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8:40 Opening Remarks: Is This History in the Making?
Kevin Thompson, Synopsys, Inc., USA

9:00 Freeform Surfaces for Imaging Systems
Norbert Kerwien, Carl Zeiss Corp., Germany

9:25 Current Techniques for Diamond Machining Freeform Optics
Gregg Davis, II-VI, Inc., USA

9:50 Realizing an Optical System with Phi-Polynomial Freeform Surfaces
Kyle Fuerschbach, University of Rochester, USA

11:00 Specifying Shape…What Could We Hope For and Can It Be Achieved
Gregory Forbes, QED Technologies Inc., Australia

11:25 Smooth Radial Basis Functions Viewed as a Generalization of Multivariate Polynomials
Gregory Fasshauer, Illinois Institute of Technology, USA

11:50 Moving from Phi-Polynomial to Multi-centric Radial Basis Functions
Aaron Bauer, University of Rochester, USA

13:15 SMS 3D: A Freeform Optics Design Method
Juan-Carlos Miñano, LPI, Universidad Politecnica de Madrid, Spain

13:40 Geometric Methods of Design of Freeform Surfaces with Prescribed Optical Properties
Vladimir Oliker, Emory University, USA

14:05 A Starting Point Approach for Nonimaging Reflector Design
Cristina Canavesi, University of Rochester, USA
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15:10 40 years of Freeform Surfaces
Daniel Bajuk, ZYGO EPO, USA

15:35 Freeform Surfaces Have Aberration Fields Too
Kevin Thompson, Synopsys, Inc., USA

16:00 Two Freeform Mirror Designs with SMS 3D
Lin Wang, Universidad Politecnica de Madrid, Spain

17:30 BIG BIRD
Phil Pressel, Quartus Engineering Company, USA

9:00 The Art of Tailoring Freeform Surfaces for Illumination
William Cassarly, Synopsys, Inc., USA

9:25 Freeform Optics at OSRAM: What We Have, What We Miss, What We Need
Julius Muschaweck, OSRAM GmbH, Germany

9:50 Freeform Optics for a Linear Field of View
Fabian Duerr, Vrije Universiteit Brussel, Belgium

11:00 Nonimaging Freeform Optics Applications at LPI
Pablo Benitez, Universidad Politecnica de Madrid, Spain

11:25 F-RXI Photovoltaic Concentrator: A High Performance SMS-3D Freeform Köhler Design
Marina Buljan, Universidad Politecnica de Madrid, Spain

11:35 Augmented Reality Displays a Playground for Freeform Surfaces
Jannick Rolland, University of Rochester, USA



Day 1
Morning Session

8:40 Opening Remarks: Is This History in the Making?
Kevin Thompson, Synopsys, Inc., USA

9:00 Freeform Surfaces for Imaging Systems
Norbert Kerwien, Carl Zeiss Corp., Germany

9:25 Current Techniques for Diamond Machining Freeform Optics
Gregg Davis, II-VI, Inc., USA
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9:50 Realizing an Optical System with Phi-Polynomial Freeform Surfaces
Kyle Fuerschbach, University of Rochester, USA

11:00 Specifying Shape…What Could We Hope For and Can It Be Achieved
Gregory Forbes, QED Technologies Inc., Australia

11:25 Smooth Radial Basis Functions Viewed as a Generalization of 
Multivariate Polynomials
Gregory Fasshauer, Illinois Institute of Technology, USA

11:50 Moving from Phi-Polynomial to Multi-centric Radial Basis Functions
Aaron Bauer, University of Rochester, USA



Is this history in the making?

John Rogers, PhD 

SPIE 8131: Orthogonal 
Polynomials and Tolerancing

g
Kevin Thompson, PhD

Synopsys, Inc.

© Synopsys 2012



• Mathematical Modeling

• Optical Design

Who is here?
Imaging/Nonimaging
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• Optical Surface Fabrication

• Optical Testing

• Optical Systems

© Synopsys 2012



X

C

This is why we’re here today
Slow-Servo, C-axis diamond turning

SPIE 8131: Orthogonal 
Polynomials and Tolerancing

Y Z

BFTS

Courtesy of Moore Nanotechnology Systems
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Why are we here now?

SPIE 8131: Orthogonal 
Polynomials and Tolerancing© Synopsys 2012



• The optical designer
– The surfaces are useless if they do not provide the necessary 

degrees of freedom
– The degrees of freedom must be linearly independent (not 

redundant)
– Preferably, they would be at least approximately orthogonal

Who must we satisfy?
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• The fabricator
– The surfaces must be fabricable

• The metrologist
– The surfaces must be measurable
– The degrees of freedom must be linearly independent (not 

redundant)
– Preferably, they would be at least approximately orthogonal
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• Polynomials are good at representing many types of surfaces
• …and are very bad at representing other types of surfaces:

– Those with localized features, i.e., a groove mid-way out in the radius of 
a part

– A central hole or a central peak (commonly caused by improper 
machine set-up)

• Polynomials (of any variety) have the property that they become 
either increasingly large or increasingly “wiggly” at larger radial

Surface Types that Cannot be 
Represented by Polynomials
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either increasingly large or increasingly wiggly  at larger radial 
positions
– For a polynomial to represent anything of localized transverse scale, it 

must be very high order
– If a high order polynomial is used to represent a feature at the center or 

at an intermediate zone, it is not possible for the polynomial to “calm 
down” and represent a smooth surface outside that zone.

