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[57] ABSTRACT 

A compressor parses the input data stream into seg- 
ments where each segment comprises a prefix and the 
next symbol in the data stream following the prefix. The 
prefix of a segment is the longest match with a previ- 
ously parsed segment of the data stream. The compres- 
sor constructs a search tree data base to effect the pars- 
ing and to generate a pointer for each segment pointing 
to the previous segment matching the prefix. The search 
tree comprises internal nodes including a root and exter- 
nal nodes denoted as leaves. The nodes are intercon- 
nected by branches representative of symbols of the 
alphabet. Each parsed segment of the input data is rep- 
resented by a path from the root to a leaf. The tree is 
adaptively constructed from the input data such that as 
each new segment is parsed, one new internal node of 
the tree is created from a leaf and new leaves are de- 
fined, one for each symbol already encountered by the 
encoder plus an additional branch to represent all po- 
tential but unseen symbols. The compressor transmits a 
leaf pointer signal for each parsed segment representa- 
tive of the prefix thereof and the suffixed symbol of the 
alphabet. A decompressor constructs an identical 
search tree in response to the received leaf pointers so as 
to reconstitute the original data stream. 

244 Claims, 31 Drawing Figures 
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APPARATUS AND METHOD FOR COMPRESSING 

DATA SIGNALS AND RESTORING THE 
COMPRESSED DATA SIGNALS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to apparatus for processing data 

signals particularly with respect to apparatus and 

method for compressing data signals and reconstituting 

the compressed data signals. 
2. Description of the Prior Art 
Data compression systems are known in the prior art 

that encode a stream of digital data signals into com- 

pressed digital code signals and decode the compressed 

digital code signals back into the original data. The 

objective of data compression systems is to effect a 

savings in the amount of storage required to hold or the 

amount of time required to transmit a given body of 

digital information. The compression ratio is defined as 

the ratio of the length of the encoded output data to the 

length of the original input data. The smaller the com- 

pression ratio, the greater will be the savings in storage 

or time. By decreasing the required memory for data 

storage or the required time for data transmission, com- 

pression results in a monetary savings. If tapes or disks 

are utilized to store data files, then fewer tapes or disks 

are required for storing compressed files. If telephone 

lines or satellite links are utilized for transmitting digital 

information, then lower costs result when the data is 

compressed before transmission. 

For example, it may be desired to transmit the con- 

tents of a daily newapaper via satellite link to a remote 

location for printing thereat. Appropriate sensors may 

convert the contents of the newspaper into a data 

stream of serially occurring symbol signals for transmis- 

sion via the communication link. If the millions of sym- 

bols comprising the contents of the newspaper were 

compressed before transmission and reconstituted at the 

receiver, a significant amount of transmission time 

would be saved. 
As a further example, when an extensive data base 

such as an airline reservation data base or a banking 

system data base is stored for archival purposes, a signif- 

icant amount of storage space would be saved if the 
totality of symbol signals comprising the data base were 

compressed prior to storage and reexpanded from the 

stored compressed files for later use. 

To be of practical and general utility a digital data 

compression system should satisfy four basic criteria. 

The system should be reversible, universal, asymptoti- 

cally optimal and linear. In order for a data compression 

system to possess the property of reversibility it must be 

possible to reexpand or decode the compressed data 

back into its original form without any alteration or loss 

of information. The decoded and the original data must 

be identical and indistinguishable with respect to each 

other. The property of reversibility is synonomous with 

that of strict noiselessness as used in information theory. 

For a digital data compression system to be universal 

one common procedure should be applicable to all data. 

No fore-knowledge of data source characteristics 

should be required or assumed and the compression 

method should be adaptive to any changes in the data 

source characteristics if they occur. The data must pos- 

sess the characteristic of redundancy to be compress- 

ible. 
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2 
A digital data compression system is asymptotically 

