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Abstract

ThismanualdescribesWAILI, awavelettransformlibrary. For moreinformation
aboutthetheoreticalfoundationsbehindthelibrary, pleasereferto ‘WaveletTransforms
UsingtheLifting Scheme’(ReportITA-Wavelets-WP1.1).
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1 Featuresof WAILI

WAILI is awavelettransformlibrary:� Usesintegerwavelettransformsbasedon thelifting Scheme� Provides variouswavelet transformsof the Cohen-Daubechies-Feauveau family of biorthogonal
wavelets� Providescropandmergeoperationsonwavelet-transformedimages� Providesnoisereductionbasedon waveletthresholdingusingGeneralizedCrossValidation� Providesscalingof images� Providesedgeenhancementof images� Providesalsosomesimpleimageoperations(additionandsubtractionof images)� Allows differentimagerepresentations(RGB,YUV, Lab, . . . )

2 Designand Implementation of WAILI

WAILI is meantto operateon two-dimensionalimagesof variouskinds. Applicationsaresituatedin
imageprocessing.

2.1 Designdecisions

This sectiondiscussessomeof the designdecisionswe madefor this library. For more information
about the theoreticalfoundationsbehindthe library, pleaserefer to ‘Wavelet TransformsUsing the
Lifting Scheme’(ReportITA-Wavelets-WP1.1)[10, 11].

We choseto implementtwo-dimensionalwavelet transformsusing the integer versionof the Lifting
Scheme.Thewaveletsweuseareasubclassof theCohen-Daubechies-Feauveaufamily of biorthogonal
wavelets.

2.1.1 The Lifting Scheme

TheLifting Scheme[8, 9, 7] providesa fastandsimplealgorithmfor arbitrarywavelet transforms[4].
Furthermoretheinversetransformis trivial to find.

Although the Lifting Schemeallows to transformsignalswith a finite length without extendingthe
signal,we did not chooseto take this approach.Insteadwe usetheclassicalsymmetricextension[1]
becauseit’s easierto implementandsufficesfor theapplicationswe have in mind.
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2.1.2 The integer wavelet transform

In many applications(e.g.imagecompressionandprocessing)theinputdataconsistsof integersamples
only. In addition the storageand encodingof integer numbersis easier, comparedto floating point
numbers.

To take advantageof this we usethe integer versionof the Lifting Scheme,which mapsintegersto
integersandis reversible,retainingtheperfectreconstructionproperty[2].

All arithmeticoperationsaredonein 16 bit. This shouldsuffice for applicationswheretheinput datais
8 bit wide. Of coursethiscaneasilybechangedif necessary.

2.1.3 Cohen-Daubechies-Feauveaubiorthogonal wavelets

Thekey benefitsof theCohen-Daubechies-Feauveaubiorthogonalwavelets[3] are:� They have finite support.Thispreservesthelocality of imagefeatures.� Thescalingfunction �����	� is alwayssymmetric,andthewaveletfunction 
����	� is alwayssymmetric
or antisymmetric.This is importantfor imageprocessingoperations.� Its filter coefficientsareof theform ��� , with ����� and ����� . Thissimplifiestheimplementation.
But unfortunatelythis featureisn’t alwayspreservedby thedecompositionin lifting steps.

Wechoosenot to usewaveletswith morethan6 vanishingmomentsto restrictthefilter lengths.Longer
filters have less locality and thus perform worse in imageprocessingapplications,in spite of their
increasein smoothness.

We implementedthefollowing wavelet transformsof this family( ���������� meansthat theprimal wavelet
has� vanishingmoments,while thedualwavelethas �� vanishingmoments):

(1, x): ����� �!� , �����#"�� , �����#$��
(2, x): �&%'�#%�� , �&%'��()� , �&%'�#*��
(4, x): ��(+�#%�� , ��(+��()� , ��(+�#*��
We deliberatelydidn’t implementany of the �&"'���,� or �&$'���	� wavelet transformsbecausetheir lifting
stepsrequiredivisionsby 3 or 5, which arenot reversiblein integer math. �&*'���	� aren’t implemented
eitherbecausethey requiremorethan16 bits (for 8 bit inputdata).

2.1.4 Waveletsand translation-invariance

A disadvantageof thewavelet transformis that it’s not translation-invariant: if the imageis translated
beforeperformingthewavelet transform,theresultis not a translatedversionof thewavelet transform
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of theoriginal image.Theredundantwavelettransformis translation-invariant, but it needsmuchmore
memoryandprocessingtime,sothis isn’t anoptionin many applications.

Sincewe wantedto allow cropandmergeoperationson wavelet transformedimageswe cameup with
thefollowing scheme.

If eachtransformlevel is consideredindependently, one stepof a wavelet transformis translation-
invariantif thetranslationis limited to anevennumberof pixels. Thuswe associatewith every matrix
coordinates(a horizontalandvertical offset for the upperleft pixel) which dependon the transform
level. At every transformlevel we have two versionsof the wavelet transform: an evenandan odd
version.Which transformis useddependson theparity of theoffset.

If theparitiesof thecoordinatesmatchat eachlevel, we canmergetwo imageswithout retransforming
oneof them.If they don’t match,wehave to retransformoneimage.Themainideabehindthisscheme
is thatin many casesthecoordinatesof thesubimagethatwill bepastedinto anotherimageareknown
in advance,soit canbetransformedcorrectly. An exampleof this is thecreationof onelargeimageby
concatenatingseveralseparatelycreatedsubimages.

2.2 Implementation

Thesoftwarelibrary is written in C++. We extensively usefeaturesof theISO C++ Standard,which was
finalizedin November1997(from now on calledC++ 97), sincethey provide a greatenrichmentof the
C++ languageandallow for acleanerdesign.

Unfortunatelytherearen’t many compilersthatadhereto C++ 97 yet. Thedevelopmentwasdoneusing
GNU C++ 2.7.2 andegcs 1.0. Fortunatelythesecompilersare available for aboutany platform, and
they’re free1!

2.2.1 Image objects

An Image consistsof oneor moreindependentchannels,thusallowing for differentsizesandwavelet
transformtypesperchannel.No interpretationor format is imposedon thechannelsandits data.The
actualmeaningof the imagedatacanbe freely choosenby the user. Examplesaregrayscale,RGB,
YUV or Labcolor, etc.. . .

1Availablefrom ftp://prep.ai.mit.edu/pub/gnu/ andhttp://egcs.cygnus.com/ .
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2.2.2 Channel objects

Thebasicbuilding blockof thelibrary is theChannel. A channelis arectangularmatrixcontainingone-
valuedpixels.A channelcanbenon-transformed(aNTChannel), orwavelet-transformed(aLChannel2).

Sincea wavelettransformis somekind of recursivetransform,a LChannelcontainssomesubchannels
(subbands),which canbeeithernon-transformedor wavelet-transformed.Thenumberof subchannels
in a LChanneldependson thetypeof wavelettransform.You canhave thefollowing combinations:

LChannelCR Obtainedby transformingboththecolumnsandrows of a NTChannel.As a result,you
have 4 subbands:

LL Low passbandin boththehorizontalandtheverticaldirection,

LH Low passbandin theverticaldirection,highpassin thehorizontaldirection,

HL High passbandin theverticaldirection,low passin thehorizontaldirection,

HH High passbandin boththehorizontalandtheverticaldirection.

LChannelC Obtainedby transformingonly the columnsof a NTChannel. As a result, you have 2
subbands:

L Low passbandin theverticaldirection,

H High passbandin theverticaldirection.

LChannelR Obtainedby transformingonly therowsof aNTChannel.As aresult,youhave2subbands:

L Low passbandin thehorizontaldirection,

H High passbandin thehorizontaldirection.

Fig. 1 shows anexampleof achannelaftertwo transformlevels.

