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Fluorescence correlation
spectroscopy
Fluorescence correlation spectroscopy (FCS) is a common technique used by physicists,
chemists, and biologists to experimentally characterize the dynamics of fluorescent species
(e.g. single fluorescent dye molecules in nanostructured materials, autofluorescent proteins
in living cells, etc.). Although the name indicates a specific link to fluorescence, the method
is used today also for exploring other forms of luminescence (like reflections, luminescence
from gold-beads or quantum dots or phosphorescent species). The "spectroscopy" in the
name is not readily found as in common usage a spectrum is generally understood to be a
frequency spectrum. The autocorrelation is a genuine form of spectrum, however: It is the
time-spectrum generated from the power spectrum (via inverse fourier transform).
Commonly, FCS is employed in the context of optical microscopy, in particular confocal or
two photon microscopy. In these techniques light is focused on a sample and the measured
fluorescence intensity fluctuations (due to diffusion, physical or chemical reactions,
aggregation, etc.) are analyzed using the temporal autocorrelation. Because the measured
property is essentially related to the magnitude and/or the amount of fluctuations, there is
an optimum measurement regime at the level when individual species enter or exit the
observation volume (or turn on and off in the volume). When too many entities are
measured at the same time the overall fluctuations are small in comparison to the total
signal and may not be resolvable - in the other direction, if the individual fluctuation-events
are too sparse in time, one measurement may take prohibitively too long. FCS is in a way
the fluorescent counterpart to dynamic light scattering, which uses coherent light
scattering, instead of (incoherent) fluorescence.
When an appropriate model is known, FCS can be used to obtain quantitative information
such as 
• diffusion coefficients 
• hydrodynamic radii 
• average concentrations 
• kinetic chemical reaction rates 
• singlet-triplet dynamics 
Because fluorescent markers come in a variety of colors and can be specifically bound to a
particular molecule (e.g. proteins, polymers, metal-complexes, etc.), it is possible to study
the behavior of individual molecules (in rapid succession in composite solutions). With the
development of sensitive detectors such as avalanche photodiodes the detection of the
fluorescence signal coming from individual molecules in highly dilute samples has become
practical. With this emerged the possibility to conduct FCS experiments in a wide variety of
specimens, ranging from materials science to biology. The advent of engineered cells with
genetically tagged proteins (like green fluorescent protein) has made FCS a common tool
for studying molecular dynamics in living cells.

http://en.wikipedia.org/w/index.php?title=Quantum_dot
http://en.wikipedia.org/w/index.php?title=Fluorescence
http://en.wikipedia.org/w/index.php?title=Diffusion
http://en.wikipedia.org/w/index.php?title=Dynamic_light_scattering
http://en.wikipedia.org/w/index.php?title=Avalanche_photodiodes
http://en.wikipedia.org/w/index.php?title=Green_fluorescent_protein
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History
Signal-correlation techniques have first been experimentally applied to fluorescence in
1972 by Magde, Elson, and Webb[1] , who are therefore commonly credited as the
"inventors" of FCS. The technique was further developed in a group of papers by these and
other authors soon after, establishing the theoretical foundations and types of
applications.[2] [3] [4] See Thompson (1991)[5] for a review of that period.
Beginning in 1993[6] , a number of improvements in the measurement techniques--notably
using confocal microscopy, and then two photon microscopy--to better define the
measurement volume and reject background greatly improved the signal-to-noise and
allowed single molecule sensitivity.[7] [8] Since then, there has been a renewed interest in
FCS, and as of August 2007 there has been over 3,000 papers using FCS found in Web of
Science. See Krichevsky and Bonnet[9] for a recent review. In addition, there has been a
flurry of activity extending FCS in various ways, for instance to laser scanning and spinning
disk confocal microscopy (from a stationary, single point measurement), in using
cross-correlation (FCCS) between two fluorescent channels instead of autocorrelation, and
in using Förster Resonance Energy Transfer (FRET) instead of fluorescence.

Typical FCS setup
The typical FCS setup consists of a laser line (wavelengths ranging typically from 405 - 633
nm (cw), and from 690 - 1100 nm (pulsed)), which is reflected into a microscope objective
by a dichroic mirror. The laser beam is focused in the sample, which contains fluorescent
particles (molecules) in such high dilution, that only few are within the focal spot (usually 1
- 100 molecules in one fL). When the particles cross the focal volume, they fluoresce. This
light is collected by the same objective and, because it is red-shifted with respect to the
excitation light it passes the dichroic reaching a detector, typically a photomultiplier tube
or avalanche photodiode detector. The resulting electronic signal can be stored either
directly as an intensity versus time trace to be analyzed at a later point, or, computed to
generate the autocorrelation directly (which requires special acquisition cards). The FCS
curve by itself only represents a time-spectrum. Conclusions on physical phenomena have
to be extracted from there with appropriate models. The parameters of interest are found
after fitting the autocorrelation curve to modeled functional forms. [10] The setup is shown
in Figure 1.