optimal if in the limit of increasingly long input data 

sequences, the system performs as well as or better than 

any other existing or conceivable data compression 

system. Special purpose data compression systems are 

known in the prior art designed for data with specific 

characteristics. Although a universal or general purpose 

data compression system will not always perform as 

well as a special purpose system on a small body of the 

specific data, a universal system that is asymptotically 

optimal will perform as well in the long run. As the 

amount of data to be compressed is increased without 

limit, the universal asymptotically optimal system 

should perform as well as any other method including a 

special purpose method designed for the data in ques- 

tion. 
A data compression system is linear when the amount 

of processing time and the amount of working memory 

space required for the system increase only proportion- 

ately with the amount of data to be processed. The time 

required to execute the data encoding and decoding 

procedures should not grow faster than the amount of 

data to be processed. Thus the property of linearity 

ensures that the time required to compress large files 

will not exceed the available time regardless of the 

device speeds of the data processing components uti- 

lized. The working memory space required to execute 

the procedures also should not grow faster than the 

data, and it should be possible to limit the memory space 

to a fixed arbitrary size while continuing to process 

further input data if desired. Under this last constraint 

the compression may not be optimal. 

Various data compression systems are known in the 

art, many of the systems utilizing special purpose com- 

pression methods designed for compressing special 

classes of data. Although such systems may be inexpen- 

sive to utilize and very effective when applied to the 

specific type of data for which they were designed, they 

can fail significantly, even causing expansion, when 

applied to data types for which they were not designed. 

In general purpose situations where the type and char- 

acteristics of the data to be encountered are not known 

in advance and may change during processing, such 

special purpose data compression systems, whatever 

their merits in special situations, are not practicable. 

Examples of data processing systems that can not be 

utilized for general application because of their lack of 

the property of universality utilize such methods as 

run-length encoding, zero-suppression, null-suppression 

and pattern substitution. One class of commonly utilized 

data compression methods consists of smoothing and 

filtering procedures. Smoothing and filtering tech- 

niques, which may be considered as special purpose and 

thus unsuitable in a general context, are also undesirable 

because of their lack of reversibility. The reexpanded 

data are only an approximation to the original data 

rendering these techniques unsuitable for applications 

such as banking, intelligence, scientific data, computer 

programs, command and control words, and the like. 

The above described special purpose data compres- 

sion systems suffer from the disadvantage of lacking the 

property of universality and in some instances of lack- 

ing reversibility. The present invention, to be described 

hereinbelow, provides a system for general use, for 

example in a computer disk storage system or in a data 

transmission system, where the type and characteristics 

of the data to be encountered are not known in advance 

and may change during processing. 



4,464,650 
3 

General purpose data compression procedures are 
also known in the prior art, three relevant procedures 
being the Huffman method, the Tunstall method and 
the Lempel-Ziv method. The Huffman method is 
widely known and used, reference thereto being had in 
the article of D. A. Huffman entitled ““A Method for the 
Construction of Minimum Redundancy Codes”, Pro- 
ceedings IRE, 40, 10 pages 1098-1100 (September 
1952). Reference to the Tunstall algorithm may be had 
in the Doctoral thesis of B. P. Tunstall! entitled “Synthe- 
sis of Noiseless Compression Codes”, Georgia Institute 
of Technology (September 1967). Reference may be 
had to the Lempel-Ziv procedure in a paper authored 
by J. Ziv and A. Lempel entitled “A Universal Algo- 
rithm for Sequential Data Compression”, IEEE Trans- 
actions on Information Theory, YT-23,3, pages 337-343 
(May 1977). Further reference to the Lempel-Ziv pro- 
cedure may be found in a paper authored by Messrs. Ziv 
and Lempel entitled “Compression of Individual Se- 
quences Via Variable-Rate Coding”, IEEE Transactions 
on Information Theory, IT-24,5, pages 530-537 (Septem- 
ber 1977). 

The best known and most widely utilized of these 
general purpose data compression procedures is the 
Huffman method. The Huffman procedure maps fixed- 
length segments of symbols into variable length words. 
The construction of a Huffman code for a set of n sym- 
bols x(1), . . . , x(n) with associated symbol probabilities 
p (), ..., p(n) is effected by constructing a binary tree 
whose leaves (external nodes) represent the symbols 
x(1), ... x(n). The Huffman procedure involves selecting 
two leaves x(i), x(j) with lowest associated probabilities 
and combining these leaves to form a new node, their 
father, at a higher level in the tree. This new father node 
then has an associated probability of p(i)+p(j) and 
branches to x(i) and x(j). Next the two leaves x(i) and 
x(j) are removed from the set under consideration and 
the new father node is added to the set. This procedure 
is repeated until only one node, the root, with associ- 
ated probability 1 remains. The resulting tree is utilized 
to assign code words to the symbols of the alphabet in 
the following manner. For each successive pair of 
branches emanating from a node, starting at the root, 0 
is assigned to one branch and | is assigned to the other 
branch. The code word assigned to symbol x(k) is given 
by the assignments to the successive branches in the 
path from the root to the leaf x(k). 

