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Abstract—The 2D-wavelet transform of images is, among
others, used for image compression (either for still images
or for video sequences). A wavelet transformed image has
the special property that the image content is split into a
low-pass component and a high-pass component. The high-
pass component usually consists mostly of small coefficients
and can be compressed efficiently using an entropy coder. A
Quadtree coder [9], [6], [5] is such an entropy coder which
achieves good compression rates and in addition has a num-
ber of scalability features. In this article we present the re-
sults of a hardware implementation of the Quadtree algo-
rithm. We find that the progressive coding and the reor- Fig. 1. Scalability in quality (above) and in resolution (below)
dering of the video stream during Quadtree coding requires applied to the Lena image.

a tailored approach to its hardware implementation in order

to achieve an efficient memory use and a high compression
speed. We present a number of techniques to deal with these
challenges and give simulation results of the expected per-

formance of the Quadtree coder. Compared to the original problem. A 2D-wavelet-transform has the special proper-
algorithm in software, processed on a PentiumlV 2,4 Ghz, ty that the image content is split into a low-pass compo-
we reach a speedup by a factor of 9. _ nent and a high-pass component. The high-pass compo-

Keywords—wavelet transform, Quadtree, hardware im- . o
plementation nent usually con3|§t_s mostly_of small coefficients and can

be compressed efficiently using an entropy coder. Wavelet
coding provides us with out-of-the-box resolution scala-
bility: simply drop some of the high-pass layers of the

An image is said to be coded in a scalable fashion whayaveletimage and decode the remainder of the image. The
it is possible to obtain a version of this image with reducetsulting decoded image is a scaled-down version of the
resolution or reduced quality (see Figure 1) without ac@riginal. Quality scalability can be obtained through the
tually having to decode the entire image. This propert§ntropy-coder. If you structure the encoded wavelet image
is extremely important in a resource constrained envirof? such a way that additional bits of the wavelet coeffi-
ment such as PDAs, cell phones, ... since scalability gtients are stored in different parts then by removing some
lows these devices to perform less computations and s@if these parts you obtain an image with reduced quality.
achieve a reasonable quality level. _ ) _

If we look at conventional DCT-basédlgorithms then 1 n€reé is nevertheless a downside to this type of codec:
we see that these can achieve good compression results$iift © its increased complexity it requires a much higher
have serious difficulties when coping with these scalabilit{fve! Of computational power. The wavelet transform it-
requirements. Not only do they require the entire imagj%e'f can be peerrmed efﬁ_uently but 'Fhe entropy coding
to be decoded but moreover the quality of these imag&s2 Very expensive operation. To achlev_e real—tlme deco-
becomes very poor when used at low bitrate-levels. This {19 We must turn to hardware acceleration. In this paper
due to the block-based nature of these encoding Schenx%espresent our experience and_results rega_rdl_ng a fast and
resulting in clearly visible block artifacts [10]. efficient hardware implementation of an existing entropy

Scalable, wavelet-based video coders try to address tﬁ%der o_n an Altera P_CI Development Kit, Stratix Ed'_'
tion. This board contains among others an Altera Stratix,

! Discrete Cosine Transform EP1S25 FPGA and 256 MiB memory.

I. INTRODUCTION
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Videostream the image quality is shifted towards the start of the video

l stream, the quality of the image, given the decoded infor-
mation, will be optimized even for low bitrates. Also due
Motion Wavelet- | | Entropy to the absence of block based compression there are no
estimation | Error and |transformation coder block artifacts in low quality images.
l reference l _ _
frames The next stage is the context based model selection.
Motion Compressed  This stage is located between the Quadtree division and
vectors videostream the arithmetic encoder. The context based model selec-

tion continuously collects statistical information about the
image. This information is then used to forward newly re-
ceived information into different bit streams. We call these
bit streams “context models”. The idea is that the stream
of bits of one context model consists of bits with the same
In this paper we implement the “Quadtree” entropytatistical properties (i.e. the same probability of the occur-
coder, developed as a part of the wavelet based video coé@fce of a bit with value 1). For example assume that the
described in [5], in an FPGA. In Figure 2 a global overvievgight neighbors of a certain coefficient have a very small
of this coder is presented. The wavelet coder consists \¢lue. Taking into account the smoothness of images we
three components. know that the probability of the coefficient to also be small
The first Component performs motion estimation of |m|.S very hlgh To allow the context based model selection to
ages [1]. The results of this component are motion vectof@ake such predictions a history is maintained.
and error and reference frames. Motion vectors try to ap- o _ , .
proximate an image as accurately as possible using parts:rhanks to the preliminary sorting of information in

of other images as a reference. The error frame is the dﬁt_age 2, itis possible in stage 3 to compress the informa-

ference between the original frame and the reconstructfign very efficiently using a 5|mp_le adaptive arithmetic en-
frame coder [4]. The compression achieved surpasses that of dic-
The second component performs a discrete wavelté nary based algorithms. An arithmetic encoder internally
transform of the images [3] keeps a statistical frequency model of the symbols to per-
. ' form the compression. The adaptive model changes based
Finally the entropy coder compresses the wavelet trangr-] the contents of the data input stream and this way auto-
formed images by exploiting statistical properties of the P y

wavelet image. The entropy coding is accomplished irrr]1at|cally converges to an optimal compression rate [8].