2.2.3 Wavelet objects

A Waveletrepresentsthe filters and lifting stepsassociatedwith a specificwavelet transform. Some
wavelettransformsof theCohen-Daubechies-Feauveau family areimplemented.

You canaddyour own favorite wavelet transformif you have a decompositionin integer lifting steps
for it.

2Rumorssaythat NT andL refer to two popularoperatingsystems— with the goal of this project to convert asmany
NTChannelsto LChannelsaspossible— but this hasn’t beenconfirmedofficially.
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NTChannelH

L NTChannel

LChannelC

LL

NTChannelHL

NTChannelLH

NTChannelHH

LChannelCR

Figure1: Exampleof a channelafter two transformlevels. In the first stepboth thecolumnsandthe
rows aretransformed,in thesecondsteponly thecolumnsaretransformed.

3 Overview of WAILI

Thewavelettransformlibrary consistsof thefollowing parts:

Blit Low-level block operations

Channel Genericchannelclass
Color Variouscolor representations
ColorSpace Color spacesandcolorspaceconversions

Compiler Compilerdependentdefinitions
Image Genericimageclass

Lifting Lifting stepsfor theLifting Scheme
Stream Input/outputwith supportfor compression
Timer Measurementof executiontimes

Types Platformindependenttypedefinitions
Util Utility routines

Wavelet WavelettransformsusingtheLifting Scheme

Note: Curr ently only Image, Channel and someparts of Wavelet (CreateCDF()) are of general
interestto application programmers.The other parts areonly usedinternally or aren’t completely
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finished yet (Color, ColorSpace).

4 Manual pages
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Blit WAILI — Waveletswith IntegerLifting Blit

Name Blit — Low-level blockoperations

Description This packageprovidessomefrequentlyusedlow-level block operations.All func-
tionsaretemplatefunctions,allowing for differentoperandtypes.

Declaration #include - waili/Blit.h .
Operations void Copy � constType/ src, Type/ dst, u int len �

Copy len objectsfrom src to dst.

void Copy � constType/ src, Type/ dst �
Copy theobjectpointedto by src to dst.

void Fill � Type/ dst, u int len, Typevalue �
Fill lenobjectspointedto by dstwith value.

void Clear � Type/ dst, u int len �
Clearlen objectspointedto by dst.

void Clear � Type/ dst �
Cleartheobjectpointedto by dst.

void CopyRect � constType/ src, u int sw, Type/ dst, u int dw, u int cols,
u int rows �

Copy a rectangularblock of objectswith colscolumnsandrowsrows from src to
dst. Thesourceareahasswcolumns,while thedestinationareahasdw columns.

void CopyRect � constType/ src, u int sw, u int sx, u int sy, Type/ dst,
u int dw, u int dx, u int dy, u int cols, u int rows �

Copy a rectangularblock of objectswith colscolumnsandrowsrows from src at
position(sx, sy) to dstat position(dx, dy). Thesourceareahasswcolumns,while
thedestinationareahasdw columns.

void FillRect � Type/ dst, u int dw, u int cols, u int rows, Typevalue �
Fill a rectangularblock of objectswith colscolumnsandrowsrows,pointedto by
dstwith value. Thedestinationareahasdw columns.

void FillRect � Type/ dst, u int dw, u int dx, u int dy, u int cols, u int rows,
Typevalue �

Fill a rectangularblock of objectswith colscolumnsandrowsrows,pointedto by
dstatposition(dx, dy) with value. Thedestinationareahasdw columns.

Revision: 4.1.2.1.2.1 11



Blit WAILI — Waveletswith IntegerLifting Blit

void ClearRect � Type/ dst, u int dw, u int cols, u int rows �
Cleara rectangularblock of objectswith colscolumnsandrowsrows, pointedto
by dst. Thedestinationareahasdw columns.

void ClearRect � Type/ dst, u int dw, u int dx, u int dy, u int cols, u int rows �
Cleara rectangularblock of objectswith colscolumnsandrowsrows, pointedto
by dstatposition(dx, dy). Thedestinationareahasdw columns.

Revision Blit.h,v 4.0 1997/05/05 09:46:21 geert Exp

Revision: 4.1.2.1.2.1 12



Channel WAILI — Waveletswith IntegerLifting Channel

Name Channel— Genericchannelclass

Description This classprovidesa low-level channelabstraction.A channelis a (rectangular)
matrix containingone-valuedpixels(of typePixType ).

Declaration #include - waili/Channel.h.
Channelis anabstractbaseclass.No instancescanbedeclared.Differentchannel
typesareimplementedthroughinheritance.

Channel �	�
Createanemptychannel.

Channel � u int cols, u int rows, int offx 0 0, int offy 0 0 �
Createachannelwith givendimensions.colsandrowsarethenumberof columns
respectively rows,offx andoffy aretheoffsetsof theupperleft pixel in theuniversal
coordinatesystem.

Channel � constChannel&channel �
Createa new channelby copying channelchannel.

Public
Operations

u int GetCols � void � const

u int GetRows � void � const

Getthenumberof columnsrespectively rows of thechannel.

int GetOffsetX � void � const

int GetOffsetY � void � const

Gettheoffsetof upperleft pixel of thechannelin theuniversalcoordinatesystem.

Static
Operations

Channel/ CreateFromDescriptor � u int cols, u int rows,
constTransformDescriptortransform[],
u int depth, int offsetx 0 0, int offsety 0 0 �

Createachannelwith givendimensions.colsandrowsarethenumberof columns
respectively rows, offsetxandoffsetyarethe offsetsof the upperleft pixel in the
universalcoordinatesystem.Thechannelwill bepretransformedusingthetrans-
form descriptortransformwith transformdepthdepth.

Virtual
Operations

void GetMask � u int& maskx, u int& masky � const

Getthecoordinatemasksfor theoffsets.A setbit in amaskcorrespondsto abit in
theoffsetthatcan’t bechoosenfreely without retransformingthechannel.

Revision: 4.14.2.3.2.1 13



Channel WAILI — Waveletswith IntegerLifting Channel

u int GetDepth � void � const

Getthetransformdepthof thechannel.

doublePsnr � constChannel&channel, PixTypemaxval 0 255 � const

CalculatethePeakSignalto NoiseRatio (in dB) betweenthecurrentchannelen
channelchannel. maxvalis thePeakSignalvalue.

u64/ FullHistogram � PixType& min, PixType& max, u64& numpixels� const

Createa histogramfor the currentchannel. The lower histogramlimit will be
put in min, theupperlimit in max. Thenumberof analyzedpixels will be put in
numpixels. Theresultis anarrayof lengthmax1 min 23� containingtheoccurrency
counts.

doubleEntr opy � void � const

Calculatethe first order entropy (Shannon-Weaver) for this channel,in bits per
pixel.

PixType& operator() � u int c, u int r �
PixTypeoperator() � u int c, u int r � const

Accessthe ‘pixel’ at columnc androw r. This mayrefer to a waveletcoefficient
insteadof a realpixel valueif thechannelis wavelettransformed.

void Clear � void �
Clearall pixel valuesto zero.

void Resize � u int cols, u int rows �
Changethenumberof columnsandrows of thechannelto colsrespectively rows.

Channel/ Clone � void � const

Make acopy of thecurrentchannel.

int SetOffsetX � void � const

int SetOffsetY � void � const

Changetheoffsetof thechannelin theuniversalcoordinatesystem.If youchange
thebits thatarecoveredby thecorrespondingcoordinatemask,thechannelwill be
retransformed.

Channel/ Crop � int x1, int y1, int x2, int y2 � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthelower right cornerat (x2, y2).

Revision: 4.14.2.3.2.1 14



Channel WAILI — Waveletswith IntegerLifting Channel

void Merge � constChannel&channel �
Pastechannelinto the currentchannel. The pasteposition is determinedby the
offsetsof channel.

void Add � constChannel&channel �
void Subtract � constChannel&channel �
Add respectively subtractchannelto (from) the currentchannel. Both channels
musthave thesamenumberof columns,numberof rows,offsetsandstructure.

