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Abstract 
W e  explore modifications of the LZ77 type dictio- 

nary compression algorithm so that it can compress 
gray-scale images eficiently.  W e  consider the follow- 
ing mpdafications to  the LZ77 compression: 1.  Lim- 
iting the positions to  start  the pattern match in the 
search window to  four neighboring pixels of the first 
pixel in the lookahead buffer. 2. Using an approxi- 
mate matching. 3. Adaptiwely changing the lookahead 
buffer size. 4 .  Combination of approximate matching 
and exact matching using a non-greedy parsang algo- 
rithm. Our method is better than the UNIX compress 
and worst JPEG, and sometimes better than the best 
JPEG. 

1 Introduction 
Real-time lossless data compression is important for 

networked computing environments, high speed wire- 
less data communication systems, etc [l, 21. In such 
environments, data transmitted may be texts, space- 
craft telemetry data, images, etc., and we need fast 
data compression hardwares that can work for differ- 
ent media. This hardware should either adapt to  dif- 
ferent media automatically, or should have a switch 
to operate on different media. To pursue this objec- 
tive, we explore modifications of the LZ77 type dictio- 
nary compression algorithm so that it can compress 
gray-scale images efficiently and that the modified al- 
gorithm can be incorporated in the LZ77 compression 
chips. 

Most lossless data compression algorithms belong 
to one of the two categories: statistical method or 
dictionary method. Statistical methods use variable 
length coding as arithmetic coding or Huffman coding 
in conjunction with the statistics of symbols to be en- 
coded. On the other hand, dictionary methods work 
by replacing phrases in the input with the indexes into 
some dictionary. Most dictionary methods used today 
are variations of the two approaches originated by Ziv 
and Lempel, which are called LZ77 and LZ78 [3, 41. 
The advantages of dictionary methods over statisti- 
cal methods are fast decoding, easy parallel hardware 
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implementation, and less memory requirement. Be- 
cause of these advantages, several hardware implemen- 
tations of Ziv-Lempel type compression schemes have 
been proposed by researchers for real-time operations 
[5, 61. However, conventional dictionary data com- 
pression algorithms are not efficient for compressing 
images of natural scenes because there are not many 
repetitive patterns in those images [7]. In this paper, 
we aim to remove this disadvantage of dictionary com- 
pression. 

2 Modifying LZ77 type compression 
In the LZ77 type compression, the encoder has a 

sliding window that is divided into search buffer and 
lookahead buffer. The search buffer contains a portion 
of the recently encoded sequence, and the lookahead 
buffer contains the next portion of the sequence to 
be encoded. Conventional LZ77 encoders use greedy 
parsing algorithm. During compression, the encoder 
searches the longest pattern in the search buffer that 
matches the pattern starting at the first symbol in the 
lookahead buffer. If the length of matched pattern 
is greater than zero, this pattern is encoded with the 
offset and the length. Otherwise, literal value of the 
first character in the lookahead buffer is coded. We 
consider the following modifications to the LZ77 type 
compression: 

1. Limiting the positions to start the pattern match 
in the search window (search positions) to four 
neighboring pixels of the first pixel in the looka- 
head buffer. 

2. Using approximate pattern matching. 

3. Adaptively changing the lookaheacl buffer size. 

4. Combination of approximate matching and exact 
matching using a non-greedy parsing algorithm. 

2.1 Using four search positions 
When we apply the LZ77 type compression to gray 

scale images of natural scenes, lengths of matched 
patterns tend to be very short because there are no 
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break-point := 0; 
repeat until end of file 

let ap-match-length(k)  be the maximum of 
ap-match-length( i ) (< a p J e n g t h - m n z )  
for i = 0 to 3 at break-point; 
if ap-match-length(k)  2 A R - T H R E S H  then 

output a p m a t c h ( k ) ;  update ap-length-max;  
break-point := break-point + ap-match-length(k);  

output ap-match-length(k)  number of literals; 
break-point := break-point + ap-match-length(k);  

break-point := break-point + 1; 

else if a p m a t c h - l e n g t h ( k )  # 0 then 

else output one literal; 

Figure 1: Method A encoding algorithm. 

artificial rules in the sequences of symbols. Instead, 
they possess a property that the values of neighbor- 
ing pixels tend to  be close. This is the motivation of 
modifications 1 and 2. With modification 1, we com- 
pare each pixel in the lookahead buffer with only four 
neighboring pixels, namely, immediate left, immedi- 
ate above, diagonal above right, and diagonal above 
left. Therefore the search window has become a two- 
dimensional window. Pattern matching is still carried 
out in one-dimensional fashion and the matched pat- 
terns can extend outside of the search window. We 
have investigated other options for the number of the 
search positions (1, 2, 8, 16) and have found that four 
gives the best compression for the images we used for 
testing. 