The Huffman data compression procedure suffers 
from two limitations. Firstly, the Huffman procedure 
operates under the constraint that the input data to be 
compressed be parsed into fixed-length segments of 
symbols. Although the Huffman procedure provides 
the best compression ratio that can be obtained under 
this constraint, when the constraint is relaxed it is possi- 
ble to obtain significantly better compression ratios by 
utilizing other procedures. The present invention to be 
described hereinbelow does not operate under this con- 
straint and thus achieves significantly lower compres- 
sion ratios than does Huffman coding notwithstanding 
that Huffman coding is widely considered to be opti- 
mal. Secondly, Huffman coding requires foreknowl- 
edge of the statistical characteristics of the source data. 
The Huffman procedure operates under the assumption 
that the probability with which each fixed-length input 
segment occurs is known. This requirement of the Huff- 
man procedure can, in practice, be obviated by the use 
of an adaptive version of the procedure which accumu- 
lates the necessary statistics during processing of the 
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4 
data. This, however, is cumbersome, requires consider- 
able working memory space and performs suboptimally 
during adaptation. The present invention to be de- 
scribed hereinbelow does not require any a priori 
knowledge of the characteristics of the source data. 

The Tunstall algorithm, which maps variable-length 
segments of symbols into fixed-length binary words, is 
complementary to the Huffman procedure with the 
fixed-length constraint now applied to the output seg- 
ments instead of to the input segments. In the Tunstall 
procedure the output code word length is fixed with the 
consequence that the number n of code words and the 
set of code words are known in advance. The objective 
of the procedure is to make the set of messages (input 
segments) created by the input parsing as nearly equi- 
probable as possible. The procedure beings with a basic 
message set consisting of the, say m, symbols compris- 
ing the input alphabet. The most probable message is 
removed from the set and replaced by m new messages, 
each of which is the removed message suffixed by one 
of the m input alphabet symbols. This procedure is 
continued until the message set contains n messages. 
The n code words can then be assigned to these n mes- 
sages in any manner desired. 

The Tunstall procedure constrains the output string 
thereof to consist of fixed-length binary words. Under 
this constraint the procedure is asymptotically optimal 
with respect to other procedures having the same con- 
straint. Since the present invention to be hereinafter 
described does not have a fixed-length constraint on 
either the input words or the output words, the present 
invention generally outperforms the Tunstall proce- 
dure. Like the Huffman procedure, the Tunstall proce- 
dure requires a foreknowledge, and in the case of the 
Tunstall procedure a very extensive foreknowledge, of 
the source data probabilities. Again this foreknowledge 
requirement can be obviated to some degree by utilizing 
an adaptive version which accumulates the statistics 
during processing of the data with the same concomi- 
tant disadvantages experienced by the Huffman proce- 
dure as discussed above. 

Unlike the present invention, neither the Huffman 
nor the Tunstall codes have the ability to ‘extend the 
source”, that is, to encode increasingly longer combina- 
tions of source symbols. The present invention gradu- 
ally increases the lengths of words it is encoding, at least 
until memory is saturated, and thereby is able to com- 
pensate for dependencies in the probabilities of occur- 
rence of source symbols. The Huffman and Tunstall 
codes necessarily treat probabilities of symbol occur- 
rence as though they were independent, and thereby 
give inferior performance when dependencies exist. 

The prior art Lempel-Ziv procedure, which maps 
variable-length segments of symbols into variable- 
length binary words, is asymptotically optimal when 
there are no constraints on the input or output segment 
lengths. In this procedure the input data string is parsed 
into adaptively growing segments, each segment con- 
sisting of an exact copy of an earlier portion of the input 
string suffixed by one innovative symbol from the input 
data. The copy which is to be made is the longest possi- 
ble and is not constrained to coincide with an earlier 
parsed segment. The code word which replaces the 
segment in the output contains information consisting of 
a pointer to where the earlier copied portion begins, the 
length of the copy, and the innovative symbol. 