The Measurement Volume
The measurement volume is a convolution of illumination (excitation) and detection
geometries, which result from the optical elements involved. The resulting volume is
described mathematically by the point spread function (or PSF), it is essentially the image
of a point source. The PSF is often described as an ellipsoid (with unsharp boundaries) of
few hundred nanometers in focus diameter, and almost one micrometre along the optical
axis. The shape varies significantly (and has a large impact on the resulting FCS curves)
depending on the quality of the optical elements (it is crucial to avoid astigmatism and to
check the real shape of the PSF on the instrument). In the case of confocal microscopy, and
for small pinholes (around one Airy unit), the PSF is well approximated by Gaussians:

http://en.wikipedia.org/w/index.php?title=Fluorescence_Resonance_Energy_Transfer
http://en.wikipedia.org/w/index.php?title=Photomultiplier
http://en.wikipedia.org/w/index.php?title=Avalanche_photodiode
http://en.wikipedia.org/w/index.php?title=Point_spread_function
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where  is the peak intensity, r and z are radial and axial position, and  and  are the
radial and axial radii, and . This Gaussian form is assumed in deriving the
functional form of the autocorrelation.
Typically  is 200-300 nm, and  is 2-6 times larger.[11] One common way of calibrating
the measurement volume parameters is to perform FCS on a species with known diffusion
coefficient and concentration (see below). Diffusion coefficients for common fluorophores in
water are given in a later section.
The Gaussian approximation works to varying degrees depending on the optical details, and
corrections can sometimes be applied to offset the errors in approximation.[12]

Autocorrelation Function
The (temporal) autocorrelation function is the correlation of a time series with itself shifted
by time , as a function of :

where  is the deviation from the mean intensity. The normalization
(denominator) here is the most commonly used for FCS, because then the correlation at

, G(0), is related to the average number of particles in the measurement volume.

Interpreting the Autocorrelation Function
To extract quantities of interest, the autocorrelation data can be fitted, typically using a
nonlinear least squares algorithm. The fit's functional form depends on the type of
dynamics (and the optical geometry in question).

Normal Diffusion
The fluorescent particles used in FCS are small and thus experience thermal motions in
solution. The simplest FCS experiment is thus normal 3D diffusion, for which the
autocorrelation is: 

where  is the ratio of axial to radial  radii of the measurement volume, and
 is the characteristic residence time. This form was derived assuming a Gaussian

measurement volume. Typically, the fit would have three free parameters--G(0), , and
--from which the diffusion coefficient and fluorophore concentration can be obtained.

With the normalization used in the previous section, G(0) gives the mean number of
diffusers in the volume <N>, or equivalently--with knowledge of the observation volume
size--the mean concentration:

,

where the effective volume is found from integrating the Gaussian form of the
measurement volume and is given by: 

.

 gives the diffusion coefficient: 

http://en.wikipedia.org/w/index.php?title=Levenberg-Marquardt_algorithm
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Anomalous diffusion
If the diffusing particles are hindered by obstacles or pushed by a force (molecular motors,
flow, etc.) the dynamics is often not sufficiently well-described by the normal diffusion
model, where the mean squared displacement (MSD) grows linearly with time. Instead the
diffusion may be better described as anomalous diffusion, where the temporal dependenc of
the MSD is non-linear as in the power-law:

where  is an anomalous diffusion coefficient. "Anomalous diffusion" commonly refers
only to this very generic model, and not the many other possibilities that might be
described as anomalous. Also, a power law is, in a strict sense, the expected form only for a
narrow range of rigorously defined systems, for instance when the distribution of obstacles
is fractal. Nonetheless a power law can be a useful approximation for a wider range of
systems.
The FCS autocorrelation function for anomalous diffusion is: 

,

where the anomalous exponent  is the same as above, and becomes a free parameter in
the fitting.
Using FCS, the anomalous exponent has been shown to be an indication of the degree of
molecular crowding (it is less than one and smaller for greater degrees of crowding)[13] .