In JPEG lossless image compression, one (or com- 
bination of more than one) of the three neighboring 
pixels is used for predicting the pixel to be encoded. 
This is predetermined before the compression and is 
not changed during compression. With our method, 
the pixel to  be used for the prediction is in effect deter- 
mined adaptively during the compression. Therefore 
we do not need to have different modes for different 
prediction structures. 

2.2 Approximate matching 
With modification 2, we accept approximate 

matching, that is, if the difference of two pixel values 
is within a certain range, we accept this as a match. 
When a longest pattern match with this method is 
found, the encoder has to  encode the differences as 
well its the information about position and length of 
the match. The range the difference falls in is deter- 
mined by the number of bits we want to use for encod- 
ing a difference. When we use approximate matching, 
if the length of matched pattern is less than a certain 
threshold called AP-THRESH the encoder sends the 

break-point := 0; 
repeat until end of file 

let ez -match - l eng th (k )  be the inaxirnuin of 
e z - m a t c / d e n g t h (  i) ( 5  ez - l eng th -muz )  
for i = 0 to 3 at break-point; 
if ez -match - l eny th (k )  1 1 then 

else 
output e z - m a t c h ( k ) ;  update ez - l eng th -maz ;  

let a p m a t c h - l e n g t h ( k )  be the maximum of 
ap-ma tch-length( i )  ( 5  ap-lengt h - m a z )  
for i = 0 to 3 at break-point; 
if a p m a t c h J e n g t h ( 1 )  2 E X - T H R E S H  then 

if there is an exact match of length 
2 E X T H R E S H  starting in position between 
break-point + 1 and 
break-point + a p m a t c h - l e n g t h ( l )  - 1 then 

let the starting position of the 
left-most among them be m; 
ap-match-length(1) 2 m - break-point; 

output ap-match(1); update a p l e n g t h - m a x ;  
break-point := break-point + ap-match-length( k); 

break-point := break-point + 1; 

i f  apmatch - l eng th (1 )  2 A P - T H R E S H  then 

else output one literal; 

Figure 2: Method B encoding algorithm. 

literal value of the first pixel in the lookahead buffer. 
We set AP-THRESH = 2. 

Apart from taking simple difference of two pixels, 
we also investigated more sophisticated model of im- 
ages in that the gradient of pixel values is constant 
in one direction. Thus if the difference of pixel values 
between the first pixel ( p l )  in the lookahead buffer 
and its neighbor in a certain direction ( p i )  is given 
by d l  = v(pi) - v ( p l ) ,  where v(p1) is the value of 
pixel p l ,  the difference between the ith pixel ( p i )  in 
the lookahead buffer and its neighboring pixel in the 
same direction (pa) is given by di = v(p:) - v ( p i )  - d l .  
We call this model constant gradient model (CGM). 
We use 4 bits to express dl  and 3 bits to express di .  

2.3 Adaptive buffer sizes 
The size of lookahead buffer is an important factor 

when we apply 1277 type compression to gray scale 
images. If we increase the size of lookahead buffer, 
the number of pixels that can be encoded at once will 
increase but the number of bits to express the match 
length also increases. The hest size of lookahead buffer 
varies for different images and for different regions in 
a image, arid we do not know it in advance. Thus, 
with modification 3, we change the size of lookahead 
buffer adaptively during compression. That  is, if all 
the pixels in the lookahead buffer match, we double 
the size of the buffer, and if less than half of the pixels 
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Figure 3: The test image set from “Introduction to 
Data Compression” by Sayood. From upper-left cor- 
ner in 
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Figure 4: Compression with approximate matching for 
Sena and Sensin. 
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Figure 5: Compression with approximate matching for 
Earth and Omaha. 

in the lookahead buffer match, we halve the size of the 
buffer. 
2.4 Non-greedy parsing 

If there are many exactly matched patterns, using 
approximate matching method is a waste because the 
encoder has to send the difference using some bits 
even if it  is zero. Because of this, we combine ap- 
proximate matching and exact matching methods us- 
ing a non-greedy parsing algorithm in modification 4. 
That is, if there is an exactly matched pattern longer 
than or equal to a certain threshold length called 
E X T H R E S H  in an approximately matched pattern, 
the approximate match should be truncated before the 
exact match starts. Weset E X T H R E S H  = 3. With 
this modification, the encoder may send one of the 
three informations: literal value of the first pixel in 
the lookahead buffer, position and length of the ap- 
proximate match, and those of the exact match. In 
order to distinguish the three, we use the prefixes 0, 
10, 11 respectively. 

