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Multidimensional SignalsMultidimensional SignalsMultidimensional SignalsMultidimensional Signals

• 1-D Signals (speech, 
biomedical biomedical 
signals,…)

• 2-D Images (medical g (
images,…)

• 3-D Images (video, 
medical volume ) medical volume,…) 

• 4-D Images (fMRI, 
cardiac MR,…))



Why Processing?Why Processing?Why Processing?Why Processing?

• Information
• Examples 

(preprocessing,
feature extraction, 
classification, 
medical 
applications, other app ca o s, o e  
applications,….)

• Definitions 
(Wiki di(Wikipedia,
Gonzalez’s book, 
Jain’s book, 
C tl ’  Castleman’s 
book…)



Why Processing? Why Processing? 
A specific exampleA specific exampleA specific exampleA specific example

• The instrumentation and reconstruction 
algorithms in PET are highly developed   algorithms in PET are highly developed,  
however, the propagation of noise limits the 
accuracy of the images obtained using PET. 
The accuracy can be improved by increasing The accuracy can be improved by increasing 
the injected activity or the scan time, but this is 
usually not a safe or practical solution. We are 
investigating the use of wavelet-based g g
denoising of the projection data for increasing 
the signal-to-noise ratio of the reconstructed 
image, while have as a goal the negligible loss 
of resolution. 

• The preliminary work suggests that wavelet 
denoising may be able to increase the signal-g y g
to-noise ratio by more than a factor of two. 



What is an image? What is an image? 

A two dimensional (spatial) arrayA two dimensional (spatial) array 
of data, possible time-varying, 
representing some sensed quantity 

f i t t W ill tl bof interest. We will mostly be 
concerned with “visual” data.

• photograph or slide, TV picture, paper 
document, X-ray image, ultrasound image, 

h i l d t  tgeophysical data, etc.



Application Areas of Image ProcessingApplication Areas of Image ProcessingApplication Areas of Image ProcessingApplication Areas of Image Processing
• Purpose of image processing

I t f i t i l i f ti  f  h  i t t ti– Improvement of pictorial information for human interpretation
– Compression of image data for storage and transmission
– Preprocessing to enable object detection, classification, and tracking
• Typical application areas
– Television Signal Processing

Satellite Image Processing– Satellite Image Processing
– Medical Image Processing
– Robotics
– Visual Communications
– Law Enforcement
– Etc– Etc.
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Basic Image Processing ToolsBasic Image Processing ToolsBasic Image Processing ToolsBasic Image Processing Tools



Key Stages in Digital Image ProcessingKey Stages in Digital Image ProcessingKey Stages in Digital Image ProcessingKey Stages in Digital Image Processing
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Key Stages in Digital Image Processing:Key Stages in Digital Image Processing:
Image AcquisitionImage AcquisitionImage AcquisitionImage Acquisition
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What is an image? What is an image? 
From physiology to mathematicsFrom physiology to mathematics



What is an image? What is an image? 
From physiology to mathematicsFrom physiology to mathematics

Simultaneous contrast. All small squares have exactly the same intensity
but they appear progressively darker as background becomes lighterbut they appear progressively darker as background becomes lighter.



What is an image? What is an image? 
From physiology to mathematicsFrom physiology to mathematics

D
ig Digital image = a multidimensional

array of numbers (such as intensity image)gital Im

array of numbers (such as intensity image) 
or vectors (such as color image) 

m
age

Each component in the image
called pixel associates with

the pixel value (a single number in ⎥
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Image EnhancementImage Enhancement

E h t i  th  ti l d f  d i•Enhancement in the spatial and frequency domains

•Histograms
•Denoising



Contrast enhancement



Noise reductionNoise reduction



Noise RemovalNoise Removal
•What is meant by noise removal?

Wh t i  t b   i  d l?•What is meant by a noise model?