One of the problems with the prior art Lempel-Ziv 
algorithm was that is did not exhibit the property of
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linearity since the required memory space grew at a 
non-linear rate with respect to the input data. Addition- 
ally, no means were available for locating the longest 
earlier match in linear time (time proportional to the 
length of the new segment). The encoding of the joint 
information of the pointer to the earlier match, the 
length of the earlier match and the innovative symbol 
was inefficient, compounding the impracticability of the 
algorithm. 

The prior art, Lempel-Ziv algorithm, included a 

modification wherein the copy which is to be made is 
the longest possible and is constrained to coincide with 
an earlier parsed segment. The prior art Lempel-Ziv 

algorithm, including the modification, remains essen- 
tially an unrealized concept for data compression. The 
prior art algorithm, including the modification, has not 
been utilized since heretofore there has not been avail- 
able any practical implementation of the algorithm. 

The present invention to be hereinafter described 
provides practical implementations of the modified 
Lempel-Ziv algorithm to provide data compression 
apparatus and method that is asymptotically optimal 
without any word length constraints with respect to 
either the input or output data. The present invention 
also possesses the properties of linearity, reversibility 
and universality. It compresses data as well as or better 
than any heretofore known data compression apparatus 
or procedure and is faster than prior art procedures. 

SUMMARY OF THE INVENTION 

The invention compresses data by compressing a 
stream of data symbol signals into a compressed stream 
of digital code signals the data symbol signals being 
members of an alphabet of symboi signals comprising a 
predetermined number of symbol signals. The compres- 
sion involves parsing the stream of data symbol signals 
into segments, each segment comprising a prefix and the 
next data symbol signal occurring in the data stream 
following the prefix. The prefix comprises the longest 
match with a previous segment. A pointer signal is 
generated for each segment, the pointer signal being 
representative of the previous segment matching the 
prefix and the next occurring data symbol signal suf- 
fixed to the prefix. The pointer signals generated for the 
respective segments of the stream of data symbol signals 
comprise the compressed stream of digital code signals. 
The parsing and pointer signal generation is achieved 
by defining a search tree having nodes and branches 
emanating from the nodes, each node having at most 
one incoming branch. The outgoing branches emanat- 
ing from a node are representative of the respective 
symbol signals of the data alphabet, the branches having 
respective addresses associated therewith. A segment is 
parsed from the input data stream by tracing the incom- 
ing data symbol signals respectively from node to node 
in the search tree, starting at the root of the tree, until an 
external node or leaf of the tree is reached. The address 
associated with the leaf is utilized to provide the pointer 
signal corresponding to the parsed segment. 

The original data is recovered from the sequence of 
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pression search tree, 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of the encoder 
(compressor) of a preferred embodiment of the inven- 
tion; 

FIG. 2 is a schematic block diagram of the decoder 

(decompressor) of a preferred embodiment of the inven- 
tion; 

FIG. 3 is a schematic representation of a parsed por- 
tion of a stream of data symbols; 

FIG. 4a is an example of a parsed stream of data 
symbols from a quaternary alphabet; 

FIGS. 46-4 are successive stages of the incremental 
search tree constructed in accordance with the present 
invention for parsing the stream of data symbols of 
FIG. 4a into the segments illustrated and for providing 
the pointer signals corresponding thereto; 

FIG. 5 illustrates conceptualized memory maps for 
the tables utilized in the encoder and decoder of the 
present invention; 

FIG. 6 is a flow chart depicting the operation of the 
data compression encoder of the present invention; 

FIG. 7 is a flow chart depicting the operation of the 
data compression decoder of the present invention; 

FIG. 8 is a schematic block diagram of an embodi- 
ment of the data compression encoder of the present 
invention; 

FIG. 8a is a schematic block diagram illustrating 
details of the search tree data base portion of the en- 
coder of FIG. 8; 

FIG. 8d is a schematic block diagram illustrating 
details of the pointer counter of the search tree data 
base apparatus of FIG. 8; 

FIG. 8c is a schematic block diagram. illustrating 
details of the address generator of the encoder of FIG. 
8; ; 

FIG. 8d is a schematic block diagram illustrating 
details of the pointer generator of the encoder of FIG. 

