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Abstract—This article presents an analysis of phase errors
generated by advanced noise removal algorithms applied to
phase maps obtained from digital holographic interferometry.
The phase error is separated into two contributions that are
the error generated by the denoising method and the error
due to the phase noise. A comparison of several noise removal
algorithms is presented according to four criteria to assess
independently the two types of errors from simulated data.
Application to 3D displacement fields measurement of composite
material is presented.
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I. INTRODUCTION

Digital holography is an effective and robust method for
imaging and metrology [1]. The measured field of interest is
related to a wrapped modulo 2𝜋 phase map (also called phase
fringe pattern). A limitation of digital holographic phase imag-
ing is related to speckle decorrelation which occurs between
two consecutive temporally varying digital holograms. This
decorrelation adds a high spatial frequency noise to the useful
phase data. Then, robust noise filtering has to be implemented
in order to yield measured phase fringe patterns suitable for
quantitative measurement. At the final step, the processed
phase map has to be unwrapped in order to get a quantitative
measurement of the measurand of interest (displacement, field,
strain field, vibration field, etc). In this paper, we aim at
comparing the performances of different advanced algorithms
for phase denoising, consecutive residual error and systematic
induced error. We propose to investigate denoising algorithms
and to apply the optimal configuration to 3D displacement
field measurement with digital color holography. The paper is
organized as follows: in section II we introduce specificities of
the speckle noise, in section III we introduce the methodology
of this study, in section V results are discussed, and finally
section V proposes application to 3D measurements.

II. BASICS OF SPECKLE PHASE NOISE

Commonly, when the object under interest is distorted under
any solicitation, which may be mechanical, acoustic, thermal,
etc... a phenomenon of speckle decorrelation appears [1]. Its

spatial correlation width is related to the size of the speckle
grain in the amplitude image. Thus, the phase map requires
a filtering process stage in order to be correctly exploited
for a confrontation with a physical model of the studied
object. The speckle decorrelation has been studied by some
authors [2]. Phase decorrelation is described statistically by
second order properties. Decorrelation can be highlighted from
differences of two phases measured at two different instants.
Raw hologram phase is random and has speckle properties
because it is directly related to the roughness surface of
the object illuminated by the laser. Correlation properties
on phase or on phase differences are related to the second
order probability density function of phase [2]. With variable
𝛽 = ∣𝜇∣ cos(𝜖), the probability density function on phase noise
𝜖 is given by:

𝑝(𝛽) =
1− ∣𝜇∣2

2𝜋
(1−𝛽2)−3/2(𝛽 arcsin𝛽+

𝜋𝛽

2
+
√
(1− 𝛽2)).

(1)
In (1), ∣𝜇∣ is the modulus of the complex coherence factor
between the two speckle fields. Equation (1) describes the
probability of noise 𝜖 in the phase difference between two
instants. In this article, we present a comparison between
various noise estimators. Generally, to preserve 2𝜋 phase
jumps in the wrapped phase map, the processing is applied on
sine and cosine of the phase variations. In order to evaluate the
performances of de-noising and restoration, a realistic numeri-
cal simulation was developed. The goal of the simulation is to
produce phase map corrupted by speckle decorrelation noise
with the adequate probability density function (1). Details of
such a realistic simulation are provided in [3]. Next section
discusses on the methodology of this study.

III. METHODOLOGY

In order to analyze errors induced by noise removing
algorithms, we propose four indicators calculated from the
phase maps obtained at different stages of the assessment. The
chart is reported in Fig. 1. In the following, all quantities noted
𝜎𝑥 are obtained as an estimation of the standard deviation of
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Fig. 1. Diagram charts of indicator computations.

a wrapped phase difference 𝜓𝑎𝑏 (𝜓𝑎𝑏 is the average phase
difference) as:

𝜎𝑥 =
1

𝑁𝑀

∑

𝑖,𝑗

(𝜓𝑎𝑏(𝑖, 𝑗)− 𝜓𝑎𝑏(𝑖, 𝑗))
2. (2)