Channel/ Diff � constChannel&channel � const

This functionreturnsthedifferencechannelbetweenthecurrentchannelandchan-
nel. Bothchannelsmusthavethesamenumberof columns,numberof rows,offsets
andstructure.

void Enhance � f32 m �
Enhancethechannelby multiplying all pixel valueswith m. If thechannelis lifted,
thenonly its high-passcoefficientswill bechanged.

void Enhance � int m, u int shift �
Enhancethechannelby multiplying all pixel valueswith m andshifting theresult
shift binarypositionsto the right. If thechannelis lifted, thenonly its high-pass
coefficientswill bechanged.

LChannel/ PushFwtStepCR � constWavelet& wavelet�
LChannel/ PushFwtStepC � constWavelet& wavelet�
LChannel/ PushFwtStepR � constWavelet& wavelet�
Add onetransformlevel, usingthe wavelet transformspecifiedby wavelet. The
transformcanoperateonbothcolumnsandrows(PushFwtStepCR), on thecolums
only (PushFwtStepC) or on the rows only (PushFwtStepR). Note that thecurrent
channelwill bedestroyed!!!

This functioncanreturnthefollowing values:

NULL The operationwasn’t sucessfulbecausethe maximumnumberof transform
levelswasalreadyreached.

this If theresultis equalto thecurrentchannel,theoperationwassuccessful.

Else Theoperationwassuccessful,andthecurrentchannelshouldbe deletedand
replacedby thereturnedchannel.

Revision: 4.14.2.3.2.1 15



Channel WAILI — Waveletswith IntegerLifting Channel

Channel/ PopFwtStep � void �
Removeonetransformlevel. Thisis theinverseoperationof thelastPushFwtStep/
operation.

u64Thr eshold � doublethreshold, int soft 0 0 �
Performhard(soft= 0) or soft (soft= 1) thresholdingwith thethresholdingvalue
threshold. Thenumberof pixelsthathadavaluesmallerthanthresholdis returned.

int IsLifted � void � const

This functionreturnsnon-zeroif thecurrentchannelis alreadylifted. Thisshould
beremovedlater!! Theuserdoesn’t needto knowwhat’s theinternal representa-
tion of thechannel!

Channel/ Scale � f32 s, constWavelet& wavelet�
Scalethechannelwith scalingfactorscale. Note that thecurrentchannelwill be
destroyed!!!

Protected
Operations

Channel/ UpScale � u int s, constWavelet& wavelet�
Scalethecurrentchannelup. Theappliedscalingfactoris thenext powerof 2 of s
if s is notapower of 2 by itself. Notethatthecurrentchannelwill bedestroyed!!!

Virtual
Protected
Operations

void Destroy � void �
Deletethecontentsof thechannelandzerothenumberof columnsandrows.

Channel/ DownScale � u int s, constWavelet& wavelet�
Scalethecurrentchanneldown. Theappliedscalingfactoris thepreviouspower
of 2 of s if s is not a power of 2 by itself. Note that the currentchannelwill be
destroyed!!!

Static
Protected
Operations

int GetEven � int len �
int GetOdd � int len �
Calculatethenumberof evenrespectively oddcoefficientsfor asignalwith length
len.

Derived
Classes

Thesearederived classesof the genericChannelclassthat addsupportfor non-
transformedandwavelettransformedchannels.

Revision: 4.14.2.3.2.1 16



Channel WAILI — Waveletswith IntegerLifting Channel

Name NTChannel— Classfor a non-transformedchannel.

Declaration NTChannel �4�
Createanemptynon-transformedchannel.

NTChannel � u int cols, u int rows, int offx 0 0, int offy 0 0 �
Createa non-transformedchannelwith given dimensions.cols and rowsarethe
numberof columnsrespectively rows,offx andoffy aretheoffsetsof theupperleft
pixel in theuniversalcoordinatesystem.

NTChannel � constNTChannel&channel �
Createa new non-transformedchannelby copying the non-transformedchannel
channel.

Public
Operations

void GetMinMax � PixType& min, PixType& max, u int smoothing0 0 � const

Returntheminimumandmaximumpixel valuesin min respectively max. smooth-
ing definesthedegreeof neglectionof extraordinarypixel values.Smoothingis not
yetimplemented

s32/ Correlate � constNTChannel&channel, u int diff � const

Calculatethecorrelationmatrix betweenthecurrentchannelandchannel. diff in-
dicatesthedifferenceof resolutionlevel betweenthecurrentchannelandthemore
coarsechannel. Notethatthereturnedcorrelationmatrixhasthesamedimensions
asthecurrentchannel.

u64/ Histogram � PixTypemin, PixTypemax �
Createa histogramfor the currentchannel. The lower histogramlimit will be
min, theupperlimit will bemax. Theresultis anarrayof lengthmax 1 min 25�
containingtheoccurrency counts.

u64Thr esholdHard � u int threshold�
u64Thr esholdSoft � u int threshold�
Performhardor soft thresholdingwith thethresholdingvaluethreshold. Thenum-
berof pixelsthathadavaluesmallerthanthresholdis returned.

u int OptimalGCVThr eshold � void � const

Calculatetheoptimalsoft thresholdingvalueusinga techniquecalledGeneralized
CrossValidation.Notethatthechannelshouldcontainat least1000pixelsto give
a meaningfulresult.

Revision: 4.14.2.3.2.1 17



Channel WAILI — Waveletswith IntegerLifting Channel

NTChannel/ DupliScale � u int s � const

Createa scaledversionof the currentchannelby duplicatingthe original pixel
values.s is thescalingfactor.

Virtual
Operations

NTChannel/ Clone � void � const

Make acopy of thecurrentchannel.

NTChannel/ Crop � int x1, int y1, int x2, int y2 � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthelower right cornerat (x2, y2).

NTChannel/ Diff � constChannel&channel � const

This functionreturnsthedifferencechannelbetweenthecurrentchannelandchan-
nel. Bothchannelsmusthavethesamenumberof columns,numberof rows,offsets
andstructure.

LChannel/ Fwt � constTransformDescriptortransform[], u int depth �
Transformthe channelusingthe FastWavelet Transform. The two-dimensional
wavelet transformwill be applied to all channelsindependently. The type of
wavelet transformis determinedby the transformarrayandits lengthdepth. Note
thatthecurrentchannelwill bedestroyed!!!

Protected
Operations

void Inter polate � f32 s �
Scalethechannelusinga linearinterpolationscheme.

doubleGCV � u int threshold � const

CalculatetheGCV valueof thechannelfor GeneralizedCrossValidation.

Virtual
Protected
Operations

NTChannel/ DownScale � u int s, constWavelet& wavelet�
Scalethecurrentchanneldown. Theappliedscalingfactoris thepreviouspower
of 2 of s if s is notapower of 2 by itself.

Name LChannel— Classfor awavelettransformedchannel.

Declaration LChannelis anabstractbaseclass.No instancescanbedeclared.Differentwavelet
transformedchanneltypesareimplementedthroughinheritance.

LChannel � constLChannel&channel �
Createa new channelby copying channelchannel.

Revision: 4.14.2.3.2.1 18



Channel WAILI — Waveletswith IntegerLifting Channel

Public
Operations

Channel/ & operator[] � SubBandband �
constChannel/ & operator[] � SubBandband � const

Getthesubbandof typeband. Make sure thesubbanddoesexist!

TransformDescriptor/ GetTransform � void �
Geta transformdescriptorarrayfor all transformlevels.

int GetShift � SubBandband �
Getthenumberof steps(in base-6 % !) thecoefficientsof subbandbandhave to be
shiftedto theleft to obtaintheir realvalues.

