

aberration function expansion is the object field point H  that makes the field dependent 

vector factor (the field function) of the wavefront aberration expansion term zero.  Then 

the contribution of that aberration term to the total wavefront aberration function at that 

object field point will be zero.   

 The vector valued field dependence of a scalar aberration term of the wavefront 

aberration function expansion, either as an expansion in terms of Shackôs vector product 
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(SVP), as in Eq. (4.43), or as an expansion in Zernike vectors in pupil coordinates, as in 

Eq. (4.51), can be graphically displayed as 2-dimensional plots called full field displays 

(FFDs).  For a rotationally symmetric optical imaging system, the node points for a field 

dependent term in the wavefront aberration function expansion is located at the 

coordinate origin ( )0,0H = .  When one or more of the imaging systemôs optical surfaces 

is perturbed (tilted and/or decentered laterally from the mechanical coordinate axis 

(MCA)) then the node points for a field dependent term in the aberration function 

expansion may shift away from the coordinate origin, and may also split into multiple 

nodes depending on the characteristics of the field dependence of the expansion term.  

NAT is the study of these characteristics of the field dependence of the wavefront 

aberration function expansion terms. 

 In this Chapter, a summary of the concepts and equations used in NAT is 

presented.  A review of the definitions and equations for the 2D field sigma offset vectors 

is given and it is shown how these vectors are introduced into the wavefront aberration 

function expansion terms.  Clarification of previously published work is made.  The 

development of equations for the sigma offset vectors, correcting for sign issues that have 

been identified in this research, is presented.   

 A global coordinate system will be used to locate surfaces and points of 

intersection, e.g. the intersection point of the optical axis ray (OAR) and a surface or the 

aberration field axis (AFA) and a surface.  A vector may then be formed between two 

points as the difference of the two vectors to the points with respect to the global 

coordinate system.  This is illustrated in Figure 5.1. 
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Figure 5.1  The vector V  is obtained as the subtraction of the two vectors 1P   and 2P  

associated with the surface points P1 and P2, respectively, and referenced with respect to the 

global coordinate system.  As an example, P1 may be the intersection point of the OAR with 

the surface, while P2 may be the intersection point of the AFA with the surface. 

 

5.1 Calculating 2D Sigma Offset Vectors 

Consider a rotationally symmetric optical imaging system.  The axis of symmetry will be 

defined to be along the z-axis and it will be called the mechanical coordinate axis (MCA).   

Rays travel from the object plane, through the imaging system, to the Gaussian image 

plane.  The positive direction of a ray will be selected to be in the sense of the positive z-

axis.  The ray from the center of the object (the intersection of the negative z-axis with 

the object plane) through the center of the entrance pupil and on through the imaging 

system, to the Gaussian image plane, is called the optical axis ray (OAR).  As shown in 

Figure 5.2, this ray is coincident with the MCA for this case of a rotationally symmetric 

optical imaging system. 
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Figure 5.2  OAR and MCA coincide for rotationally symmetric imaging system. 

 

But when one or more of the optical systemôs surfaces is perturbed by tilts and/or 

decenters, the OAR will not coincide with the MCA.  In all cases, the intersection of the 

OAR with the Gaussian image plane is defined to be the coordinate origin in the image 

plane.  Therefore, the coordinate origin in the image plane need not coincide with the 

intersection of the MCA with the image plane.  The difference between the OAR and the 

MCA intersection points with the image plane is called the boresight error of the imaging 

system.  See Figure 5.3. 

 

Figure 5.3  For a rotationally symmetric imaging system with one or more tilted and/or 

decentered optical surfaces, the OAR and MCA need not coincide, giving rise to the boresight 

error  vector. 
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 When one or more of the optical imaging systemôs elements (optical surfaces with 

optical power) are perturbed (decentered and/or tilted) the center of the field dependence 

of the wavefront aberration function changes.  To account for this re-centering of the 

field dependence, per surface, normalized, sigma offset vectors are introduced into the 

field dependence of the wavefront aberration function.  There is one sigma offset vector 

associated with the spherical base shape of the surface, 
( )S

js , and one sigma offset vector 

associated with the aspheric cap shape of the surface, 
( )A

js .  For both the per surface 

normalized sphere sigma offset vector 
( )S

js  and the per surface normalized asphere sigma 

offset vector 
( )A

js  there is a choice to define them either in the normalized local image 

plane or the normalized local object plane.  In this work, these vectors will be defined in 

the normalized local image plane.  Once these normalized sigma vector values have been 

obtained with respect to the normalized local image plane of an optical surface j, they 

need to be propagated to the systemôs normalized object plane so that they may be used 

together with (combined with) the normalized field parameters H , defined in this work 

in the systemôs normalized object plane.  This may involve a ñsign flipò for the 

normalized local sigma offset vector values depending on the orientation of the local 

image plane with respect to the systemôs object plane.  The details are presented below. 

 Thompson, et al., [66] proposed an equation for the sphere sigma offset vector to 

facilitate its calculation irrespective of how the local coordinate system is defined in 

optical design software.  However, this research has discovered that while the proposed 

equation provides the correct magnitude for the sphere sigma vector components there is 
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an overall sign issue with the proposed equation for some optical systems.  Likewise, 

there is a sign issue for the reported [66] equation for the asphere sigma offset vector for 

some optical systems.  For this reason, tracking the necessary sign flips is made explicit 

in the following development. 

 For the sphere base shape of a refracting/reflecting optical surface j, the center of 

the field dependence for an aberration term in the wavefront aberration function 

expansion is located in the normalized local image (LI)  plane by the 2D normalized 

sphere sigma offset vector 
( )s LI

js .  It is defined to be the 2D vector 
( )s

jS  in surface jôs 

local image plane divided by the absolute value of the chief ray height in the local image 

plane for the unperturbed optical model.  The vector 
( )s

jS  is defined in the local image 

plane from the intersection point of the OAR to the intersection point of the AFA.  The 

AFA passes through the center of the local entrance (and exit) pupil and through the 

center of curvature of the surface.  This is illustrated in Figure 5.4.  Note that the AFA 

considered as a ray has an incident and refraction/reflection angle of zero at surface j 

because it is perpendicular to the surface at the intersection point by construction.  



  97 

 

Figure 5.4  Definition of the vector 
( )s

jS  for a sphere base shape surface.  (a) The general 

setup.  (b) Magnified view showing the vector definition.  ñAFAò is a line through the center 

of the entrance pupil and through the center of curvature of the sphere base shape that 

intersects with the local image plane. 

 

 Based on the definition of the 
( )s

jS  vector shown in Figure 5.4 the following 

definition can be written for the local image space, normalized sigma offset vector 

 

( )

( )

( , ) ( , )

s LI LI

j j js LI

j LI LI

j j
x y x y

AFA OAR

HCY HCY
s

è øè øS -
é ùé ù¹ =
é ùé ùê ú ê ú

 , (5.1) 

where superscript ñLI ò stands for ñlocal imageò plane of surface j, 
LI

jAFA  is the vector 

to the intersection point of the AFA with the local image plane of surface j, 
LI

jOAR  is the 

vector to the intersection of the OAR with the local image plane of surface j, and 

LI

jHCY  is the absolute value of the height of the maximal chief ray in the local image 

plane of surface j for the unperturbed optical imaging system.  The []
( , )

.
x y

 notation is 

used to explicitly indicate that the resulting vector is a 2D vector in the xy-plane. 
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 For the aspheric cap component of the surfaceôs overall shape, unlike for the base 

sphere, there is a unique surface vertex point, which is labeled ñVò in Figure 5.5, about 

which the aspheric cap shape is rotationally symmetric.  The center of the field 

dependence for an aberration term in the wavefront aberration function expansion 

associated with the aspheric cap of a surface j is located in the local normalized image 

plane by the 2D local image space normalized asphere sigma offset vector 
( )A LI

js .  

However, to obtain this asphere sigma vector, a vector 
( )( )A Surf

jS  is first defined at the 

local surface j.  Once the 
( )( )A Surf

jS  vector value at surface j is obtained it is projected to 

the local image plane of surface j and normalized by the absolute value of the maximal 

chief ray height at the local image plane of the unperturbed system.  The 
( )( )A Surf

jS  vector 

defined at surface j is the vector from the OARôs intersection point at surface j to the 

aspheric capôs vertex point ñVò.  See Figure 5.5.  As an equation, this can be written as 

 
( )( )

( , )

A surf

j j j
x y

V OARè øS = -
ê ú

 , (5.2) 

where jV  is a vector to surface jôs vertex point, and jOAR  is a vector to the intersection 

point of the OAR with surface j.  The []
( , )

.
x y

 notation is used to explicitly indicate that 

the resulting vector is a 2D vector in the xy vertex plane of the surface.  The surfaceôs 

vertex plane is the plane containing the surfaceôs vertex point and is perpendicular to the 

MCA (the z-axis) regardless of the tilts and decenters applied to the surface.   
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Figure 5.5  The 
( )( )A Surf

jS  vector is defined to be the vector from the OAR at surface j to the 

aspheric capôs vertex point ñVò.  It is to be projected to the local image plane.  (a) For the 

case that the local exit pupil occurs to the left of the local image plane and the surface j. 