Polydisperse diffusion
If there are diffusing particles with different sizes (diffusion coefficients), it is common to fit
to a function that is the sum of single component forms: 

where the sum is over the number different sizes of particle, indexed by i, and  gives the
weighting, which is related to the quantum yield and concentration of each type. This
introduces new parameters, which makes the fitting more difficult as a higher dimensional
space must be searched. Nonlinear least square fitting typically becomes unstable with
even a small number of s. A more robust fitting scheme, especially useful for
polydisperse samples, is the Maximum Entropy Method[14] .

Diffusion with flow
With diffusion together with a uniform flow with velocity  in the lateral direction, the
autocorrelation is[15] :

where  is the average residence time if there is only a flow (no diffusion).

http://en.wikipedia.org/w/index.php?title=Anomalous_diffusion
http://en.wikipedia.org/w/index.php?title=Fractal
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Chemical relaxation
A wide range of possible FCS experiments involve chemical reactions that continually
fluctuate from equilibrium because of thermal motions (and then "relax"). In contrast to
diffusion, which is also a relaxation process, the fluctuations cause changes between states
of different energies. One very simple system showing chemical relaxation would be a
stationary binding site in the measurement volume, where particles only produce signal
when bound (e.g. by FRET, or if the diffusion time is much faster than the sampling
interval). In this case the autocorrelation is: 

where 

is the relaxation time and depends on the reaction kinetics (on and off rates), and: 

is related to the equilibrium constant K. 
Most systems with chemical relaxation also show measureable diffusion as well, and the
autocorrelation function will depend on the details of the system. If the diffusion and
chemical reaction are decoupled, the combined autocorrelation is the product of the
chemical and diffusive autocorrelations. 

Triplet State Correction
The autocorrelations above assume that the fluctuations are not due to changes in the
fluorescent properties of the particles. However, for the majority of (bio)organic
fluorophores--e.g. green fluorescent protein, rhodamine, Cy3 and Alexa Fluor dyes--some
fraction of illuminated particles are excited to a triplet state (or other non-radiative
decaying states) and then do not emit photons for a characteristic relaxation time .
Typically  is on the order of microseconds, which is usually smaller than the dynamics of
interest (e.g. ) but large enough to be measured. A multiplicative term is added to the
autocorrelation account for the triplet state. For normal diffusion:

where  is the fraction of particles that have entered the triplet state and  is the
corresponding triplet state relaxation time. If the dynamics of interest are much slower
than the triplet state relaxation, the short time component of the autocorrelation can simply
be truncated and the triplet term is unnecessary.

Common fluorescent probes
The fluorescent species used in FCS is typically a biomolecule of interest that has been
tagged with a fluorophore (using immunohistochemistry for instance), or is a naked
fluorophore that is used to probe some environment of interest (e.g. the cytoskeleton of a
cell). The following table gives diffusion coefficients of some common fluorophores in water
at room temperature, and their excitation wavelengths.

Fluorescent dye 
 (x10-10 m2 s-1)

Excitation
wavelength (nm) 

Reference 

http://en.wikipedia.org/w/index.php?title=Green_fluorescent_protein
http://en.wikipedia.org/w/index.php?title=Cy3
http://en.wikipedia.org/w/index.php?title=Alexa_Fluor
http://en.wikipedia.org/w/index.php?title=Triplet_state
http://en.wikipedia.org/w/index.php?title=Photons
http://en.wikipedia.org/w/index.php?title=Immunohistochemistry
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Rhodamine 6G 2.8, 3.0, 4.14 ± 0.05 @ 25.00
°C 

514 [16] , [17] , [18]

Rhodamine 110 2.7 488 [19]

Tetramethyl rhodamine 2.6 543 

Cy3 2.8 543 

Cy5 2.5, 3.7 ± 0.15 @ 25.00 °C 633 [20] , [21]

carboxyfluorescein 3.2 488 

Alexa-488 1.96 488 [22]

Atto655-maleimide 4.07 ± 0.1 @ 25.00 °C 663 [23]

Atto655-carboxylicacid 4.26 ± 0.08 @ 25.00 °C 663 [24]

2′, 7′-difluorofluorescein
(Oregon Green488)

4.11 ± 0.06 @ 25.00 °C 498 [25]

Variations of FCS
FCS almost always refers to the single point, single channel, temporal autocorrelation
measurement, although the term "fluorescence correlation spectroscopy" out of its
historical scientific context implies no such restriction. FCS has been extended in a number
of variations by different researchers, with each extension generating another name
(usually an acronym). 

