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The recently createdJPEG-2000standard brought newpossibilitiesinto imagecompression

�elds. The standard provides a complete normative description of a decoder but only

informative description of an encoder. This enablesto implement the encoder adapted to

conditioneswhere it will be used. An important improvement of the encoded datastream

can be achieved by optimization of the encoder.

In codeblock basedcompressionof wavelet decomposition, the optimization of the entire

imagecan be replacedby independent optimization of every codeblock. A succesof such a

replacement is in a caseof the JPEG-2000style compressionvery high due to usageof an

almost orthonormal wavelet transform.

This thesis describesan implementation of the JPEG-2000basedencoder and decoder

and analyzesits advantagesand drawbacks. The implementation comprisesa kernel of the

JPEG-2000standard combined with EBCOT optimization method which producesthe best

possiblecode for each codeblock by overall optimization in the rate-distortion plane.
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Chapter 1

In tro duction to the JPEG-2000

Standard

1.1 Purp ose of the JPEG-2000

Nowadaysworld widely usedimagecompressionstandardJPEG (Joint PhotographicExperts

Group) [1] su�ers from several unpleasant problems. Firstly, the performanceof codecsbased

on this standard is not relatively high anymore. Mainly socalled blocking-artefactscausea

distortion which is very annoying. Blocking-artefacts appear in imagesencoded with high

compression.Origin of this distortion is in division of the image into eight by eight pixels

large blocks which are independently transformedby discrete cosine transform (DCT) and

encoded. It is obvious that bigger di�erences betweentwo blocks on their commonborder

will appear with a lower number of bits usedfor description of each block. Apparently, a

transform, which can be usedfor much larger areas,or even whole image,should be used.

However, DCT doesnot provide as good results as we needin this case. That is why the

JPEG consortium chosewavelet transform for the JPEG-2000standard [3].

Besidesthe low encoding performance,a needof a uni�ed standard for di�erent purposes

appeared with more and more extensive development of information technologies. The

new JPEG-2000 standard provides both lossless(bit preserving) and lossy compression.

Thesefunctionalities were previously split into two standards| JPEG and JPEG-LS [2].

Moreover, one can store all kinds of digital still images| bi-level, continuous-tonegray-

scale,palletized colour and continuos-tonecolour | in the JPEG-2000�le.

Also other featuresof the compresseddata by the JPEG-2000encoder are very appre-

1



CHAPTER 1. INTR ODUCTION TO THE JPEG-2000STANDARD 2

ciated. Bitrate control is usedto limit the bandwith neededto transfer the image. Coding

of a whole image or at least of a whole tile at the sametime, in opposite to processing

block by block like in JPEG standard, providesa quality scalability which is helpful whena

certain sourceimageshould be displayed by di�erent devicesin di�erent resolutions. Small

devices,like mobile phones,do not needto know all data of the imageto display it in a low

resolution. Another nice property of the JPEG-2000is the possibility to specify a region of

interest (ROI) which can be encoded in a higher quality. Of course,if the total bitrate for

the imageis kept, an improvement of a certain part of the imageresults in deterioration of

the rest. However, the image can be much \nicer" to a human eye in this case. In many

applications, another feature may be crucial | high error resilience. The stream syntax,

which supports it, is de�ned in the JPEG-2000standard aswell.

1.2 General description of the JPEG-2000 Standard

First of all, it must be mentioned that the JPEG-2000standard is mostly written from a

point of view of the decoder. This guaranteesthat a stream, decribed by the standard, is

always decodablebut it alsokeepshugefreedomfor implementations of the encoder. Simply

said, the standard doesnot carehow the encoded stream is obtained but only ensuresthat

if the proper codestream was created, one can always decode it. Becausethe standard

provides someinformation and hints how to implement the encoder, implementors must

clearly distinct betweennormative and informative clausesin the standard.

The JPEG-2000standard discussesall problemsin 10 annexes.

� Codestreamsyntax

� Imageand compressedimagedata ordering

� Arithmetic entropy coding

� Coe�cien t bit modelling

� Quantization

� Discretewavelet transform of tile-components

� DC level shifting and multiple component transform

� Coding of imageswith regionsof interest

� JP2 �le format syntax

� Examplesand guidelines
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This list will be summarizedin following sections. Yet beforethat, encoding principles

of the JPEG-2000will be described shortly. Encoder works in the following manner:

� Components of the imageare divided into rectangular tiles.

� Wavelet transform on a tile-component, creating decomposition levels, is performed.

� The decomposition levels are madeup of subbandsof coe�cien ts.

� The subbandsof coe�cien ts are quantized and collected into rectangular arrays of

codeblocks.

� Each bitplane of the coe�cien ts in the codeblock is entropy coded in three passes.

� If a regionof interest (ROI) is de�ned, the coe�cien ts to be encoded �rst will be those

relevant for the ROI.

After this procedurethe imagedata is converted to compressedimagedata stream. In

order to get the �nal codestream,onemust also:

� Collect the compressedimagedata from the coding passesin layers.

� Divide each layer into precints.

� Create packets from each precint.

� Interleave all packets from a tile in one of several ordersand placing them in one, or

more, tile-parts

� Createa main headerat the beginningwhich describesthe original imageand various

decompositions and coding styles.

� Createan optional �le format which describesthe meaningof the imageand its com-

ponents in the context of the application.

It is obvious, that the JPEG-2000decoder must work in the opposite way in order to be

able to recover the encoded image. Fig. 1.1 illustrates the principles of the decoder.

An important note must be mentioned too: following sectionsdo not include the whole

JPEG-2000standard. It is not a goalof this thesisto rewrite it. Rather, the most interesting

parts are described or discussedfrom a point of view of the standard or my implementation

of the JPEG-2000basedencoder and decoder. Someparts will be described only from the

encoder sidein order to reviewbrie
y the standardandalsoto keepthe issueunderstandable.

1.3 Codestream syntax

The JPEG-2000standard preciselydescribesthe syntax of the codestreamwhich shouldbe

decodable. This codestreamsyntax description is not a �le format.
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Figure 1.1: Block diagram of the JPEG-2000decoder principles

The wholecodestreamconsistsof headersand bitstream. Therearetwo kinds of headers:

main and tile-part headers. They are collectionsof markers and marker segments. Some

markers can appear in only one of two types of headerswhile others can be placed any-

where. Every marker segment includesa marker and associated parameters.The standard

determinesall possibly used markers and marker segments and their usage. Six types of

markers and marker segments are used:

� Delimiting markersand marker segments to frame the main and tile-part headersand

bitstream data. Each codestreamhasonly one\start of codestream"marker, one\end

of codestream" marker and at least onetile-part. Each tile-part must begin with one

\start of tile-part" and contain one \start of data" marker indicating the beginning

of bitstream data for the current tile-part.

� Fixed informational marker segments giving required information about the image.

\Image and tile size" marker segment is required in the main header. It provides

information about the uncompressedimage such as width and height of the tiles,

number of components and component bit depth.

� Functional marker segments to describe the coding functions used to code the en-

tire tile or image depending on where the marker segment was found. For example

number of decomposition levels, layering for compressing,regionof interest or type of

quantization.

� In bitstream markers and marker segments providing error resilience. They can be
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found in the bitstream and denotethe beginningsof packetsandendsof packet headers

within a codestream.

� Pointer marker segments providing speci�c o�sets in the bitstream. These marker

segments allow direct accessinto the bitstream becausethey provide pointers to tile-

parts and packets.

� Informational marker segments giving subsidiaryinformation. They arenot necessary

for decoder. Comments are oneof the usageexamplesof thesemarker segments.

1.4 Ordering of image and compressed data

After achieving abilit y of codestreamreading,implementor of the JPEG-2000standardmust

understand to the ordering of image and compressedimage data. The standard describes

various structural entities and their organization in the codestream: components, tiles,

subbands,precints and codeblocks.

An imageis comprisedof oneor more components. Each component consistsof a rect-

angular array of samples. Components can be sampled in di�erent resolutions and have

di�erent sizesbut all of them are mapped to the samereference grid in a speci�ed way. Ev-

ery component sampleis associated with a referencegrid point, however every referencegrid

point obviously neednot be associated to any component sample. Seeexamplein �g. 1.2.

IMAGE

Figure 1.2: Upper left component samplelocations.

Each component is divided into tiles accordingto tiling of the referencegrid (see�g. 1.3).

The tile-components arecoded independently. Wavelet transform is usedfor transformation

of each tile-component into several decomposition levels. Decompositions levels are related

to resolution levels. The resolution levels consistof subbands | either HL, LH and HH, or
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NL LL. There is one more resolution level than there are decomposition levels becausethe

lowest resolution level consistsonly of the LL subbandof the lowest decomposition level.

T0

T5

T10

T15

T1 T2 T3

T6

T4

T7 T8 T9

T11 T12 T13 T14

T16 T17 T18 T19

Figure 1.3: Tiling of the referencegrid.

Partition of the subbandsat the resolution level into precints is done similarly as the

tiling of wholeimage. However, this division is not performedin order to divide components

into smallerparts which are easierto handle,but to divide subbandsinto groupswhich will

be saved as a bitstream altogether. Precincts are a collection of codeblocks (seebelow)

which provide necessarydata structures for this partition. This partition hasno impact on

the transform or coding of imagesamples.It servesonly to organizecodeblocks.

The subbandsare divided into rectangularcodeblocks for the purposeof coe�cien t mod-

elling and coding. The codeblock size is the samefor all resolution levels but it is also

boundedby the precinct size. Codeblocks may extend beyond the boundariesof the sub-

band coe�cien t. However, if this happens, only coe�cien ts lying within the subband are

coded.

Codeblocks areprocessedconsecutively, bitplane by bitplane, coding passby coding pass

(seesection1.6). The coding passesare grouped into layers, alsoknown aslayersof quality.

Each layer contains somenumber of coding passesfrom each codeblock in the tile. The

number of coding passesmay be di�erent for di�erent codeblocks and can be alsozero.

Packets are segments of compressedimage data in the �nal bitstream representing a
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speci�c tile, layer, component, resolution level and precinct. Packet data is alignedat 8-bit

boundaries. Becauseeach resolution level contains either NL LL or HL, LH and HH band,

the compressedimagedata in a packet contains either only NL LL or HL, LH and HH band

in this order (seesection1.8).

1.5 Arithmetic entrop y coding

Arithmetic entropy coding processwhich is fully normatively de�ned in the JPEG-2000

standard is basedon a recursive probability interval subdivision of Elias coding. The input

of the encoder is a pair CX and D | context and decision. The output is compressed

image data. With each binary decisionthe current probability interval is subdivided into

two subintervals and the code string is modi�ed so that it points to the lower bound of

the subinterval corresponding to the symbol which occurred. In fact, more (MPS) and less

(LPS) probable symbols are coded rather than zerosand ones. When the more probable

symbol should be coded, the interval assignedto the lessprobable symbol is added to the

code string. Since the coding processinvolves addition of binary fractions rather than

concatenationof integercode words, the moreprobablebinary decisionscan often be coded

at a cost of much lessthan onebit per decision.

Fractional valuesare represented by integernumbers. Precisely, 0x8000 is equivalent to

0.75. The interval is kept in the range0:75 � A < 1:5 1. It is doubledwhenever the integer

value falls below 0x8000. Similarly register C is alsodoubled when A is doubled.

Sinceencoding processis more synoptic for understandingthe principles of coding than

decoder, the arithmetic encoding procedureof the JPEG-2000standard is described more

deeply in a coupleof following algorithms. However, it is only informative in the standard.

Meaningsof usedvariablescan be found in table 1.1.

The whole algorithm is composedof three parts | initialization, encoding in the loop

and 
ush of the data. The �rst two parts are directly written in alg. 1.1. The 
ush is called

from it and can be found in alg. 1.7.

Firstly, the encoder must be initialized. It includes settings for MPS and I arrays, A

and C registersand pointer to B (BP). MPS(i ) and I( i ) initial valuesare taken from the

table of inital values. The A register is set to zeroand shift counter set to 12. That means

there are three spacerbits in the registerwhich needto be �lled beforethe �eld from which

11.5 is equivalent to 0x10000
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D decision

CX context

A-register interval value register

C-register code register

B compressedimagedata bu�er

BP pointer to B

BPST pointer to the �rst byte of compressedimagedata

CT shift counter

I[CX] state of the �nite-state machine

Qe[i ] Qe value in the state i

NMPS[i ] next state for MPS renormalization in state i

NLPS[i ] next state for LPS renormalization in state i

Table 1.1: List of symbols in the JPEG-2000arithmetic encoder

the bytes are removed is reached. If the compressedimagedata bu�er is a 0xFF byte, CT

must be increasedin order to compensatea spuriousbit stu� which occurresdue to it.

Algorithm 1.1 Encoder
A  0x8000; C  0 f Initialize encoderg

INIT MPS[i ] and I[i ] for all contexts i

BP  BPST � 1; CT  12

if B = 0xFF then

CT = 13

end if f End of initializing g

rep eat

ReadCX,D

call ENCODE f alg. 1.2g

until Encoding is �nished

call FLUSH f alg. 1.7g

Then the encoder begins to do its job | it readsdecisionsand contexts and encodes

them in a loop. When all decisionsare encoded, the Flush procedureis executed(seepage

11).

Encoding of decision (zeros and ones) in the loop is done in one of two ways, either



CHAPTER 1. INTR ODUCTION TO THE JPEG-2000STANDARD 9

CodeLPSor CodeMPS.The algorithm decidesbetweenthem accordingto input decisionD

and MPS of the context CX (seealg. 1.2).