three stages: a “Quadtree” division, a context based modetrhg grithmetic encoder used in this video encoder is a

selection and an arithmetic coder. simple0*-order implementation [7] with one bit as sym-
The Quadtree division forms the principal componenig| ynit j.e. it does not take into account the inter symbol
of the entropy coder. This component tries to reduce thgspendencies. This drastically reduces the memory usage.
spacial redundancies in the images. To do this, it performsstead of a higher order implementation, each context
a recursive division of each image, until the subdivisiong,odel uses his own independent frequency model. This
have a more or less homogeneous structure. The recurq}ygy' each context model can be compressed with an indi-
division performed is very simple: if a certain conditiony;qyal optimized statistical model. The combination of the
is fulfilled, the image is divided into four sub quadrantsgontext based model selection with the arithmetic encoder

At the end of the division process, the created divisionsresented in Figure 3.

can be coded efficiently in the next two steps. Moreover,

the division process is being applied in a progressive man-The most important obstacles encountered during the
ner to the image i.e. first the most significant digits of thenplementation of the entropy encoder were caused by
wavelet coefficients are being encoded, followed by thihe highly sequential nature of the algorithm (this phe-
less significant digits. This gives the decoder the opponomenon is typical for compression algorithms), the ex-
tunity to scale the image in quality without the necessittensive memory requirements and the difficult cooperation
of decoding the whole bit stream. As soon as the dé&etween the different blocks. In the next session we give
coder has sufficient accuracy, the decoding process canareoverview of the changes made to the algorithm, neces-
aborted. Because the information with high contribution teary to come to an efficient hardware implementation.

Fig. 2. The wavelet-based video coder

I[l. OVERVIEW: THE ENTROPY CODER
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[1l. CHANGES MADE TO THE CODER
Fig. 4. a) the 2D linked list structure of the original coder, b)
the 1D structural list of the reworked coder

The condition used by the Quadtree to decide whether or
not a quadrant should be further subdivided is based on a
layered approach. First the top layer of the wavelet imagaemory, while a little fraction of the list is cached in
is located by looking for the coefficient with the largestast, internal SRAM on the FPGA (Figure 4b). By im-
absolute value. This value becomes the current threshofdementing a smart preload function, calculations can be
During successive iterations this threshold is lowered anrformed at full speed, without waiting for data from the
all the coefficients which have a larger value are encodeglxternal DDR memory.

the others are ignored. Eventually, the threshold is lowered o second problem we addressed is the recursive nature
traversal the Quadtree uses two lists: “the refinement listpented an optimized stack module that takes care of sto-
storing the positions of coefficients that became significaphg the necessary information for a new iteration. Also it

“non significant list” storing the positions of coefficients

having a hiah brobability to become sianificant during th An important improvement was made to the iterations
a _ga _g proba y_o_ ecome sig C".’I uring _?hemselves. After each recursive subdivision, a part of the
next iteration [6]. In the original code, these lists were built

. . .~ calculations had to be repeated inside each quadrant. By
up as a 2D-structure representing the considered image

This is sh in Fi 4 riving some extra quadrant specific information during
IS1S S or\:vn |r.1 |gl];1r(;. a o ib| each calculation, the needed computational power can be
Due to the size of this 2D structure it is impossible Qecreased drastically(25% of the original needs). The

implement this data structure directly in the fasF On'boarﬂformation is then stored together with the division infor-
SRAM of the FPGA. Furthermore due to the highly ran; -tion on the stack

dom access pattern to this data structure it is unwise toF. v the i itself has o b d as fast
store it off-chip in external memory. So we need to modify inafly, the Image 11Selt has 1o been accessed as 1ast as

this data structure to achieve good performance. possible. Thanks to the layered approach of the Quadtree

. : . division, it is sufficient to store just one layer in fast inter-
A firstimportant improvement to the code was to rewrite . .
. ; nal memory. Again, a preload function takes care of new
the memory structure from a pointer-oriented 2D-structure : . . . .
. image information to be present in the internal memory in

to an array-based 1D-structure. Because the lists are al-

ways traversed from beginning to end and new elementa _ _ .
are only added at the end of the list, the access to theTNiSway, we obtain a processing speed of 99 Gair

memory can be made much more predictable by placift§€S and 24 CIF images per second using an FPGA_cIock
elements sequentially in the memory. This way the use §P€€d of @ 100 MHz. Compared to the original algorithm
pointers becomes unnecessary, also resulting in a signifi-Software, processed on a PentiumlV 2.4 Ghz, this means
cant decrease of the required memory to store this stri®9 times speedup.