(Based on Fig. 2.8 of [54].)  (b) For the case that the local exit  pupil occurs to the left of the 

local image plane but to the right of  surface j.  Notice the sign flip for case (b) in going from 

surface j to the local image plane.  CP = center of the exit pupil.  

 

 By defining the ñLine of Projectionò to be the line connecting the center of the 

local exit pupil ñCPò and the asphereôs vertex point ñVò, and extending this line to the 

local image plane, similar triangles are formed.  In this way, the 
( )( )A surf

jS  vector is 

projected to the local image plane.  Note that, as shown in Figure 5.5(b), and explicitly 

identified in this research, there may be a sign flip associated with this projection.  To 
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account for this sign flip, the sign of the chief ray height at the local image plane is 

multiplied by the sign of the chief ray height at surface j, both for the unperturbed optical 

model.  This is written as 

 ( ) ( )( )( ) ( )( )sgn sgn

img

jA img img surf A surf

j j j jsurf

j

HCY
HCY HCY

HCY
S = S  , (5.3) 

where ( )sgn img

jHCY  is the sign of the chief ray at the unperturbed local image plane, 

( )sgn surf

jHCY  is the sign of the chief ray at the unperturbed surface j, img

jHCY  is the 

absolute value of the chief ray height in the local image plane of surface j for the 

unperturbed model, and surf

jHCY  is the absolute value of the chief ray height at surface j 

also for the unperturbed model. 

 The normalized asphere sigma offset vector associated with surface j, in the local 

normalized image plane, is then given by 

 ( ) ( )( ) ( )( )1
sgn sgnA LI img surf A surf

j j j jsurf

j

HCY HCY
HCY

s = S  . (5.4) 

Simplifying gives 

 ( ) ( , )( ) sgn
j j

x yA LI img

j j surf

j

V OAR
HCY

HCY
s

è ø-
ê ú

=  , (5.5) 

where the absolute value of the height of the chief ray at surface j, 
surf

jHCY , in the 

unperturbed system has been removed. 
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 Note that since neither jV  nor jOAR  at surface j depend on the tilt of the aspheric 

cap (about the surfaceôs vertex jV ), the ()A LI

js  offset vectors are independent of surface 

jôs tilt [54].  

 These per surface normalized sigma offset vectors (sphere ()S LI

js  and asphere 

()A LI

js ) are used to identify the center of the field dependence in the optical systemôs 

normalized local Gaussian image plane for the aberration terms in the wavefront 

aberration function expansion.  This is illustrated in Figure 5.6.   

 
Figure 5.6  A normalized sigma offset vector (sphere or aspheric cap) signifies a shift in the 

center of the field dependence of an aberration term in the normalized local image (LI) plane. 

(Based on Fig. 9 of [66].) 

 

 The ñLIò superscripts in Figure 5.6 are used to emphasize that the parameters 

shown are with respect to the local image space of surface j.  Recall that the wavefront 

aberration function has been defined in this work to be a function of the total systemôs 

object space normalized Cartesian field parameter H .  Because the normalized object 

field parameter H  and the image conjugate normalized field parameter 
LIH , defined in 

the normalized local image plane, are the same up to sign, a sign flip may be necessary 
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when introducing the local image space defined sigma offset vectors into the object space 

defined wavefront aberration function.  The identification of this sign flip is made explicit 

in this research and is shown in the following derivation. 

 Consider the wavefront aberration function expansion written in the following 

way 

 ( ) ( ) ( ) ( ) ( )1 2, , , , ,Obj Obj Obj Obj Obj Obj Obj Obj

j j j NW H W H W H W H W Hr r r r r= = == = + + +  , (5.6) 

where the field and pupil parameters are normalized parameters, and the j subscript is 

indicating the surface number.  The ( ),Obj Obj

jW H r  are the aberration contributions to 

the total wavefront aberration function attributable to surface j.  There are two cases to 

consider.  The first case is that the optical subsystem consisting of all surfaces up to and 

including surface j is an image inverting optical subsystem.  The second case is that the 

optical subsystem consisting of all surfaces up to and including surface j is not an image 

inverting optical subsystem. 

CASE I: 

For an arbitrary but fixed j Ò N , and assuming that subsystem 
'j j

S
¢

 is an image inverting 

optical system defined by the relations, for normalized parameters, 

 
Obj LIH H=-  , (5.7) 

 
Obj LIr r=-  , (5.8) 

then  

 ( ) ( ), ,Obj Obj LI LI

j jW H W Hr r= - -  . (5.9) 
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Following the NAT prescription to re-center the field dependence for an optical imaging 

system having decentered or tilted optical elements, the substitution LI LI

A jH H­  [54] is 

made, giving 

 ( ) ( ), ,LI LI LI LI

j j A jW H W Hr r- - ­ - - . (5.10) 

Using the vector relation, illustrated in Figure 5.6,   

 LI LI LI

A j jH H s= -  , (5.11) 

gives 

 ( ) ( ) ( ), , ,LI LI LI LI LI LI LI LI

j A j j j j jW H W H W Hr s r s rè ø- - = - - - = - + -ê ú  . (5.12) 

Again using Eq. (5.7) and Eq. (5.8) for an image inverting optical subsystem,  

 ( ) ( ), ,LI LI LI Obj LI Obj

j j j jW H W Hs r s r- + - = +  . (5.13) 

This sequence of relations has shown, for the case that the subsystem 'j jS ¢
 is image 

inverting, that the NAT prescription for the re-centering of the field dependence for 

rotationally nonsymmetric optical imaging systems is given by 

 ( ) ( ), ,Obj Obj Obj LI Obj

j j jW H W Hr s r­ +  . (5.14) 

CASE II: 

For the case that the subsystem 
'j j

S
¢

 is not an image inverting optical system,  

 
Obj LIH H=  , (5.15) 

 
Obj LIr r=  . (5.16) 

Then the following relation holds, 
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 ( ) ( ), ,Obj Obj LI LI

j jW H W Hr r=  . (5.17) 

Following the NAT prescription to re-center the field dependence for an optical imaging 

system having decentered or tilted optical elements, the substitution LI LI

A jH H­  is made, 

giving 

 ( ) ( ), ,LI LI LI LI

j j A jW H W Hr r­  . (5.18) 

Using the vector relation, illustrated in Figure 5.6,   

 LI LI LI

A j jH H s= -  , (5.19) 

gives 

 ( ) ( ) ( ), , ,LI LI LI LI LI LI LI LI

j A j j j j jW H W H W Hr s r s rè ø= - = -ê ú  . (5.20) 

Again using Eq. (5.15) and Eq. (5.16) for a non-inverting imaging optical subsystem,  

 ( ) ( ), ,LI LI LI Obj LI Obj

j j j jW H W Hs r s r- = -  . (5.21) 

This sequence of relations has shown, for the case that the subsystem 'j jS ¢
 is not image 

inverting, that the NAT prescription for the re-centering of the field dependence for 

rotationally nonsymmetric optical imaging systems is given by 

 ( ) ( ), ,Obj Obj Obj LI Obj

j j jW H W Hr s r­ -  . (5.22) 

 Then, from these two cases, the re-centering of the field dependence in the 

wavefront aberration function is written as 

 ( ) ( ), ,Obj Obj Obj LI Obj

j j jW H W Hr s r­ °   (5.23) 
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 One way to avoid this use of the ñÑò symbol, as well as the superscripts ñObjò 

and ñLIò, while retaining the form previously published in the literature [5] for re-

centering the field dependence, is to change the equations for the sigma offset vectors to 

incorporate the potential orientation sign flip of the local image plane with respect to the 

total systemôs object plane.  That is, define 

 
( ) ( )S S LI

j js s=°  , (5.24) 

and 

 
() ( )A A LI

j js s=°  , (5.25) 

where the ñ+ò is used when the optical subsystem 'j jS ¢
 is not image inverting, and ñīò is 

used when it is an image inverting subsystem.   