8; 
FIG. 8e is a schematic block diagram illustrating 

details of the economy encoder of the encoder of FIG. 

8; 
FIG. 9 is a schematic block diagram of an embodi- 

ment of the decoder of the present invention; 

FIG. 9a is a schematic block diagram illustrating 
details of the rank economy decoder of the decoder of 
FIG. 9; 

FIG. 95 is a schematic block diagram illustrating 
details of the pointer economy decoder of the decoder 
of FIG. 9; 

FIG. 9c is a schematic block diagram illustrating 
details of the search tree data base apparatus of the 
decoder of FIG. 9; 

FIG. 9d is a schematic block diagram illustrating 
details of the pointer counter of the search tree data 
base apparatus of FIG. 9c; 

FIG. 9e is a schematic block diagram illustrating 
details of the adress generator of the decoder of FIG. 9; 

FIG. 9f is a schematic block diagram illustrating 
details of the label generator of the decoder of FIG. 9; 

FIG. 9g is a schematic block diagram illustrating 
details of the position extractor of the decoder of FIG. 

9; 
FIG. 9h is a schematic block diagram illustrating 

details of the push down stack of the decoder of FIG. 9.
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The encoding portion of the compression or present 

invention compresses digital data signals providing 

compressed code for storage or transmission. The de- 

compression or decoding portion of the invention re- 

stores the compressed code signals to the original digital 

data signals. The digital data to be compressed is over a 

predetermined alphabet of a predetermined number of 

symbol signals. For example, if it is desired to compress 

the contents of English language textual material, the 

alphabet involved would be the 26 symbols of the En- 

glish alphabet, the ten arabic digits and the plurality of 

punctuation symbology utilized in the English lan- 

guage. If it is desired to compress a string of binary data, 

the alphabet involved comprises the two symbols bi- 

nary 0 and binary 1. It.is appreciated in modern day data 

processing and communication systems that the sym- 

bols of, for example, the English language alphabet are 

processed and conveyed as bytes of binary digits in a 

convenient code such as the ASCII format. The sym- 

bols from a.complex alphabet, such as the English lan- 

guage alphabet, may be handled by the present inven- 

tion either in digital byte format or as strings of binary 

digits which comprise the bytes. 
Two preferred embodiments of the invention will be 

described hereinbelow, one embodiment utilizing a 

general purpose digital computer storing encoding and 

decoding programs and the other embodiment compris- 

ing discrete hardware elements for performing the en- 

coding and decoding. 
Referring to FIG. 1, a schematic block diagram of the 

encoding system of the present invention is illustrated. 

A source of digital data symbol signals, such as a con- 

ventional symbol reader 10, provides the stream of 

symbol signals to be compressed to a digital processor 

11 which in turn provides the compressed code signals 

corresponding to the input data. A storage medium 12, 

such as a disk file is associated with the processor 11 for 

providing temporary storage of input data, output data 

and processing programs. The processor 11 may be a 

general purpose digital computer for storing and exe- 

cuting the encoding program appended hereto. The 

compressed code from the processor 11 may be either 

transmitted, for example, to a remote location for de- 

coding or may be stored in electronic storage files for, 

for example, archival purposes. 

Referring to FIG. 2, a schematic block diagram of the 

decoding portion of the present invention is illustrated. 

The compressed code signals generated by the encod- 

ing apparatus of FIG. 1 is received by a processor 13 to 

provide the recovered data. A storage medium 14, such 

as a disk file, is associated with the processor 13 for 

temporary storage of input data, output data and pro- 

cessing programs. The processor 13 may comprise a 

general purpose digital computer for storing and exe- 

cuting the decoder program appended hereto. 