Algorithm 1.2 Encode
if D = 0 then

if MPS(CX) = 0 then

call CODEMPS f alg. 1.4g

else

call CODELPS f alg. 1.3g

end if

else

if MPS(CX) = 1 then

call CODEMPS f alg. 1.4g

else

call CODELPS f alg. 1.3g

end if

end if

Encoding an MPS (seealg. 1.4) and LPS (seealg. 1.3) basically consist of a scalingof

the interval to Qe(I(CX)), where I(CX) is the index to the given table (for details see[3,

annexC]) and Qe(I(CX)) is the estimatedprobability for this index. Besidesthe probability

estimation, the table contains NLPS and NMPS | indices which will be usednext time.

So that, the probability estimation can be consideredas a �nite-state machine. The table

alsocontains the SWITCH 
ag for each index I(CX). If it is set, then MPS(CX) is inverted.

This feature savessomebits from the resulting encoded bitstream.

In both of the procedures1.3and 1.4, the upper interval is �rst calculatedand compared

to the lower one in order to con�rm that Qe has smaller size. If not, the code register is

updated, Qe is addedto it and the proceduresare �nished by renormalization.

Renormalization procedure(seealg. 1.5) generatesthe outputting bits. The A and C

registersare shifted bit by bit. The number of shifts is counted in the counter CT. When

CT reacheszero,a byte of compresseddata is removed from C by the routine ByteOut.

The ByteOut procedure(seealg. 1.6) outputs a content of the C register to the output

bitstream, on the position where BP is pointing to. Bit stu�ng occurres in this routine.

It is neededto limit the carry propagation into the completedbytes of compressedimage
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Algorithm 1.3 CodeLPS| Encode LessProbable Symbol
A  A � Qe(I(CX))

if A < Qe(I(CX)) then

C  C + Qe(I(CX))

else

A  Qe(I(CX))

end if

if SWITCH(I(CX )) = 1 then

MPS(CX)  1 � MPS(CX)

end if

I(CX)  NLPS(I(CX))

call ENCRENORM f alg. 1.5g

Algorithm 1.4 CodeMPS| Encode More Probable Symbol
A  A � Qe(I(CX))

if A = A � Qe(I(CX)) then

if A < Qe(I(CX)) then

A  Qe(I(CX))

else

C  C + Qe(I(CX))

end if

I(CX ) = NMPS(I(CX ))

call ENCRENORM f alg. 1.5g

else

C  C + Qe(I(CX))

end if

Algorithm 1.5 EncRenorm| Encoding Renormalization
do

A  A � 1; C  C � 1

CT  CT � 1

if CT = 0 then

call BYTEOUT f alg. 1.6g

end if

while A 
̂ 0x8000 = 0
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data. The conventions usedmake it impossiblefor a carry to propagatethrough more than

the byte most recently written to the compressedimagedata bu�er.

Algorithm 1.6 ByteOut | Byte Output
if B  0xFF then

BP  BP + 1; B  C � 20

C  C 
̂ 0xF FF FF; CT  7 f bit stu�ng g

else

if C < 0x8000000 then

BP  BP + 1; B  C � 19

C  C 
̂ 0x7FF FF; CT  8

else

B  B + 1

if B = 0xFF then

C  C 
̂ 0x7FF FF FF

BP  BP + 1; B  C � 20

C  C 
̂ 0xF FF FF; CT  7 f bit stu�ng g

else

BP  BP + 1; B  C � 19

C  C 
̂ 0x7FF FF; CT  8

end if

end if

end if

The Flush algorithm (seealg. 1.7) terminates the encoding operationsand generatesthe

required terminating marker. The �rst part of the Flush proceduresetsasmany bits in the

C register to 1 as possible. Upper bound for C register | sum of the code and interval

registers| is found. Lower 16 bits of C registerare forcedto 1 and the result is compared

to the upper bound. If C is too big, the code register C will be reducedto a value which

is within the interval. Later, all data from the code register is output and 0xFF byte is

placedat the �nal bits of the compressedimagedata. The procedureguaranteesthat any

marker code at the end of the compressedimagedata will be recognizedbeforedecoding is

complete.

An arithmetic decoder works almost in the sameway as the encoder does. Of course,

the main di�erence is that encoder producesbits and the decoder consumesthem. However,
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Algorithm 1.7 Flush
TEMPC  C + A; C  C _
 0xFF FF

if C � TEMPC then

C  C � 0x8000

end if

C  C � CT

call BYTEOUT f alg. 1.6g

C  C � CT

call BYTEOUT f alg. 1.6g

if B  0xFF then

Discard B

else

BP  BP + 1

end if

choosingbetweenLPS and MPS branch of the algorithm, moving amongstatesof the �nite-

state machine and renormalization function similarly.

Becausethe encoder is usually more illuminating for understanding the principles of

arithmetic coding, the detailed description of the JPEG-2000arithmetic decoder will be

skipped.

1.6 Coe�cien t bit modelling

Processingof each codeblock (seesection1.4) will be discussedin this section. Only encoder

will be described here in order to keepinterpretation understandable.

Codeblocks are coded bitplane by bitplane from the most signi�cant bitplane with a

nonzerobit to the least signi�cant bitplane. The bitplanes are scannedin a special order |

the codeblock is divided into four sampleshigh belts and each belt is scannedin four bytes

long vertical stripes from left to right. The belts are scannedfrom top to bottom of the

codeblock. If the codeblock height is not divisible by four, the last belt will have lessthan

four samplesin each stripe.

Each bitplane is scannedactually three times becausethe whole coding is performedin

three passes:signi�c ance propagation, magnitudere�nement and cleanup pass.

Each coe�cien t in the codeblock has an associated binary state variable called its sig-
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ni�c ance state. The coe�cien ts are insigni�c ant in the beginningof the coding processand

becomesigni�c ant at the bitplane where the most signi�cant magnitude bit equal to 1 is

found. The coe�cien t's context vector is a binary vector consistingof the signi�cance states

of its 8-nearestneighbour coe�cien ts. The nearestneighbours lying out of the codeblock

are consideredas insigi�cant.

Not every combination of signi�cant states of the nearestneighbours createsan inde-

pendent context vector. The context vectors are grouped into only 17 contexts. Context

formation rules are de�ned for each of the coding passesand sign coding. The contexts (or

context labels) are provided to arithmetic encoder or decoder.

The �rst bitplane of the current codeblock with a non-zeroelement is processedonly

by cleanup pass.The remaining bitplanes are coded in three passes.Each coe�cien t bit is

coded in exactly one of them. Which passprocessesa certain coe�cien t bit, depends on

conditions for that pass.Brie
y , the signi�cance propagationpassprocessesthe coe�cien ts

that are predicted to becomesigni�cant. The magnitude re�nement passincludesbits from

already signi�cant samplesand the cleanup passprocessesall remaining bits. The sign bits

are processedimmediately after the appropriate samplesbecomesigni�cant.

1.6.1 Signi�cance propagation pass

A context vector of each sampleis createdfrom eight surroundingneighbour coe�cien ts and

mapped into one of nine contexts. Signi�cant coe�cien ts give a value 1 and insigni�cant

coe�cien ts give a value 0 for the creation of the context. Fig. 1.4 shows how surrounding

samplesare usedfor the context vector and context determination. All kinds of neighbours

areprocessedin the sameway | horizontal, vertical anddiagonalcontributions aresummed.

The contexts are determined from these summations. The mapping into contexts also

dependson the subband. Table 1.2 contains rules for the context label determination.

The signi�cance propagation pass includes only bits of coe�cien ts whosesigni�cance

stateshave not yet beenset and have a non-zerocontext (seealg. 1.8). All other coe�cien ts

are skipped. The context is sent to the arithmetic encoder. If the value of the bit is 1, then

the signi�cance state is set to 1 and the immediate next bit to be encoded is the sign for

the coe�cien t. Otherwise, the signi�cance state remains0. If the signi�cance state of this

sampleis neededfor computing the context vector of any following coe�cien t, the newest

signi�cance state for this samplewill be used.
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Figure 1.4: Neighbours states forming the context vector

Algorithm 1.8 Signi�cance propagation pass
for all coe�cien ts in the codeblock do

compute context of the current sample

if sampleis insigni�cant and hasa non-zerocontext then

send the bit and context f to arithmetic encoder g

if bit is 1 then

call ENCODE SIGN to encode sign of the coe�cien t f alg. 1.9g

end if

end if

end for

1.6.2 Sign bit coding

Another context vector is used to determine the context label for sign bit coding. The

diagonalneighbours are not interesting anymore. The whole context label determination is

donein two steps. In the �rst one,the contributions from vertical and horizontal neighbours

are computed (seetable 1.3). Each neighbour can be in one of three states: signi�cant

positive (S+),signi�can t negative (S� ) or insigni�cant (I).

The secondstep reducesnine posiblehorizontal and vertical con�gurations to oneof �v e

context labels (seetable 1.4). One should notice that the context labels are again indexed

only for the identi�cation convenience. Besidesthe context determination, the XORbit is

determined in this step as well. The XORbit is usedsimilarly in the encoder and decoder.

The encoder wants to save the sign bit of the current coe�cien t (a 1 bit meansa negative

coe�cien t and a 0 indicates a positive coe�cien t). This bit is XORed (
 , logical exclusive
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Table 1.2: Contexts for signi�cance propagation and cleanup passes

V0 or H0

S+ I S�

V1 S+ 1 1 0

or I 1 0 � 1

H1 S� 0 � 1 � 1

Table 1.3: Contributions of the neighbours to the sign context

OR) with the XORbit

D = signbit 
 XORbit : (1.1)

The result is saved. Seealg. 1.9.

On the other hand, the decoder wants to read the coming data. Becauseof a property

of the XOR operation

8a;b; a;b2 f true; falseg : (a 
 b) 
 b= a; (1.2)

decoder alsoperformsthe XOR operation on the coming data and XORbit

signbit = D 
 XORbit : (1.3)
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Vertical

-1 0 1

-1 13/1 12/1 11/1

Horizontal 0 10/1 9/0 10/0

1 11/0 12/0 13/0

Table 1.4: Sign contexts / XORbits from the contributions

Algorithm 1.9 Sign bit encoding
compute horizontal contribution

compute vertical contribution

compute context label

compute XORbit

D  signbit 
 XORbit

send D to arithmetic encoder

1.6.3 Magnitude re�nemen t pass

The bits from coe�cien ts that are alreadysigni�cant are processedin the magnitudere�ne-

ment pass. Of course,the bits which have just becomesigni�cant in the last signi�cance

propagation passare not included. The context is determined by the summation of the

current signi�cance statesof all eight neighbours and by whether this is the �rst bit of the

coe�cien t to re�ne or not. Table 1.5 shows three contexts for this pass. The contexts are

sent to the arithmetic coder along with the appropriate bits.

P
(H i +V i +D i ) First re�nement context

{ a no 16

� 1 yes 15

0 yes 14
a { means\do not care"

Table 1.5: Contributions of the neighbours to the sign context
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Algorithm 1.10 Magnitude re�nement pass
for all previously signi�cant coe�cien ts in the codeblock do

if this is the �rst re�nement of the coe�cien t then

sum the signi�cnt statesof the neighbours

if sum = 0 then

send the bit and context 14 f to arithmetic encoder g

else

send the bit and context 15

end if

else

send the bit and context 16

end if

end for

1.6.4 Clean up pass

Cleanup passhandlescoe�cien ts which were previously insigni�cant and not processedby

the last signi�cance propagation pass. The cleanup passdoesnot only use the neighbour

context from table 1.2 but alsoa run-length context.

The neighbour contexts for the coe�cien ts are recreatedin this passusing table 1.2.

The coe�cien ts which were found to be signi�cant in the signi�cance propagation passare

consideredto be signi�cant now.

The run-length context is a uniquecontext. It is usedwhenall four contiguouscoe�cien ts

in the stripe are decoded in the cleanup passand the context label for all of them is 0. For

detailed description on how the runlength works, the encoder casewill be usedagain.

If all four coe�cien ts in the stripe, which should be encoded in the run-length, are

insigni�cant, then symbol 0 is sent to arithmetic encoder with the run-length context. Oth-

erwisesymbol 1 is sent with the run-length context and the procedurecontinues. At least

one of the coe�cien ts in the stripe is signi�cant. The next two bits (most signi�cant bit

�rst) sent with a special uniform context denotewhich coe�cien t in the stripe is the �rst

signi�cant one. The signof that coe�cien t is encodedasit wasdescribed in subsection1.6.2.

Encoding of remaining coe�cien ts continuesin the manner described in subsection1.6.1.

In casethat four coe�cien ts in the stripearenot codedin the cleanup passor the context

of any of them is non-zero,then the coe�cien ts are again coded exactly as it wasdescribed

in subsection1.6.1.
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Algorithm 1.11 Cleanup pass
for all completestripesin the codeblock do

compute contexts of all coe�cien ts in the stripe

if all four coe�cien ts should be encoded in this passthen

if all four coe�cien ts are insigni�cant and their contexts are zero then

send 0 and run-length context f to arithmetic encoder g

else

send 1 and run-length context

send position of the 1st signif. coef. and uniform context

call ENCODE SIGN to encode sign of the 1st signif. coef. f alg. 1.9g

for all remaining coe�cien ts in the stripe do

encode the bit of the coe�cien t

if bit is 1 then

call ENCODE SIGN to encode sign of the coe�cien t f alg. 1.9g

end if

end for

end if

else

for all coe�cien ts in the stripe which should be processedin the cleanup passdo

encode signi�cance of the coe�cien t

if bit is 1 then

call ENCODE SIGN to encode sign of the coe�cien t f alg. 1.9g

end if

end for

end if

end for

call Cleanup pass| continuing f alg. 1.12g
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Algorithm 1.12 Cleanup pass| continuing
for all remaining incompletestripesin the codeblock do

for all coe�cien ts in the stripe do

encode signi�cance of the coe�cien t

if bit is 1 then

call ENCODE SIGN to encode sign of the coe�cien t f alg. 1.9g

end if

end for

end for

An overview of the encoder sidecleanup passis in alg. 1.11and 1.12.