 By using Obj

TotHCY  for the (maximal) chief ray height at the total systemôs object 

plane (which may be infinite), and 
Img

jHCY  for the chief ray height at surface jôs local 

image plane, the sphere sigma equation can be written as  

 ( ) ( )( ) ( )sgn sgnS Obj Img S LI

j Tot j jHCY HCYs s=  . (5.26) 

And for the asphere sigma offset vector, it may be written as 

 () ( ) ( ) ( )sgn sgn
A Obj Img A LI

j Tot j jHCY HCYs s=  . (5.27) 

Using Eq. (5.1) and Eq. (5.5) these may be written as  

 ( ) ( ) ( , )( ) sgn sgn

LI LI

j j
x yS Obj LI

j Tot j LI

j

AFA OAR

HCY HCY
HCY

s

è ø-
ê ú

=  , (5.28) 

and  
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 () ( ) ( ) ( , )
sgn sgn

j j
A x yObj surf

j Tot j surf

j

V OAR
HCY HCY

HCY
s

è ø-
ê ú

=  . (5.29) 

Note that it is customary to use the absolute value of a quantity that is to be used as a 

normalization factor so that the direction of the vector to be normalized is not 

inadvertently changed.  Hence the absolute value is not removed from Eq. (5.28) and Eq. 

(5.29).  This also helps to keep track of the source of the sign flips. 

 Explicitly providing the sign flips in equations Eq. (5.28) and Eq. (5.29) is new to 

this research, although their concept (the definitions of the sigma offset vectors) is not.  

These equations are to be assumed when referring to the sigma offset vectors js  

throughout the rest of this dissertation unless explicitly stated otherwise.  They are 

written in this form, using the sgn(.) notation, to keep track of the source of sign flips and 

to aid in understanding how they may be implemented in a computer program. 

 Note that these equations are applicable for the case that the wavefront aberration 

functionôs normalized field parameters H  are the object space normalized Cartesian 

coordinate field parameters, as used throughout this dissertation.  Some researcherôs may 

prefer to use normalized image space field parameters when defining the wavefront 

aberration functionôs field parameters.  Let Img

TotHCY  be the chief ray height at the total 

systemôs image plane.  The sigma offset vector equations, when using the total systemôs 

image plane to define the field parameters of the wavefront aberration function are given 

by 

 ( ) ( )( ) ( )sgn sgnS Img Img S LI

j Tot j jHCY HCYs s=  , (5.30) 
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and 

 () ( ) ( ) ()
sgn sgn

A A LIImg Img

j Tot j jHCY HCYs s=  . (5.31) 

 Whether the normalized field parameters H  are defined using the systemôs object 

plane or the systemôs image plane, the form of the equations for re-centering of the 

wavefront aberration function is generally given as [5] 

 ( ) ( ), ,j j jW H W Hr s r­ -  , (5.32) 

where it is now to be understood that the sigma offset vectors incorporates the possible 

sign flips as given in Eq. (5.26) and Eq. (5.27) or in Eq. (5.30) and Eq. (5.31) depending 

on the choice of the wavefront aberration functionôs field parameterization.  

 As discussed in the previous Chapter, there are four types of 
( )

;

Type

k l m jW  expansion 

coefficients (Type = IS, IA, ES, EA) and, at this time, only two types of sigma offset 

vectors (sphere and aspheric cap).  When re-centering the field dependence of the 

wavefront aberration function, the IS, ES and EA are to be associated with the sphere 

sigma offset vectors, and the IA is to be associated with the aspheric cap sigma vectors.  

As an example, consider the through 6
th
 order field dependence for the Zernike 

astigmatism term ()2

2Z r  for a rotationally symmetric optical imaging system 

 { }
#
&

2
2

222; 242; 422;

1 3 1

2 8 2

Surfaces
Types

j j j

j

F W W W H H
h

å õ
= + +æ ö

ç ÷
ä  . (5.33) 

Writing the expansion coefficient types explicitly gives 
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{ }

{ }

{ }
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j
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j j j

ES ES ES

j j j

EA EA EA

j j j

F W W W H H

W W W H H

W W W H H

W W W H H

h

h

h

h

å õ
= + + +æ ö

ç ÷

å õ
+ + +æ ö

ç ÷

å õ
+ + +æ ö

ç ÷

å õ
+ +æ ö

ç ÷

ä

 . (5.34) 

For the case of a rotationally nonsymmetric optical system, the re-centering of the field 

dependence is accomplished by the NAT prescription described above.  This gives 
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where the 2H  have first been replaced by their vector equivalent H H , and where 
( )S

js  

is the sigma offset vector associated with the sphere base shape of surface j , Eq. (5.26), 

and 
( )A

js  is the sigma offset vector associated with the aspheric cap of surface j , Eq. 

(5.27). 

 Note that once the OAR is deflected from the MCA, for example, by surface j, all 

other optical surfaces after surface j may have sigma offset vectors associated with them 

even though these surfaces may not be tilted nor decentered.  For this reason, the sigma 
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offset vectors are not necessarily directly associated with the tilt or decenter parameters 

of a surface in the optical model. 

 It is expected that the magnitude of the normalized sigma offset vectors, for small 

perturbations of an optical surface, will be less than or approximately one.  For larger 

values, it is not clear that the use of the sigma vectors in the wavefront aberration 

function expansion doesnôt significantly alter the convergence of the functionôs 

expansion.  In one example to be presented in Chapter 6, the magnitude of a normalized 

sigma vector is greater than 20.  This, together with the limited accuracy of the Wklm 

expansion coefficients, and the truncation order of the expansion used, may lead to 

inaccuracy in the resulting field dependence for the optical model considered.  The range 

of acceptability for the magnitude of the sigma offset values has not been formally 

addressed here.  However, it seems clear that sigma values much greater than one may 

present issues in the computational accuracy of the field functions. 

 

5.2 Review of Full Field Displays (FFDs) 

FFDs are a graphical way of illustrating the vector field dependence (the field functions) 

of the terms in the wavefront aberration function expansion in the field parameter space 

(the ( ),x yH H H=  space).  (Note that this is not the image plane of the system.  

Although the normalized field parameters can be mapped to the image plane, the 

wavefront aberration function, and hence the field functions, is not defined in the image 

plane.)  The FFDs are the primary method for quantitatively and qualitatively validating 

the mathematical development in this research.  They are the primary means for assessing 
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the field dependence of the wavefront aberration function for optical imaging systems.  

An example of a FFD is shown in Figure 5.7.  This FFD was created from real ray trace 

data for a 2 mirror Ritchey-Chrétien telescope model.  The half-field of view (HFOV) for 

the optical model is 0.6 degrees.  Other details of the optical model will be presented in 

the next Chapter. 

 
Figure 5.7  Example of a FFD for  the Zernike astigmatism term ()2

2Z r  . 

 

 Figure 5.7 shows a plot of the field dependence of the wavefront aberration 

function expansion for the Zernike astigmatism terms () () ()( )2 2 2

2 2 2,Z Z Zr r r+ -=  

through 12
th
 order.  Specifically, the double Zernike expansion of the wavefront 

aberration function, Eq. (4.53), was used together with the GQ method described in 

Appendix III to obtain the expansion coefficients 
,

,
H

H

m m

n nU r

r
.  The input to the GQ method 

was the OPD real ray trace data obtained from CODE V® for the optical model.  With 

the expansion coefficients determined, the field dependent vector function 
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( )( )2 2 2

2 2 2, ,x yF H H F F+ -=  associated with the ()2

2Z r  terms were then known as 

functions of the normalized Cartesian object field parameters ( ),x yH H H= .  From Eq. 

(4.53) 
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A grid of 21×21 normalized object field points was used together with the field 

dependent vector function 
2

2F  to calculate the vector value at each of the normalized 

field grid points.  A symbol was plotted at each of the grid points to represent the vector 

values 
2

2F  of the field dependence of the ()2

2Z r  aberration functionôs expansion terms.  

In Figure 5.7, the symbol used is a line segment.  The length of the line segment 

corresponds to the magnitude of the vectorôs magnitude, 2

2F .  The orientation of the 

line segment likewise corresponds to the orientation of the 
2

2F  vectorôs orientation in the 

field parameterôs space ( ),x yH H  coordinate plane.  It is customary to ignore the ñheadò 

and ñtailò aspect of the symbol used to represent the Zernike astigmatism aberration 
2

2F  

vector, hence the line segment is used as the symbol plotted.  A scale bar is provided in 

the lower right hand corner of the plot, in units of waves. 

 The FFD of Figure 5.7 is presented with two axis scales for both the x- and y-

axes.  In this work the field parameters to the wavefront aberration function are the 
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normalized Cartesian x and y values ( ),x yH H  identifying the object source point for the 

ray being traced through the optical system.  In optical design it is more common to use 

the associated object angles to identify the object source point, particularly when the 

object is effectively at (minus) infinity along the z-axis.  However, since the relation 

between the object angles and the Cartesian coordinate system of the object plane 

changes sign depending on whether or not the entrance pupil occurs to the left or to the 

right of the object plane, both parameterizations are here shown to avoid any confusion. 