In a data transmission system the processor 11 and the 

processor 13 may be remotely located with respect to 

each other. In a system wherein the invention is utilized 

for data storage the processors 11 and 13 may be distinct 

devices, the processor 11 providing the compressed 

code to archival storage and the processor 13 retrieving 

the compressed code therefrom to provide the recov- 

ered data. Alternatively in such a data storage system 

the processor 11 and the processor 13 may comprise the 

same computer with the encoding and decoding pro- 

10 

15 

20 

25 

30 

35 

45 

50 

35 

65 

8 
grams appended hereto stored therein for execution 

when required. It will be appreciated with respect to 

FIG. 1 and FIG, 2 that in the discrete hardware em- ' 

bodiment of the invention the processor 11 and storage 

apparatus 12 are replaced by discrete encoding hard- 

ware and the processor 13 and storage apparatus 14 are 

replaced by discrete decoding hardware. 

The encoder of the present invention parses the input 

stream of data symbols into segments whereby each 

segment is comprised of a prefix and the data symbol 

next following the prefix in the data stream. The prefix 

comprises the longest match with a previously parsed 

segment of the data stream. Parsing may be conceptual- 

ized as inserting virtual commas between symbols of the 

data stream thereby setting off the segments. Therefore, 

in the present invention the search into the unprocessed 

data stream for a match involves searching from a 

comma to the next ensuing comma to find the longest 

match with a previously parsed segment. 

Referring to FIG. 3, a schematic representation of a 

portion of a stream of data symbols is illustrated where 

the “x’s” represent arbitrary symbols of the alphabet. 

Commas are illustrated in the data stream only to depict 

the parsing. A segment 15 of the data stream is com- 

prised of a prefix 16 and an innovative symbol 17. The 

innovative symbol 17 is the next symbol in the data 

stream following the prefix 16 irrespective of what 

symbol it is. In other words, the innovative symbol 17 

may be a symbol that has been seen previously in the 

data stream or it may be a symbol of the alphabet that is 

encountered for the first time. The segment 15 is parsed 

or punctuated in the data stream by virtual commas 18 

and 19. The prefix 16 matches the previous segment 16’, 

and the segment 16’ is the longest parsed segment pre- 

ceding the comma 18 that matches the input data stream 

following the comma 18. The encoder of the present 

invention constructs a search tree data base that pro- 

vides a pointer signal associated with the segment 15 

that indicates the match to the previous segment 16’ as 

well as the innovative symbol 17. The decoder respon- 

sive to the sequence of pointer signals corresponding to 

the sequence of parsed segments constructs a search 

tree data base identical to that of the encoder in order to 

recover the symbols of the parsed segments. 

A precise definition of the parsing procedure utilized 

in the present invention may be had as follows: Let A be 

a finite alphabet of symbols, for example, A=(O, 1,... 

,m-1) and let | A| denote the number of members in the 
set A, in this case m. A word (sequence, string) x of 

length L(x) over A is an ordered k-tuple x=x1x2. . . Xk 

of symbols from A. Let x(i,j} denote a substring or 

segment of x which starts at position i and ends at posi- 

tion j. When iSj, x(0i,J)=x20+1. . . x, but when i>j, 

x(i,j)=@ the null word of length zero. For each j, 

0=jSL(x), denote x(1,j) as a prefix of x and x(1,j) as a 

proper prefix of x if j << L(x). Let x(mi*n2". .. *ny) denote 

the parsing of x into p+] segments x)=x(n;_/+ 1,n), 

i=}, 2,. . . ,ptl, where O=ng<ni<. <n- 

p<Mp4j=L(x). The parsing utilized in the present in- 

vention is derived by the following recursive procedure 

where k denotes the iterative steps thereof: 

Initially, set k= 1 and np=0. 

At step k, find i<k such that x;is the longest segment 

which is a prefix of x(ng_/+ 1,L(x)). 

Set ng=ng—s+1+L(X). 
The parsing procedure exhibits the following proper- 

ties. The nomenclature n; denotes the position of the 

parsing comma for step k=i. For each k=1,2. . . sp;
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X= Xigkny where i¢<k is the value of i in the k# itera- 
tion of the parsing procedure. Xj, is always a proper 
prefix of X;and thus L(X,)>L(X,,). It follows that if a 
data base is constructed whereby X;may be determined 
from the index i, 0=i=k—1, then it is possible to deter- 
mine Xx recursively given the joint event (i4,Xn,). Such 
a data base is provided by the search tree constructed in 
accordance with the present invention. 