1.6.5 Additional notes

The JPEG-2000 standard discussesalso a couple of other detail issuesin the annex of

coe�cien t bit modelling. Notable problemsare mainly initializing and reinitializing of the

contexts, termination of the codestream,error resilience segmentation symbol, vertically

casual context formation and selective arithmetic coding bypass. All these features place

special markers or marker segments into the outputting bitstream.

When the contexts are reinitialiazed, they are set to the starting valueswhich are spec-

i�ed by the standard. The arithmetic encoder can be terminated either at the end of every

coding passor only at the end of every codeblock.

Error resilience segmentation symbol ensuresthat error in the decoding of each bitplane

can be detected. It is placed at the end of each bitplane. The correct decoding of this

symbol con�rms correctnessof the decoding of this bitplane.

The vertically causal context formation allows ignoring the signi�cance states of the

samplesin the stripes which are above the belt where currently processedcoe�cien t is

located. The signi�cance statesof the ignored coe�cien ts are consideredto be 0.

The selective arithmetic coding bypass enablesusageof the arithmetic encoding only

for the �rst ten passes(four bitplanes) and the remaining bitplanes are passedeither from

input to decoder, or from encoder to output skipping the arithmetic encoder. The raw (or

lazy) mode can be used only for someof the remaining bitplanes. It can be terminated

by a special terminating 
ag and arithmetic encoder can be restarted again. This can be

repeatedfor every singlecoding pass.
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1.7 Quan tization

Quantization can be done according to the JPEG-2000standard in two ways: reversibly

and irr eversibly. The reversible quantization meansthat quantization is not performed|

the quantization step Mb is equal to 1. It is usedwhen quantization should not causeany

distortion to compressedimage| after a reversiblewavelet decomposition. The reversible

quantization is not described more deeply in this thesisbecauseimplementation described

in chapter 3 usesonly the irreversiblequantization.

The irreversible quantization is apparently used when the wavelet decomposition has

already brought a distortion. In this case,a special kind of quantization can actually help

to suppressits unintentional sidee�ects.

The standard de�nes only inverse quantization procedure (dequantization in the de-

coder). The forward quantization procedurein the encoder is mentioned only informatively.

However, for better understandingof the quantization, it will be described here later too.

Each wavelet transform coe�cien t (u; v) of the subbandb hasa value

�q(u; v) = (1 � 2s(u; v))
Nb(u;v )X

i =1

�
2M b� i M SB i (b;u; v)

�
; (1.4)

where s(u; v) is a sign bit of the coe�cien t (1 for negative, 0 for positive), Nb(u; v) is the

number of decodedbits, M SB i (b;u; v) is the i th bit of the coe�cien t (starting with the most

signi�cant bit) and M b is given by

Mb = G + "b � 1; (1.5)

where G is the number of guard bits and " b is an exponent of the quantization step Mb.

Guard bits are additional most signi�cant bits added to each sample in order to prevent

possibleover
ow. G, " b and Nb(u; v) are speci�ed in the appropriate marker segments.

The quantization step Mb for a given subbandb is de�ned as

Mb= 2R I log2 gain b� " b

�
1 +

� b

211

�
; (1.6)

whereRI is the number of bits usedto represent the original tile-component samples,gain b

is the subband gain of the current subbandb(seetable 1.6 | a higher subbandgain meansa

higher quantization step), " b is the exponent and � b is the mantissa. The denominator211 is

due to the allocation of 11 bits in the codestreamfor � b. The mantissa is speci�ed similarly

to the exponent in the appropriate marker segments in the bitstream. The exponent and
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mantissa pairs (" b; � b) are signaledin the codestreameither for every subbandor only for

the NL LL subbandand derived for all other subbands.In the latter case,the derivation is

("b; � b) = ("LL � NLL + nb; � LL ); (1.7)

where nb denotesthe number of decomposition levels from the original tile-component to

the subbandb.

subbandb log2 gainb

LL 0

LH 1

HL 1

HH 2

Table 1.6: Subbandgains

Reconstructionof the transform coe�cien t is simple

Rq(u; v) =

8
><

>:

( �q(u; v) + r2G+ " b� 1� N b(u;v ) ) Mb f or �q(u; v) > 0

( �q(u; v) � r 2G+ " b� 1� N b(u;v ) ) Mb f or �q(u; v) < 0

0 f or �q(u; v) = 0

(1.8)

where r is a reconstruction parameter which can be arbitrarily chosenby the decoder for

exampleto producethe best quality for the reconstruction. A commonvalue is r = 0:5 but

can be anything in the range0 � r < 1.

The forward quantization is doneafter forward wavelet transform. All transform coe�-

cients a(u; v) of the subbandb are quantized to the value q(u; v):

q(u; v) = sign(a(u; v))
�

ja(u; v)j
Mb

�
(1.9)

The exponent " b and the mantissa� b corresponding to Mb canbederived from equation(1.7)

and must be recordedin the codestreamin the appropriate markers.

1.8 Discrete wavelet transform of tile-comp onents

In this section, similarly to previous ones, will be described again mainly encoder side

of the discrete wavelet transform which is called the forward discrete wavelet transform
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(FDWT). Transformedsignal can be perfectly or nearly perfectly reconstructedusing an

inversediscretewavelet transform (IDWT). The perfect reconstructionis possiblewhenthe

5-3 reversiblewavelet transform is used. And on the other hand, the nearly perfect recon-

struction can be gainedwhen the 9-7 irreversible wavelet transform is usedto encode the

image. Although the reversiblewavelet transform seemsto beadvantageous,the irreversible

wavelet transform producessigni�cantly better results in lossycompression.The reversible

wavelet transform can theoretically be usedfor lossycompressionaswell. However, it is not

used in that way due to its worse results. The reversible wavelet transform is usedwhen

either losslesscompressionis neededor an arithmetic unit, which should perform all the

computations, can calculateonly in integer domain.

As was mentioned before,tile-components of the entire imageare transformed indepen-

dently. Then, it is important to mention how the FDWT works in general. The FDWT

described in the JPEG-2000standard usesa one-dimensionalsubband decomposition of a

one-dimensionalarray of samplesinto low-pass coe�cien ts, representing a downsampled

residual version of the original array, and into high-pass coe�cien ts, representing a down-

sampledresidualversionof the original array, neededto reconstruct the original array from

the low-passarray.

The FDWT transforms DC-level shifted tile-component samplesinto a set of subbands.

Necessaryinput of the FDWT procedure is also the number of decomposition levels NL ,

which must be saved to the bitstream in appropriate markers.

The subbandsare labelled by an index lev, corresponding to the decomposition level,

followed by a signatureof the �lter type which is usedto produceit. Possiblevariations are

LL, HL, LH and HH. For example,the subbandb = levLH corresponds to a downsampled

version of (lev � 1)LL which has been high-pass�ltered vertically and low-pass �ltered

horizontally. The subband0LL is identical to the original tile-component.

The FDWT procedure(seealg. 1.13) is recursive and producesusual dyadic decompo-

sition structure [11]. The whole tile-component is taken as the zeroth LL subband. The

recursive part of the algorithm is repeatedNL times. In each iteration, the LL subbandof

the current decomposion level lev is decomposedby 2D SD procedure. The total number

of coe�cien ts is not changing during iterations.

The 2D SD procedureperformsa decomposition (see�g. 1.5) of a two-dimensionalarray

of coe�cien ts or samplesa(lev� 1)LL (u; v) into four groupsof subbandcoe�cien ts alevLL (u; v),

alevH L (u; v), alevLH (u; v) and alevH H (u; v).

The whole2D SD procedureconsistsof three steps(seealg. 1.14). In the �rst two steps,
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a( )lev-1 LL

alevLL alevHL

alevLH alevHH

2D_SD

Figure 1.5: One-level decomposition | 2D SD procedure

it performs vertical and horizontal subband decompositions of a two-dimensionalarray of

coe�cien ts. Then, the coe�cien ts are deinterleaved into a set of four subbands.

The vertical subbanddecomposition procedureVER SD (seealg. 1.15)takesasinput the

two-dimensionalarray a(lev� 1)LL (u; v) and modi�es it into vertically �ltered versiona(u; v)

of the input array, column by column.

The horizontal subbanddecomposition procedureHOR SD (seealg. 1.16) takesasinput

the two-dimensionalarray a(u; v) and modi�es it into horizontally �ltered version of the

input array, row by row.

After vertical and horizontal subbanddecompositions, the result must be deinterleaved

into four independent arrays. The ideaof the deinterleaving is taking evenrowsand columns

and forming the array of levLL subbandfrom them. Then the procedureis repeatedfor even

rows and odd columnsfor levHL, odd columnsand even rows for levLH and odd columns

and odd rows for levHH subband. The wholeprocedureis presented at alg. 1.17. Note, that

variablesA b ; B b ; Cb ; D b ; Eb and Fb are taken from table 1.7.

The horizontal and vertical subbanddecompositions procedurescall another procedure,

1D SD. This procedureis composedof two parts: 1D EXTD, which makesa periodic sym-

metric extensionof the signal, and 1D FILTD, which is basically a lifting-based �ltering [5]

and scaling.

Algorithm 1.13 Forward discretewavelet transform
Input: I (x; y); NL

Output: ab(ub; vb)

lev  1; a0LL (u; v)  I (u; v)

while lev � NL do

(alevLL ; alevH L ; alevLH ; alevH H )  2D SD(a(lev� 1)LL ; u0; u1; v0; v1)

lev+ +

end while
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Algorithm 1.14 2D SD
Input: a(lev� 1)LL ; u0; u1; v0; v1

Output: alevLL ; alevH L ; alevLH ; alevH H

a  VER SD(a(lev� 1)LL ; u0; u1; v0; v1) f alg. 1.15g

a  HOR SD(a;u0; u1; v0; v1) f alg. 1.16g

(alevLL ; alevH L ; alevLH ; alevH H )  2D DEINTERLEA VE(a;u0; u1; v0; v1)

Algorithm 1.15 VER SD
Input: a(u; v); u0; u1; v0; v1

Output: a(u; v)

u  u0; i0  v0; i1  v1

rep eat

X (v)  a(u; v)

Y(v)  1D SD(X (v); i 0; i1)

a(u; v)  Y(v)

u + +

until u � u1

Algorithm 1.16 HOR SD
Input: a(u; v); u0; u1; v0; v1

Output: a(u; v)

u  v0; i0  u0; i1  u1

rep eat

X (u)  a(u; v)

Y(u)  1D SD(X (u); i 0; i1)

a(u; v)  Y(u)

v + +

until v � v1
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subbandb A B C D E F
levLL du0=2e dv0=2e 0 0 du1=2e dv1=2e

levHL bu0=2c dv0=2e 1 0 bu1=2c dv1=2e

levHL du0=2e bv0=2c 0 1 du1=2e bv1=2c

levHH bu0=2c bv0=2c 1 1 bu1=2c bv1=2c

Table 1.7: Expressionsfor subbandsusedin 2D DEINTERLEA VE

Algorithm 1.17 2D DEINTERLEA VE
Input: a(u; v); u0; u1; v0; v1

Output: alevLL (u; v); alevH L (u; v); alevLH (u; v); alevH H (u; v)

for all subbandsb= [levLL; levH L; levLH ; levLL ] do

vb  B b f seetable 1.7g

rep eat

ub  A b

rep eat

ab(ub; vb) = a(2ub + Cb ; 2vb + D b )

ub + +

until ub � Eb

vb + +

until vb � Fb

end for

The extensioncan be expressedby the equation

Yext (i ) = i0 + min( mod (i � i 0; 2(i1 � i0 � 1)); 2(i 1 � i0 � 1) �

� mod (i � i 0; 2(i1 � i0 � 1))): (1.10)

subbandi0 i lef t

even 4

odd 3

subbandi1 i r ight

odd 4

even 3

Table 1.8: Extensionsto the left and right

The periodic symmetric extension of the input X adds i lef t coe�cien ts to the left and

i r ight coe�cien ts to the right side. This step is neededto enable�ltering at both bound-

aries of the signal. The schemeof the periodic symmetric extensionis depicted in �g. 1.6.
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A B C D E F E D C BB A BC BE F E DD A

i i0 1-1

i left i right

Figure 1.6: Periodic symmetric extensionof signal

parameter approx. value

� -1.586134342059924

� -0.052980118572961


 0.882911075530934

� 0.443506852043971

K 1.230174104914001

Table 1.9: Lifting parametersfor the 9-7 irreversible �lter

Variablesi 0 and i1 are inputs of the extensionprocedure. i 0 meansthe �rst coe�cien t and

i1 � 1 the last coe�cien t of the input. Their valuesare �xed and they are enumerated for

the caseof the irreversible9-7 encoder in table 1.8.

The output of the extensionis �ltered by the lifting-based �lter. The �lter is the core

of the wavelet transform. Alg. 1.18 contains all operations which must be performed and

table 1.9 is a list of approximate valuesof the parameters.The standard de�nes the param-

etersexactly. Variables i 0 and i1 are again inputs of the �lter. All i 1 � i0 coe�cien ts form

the output Y of the �lter and also the output of the SD 1 procedure.

1.9 DC level shifting and multiple comp onent trans-

form

DC level shifting and multiple component transform are two di�erent procedureswhich are

successively performed in the decoder and encoder. Becausethey are connectedto each

other and both are relatively simple, they are discussedtogether.