• As a result, localized features are simply “not seen” by the 
polynomials
– The polynomials effectively filter out such features

© Synopsys 2012



RAY TRACE SPEED ($/RS/sec)
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Optics is Compute Intensive
Ray surfaces per second (per $) is an 

interesting metric
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One of the most ambitious freeform mirror projects 
prior to 2000 resulted in the repair of the HST

The COSTAR Anamorphic Aspheres
Uncompensated, at Center of Curvature

FOS HRS FOC
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Faint Object
Spectrograph

High Resolution
Spectrograph

Faint Object
Camera
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Current techniques for diamond 
machining freeform optics
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Gregg Davis
Gary Herrit

Alan Hedges
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SPDT Surface Finish Evolution
Commercial Equipment  -   Production Mirrors
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J. Schaefer has tracked the progress of 
diamond turning (IODC 2006)
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mirrors cut on commercial equipment
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Active Application Areas
Beam-shaping optic comparisons

Optic Type
Free Space 

Beam Converter
X-Y 

Freeform Polynomial Beam Integrator Micromilled 
Lens Array

Focus Shape Flat-top circle Flat-top square/rect/hex Flat-top square/rect/hex Array of spots

Diamond Turning Tech Base DT Lathe + C-axis encoder and STS + C-axis encoder and FTS Micromilling Machine

Tech Cost $250k - $300k $300k - $350k $425k - $475k $400k - $600k

Setup Time (hr) 2 2 3 10
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Setup Time (hr) 2 2 3 10

Machine Time/Piece (hr) 0.5 12 12 4

Programming Complexity Low Medium Medium High

Size for Comparison 1.5" 1.5" 1.5" Very Small

Cost Range Low Quantity $1000 - $2500 $3000 - $5000 $3000 - $5000 $3000 - $15000

Cost Range High Quantity $500 - $1500 $2700 - $4700 $2700 - $4700 $1000 - $3000
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Some Current Samples
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Realizing an Optical System with
φ-Polynomial Freeform Surfaces
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Kyle Fuerschbach 
University of Rochester
Prof. Jannick Rolland 

University of Rochester
Kevin Thompson, PhD

Synopsys
www.odalab-spectrum.org
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A new family of optical systems 
enabled by φ-polynomial surfaces
• φ-polynomials are used for 

optimization in defined 
manner
– For field constant 

correction
• Use at or near stop surface

For field dependent
Primary

Secondary
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– For field dependent 
aberration

• Use for surfaces away from 
stop

• Possible to reach solution 
– RMS wavefront error at            
λ = 10 µm less than λ/50    
over 10° FFOV

Tertiary
8°

6°

Diffraction 
Limit @ 10µm

=
Fuerschbach et al., "A new family of optical 
systems employing φ-polynomial surfaces," Opt. 
Express 19 (2011) www.odalab-spectrum.org



Fabrication

• Secondary mirror has been diamond 
turned by II-VI Infrared Inc.
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Metrology 
of a 
Freeform 
Mirror

Deformable
Mirror
(Coma)

Pupil Imager

www.odalab-spectrum.org

Peak-to-Valley = 0.55585m RMS = 0.10385m
 -25

-20 0.4

0.5
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Mirror Under
TestOutput of 

Interferometer

(Coma)

Offner Null
(Spherical)

Tilted Geometry
(Astigmatism)
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Specifying shape
what could we hope for
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Greg Forbes

…what could we hope for 
and can it be achieved?



What could we hope for?

o Minimal # of degrees of freedom (i.e. coefficients)
o Capability to have many when needed (future-proof)
o Minimal # of significant digits

E t i t t ( i di b ll k diffi lt )

Objective: neat numbers for communication
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o Easy to interpret (e.g. sig digs, ballpark difficulty)
o Extension of familiar rotationally symmetric scheme
o Robust & fast evaluation (derivs, ray tracing etc.)
o Supports rapid estimates of manufacturability
o “Tolerance friendly”
o …?

Is “eyeball friendly” too much to ask?
How general-purpose can it be?



Simplify orthogonalization domain 
by using enclosing cylinder:

Introduce non-rotationally symmetric
elements a la Zernike:

Three new steps…
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Orthogonalize wrt mean square gradient  
to construct Qm…



Details are found in 

Characterizing the shape of Freeform Optics
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g p p
G. Forbes
Optics Express 20(3) 2483-2499 (2012)
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Moving from φ-Polynomial to 
Multicentric Radial Basis 

Functions
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Aaron Bauer
with Ilhan Kaya and Prof. Jannick Rolland

OSA Freeform Optics Incubator Meeting
October 31, 2011

www.odalab-spectrum.org



Design Study 

• Single Reflector
• 20⁰ x 14⁰ FOV
• 3 mm Entrance 
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2.50    MM   

Pupil
• 14⁰ Mirror Tilt
• ̴300 Bases

Field Points used during 
Optimization

www.odalab-spectrum.org



Footprint Plot: Before and After

Coma & 
Astigmatism
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Tilted Spherical 
Mirror

With RBF Added
Coma

www.odalab-spectrum.org