NTChannel/ IFwt � void �
Transformthechannelusingtheinversefastwavelettransform.Notethatthecur-
rentchannelwill bedestroyed!!!

Virtual
Operations

TransformTypeGetTransformType � void � const

Getthetransformtypefor this transformlevel.

LChannel/ Clone � void � const

Make acopy of thecurrentchannel.

NTChannel/ IFwt � int x1, int y1, int x2, int y2 � const

Performrecursively theinversefastwavelettransformontherowsandcolumnsof
the channeldeterminedby theupperleft andlower right cornerrespectively (x1,
y1) and(x2, y2).

LChannel/ Crop � int x1, int y1, int x2, int y2 � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthelower right cornerat (x2, y2).

Protected
Operations

LChannel � constWavelet& filter, u int numsubbands, u int cols 0 0,
u int rows 0 0 �

Createachannelwith givendimensions.numsubbandsis thenumberof subbands,
colsandrowsarethenumberof columnsrespectively rows.

Virtual
Protected
Operations

NTChannel/ IFwtStep � void �
Performonestepof theinversefastwavelettransform.Notethatthecurrentchan-
nel will bedestroyed!!!
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void Lazy � constNTChannel&source �
CalculatetheLazy WaveletTransformof sourceandstoretheresultin thecurrent
channel.

void ILazy � NTChannel&dest � const

Calculatethe inverseLazy WaveletTransformof thecurrentchannelandput the
resultin dest.

void CakeWalk � void �
void ICakeWalk � void �
Performthe(inverse)‘Cake Walk’ operationon thecurrentchannel.

LChannel/ Crop rec � int x1, int y1, int x2, int y2, NTChannel/ top,
NTChannel/ bottom, NTChannel/ left,
NTChannel/ right � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthe lower right cornerat (x2, y2). top, bottom, left and
right aretheresultingbordersin theLP-bandof thehigherresolutionlevel which
affect lower resolutions.

void Merge rec � constChannel/ channel, NTChannel/ top,
NTChannel/ bottom, NTChannel/ left, NTChannel/ right �

Pastechannelinto the currentchannel. The pasteposition is determinedby the
offsetsof channel. top, bottom, left andright arethe resultingbordersin theLP-
bandof thehigherresolutionlevel whichaffect lower resolutions.

Subband
Types

Valid subbandtypesare

LL lowpassin boththeverticalandthehorizontaldirection
LH lowpassin thevertical,highpassin thehorizontaldirection
HL highpassin thevertical,lowpassin thehorizontaldirection
HH highpassin boththeverticalandthehorizontaldirection

Name LChannelCR— Classfor awavelettransformedchannel(bothcolumnsandrows).

Declaration LChannelCR � constWavelet& filter �
Createanemptychannel.
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LChannelCR � constWavelet& filter, u int cols, u int rows, int offx, int offy �
Createachannelwith givendimensions.colsandrowsarethenumberof columns
respectively rows,offx andoffy arethecoordinatesin theuniversalcoordinatesys-
tem.

LChannelCR � constLChannelCR&channel �
Createa new channelby copying channelchannel.

Public
Operations

u int GetClow � void � const

u int GetChigh � void � const

u int GetRlow � void � const

u int GetRhigh � void � const

Getthenumberof columnsandrows in thelow andhigh frequency subbands.

Virtual
Operations

LChannelCR/ Clone � void � const

Make acopy of thecurrentchannel.

LChannelCR/ Diff � constChannel&channel � const

This functionreturnsthedifferencechannelbetweenthecurrentchannelandchan-
nel. Bothchannelsmusthavethesamenumberof columns,numberof rows,offsets
andstructure.

LChannelCR/ Crop rec � int x1, int y1, int x2, int y2, NTChannel/ top,
NTChannel/ bottom, NTChannel/ left,
NTChannel/ right � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthe lower right cornerat (x2, y2). top, bottom, left and
right aretheresultingbordersin theLP-bandof thehigherresolutionlevel which
affect lower resolutions.

Name LChannelC— Classfor a wavelettransformedchannel(columnsonly).

Declaration LChannelC � constWavelet& filter �
Createanemptychannel.

LChannelC � constWavelet& filter, u int cols, u int rows, int offx, int offy �
Createachannelwith givendimensions.colsandrowsarethenumberof columns
respectively rows,offx andoffy arethecoordinatesin theuniversalcoordinatesys-
tem.
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LChannelC � constLChannelC&channel �
Createa new channelby copying channelchannel.

Public
Operations

u int GetRlow � void � const

u int GetRhigh � void � const

Getthenumberof rows in thelow andhigh frequency subbands.

Virtual
Operations

LChannelC/ Clone � void � const

Make acopy of thecurrentchannel.

LChannelC/ Diff � constChannel&channel � const

This functionreturnsthedifferencechannelbetweenthecurrentchannelandchan-
nel. Bothchannelsmusthavethesamenumberof columns,numberof rows,offsets
andstructure.

LChannelC/ Crop rec � int x1, int y1, int x2, int y2, NTChannel/ top,
NTChannel/ bottom, NTChannel/ left,
NTChannel/ right � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthe lower right cornerat (x2, y2). top, bottom, left and
right aretheresultingbordersin theLP-bandof thehigherresolutionlevel which
affect lower resolutions.

Name LChannelR— Classfor a wavelettransformedchannel(rows only).

Declaration LChannelR � constWavelet& filter �
Createanemptychannel.

LChannelR � constWavelet& filter, u int cols, u int rows, int offx, int offy �
Createachannelwith givendimensions.colsandrowsarethenumberof columns
respectively rows,offx andoffy arethecoordinatesin theuniversalcoordinatesys-
tem.

LChannelR � constLChannelR&channel �
Createa new channelby copying channelchannel.

Public
Operations

u int GetClow � void � const

u int GetChigh � void � const
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Getthenumberof columnsin thelow andhigh frequency subbands.

Virtual
Operations

LChannelR/ Clone � void � const

Make acopy of thecurrentchannel.

LChannelR/ Diff � constChannel&channel � const

This functionreturnsthedifferencechannelbetweenthecurrentchannelandchan-
nel. Bothchannelsmusthavethesamenumberof columns,numberof rows,offsets
andstructure.

LChannelR/ Crop rec � int x1, int y1, int x2, int y2, NTChannel/ top,
NTChannel/ bottom, NTChannel/ left,
NTChannel/ right � const

Get a rectangularpart of the currentchannel,of which the upperleft corneris
positionedat (x1, y1), andthe lower right cornerat (x2, y2). top, bottom, left and
right aretheresultingbordersin theLP-bandof thehigherresolutionlevel which
affect lower resolutions.

TransformDescriptor

TheTransformDescriptordeterminesthekind of wavelet transformfor onetrans-
form level. It contains2 parts:

TransformType type

typeis thetransformtypeandcanbeoneof:

TT ColsRows Transformbothcolumnsandrows
TT Cols Transformcolumnsonly
TT Rows Transformrows only

constWavelet/ filter

filter is apointerto awaveletfilter.

Dependency
Graphs

Fig. 2 Inheritancedependency graphfor thechannelclasshierarchy(Channel).

SeeAlso TheWaveletandLifting classes.
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LChannelNTChannel

Channel

LChannelC LChannelRLChannelCR

Figure2: Inheritancedependency graphfor thechannelclasshierarchy(Channel).