Fluorescence Cross- Correlation Spectroscopy (FCCS)
FCS is sometimes used to study molecular interactions using differences in diffusion times
(e.g. the product of an association reaction will be larger and thus have larger diffusion
times than the reactants individually); however, FCS is relatively insensitive to molecular
mass as can be seen from the following equation relating molecular mass to the diffusion
time of globular particles (e.g. proteins): 

where  is the viscosity of the sample and  is the molecular mass of the fluorescent
species. In practice, the diffusion times need to be sufficiently different--a factor of at least
1.6--which means the molecular masses must differ by a factor of 4.[26] Dual color
fluorescence cross-correlation spectroscopy (FCCS) measures interactions by
cross-correlating two or more fluorescent channels (one channel for each reactant), which
distinguishes interactions more sensitively than FCS, particularly when the mass change in
the reaction is small.

http://en.wikipedia.org/w/index.php?title=Fluorescence_cross-correlation_spectroscopy
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Two- and three- photon FCS excitation
Several advantages in both spatial resolution and minimizing photodamage/photobleaching
in organic and/or biological samples are obtained by two-photon or three-photon excitation
FCS[27] [28] [29] [30] [31] .

FRET- FCS
Another FCS based approach to studying molecular interactions uses fluorescence
resonance energy transfer (FRET) instead of fluorescence, and is called FRET-FCS.[32] With
FRET, there are two types of probes, as with FCCS; however, there is only one channel and
light is only detected when the two probes are very close--close enough to ensure an
interaction. The FRET signal is weaker than with fluorescence, but has the advantage that
there is only signal during a reaction (aside from autofluorescence).

Image Correlation Spectroscopy (ICS)
When the motion is slow (in biology, for example, diffusion in a membrane), getting
adequate statistics from a single-point FCS experiment may take a prohibitively long time.
More data can be obtained by performing the experiment in multiple spatial points in
parallel, using a laser scanning confocal microscope. This approach has been called Image
Correlation Spectroscopy (ICS)[33] . The measurements can then be averaged together.
Another variation of ICS performs a spatial autocorrelation on images, which gives
information about the concentration of particles[34] . The correlation is then averaged in
time.
A natural extension of the temporal and spatial correlation versions is spatio-temporal ICS
(STICS) [35] . In STICS there is no explicit averaging in space or time (only the averaging
inherent in correlation). In systems with non-isotropic motion (e.g. directed flow,
asymmetric diffusion), STICS can extract the directional information. A variation that is
closely related to STICS (by the Fourier transform) is k-space Image Correlation
Spectroscopy (kICS).[36]

There are cross-correlation versions of ICS as well.[33]

Scanning FCS variations
Some variations of FCS are only applicable to serial scanning laser microscopes. Image
Correlation Spectroscopy and its variations all were implemented on a scanning confocal or
scanning two photon microscope, but transfer to other microscopes, like a spinning disk
confocal microscope. Raster ICS (RICS)[37] , and position sensitive FCS (PSFCS)[38]

incorporate the time delay between parts of the image scan into the analysis. Also, low
dimensional scans (e.g. a circular ring)[39] --only possible on a scanning system--can access
time scales between single point and full image measurements. Scanning path has also
been made to adaptively follow particles.[40]

http://en.wikipedia.org/w/index.php?title=Fluorescence_resonance_energy_transfer
http://en.wikipedia.org/w/index.php?title=Fluorescence_resonance_energy_transfer
http://en.wikipedia.org/w/index.php?title=Autofluorescence
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Spinning disk FCS, and spatial mapping
Any of the image correlation spectroscopy methods can also be performed on a spinning
disk confocal microscope, which in practice can obtain faster imaging speeds compared to a
laser scanning confocal microscope. This approach has recently been applied to diffusion in
a spatially varying complex environment, producing a pixel resolution map of diffusion
coefficient.[41] . The spatial mapping of diffusion with FCS has subsequently been extended
to TIRF system.[42] Spatial mapping of dynamics using correlation techniques had been
applied before, but only at sparse points[43] or at coarse resolution[35] .

Total internal reflection FCS
Total internal reflection fluorescence (TIRF) is a microscopy approach that is only sensitive
to a thin layer near the surface of a coverslip, which greatly minimizes background
fluorscence. FCS has been extended to that type of microscope, and is called TIR-FCS[44] .
Because the fluorescence intensity in TIRF falls off exponentially with distance from the
coverslip (instead of as a Gaussian with a confocal), the autocorrelation function is
different.