 In addition to the Zernike astigmatism FFD shown above, two other FFDs are 

often produced to display the field dependence of the Zernike coma 

() () ()( )1 1 1

3 3 3,Z Z Zr r r+ -=  and the Zernike spherical () ()( )0 0

4 4 ,0Z Zr r+=  aberration 

expansion terms.  The following FFDs provide examples for these FFD types using the 

same telescope model as for the Zernike astigmatism plot above.   

 
Figure 5.8  Examples of (a) Zernike coma and (b) Zernike spherical FFDs. 
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As shown in Figure 5.8, the Zernike coma plots use cone-like symbols  to represent the 

1

3F  field dependent vector function values with the tip of the cone pointing in the vector 

direction, while the Zernike spherical plots use a circle symbols to represent the 
0

4F  field 

dependent vector function values.  Other symbols are used in the FFDs associated with 

other types of Zernike aberration terms of the wavefront aberration function expansion. 

 As can be seen in the Zernike coma plot, there is a center nodal point (zero value) 

at (0, 0) and a set of field points forming a ring of zeros.  In the terminology of NAT, this 

ring of zeros is not considered to be ñnodal pointsò.  It is simply a ring of zeros.  This ring 

of zeros in the field dependence of the Zernike coma term ()1

3Z r  results from the 

associated field function (shown here through 6
th
 order) 

 {} {}
1 1

1 2

3 131 151 331

1 2 1

3 5 3
MF W W H W H H

å õ å õ
= + +æ ö æ ö
ç ÷ ç ÷

 , (5.38) 

having a field linear part and a field cubic part.  Where the two contributing parts cancel 

defines the ring of zeros. 

 

5.3 An Example of Nodal Point Splits and Nodal Locations 

When an optical surface in a rotationally symmetric optical imaging system is perturbed 

(decentered and/or tilted) the center node point in a FFD may split into multiple nodes.  

Thompson [5, 54, 61] originally developed analytic equations for the resulting nodal 

point locations using the Shack vector expansion of the wavefront aberration function, 

see Eq. (4.9), through 4
th
 order using a complex number formalism for SVP.  Later, in a 
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series of papers [62, 63, 64], Thompson extended this to include through 6
th
 order 

aberration terms.  For illustrative purposes only, the binodal split of the Zernike 

astigmatism term for 4
th
 order is presented here using the Zernike expansion of the 

wavefront aberration function and the GA definition for SVP as developed in this 

research. 

 Continuing with the telescope model of the previous section, the primary mirror 

of the model is decenter in the +y-axis direction by 3 mm and the Zernike astigmatism 

FFD is again generated.  The single nodal point in the Zernike astigmatism FFD, 

originally located at the center ( )0,0H =  of the plot is now seen to split into two nodal 

points. 

 

Figure 5.9  Example of a nodal point split of Zernike astigmatism.  Left: Rotationally 

symmetric optical imaging system. Right: Primary mirror decentered by y = +3mm. 

 

 This behavior can be calculated by considering the Zernike astigmatism vector 

field function 
2

2F .  Assuming that the Zernike astigmatism is dominated by 4
th
 order 
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aberrations, the field dependence of ()2

2Z r  for the rotationally symmetric model (see 

Eq. (4.49)) can be approximated to be  

 { }
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2 222;
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= ä  . (5.39) 

For the rotationally nonsymmetric case, this vector function becomes, by NAT 

recentering of the field parameter 

 { }
#
&

2
2 ( )

2 222;

1

2

Surfaces
Types

Type

j j

j

F W H
h

s= -ä  . (5.40) 

Setting this equal to the zero vector, and recalling the algebraic properties of SVP, the 

equation for the nodal points can be written as 
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Distributing the summation gives 
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And this can be written as 
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where 
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Using Eq. (2.96), the vector form of the quadratic equation using SVP, the two nodal 

point locations 
1,2H  are given by 
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 As Thompson has shown, far more complicated nodal patterns and equations for 

the node locations can emerge when higher order aberration terms are considered [62,63]. 
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Equation Chapter (Next) Section 1 

Chapter 6 Application of the Theoretical Development 

This chapter provides several examples of the application of the material developed in the 

previous Chapters to idealized optical imaging system models as a means for validating 

the mathematical development.  These examples will consist of mirror based telescope 

systems.  Not all models used as examples will be realizable as actual telescopes.  The 

goal here is to qualitatively and quantitatively check the mathematical development 

previously presented rather than the performance evaluation of any particular telescope 

system.   

 The primary method for qualitatively checking the mathematical development is 

the visual comparison of the full field displays (FFDs) calculated using the vector field 

function of terms from the wavefront aberration functionôs expansions.  Two different 

expansions, and thus two different processes, are used.  These processes are graphically 

presented in Figure 6.1. 

 
Figure 6.1  Outline of the processes for generating FFDs for rotationally nonsymmetric 

optical imaging systems.  Process ñAò uses the double Zernike expansion of the wavefront 

aberration function.  Process ñBò uses the Wklm values, NAT sigma offset vectors, and the 

field functions from the single Zernike expansion. 
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 The first expansion of the wavefront aberration function used is that of Eq. (4.53) 

utilizing the double Zernike form, through 12
th
 order in pupil and field, having the 

,

,
H

H

m m

n nU r

r
 as expansion coefficients.  This expansion is valid for rotationally symmetric and 

rotationally nonsymmetric optical models.  The expansion coefficients are obtained from 

using real ray trace data (OPD values for the rays traced) from CODE V® and the GQ 

method described in Appendix III.  With the expansion coefficients known, and using the 

double Zernike expansion, the desired FFDs are produced.  Typically the FFDs of the 

vector field functions of the Zernike astigmatism ()2

2Z r , the Zernike coma ()1

3Z r , and 

the Zernike spherical ()0

4Z r  terms are used.   

 The second expansion of the wavefront aberration function used is the single 

Zernike (in pupil parameters) expansion given by Eq. (4.51) valid for rotationally 

symmetric optical imaging systems only.  This expansion is in terms of the Wklm 

expansion coefficients.  For a rotationally symmetric optical imaging model, the 
,

,
H

H

m m

n nU r

r
 

expansion coefficients are the 
,H

m

n nU
r
 expansion coefficients.  The Wklm expansion 

coefficients are then obtainable by using Eq. (4.66) through Eq. (4.80) that are in terms of 

the 
,H

m

n nU
r
, as well as additional similar equations for higher order Wklm when needed.  

The per surface, sphere/asphere, intrinsic/extrinsic Wklm values are then obtained as 

detailed in Chapter 4.  After obtaining the Wklm coefficients, the optical model is 

perturbed (some of the optical elements are decentered and/or tilted) and the sigma offset 

vectors of NAT are calculated.  Using the vector field functions of the expansion, Eq. 
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(4.51), the Wklm coefficients, and the sigma offset vectors, the FFDs are again produced.  

These FFDs are visually compared to the FFDs produced using the double Zernike 

expansion for the same perturbed optical imaging model.   

 The quantitative check of the mathematical development is performed by 

calculating the difference between the two FFDôs plot data generated as described above.  

Plots of the differences for each FFD, as well as the numeric value of the mean, standard 

deviation, and signed maximum difference of the FFD difference data, are provided. 

 

6.1 Early Development, Early Results 

During the early stages of the research described in this dissertation, the wavefront 

aberration function expansion in terms of Zernike polynomials in the normalized pupil 

parameters, r, for rotationally symmetric optical imaging systems was developed.  This 

resulted in the publication of the article [1] detailing the results obtained.  The material 

presented in that paper occurred before the development of the Zernike vector concept as 

presented in Chapter 3 as well as many other concepts developed in Chapters 2 through 5.  

This also occurred before the quantitative analysis of the FFD comparison was 

developed.  For this reason, only qualitative comparisons are presented in this section as 

they are presented in the original article [1].  Quantitative analyses of FFD comparisons 

are presented in section 2 of this Chapter for the optical models presented there. 

 At the time of the writing of article [1], the wavefront aberration function 

expansion was written in the form 
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 ( ) ( ) ( ) () ( ) ( ) ()2 2, cos sinm m m m

n nW H g H H m Z g H H m Zr q r q r+ -= + + + , (6.1) 

where H is the magnitude of the normalized field parameter vector, o is the angle that the 

field vector makes with the +x-axis, r is the normalized pupil vector, and 

 ( ) ( )2 2

0

q

q

q

g H C H
=

=ä  , (6.2) 

where Cq are expansion coefficients. 