In the above equation, 𝑁 and 𝑀 numbers define the size
of the phase images; 𝜓𝑎𝑏 = 𝜙𝑏 − 𝜙𝑎 is the wrapped optical
phase difference calculated at two different states (or instants)
of the object under interest. The first indicator is the global
phase error after the denoising step 𝜎𝑜𝑢𝑡𝑝𝑢𝑡. It is the stan-
dard deviation of the wrapped phase difference between the
denoised phase and the exact reference noise-free phase. We
call 𝜎𝑖𝑛𝑡𝑝𝑢𝑡 the global phase error before the denoising step.
The second indicator is the phase error, noted 𝜎𝑚𝑒𝑡ℎ, due
to the denoising method. It is computed from the wrapped
phase difference between the denoised exact phase and the
exact phase. It represents the amount of distortions only due
to the denoising algorithm, without any noise contribution.
Denoising algorithms as wavelet based methods need threshold
values which are adjusted from a noise level estimator applied
on the noisy phase. For these cases and as we can see on
the computation chart Fig. 1, thresholds computed from noisy
phase are kept to process the exact phase. The third indicator is
the phase error, noted 𝜎𝑛𝑜𝑖𝑠𝑒 due to noise only. It is computed
as the standard deviation of wrapped phase difference between
the denoised phase and the denoised exact phase. At last, the
fourth indicator is the estimation error of the input phase noise
(not discussed further here). It is computed from the difference
of the two quantities, 𝜎𝑒𝑠𝑡−𝜎𝑖𝑛𝑝𝑢𝑡, where 𝜎𝑒𝑠𝑡 is the estimated
input phase error. The quantity 𝜎𝑒𝑠𝑡 is computed from the
wrapped phase difference between the denoised and the noisy
phase.

IV. DATABASE, EVALUATION AND DISCUSSION

We focuses on images of synthesized phases, in which
one controls the fringe number and realistic phase noise [3].
For this evaluation, we selected algorithms known for their
efficiency in the field of image processing: SAR algorithms
(Synthetic Aperture Radar), algorithms based on wavelets [4],
NLmeans and BM3D algorithms [5], windowed Fourier trans-
form [6], anisotropic diffusion [7], curvelets [8], SPAD-
EDH [9], Wiener filter method and finally median and Gaus-
sian filters which are well known methods of classical spatial

Fig. 2. Ranking of denoising algorithms.

Fig. 3. Ranking of errors induced by method only.

filtering. The evaluation results according to the output phase
errors are reported in Fig. 2. The colors code is the same as
that used in the computation chart (Fig. 1). The output error is
represented by yellow bars. Inside the yellow bars, the blue bar
represents the amount of noise error and the red bar represents
the amount of method error. The displayed ranking is related
to the output phase error. The ranking of denoising methods
concerning the output phase error has been discussed in a
previous paper [3]. So here the discussion is focused on the
method and noise errors. First of all we can clearly see that the
output phase error is less than the sum of the error method and
the noise error. It is due to strong correlations existing between
speckle noise and fringe interference structures. Concerning
the median filters, we can see that the method error increases
with the size of the neighborhood used to compute median
values on phase maps. For a size of 15x15, the error method
is greater than the error due to the noise: this is the only
method in this case. Similar remarks can be made about Frost
filters but with a method error which is always smaller, if we
compare the same size of neighborhood. Stationary wavelet
denoising methods present very closed results regardless of
error types. We report in Fig. 3 the ranking of denoising
algorithms concerning the error method. It confirms previous
remarks about the influence of neighborhood sizes concerning
Frost and median filters. The windowed Fourier transform
(Wtfr2 in the bar graphs) is the best method for output error.
For this method the ratio between method error and output
is 26.24%. From our point of view this method constitutes



Fig. 4. Optical setup based on three-color digital holography

the best compromise for optimal denoising with minimizing
filtering induced error.