Other fluorescent dynamical approaches
There are two main non-correlation alternatives to FCS that are widely used to study the
dynamics of fluorescent species. 

Fluorescence recovery after photobleaching (FRAP)
In FRAP, a region is briefly exposed to intense light, irrecoverably photobleaching
fluorophores, and the fluorescence recovery due to diffusion of nearby (non-bleached)
fluorophores is imaged. A primary advantage of FRAP over FCS is the ease of interpreting
qualitative experiments common in cell biology. Differences between cell lines, or regions
of a cell, or before and after application of drug, can often be characterized by simple
inspection of movies. FCS experiments require a level of processing and are more sensitive
to potentially confounding influences like: rotational diffusion, vibrations, photobleaching,
dependence on illumination and fluorescence color, inadequate statistics, etc. It is much
easier to change the measurement volume in FRAP, which allows greater control. In
practice, the volumes are typically larger than in FCS. While FRAP experiments are
typically more qualitative, some researchers are studying FRAP quantitatively and including
binding dynamics.[45] A disadvantage of FRAP in cell biology is the free radical perturbation
of the cell caused by the photobleaching. It is also less versatile, as it cannot measure
concentration or rotational diffusion, or co-localization. FRAP requires a significantly higher
concentration of fluorophores than FCS.

Particle tracking
In particle tracking, the trajectories of a set of particles are measured, typically by applying 
particle tracking algorithms to movies.[46] Particle tracking has the advantage that all the 
dynamical information is maintained in the measurement, unlike FCS where correlation 
averages the dynamics to a single smooth curve. The advantage is apparent in systems 
showing complex diffusion, where directly computing the mean squared displacement 
allows straightforward comparison to normal or power law diffusion. To apply particle 
tracking, the particles have to be distinguishable and thus at lower concentration than

http://en.wikipedia.org/w/index.php?title=Total_internal_reflection_fluorescence_microscope
http://en.wikipedia.org/w/index.php?title=Fluorescence_recovery_after_photobleaching
http://www.physics.emory.edu/~weeks/idl/
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required of FCS. Also, particle tracking is more sensitive to noise, which can sometimes
affect the results unpredictably.
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See also
• Confocal microscopy
• Fluorescence cross-correlation spectroscopy
• Dynamic light scattering
• Diffusion coefficient

External links
• Single-molecule spectroscopic methods (http:/ / dx. doi. org/ 10. 1016/ j. sbi. 2004. 09.

004)
• FCS Classroom (http:/ / www. fcsxpert. com/ classroom)

http://en.wikipedia.org/w/index.php?title=Confocal_microscopy
http://en.wikipedia.org/w/index.php?title=Fluorescence_cross-correlation_spectroscopy
http://en.wikipedia.org/w/index.php?title=Dynamic_light_scattering
http://en.wikipedia.org/w/index.php?title=Diffusion_coefficient
http://dx.doi.org/10.1016/j.sbi.2004.09.004
http://dx.doi.org/10.1016/j.sbi.2004.09.004
http://www.fcsxpert.com/classroom
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Copyright (C) 2000,2001,2002 Free Software Foundation, Inc. 
51 Franklin St, Fifth Floor, Boston, MA 02110-1301 USA 
Everyone is permitted to copy and distribute verbatim copies 
of this license document, but changing it is not allowed. 

0. PREAMBLE
The purpose of this License is to make a manual, textbook, or other functional and useful document "free" in the sense of freedom: to assure everyone
the effective freedom to copy and redistribute it, with or without modifying it, either commercially or noncommercially. Secondarily, this License
preserves for the author and publisher a way to get credit for their work, while not being considered responsible for modifications made by others. 
This License is a kind of "copyleft", which means that derivative works of the document must themselves be free in the same sense. It complements the
GNU General Public License, which is a copyleft license designed for free software. 
We have designed this License in order to use it for manuals for free software, because free software needs free documentation: a free program should
come with manuals providing the same freedoms that the software does. But this License is not limited to software manuals; it can be used for any
textual work, regardless of subject matter or whether it is published as a printed book. We recommend this License principally for works whose purpose
is instruction or reference. 