 The qualitative check of the expansion, through 6
th
 order plus 8

th
 order spherical, 

was performed by utilizing CODE V® version 10.4ôs FFD capabilities and three optical 

models.  A modified version of the fifthdef.seq and FORDER.seq CODE V® macros 

(modified and provided by Kevin Thompson) for the calculation of the per surface 

wavefront aberration expansion coefficients Wklm;j through 6
th
 order plus 8

th
 order 

spherical, but not including the separation of the extrinsic sphere and extrinsic asphere 

coefficients, was utilized.  The results are described in this section.   

 The first model presented in the paper [1] is that of a Baker telescope model.  The 

layout of the model is presented in Figure 6.2. 

 
Figure 6.2  Baker model layout.  The arrows indicate the location of the aperture stop.  

Originally published in [1]. 
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 The model has an entrance pupil diameter of 468.75 mm and a half-field of view 

(HFOV) of 1.0°.  The surface parameters for the model are presented in Table 6.1. 

Table 6.1 Surface definitions for the Baker telescope model.  Table generated by CODE V®. 

 

 The FFD comparison is presented in Figure 6.3.  It shows that the equations 

developed and presented in the paper [1] qualitatively reproduce the FFDs produced by 

CODE V® (version 10.4) for this model.  

 Initially, the Zernike astigmatism FFD, the top row column (b) of Figure 6.3, 

calculated by the equations, did not match the CODE V generated FFD shown in column 

(a).  As a result of this investigation it was found that CODE V® (version 10.4) divides 

the azimuthal angular dependence of the field parameters of Zernike astigmatism by ½ in 

order to present the results with respect to the image plane rather than with respect to the 

exit pupil where the wavefront aberration function is defined.  The other models to be 

presented in this section of this Chapter similarly use the reduced angular value to match 

CODE V® (v10.4).  All other Chapters, and all other sections in this Chapter, restore the 

factor of 2 for the azimuthal angle in the field dependence of the Zernike astigmatism 

FFDs to be consistent with the definition of the wavefront aberration function. 
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Figure 6.3  (a) The left plots are from CODE V (V10.4), while (b) the right plots are based on 

analytic calculations using Eq. (12) of paper [1] (wavefront expanded through 6th order plus 

8th order spherical). Top row: Z5 + Z6 (Astigmatism). Middle row: Z7 + Z8 (Coma). Bottom 

row: Z9 (Spherical).  Originally published in [1]. 
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 The second model presented in paper [1] is that of an imaging system based on 

the James Webb telescope.  The layout is presented in Figure 6.4. 

 
Figure 6.4  Model based on the James Web telescope.  Arrows indicate the location of the 

aperture stop.  Based on a Figure originally published in [1]. 

 

 The entrance pupil is defined to have a diameter of 6603.5 mm and the HFOV is 

defined to be 0.25°.  The surface definitions are presented in Table 6.2.  The conic 

constant for the primary,  secondary,  and  tertiary  mirrors  are  ï 0.9967,  ï1.6598,  and  

ï0.6595, respectively. 

 

Table 6.2 Surface definitions for the James Webb-like model.  Table generated by CODE V®. 

 

 

 The FFDs generated by CODE V® and by the analytic equations presented in [1] 

are reproduced in Figure 6.5.  Because the Zernike astigmatism FFD obtained by using 

the through 6
th
 order wavefront aberration function expansion did not reproduce the full 

field plot generated by CODE V® (version 10.4), it was hypothesized that the Zernike 
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astigmatism for this model had a significant amount of higher than 6
th
 order astigmatism 

contributions.   

 

Figure 6.5  Qualitative comparison of CODE V (version 10.4) FFDs to the FFDs produced by the equations 

presented in [1] for the wavefront aberration function expansion through 6th order plus 8th order spherical  (a) 

The left plots are CODE V generated FFDs (field range ± 0.25°), while (b) the center displays are based on 

analytic calculations using Eq. (12) of paper [1] (wavefront aberration function expanded through 6th order) 

with a field range ± 0.25°. The right display (c) shows the result for an equation for Zernike astigmatism 

expanded through 8th order (Eq. (16) of paper [1]) and a least squares fit to CODE V data providing a far  better 

qualitative match to the CODE V® results. Top row: Z5 + Z6 (Astigmatism). Middle row: Z7 + Z8 (Coma). 

Bottom row: Z9 (Spherical).  Originally published in [1]. 
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 To test this hypothesis, and because at the time of this part of the research higher 

than 6
th
 order Wklm values were not available, a Matlab® function was written to perform 

a least squares fit to some of the Zernike astigmatism data used by CODE V® to generate 

the CODE V® Zernike astigmatism FFD.  The Zernike astigmatism (Fringe Zernike 

5 6,Z Z ) terms of the wavefront aberration function was expanded through 8
th
 order and, 

for the field angle 0q=  , they take the form 

 ( ) ()2 4 6

5,2 5,4 5,6 5W w H w H w H Z r= + + + +  (6.3) 

where ,r sw  are the expansion coefficients to be determined by least squares fit to the 

CODE V® full field data.  These coefficients are related to the Wklm coefficients, but do 

not provide the Wklm coefficients.  They are undetermined sums of the Wklm coefficients.  

ñUndeterminedò because it is not known exactly which orders contribute to their values. 

 With the coefficient values obtained from the least squares fit, the Zernike 

astigmatism FFD of Figure 6.5(c) was generated.  As can be seen, there is now a very 

good match to the CODE V® generated Zernike astigmatism FFD validating the 

assumption that higher order contributions contribute significantly to Zernike 

astigmatism for this model and that the equations can reproduce the CODE V® results. 

 The third model presented in [1] is that of a 3-mirror proprietary telescope model.  

Therefore, details of the model are not given.  The HFOV for the model is 15°.  The FFD 

comparison between the CODE V® and analytic equations of [1] are presented in Figure 

6.6. 
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Figure 6.6  Qualitative comparison of CODE V® FFDs for a proprietary telescope model. (a) The left displays 

are generated by CODE V® (version 10.4), while (b) the center displays are based on analytic calculations using 

Eq. (12) of [1] (wavefront expanded through 6th order).  The right plots (c) show the results for the wavefront 

aberration function expanded through 8th order (Eq. (16) of [1]) and a least squares fit to CODE Vôs display 

data. Top row: Z5 + Z6 (Astigmatism). Middle row: Z7 + Z8 (Coma). Bottom row: Z9 (Spherical). The field 

range is ± 15°.  Originally published in [1]. 

 

 It is seen that the analytic equations for the expansion of the wavefront aberration 

function through 6
th
 order do not reproduce the FFDs produced by CODE V®.  The 

wavefront aberration function was then expanded through 8
th
 order for Zernike coma 
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(Fringe 7 8,Z Z ) and spherical (Fringe 9Z ) as well as for astigmatism.  For the case 

0q=  ̄these terms then have the form 

 

( ) ()( ) ()

( ) ()

2 4 6 3 5

5,2 5,4 5,6 5 7,1 7,3 7,5 7

2 4

9,0 9,2 9,4 9

W w H w H w H Z w H w H w H Z

w w H w H Z

r r

r

= + + + + + + +

+ + + +   (6.4) 

Using this expansion, a least squares fit , and the CODE V® data for the FFDs, as with 

the previous model, the ,r sw  expansion coefficients were obtained.  Using the obtained 

values and the equations in [1] the FFDs shown in column ñcò of Figure 6.6 were 

obtained.  These plots show good qualitative agreement with the CODE V® generated 

FFDs. 

 The results indicated the need, for some optical models, to include the 8
th
 order 

wavefront aberration expansion coefficients.  These are not available using the fifthdef 

and FORDER CODE V® macros.  Therefore, an alternative method for the calculation of 

the wavefront aberration expansion coefficients, Wklm;j, that would not be limited to 

through 6
th
 order was sought.  Additionally, it was discovered that the equations used in 

the CODE V® macros for some of the 6
th
 order expansion coefficient calculations could 

not be reproduced, and that no published detailed documentation of the derivation could 

be located [67, 68].  (See Appendix V for an example of the issues found when 

attempting one approach to derive the 6
th
 order expansion coefficients.)  Finally, it is not 

clear what definition (what reference sphere location, what exit pupil (real or Gaussian) 

location) is used for the Wklm;j coefficients calculated by the fifthdef.seq/FORDER.seq 

CODE V® macros.  The development of the GQ method for the calculation of the Wklm;j 

expansion coefficients as described in this dissertation overcomes these limitations.   
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 In the remainder of this Chapter, the FFDs from CODE V® version 10.5 are used 

as part of the qualitative comparisons of the FFDs.  As pointed out previously, the CODE 

V® version 10.4 Zernike astigmatism FFD has a factor of 2 difference in its azimuthal 

angle parameter compared to the equations developed in this dissertation.  CODE V® 

version 10.5 restored this factor of 2.   