Fig. 1.7shows whereboth proceduresareusedin a coding and decoding chain. However,

the multiple component transform doesnot have to be used. For examplea one-component

imagedoesnot needit. Similarly, the DC level shifting doesnot have to be usedeither, if
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Algorithm 1.18 Lifting based�lter for encoder
Input: X ext ; i0; i1

Output: Y

for all n :
�

i0

2

�
� 2 � n <

�
i1

2

�
+ 1 do

Y(2n + 1)  X ext (2n + 1) + � (X ext (2n) + X ext (2n + 2))

end for

for all n :
�

i0

2

�
� 1 � n <

�
i1

2

�
+ 1 do

Y(2n)  X ext (2n) + � (Y(2n � 1) + Y(2n + 1))

end for

for all n :
�

i0

2

�
� 1 � n <

�
i1

2

�
do

Y(2n + 1)  Y(2n + 1) + 
 (Y(2n) + Y(2n + 2))

end for

for all n :
�

i0

2

�
� n <

�
i1

2

�
do

Y(2n)  Y(2n) + � (Y(2n � 1) + Y(2n + 1))

end for

for all n :
�

i0

2

�
� n <

�
i1

2

�
do

Y(2n + 1)  K Y(2n + 1)

end for

for all n :
�

i0

2

�
� n <

�
i1

2

�
do

Y(2n)  (1=K )Y(2n)

end for
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unsignedsamplesareencodedor decoded. Useof both proceduresis signaledin appropriate

markers and marker segments.

sample
Forward
DC level

shift

sample
reconstructed

Forward
component
transform

Forward
wavelet

transform

Inverse
wavelet

transform

Inverse
component
transform

Inverse
DC level

shift

coding

Figure 1.7: DC level shift and component transform in the coding process

If forward DC level shifting is usedin the encoder, all samplesI (x; y) of the component

are level shifted by subtracting the samequantit y from each sample

I (x; y) = I (x; y) � 2shif t ; (1.11)

whereshif t is written into the bitstream in an appropriate marker. It is obvious that this

operation is always reversibleand the decoder works exactly in the opposite way.

The multiple component transform is a bit more complicated issue. Two versionsof

this transform are used. The reversible one is performed when the reversible 5-3 wavelet

transform is used. In this thesis,only the irreversiblemultiple component transform (ICT)

will be described. It shall be usedonly with the 9-7 irreversiblewavelet transform. The ICT

decorrelatesthe �rst threecomponents of an imageandhelpsto achievea better compression

ratio. The three inputting components must have the sameseparationon the referencegrid

(seesection1.4) and the samebitdepth. The relationship betweenthe components and the

referencegrid is alsosignaledin the bitstream in an appropriate marker.

If the �rst three components are red, greenand blue components, the ICT is the YCbCr

transform.

The forward ICT is performed before forward wavelet transform and is computed for

imagecomponent samplesI 0(x; y), I 1(x; y), I 2(x; y) as follows:

Y0(x; y) = 0:299I 0(x; y) + 0:581I 1(x; y) + 0:114I 2(x; y) (1.12)

Y1(x; y) = � 0:16875I 0(x; y) � 0:33126I 1(x; y) + 0:5I 2(x; y) (1.13)

Y2(x; y) = 0:5I 0(x; y) � 0:41869I 1(x; y) � 0; 08132I 2(x; y) (1.14)

The inverseICT is performed after the inversewavelet transform and is computed as
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follows:

I 0(x; y) = Y0(x; y) + 1:402Y2(x; y) (1.15)

I 1(x; y) = Y0(x; y) � 0:34413Y1(x; y) � 0:71414Y2(x; y) (1.16)

I 2(x; y) = Y0(x; y) + 1:772Y1(x; y) (1.17)

1.10 Coding with regions of in terest

The region of interest (ROI) technology will be described hereonly very shortly becauseit

was not a part of the implemantation of the JPEG-2000basedcodec(seesection.3.1).

As in other sections, the standard describes a norm only for the decoder. However,

the possibleimplementation of the encoder will be discussedhere. Similarly to previous

sections,only irreversiblecompressioncaseis interesting for this thesis.

The ROI is a part of an image that is coded earlier in the codestreamthan the rest

of the image (the background). The information associated with the ROI preceedesthe

information associated with the background. The transform coe�cien ts in the ROI are

usually encoded with better quality.

The standard currently supports two methods to code the ROIs: the general scaling

basedmethod (GSBM) [6] and the maximum shift (Maxshift) method [3, annexH].

The GSBM moves the bitplanes of selectedcoe�cien ts to higher bitplanes. A scaling

value s determineshow many bitplanes higher the ROI will be above the background. (see

�g. 1.8). The main drawback of the GSBM is the needto encode the shape of the ROI.

ROI backgr.backgr.

s

Figure 1.8: ROI, Generalscalingbasedmethod

The Maxshift method doesnot needto transmit the shape of the ROI. The quantized

transform coe�cien ts outside of the ROI are scaleddown so that the bits associated with
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the ROI are placedin higher bitplanes than the background (see�g. 1.9). It is necessaryto

save only the scalevalue s to the bitstream in an appropriate marker segment. The scale

value must be

s � max(M b); (1.18)

where M b is given by eq. 1.5, so that the decoder can recognizewhich coe�cien ts belong

to the ROI. The main drawback of this method is that it is not possibleto control the

priorit y of the ROI. The background will be decoded after the ROI hasbeenfully decoded.

However, the quality of ROI doesnot have to be the sameas the quality of the background

becausethe accuracyof background coe�cien ts can be sacri�zed during encoding.

ROI backgr.backgr.

s max

Figure 1.9: ROI, Maximum shift method

The encoder is entirely freeto choosethe coe�cien ts which will be scaled.However, due

to the nature of wavelet �lters, the encoder should selectthem in such a way that inverse

wavelet transform will always be able to usescaledcoe�cien ts when it needsto reconstruct

the decomposition level from all of its subbands.

For the 9-7 irreversible �lter, the rules can be easily obtained from the equationsused

in alg. 1.18. Dependenciesof odd and even coe�cien ts of the decomposition level on the

coe�ecients of the subbandsare depicted in �g. 1.10.

1.11 JP2 �le format syntax

Description of the JP2 �le format, which provides necessarydata structures for storing

metadata in association with the JPEG-2000codestream,will be given very brie
y in this
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Figure 1.10: 9-7 irreversible �lter dependencies

sectionbecauseits implementation wasnot a goalof this thesis. The JP2 format is optional.

Applications do not have to useit.

JP2 �les are identi�ed using several mechanisms. On traditional computer �le systems,

the namesof JP2 �les should include a �le extension\.jp2". It might be interesting to note

herethat [7] registersthe MIME type \image/jp2" for JP2 �le format.

All information contained in the JP2 �le is encapsulatedin a collection of building

blocks calledboxes. Boxesde�ne what information may be storedwithin them. Someboxes

may contain other boxes and someof them are independent. Someboxes are mandatory,

others are optional (marked asOpt). However, optional boxescan contain boxeswhich are

mandatory, if and only if the optional box exists.

The order of boxes is not completely strict. Nevertheless,the �rst box in the �le is the

JPEG-2000Signature box immediatelly followed by File Type box. JP2 headerbox shall

appear beforethe Contiguous Codestreambox. Other boxes,which are not de�ned in the

standard, can appear betweenthe boxes. All data in JP2 �le must be in the box format.

The list of the boxes follows. More information about JP2 �le format can be found in

[3, annex I].
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� The JPEG-2000 Signature box

� File T yp e box

� JP2 Header box

{ Image Header box
{ Bits Per Comp onent box
{ Colour Speci�cation box 0

...
{ Colour Speci�cation box n � 1 (Opt)
{ Palette box (Opt)
{ Component Mapping box (Opt)
{ ChannelDe�nition box (Opt)
{ Resolution box (Opt)

� Capture ResolutionBox (Opt)
� Default Display Resolutionbox (Opt)

� Con tiguous Codestream box 0
...

� Contiguous Codestreambox m � 1 (Opt)

� IPR box (Opt)

� XML boxes(Opt)

� UUID boxes(Opt)

� UUID Info boxes(Opt)

{ UUID List box
{ Data Entry URL box



Chapter 2

Eb cot optimization

This chapter describesan imagecompressionalgorithm EBCOT (embedded block coding with

optimized truncation). Like its predecessors(for example[9] and [10]), the EBCOT algo-

rithm usesa wavelet transform to generatethe subbandsampleswhich are to be quantized

and coded. A dyadic decomposionstructure attributed to Mallat [11] is typically usedbut

other decompositions are alsosupported.

The algorithm produceshighly resolution and SNR scalablebitstream. The bitstream is

resolution scalableif it contains distinct subsetsBl representing each successive resolution

level L l . The bitstream is SNR scalableif it contains distinct subsetsBq, such that [ q
k=0 Bk

altogether represent the samplesfrom all subbandsat somequality (SNR) level q. If the

bitstream holds both properties, then it is both resolution and SNR scalable.A key advan-

tage of such a scalablecompressionis that the target bitrate or reconstruction resolution

neednot be known at the time of compression.A natural consequenceis that the image

neednot be compressedmultiple times in order to achieve a target bitrate.

EBCOT partitions subbands into relatively small codeblocks B i of size, for example

32 � 32 or 64 � 64. A highly scalablebitstream is generatedfor each codeblock. Each

bitstream can be independently truncated to any of a collection of di�erent legths Rn
i . Of

course,the reconstructedimagefrom thesetruncations is distorted. This distortion can be

modelledby D n
i . The indicesi arerelatedto the number of the codeblock and indicesn to the

number of the truncation point. The total number of truncation points can be quite high,

even hundreds or thousandsand not all combinations enable good enough reconstructed

images.

Methods, how to generatethe set of the truncation points, how to chooseamongthem

and how the EBCOT handlesdata in general,will be explainedin following sections.

33
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2.1 E�cien t one-pass control

The EBCOT algorithm truncates each of the independent codeblock bitstreamsafter all the

subbandsampleshave beencompressedto achieve a target bitrate Rmax . This is calledpost-

compressionrate-distortion (PCRD) optimization. The advantageof PCRD is its simplicity.

The imageis compressedonly oncewhen PCRD algorithm collectsall necessarydata to be

able to decide where the bitstreams should be truncated. Also memory usageis highly

reduced. It is not necessaryto keep the whole image or any comparableamount of data

in memory at the same time. Becausewavelet transform and codeblock coding can be

implemented incrementally, the useof memory is constrainedonly to a width or height of

the image[12].

The only imagedata which must be bu�ered for PCRD optimization is the embedded

block bitstreams. These bitstreams are generaly much smaller than the original image.

Moreover, alsothe PCRD optimization canbeimplemented incrementally sothat only a part

of the compressedblock bitstreams needto be bu�ered. EBCOT provides the availibilit y

of �nely embeddedbitstreams and the useof small blocks of subbandsamples.

2.2 Feature-Ric h Bitstreams

The simplest way to implement resolution scalablebitstream with possiblerandom access

is by concatenating suitable truncated representations of each codeblock B i . Of course,

su�cien t auxiliary information to identify the truncation points, n i and the corresponding

lengths Rn i
i must be included. The produced bitstream is obviously resolution scalable

becausedata representing each codeblock and hencethe subbandsand resolution levelsare

strictly delimitated. It is also apparently \random accessible"| it is possibleto identify

the region of interest within each subbandand hencethe codeblocks which are required for

its reconstruction.

However, this simple implementation is not SNR scalable,even when it is composedof

SNRscalableblock bitstreams. It is not possibleto stop a coding processat somepoint when

a given quality q is achieved and to keep the optimal rate-distortion ratio. Therefore the

EBCOT algorithm introducesquality layers Qq collecting incremental contributions from

variouscodeblocks in such a way that the codeblock contributions represented by layersQ i ,

i = 0; 1; : : : ; q, form a rate-distortion optimal representation of the imagefor each q.

The PCRD algorithm can provide this feature. It must be noted, that the total number
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of quality layersQq is limited. That is why the representation of the imageis only approx-

imately rate-distortion optimal. As the number of layers increases,the optimization gets

better. However, the layerscomealsowith someadditional information to identify the size

of each codeblock's contribution to the layer. This information must also be stored in the

bitstream. Becauseit is in generalsubstantially redundant information, EBCOT usesalso

a second tier coding to compressit (see�g. 2.1).

Tier 1

embedded block coding

operates on block samples

Tier 2

Coding of block contributions
to each quality layer
operates on block

summary info

codeblock
samples

embedded block
bitstreams

compressed
image

Figure 2.1: Two-tiered EBCOT coding

2.3 Rate-distortion optimization

The EBCOT partitions the subbandsinto collection of codeblocks B i . Their embedded

bitstreams may be truncated to rates Rn
i . The contribution from B i to distortion of the

reconstructed image is denoted D n
i for each truncation point n. It is assumedthat the

relevant distortion metric is additive

D =
X

i

D n i
i ; (2.1)
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where D denotesoverall image distortion and ni represents the truncation point selected

for codeblock B i . Di�eren t metrics can be usedat this point. Only the simplestonewill be

mentioned in this thesis| Mean Square Error (MSE) metrics. The MSE approximation is

obtained by

D̂ n
i = w2

bi

X

k2 B i

(ŝn
i [k] � si [k])2 : (2.2)

wheresi [k] denotesthe two-dimensionalsequenceof subbandsamplesin codeblock B i , ŝn
i [k]

denotesthe quantized representation of thesesamplesassociated with truncation point n

and wbi denotesthe L2-norm of the wavelet basis functions for the subband bi to which

codeblock B i belongs.This approximation is valid if the wavelet transform's basisfunctions

are orthogonal or the quantization errors of the samplesare uncorrelated.