ture. Moreover, the memory has been hierarchically or-

ganized: the complete list is stored in the external DDR-?Quarter Common Intermediate FormsIf x 144 pixels

A. The Quadtree Division
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B. Context Based Model Selection Wait for
new symbol

The context based model selection has the principal jc LECE 26
f[o sort_ informa_tion into diﬁerer_1t context models, using o * " Mot:iel Wa?tfor
image information collected during processing. Duetoth | =OEr8 2 || adaptation new symbol
high amount of information to be stored, this block con and division r —————— - _Load model
sumes by far the largest portion of memory so the use 1 L
DDR memory is inevitable. Investigate ,

The internal structure of storage has been adapted to T~ i —l
low a more compact representation of the necessary infc | output soded || mrrcre Coding with —
mation and to allow a more efficient communication witk symbols C .. .| multiplication || adaptation
the external DDR memory (use of DMA to transfer large and d'Z'S'on bo
chunks of data at a time). This way we can assure that tf i Investigate .
block is fast enough for the Quadtree subdivision proces ! nterval_J
However, the basic idea of the algorithm can be improve I Perform Improve

. . . . tput coded int |
drastically from the viewpoint of a hardware implemen- S ymbols | —

tation. In the original code, two models are kept for the o
information: one model with old information used for theFig. 5. Simplified schematic of the pipelined version of the
prediction of new data, and one model containing the ug#ithmetic encoder

dated information. This involves also a copy action after
each cycle. By combining the two models into one cor

. . st b
tinuously adapted model, the memory requirements ci Ty
be reduced by 50%. This would require a modificatio ST Conext | | e
of both the encoder and decoder and has not yet been i -significance pas model ™| encoder
| ted - refinementpas selection
plemen . / X \ I ] I
| dul List i
Take || -22??&?;1‘&3 -Nsln_sas Stack ’f”;;}a,d B
C. The Arithmetic Coder T | o | | oot | | " | | termaton
e e s e S e
Finally the arithmetic encoder takes care of the rei §& %ﬂ?ﬁ? g:uafvg b | | k| | Quprant | | S
. . . Q3
compression of the bit stream. This stage turns out = <% — } ________________ } _________ ' l ____________________________ 1 ________________________
be the slowest stage of the encoder. There are many « g My Y
d . . th d th t lleli d 3 % it Image frame Lists Sigin,D
pendencies in the code, thwarting a parallelized approac 3

each symbol has to be coded using results from earlic
coded symbols. This causes an inherent sequential coding Fig. 6. Global overview of the reworked entropy coder
scheme.

To obtain maximal performance, the code has been re-
worked into a complex pipeline, as shown in Figure 52 Putting It All Together
This allows us to compress a symbol in approximately 6,35 |y Figure 6 a global overview of the reworked entropy
clock cycles at 100 MHz. Converted to frame rates, thigoder is presented. Due to the different processing speed
means 18,9 CIF images per second. of the first two blocks, a simple coupling of the three mod-

Other possibilities for further speedup are for exampleles without any buffering will result in a big performance
cumulating the model adaptation operations over two etecreasex 50%). While the Quadtree subdivision is cal-
more symbols reducing the calculation cost. Another posulating it does not produce data, so the model selection
sibility is the use of some static models (i.e. which predidias nothing to do. Once the Quadtree is finished with the
a fixed probability) instead of adapted models. Some modivision process, it produces a big amount of data at once.
els will have a constant statistical behavior in time. So itthis time, the context based model selection has to begin
will not have negative influence on the final compressiogalculating which models to use before it can effectively
quality if we use a fixed model for them. Taking thesetart processing the data. Meanwhile, the Quadtree has to
improvements into account, real-time decoding of CIF imwait until the model selection has processed the symbols.
ages (30 frames per second) will become possible. An adequate buffering of these two blocks would re-
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quire an unfeasible amount of memory. Another approach
is to implement an opcode-operand structure in the sym-
bol queue. Although it reduced the memory amount, it
increases the complexity of the coder. Some other possi-
bilities to improve the performance of the coder need func-
tional changes in the algorithm. For example, there is some
inefficiency in the manner the Quadtree is constructed. An
improvement of the algorithm will also reduce the compu-
tational efforts and from this smooth out the processing of
data in the first two blocks.

E. Conclusions and Future Work

Despite all these improvements, a coder for coding CIF
images in real time remains difficult and needs some inele-
gant tricks. For this reason, in the master thesis [2] an alter-
native algorithm is presented that addresses all these pro-
blems: the island algorithm. It outperforms the Quadtree
algorithm in both compression and the ability for a fast and
simple hardware implementation.
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