 The mathematical and other developments detailed in the previous Chapters, will 

now be used in the remaining examples of this Chapter.  The examples are used to 

quantitatively and qualitatively check the mathematical development since the 

publication of [1]. 

 

6.2 Two Mirr or Telescope Model 

The first example is a two mirror, rotationally symmetric telescope system.  The layout of 

the model is presented in Figure 6.7, generated by CODE V®, modified to include the 

surface numbers and scale bar.  The model started as a Ritchey-Chrétien telescope design 

but the surface shapes were then modified.  That is, the surface shapes have purposely not 

been optimized for minimal optical aberrations so that the sphere and coma FFDs will 

show non-negligible aberrations.  The purpose here is not to design optical imaging 

systems but to check the development detailed in previous Chapters and to illustrate the 

information available to a designer by performing similar field analysis during the design 

process.   
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Figure 6.7  Two mirror telescope.  Surface 1 is the aperture stop and entrance pupil.  Surfaces 

2 and 3 are the primary and secondary mirrors, respectively.  Surface 4 is the image plane. 

 

 This model is defined to have an entrance pupil diameter of 150 mm, and uses a 

wavelength of 632.8nm.  The HFOV is 0.6 degrees.  The primary mirror has a conic 

constant of 1.1-  and the secondary mirror has a conic constant of 2.5- .  Additional 

surface and layout data are provided in Table 6.3 from CODE V®. 

Table 6.3  Surface data for optical model. 

 

 

 As described in Chapter 5, and in the introductory comments to this Chapter, two 

categories of FFDs are to be generated and used for comparison.  The first category of 

plots is that based on real ray tracing OPD data (obtained from CODE V®), a GQ 

method and the double Zernike expansion of the aberration function through 12
th
 order in 

field and pupil parameters, Eq. (4.53).  The results of applying the GQ method are the 

,

,
H

H

m m

n nU r

r
 expansion coefficients for the double Zernike expansion of the wavefront 

aberration function.  These coefficients, together with the double Zernike expansion 
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equation, are used to generate the data to be displayed in the first category of FFDs.  The 

second category of FFDs are generated by use of the H. H. Hopkinsô Wklm expansion 

coefficients, the single Zernike expansion of the wavefront aberration function (usually 

through 6
th
 or 8

th
 order) and, if the optical system is not rotationally symmetric, the sigma 

offset vectors.  The FFDs from these two categories are displayed side by side so that a 

visual qualitative comparison can be made.  The goal is to determine if the single Zernike 

expansion using the Hopkinsô Wklm expansion coefficients, commonly used by optical 

designers, together with the sigma offset vectors for rotationally nonsymmetric optical 

models, can reproduce the FFDs of the double Zernike expansion.  The double Zernike 

expansion is considered by the author to be a closer representation to the true field 

dependence of the optical model and so it is used as the basis for the comparison.  

Quantitatively checking the mathematical development is performed by calculating the 

difference between these two categories of FFD plot data.   

 The Wklm;j expansion coefficients were calculated as described in Chapter 4 and 

will be tabulated below.  An estimate of the computational error in the 
,H

m

n nU
r
 coefficient 

values used to calculate the Wklm values was performed.  Absent from the literature is a 

discussion of estimations of the error in the calculation of the Wklm expansion 

coefficients.  It was found that the method used in this research allows for the calculation 

of an upper bound for the estimate of the computational error by the relation 

, ,

, , ,
H

H H H

m m m m m

n n n n n nU U Ur

r r r

+ + - -= ¹ .  The symbol ñſò is to be read as ñis defined to be.ò  This 

follows by considering both double Zernike expansions for the wavefront aberration 

function; for the rotationally symmetric case, Eq. (4.52), and for the rotationally 
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nonsymmetric case, Eq. (4.53).  For example, for the rotationally nonsymmetric case, the 

aberration function expansion will contain the terms ()1

3Z r+
 and ()1

3Z r-
 with field 

functions shown here as, 

 ( )( ) () ( )( ) ()1, 1 1 1 1, 1 1 1

5,3 5 3 5,3 5 3W U Z H Z U Z H Zr r+ + + + - - - -= + + + + + + + . (6.5) 

However, when the optical system is rotationally symmetric, Eq. (6.5) will reduce to the 

form, according to Eq. (4.52),  

 ( ) ( ) () ()1, 1 1 1, 1 1 1 1

5,3 5 5,3 5 3 3, ,W U Z H U Z H Z Zr r+ + + - - - + -è øè ø= + + + + + +ê úê ú
 , (6.6) 

 ( ) ( )( ) () ()1 1 1 1 1

5,3 5 5 3 3, ,W U Z H Z H Z Zr r+ - + -è ø è ø= + + + +ê úê ú
 , (6.7) 

 ( )( ) ()1 1 1

5,3 5 3W U Z H Z r= + + + + . (6.8) 

Eq. (6.7) is obtained because it is a requirement that 
1, 1 1, 1 1

5,3 5,3 5,3U U U+ + - -= ¹  in order to form 

the Zernike vector ( )1

5Z H  in Eq. (6.8).  So, in general, for a rotationally symmetric 

optical imaging system, an estimation of the computational error is given by the 

difference  

 
, ,

, ,
H

H H

m m m m

n n n nU Ur

r r

+ + - -D= -  . (6.9) 

The following chart shows that the worst error D in any of the 
,

,
H

H

m m

n nU r

r
 coefficient values 

for this optical model is approximately 101.2 10-³  waves. 
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Figure 6.8  Estimated error values for the double Zernike expansion coefficients calculated as 

the difference 
, ,

, ,
H

H H

m m m m

n n n nU Ur

r r

+ + - -D= - .  

 

 Using this value for the error estimation of the double Zernike expansion 

coefficients, the equations Eq. (4.66) through Eq. (4.80) for the Wklm expansion 

coefficients, and the equations for error propagation, an estimate for the upper bound of 

the computational error in the Wklm values was calculated and is displayed in Figure 6.9 

for the through 8
th
 order coefficients.   
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Figure 6.9  Error estimations for the Wklm expansion coefficient values. 

 

 The bar chart of Figure 6.9 shows that the 4
th
 order Wklm values have an upper 

bound error estimate of approximately 85 10-° ³  waves while most of the 6
th
 order 

coefficients have an upper bound error estimate of approximately 710-°  waves or less.  

These error estimates provide some confidence that the Wklm values used in checking the 

theoretical development (the resulting values calculated using the Wklm values) will not be 

undermined by their computational error values.  From a practical point of view, recalling 

that values of the Wklm coefficients less than about 1/100
th
 of a wave are negligible, it is 

then confirmed that the values reported have calculation errors well below this criteria.  

 The through 6
th
 order Wklm coefficients for the Zernike astigmatism term ()2

2Z r  

are presented in Table 6.4 and Table 6.5, rounded to the 4
th
 decimal position.  Although 

not used in this research, the CODE V® fifthdef/FORDER calculated values are provided 

for comparison. 
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Table 6.4  Through 6th order intrinsic  Wklm coefficients for the Zernike astigmatism term.   

GQ = values from Gaussian quadrature. FF = values from fifthdef/FORDER. (Units = waves.) 

Surface 

Number 

 

Wklm 
Intrinsic (GQ) Intrinsic (FF) 

Sphere Asphere Total Sphere Asphere Total 

2 W222   1.2772 ī0.0003   1.2769   1.2770 ī0.0003   1.2767 

2 W242 ī0.0251 ī0.0002 ī0.0253   0.0354 ī0.0028   0.0326 

2 W422 ī0.0002   0.0 ī0.0002   0.0   0.0   0.0 

3 W222 ī1.0676   0.6206 ī0.4470 ī1.0676   0.6206 ī0.4470 

3 W242   0.0587 ī0.0034   0.0553   0.0046 ī0.0203 ī0.0157 

3 W422 ī0.0001   0.0 ī0.0001 ī0.0004   0.0008   0.0004 

 

Table 6.5  Through 6th order extrinsic Wklm coefficients for the Zernike astigmatism term.   

GQ = values from Gaussian quadrature. FF = values from fifthdef/FORDER. (Units = waves.) 

Surface 

Number 

 

Wklm 

Extrinsic(GQ) Extrinsic(FF) 

Sphere Asphere Total Total 

2 W222   0.0   0.0   0.0   0.0 

2 W242   0.0   0.0   0.0   0.0 

2 W422   0.0   0.0   0.0   0.0 

3 W222   0.0   0.0   0.0   0.0 

3 W242 ī0.0360   0.0019 ī0.0341 ī0.0184 

3 W422   0.0   0.0   0.0   0.0009 

 

 As seen in Table 6.4 and Table 6.5, there is a good match between the GQ Wklm 

values and the CODE V® fifthdef/FORDER calculated values for the 4
th
 order 

coefficients, but there are differences for the 6
th
 order coefficients.  Attempts to reconcile 

these differences were not performed. 