Finding the optimal selectionof the truncation points ni meansminimizing a distortion

on the given bit-rate

Rmax �
X

i

Rn i
i : (2.3)

The optimization procedurecomesfrom [13] and it will be described here. The set
�

n�
i

	

which minimizes

D(� ) + �R (� ) =
X

i

(D n �
i

i + �R n �
i

i ) (2.4)

for some lambda is optimal in the sensethat the distortion cannot be reduced without

also increasing the overall rate and vice-versa. If a value of � , whosetruncation points

minimizing 2.4 yield R(� ) = Rmax , is found, then this set of truncation points has to be an

optimal solution to our rate-distortion optimization problem. Becauseonly a discreteset of

truncation points is available, it is not possibleto �nd a valueof � for which R(� ) is exactly

equal to Rmax . Anyway, sincea lot of truncation points are usedby EBCOT, it is su�cien t

in practice to �nd the smallestvalue of � such that R(� ) � Rmax .

Looking for the optimal truncation points n�
i for any given � is performedvery e�cien tly.

Only small amount of summary information collectedduring the generationof each code-

block's embeddedbitstream is needed.In fact, the wholeprocedureconsistsof independent

minimization problemsof each codeblock B i . The algorithm for �nding the truncation point

n�
i minimizing D n �

i
i + �R n �

i
i is introducedin alg. 2.1.

Before executing this algorithm, the subset N i ; N i �
�

n�
i

	
of acceptabletruncation

points must be found in order to skip all truncation points out of a convex hull. The convex

hull ensuresthat no point out of it producesbetter results than the points in it, that N i is

unique and that the largest set of truncation points which can be usedby alg. 2.1.
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Algorithm 2.1 Finding a truncation point in codeblock i
f Alg. producesan index n of a truncation point

which is optimal for a given � g

init n�
i = 0 f i is a codeblock's numberg

for j = 1; 2; 3; : : : do

f j is a truncation point's numberg

� Rj
i  Rj

i � Rn �
i

i

� Rj
i  D n �

i
i � D j

i

if
� D j

i

� Rj
i

> � then

n�
i  j

end if

end for

Firstly, a pair of de�nitions should be given. An enumeration of the acceptabletrun-

cation points is de�ned as j 1 < j 2 < : : :. The corresponding rate-distortion slopes to each

neighbouring acceptabletruncation points are given by

Sj k
i =

� D j k
i

� Rj k
i

(2.5)

where� D j k
i = D j k � 1

i � D j k
i and � Rj k

i = Rj k
i � Rj k � 1

i . The slopesmust be strictly decreasing

in order that the points createthe convex hull,

Sj k +1
i < Sj k

i : (2.6)

For example, if Sj k +1
i � Sj k

i then the truncation point j k cannot be selectedby alg. 2.1.

When the set N i is restricted, alg. 2.1 becomesa trivial selectionof maximum

n�
i = max(j k 2 N i ; Sj k

i > � ): (2.7)

Fig. 2.2 shows how the convex hull of the truncation points approximates the rate-

distortion curve.

The EBCOT algorithm is usually implemented in such a way that N i is determined

immediately after the bitstream for B i hasbeenproduced. The rates Rj k
i and slopesSj k

i for

each j k 2 N i are stored until the last codeblock is compressed.At this time, the optimal �

and the set of optimal n�
i for this � can be straightforwardly found. It is important to note

that the distortion valuesneednot be kept.
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Figure 2.2: The rate-distortion curve approximated by the convex hull of the truncation

points.

2.4 Additional notes to EBCOT algorithm

The paper about EBCOT algorithm [8] discussesalso many other issuesneededto output

the �nal bitstream. They will not be widely discussedin this thesis becausean essential

part of the EBCOT algorithm is its codeblock optimization. However, at leastbasicsshould

be mentioned herefor completeness.

The codeblock coding is basedon LZC algorithm [14]. The codeblock is further parti-

tioned into sub-blocks. In order to gain more truncation points, the fractional bitplanesare

used.

The codeblock is coded bitplane by bitplane using similar techniques like the JPEG-

2000(seep. 12). An idea of deadzonequantizer is behind the quantization in the EBCOT

algorithm (see�g. 2.3). The deadzonequantizer has uniformly spacedthresholds, except

the interval around zero,which is twice as large.

The entropy coding consistsof four di�erent primitiv es| primitiv e coding operations

� zerocoding (ZC) (9)

� runlength coding (RLC) (1)

� sign coding (SC) (5)
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Figure 2.3: Deadzonequantizer

� sign coding (MR) (3)

The total number of contexts which EBCOT usesis 18. The numbersof contexts are stated

at each primitiv e in the list.



Chapter 3

Implemen tation

The goal of the implementation was to evaluate the codeblock optimization methods in

the JPEG-2000basedcodec. The JPEG-2000standard doesnot specify the optimization

proceduresbecausethey are part of the encoder which is not standardized.

The �rst step of the implementation was to preparea JPEG-2000basedframework in-

cluding nonoptimizedencoder and decoder and then implement the codeblock optimization

into the encoder. The author implemented only thoseproceduresfrom the JPEG-2000stan-

dard that are necessaryto evaluate the perfomancesof the optimization algorithm. The

perfomanceevaluation can be done with the partially implemented JPEG-2000standard.

The entire implementation of both encoder and decoder is summarizedin �g. 3.1.

The functions decoder and optencoder are implemented as Matlab functions. They

are written in C programming language,compiledby Matlab-provided mexcompiler script.

Somenon-corefeaturesof the functions are implemented by calling inner Matlab routines.

Similarly, the forward and reversewavelet transforms are functions implemented in Matlab

and the C program calls them whenever they are needed.

Matlab �les decoder.m and optencoder.m provide only descriptionsof thesetwo func-

tions and their arguments which canbe read in the Matlab environment by commandhelp .

3.1 Limitations of the implemen tation

Becausethe implementation doesnot needto contain all featuresof the JPEG-2000stan-

dard, it is highly reducedand limited. The most important changesare mentioned in the

following paragraphs.

40
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Encoded file

Decoding of each
codeblock

3.4.3

Wavelet recomposition
3.4.6

Decoded image

DECODER

Raw image

Wavelet decomposition
3.5.2

Splitting into codeblocks
3.5.3

Local (1  ) optimization
of each codeblock

3.5.5
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Gluing of codeblocks
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Encoding of each
codeblock
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Figure 3.1: Flowcharts of implemented encoder and decoder with subsectionsof their de-

scription

The implementation doesnot support tiling of the image. It is equivalent to the situation

whenimagesarenot tiled at all. Thereforethe implementation canhaveproblemswith large

images(over 1024by 1024pixels).

The height and width of the imagecanonly bepowersof two. Theoretically, the algoritm

can handle any reasonablesizeof the imagebut this was not tested. The height and width

must be greater than 2n , where n is number of decomposition levels. The imageneednot

be a square.

The only testedbitdepth was8 bits per sample.The algorithm can theoretically process

alsoany other di�erent bitdepth. It would belimited only by the maximal possibletransform
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coe�cien t 232 � 1. However, the number is also limited by an extent of uint8 Matlab data

type.

The implementation can only work with one-component images. It meansthat only

grey-scaleimagesare permitted. For testing purposes,grey-scaleimagesare su�cien t. This

component usually carriesthe most information.

The implementation does not map samplesto the referencegrid. Becauseonly one-

component imagesare used, the mapping can be virtually omitted. This corresponds to

\one to one" mapping.

The implementation does not include two-tier coding and in consequenceit does not

provide SNR scalablebitstreams. This featurecan be addedby implementing quality layers

(seesections1.4 and 2.2). This feature is not necessaryfor testing purposes.

The error resiliencefeatures are not implemented becausethey are not necessaryfor

testing purposes.

The codec does not support regions of interest. Again, this feature is not essential,

although it would not be a di�cult task to implement it.

The codecusesits own �le format which is simpleand su�cien t to includeall the features

which are implemented.

Arithmetic coding is, of course,used in this implementation. Nevertheless,instead of

the speci�c binary coder highly optimized for speed,which is introducedin section1.5, the

generalarithmetic encoder is used(see[16] and subsection3.7.1).

3.2 In terface

As it wasmentioned above, the functions decoder and optencoder are called from Matlab

environment. The namesof the functions are derived from their roles. A pre�x opt in the

nameof the encoder is an abbreviation of \optimized".

3.2.1 Decoder

The decoder function has the only parameter arifilename which is the name of the �le

which contains data in a format described in section3.8. The parameteris a text string and

it is mandatory.

The output argument imageof the function decoder is a two-dimensionaluint8 matrix
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of size (height, width) representing decoded image. It contains the samplesof the image

(pixels).

An exampleof usage:

result = decoder('jirka.ari');

This commandreadsand decodesthe �le jirka.ari and the result is stored in the Matlab

matrix result .

3.2.2 Enco der

The encoder is calledwith several parametersa�ecting the encoding and optimization and

two �lenames usedfor input and output. All parametersare mandatory.

The imagefilename is a nameof the image�le which should be encoded or path to it.

Any format, which can be read by Matlab, will be read also by the encoder function, for

examplejpeg, ti�, bmp, gif, pnm etc.. . The parameter is a text string.

The parameternl of type uint8 represents the number of levels in the wavelet decom-

position which will be usedwithin the encoding procedure. Constraints of this parameter

are

1 � nl � 15 (3.1)

nl � log2(width ) � 2 (3.2)

nl � log2(height) � 2 (3.3)

wherewidth and height are the dimensionsof the image.

The parameter cbp of type uint8 denotesthe logarithm for a base2 and the maximal

height and width of codeblocks used for encoding optimization. The constraints of this

parameterare

2 � cbp � 9 (3.4)

cbp � log2(width ) � 1 (3.5)

cbp � log2(height) � 1 (3.6)

wherewidth and height are the dimensionsof the image. The algorithm itself allows also

nonsquarecodeblocks but they were not tested becausesquare codeblocks are su�cien t

enoughfor the purposesof algorithm testing.

The parameter lambdais the main parameterfor optimization. It is a slope in the rate-

distortion curve of each codeblock which should be found. A truncation point, belonging
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to this slope, is then usedas an optimal point. Seesection2.3 for more information about

lambda. The parameter lambda has no constraint. If lambda< 0 then the result image is

not quantized.

The secondand �ner optimization (seesubsection3.5.6) is controlled by the parameter

secpar of uint8 type. This parameter is a number of neighbouring truncation points

which will be usedwhile searching for a better truncation point in the secondoptimization

procedure.As greatersecpar is given asbetter result can be found but the computing will

take longer time. If secpar = 0; then no secondoptimization is performed, therefore the

computation time is reducedto the minimum. Apparently, secpar � 0.

The last parameterarifilename is the nameof the output �le or path to it. The format

of the saved �le is decodable by function decoder and is described in section3.8.

The function optencoder hasno output argument.

An exampleof usage:

optencoder('j.png', uint8(6), uint8(5), 4., uint8(2), 'j.ari');

This commandcompressthe �le j.png and storesthe result into the �le j.ari . The function

uses6 decomposition levelsandcodeblocksof size32� 32coe�cien ts. The main optimization

parameterlambdais 4. The optimization will includealsothe secondoptimization procedure

when two truncation points around the truncation point, which hasbeenfound in the �rst

optimization procedure,are investigated.

3.3 Technical details of implemen tation

The implementation waswritten for Matlab of version6.5.1.199709,Release13with Service

Pack 1 and compiledby mexscript usinggcccompilator of version3.3.1-2mdkfor Mandrake

Linux 9.2.

Most of the implementation is written in C programming languagewith standard C li-

braries except the code for the recomposition of the wavelet coe�cien t matrix. This part

was implemented as a Matlab script and is derived from a work of Ioan T�abu�s. The arith-

metic decoder, which is completely written in C language,is derived from an algorithm

implemented by GergelyKorodi.
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3.4 Image decoder

An idea of the decoder is quite simple, although it is taken from the quite complexJPEG-

2000standard. The overall idea of the procedureis presented in alg. 3.1. The algorithm

is fast. The slowest part is the recomposition. The reasonremainsa bit unclear. Partially

becauseit is really a complexprocedureand partially becauseit is implemented asa Matlab

script which is signi�cantly slower than C code. An imageof size512� 512pixels is decoded

by a computer with Pentium II I classprocessorin lessthan a singlesecond.

Algorithm 3.1 Implementation of the decoder
Input: nameof the encoded �le

Output: Matlab matrix of decoded image

check input parameters

read header

for all codeblocks do

read data of the current codeblock

decode data of the current codeblock

end for

glue codeblocks altogether

recomp ose image

return recomposedmatrix

3.4.1 Checking of input parameters

The only input parameter of the function decoder is checked in the beginning of the pro-

cedure. The check is simple, the parameter must be a Matlab vector of characters. The

existenceof the �le is checked later while opening the �le. If the �le does not exist, the

function is terminated with an error.

The content of the �le is not checked or presumed.All information in the headerof the

�le is checked during its processing. If any of the values in the headerexceedsits limits,

the function is terminated with an error aswell. The readingof the headeris more detailly

described in the following subsection.
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3.4.2 Header reading

All necessaryinformation about the imageexceptcompresseddata itself is read during the

reading of the header. All the data is checked accordingto rules de�ned in section 3.8 in

order to ensuredecodabilit y of the read �le.

Within this phase,the decoder gets information about width and height of the image,

number of decomposition levels used by the wavelet transform and maximal size of the

codeblocks.

At this moment, the decoder alreadyknows how the partition of the imagelooks. There-

fore also the number of the codeblocks and their sizesare known.

The number of nonzerobitplanes and the position of the breakpoint in each codeblock

is readand checked if they do not excludeeach other. If yes,the decoder is terminated with

an error.

After the header is read, the data structure can be prepared to read data for each

codeblock from the arithmetic decoder.