Revision Channel.C,v 4.4.2.2 1999/04/15 09:35:09 geert Exp
Channel.h,v 4.5.2.3 1999/07/20 13:18:57 geert Exp
LChannel.C,v 4.5.2.2 1999/07/20 13:19:02 geert Exp
LChannel.h,v 4.3.2.2 1999/07/20 13:18:57 geert Exp
LChannelC.C,v 4.6.2.1 1999/07/20 13:19:02 geert Exp
LChannelC.h,v 4.3.2.1 1999/07/20 13:18:57 geert Exp
LChannelCR.C,v 4.6.2.1 1999/07/20 13:19:03 geert Exp
LChannelCR.h,v 4.3.2.1 1999/07/20 13:18:58 geert Exp
LChannelR.C,v 4.6.2.1 1999/07/20 13:19:04 geert Exp
LChannelR.h,v 4.3.2.1 1999/07/20 13:18:58 geert Exp
NTChannel.C,v 4.12.2.3 1999/07/20 13:19:04 geert Exp
NTChannel.h,v 4.8.2.1 1999/07/20 13:18:58 geert Exp
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Name Color — Variouscolor representations

Description Variouscolor representations.

Declaration #include - waili/Color.h.
Color RGB �	�
Color XYZ �	�
Color LAB �	�
Color RGB8 �	�
Color XYZ8 �,�
Color LAB8 �,�
Color CIEY �	�
Color CIEL �	�
Color RGB16 �	�
Color YUVr16 �	�

Plans UsePixType to representthecolor components.

SeeAlso TheColorSpaceclass.

Revision Color.C,v 4.0.2.1 1999/04/15 10:06:45 geert Exp
Color.h,v 4.0.2.1 1999/04/15 10:06:42 geert Exp
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Name ColorSpace— Color spacesandcolorspaceconversions

Description Color spacespecificationandconversion.

Declaration #include - waili/Color.h.
SeeAlso ThevariousColor classes.

Revision Color.C,v 4.0.2.1 1999/04/15 10:06:45 geert Exp
Color.h,v 4.0.2.1 1999/04/15 10:06:42 geert Exp
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Name Compiler— Compilerdependentdefinitions

Description This file containsthe compilerdependentdefinitions. Currentlythesearedefini-
tionsfor GNUC++ only.

Declaration #include - waili/Compiler.h.
Revision Compiler.h,v 4.1 1997/05/05 09:46:35 geert Exp
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Name Image— Genericimageclass

Description This classprovidesa low-level imageabstraction.An imageconsistsof a num-
ber of channelscontainingpixels (of type PixType ). Eachchannelcanhave a
differentsize.No interpretationor formatis imposedonthechannelsandit’sdata.

Declaration #include - waili/Image.h.
Image �	�
Createanemptyimage.

Image � u int channels�
Createanemptyimagecontainingchannelschannels.

Image � u int cols, u int rows, u int channels0 1 �
Createanimagewith givendimensions.colsandrowsarethenumberof columns
respectively rows, channelsis thenumberof channels.All channelswill have the
samesize.

Image � constu int cols[], constu int rows[], u int channels�
Createan imagewith given dimensions.cols androwsarearrayscontainingthe
numberof columnsrespectively rows for everychannel,channelsis thenumberof
channels.

Image � constChannel&channel, u int channels0 1 �
Createan imagecontainingchannelschannels.Every channelwill be a copy of
channel.

Image � constChannel/ channel[], u int channels�
Createan imagecontainingchannelschannels. The channelswill be initialized
usingthearrayof channelschannel.

Image � constImage& im �
Createa new imageby copying imageim.

Public
Operations

ImageType Import � constchar/ filename, ImageFormatformat 0 IF AUTO �
Import animagefrom a file namedfilename, storedin a specificformat format. If
format is IF AUTO, theroutinewill try to guessthefile formatby examiningthe
file name.Thetypeof theimageis returned.Imagesareassumedto contain8-bit
data,which is convertedto therange17� %98;:<:<:=� %�> for internaluse.
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void Export � constchar/ filename, ImageFormatformat 0 IF AUTO � const

Exporttheto a file namedfilenameusingthespecificfile format format. If format
is IF AUTO, the routine will try to guessthe file format by examining the file
name.Thepixel valuesareconsideredto lay within the range 17� %98;:<:<:=� %�> . If a
pixel valuedoesn’t fit, it will beclipped.

Note: export in IF TIFF is not yet supported.

void Convert � ImageType from, ImageTypeto �
Convert theimagefrom typefrom to typeto. Notall conversionsare implemented
yet.

u int GetChannels � void � const

u int GetCols � void � const

u int GetRows � void � const

Getthenumberof channels,columnsor rows of theimage.

int GetOffsetX � void � const

int GetOffsetY � void � const

Gettheoffsetof thefirst channelof theimagein theuniversalcoordinatesystem.

Channel/ & operator[] � u int channel �
const/ Channel&operator[] � u int channel � const

Accesschannelchannel.

PixType& operator() � u int c, u int r, u int ch 0 0 �
constPixTypeoperator() � u int c, u int r, u int ch 0 0 � const

Accessthe‘pixel’ atcolumnc androw r in channelch. Thismayreferto awavelet
coefficient insteadof a realpixel valueif thechannelis wavelettransformed.

void Clear � void �
Clearall pixel valuesto zero.

void Resize � u int cols, u int rows �
Changethenumberof columnsandrows of the imageto cols respectively rows.
Thenumberof channelsis unchanged.

void Resize � u int cols, u int rows, u int channels�
Changethenumberof columns,rows andchannelsof theimageto cols, rowsand
channels. All channelswill have thesamesize.
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Image&operator 0?� constImage& im �
Make acopy of imageim.

Image/ Clone � void � const

Make acopy of thecurrentimage.

void SetOffsetX � int offx � const

void SetOffsetY � int offy � const

Settheoffsetof thefirst channelof theimagein theuniversalcoordinatesystem.

Image/ Crop � u int x1, u int y1, u int x2, u int y2 � const

Cut theimagesotheupperleft corneris positionedat (x1, y1), andthelower right
cornerat (x2, y2).

void Merge � constImage& im �
Pasteimageim into the currentimage. The pasteposition is determinedby the
offsetsof im.

void Add � constImage& im �
void Subtract � constImage& im �
Add respectively subtractimageim to (from) thecurrentimage.Both imagesmust
have the samenumberof columns,rows and channelsand their corresponding
channelsmusthave thesamestructure.

Image/ Diff � constImage& im � const

This functionreturnsthedifferenceimagebetweenthecurrentimageandim. Both
imagesmusthave thesamenumberof columns,rows andchannelsandtheir cor-
respondingchannelsmusthave thesamestructure.

void InsertChannel � Channel&data, u int ch �
Replacechannelnumberch of theimageby thecontentsof channelchannel.

void DeleteChannel� u int channel �
Deletechannelnumberch from theimage.

void Fwt � constTransformDescriptortransform[], u int depth �
Transformthe imageusing the Fast Wavelet Transform. The two-dimensional
wavelet transformwill be applied to all channelsindependently. The type of
wavelettransformis determinedby the transformarrayandits lengthdepth.

Revision: 4.7.2.3.2.1 30



Image WAILI — Waveletswith IntegerLifting Image

void IFwt � void �
TransformtheimageusingtheinverseFastWaveletTransform.Thetwo-dimensional
inversewavelettransformwill beappliedto all channelsindependently. This is the
inverseoperationof Fwt.

void Scale � f32 scale �
Scaletheimagewith scalingfactorscale.

ImageTypes
and Formats

Thefollowing imagetypesaredefined:

IT Unknown Unknown
IT Mono Monochrome(black/white)
IT CIEY Greyscale
IT CIEL CIE luminance
IT RGB RGBcolor
IT CIEXYZ CIE XYZ color
IT CIELab CIE L

�
a
�
b
�

color
IT YUV YUV
IT YUVr ReversibleYUV

Thefollowing imageformatsaredefined:

IF AUTO Automatic
IF PNMASCII PortableAnyMap ASCII
IF PNMRAW PortableAnyMap Binary
IF TIFF Tag(ged)ImageFile Format

SeeAlso TheChannel, Wavelet, Color andColorSpaceclasses.