 Figure 6.10 provides the comparison of the Zernike astigmatism termôs FFDs.  

Figure 6.10(a) is a FFD plot for the optical model generated by CODE V® version 10.5 

and is included for visual comparison with the FFD plot Figure 6.10(b) generated by 

using the double Zernike expansion and GQ method for determining the expansion 

coefficients 
,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.10(c) was generated using the single Zernike 

expansion and the Wklm expansion coefficients.  The difference between the two FFDôs 
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data, (b) ï (c), is also shown in Figure 6.10(d).   The difference dataôs magnitude values 

have a maximum difference of 0.00002 waves, a mean of 0.000009 waves and a standard 

deviation (STD) of 0.000005 waves.  The difference dataôs angle values have a maximum 

difference of 26.8 degrees, a mean of 0.06 degrees and a STD of 1.28 degrees.   

 
Figure 6.10  Comparison of Zernike astigmatism FFDs.  (a) Generated by CODE V®.  (b) 

Generated from real ray tracing OPD data from CODE V®, double Zernike expansion 

through 12th order, and the GQ method.  (c) Generated by using the single Zernike expansion 

through 6th order and the Wklm expansion coefficients.  (d) The difference between the 

Zernik e astigmatism FFD data generated by the double Zernike expansion and the single 

Zernike expansion using the calculated Wklm values, (b) ï (c). 
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 The through 6
th
 order Wklm expansion coefficients for the Zernike coma term 

()1

3Z r  are presented in Table 6.6 and Table 6.7. 

Table 6.6  Through 6th order intrinsic Wklm coefficients for the Zernike coma term.  

GQ = values from Gaussian quadrature. FF = values from fifthdef/FORDER. (Units = waves.) 

Surface 

Number 

 

Wklm 

Intrinsic(GQ) Intrinsic(FF) 

Sphere Asphere Total Sphere Asphere Total 

2 W131 12.4815   0.1873   12.6688 ī12.4815 ī0.1873 ī12.6688 

2 W151 ī0.0903 ī0.0427   ī0.1330   ī0.2347   0.1448   ī0.0899 

2 W331M ī0.0026 ī0.0   ī0.0026   ī0.0019   0.0   ī0.0019 

3 W131 ī6.7483 ī5.0697 ī11.8180     6.7483   5.0697   11.818 

3 W151   0.3409   0.1494     0.4903   ī0.1045 ī0.1523   ī0.2568 

3 W331M   0.0004 ī0.0030   ī0.0026     0.0062   0.0008     0.0070 

 

Table 6.7  Through 6th order extrinsic Wklm coefficients for the Zernike coma term.   

GQ = values from Gaussian quadrature. FF = values from fifthdef/FORDER. (Units = waves.) 

Surface 

Number 

 

Wklm 

Extrinsic(GQ) Extrinsic(FF) 

Sphere Asphere Total Total 

2 W131   0.0   0.0   0.0   0.0 

2 W151   0.0   0.0   0.0   0.0 

2 W331M   0.0   0.0   0.0   0.0 

3 W131   0.0   0.0   0.0   0.0 

3 W151 ī0.25119 ī0.11103   0.36222   0.3702 

3 W331M   0.00019   0.00198 ī0.00217 ī0.0119 

 

 Of particular interest, note that the W131 value from the GQ method has the 

opposite sign to the values calculated by fifthdef/FORDER.  One possible explanation for 

this has been offered at the end of Chapter 4.  That is, fifthdef/FORDER may be defined 

to use the normalized object angle field parameters rather than the normalized Cartesian 

field parameters.  There is a sign difference between these two ways of defining the 

normalized field parameters. 
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Figure 6.11  Comparison of Zernike coma FFDs. (a)  Generated by CODE V®.  (b) Generated 

from real ray tracing OPD data from CODE V®, double Zernike expansion through 12th 

order, and the GQ method.  (c) Generated by using the single Zernike expansion through 6th 

order and the Wklm expansion coefficients.  (d) The difference between the Zernike coma FFD 

data generated by the double Zernike expansion and the single Zernike expansion using the 

calculated Wklm values, (b) ï (c). 

 

 Figure 6.11 provides the comparison of the Zernike coma termôs FFDs.  Figure 

6.11(a) is a FFD plot generated by CODE V® version 10.5.  Figure 6.11(b) is generated 
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by using the double Zernike expansion and the GQ method for determining the expansion 

coefficients 
,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.11(c) was generated using the single Zernike 

expansion and the Wklm expansion coefficients.  The difference between the two FFDôs 

data, (b) ï (c), is also shown in Figure 6.11(d).  The difference dataôs magnitude values 

have a maximum difference of 0.00009 waves, a mean of 0.00005 waves and a STD of 

0.00002 waves.  The difference dataôs angle values have a maximum difference of ï 158 

degrees, a mean of ï 0.36 degrees and a STD of 7.5 degrees.  The large maximum angle 

difference occurs near the node where the data values are very small. 

 The through 6
th
 order Wklm coefficients for the Zernike spherical term ()0

4Z r  are 

presented in Table 6.8 and Table 6.9. 

Table 6.8  Through 6th order intrinsic Wklm coefficients for the Zernike spherical term.  

GQ = values from Gaussian quadrature.  FF = values from fifthdef/FORDER. (Units = waves.) 

Surface 

Number 

 

Wklm 

Intrinsic(GQ) Intrinsic(FF) 

Sphere Asphere Total Sphere Asphere Total 

2 W040   30.4932 ī33.5425 ī3.0493   30.4932 ī33.5425 ī3.0493 

2 W060   ī0.1470     0.1798   0.0328     0.4662   ī0.4958 ī0.0296 

2 W240M   ī0.0107     0.0018 ī0.0089     0.0030     0.0001   0.0031 

3 W040 ī10.6642   10.3539 ī0.3103 ī10.6642   10.3539 ī0.3103 

3 W060     0.5566   ī0.5406   0.0160     0.2377   ī0.2285   0.0092 

3 W240M     0.0053   ī0.0020   0.0033   ī0.0117   ī0.0089 ī0.0206 

 

Table 6.9  Through 6th order extrinsic Wklm coefficients for the Zernike spherical term.  

GQ = values from Gaussian quadrature.  FF = values from fifthdef/FORDER. (Units = waves.) 

Surface 

Number 

 

Wklm 

Extrinsic(GQ) Extrinsic(FF) 

Sphere Asphere Total Total 

2 W040   0.0   0.0   0.0   0.0 

2 W060   0.0   0.0   0.0   0.0 

2 W240M   0.0   0.0   0.0   0.0 

3 W040   0.0   0.0   0.0   0.0 

3 W060 ī0.43422   0.42159 ī0.01263   0.0518 

3 W240M ī0.00181   0.00191   0.0001   0.0002 
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Figure 6.12  Comparison of Zernike spherical FFDs.  (a) Generated by CODE V®.  (b) 

Generated from real ray tracing OPD data from CODE V®, double Zernike expansion 

through 12th order, and the GQ method.  (c) Generated by using the single Zernike expansion 

through 6th order and the Wklm expansion coefficients.  (d) The difference between the 

Zernike spherical FFD data generated by the double Zernike expansion and the single 

Zernike expansion using the calculated Wklm values, (b) ï (c). 

 

 Figure 6.12 provides the comparison of the Zernike spherical termôs FFDs.  

Figure 6.12(a) is a FFD plot generated by CODE V® version 10.5.  Figure 6.12(b) is 
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generated by using the double Zernike expansion and the GQ method for determining the 

expansion coefficients 
,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.12(c) was generated using the 

single Zernike expansion and the Wklm expansion coefficients.  The difference between 

the two FFDôs data, (b) ï (c), is also shown in Figure 6.12(d).  The difference dataôs 

magnitude values have a maximum difference of 0.0002 waves, a mean of 0.00014 waves 

and a STD of 0.00001 waves.  The angular data is not reported because the y-component 

of the Zernike vector ()0

4Z r  is zero by construction. 

 Figure 6.10 through Figure 6.12 and the quantitative data all show good 

agreement between the double Zernike generated FFDs and the single Zernike generated 

displays using the Wklm values provided in Table 6.4 through Table 6.9.   

 The optical model was perturbed to produce a rotationally nonsymmetric case.  