3.4.3 Codeblo ck reading and decoding

The codeblocks are read oneby one from the arithmetic decoder (detailed description is in

subsection3.7.2). The arithmetic decoder is reinitialized beforeeach codeblock is going to

be decoded.

If the �le does not contain enough data, the algorithm is not able to recognizean

unexpected end of the �le. Sincethe algorithm reaches the end of the �le, zerosare read

and sent to arithmetic decoder all the time. The decoder supposesthe unbroken input

�le. However, this uncorrectnesswas not a handicap during testing of the algorithm's

performance.

A fundamental part of this procedureis a codeblock decoder. The codeblock decoder is

implemented to realizethe JPEG-2000standard algorithms which are brie
y introducedin

section1.6. It is composedof three passes:signi�cance propagation, magnitude re�nement

and clean-up passes.The seriesof these three passesis executedfor each bitplane. The

highest bitplane is an exception| only the clean-uppassprocessesit.

The descriptionof the decoder's passesand coe�cien t bit modelling would bepractically

only repeating the JPEG-2000standard [3, annexD]. Thereforeit is skipped in this thesis,

although they arepivotal parts of the implementation. The readercanalsorevisit section1.6

in order to get more information.



CHAPTER 3. IMPLEMENT ATION 47

3.4.4 Dequan tization

If the coe�cien ts in the codeblock werequantized and thresholdedafter a certain bitplane,

the decoding is stoppedat the samepoint. The dequantization is performedafter all data of

codeblock is received and only if the coe�cien ts were quantized. The reversequantization

can be expressedby the following formulas

jCr j =

(
jCqj if q = 0

jCqj + 2q� 1 if q > 0
(3.7)

where q is the quantization step, q = 2l where l is the least signi�cant bitplane of the

codeblock which is already completely processed.

Obviously, signsof the coe�cien ts do not alternate during dequantization. The principles

of the dequantizer are depicted in �g. 3.2. One can compareit with the encoder's deadzone

quantizer in �g. 2.3.

0

2dd

Figure 3.2: Dequantizer

3.4.5 Gluing of codeblo cks together

When data of the codeblocks is read, processedby an arithmetic decoder and stored in

memory, it is time to join them together in order that the wavelet decomposition can

convert them from wavelet transform coe�cien ts to imagesamples(pixels).

This algorithm of gluing is very simple. Actually, it involves only copying of memory

blocks into new places. The main problem is to �nd the position and consequently also a

sizeof each codeblock. This matter is discussedin the following paragraphs.

The future matrix of the wavelet transform coe�cien ts is divided into subbandsof de-

composition levels. There are nl decomposition levels (nl is read from the headerof the

encoded �le, seesection3.8). Each decomposition level lev includesfour subbands(LL, HL,

LH and HH). The LL subbandof the the decomposition level lev is a completedecomposi-

tion level lev � 1. The exceptionis the LL subbandof the decomposition level nl , which is

not decomposedanymore.
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During decoding, the decomposition levels are browsed from the decomposition level

nl to the decomposition level 1. Firstly, the LL subbandof the decomposition level nl is

browsed. The rest is completely regular. The HL, LH and HH subbands(in this order) are

browsedin each subband. The last browsedsubbandis the HH subbandof the decomposition

level 1.

The subbandsof di�erent decomposition levels have obviously di�erent sizes. Because

the cbp parameter| maximal sizeof codeblock (this parameter is read from the headerof

the encoded �le, seesection3.8) | is not limited by the smallestsubband, the subbands,

which are smaller than the maximal sizeof the codeblock or have the samesize,contain a

singlecodeblock. Otherwise, the subbandis divided into independent codeblocks. Clearly,

the codeblocks cannot exceedthe boundariesof the subbands.The codeblocks are ordered

in each codeblock row by row.

When the decoder hasfound the position and sizeof each codeblock, the codeblocks are

placedonto the correct places.The exampleof codeblocks' order is in �g. 3.3

1 2

3 4
5 8 9

7 10 11

13 16 17

15 18 19

6

12

14

Figure 3.3: Order of codeblocks

for nl = 3 and cbp = log2
width

4
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3.4.6 Image recomp osition

Up to now, the decoder has prepared the matrix of data which should be transformed

now. The inverse9-7 wavelet transform is used. The implemented encoder also uses9-

7 irreversible wavelet transform (see subsection3.6.1). That is why the restored image

sampleswill never be exactly the sameasthey werebeforethe encoding, even whenwavelet

transform coe�cien ts are not quantized. The codec is optimized for lossy, i.e. quantized,

compression.

Additional information about the usedinversewavelet transform can be found in sub-

section3.6.2.

3.5 Image encoder

The image encoder is basedon the JPEG-2000standard. It must generatethe bitstream

which is described in section3.8. The procedureof encoding is summarizedin alg. 3.2.

The imageencoder is a morecomplexMatlab function than the decoder. The function is

calledoptencoder. The encoder contains parts which have similar function like the decoder

and, in addition to them, an encoder optimizing routine basedon the Ebcot optimization

(seechapter 2) which basically cuts a bitstream of each codeblock in order to achieve the

highest PSNR for a given rate.

If one comparesthe Ebcot optimization and place where the �rst optimization is per-

formed in this implementation, one must notice that a certain important property of the

Ebcot optimization is not used. The codeblocks are not optimized immediately after the

codeblock is read and encoded. The reasonis that the secondoptimization can be executed

only if all codeblocks are already processedby the �rst optimization. Running the �rst

optimization during processingthe codeblocks would be more e�cien t indeed but also a

more complicatedsolution. Moreover, for the testing purposesthis property is not crucial.

3.5.1 Checking of input parameters

The input parametersof the encoder are checked during initializing of encoder and loading

the sourceimage. Constraints of all parametersare mentioned in subsection3.2.2.

In addition, the properties of the sourceimage are checked. There must be only one

component in the image,the bitdepth of the imagemust be 8 and the width and height of

the imagemust be powers of 2.
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Algorithm 3.2 Implementation of the encoder
Input: image�le imagefilename , nl , cbp, lambda, secpar, arifilename

Output: �le with a bitstream of encoded image

check input parameters

read original imagefrom �le imagefilename

decomp ose image

split coe�cien ts into codeblocks

for all codeblocks do

encode data of the current codeblock

store information about each truncation point of the bitstream

end for

for all codeblocks do

choose the truncation point for the current codeblock f 1st optim.g

end for

if the secondoptimization is usedthen

for all codeblocks do

�nd better truncation point for the current codeblock f 2nd optim.g

end for

end if

write headerinto �le arifilename

encode bitstream of all optimally truncated codeblocks

save the createdbitstream into �le arifilename

3.5.2 Image decomp osition

The �rst procedureof the encoder is a wavelet decomposition. The forward 9-7 wavelet

transform is used. The used transform is irreversible. That is why the saved image will

never be exactly the sameas the sourceimage, even when wavelet transform coe�cien ts

are not quantized. The codec is optimized for lossy, i.e. quantized, compression,thus

advantagesof lossywavelet transform can be taken into account with no harm.

Additional information about the usedforward wavelet transform can be found in sub-

section3.6.1.

The result of the forward 9-7 wavelet transform is a Matlab matrix of real numbers.

However, the codeblock encoding procedureprocessesonly integer numbers. Thus the co-

e�cien ts of the wavelet transform are converted beforethey are further processed.
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3.5.3 Splitting in to codeblo cks

Splitting the matrix of wavelet coe�cien ts into codeblocks is an opposite procedure to

gluing of codeblocks together (seesubsection3.4.5). Similarly to gluing, splitting procedure

browsesthe subbandsof decomposition levels and codeblocks inside them. Becausethe

order of the codeblocks must stay the samein the encoder like in the decoder, the method

of browsing is identical.

The browsercalls codeblock encoding procedurefor each codeblock which is visited.

3.5.4 Codeblo ck encoding

Codeblock encoding is an essential part of the codec, its heart. This part is a practically

completeimplementation of section1.6 exceptits subsection1.6.5,which describesnonsub-

stantial peculiarities of the JPEG-2000standard. Error resilience,vertically causalcontext

and selective arithmetic coding bypassare not implemented. Reinitializing of arithmetic

encoder is implemented in a di�erent way and is mentioned in subsection3.5.8. The code-

block encoding can alsobe consideredas an opposite algorithm to codeblock decoding (see

subsection3.4.3).

Thusthe codeblock encodesbitplane by bitplane in threepasses:signi�c ancepropagation

(seesubsection1.6.1), magnitude re�nement (seesubsection1.6.3) and cleanup pass(see

subsection1.6.4).

All bits which areencodedduring this passaresent with their contexts to the arithmetic

encoder (seesubsection3.7.1) and also to bitstream in memory where they are stored in

order to be reencoded again after the truncation points have beenchosen. Reencoding is

necessarydue to properties of the chosenarithmetic encoder.

Beforethe �rst passand then after each one,the information about truncation points is

memorized. This information includes length of the encoded stream, which was generated

from the beginningof the current codeblock encoding, r ate - a ratio of length andcodeblock's

area (it is not necessarybut handy), mse (also not necessary)and slope(seede�nition on

the page36). This information is later usedfor codeblock optimization.

3.5.5 First optimization of codeblo cks

The algorithm introducedin subsection3.5.4canencode the imagebut it cannotdecidehow

to choosedata in order to generatemoreor lessdistorted imageof demandedquality and/or
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rate. In our context, choosing data meanschoosing truncation points for all codeblocks.

This is provided by the optimization procedure. Actually, the truncation points can be

chosenvery naively. One possibility is simply not to use data for certain codeblocks, for

example those from the end of the stream (the stream ends with the most down right

codeblock in the HH subband of the �rst decomposition level). Another possibility is to

truncate all codeblocks at the samepoint, for exampleafter a certain number of truncation

points from the beginning or before the end of the codeblock encoding. Apparently, these

methods are not very e�ective.

The method, which was usedin this implementation as the �rst step of optimization is

basedon the Ebcot optimization (seechapter 2). Every codeblock is processedindepen-

dently. The collectionof the truncation points is orderedby the rate. The convex hull of the

points is found (see�g. 2.2). The slopesbetweeneach pair of successive truncation points

on the convex hull are computed. The algorithm choosesthe �rst point of the pair with the

slope lessthan or equal to the parameter lambdaas the optimal point (seealg. 2.1).

Note that the rate Ri is a length of the encoded bitstream of the current codeblock

truncated at the current truncation point divided by the area of the codeblock. Similarly,

the distortion D i is a mean square error between the original codeblock and truncated

codeblock.

The Ebcot optimization cuts the bitstreamsof the codeblocks in di�erent places.There-

fore, the position of the truncation points must be speci�ed in the encoded �le. This is

described in section3.8.

3.5.6 Second optimization of codeblo cks

The optimization of independent codeblocks is fast and gives good results. However, it

works perfectly only if the wavelet transformation is orthonormal, which is not the caseof

usedDaubechies 9-7 wavelet �lter [15], even when this �lter is very closeto orthonormal.

The consequenceof the non-orthonormality is a di�erent distortion of the recomposedimage

for the sameerror injected to di�erent codeblocks.

In the implementation described in this thesis, this causesthat the found truncation

points are not optimal from a point of view of the recomposedimage. Surely, it is possible

to �nd the rate-distortion pair for every truncation point of every codeblock. Unfortunately,

this meansthat the recomposition of the entire imageis necessaryfor every truncation point.

The wavelet recomposition is arithmetically too complex. Therefore, the performanceof

such an algorithm is very time consuming.
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However, it is possibleto assumethat the true optimal truncation point is closeto the

point which was found by the �rst optimization. One can search for the optimal point

only amongthe truncation point in a given small neighbourhood. This signi�cantly reduces

computation time. A radius of the neighbourhood is given by the parameter secpar (see

subsection3.2.2).

Note that in this case,the rate Ri is the length of the encoded bitstream of the entire

imagewith the current codeblock truncated at the current truncation point divided by the

areaof the image. Similarly, the distortion D i is a meansquareerror betweenthe original

image and image recomposedwith the current truncated codeblock. If truncation points

from both optimizations are compared,valuesof the rate and distortion do not have to be

normalizedbecausethey are relative to areasto which they belong.

The quality of the investigatedtruncation point [Ri ; D i ] is measuredin a rate-distortion

plane by a projection p of the vector from the truncation point [R0; D0], which was found

by the �rst optimization, to the investigatedtruncation point on a perpendicular direction

to the direction of lambda(see�g. 3.4):

p = sin(arctan(lambda))( R0 � Ri ) + cos(arctan(lambda))( D0 � D i ) (3.8)

The algorithm of the secondoptimization is summarizedin alg. 3.3. Onecannotice that the

optimization of the codeblock dependson results of the optimization of codeblocks which

have beenprocessedbeforethe current one. This improvesthe accuracyof the result.

The algorithm signi�cantly reducescomputation time in comparisonwith a brute force

algorithm proposedat the beginning of this subsection. However, it is still a very time

consumingprocedure. The number of the performed recompositions depends linearly on

the number of codeblocks (which dependsmainly on its sizecbp as 2� 2cbp and alsoslightly

on the number of decompostion levelsnl ) and the main parameterof the secondoptimization

secpar. Becausetime neededfor the browsing throught all subbandsand codeblocks grows

linearly with the number of codeblocks aswell, the total time neededto perform the second

optimization falls as2� 4cbp. A small parametercbp signi�cantly increasesthe computation

time. Just for completeness,the number of codeblocks obviously dependslinearly on both

height and width of the image.

3.5.7 Quan tization

Becausedequantization is a part of the decoder, it is worth to mention the quantizer here.