Example //
// Simple image compression example
//

#ifndef NULL
#define NULL 0
#endif

#include <waili/Image.h>

int main(void)
{
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const char infile[] = " image.pgm" ;
const char outfile[] = "result.pgm" ;
double threshold = 20.0;
Image image;

// Read the image
image.Import(i nf il e);

// Transform the image using the Cohen-Daubechi es -F eauve au
// (2, 2) biorthogonal wavelets
Wavelet *wavelet = Wavelet::Create CDF( 2, 2);
TransformDescr ip to r transform[] = {

{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet },
{ TT_ColsRows, wavelet }

};
image.Fwt(tran sf or m, sizeof(transfor m)/s ize of (* tr ansfo rm)) ;

// Zero all entries smaller than the threshold
for (u_int ch = 0; ch < image.GetChann el s() ; ch++)

image[ch]->Thres hold (t hre sh ol d) ;

// Inverse wavelet transform
image.IFwt();

// Write the reconstructed image to a file
image.Export(o ut fi le) ;
return(0);

}

Revision Image.C,v 4.4.2.4 1999/07/20 13:19:02 geert Exp
Image.h,v 4.6.2.3 1999/07/20 13:18:57 geert Exp
Example.C,v 4.0.2.1 1998/06/22 13:49:10 geert Exp
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Name Lifting — Genericclassfor integerLifting Schemesteps

Description This classprovidesa genericlifting stepinterface,to be usedfor wavelet trans-
formsusingtheLifting Scheme.

Declaration #include - waili/Lifting.h .
Lifting is an abstractbaseclass. No instancescanbe declared.Lifting stepson
differenttypesof dataareimplementedthroughinheritance.

Virtual
Operations

void Lift L1R1 FR � int primal, consts16b[2] , constu16a � const

void ILift L1R1 FR � int primal, consts16b[2] , constu16a � const

void Lift L2R2 FR � int primal, consts16b[4] , constu16a � const

void ILift L2R2 FR � int primal, consts16b[4] , constu16a � const

void Lift L3R3 FR � int primal, consts16b[6] , constu16a � const

void ILift L3R3 FR � int primal, consts16b[6] , constu16a � const

Primal(primal 0@� ) anddual(primal 0BA ) integerlifting stepswith full rounding.
Lift LmRnFR implementsa lifting operationof theform�DC,EF�GCH2 I�JLKNM,OPRQ MHSUT PWV SYX PZ [ �
with �GC and X C thelow passandhighpasssamples(or viceversa,dependingonthe
valueof primal), and \�] aroundingoperation.ILift LmRnFR is thecorresponding
inverseoperation.

void Lift L1R1 NR � int primal, consts16b[2] , constu16a � const

void ILift L1R1 NR � int primal, consts16b[2] , constu16a � const

void Lift L2R2 NR � int primal, consts16b[4] , constu16a � const

void ILift L2R2 NR � int primal, consts16b[4] , constu16a � const

void Lift L3R3 NR � int primal, consts16b[6] , constu16a � const

void ILift L3R3 NR � int primal, consts16b[6] , constu16a � const

Primal (primal 0^� ) anddual(primal 0_A ) integer lifting stepswithout rounding.
Lift LmRnFR implementsa lifting operationof theform�GC`E Z �DCG2 KNM,OaPRQ MHS T PWV SYX P �
with �GC and X C thelow passandhighpasssamples(or viceversa,dependingonthe
valueof primal). ILift LmRnNR is thecorrespondinginverseoperation.
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void Lift L1R1 MX � int primal, consts16b[2] , constu16a1, constu16a2 � const

void ILift L1R1 MX � int primal, consts16b[2] , constu16a1, constu16a2 � const

void Lift L2R2 MX � int primal, consts16b[4] , constu16a1, constu16a2 � const

void ILift L2R2 MX � int primal, consts16b[4] , constu16a1, constu16a2 � const

void Lift L3R3 MX � int primal, consts16b[6] , constu16a1, constu16a2 � const

void ILift L3R3 MX � int primal, consts16b[6] , constu16a1, constu16a2 � const

Primal(primal 0b� ) anddual(primal 0cA ) integerlifting stepswith mixedround-
ing. Lift LmRnFR implementsa lifting operationof theform

�GC`E Z O �DC+2 I J KNM,OPRQ MHS�T PWV S X PZ  [ �
with �GC and X C thelow passandhighpasssamples(or viceversa,dependingonthe
valueof primal), and \9] a roundingoperation.ILift LmRnMX is thecorrespond-
ing inverseoperation.

Derived
Classes

Lifting operationsonvariousobjectsareavailablethroughclassesderivedfrom the
Lifting class:

Name LiftChannelR— Lifting operationson therows of 2 NTChannels

Declaration LiftChannelR � NTChannel/ lowpass, NTChannel/ highpass�
CreateaLifting objectfor lifting operationsontherowsof 2 NTChannels. lowpass
containsthe low passsamples,while highpasscontainsthe high passsamples.
Both lowpassandhighpassmusthave thesamenumberof rows, andthenumber
of columnsof lowpassandhighpassmustdiffer maximum1.

Name LiftChannelC— Lifting operationson thecolumnsof 2 NTChannels

Declaration LiftChannelC � NTChannel/ lowpass, NTChannel/ highpass�
CreateaLifting objectfor lifting operationsonthecolumnsof 2 NTChannels. low-
passcontainsthelow passsamples,while highpasscontainsthehighpasssamples.
Both lowpassandhighpassmusthave thesamenumberof columns,andthenum-
berof rows of lowpassandhighpassmustdiffer maximum1.
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LiftChannelR LiftChannelC

Lifting

Figure3: Inheritancedependency graphfor thelifting classhierarchy(Lifting).

Plans Add supportfor transformsof a rectangularsubareaof a channel.emph???

Dependency
Graphs

Fig. 3 Inheritancedependency graphfor thelifting classhierarchy(Lifting).

SeeAlso TheWaveletandChannelclasses.

Revision Lifting.C,v 4.5.2.1 1999/07/15 10:18:15 geert Exp
Lifting.h,v 4.3 1997/05/05 09:46:35 geert Exp
Lifting.inline.h ,v 4.0.2.1 1999/07/20 13:18:58 geert Exp
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Name Stream— Input/outputwith supportfor compression

Description Flexible file storagewith supportfor simpledatacompression.If a filenameends
with .gz it will becompressed/decompressed automaticallyusinggzip.

Stream �4�
Createa file handlerfor astream.

Stream � constchar/ name, constchar/ type 0 " r" �
Createa file handlerfor astreamandopenit.

Declaration #include - waili/Storage.h.
Public
Operations

void Read � u8/ x, u int cnt 0 1 �
void Read � u16/ x, u int cnt 0 1 �
void Read � u32/ x, u int cnt 0 1 �
void Read � u64/ x, u int cnt 0 1 �
void Read � s8/ x, u int cnt 0 1 �
void Read � s16/ x, u int cnt 0 1 �
void Read � s32/ x, u int cnt 0 1 �
void Read � s64/ x, u int cnt 0 1 �
void Read � f32/ x, u int cnt 0 1 �
void Read � f64/ x, u int cnt 0 1 �
Readcnt elementsfrom thestream.

void Write � constu8/ x, u int cnt 0 1 �
void Write � constu16/ x, u int cnt 0 1 �
void Write � constu32/ x, u int cnt 0 1 �
void Write � constu64/ x, u int cnt 0 1 �
void Write � consts8/ x, u int cnt 0 1 �
void Write � consts16/ x, u int cnt 0 1 �
void Write � consts32/ x, u int cnt 0 1 �
void Write � consts64/ x, u int cnt 0 1 �
void Write � constf32/ x, u int cnt 0 1 �
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void Write � constf64/ x, u int cnt 0 1 �
Write cnt elementsto thestream.

void Read � u8& x �
void Read � u16& x �
void Read � u32& x �
void Read � u64& x �
void Read � s8& x �
void Read � s16& x �
void Read � s32& x �
void Read � s64& x �
void Read � f32& x �
void Read � f64& x �
Readtheelementx from thestream.

void Write � constu8& x �
void Write � constu16& x �
void Write � constu32& x �
void Write � constu64& x �
void Write � consts8& x �
void Write � consts16&x �
void Write � consts32&x �
void Write � consts64&x �
void Write � constf32& x �
void Write � constf64& x �
Write theelementx to thestream.

void Puts � constchar/ s �
Write thestrings to thestream.

void Printf � constchar/ fmt, ... �
Formatandwrite astringto thestream.
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Virtual
Operations

virtual void Open � constchar/ name, constchar/ mode0 " r" �
Openthestreamusingfilenamenameandmodemode.

virtual void Close � void �
Closethestream.

virtual void RawRead � void/ data, int size �
virtual void RawWrite � constvoid/ data, int size �
Reador write a raw block of memoryfrom or to thestream.Notethatno endian-
nessconversionwill bedone!