),(  ),(),( yxyxfyxg η+=
• Common noise models

• Gaussian
• Rayleigh
• Erlang

•Filtering to remove noise
• Simple mean filter

• Exponential
• Uniform

I l ( l & )• Other mean filters • Impulse (salt & pepper)



Spatial FilteringSpatial Filtering

•Spatial differentiation

• 1st derivative )()1( xfxf
x
f
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• 2nd derivative

•Differentiation based filters
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•Differentiation based filters
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•How to do sharpening using these filters
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Frequency Domain FilteringFrequency Domain Filtering

•The Fourier transform
•How filtering in the frequency domain works
•Low pass filters

• What are they for?• What are they for?
• Ideal low pass filter
• Butterworth low pass filter
• Gaussian low pass filter

•High pass filters
• What are they for?• What are they for?
• Ideal high pass filter
• Butterworth high pass filter
• Gaussian high pass filter
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Bleed-through Removalg
Replace detected bleed-through with 

i f b k destimate of background

Before restoration After restoration
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Compressionp

• Original: left side
• Compression Ratio 

of 100:1 no 
degradation is 
visible
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Cell trackingCell trackingCell trackingCell tracking

to test predefined 
hypotheses or to 

detect new 
phenomena



Image acquisitionImage acquisitionImage acquisitionImage acquisition



• Time-lapse imaging experiments generally involve 
living cells and organisms  A fundamental concern living cells and organisms. A fundamental concern 
is keeping the specimen alive during the 
acquisition of hundreds or thousands of images 
over a period of time that may range from minutes over a period of time that may range from minutes 
to hours. This not only calls for a suitable 
environment with controlled temperature, 
humidity, and a stably buffered culture medium, y y
but it also requires economizing light exposure, 
since living cells are subject to photo-damage. In 
fluorescence microscopy, excessive illumination 
bleaches fluorophores, and this limits their emission 
time span and generates free radicals that are 
toxic for living cells.



• Two very important factors determine whether 
automated methods can be applied successfully  automated methods can be applied successfully, 
and they strongly affect accuracy. They are signal 
contrast (the intensity difference between objects 
and background) and noise, which, in light of

 th
e 

sc
op

y

and background) and noise, which, in light 
microscopy, is signal dependent. These two factors 
are usually combined into a single measure, the 
signal-to-noise ratio (SNR), calculated as the 

Ty
pe

 
m

ic
ro

g ( )
difference in mean intensity between the object, 
I0, and the background, Ib, divided by a 
representative noise level, s, that is, SNR=(I0-Ib)/s. 
Ideally, experiments should be designed so as to 
maximize SNR to allow robust and accurate 
automated image analysis, and the only way to 
accomplish this is ith high light e pos re le elsaccomplish this is with high light exposure levels.



Image preprocessingImage preprocessingImage preprocessingImage preprocessing
• Image Denoising
• Image Deconvolution
• Image Registration

One of the difficulties frequently encountered in quantitative motion 
analysis is the presence of unwanted movements confounding the 
movements of interest. In time-lapse imaging of living specimens, the 
observed movements are often a combination of global observed movements are often a combination of global 
displacements and deformations of the specimen as a whole, 
superposed on the local movements of the structures of interest. For 
example, in intravital microscopy studies, which involve living animals, 
the image sequences may show cardiac  respiratory  or other types of the image sequences may show cardiac, respiratory, or other types of 
global motion artifacts. But even in the case of imaging live-cell 
cultures, the dynamics of intracellular structures may be obscured by 
cell migration, deformation, or division. In these situations, prior motion 
correction is necessary  This can be achieved by global or local image correction is necessary. This can be achieved by global or local image 
alignment, also referred to as image registration.



Image analysis (Cell tracking)Image analysis (Cell tracking)Image analysis (Cell tracking)Image analysis (Cell tracking)

• Cell tracking methods generally consist of two 
main image processing steps:  main image processing steps:  
(1) cell segmentation (the spatial aspect of 
tracking), and 
(2) cell association (the temporal aspect). 