1. APPLICABILITY AND DEFINITIONS 
This License applies to any manual or other work, in any medium, that contains a notice placed by the copyright holder saying it can be distributed under
the terms of this License. Such a notice grants a world-wide, royalty-free license, unlimited in duration, to use that work under the conditions stated
herein. The "Document", below, refers to any such manual or work. Any member of the public is a licensee, and is addressed as "you". You accept the
license if you copy, modify or distribute the work in a way requiring permission under copyright law. 
A "Modified Version" of the Document means any work containing the Document or a portion of it, either copied verbatim, or with modifications and/or
translated into another language. 
A "Secondary Section" is a named appendix or a front-matter section of the Document that deals exclusively with the relationship of the publishers or
authors of the Document to the Document's overall subject (or to related matters) and contains nothing that could fall directly within that overall subject.
(Thus, if the Document is in part a textbook of mathematics, a Secondary Section may not explain any mathematics.) The relationship could be a matter
of historical connection with the subject or with related matters, or of legal, commercial, philosophical, ethical or political position regarding them. 
The "Invariant Sections" are certain Secondary Sections whose titles are designated, as being those of Invariant Sections, in the notice that says that the
Document is released under this License. If a section does not fit the above definition of Secondary then it is not allowed to be designated as Invariant.
The Document may contain zero Invariant Sections. If the Document does not identify any Invariant Sections then there are none. 
The "Cover Texts" are certain short passages of text that are listed, as Front-Cover Texts or Back-Cover Texts, in the notice that says that the Document
is released under this License. A Front-Cover Text may be at most 5 words, and a Back-Cover Text may be at most 25 words. 
A "Transparent" copy of the Document means a machine-readable copy, represented in a format whose specification is available to the general public,
that is suitable for revising the document straightforwardly with generic text editors or (for images composed of pixels) generic paint programs or (for
drawings) some widely available drawing editor, and that is suitable for input to text formatters or for automatic translation to a variety of formats
suitable for input to text formatters. A copy made in an otherwise Transparent file format whose markup, or absence of markup, has been arranged to
thwart or discourage subsequent modification by readers is not Transparent. An image format is not Transparent if used for any substantial amount of
text. A copy that is not "Transparent" is called "Opaque". 
Examples of suitable formats for Transparent copies include plain ASCII without markup, Texinfo input format, LaTeX input format, SGML or XML using
a publicly available DTD, and standard-conforming simple HTML, PostScript or PDF designed for human modification. Examples of transparent image
formats include PNG, XCF and JPG. Opaque formats include proprietary formats that can be read and edited only by proprietary word processors, SGML
or XML for which the DTD and/or processing tools are not generally available, and the machine-generated HTML, PostScript or PDF produced by some
word processors for output purposes only. 
The "Title Page" means, for a printed book, the title page itself, plus such following pages as are needed to hold, legibly, the material this License
requires to appear in the title page. For works in formats which do not have any title page as such, "Title Page" means the text near the most prominent
appearance of the work's title, preceding the beginning of the body of the text. 
A section "Entitled XYZ" means a named subunit of the Document whose title either is precisely XYZ or contains XYZ in parentheses following text that
translates XYZ in another language. (Here XYZ stands for a specific section name mentioned below, such as "Acknowledgements", "Dedications",
"Endorsements", or "History".) To "Preserve the Title" of such a section when you modify the Document means that it remains a section "Entitled XYZ"
according to this definition. 
The Document may include Warranty Disclaimers next to the notice which states that this License applies to the Document. These Warranty Disclaimers
are considered to be included by reference in this License, but only as regards disclaiming warranties: any other implication that these Warranty
Disclaimers may have is void and has no effect on the meaning of this License. 

2. VERBATIM COPYING 
You may copy and distribute the Document in any medium, either commercially or noncommercially, provided that this License, the copyright notices,
and the license notice saying this License applies to the Document are reproduced in all copies, and that you add no other conditions whatsoever to
those of this License. You may not use technical measures to obstruct or control the reading or further copying of the copies you make or distribute.
However, you may accept compensation in exchange for copies. If you distribute a large enough number of copies you must also follow the conditions in
section 3. 
You may also lend copies, under the same conditions stated above, and you may publicly display copies. 