3 Algorithms 
We consider two cases: the case where only modifi- 

cations 1 ,2 ,  and 3 are incorporated but not 4, and the 
case where all the four modifications are incorporated. 
We call the first case method A, and the second case 
method B. The encoder algorithms for method A and 
method B are shown in Fig. 1 and Fig. 2 respectively. 
In these figures, break-point is the first position in the 
lookahead buffer. 

Decoder can know if incoming data is literal, ex- 
act match or approximate match by checking the pre- 
fixes. Recovering the pixel values in a exactly matched 
phrase is a simple table lookup process. In the case 
of approximate matching, to recover a pixel value we 
have to add back the difference to the neighboring 
pixel specified by the index. 

4 Experimental result 
We apply the modified LZ77 type compression to 

the test image set from [7]. These 256 x 256 gray-scale 
images are shown in Fig. 3. 

We tested the compression with different ranges for 
the differences, and the result is shown in Fig. 4 for 
Sena and Sensin and in Fig. 5 for Earth and Omaha. 
Since we use 3 bits and 4 bits to express differences 
in the CGM, we placed the result of the CGM be- 
tween 3 and 4 on the horizontal axis. Except for the 
cases of Earth, the best compression is achieved when 
the difference is expressed within 3 or 4 bits, or when 
the CGM is used. Compression improves significantly 
for images Earth and Omaha when method B is used 
(therefore approximate match and exact match are 
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Table 1: Comparison with JPEG lossless image com- 
pression and UNIX compress. The results of JPEG 
a.re taken from “Introduction to  Data Compression” 
1 Sayood. 

metliocl 
method A 3 bits 
method A CGM 
method A 4 bits 
method B 3 bits 
methocl B CGM 
method B 4 bits 

JPEG 0 
JPEG 1 
JPEG 2 
JPEG 3 
JPEG 4 
JPEG 5 
JPEG 6 
JPEG 7 
commess 

Sena Sensin Earth Omaha 
35,253 41,004 45,323 53,452 
34,725 38,450 44,336 54,383 
37,038 39,269 46,235 54,149 
36,402 42,312 32,779 50,101 
36,314 40,016 31,805 50,606 
37,289 39,828 31,109 50,050 
53,431 58,306 38,248 56,061 
37,220 41,298 32,295 48,818 
31,559 37,126 32,137 51,283 
38,261 43,445 34,089 53,909 
31,055 32,429 33,570 53,771 
29,742 33,463 33,057 53,520 
33,063 35,965 33,072 52,542 
32,179 36,428 32,672 52,189 
46,363 54,622 32,350 55,050 

mixed using non-greedy parsing algorithm), though it 
slightly degrades for images Sena and Sensin. 

We also compare our results with JPEG lossless im- 
age compression and UNIX compress in Table 1. We 
show the result of method A and method B with three 
different cases for each. They are the cases where 3 
bits, 4 bis, and CGM are used for the differences. The 
results of JPEG lossless image compression on the test 
image set are taken from [7]. If we compare our results 
of the non-greedy parsing, our results are significantly 
better than compress, and they are comparable to the 
results of JPEG in average sense. For image Earth, 
our result is better than the best result of JPEG be- 
cause we can take advantage of dictionary data com- 
pression that can compress large regions of constant 
values efficiently for the background of this image. 

5 Toward hardware implementation 
We consider the hardware implementation of the 

modified LZ77 type compression algorithm. The pur- 
pose of modifying LZ77 type compression is to design 
a VLSI chip that has a mode switch and can switch 
between different media, e.g., texts and gray-scale im- 
ages. Therefore the goal in this section is to incorpo- 
rate the modifications into the conventional LZ77 type 
compression hardwares without degrading the clock 
speed and with reasonable area overhead. 