V. APPLICATION TO DIGITAL COLOR HOLOGRAPHY

Simultaneous 3D displacement field measurement can be
achieved with digital three-color holography [10]. The experi-
mental set-up is described in Fig. 4. It uses three lasers at three
wavelengths (Red 632.8nm, Green 532nm, Blue 457nm). The
object beams illuminate the sample under different incident
angles, thus providing a simultaneous triple sensitivity to the
3D displacement field at the surface of the sample [10].
The sample (2mm×10mm×20mm) is put into a three-point
bending test with progressive loading. The 3D displacement
field {𝑢𝑥, 𝑢𝑦, 𝑢𝑧} at the sample surface can be extracted from
the measurement of phase differences along the red, green
and blue wavelengths [10]. The phase differences between
two deformation states are calculated for each wavelength,
then unwrapped and the three components of the displacement
field are computed. The matrix relation between 3D displace-
ment field [𝑈 ] and phase data Δ𝜑𝜆 provides relationship
between the standard deviation of method error and that of
each component of the displacement field. Fig. 5 illustrates
experimental results. At each loading step, each R-G-B phase
map is filtered by the Wtfr2 algorithm, unwrapped and the
{𝑢𝑥, 𝑢𝑦, 𝑢𝑧} components are evaluated. Then the cumulated
displacement field is obtained from each loading step. From
filtering, the residual noise is estimated, and 26.24% of this
amount is considered to be due to the method error. From
relationship between [𝑈 ] and Δ𝜑𝜆, the full contribution of
the method error to the measurement can be estimated. With
8 loading steps to get the 3D displacement field in Fig. 5,
the standard deviations are estimated to 𝜎𝑈𝑥

= 0.373𝜇m,
𝜎𝑈𝑦

= 0.439𝜇m, and 𝜎𝑈𝑧
= 0.024𝜇m respectively of each

component. These values show that the method error is quite
smaller than the amplitude of the displacement field (≈ 6 to
12𝜇m), thus providing high accuracy to the 3D measurement.
The differences of errors along the three axes are due to spatial
configuration beetween displacement vector and illumination
geometry.

VI. CONCLUSION

This paper presents a comparison between several image
denoising algorithms in the context of speckle noise in phase

Fig. 5. Phase differences along R-G-B measurements and cumulated 3D
displacement fields Ux, Uy, Uz.

data from digital holography. A ranking including 35 denoising
algorithms is proposed. We have introduced the method error
which represents the phase error induced by the denoising
algorithm itself. The windowed Fourier transform denoising
algorithm constitutes the best compromise between the output
phase error and the method error. An application to 3D
color digital holography to 3D deformation field composite
characterization involving windowed Fourier transform is pro-
posed. We show that the contribution of method error to the
cumulated displacement filed is in sub-micrometer range, thus
providing high accuracy to the measurement.

This research is funded from the French National Agency
for Research (ANR) under grant agreement noANR-14-ASTR-
0005-02.

REFERENCES

[1] P. Picart and J.C. Li, Digital holography, ISTE-Wiley, London, 2012.
[2] J. W. Goodman, Speckle Phenomena in Optics, Roberts and Company

Publishers, Greenwood village, 2006.
[3] S. Montresor and P. Picart, “Quantitative appraisal for noise reduction

in digital holographic phase imaging,” Opt. Express, vol. 24, no. 13, pp.
14322–14343, June 2016.

[4] S. G. Mallat, A wavelet tour of signal processing, Academic Press, San
Diego, 1999.

[5] V. Katkovnik K. Dabov, A. Foi and K. Egiazarian, “Image denoising
with block-matching and 3d filtering,” in Proc. SPIE 6064, 2006, vol. 14,
pp. 1–12.

[6] Q. Kemao, “Windowed fourier transform for fringe pattern analysis,”
Appl. Opt., vol. 43, pp. 2795–2702, 2004.

[7] P. Perona and J.Malik, “Space scale and edge detection using anisotropic
diffusion,” IEEE Trans. on Pat. Anal. and. Mach. Int., vol. 12, no. 7,
pp. 629–639, 1990.

[8] J.L. Starck, E. J. Candes, and D. L. Donoho, “The curvelet transform
for image denoising,” IEEE Trans. Image Process., vol. 11, no. 6, pp.
670–684, June 2002.

[9] P. Memmolo, M. Iannone, M. Ventre, P.A. Netti, A. Finizio, M. Paturzo,
and P. Ferraro, “Quantitative phase maps denoising of long holographic
sequences by using spadedh algorithm,” Appl. Opt., vol. 52, no. 7, pp.
1453–1460, 2013.

[10] P. Tankam, Q. Song, M. Karray, J.C. Li, J.M. Desse, and P. Picart,
“Realtime three-sensitivity measurements based on three-color digital
fresnel holographic interferometry,” Opt. Lett., vol. 35, no. 12, pp. 2055–
2057, 2010.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