3. COPYING IN QUANTITY 
If you publish printed copies (or copies in media that commonly have printed covers) of the Document, numbering more than 100, and the Document's
license notice requires Cover Texts, you must enclose the copies in covers that carry, clearly and legibly, all these Cover Texts: Front-Cover Texts on the
front cover, and Back-Cover Texts on the back cover. Both covers must also clearly and legibly identify you as the publisher of these copies. The front
cover must present the full title with all words of the title equally prominent and visible. You may add other material on the covers in addition. Copying
with changes limited to the covers, as long as they preserve the title of the Document and satisfy these conditions, can be treated as verbatim copying in
other respects. 
If the required texts for either cover are too voluminous to fit legibly, you should put the first ones listed (as many as fit reasonably) on the actual cover,
and continue the rest onto adjacent pages. 
If you publish or distribute Opaque copies of the Document numbering more than 100, you must either include a machine-readable Transparent copy
along with each Opaque copy, or state in or with each Opaque copy a computer-network location from which the general network-using public has
access to download using public-standard network protocols a complete Transparent copy of the Document, free of added material. If you use the latter
option, you must take reasonably prudent steps, when you begin distribution of Opaque copies in quantity, to ensure that this Transparent copy will
remain thus accessible at the stated location until at least one year after the last time you distribute an Opaque copy (directly or through your agents or
retailers) of that edition to the public. 
It is requested, but not required, that you contact the authors of the Document well before redistributing any large number of copies, to give them a
chance to provide you with an updated version of the Document. 

4. MODIFICATIONS 
You may copy and distribute a Modified Version of the Document under the conditions of sections 2 and 3 above, provided that you release the Modified
Version under precisely this License, with the Modified Version filling the role of the Document, thus licensing distribution and modification of the
Modified Version to whoever possesses a copy of it. In addition, you must do these things in the Modified Version: 
1. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document, and from those of previous versions (which should, if there

were any, be listed in the History section of the Document). You may use the same title as a previous version if the original publisher of that version
gives permission.

2. List on the Title Page, as authors, one or more persons or entities responsible for authorship of the modifications in the Modified Version, together
with at least five of the principal authors of the Document (all of its principal authors, if it has fewer than five), unless they release you from this
requirement.

3. State on the Title page the name of the publisher of the Modified Version, as the publisher.
4. Preserve all the copyright notices of the Document.
5. Add an appropriate copyright notice for your modifications adjacent to the other copyright notices.
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6. Include, immediately after the copyright notices, a license notice giving the public permission to use the Modified Version under the terms of this
License, in the form shown in the Addendum below.

7. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts given in the Document's license notice.
8. Include an unaltered copy of this License.
9. Preserve the section Entitled "History", Preserve its Title, and add to it an item stating at least the title, year, new authors, and publisher of the

Modified Version as given on the Title Page. If there is no section Entitled "History" in the Document, create one stating the title, year, authors, and
publisher of the Document as given on its Title Page, then add an item describing the Modified Version as stated in the previous sentence.

10. Preserve the network location, if any, given in the Document for public access to a Transparent copy of the Document, and likewise the network
locations given in the Document for previous versions it was based on. These may be placed in the "History" section. You may omit a network
location for a work that was published at least four years before the Document itself, or if the original publisher of the version it refers to gives
permission.

11. For any section Entitled "Acknowledgements" or "Dedications", Preserve the Title of the section, and preserve in the section all the substance and
tone of each of the contributor acknowledgements and/or dedications given therein.

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles. Section numbers or the equivalent are not considered
part of the section titles.

13. Delete any section Entitled "Endorsements". Such a section may not be included in the Modified Version.
14. Do not retitle any existing section to be Entitled "Endorsements" or to conflict in title with any Invariant Section.
15. Preserve any Warranty Disclaimers.
If the Modified Version includes new front-matter sections or appendices that qualify as Secondary Sections and contain no material copied from the
Document, you may at your option designate some or all of these sections as invariant. To do this, add their titles to the list of Invariant Sections in the
Modified Version's license notice. These titles must be distinct from any other section titles. 
You may add a section Entitled "Endorsements", provided it contains nothing but endorsements of your Modified Version by various parties--for example,
statements of peer review or that the text has been approved by an organization as the authoritative definition of a standard. 
You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover
Texts in the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through arrangements made by)
any one entity. If the Document already includes a cover text for the same cover, previously added by you or by arrangement made by the same entity
you are acting on behalf of, you may not add another; but you may replace the old one, on explicit permission from the previous publisher that added the
old one. 
The author(s) and publisher(s) of the Document do not by this License give permission to use their names for publicity for or to assert or imply
endorsement of any Modified Version. 