• Segmentation is the process of dividing an image 
into (biologically) meaningful parts (segments), into (biologically) meaningful parts (segments), 
resulting in a new image containing for each pixel 
a label indicating to which segment it belongs 
(such as “foreground” versus “background”).( g g )



Cell segmentationCell segmentationCell segmentationCell segmentation
• The simplest approach for separating cells from the 

background is intensity thresholdingbackground is intensity thresholding



It will be successful only if cells are well separated and 
their intensities differ sufficiently and consistently their intensities differ sufficiently and consistently 
from the background—a condition hardly ever 
met in live-cell imaging due to severe noise, 
autofluorescence and photobleaching (in the autofluorescence and photobleaching (in the 
case of fluorescence microscopy), or strongly 
varying intensities and halos (in the case of phase-
or differential interference contrast microscopy).py)

• Fitting predetermined cell intensity profiles 
(templates) to the image data. This template 
matching approach works well for images showing matching approach works well for images showing 
consistent cell shape, but fails in the case of 
significant variations in cell morphology (between 
cells per image, or per cell over time, or both).p g p )



• Watersheds
• deformable models
• Starting from a coarse, initial segmentation, 

deformable models are iteratively evolved in the y
image domain to minimize a predefined energy 
functional. The modeling aspect lies primarily in the 
definition of this energy functional. Typically it 
consists of image-related terms (based on image 
features such as intensity, gradients, and texture) 
and image-independent terms (based on shape 

ti  h  b d  l th  f  properties such as boundary length or surface 
area, curvature, and similarity to reference 
shapes). This mixture of terms enables the 
incorporation of both image information and prior incorporation of both image information and prior 
knowledge about the biological application.





C e l C e l ll AssociationAssociation

• After segmentation, the second step in 
hi i  ll t ki  i  ll i ti  

C e l C e l ll AssociationAssociation

achieving cell tracking is cell association. 
This refers to the process of identifying and 
linking segmented cells from frame to g g
frame in the image sequence to obtain 
cell trajectories. The simplest approach to 
accomplish this is to associate each cell in accomplish this is to associate each cell in 
any frame to the spatially nearest cell in 
the next frame (for example according to 

t id iti ) ithi   d fi d centroid position)within a predefined 
range. However, when dealing with many 
cells or rapid cell movements, this may p y
easily lead to mismatches. 



C e l C e l ll AssociationAssociationC e l C e l ll AssociationAssociation
Several strategies exist for performing interframe cell 

association. The simplest is to associate each segmented p g
cell in one frame with the nearest cell in a subsequent 
frame, where nearest may not only refer to spatial 
distance between boundary points or centroid positions. 
It may refer to similarity in terms of average intensity, y y g y,
area or volume, perimeter or surface area, major and 
minor axis orientation, boundary curvature, angle or 
velocity smoothness, and other features. Generally, the 
more features involved, the lower is the risk of ambiguity. , g y
However, matching a large number of features may be 
as restrictive as template matching, since cell shape 
changes between frames are less easily 
accommodated. Some applications may not require accommodated. Some applications may not require 
keeping track of cell shape features, so robust tracking 
of only cell center position may be achieved by mean-
shift processes.



• The concept of template matching, for example, 
can serve as a basis for image registration can serve as a basis for image registration 
between time points. Registration refers to the 
process of (global or local) alignment of images, 
using intensity- or geometry-based features. using intensity or geometry based features. 

• In the case of deformable models, cell association 
can be performed “on the fly”, by using the 
segmentation results in any frame as initialization segmentation results in any frame as initialization 
for the segmentation process in the next frame. 
(works well if the population density is not too high) 

di t t  fl• gradient-vector flows
• probabilistic schemes





Particle tracking & associationParticle tracking & associationParticle tracking & associationParticle tracking & association

• Similar to cell tracking & 
association  the simplest association, the simplest 
approaches to particle tracking 
is thresholding and for particle is thresholding and for particle 
association is to use a nearest-
neighbor criterion  based on neighbor criterion, based on 
spatial distance



Trajectory analysisTrajectory analysisTrajectory analysisTrajectory analysis

• The final stage is the analysis of the 
trajectories resulting from cell or 
particle tracking, to confirm or reject 
predefined hypotheses about predefined hypotheses about 
object dynamics, or to discover new 
phenomenaphenomena.

• Geometry measurements
• Diffusivity measurements
• Velocity measurements
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