
Visual Performance Metrics

 Early work measures the MTF of the eye, but does not provide 
information about how to correct the optics of the eye to achieve 
better visual performance.

 Ultimately need the Wavefront Error of the eye to design perfect 
correction.

 Can measure PSF to indirectly get Wavefront Error, or can measure 
wavefront error directly.

Phase is Important



Diffraction-Limited Eye

Aberrated Wavefronts

Eye

Custom Lens Knowledge of the aberration of the 
eye allows us to calculate a 
custom lens, which will compensate
for the aberrations of the eye and
form a diffraction-limited image on
the retina.  The results are improved 
visual acuity and contrast sensitivity.

Improvements to Visual Performance
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Improvements to Retinal Imaging
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Double-Pass PSF Measurements

 Aberrations on the way in and aberrations on the way out

 Clipping of tails of PSF and Digitization noise.

 Speckle



Double-Pass PSF
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Double-Pass PSF

i(x,y) = PSF1(x,y) * PSF2(x,y)Camera records

From symmetry  i(x,y) = PSF1(x,y) * PSF1(-x,-y)

In general, need to use deconvolution routines to recover PSF1.
Computer intensive and sometimes does not converge.

SPECIAL CASE: PSF1(x,y) = PSF1(-x,-y)
i(x,y) = PSF1(x,y) * PSF1(x,y)

I(x,h) = OTF2 (x,h)

OTF (x,h) = I(x,h) ½

Asymmetric Double-Pass PSF

 Use narrow incident beam so that spot on retina is an Airy Disk.
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Measurement of Wavefront Error

 Different Techniques for Aberration Measurement in the Eye

 Shack-Hartmann

 Tscherning

 Retinal Raytracing

 Spatially-Resolved Refractometer

 Talbot-Moire

Out-going Aberrometry

Wavefront Error - difference between aberrated wave and perfect 
plane wave.



Slope Measurement

Aberrated Wavefronts

Eye

Out-going aberrometry measures
the slope (or direction of travel) 
of the wavefront at a series of 
points.

Knowledge of there directions can
be used to reconstruct the shape of
the wavefront. 

In-going Aberrometry

Plane Wavefronts
Eye

Ideal Case

Plane Wavefronts
Eye

Aberrated Case

Wavefront Error - difference between aberrated wave and perfect 
spherical wave.



Transverse Ray Error Measurement

In-going aberrometry measures
the transverse ray error (or deviation 
of the rays from the fovea) of the 
wavefront at a series of points.

The transverse ray error is 
proportional to wavefront slope.

Knowledge of there errors can
be used to reconstruct the shape of
the wavefront. 

Eye

Shack-Hartmann Technique

 Evolution of the Hartmann Screen Test, which was developed to test 
large telescope optics in the early 1900s.

 Shack modified test in the 1970s by adding lenslet array.  The 
application was to measure atmospheric aberrations.

 Liang applied the technique to the eye in the early 1990s.

 Commercial Devices - VISX, Autonomous, B & L



Johannes Hartmann (1865-1936)

 German astrophysicist

 Professor at University in Potsdam

 Potsdam leader in spectroscopy 
measurement.

 Hartmann demonstrated calcium 
clouds in Orion.

Johannes Hartmann (1865-1936)

 80 cm refracting 
telescope came on-line 
~1902.

 Optics were poor and the 
telescope was unusable.

 Hartmann developed his 
now famous screen test to 
determine cause of 
problems.

 Primary was reworked as a 
result of his efforts and the 
telescope became 
usable.



Hartmann Screen Test

Photographic Plates

Telescopes

Atmospheric 
Turbulence

Turbulence blurs image.



Telescopes

Wavefront Sensor
measures error due
to turbulence

Knowledge of the atmospheric
aberrations allows for the
correction of these errors.

Shack’s Solution



Spot Movement
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Lenslet Array



Shack-Hartmann Wavefront Sensor

Illumination Beam

Eye

A narrow illumination beam
goes into the eye and focuses
to a diffraction-limited point
on the retina.  The light 
scatters of the retina and back
out of the eye.

Shack-Hartmann Wavefront Sensor

Perfect wavefronts give a uniform grid of points, whereas aberrated
wavefronts distort the grid pattern.



Example Images

Low Aberrations High Aberrations

No Refractive Surgery Post-LASIK with VISX Star S2

Wavefront Reconstruction

PSF



Tscherning Technique

 Tscherning developed a subjective technique in the late 1800s.

 Equivalent to a Hartmann Screen Test for the eye.

 Howland and Howland modified test in the 1980s and made it an 
objective measurement.

 University of Dresden built modern system. 

 Commercial Devices - Wavelight

Tscherning Wavefront Sensor

A collimated illumination beam goes through a dot pattern mask. Adding an 
aberroscope lens of appropriate power causes “shadow” of mask to be cast 
onto the retina.