The search tree data base is constructed by the en- 
coder of the present invention and is utilized both for 
parsing the input data into segments and for encoding 
the parsed segments. A similar data base is constructed 
by the decoder of the present invention and is utilized in 
decoding the encoded segments to recover the input 
data. In a manner to be described hereinbelow, the 
search tree base is actually stored as a set of tables or 
lists which in effect define the search tree over a finite 
alphabet. 

The following definitions are useful in defining the 
search tree. A tree is a connected graph without cir- 
cuits. A tree is directed if each of its branches (arcs) is 
directed. A tree is rooted if it has a unique node, de- 
noted as the root, without incoming arcs. A path in a 
rooted tree is a sequence of arcs traversable consistently 
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with their directions. Except for the root, every node of 25 

a rooted tree has exactly one incoming arc and, there- 
fore, there exists a unique path leading to the node from 
the root. 

Let T denote a rooted tree. A node of T without 
outgoing arcs is called an external node or a leaf. Nodes 
other than leaves are called internal nodes. If nodes v1 
and v2 are joined by an arc directed from vj to v2, v1 is 
denoted as the father of v2 and v2 as a son of vi. Nodes 
with a common father are called brothers. Let B be a 
finite alphabet. A search tree over B is a rooted tree 
having arcs labeled with symbols from B in such a man- 
ner that no two arcs emanating from the same node 
have the same label. A search tree over B is denoted by 
(T,B). Therefore, the search tree (T,B) can have at most 
|B| arcs emanating from any of its nodes. A father with 
|B| sons is called complete. Each node v of (T,B) de- 
fines a unique word W(v) over B, given by the sequence 
of labels on the arcs of the path from the root to v. The 
root defines the null word ¢. A word X over B is de- 
fined by (T,B) if there exists a node v in (T,B) such that 
X= W(v). 

The search tree is defined recursively during the 
parsing of the imput sequence. At step k, a new internal 
node is created from a leaf vz such that W(vx%)= Xx, the 
kt parsed segment. Let Ay denote the alphabet of input 
symbols which have been seen through the k— 1 pars- 
ing. These are the only symbols which appear on arcs 
leading to internal nodes. However, to be able always to 
create a new internal node from an existing leaf when 
Ax<A, one arc from each internal node is included 
labeled by some special symbol not in A, for example 
@, which represents all symbols in A-Ax. If (Tz, Bx) 
denotes the incremental search tree at the k“ step in the 
parsing, then Bg ={Ax, @} if |Ax| <|A|, and Bg=A if 
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Ax=A. An arc receiving the label @ is called an alpha 60 
branch. 

The definition of (T%,Bxz) proceeds as follows. Ini- 
tially, k=1, Aj, is empty, and B;}={@}. The initial tree 
(T1,B1) consists of two nodes, the root and a leaf, and 

one arc labeled @ leading from the root to the leaf. 65 
Given (Tx, Bx) and the pending input x@)=x(nz. 
1+1,L(x)), the defining node v, of X;can be located by 
tracing the incoming symbols of x) sequentially along 

10 
a path of (T%,B,) from the root. The label @ is consid- 
ered to match any symbol of A-A,. When a node is 

reached from which no further tracing is possible, it is 
identified as vz. Let 0% denote the label on the arc enter- 
ing vx. If ¥454@, then X,=W(v,), the word defined by 
vz, Bg+1=Bzx, and vis made the father of | By| sons. If, 
however, ¥¢=@, Xz is obtained from W(v,) by replac- 
ing @ with the symbol x, , which it represents; then 
setting By41={Bz,X%n4}, adding a corresponding new 
son to each internal node v in (T;,B,), and making the 
new brother of v; the father of |Bx+i| sons, rather then 
vx as above. If |By|=|A|—1, the label @ is replaced 
everywhere by the single element of A-Ax+1. 

The following properties of the search trees are 
noted. Each internal node of (T;,Bx) is complete and 
hence, v; is always a leaf. The father of v; defines the 
segment X,;, to be copied, and hence, the comma ix. The 
search tree (T;B,) contains k internal nodes and each 
internal node has 51 B, = sons. Therefore, the total 

number of nodes is 1+k|Bx!|, and the total number of 
leaves is 1+k(|Bx| —1). 