Actually, the forward quantization has happenedwhen the bitstream was truncated which
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Figure 3.4: Quality of investigated truncation point corresponding to a slope lambda

(tan( � ) = lambda) asa projection in R-D plane

corresponds to so called deadzonequantizer (see�g. 2.3). This quantizer can be expressed

by the following formula

jCqj =
�

C
q

�
; (3.9)

where q is a quantization step and q = 2l where l is the least signi�cant bitplane of the

codeblock which is already completely processed.The chosentruncation point is immedi-

ately after any of the passesof this bitplane, but bitplane is completelyprocessedonly after

�nishing its cleanup pass.This givesbetter resultsthan if l wasthe leastsigni�cant bitplane

of the codeblock at least partially processed.

Evidently, signsof the coe�cien ts do not alternate during quantization.

3.5.8 Output to the �le

The �le contains two parts | a headerandencodeddata | asthey arede�ned in section3.8.

The output procedure must satisfy it. In this section, the �nal arithmetic encoding is

described.

All the codeblocks are reencoded again beforethe data is written to the output �le be-

causethe usedarithmetic encoder (seesubsection3.7.1)cannotcontinue in the streamwhich

is already dumped. However, as it wasempirically measured,the statistical model is better



CHAPTER 3. IMPLEMENT ATION 55

Algorithm 3.3 The secondoptimization

Input: set of all codeblocks Cj , set of all T j
i ,

set of supposedoptimal Sj ; Sj 2 T j
i , secpar

Output: set of nearly optimal Oj ; Oj 2 T j
i

for all codeblocks Cj do

for all i ; i � Sj � secpar; i � Sj + secpar do

Ri  length f length is the estimated length of the encoded �le for image with

Oj = ig

recomp ose image

D i  mse f mse is the error betweenthe original imageand recomposedimagewith

Oj = ig

end for

O j
i  i ; maxi (p) f seeeq. 3.8g

end for

when the statistics are reinitialized after each codeblock is processed.The reinitialization

is called from the output function during reencoding.

The wholebitstream is at �rst storedin the memoryand then written into the output �le

in this implementation. It is not the most e�cien t solution but it is simpleand satisfactory.

3.6 Wavelet transforms

3.6.1 Forw ard wavelet transform

Section1.8describeseverything important of the forward wavelet transform asit wasimple-

mented. The irreversible9-7 wavelet transform was chosento be implemented becausethe

optimization algorithm (seesubsections3.5.5 and 3.5.6) works with quantized coe�cien ts

anyway. Obviously, the irreversible transform is a more e�ective choice. The code itself

is basedon the Matlab code by Ioan T�abu�s. It was slightly changedbecausethe original

version did not support non-squareimages. The Matlab routines are called from C code

using a standard API for Matlab executable(MEX) �les.
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3.6.2 In verse wavelet transform

The inversewavelet transform is completelydescribed in [3, annexF]. The code is basedon

the code by Ioan T�abu�s and from technical point of view, everything, what was written in

subsection3.6.1can be applied for it as well.

3.7 Arithmetic encoder and decoder

The arithmetic encoder and decoder arenot comingfrom the JPEG-2000standardat all. It

wasdecidedthat an older implementation of the arithmetic encoder and decoder which was

introduced in [16] is satisfactory. The code of both parts is basedon the implementation

of GergelyKorodi. His original implementation wasonly a kernel of the arithmetic encoder

and decoder without a usable interface. It was used for several di�erent purposesin the

past (for examplein [17]). However, the code had to be changedfor each implementation.

The implementation done for this thesis redesignedthe original one in order to be used

as a module of a more complex software package and it contains a neededapplication

programming interface. Thereforeit can be easily usedfor any application now.

A programminginterfaceand the implementation of the arithmetic encoder and decoder

are located in �les aricoder.h and aricoder.c .

3.7.1 Arithmetic encoder

Principlesof usedarithmetic encoder and decoder wereintroducedin [16]. The implementa-

tion of the arithmetic encoder contains both a statistics collectorand the arithmetic encoder

itself. The statistics collector keepsfrequenciesof all symbols for each context in a stream.

The arithmetic encoder then usesthe collectedstatistics to producethe encoded bitstream.

The statistics collector and arithmetic encoder are initiated independently which must

be handled by the calling function. The arithmetic encoder does not output every single

bit immediately. It works with a register and outputs data only when the register is full.

That implies that the registermust be 
ushed out beforethe bitstream can be closed.The

bitstream can also be dumped. This operation copies the already generatedbitstream,


ushes the register to the copy and restoresthe original register again.

It is important to mention the characteristics of the encoded bitstream here. The bit-

streamgeneratedby this encoder su�ers from an unpleasant property | whenthe bitstream
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is dumped, it is not possibleto continue encoding again. This causesa needto reencode

the whole bitstream beforeit is stored in the output �le.

Another unpleasant property is a generality of the encoder. The encoder was originally

designedfor the alphabet with arbitrary number of the symbols. For the caseof binary

alphabet used in this thesis, a specializedarithmetic encoder can be used. The encoder

is generalalso from the point of view of the input data. The arithmetic encoder used in

the JPEG-2000standard respects the special property of the imagedata. The peculiarities

of the image data are mostly included in the statistical model (seesection 1.6) but the

arithmetic encoder of the JPEG-2000standard goeseven further.

3.7.2 Arithmetic decoder

The ideaof the arithmetic decoder is oppositeto that of the encoder. The statistics collector

works exactly in the sameway. The statistics available to the encoder and decoder before

encoding and decoding must be the same.

The signi�cant di�erence is in the data structure. In contrast to the encoder, which

encodesdata to a bitstream in memory, the decoder readsdata directly from a �le.

The arithmetic decoder shouldbe de�ned very correctly herebecauseit determineshow

the bitstream must look to be decodable. However, optimized implementation of the arith-

metic decoder was not a goal of this thesis. The thesiscannot include an exact description

of the arithmetic decoder becauseof its limited format. One can say that the arithmetic

decoder is de�ned by this referenceimplementation.

3.8 File format

The �le format is de�ned from the side of the decoder. It consists of two parts | a

headerand data of truncated codeblocks. The �leformat of this implementation is completly

di�erent from the JPEG-2000�le format.

3.8.1 Header

The structure of the headeris documented in table 3.1.

The �rst two items de�ne the sizeof the image. Both dimensionsmust be powers of 2.

Other dimensionswere not tested becausemost of the test imageshave thesedimensions.
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Item length in bits

Imagewidth 16

Imageheight 16

nl � 1 4

log2(xcbp � 2) 3

log2(ycbp � 2) 3

bits for passesp 3

numbers of passes p � c

bits for bitplanes b 3

numbers of bitplanes b� c

Table 3.1: Headerof the �le format

The next item is a number of the decomposition levelsnl substractedby 1. The constraints

for nl are

nl � log2(width ) � 2; (3.10)

nl � log2(height) � 2; (3.11)

1 � nl � 15: (3.12)

Parametersxcbp and ycbp limit the maximal size of codeblocks. Only the casexcbp =

ycbp = cbp was tested in this implementation. Both items must satisfy

cbp � log2(width ) � 1; (3.13)

cbp � log2(height) � 1; (3.14)

2 � cbp � 9: (3.15)

At this point, the decoder computesa number of codeblocks c which partition the whole

image(respectively its wavelet coe�cien ts). The simplestway to do it is to browsethrought

all codeblocks of all subbands.The decoder may preparethe data structure for decoding at

this point.

The next threebits p form the number of bits neededto expressa number of passeswhich

are encoded in the bitstream for each codeblock. A following block of p � c bits contains

thesenumbers.

Similarly, next three bits bcomposethe number of bits neededto expressan item from a

following collection which contains numbers of bitplanes in each codeblock. This collection
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is b� c bits long. This information is coded with the useof information from the previous

block. The number of bitplanes Bc for a certain codeblock can be expressedas

Bc = Rc +
�

Pc + 2
3

�
; (3.16)

where Rc is the read number (of length b bits) and Pc is the number of passeswhich are

encoded in the bitstream for this codeblock. Bc is coded in order to avoid redundancy in

the bitstream.

3.8.2 Data

Data in the secondpart of the �le is orderedcodeblock by codeblock. The orderof codeblocks

is described in subsection3.4.5. Seemainly �g. 3.3.

The end of the �le is not recognizedby the decoder. This complication comesfrom

the nature of the used arithmetic decoder. If the decoder reaches the end of the �le, all

requestedbits cannot be read. Instead, zeros�ll the arithmetic decoder's register. There

is no maximal number which can be requestedby the decoder beyond the end of the �le.

Usually, only a coupleof bytes are requestedin reality.



Chapter 4

Exp erimen tal results

The optimized encoder described in chapter 3 wasintensively testedand the resultsof these

tests are presented in a shortenedform here.

All plots, tables and other information in this chapter use the sameconvention of ex-

pressingthe rate and quality of each image. The quality of the reconstructedimageis always

expressedby PSN R (peak signal-to-reconstructedimagemeasure)

PSN R = 20log10(
255

p
M SE

) [dB] (4.1)

whereM SE (mean squareerror) is

M SE =
P

[u(x; y) � v(x; y)]2

N 2
; (4.2)

whereu(x; y) and v(x; y) are the original and reconstructedimagesand N is a total number

of pixels of the image. The rate of the imageis always expressedin bpp (bits per pixel). For

example,the plots have the rate in bpp on the horizontal axis and quality in dB of PSN R

on the vertical one.

Abbreviation OPT(x) meansthat the implemented optimization algorithm was used

with a parametersecpar = x. Onemust remember that secpar = 0 meansthat the second

optimization was not usedat all (seesubsection3.2.2).

60
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4.1 Comparison of optimized and nonoptimized com-

pression

Two versionsof unoptimized imagecompressionwere considered.The �rst, UN1, cuts the

stream of each codeblock after a certain and constant number of truncation points. The

second,UN2, cuts the streamafter a certain number of codeblocks, regardlessof its position

in the image. The codeblocks themselves are encoded till the last truncation points, that

meansalmost losslessly.

All plots and imagesin this section are related to compressedimageswith parameters

nl = 6, cbp= 6. The examplesin the �gures arechosenfrom the resultsof compressiontests

of various images. Also the secondaryoptimization is used in somecases. This does not

a�ect the overall ideaof the comparisonbecausethe resultsof compressionwith and without

the secondoptimization are much closer to each other than to any of the unoptimized

compressions.

Figures4.1and 4.2show the importanceof optimizing on two examplesof rate-distortion

plots of optimized and nonoptimizedcompression.The nonoptimizedcompressionproduces

imagesof worsequality for the samerates. The rates for di�erent methods werenot uni�ed

for the tests. However, the results can be linearly interpolated without harming the �nal

results. This was computed for the imagePeppers and is presented in table 4.1.

rate UN1 UN 2 OPT(0) OPT(2)

0.1 15.09 23.74 29.38 29.57

0.2 17.63 25.77 32.29 32.40

0.3 18.80 27.20 33.74 33.84

0.4 19.98 28.38 34.81 34.90

0.5 21.47 29.18 35.36 35.50

0.6 22.96 29.74 35.83 36.02

0.7 23.97 30.19 36.44 36.62

0.8 24.26 30.64 37.05 37.22

0.9 24.56 31.11 37.66 37.82

Table 4.1: ImagePeppers: interpolated PSNRsfor di�erent methods and various rates

Two imagesLenain �g. 4.3werecreatedby nonoptimized(UN2) andoptimized(OPT(0))

encoder. One can clearly recognizethe di�erence in the quality at about the samerate.
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Figure 4.1: R-D plot of Barbara image: � UN2, + OPT(2)
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Figure 4.2: R-D plot of Mandrill image: � UN1, + OPT(0)

4.2 Comparison of optimized compression and SPIHT

The SPIHT encoder is often consideredasa referencestandard for wavelet basedencoders.

Therefore comparisonwith it must be dealt in this thesis. The rate-distortion plots were

chosento depict the similarities and distinctions betweenthe behaviour of SPIHT and the

implemented encoder.

All plots in this section(�g. 4.4{4.10)contain threegroupsof measurements. The SPIHT
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Figure 4.3: Lenaimages:left UN2: rate 0.042,PSNR22.55;right OPT(0) at lambda= 2000:

rate 0.043,PSNR 26.63

referenceis represented by lines and the implemented codecby crosses| \ � " for encoding

without the secondoptimization and \+" for encoding with the secondoptimization enabled

and secpar = 2.

Common parametersnl = 6 and cbp = 6 were chosen for the measurements of the

implemented codec in this section with the exception of Circles image when nl = 4 was

usedbecausethis imageis smaller than the others.
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Figure 4.4: R-D plot of Barbara image: � OPT(0), + OPT(2), | SPIHT
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Figure 4.5: R-D plot of Boat image: � OPT(0), + OPT(2), | SPIHT
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Figure 4.6: R-D plot of Circles image: � OPT(0), + OPT(2), | SPIHT

It is clearly visible that the implemented optimized encoder producesthe streams of

about the samequality asSPIHT. In somecases,especially for lower rates, the implemented

encoder is better. On the other hand, onecan recognizeencoder's problemsat higher rates.

The encoder is signi�cantly worsethan SPIHT in the test of Circles image.
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Figure 4.7: R-D plot of Goldhill image: � OPT(0), + OPT(2), | SPIHT
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Figure 4.8: R-D plot of Lena image: � OPT(0), + OPT(2), | SPIHT
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Figure 4.9: R-D plot of Mandrill image: � OPT(0), + OPT(2), | SPIHT
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Figure 4.10: R-D plot of Peppers image: � OPT(0), + OPT(2), | SPIHT
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4.3 Comparison of optimized codec and Jasper

An essential part of the tests must be a comparisonwith another JPEG-2000codec. Jasper

serves as a referenceimplementation of the JPEG-2000 standard, Part-1 standard. The

comparisonis, in fact, quite complicated becauseJasper has more functions than only to

compressthe image and also has a di�erent way to compute the statistical models (see

section1.5). In addition, the secondtier optimization is implemented in Jasper, while it is

not in the simpli�ed versionof the JPEG-2000standard which was implemented here.