Tscherning Wavefront Sensor

A fundus camera is used to photograph the retinal pattern.  Perfect 
wavefronts give a uniform grid of points, whereas aberrated 
wavefronts distort the grid pattern.

Eye

Fundus
Camera

Example Images



Retinal Raytracing Technique

 Modification of the Tscherning technique.  Repeated measurement 
of a single scanning beam instead of multiple beams 
simultaneously.

 Molebny developed modern device.

 Commercial Devices - Tracey

Retinal Raytracing

In-going beam is scanned around pupil. The position of the point on 
the retina is recorded with a position sensor.

Eye

Scanning
Beam

Eye

Position
Sensor



Retinal Raytracing

Spatially-Resolved Refractometer 
Technique

 Psychophysical test to determine aberrations of the eye.  Repeated 
measurements at different pupil locations.

 Smirnov used technique in 1961.

 Webb built modern system in early 1990s.

 Commercial Devices - Emory University?



Spatially-Resolved Refractometry

Subject views two beams simultaneously and adjusts the angle of one 
beam fuse the retinal spots.  Test is repeated for multiple pupil 
locations.

Talbot Imaging

Periodic 
Object

1st Talbot
Plane

2nd Talbot
Plane

Talbot imaging is a
diffraction phenomenon
that occurs with periodic
objects.  Perfect replicas
of the object appear at 
fixed distances called 
Talbot planes.  The
location of the Talbot
planes depends on the 
period of the object and
the wavelength of light. 

Incident
Plane
Wave

Talbot Notes



Aberrations

Periodic 
Object

1st Talbot
Plane

2nd Talbot
Plane

If aberrations are present,
the Talbot images are 
distorted.  The amount of
distortion depends upon
the wavefront slope in
the direction perpendicular
to the bars of the object.  

Aberrated
Wave

Aberrations

Periodic 
Object

1st Talbot
Plane

2nd Talbot
Plane

Crossed-gratings can be
used to recover the 
wavefront slope in two
orthogonal directions. 

Aberrated
Wave



Moiré Patterns

Moire Effect

For large grating periods,
the distorted Talbot images
can be captured & analyzed
easily.  To increase resolution,
however, finer grating periods
can be used and a second 
grating is placed at one of 
the Talbot planes and rotated
slightly.



Moire Effect

The superposition of the 
distorted Talbot image and
the second grating gives a 
Moire pattern.  The shape
of the Moire pattern is
again related to the slope of
the wavefront.

Ocular Wavefront Sensing

IR Illumination

Gratings
CCD



Talbot-Moiré

Simulation



Measurements in Parallel

Shack-Hartmann Tscherning

The number of points measured in the pupil depends on the spacing 
between the apertures.  There exists a size limitation on how closely 
spaced these can be and still have the device resolve individual spots.  
Also, lenslet fabrication cost increases as they are made smaller.

Measurements in Series

Retinal Raytracing Spatially-Resolved Refractometer

The number of points measured in the pupil can in theory be increased 
to any limit.  The tradeoff for increased spatial resolution of these 
systems is an increase in measurement time.



Wavefront Metrics

𝑉𝐴 =
0.085

𝑀𝑇𝐹𝑎
− 0.21

//from ANSI Z80.35 2018

//from He 

Traditional Shack-Hartmann Sensor



SHAR - Shack Hartmann 
Autorefractor

•Illumination/Fogging Channel
SLD source superimposed on fogging
target in Badal configuration

•Alignment Channel
provides live video of pupil

•Measurement Channel
displaced Shack Hartmann sensor

6”

Displaced SH Sensor

 Wavefront no longer measured at pupil plane, but instead at a 
location in front of the eye.

 Must compensate for this displacement.  Similar to vertex 
adjustment for spectacles and contact lenses.

 Extreme errors will overfill CCD sensor or underfill lenslet array.



SHAR

SH Grid Patterns

-5 D Plano +5 D

Spots stay uniformly spaced with defocus, but the relative spacing 
changes.



SH Grid Patterns

+5 D cyl x 180° +5 D cyl @ 45°

Grid becomes rectangular and skews as the cylinder axis is rotated.

Fourier Transforms

CCD
Images

Fourier 
Transforms



Fourier Transforms

 One spot in Fourier space contains information about all of the spots 
from CCD space.

 In Fourier space, only two spots need to be analyzed to get sphere, 
cylinder and axis.

 Noise tends to have a much higher frequency than the spot pattern, 
so it gets pushed to the edge of the Fourier image.  Central peaks 
are clean.

 Modulus of Fourier transform is independent of decnetration of 
pupil.

Fourier Transforms



Fourier Transform Peaks

Fourier Transform Peaks



Autorefractor Comparison