Specifically, the primary mirror was decentered along the y-axis by +0.05 mm and the 

secondary mirror was decentered along the x-axis by +2 mm.  The sigma offset vectors 

were calculated using Eq. (5.26) and Eq. (5.27) and their values are shown in Table 6.10. 

Table 6.10  Normalized sigma offset vector values. 

Mirror # S

xs  
S

ys  
A

xs  
A

ys   

1   0.0   0.006515   0.0 ī0.477447 

2 ī0.350143   0.012968 ī0.726156   0.012708 

 

 The FFDs for the Zernike astigmatism term comparison for this rotationally 

nonsymmetric optical model are presented in Figure 6.13.  Figure 6.13(a) is a FFD plot 

generated by CODE V® version 10.5.  Figure 6.13(b) is generated by using the double 

Zernike expansion and the GQ method for determining the expansion coefficients 
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,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.13(c) was generated using the single Zernike expansion 

and the Wklm expansion coefficients.  The difference between the two FFDôs data, (b) ï 

(c), is also shown in Figure 6.13(d).  The difference dataôs magnitude values have a 

maximum difference of ï 0.01 waves, a mean of ï 0.001 waves and a STD of 0.0046 

waves.  The difference dataôs angle values have a maximum difference of ï 13.89 

degrees, a mean of 0.008 degrees and a STD of 1.38 degrees.  

 As can be seen in Figure 6.13, the difference data shows a good agreement 

between the two FFDs.  The binodal split of the original single node of the rotationally 

symmetric case, as discussed in Chapter 5, is clearly observed in Figure 6.13.  Due to the 

decenter of the secondary mirror along the x-axis, the nodes are also seen to be shifted 

slightly to the right in the plots. 

 The FFDs for the Zernike coma term comparison for this rotationally 

nonsymmetric optical model are presented in Figure 6.14.  Figure 6.14(a) is a FFD plot 

generated by CODE V® version 10.5.  Figure 6.14(b) is generated by using the double 

Zernike expansion and the GQ method for determining the expansion coefficients 

,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.14(c) was generated using the single Zernike expansion 

and the Wklm expansion coefficients.  The difference between the two FFDôs data, (b) ï 

(c), is also shown in Figure 6.14(d).  The difference dataôs magnitude values have a 

maximum difference of ï 0.016 waves, a mean of 0.014 waves and a STD of 0.001 

waves.  The difference dataôs angle values have a maximum difference of ï 0.31 degrees, 

a mean of ï 0.22 degrees and a STD of 0.04 degrees.  
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Figure 6.13  Comparison of Zernike astigmatism FFDs.  (a) Generated by CODE V®.  (b) 

Generated from real ray tracing OPD data from CODE V®, double Zernike expansion 

through 12th order, and the GQ method.  (c) Generated by using the single Zernike expansion 

through 6th order the Wklm expansion coefficients, and the sigma offset vectors.  (d) The 

difference between the Zernike astigmatism FFD data generated by the double Zernike 

expansion and the single Zernike expansion using the calculated Wklm values, (b) ï (c). 
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Figure 6.14  Comparison of Zernike coma FFDs.  (a) Generated by CODE V®.  (b) Generated 

from real ray tracing OPD data from CODE V®, double Zernike expansion through 12th 

order, and the GQ method.  (c) Generated by using the single Zernike expansion through 6th 

order the Wklm expansion coefficients, and the sigma offset vectors.  (d) The difference 

between the Zernike coma FFD data generated by the double Zernike expansion and the 

single Zernike expansion using the calculated Wklm values, (b) ï (c). 

 

 

 It is seen that the perturbations of the mirrors in this model produce a constant 

coma field dependence. 
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 The FFDs for the Zernike spherical term comparison for this rotationally 

nonsymmetric optical model are presented in Figure 6.15.  Figure 6.15(a) is a FFD plot 

generated by CODE V® version 10.5.  Figure 6.15(b) is generated by using the double 

Zernike expansion and the GQ method for determining the expansion coefficients 

,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.15(c) was generated using the single Zernike expansion 

and the Wklm expansion coefficients.  The difference between the two FFDôs data, (b) ï 

(c), is also shown in Figure 6.15(d).  The difference dataôs magnitude values have a 

maximum difference of 0.003 waves, a mean of 0.001 waves and a STD of 0.001 waves.  

 From the plots in Figure 6.15 it is seen that the perturbed optical modelôs 

spherical field dependence is also dominated by a constant spherical dependence across 

the field. 
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Figure 6.15  Comparison of Zernike spherical FFDs.  (a) Generated by CODE V®.  (b) 

Generated from real ray tracing OPD data from CODE V®, double Zernike expansion 

through 12th order, and the GQ method.  (c) Generated by using the single Zernike expansion 

through 6th order the Wklm expansion coefficients, and the sigma offset vectors.  (d)  The 

difference between the Zernike spherical FFD data generated by the double Zernike 

expansion and the single Zernike expansion using the calculated Wklm values, (b) ï (c). 
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 Figure 6.13 through Figure 6.15 and the quantitative difference data show that 

there is a good agreement between the double Zernike expansion of the wavefront 

aberration function and the single Zernike expansion using the calculated Wklm values 

through 6
th
 order, and the NAT sigma offset vectors of Table 6.10, for this perturbed 

optical model case. 

 As another check of the mathematical development, the optical model was again 

perturbed to include tilts.  In this case, the primary mirror was decentered along the x-axis 

by +0.1 mm, and along the y-axis by +0.1 mm, and tilted by alpha = +0.25 degrees and 

beta = ï 0.1 degrees.  An alpha tilt is a rotation of the mirror about the x-axis.  Looking 

from the negative x-axis toward the positive x-axis, a positive alpha tilt is a counter 

clockwise rotation.  A beta tilt is a rotation about the y-axis.  Looking from the negative 

y-axis toward the positive y-axis, a positive beta tilt is a counter clockwise rotation.  The 

secondary mirror was  decentered along the y-axis by ï 0.2 mm, and tilted by an alpha 

amount of ï 0.15 degrees.  The sigma offset vectors were calculated using Eq. (5.26) and 

Eq. (5.27) and their values are shown in Table 6.11. 

Table 6.11  Normalized sigma offset vector values. 

Mirror # S

xs  
S

ys  
A

xs  
A

ys   

1 ï0.155915 ï0.409326 ï0.954895 ï0.954895 

2 ï0.310435 ï0.913054 ï0.304113 ï0.725789 

 

 The FFDs for the Zernike astigmatism term comparison for this rotationally 

nonsymmetric optical model are presented in Figure 6.16.  Figure 6.16(a) is a FFD plot 

generated by CODE V® version 10.5.  Figure 6.16(b) is generated by using the double 

Zernike expansion and the GQ method for determining the expansion coefficients 
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,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.16(c) was generated using the single Zernike expansion 

and the Wklm expansion coefficients.  The difference between the two FFDôs data, (b) ï 

(c), is also shown in Figure 6.16(d).  The difference dataôs magnitude values have a 

maximum difference of ï 0.017 waves, a mean of 0.004 waves and a STD of  0.006 

waves.  The  difference dataôs angle values have a maximum difference of ï 16.53 

degrees, a mean of ï 0.17 degrees and a STD of 2.13 degrees.  The maximum angle 

difference occurs near the lower nodal point where the data values are very small. 

 The FFDs for the Zernike coma term comparison for this rotationally 

nonsymmetric optical model are presented in Figure 6.17.  Figure 6.17(a) is a FFD plot 

generated by CODE V® version 10.5.  Figure 6.17(b) is generated by using the double 

Zernike expansion and the GQ method for determining the expansion coefficients 

,

,
H

H

m m

n nU r

r
.  The FFD plot Figure 6.17(c) was generated using the single Zernike expansion 

and the Wklm expansion coefficients.  The difference between the two FFDôs data, (b) ï 

(c), is also shown in Figure 6.17(d).  The difference dataôs magnitude values have a 

maximum difference of ï 0.020 waves, a mean of ï 0.018 waves and a STD of 0.001 

waves.  The difference dataôs angle values have a maximum difference of 0.37 degrees, a 

mean of 0.27 degrees and a STD of 0.06 degrees.  

 



  148 

 
Figure 6.16  Comparison of Zernike astigmatism FFDs.  (a) Generated by CODE V®.  (b) 

Generated from real ray tracing OPD data from CODE V®, double Zernike expansion 

through 12th order, and the GQ method.  (c) Generated by using the single Zernike expansion 

through 6th order the Wklm expansion coefficients, and the sigma offset vectors.  (d)  The 

difference between the Zernike spherical FFD data generated by the double Zernike 

expansion and the single Zernike expansion using the calculated Wklm values, (b) ï (c). 

 

 

 




































































































































































































































