Endiannes All I/O operationsaredoneusingnetwork byteorder, i.e.mostsignificantbytefirst
or big endian.

SeeAlso Thegzipcommand.

Revision Storage.C,v 4.0.2.2 1999/07/20 13:14:18 geert Exp
Storage.h,v 4.0.2.2 1999/07/20 13:14:16 geert Exp
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Name Timer— Measurementof executiontimes

Description This is asimpleclassfor themeasurementof executiontimes.

Declaration #include - waili/Timer.h.
Timer �4�
Createa timer.

Timer � constTimer& t �
Createa timerby copying timer t.

Public
Operations

void Start � void �
Startthetimer.

void Stop � void �
Stopthetimer.

void Reset � void �
Resetthetimer to zero.

f32 GetReal � void � const

GettheRealpartof therun time.

f32 GetUser � void � const

GettheUserpartof therun time.

f32 GetSystem � void � const

GettheSystempartof therun time.

TimerGetStamp � void � const

Geta timestampcopy of thetimer.

int IsRunning � void � const

Checkwhetherthetimer is running.

void Tic � void �
Resetandstartthetimer.

void Toc � void �
DumpthecurrentReal, UserandSystemrun time to stderr.
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Timer WAILI — Waveletswith IntegerLifting Timer

Timeroperator 2b� constTimer& t �
Timeroperator 15� constTimer& t �
Add or subtracttwo timersandreturnasumor differencetimer.

void operator 250_� constTimer& t �
void operator 1c0_� constTimer& t �
Add or subtracta timer to or from thecurrenttimer.

SeeAlso The timesfunction.

Revision Timer.C,v 4.0 1997/05/05 09:42:23 geert Exp
Timer.h,v 4.0 1997/05/05 09:47:07 geert Exp
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Types WAILI — Waveletswith IntegerLifting Types

Name Types— Platformindependenttypedefinitions

Description This packageprovidessomeplatform independenttypedefinitionsfor very com-
montypesof specificsizes.

Declaration #include - waili/Types.h.
GenericTypes Availabletypesare:� Unsignedinteger

u8 8 bit unsignedinteger
u16 16 bit unsignedinteger
u32 32 bit unsignedinteger
u64 64 bit unsignedinteger� Signedinteger

s8 8 bit signedinteger
s16 16 bit signedinteger
s32 32 bit signedinteger
s64 64 bit signedinteger� IEEE Floatingpoint

f32 32 bit floatingpoint
f64 64 bit floatingpoint

Pixel type All pixelsareof typePixType :

PixType 16bit signedinteger

Revision Types.h,v 4.0 1997/05/05 09:47:15 geert Exp
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Util WAILI — Waveletswith IntegerLifting Util

Name Utility — Utility routines

Description This file containssomemiscellaneousutility routinesanddefinitions.

Declaration #include - waili/Util.h .
Operations void Die � constchar/ fmt, . . . �

Exit theprogramwith a formattederrormessage.

NotYetImplemented

Exit theprogramwith averbose‘Not yet implemented’message.

TypeMin � Typex, Typey �
Calculatetheminimumof two objects.

TypeMax � Typex, Typey �
Calculatethemaximumof two objects.

int Odd � int x �
Checkwhetheranumberis odd.

int Even � int x �
Checkwhetheranumberis even.

TypeAbs � Typex �
Calculatetheabsolutevalueof anumber.

Definitions EPSd
-value.

Revision Util.C,v 4.0.2.2 1999/07/20 12:34:51 geert Exp
Util.h,v 4.0 1997/05/05 09:47:22 geert Exp

Revision: 4.1.2.1.2.1 42



Wavelet WAILI — Waveletswith IntegerLifting Wavelet

Name Wavelet— IntegerwavelettransformsusingtheLifting Scheme

Description The basicoperationalstepof a wavelet transformis a filter bankwith 2 kinds of
filters: a low passand a high passfilter. These2 filters dependon the type of
wavelet. In a wavelet transformthe filter operationsareperformediteratively on
thelow passpartof asignal.

The two-dimensionalwavelet transformusesthesamealgorithm,appliedto both
therows andthecolumnsof a matrix. Onecanconsiderthewavelet transformas
a ‘black box’ operation:a matrix is transformedinto anothermatrix, its wavelet
representation.

Here the filter operationsareperformedin integer math using techniquesbased
on theLifting Scheme. Thesequenceof Lifting stepsis calleda ‘Cake Walk’ and
stronglydependson thewavelettype.

Declaration #include - waili/Wavelet.h.
Waveletis anabstractbaseclass.No instancescanbedeclared.Differentwavelet
filters areimplementedthroughinheritance.

Public
Operations

int GetGStart �	� const

int GetGEnd �	� const

int GetHStart �	� const

int GetHEnd �	� const

Get the start respectively end position of the high pass(‘G’) respectively low
pass(‘H’)filter.

int GetShiftL � void � const

int GetShiftH � void � const

Getthenumberof steps(in base-6 % !) thecoefficientsof thelow passrespectively
high passsubbandhave to beshiftedto theleft to obtaintheir realvalues.

u8 GetID � void � const

GettheuniqueprivateID for this typeof wavelet.

Virtual
Operations

Wavelet/ Clone � void � const

Make acopy of thecurrentwaveletfilter.

void CakeWalk � Lifting& lifting � const

Performa ‘Cake Walk’ operationon thelifting objectlifting.
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Wavelet WAILI — Waveletswith IntegerLifting Wavelet

void ICakeWalk � Lifting& lifting � const

Performaninverse‘Cake Walk’ operationon thelifting objectlifting.

Static
Operations

Wavelet/ CreateCDF � u int np, u int nd �
CreateaWaveletobjectfor somewaveletfiltersof thebiorthogonalCohen-Daubechies-
Feauveaufamily. np andnd arethenumbersof vanishingmomentsfor theprimal
respectively dualwaveletfunction.Thefollowing waveletbasesareavailable.Ta-
ble entriesarein theform (np, nd):����� �!� �����#"�� �����#$�� �&%'�#%�� �&%'��()� �&%'�#*����(+�#%�� ��(+��()� ��(+�#*��
Note that ����� �!� is theHaarbasis,and �����#"�� is thewaveletbasisusedby Ricoh’s
CREW.�eAf�gAN� is usedfor thelazy waveletfilter.

Wavelet/ CreateFromID � u8 id �
Createa Waveletobjectthatcorrespondsto theuniqueprivateID id.

Name Wavelet Lazy— LazyintegerwavelettransformusingtheLifting Scheme

Declaration Wavelet Lazy �	�
Createa Waveletobjectfor thelazy integerwavelettransform.