All plots in this section (�g. 4.11 { 4.17) contain three groups of measurements. The

Jasper referenceis represented by linesand the implemented codecby crosses| \ � " for en-

coding without the secondoptimization and \+" for encoding with the secondoptimization

enabledand secpar = 2.

Common parametersnl = 6 and cbp = 6 were chosen for the measurements of the

implemented codec in this section with the exception of Circles image when nl = 5 and

cbp = 5 were usedbecausethis imageis smaller than the others.
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Figure 4.11: R-D plot of Barbara image: � OPT(0), + OPT(2), | Jasper
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Figure 4.12: R-D plot of Boat image: � OPT(0), + OPT(2), | Jasper
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Figure 4.13: R-D plot of Circles image: � OPT(0), + OPT(2), | Jasper
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Figure 4.14: R-D plot of Goldhill image: � OPT(0), + OPT(2), | Jasper
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Figure 4.15: R-D plot of Lena image: � OPT(0), + OPT(2), | Jasper
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Figure 4.16: R-D plot of Mandrill image: � OPT(0), + OPT(2), | Jasper
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Figure 4.17: R-D plot of Peppers image: � OPT(0), + OPT(2), | Jasper
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As one can see,the implemented codec is comparableto Jasper and it is even better

for lower rates. The results of imageCircles (see�g. 4.13) are very interesting again. The

implemented encoder is signi�cantly better than Jasper for very low rates. This exampleof

the di�erence is depicted in �g. 4.18.

Figure 4.18: Circles images: left Jasper: rate 0.0950, PSNR 24.41; right OPT(0) at

lambda= 1970: rate 0.0959,PSNR 26.29

4.4 In
uence of parameters on optimization

This sectiondiscussesthe in
uence of the encoder'sparameterson the quality of the resulting

image. That means also on the quality of the optimization. The parameters nl , cbp

and secpar have only a minor e�ect, whereasthe parameter lambdavirtually controls the

resulting quality.

4.4.1 In
uence of lam bda

The parameter lambda(seesection2.3) determinesthe truncation point of each codeblock.

By changingthis parameter,the point at rate-distortion plot will move alongthe logaritmic-

shaped curve which consistsof points for all possiblevalues of lambda. All imageswere

tested for following valuesof lambda: 10000,5000,3000,2000,1000,500,300,200,100,50,

30, 25, 20 and 10. It is necessaryto mention that the samevaluesof lambda usedin tests
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of two di�erent imagesproduce imagesof di�erent quality. The logaritmic-shaped curves

look di�erent for various imagestoo.

4.4.2 In
uence of num ber of decomp osition levels

The in
uence of the parameternl is not very signi�cant. Higher nl causesthe codeblocks

containing the greatestcoe�cien ts to be smaller and the coe�cien ts in each of thesecode-

blocks to be more correlated. Therefore they can be optimized more �nely . However, the

smaller codeblocks alsomeansmaller statistics for coe�cien t modelling and higher number

of codeblocks in the image. The higher number of codeblocks needsa longer headerwhose

bits are naturally counted into the rate. Thesetwo factors limit the upper bound of nl .

It was discovered that the best valuesof nl are about log2(size) � 3 where size is either

width, or height of the image. Obviously, this simpleexpressionworks only for larger images

(64 � 64 and more pixels).

4.4.3 In
uence of maximal size of codeblo cks

The parametercbp in
uences the optimization very much becausea larger codeblock means

larger statistics for coe�cien t modelling and thereforebetter performanceof the arithmetic

encoder. Unfortunately, largercodeblocks alsocontain coe�cien ts which arenot very related

to each other and therefore the sizeof the codeblock is limited. It was revealed that the

best valuesof cbp are about log2(size) � 3 again where size is either width, or height of

the image. Obviously, this simple expressionworks only for larger images.

4.4.4 In
uence of secondary parameter

The secondoptimization procedurewas addedto the encoder in order to suppressor com-

pletely eliminate the disadvantagesof the usedwavelet transform (seesubsection3.5.6)and

alsoin order to improve on the �rst optimization stage,which is not always optimal, due to

the �nite number of points on the rate-distorsioncurve, and due to the errors in estimating

the real tangent to ideally continuous R-D plot. The improvement of the codec is not so

signi�cant for high rates if the secondoptimization procedure is run. The running time

in this implementation is quite high. Generally, the secondoptimization procedurewith

cbp = 2 improvesthe result about 0.2 dB.
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4.5 Conclusions and discussion of the results

The implemented codec illustrates very clearly the importanceof optimization for reaching

state of the art compressionperformancewith embeddedcoders. The JPEG-2000standard

was fortunately designedin such a way that similar optimization methods are actually

indirectly supported. The optimization method presented in this thesiscanbe implemented

into the JPEG-2000encoder very easily.

4.5.1 Imp ortance of optimization

An important consequenceof the optimizition is the abilit y to predict the quality of the im-

agefrom its rate. In caseof nonoptimizedcompression,a higher rate doesnot automatically

imply better quality of the image. However, somevery simple optimizations of the codec,

like cutting the streamsof each codeblock at a certain and constant number of bitplanes

beforethe end, alsogive good results.

4.5.2 Behaviour at lower and higher rates

The tests, whose results were presented in this chapter, indicate that the implemented

encoder produces relatively high quality streams for lower rates. The reason why it is

not so successfulin higher rates can be in the way the statistical modeller used in this

arithmetic coder treats the statistical information, whencomparedto the �nite state model

recommendedby the standard. Also, the statistical modeller doesnot usethe initial table

of symbol probabilities as it is done in the JPEG-2000standard. Thereforethe arithmetic

encoder is not ableto takean advantageof the coe�cien t bit modelling whenlargestatisicsis

alreadyavailable. This result canalsobea matter of the header'slength. Other compression

codecsprobably pay higher �xed cost for the headerand metainformation. This can take

e�ect primarily at lower rates. The true reasonis very probably a combination of these

possiblee�ects.

4.5.3 Phenomenon of Circles image

The Circlesimagewasmentioned in text above twicebecausethe resultswereunusual. The

reasonof its unlike behaviour is in both, its smallersizeand origin | it is a simplecomputer

generatedimagewith sharp edgesand large areasof samegrey level.
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Firstly, the comparisonwith SPIHT will be explained. The implemented codecis signi�-

cantly worsealready for ratesof about 0.2. This canbe explainedby the way SPIHT makes

useof the correlation betweenthe transformed coe�cien ts in di�erent subbands(by using

of tree like structures for zerooccurences),while in JPEG-2000the only correlationswhich

are exploited are thosebetweencoe�cien ts in the samesubband. The coe�cien t modelling

of the JPEG-2000basedcodec is designedmainly for compressionof photos. Computer

generatedimagesare the weaknessof codecswith this kernel. This was proved also by

testing photos of the samesize. Similar behaviour was not observed. On the other hand,

other computer generatedimagesdid causeworseresults.

The signi�cantly better performanceof the implemented codec than Jasper was prob-

ably causedby the image'ssize. Again, other imageswere tested and they con�rmed this

result. The reasonis presumablyin the length of the header.Nevertheless,the usedgeneral

arithmetic encoder (seesection 3.7) can also play somerole becauseit handlesa general

data better than the arithmetic encoder of the JPEG-2000standard (seesection1.5).

4.5.4 Summary of implemen tation

The very �rst versionsof the algorithms were written as Matlab scripts. However, the bit

modelling part was very slow in Matlab. It was decided to rewrite it into C language.

The accelerationof the implementation was signi�cant, from tens of minutes to lessthan a

second.This stagecan be understood as the �rst stageof the work and it took about four

months. The bit modeller conformingthe JPEG-2000standard was implemented during it.

The arithmetic codec was addedto the implementation in the secondstagewhich took

lessthan a month. The third stageinvolved both the �rst optimization and its testing. This

lasted about two months. The secondoptimization was addedin the fourth stagein about

a month. One month was reserved for debugging,tuning and adjusting the algorithms.

At the end, the implementation contains over 3300own code lines in C languageand

about 100 lines of Matlab scripts. Besidesthis, about 700 lines of C or Matlab code from

other sourceswere redesignedand modi�ed. The �nal testing phase,the �fth stage,lasted

about two months and over 40 imageswerealtogetherheavily testedfor many possiblecom-

binations of the parameters. Naturally, the tests demandedseveral hundredsof additional

code lines.

The thesisbrings the largest contribution in empirical tests of imagecompressionwith

andwithout the secondoptimization showing that the non-orthonormality of the Daubechies

�lters should not be underestimated. The thesis also points out the di�erences in coding
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betweenSPIHT (with interband dependency)and JPEG-2000(codeblock approach) based

methods.

4.5.5 Conclusion on the second optimization metho d

The codeblock partition does not allow in general �nding the best point to truncate the

streamof the codeblocks in a global sense.The secondoptimization method overcomesthe

problem by investigating the truncation points using the rate-distorsion data for the whole

image instead of local codeblock data. Although the procedureis time consuming,it is a

signi�cant improvement in a comparisonwith a brute force algorithm. As the performed

testsshowed, the secondoptimization method causesa moderateslip alongthe logarithmic-

shaped curve in the R-D plots. This is not, however, the essential problem becausethe

resulting quality of the imageis still very high at the resulting rate.

4.5.6 General conclusion and possible impro vements

The codeccan be improved by several changes.The usedarithmetic encoder is apparently

very general and the encoder similar to one used in the JPEG-2000 standard would be

more appropriate if it should be usedmainly for the compressionof photos. The general

arithmetic encoder is designfor arbitrary alphabet, only binary alphabet codecwould be a

better choice. Its statistical modeller is also very generaland doesnot respect the special

caseof the compression.The initial probability table canhelp to improve the results for the

photo imagesalthough it canworsenthe results in a caseof the computergeneratedimages.

On the other hand, in caseof photos, the implemented codecis a better choicethan SPIHT

becauseit producesbetter results and this cannot be causedby a smaller header.

Another improvement of the �rst optimization procedurecan be achieved by additional

truncation points cutting the code of the bitplanes. The �ner division would make possible

to �nd a truncation point wherethe slope is closerto lambda. However, this would increase

a complexity of both the encoder and decoder. Moreover, it would practically disallow the

secondoptimization becausemoretruncation points meansa largerstatespacefor searching.

The implemented codeccanbeusedvery e�cien tly for the lossycompressionof computer

generatedimages.This canbeused,for example,for archiving recognizedsceneby computer

vision systems. In this application, the codec can also successfulycombine these small

computer generatedimageswith larger photos of a real scene.
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Images used for tests

All test imagesare grayscaleand square-shaped. Their sizesare mostly 512by 512pixels.

1. Barbara is a 512 by 512 pixels large image of a woman sitting on the 
o or in the

middle of a room. The picture contains objects with �ne texture with sharp edgesin

various directions like scarf, trousersor a wicker armchair.

Figure A.1: Barbara
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2. Boat is a 512by 512pixels largeimageof a �shing vessellying on a bottom of harbour

during a 
o w. The picture contains sharp edgesof mastsand ropes.

Figure A.2: Boat

3. Circles is a 256 by 256 pixels large computer generatedimageof three eccentrically

placedcirclesof di�erent grades.The imagecontains several sharp edges.

Figure A.3: Circles
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4. Goldhill is a 512 by 512 pixels large imageof a street on a steephill with coupleof

housesand landscape sceneryin the background. The picture contains many di�erent

textures, for examplewalls, windows and distant trees.

Figure A.4: Goldhill

5. Lena is a 512by 512pixels large imageof woman's face. The picture contains many

small details like hair or �ne feathersbut alsoquite hugeareaswithout edges.

Figure A.5: Lena
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6. Mandrill is a 512 by 512 pixels large image of Mandrill Baboon's face. The image

contains enormousamount of textures and edges.

Figure A.6: Mandrill

7. Peppers is a 512 by 512 pixels large image of a collection of peppers. The image

contains mainly smooth transitions and a few easily distinguishableedges.

Figure A.7: Peppers
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Usage of other encoders

B.1 SPIHT usage

Set Partitioning in Hierarchical Trees[10] is a wavelet-basedimage compressionmethod.

The SPIHT software is written in C++ programming language.Its sourcecode is not pub-

licly available but the compiledbinariesare, at http://www.cipr.rpi.edu/researc h/SPIHT/.

For test purposes,the version 8.01 was used. The commandwhich executedthe encoder

during testing was

codetreeorigfile spihtfile height width bytesPerPixel r ate

whereorigfile represents the original �le in a raw format, spihtfile is the resulting �le,

height and width are the dimensionsof the image,bytesPerPixel expressesthe number of

bytes per pixel and �nally rate denotesthe target rate.

B.2 Jasper usage

Jasper [18] is an implementation of the codec speci�ed in the emergingJPEG-2000Part-

1 standard. JasPer software is written in C programming language,therefore it is very

fast. Its sourcecode is available at http://www.ece.uvic.ca/~mdadams/jasper/. For test

purposes,the version1.701.0was used. The commandwhich executedthe encoder during

testing was

jasper -f bmpfile -F jp2file -T jp2 -O mode=real -O rate= rate

80
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whererate waschosenbetween0 and 1. Parametersfrom left mean: (-f ) usea sourceimage

of bmp format from the �le bmpfile , (-F) output encoded imageinto the �le jp2file , (-T)

output format is jp2, (-O mode) compute everything by 
oating point operations and (-O

rate) createa �le which will have a rate rate.
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