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Introduction
Phase-shifting surface profile 
measurement is an important branch 
in optical metrology. 

It has many unique features such as 
varieties of configurations, high 
resolution, high accuracy, good 
repeatability, fast measurement 
speed, and superior surface finish 
tolerance. 

Digital image devices have enabled 
automated processing of phase-
shifting images at high speed over a 
full field of view (FOV), further 
enabling superfast 3D measurement 
without scanning.



Fringe Pattern: Interference

A fringe pattern is a periodic 
grayscale pattern with 
alternative dark and bright 
areas. 

Based on pattern generation 
principles, the most common 
fringe pattern can be classified 
into three categories: 
interference pattern, moire ́
pattern, and projected pattern.

Michelson Interferometer



Fringe Pattern: Moiré
Looks like an interference pattern, but 
geometric interference principle is different.

It is generated by covering the 
measurement area with a physical grating 
while illuminating and viewing the area 
from an opposite direction. 

When light passes through the grating at a 
tilted angle, a shadow of the grating will be 
generated on the sample surface. 

When this shadow is observed at a tilted 
angle from the opposite direction to the 
light source, a moire ́ pattern can be seen 
that represents the topology of the surface 
with the peak/valley rings representing the 
same height relative to the physical 
grating.



Fringe Pattern: Projection with physical grating

When a transmission grating with a sinusoidal transmission profile 
such as holographic gratings is placed between a light source and a 
projection lens, the projected fringe pattern will also have a sinusoidal 
intensity profile.

If a straight-line grating with a 
nonsinusoidal profile such as a ruled 
grating is used, the projection lens is 
usually defocused slightly so that a 
pseudo-sinusoidal pattern can be 
obtained



Fringe Pattern: Digital Fringe Projection

• The fringe pattern can be generated with theoretically any 
intensity profile using computer software and projected to the 
object surface through an off-the-shelf digital projector such as 
liquid crystal device (LCD), digital mirror device (DMD), and 
liquid crystal on silicon (LCOS) projectors.



Fringe Pattern 
Analysis



Contour Analysis

Before phase-shifting, the only 
way to investigate the fringe 
pattern image was to count the 
peak and/or valley and follow the 
contour curve along the peaks 
and valleys.
The calibration process was to 
find the factor that converted the 
peak/valley into the height 
dimension and was used to 
estimate the height variation over 
the FOV.
The resolution and accuracy of 
this analysis method was very 
low, and there is no way to 
identify the direction of the slopes 
from a single image.



Phase-Shifting Analysis
An entire phase-shifting analysis process is 
demonstrated in the figure using a three-step phase-
shifting algorithm. 
The three images in the left column are captured 
three fringe images of a master model with a 120°
phase shift. The intensities of the three phase-shifted 
images at point (x, y) can be written as:



Phase-Shifting Analysis
An entire phase-shifting analysis process is 
demonstrated in the figure using a three-step phase-
shifting algorithm. 
The three images in the left column are captured 
three fringe images of a master model with a 120°
phase shift. The intensities of the three phase-shifted 
images at point (x, y) can be written as:



Phase-Shifting Analysis: Unwrapping

This wrapped phase map includes the modulo 2π discontinuity, as 
shown in Fig 7.8. 
The continuous phase map Φ(i, j) can be obtained by use of a phase-
unwrapping algorithm as shown in Fig 7.9.



Phase-Shifting Analysis: Unwrapping

Discountinuties occur if Φ changes by 2π
If Φ is increasing, the slope is positive and vice versa
Final step in the fringe analysis is to unwrap or integrate the phase 
along a line (or path) counting the discontinuities and ± 2π each time 
the phase angle jumps from 2π to 0 or 0 to 2π



Benefits of Phase-Shifting 
Analysis

Phase-shifting analysis enables 
full-field analysis in areas. 

The obtained phase map 
provides directional 
information.

Phase-shifting analysis obtains 
phase information from image 
contrast, not intensity changes 
from peak to valley, thus 
enabling much higher accuracy 
and making the analysis 
tolerant to various surface 
finishes.



Phase-Shifting Systems
Physical Phase-Shifting System.

A translation stage is used to translate a component, e.g. in 
a Michelson interferometer a mirror is translated to introduce 
phase shifting. The relation between phase shift ∅ and 
translation offset 𝛿 (𝜆 is the wavelength of light source):

In a projection moiré the grating is translated and translation 
offset 𝛿 (p is the pitch of physical grating): 



Phase-Shifting Systems
Digital Phase-Shifting System.

A digital projector is used to project software-generated 
fringe patterns.

For a straight-line sinusoidal fringe pattern, the equation 
used to generate the fringe image in the computer can be 
written as:



General Phase-Shifting Algorithm.

The captured 2D fringe image can be written as:

Phase-Shifting Algorithms for 
Phase Wrapping



Three-Step Phase-Shifting Algorithm.

Phase-Shifting Algorithms for 
Phase Wrapping



Four-Step Phase-Shifting Algorithm.

Phase-Shifting Algorithms for Phase 
Wrapping



Carré Phase-Shifting Algorithm.

Phase-Shifting Algorithms for 
Phase Wrapping



Selection of  Phase-Shifting Algorithms.

Many different phase-shifting algorithms have been developed in the 
past that can be used to reduce different types of errors. 

For digital phase-shifting systems, phase shift is performed by 
software programming, and there is no phase-shifting error. The main 
error sources become the nonlinearity and noise from the camera 
and projector. Those phase-shifting algorithms that are insensitive to 
the system nonlinearity will provide the best measurement results.

For physical phase shifting, the phase-shifting error is usually one of 
dominant error sources. When using a physical phase-shifting 
method, the algorithms that are insensitive to the phase-shift error will 
work best.

Phase-Shifting Algorithms for 
Phase Wrapping



Phase-Shifting System Modeling and 
Calibration

Phase-shifting algorithms for phase wrapping result in a 
phase map with a 2π ambiguity. To remove the it, a phase-
unwrapping process is needed.

There is not a unique unwrapped phase maps φ(i, j). 

To covert from φ(i, j) to coordinates of the surface points 
requires a unique absolute phase map, system modeling, 
and system calibration.
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Unwrapped Phase Map and 
Absolute Phase Map

Unwrapped phase map is a continuous phase map 
without 2π discontinuity. 

Absolute phase map is the phase map to be 
converted to coordinates.

For a linear or partially linear model, the absolute 
phase map is usually obtained by subtracting a 
reference phase map from the measurement phase 
map. 







Unwrapped Phase Map and 
Absolute Phase Map

Reference phase maps can be obtained by either performing 
phase shifting on a reference plane (usually flat) or by creating 
a flat phase plane determined by specific points (constituting a 
horizontal and a vertical line) on the measurement phase map. 

The coordinates calculated later will be referred to these 
planes. After subtraction, the measurement phase map is 
brought down.



Unwrapped Phase Map and 
Absolute Phase Map



Unwrapped Phase Map and 
Absolute Phase Map



Linear Model for Flat 
Surface Measurement



Linear Model for Flat 
Surface Measurement

http://www.teltec.asia/index.php?main_page=index&cPath=82_90_142



Partially Linear Model for Flat 
Surface Measurement



Partially Linear Model for Flat 
Surface Measurement



Camera Calibration.

A camera model describes the mapping between points in a 3D 
space and a pixel in the 2D camera sensor chip. The parameters in 
a camera model can be classified into intrinsic parameters, which 
describe the geometry of the camera itself, and extrinsic 
parameters, which determine the camera’s pose in the 3D space. 

Structured light system calibration