Name Wavelet CDF x y — Cohen-Daubechies-Feauveau (x, y) integer wavelet trans-
formsusingtheLifting Scheme

Declaration Wavelet CDF 1 1 �4�
Wavelet CDF 1 3 �4�
Wavelet CDF 1 5 �4�
Wavelet CDF 2 2 �4�
Wavelet CDF 2 4 �4�
Wavelet CDF 2 6 �4�
Wavelet CDF 4 2 �4�
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Wavelet WAILI — Waveletswith IntegerLifting Wavelet

Wavelet CDF 4 4 �4�
Wavelet CDF 4 6 �4�
CreateaWaveletobjectfor theCohen-Daubechies-Feauveau(x, y) integerwavelet
transform.

Note Internallytherealsoexist theclassesLiftCoefI CDF ? ?.

Name Wavelet CRF 13 7, Wavelet SWE 13 7 — Integer wavelet transformsusingthe
Lifting Schemefor somemorewaveletsusedby JPEG2000.

Declaration Wavelet CRF 13 7 h4i
Wavelet SWE 13 7 h4i
CreateaWaveletobjectfor theCRF(13,7) andSWE(13,7) integerwavelettrans-
forms.

Dependency
Graphs

Fig. 4 Inheritancedependency graphfor theWaveletclasshierarchy(Wavelet).

SeeAlso TheLifting andChannelclasses.

Revision Wavelet.C,v 4.1.2.3 1999/04/15 12:26:44 geert Exp
Wavelet.h,v 4.1.2.4 1999/04/15 12:26:48 geert Exp
Wavelet CDF1 x.C,v 4.1 1997/05/05 09:42:33 geert Exp
Wavelet CDF2 x.C,v 4.2.2.1 1999/03/16 15:05:38 geert Exp
Wavelet CDF4 x.C,v 4.2.2.1 1999/03/16 15:05:39 geert Exp
Wavelet JPEG2000.C,v 5.1.2.1 1999/04/15 10:06:05 geert Exp
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Wavelet WAILI — Waveletswith IntegerLifting Wavelet

Wavelet_Lazy

Wavelet_CDF_1_x

Wavelet_CDF_2_x

Wavelet_CDF_4_x

Wavelet_CRF_13_7

Wavelet_SWE_13_7

Wavelet_CDF_4_6

Wavelet_CDF_4_4

Wavelet_CDF_4_2

Wavelet_CDF_2_6

Wavelet_CDF_2_4

Wavelet_CDF_2_2

Wavelet_CDF_1_5

Wavelet_CDF_1_3

Wavelet_CDF_1_1 LiftCoef_CDF_1_1

LiftCoef_CDF_1_3

LiftCoef_CDF_1_5

LiftCoef_CDF_2_2

LiftCoef_CDF_2_4

LiftCoef_CDF_2_6

LiftCoef_CDF_4_2

LiftCoef_CDF_4_4

LiftCoef_CDF_4_6

LiftCoef_CDF_4_x

LiftCoef_CDF_2_x

LiftCoef_CDF_1_x

Wavelet

Figure4: Inheritancedependency graphfor theWaveletclasshierarchy(Wavelet).
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5 Include dependencies

Fig. 5 Dependency graphfor thevariousincludefiles.

LChannelRLChannelC

LChannel

LChannelCR
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Util
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Compiler

Image

Figure5: Dependency graphfor thevariousincludefiles.
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6 Installation

6.1 Requirements

Beforeyoustartbuilding thelibrary, make sureyouhave thefollowing itemsathand:j adecentUNIX system,j GNU Make,j aC++ compilerthatadheresto the ISOC++ Standard, e.g.e.g.GNU C++ 2.7.2,

6.2 Building the packagej Extractthearchive.j Changethecurrentdirectoryto Lifting .j Enter
make

to build thepackage.j For theexperts,thefollowing make targetsareavailable:
– Configurethepackage:

make config

– Createthedependenciesamongthevarioussourcefiles:
make depend

– Cleanup all objectfilesandexecutables:
make clean

– Cleanup all objectfiles,executablesandconfigurationfiles:
make distclean

6.3 Additional notesj By default it is assumedthat theTIFF library is availableon theLinux platform,andthat it’s not
availableontheotherplatforms.If youwantto changethis,you’ll haveto edittheTIFF k definitions
in thefile Rules.config (createdby make config ).j CurrentlytheMakefile assumesyou’re usingGNU MakeandGNU C++ 2.7.2.j Thedevelopmentwasmainly doneunderLinux/ia322.0.xand2.2.x, with sometestingunderSo-
laris/SPARC 2.5.xand2.6.x, andLinux 2.0.x through2.3.xon non-Intelplatforms(m68k,PPC,
AXP). Yourmileagemayvary onothersystems.j The linker might complainaboutundefinedsymbolson systemswherethe native linker doesn’t
supportconstructorsandcollect2is used.j If youwantsupportfor TIFF, thenyouneedtheTIFF library.

48



A A simpledemoprogram

Lifting/test/De mo is a simple interactive demoprogramthat allows you to play with wavelet
transforms.It understandsthefollowing commands:

Help

?
Displaysomehelpinformation.

Quit

Exit
Terminatetheprogram.

Load image
Loadanimagefrom file image. Makesurethisfile doesexist!

Save image
Save thecurrentimageto file image.

View
View thecurrentimageusingxv. Make surethexv executableis in your path!

Wavelet lnml
UsethebiorthogonalCohen-Daubechies-Feauveau waveletwith h�l�o mlpi vanishingmoments.Make
sureyouselectasupportedwavelet!

Wavelet l
Useabiorthogonalwaveletfrom theJPEG2000draft. Valuesof l :

1 CRF(13,7)

2 SWE(13,7)

Fstep cr

Fstep c

Fstep r
Add onetransformlevel. Thetransformcanoperateon bothcolumsandrows (default), or on the
columnsor rows only.

Bstep
Removeonetransformlevel.

Ifwt
Performthefull inversetransform.

Noise var
Add white Gaussiannoisewith variancevar.

Denoise
Denoisethewavelettransformedimageby usingsoft thresholdingwith aGCV (GeneralizedCross
Validation)estimatedthreshold.Only subbandsthatcountat least1000pixelswill bethresholded.

Backup
Createabackupof thecurrentimagefor latercomparison.
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Psnr
Calculatethe PSNR(PeakSignal to NoiseRatio) of the currentimage,comparedto the backup
image.

Threshold value
Performhardthresholdingwith thresholdvaluevalue.

Scale value
Scaletheimagewith factorvalue.

Histogram level subband channel
View thehistogramof subbandsubbandat level level of thedecompositionof channelchannel.

Entropy
Calculatethefirst orderentropy (Shannon-Weaver) for this channel,in bitsperpixel.

Yuv
Convert from RGB to YUVr (or viceversa).

All commandscanbeabbreviated.

Revision

Demo.C,v 4.6.2.2 1999/04/15 10:10:14
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B Credits

WAILI wasdevelopedby

Geert Uytterhoeven
Departmentof ComputerScience
Katholieke UniversiteitLeuven
Celestijnenlaan200A
B-3001Heverlee
Belgium
Geert.Uytterho eve n@cs .k ul euv en.a c. be
http://www.cs. kul euve n. ac .be /˜ geer t/

Filip Van Wulpen
Departmentof ComputerScience
Katholieke UniversiteitLeuven
Celestijnenlaan200A
B-3001Heverlee
Belgium
Filip.VanWulpen@ cs .k ul euven .a c. be
http://www.cs.ku le uv en.a c.b e/ ˜f il ip /

Thedenoisingalgorithm[6, 5] wasdevelopedby

Maarten Jansen
Departmentof ComputerScience
Katholieke UniversiteitLeuven
Celestijnenlaan200A
B-3001Heverlee
Belgium
Maarten.Jansen @cs.k ul euve n.a c. be
http://www.cs. kul euve n. ac .be /˜ maar te n/

This library hasbeendevelopedwithin the project ‘Wavelet BasedInteractive Video Communication
andImageDatabaseConsulting’,fundedby IWT — VlaamsActieprogrammaInformatietechnologie
(projectITA/950244).
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