5. COMBINING DOCUMENTS 
You may combine the Document with other documents released under this License, under the terms defined in section 4 above for modified versions,
provided that you include in the combination all of the Invariant Sections of all of the original documents, unmodified, and list them all as Invariant
Sections of your combined work in its license notice, and that you preserve all their Warranty Disclaimers. 
The combined work need only contain one copy of this License, and multiple identical Invariant Sections may be replaced with a single copy. If there are
multiple Invariant Sections with the same name but different contents, make the title of each such section unique by adding at the end of it, in
parentheses, the name of the original author or publisher of that section if known, or else a unique number. Make the same adjustment to the section
titles in the list of Invariant Sections in the license notice of the combined work. 
In the combination, you must combine any sections Entitled "History" in the various original documents, forming one section Entitled "History"; likewise
combine any sections Entitled "Acknowledgements", and any sections Entitled "Dedications". You must delete all sections Entitled "Endorsements." 

6. COLLECTIONS OF DOCUMENTS 
You may make a collection consisting of the Document and other documents released under this License, and replace the individual copies of this
License in the various documents with a single copy that is included in the collection, provided that you follow the rules of this License for verbatim
copying of each of the documents in all other respects. 
You may extract a single document from such a collection, and distribute it individually under this License, provided you insert a copy of this License into
the extracted document, and follow this License in all other respects regarding verbatim copying of that document. 

7. AGGREGATION WITH INDEPENDENT WORKS 
A compilation of the Document or its derivatives with other separate and independent documents or works, in or on a volume of a storage or distribution
medium, is called an "aggregate" if the copyright resulting from the compilation is not used to limit the legal rights of the compilation's users beyond
what the individual works permit. When the Document is included in an aggregate, this License does not apply to the other works in the aggregate which
are not themselves derivative works of the Document. 
If the Cover Text requirement of section 3 is applicable to these copies of the Document, then if the Document is less than one half of the entire
aggregate, the Document's Cover Texts may be placed on covers that bracket the Document within the aggregate, or the electronic equivalent of covers
if the Document is in electronic form. Otherwise they must appear on printed covers that bracket the whole aggregate. 

8. TRANSLATION 
Translation is considered a kind of modification, so you may distribute translations of the Document under the terms of section 4. Replacing Invariant
Sections with translations requires special permission from their copyright holders, but you may include translations of some or all Invariant Sections in
addition to the original versions of these Invariant Sections. You may include a translation of this License, and all the license notices in the Document,
and any Warranty Disclaimers, provided that you also include the original English version of this License and the original versions of those notices and
disclaimers. In case of a disagreement between the translation and the original version of this License or a notice or disclaimer, the original version will
prevail. 
If a section in the Document is Entitled "Acknowledgements", "Dedications", or "History", the requirement (section 4) to Preserve its Title (section 1) will
typically require changing the actual title. 

9. TERMINATION 
You may not copy, modify, sublicense, or distribute the Document except as expressly provided for under this License. Any other attempt to copy, modify,
sublicense or distribute the Document is void, and will automatically terminate your rights under this License. However, parties who have received
copies, or rights, from you under this License will not have their licenses terminated so long as such parties remain in full compliance. 

10. FUTURE REVISIONS OF THIS LICENSE 
The Free Software Foundation may publish new, revised versions of the GNU Free Documentation License from time to time. Such new versions will be
similar in spirit to the present version, but may differ in detail to address new problems or concerns. See http:/ / www. gnu. org/ copyleft/ .
Each version of the License is given a distinguishing version number. If the Document specifies that a particular numbered version of this License "or
any later version" applies to it, you have the option of following the terms and conditions either of that specified version or of any later version that has
been published (not as a draft) by the Free Software Foundation. If the Document does not specify a version number of this License, you may choose any
version ever published (not as a draft) by the Free Software Foundation. 

How to use this License for your documents 
To use this License in a document you have written, include a copy of the License in the document and put the following copyright and license notices
just after the title page: 

Copyright (c) YEAR YOUR NAME. 
Permission is granted to copy, distribute and/or modify this document 
under the terms of the GNU Free Documentation License, Version 1.2 
or any later version published by the Free Software Foundation; 
with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. 
A copy of the license is included in the section entitled "GNU 
Free Documentation License". 

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the "with...Texts." line with this: 
with the Invariant Sections being LIST THEIR TITLES, with the 
Front-Cover Texts being LIST, and with the Back-Cover Texts being LIST. 

If you have Invariant Sections without Cover Texts, or some other combination of the three, merge those two alternatives to suit the situation. 
If your document contains nontrivial examples of program code, we recommend releasing these examples in parallel under your choice of free software
license, such as the GNU General Public License, to permit their use in free software. 

http://www.gnu.org/copyleft/.
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