Let us consider the case where a shift register is 
used for LZ77 type compression hardware as in [5, 61, 
and where input data is processed one symbol per 
clock cycle. With the modified LZ77 type compres- 
sion, each pixel is compared with four neighboring pix- 

input 
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Figure 6: Four neighbor positions (a) and input buffer 
(b). 

els for exact or approximate match as shown in Fig. 6 
(a). The shaded pixel is compared with the four pixels 
numbered 0 through 3. In order to  have a data rate 
of one symbol per clock cycle, we have to  carry out 
the four comparison in parallel. This can be easily 
done by shifting in the image data with raster-scan 
order to  the shift register, and tapping four match 
test units to the right-most position and four other 
positions where neighboring pixels of the pixel in the 
right-most position are located, as shown in Fig. 6 (b). 
These positions are determined by the width of the im- 
age and does not change while compressing a image. 
The output from each match test unit is a logical value 
ez-match(i) to  indicate if the two pixel values input to  
the unit have exactly matched for exact match test, or 
a logic value ap-match(i) to indicate if the two pixels 
have approximately matched and the difference be- 
tween the two for approximate match test. Here, i is 
the index of the neighboring pixel positions. 

In order to  exploit the architecture in Fig. 6, we 
have converted the algorithms in Fig. 1 and Fig. 1 to 
state machines for the cases where CGM is not used. 
The state machine for method A is shown in Fig. 7. 
This is a simple state machine with only two states 
S O  and S1. S O  is a state where there is no candidate 
of approximately matched phrase, and S1 is a state 
where there is at least one candidate of approximately 
matched phrase. 

The state machine for method R is significantly 
more complicated and is shown in Fig. 8. In Fig. 8, 
keys are not complele. SO is a state where there is no 
candidate of approximately matched phrase nor ex- 
actly matched phrase, and S1 is a state where there 
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BDlo1.t BAiBDIo3,s 

A = U:==lap-match(i), E = U:=’=l(ap_cand(i) + a p m a t c h ( i ) )  
C = ( a p r o u n t  2 AP-THRESH) 
D = (ap-count = ap-count-max)  
01: no output, 02: one literal 
03: if C then ap-match of length a p r o u n t  else ap-count of 
literals 
05: 03 followed by one literal 
s: if a p m a t c h ( i )  = 1 then a p r u n d ( i )  = 1 else ap-cand(i) = 0, 
a p x o u n t  = 1 
t :  if up-cand(i) . ap-match(i)  = 1 then ap-cand(i) = 1 else 
ap_cand(i) = 0, apl-ount = a p x o u n t  + 1 
U :  for i = 0 to 3 ap_cand(i) = 0, up-count = 0 

Figure 7: The state machine for method A. 

is a t  least one candidate of approximately matched 
phrase but no exact match has been detected. S 2  is 
a state where approximately matched phrases may be 
cut short so that exactly matched phrases can start. 
S3 is a state where approximately matched phrases 
have discontinued, but there are exactly matched 
phrases of length less than E X - T H R E S H .  S4 is a 
state where there is at least one candidate of exactly 
matched phrase. 

The encoder will consist of two blocks, string purser 
block and output buffer block. The string parser block 
parses the input string into matched phrases and gen- 
erates match type (approximate match, exact match, 
or literal) position index (0, 1, 2, or 3), length of 
matches, and differences of pixel values. The output 
bu.ffer block compiles the items output from the string 
parser block and output the coded data. Assuming 
that the output buffer can operate fast enough, each 
input symbol can be processed with the time delay 
of 2 1  gates for method A and that of 23 gates for 
method B (without using CGM). 

6 Conclusions and current works 
We showed four modifications on LZ77 type com- 

pression that can make it compress gray-scale images 
efficiently. With these modifications, we can obtain 
significantly better compression on images than con- 
ventional dictionary compression. We also showed a 

w ” 

E = U:=leza”ch(i), F = u:=l(ez_cand(i) * ez-match(;))  
G = (ex-count 2 E X T H R E S H )  
H = ( e x c o u n t  = ez-count-maz)  

Figure 8: The state machine for method B. 

simple hardware implementation strategy of the mod- 
ified LZ77 type compression. As an extension of this 
work, we are currently investigating the application of 
CGM on the JPEG lossless image compression, combi- 
nation of statistical methods and dictionary methods 
for image compression. 
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