The number of possible joint events (comma, innova- 
tion) is identical to the number of leaves in the tree 
(Tx,Bx). Thus, if the leaves are numbered consecutively 
by the integers from 0 to k(|Bx|—1), then these num- 
bers, denoted as leaf pointers, provide an efficient en- 
coding of the parsed segment Xx. An efficient binary 
encoding of the leaf pointers is provided by the econ- 
omy binary tree described below. Thus, the search tree 
of the present invention provides both a tool for parsing 
the input data and an efficient encoding of the parsed 
segments. 

The decoding process constructs and utilizes the 
same search tree as the encoding process. The recursive 
growth of (T;,B,) at the decoder proceeds in exactly 
the same manner as at the encoder. The initial tree 
(T),B1) is known in advance. Given (T;,B,), the current 
encoded segment, say Yx, can be used to identify vz. By 
tracing the backward path from vx, to the root, ¥% and 
X, are obtained, and (Tx4.1,Bx4.1) can be determined as 
described above with respect to the encoder. 

Thus the search tree of the present invention is uti- 
lized to parse the input data stream and to encode the 
parsed segments. The symbols of the input data are 
traced respectively from the root along the arcs of a 
path determined by the symbols until a leaf is attained. 
The leaf is expanded into an internal node as discussed 
above. To facilitate the tracing, each internal node of 
the search tree is assigned an integer label, the root 
being assigned the label 1. During successive parsing 
iterations, successively increasing integer labels are 
assigned to the internal nodes in the order in which they 
are created. Therefore, the internal node created at 
iteration k receives the integer label k+ 1. Each node of 
a search tree over an alphabet having |A| symbols in 
the alphabet has {A| potential sons. A unique virtual 
address is provided for each of the potential sons of 
each of the nodes of the search tree. Each node label is 
utilized for calculating the unique virtual address for the 
|A| potential sons of the node. The root is given the 
virtual address of 1. Conseptually a virtual search tree is 
created with |A| sons for each internal node rather 
than with |B,| sons as described above. The symbols of 
the alphabet are assigned respective unique integer posi- 
tions in accordance with the order in which the symbols 
are encountered in the input data stream. For an alpha- 
bet having |A| symbols the integer position {A[ is 
assigned to the symbol of the alphabet that is first en-
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countered in the input data stream, the integer position 

|A]|—1 to the second symbol of the alphabet to be 
encountered in the input data stream and so on to the 
assignment of the integer position I to the last symbol of 
the alphabet to be encountered in the data stream. The 
first symbol to be encountered is designated as x; for 
reasons to be later clarified. Thus @(j) is defined where 
|A|2@()2 1 provides a unique integer position assign- 
ment to the j“ symbol of A. In other words @ is a map- 
ping from A onto {1, 2, ...| A/}. 

In the present embodiment of the invention the j 
potential son of node i is assigned the unique virtual 
address 

F=i|A| 0G) 42 () 

The rightmost or highest arc of each node of the search 
tree has the arc label associated therewith of the first 
symbol of the alphabét to be encountered in the data 
stream. This arc is denoted as the x; son. The next arc 
emanating from the node to the left of the x; son has as 
its arc label the second symbol of the alphabet to be 
encountered in the input data stream. The leftmost son 

of the node is reserved for the alpha branch until the last 
symbol of the alphabet has been encountered in the 
input data stream at which time this last symbol of the 

alphabet to be encountered in the data stream becomes 
the arc label for the leftmost son of the node. 

The virtual addresses computed in the manner de- 
scribed above provide the capability of locating in a 
computer storage array the internal node label of any 

son and also provide a means for calculating the associ- 
ated leaf pointer for encoding a segment. A trace of a 
forward path from the root to a leaf in the search tree 
(T,,B,) entails successively finding the internal node 

labels of the nodes visited as the respective symbols of 
the input data stream are traced. The node label of a 
father in conjunction with the next occurring symbol of 
the input data stream provides the means for calculating 
the virtual address at which the node label of the son 
corresponding to the input symbol will be found. 

The encoder utilizes a label table for storing the node 
labels assigned to the virtual addresses. When a leaf is 
attained in a parsing interation, the appropriate integer 
node label is stored at the leaf address. During iteraction 
k the stored node label is k +- 1. The encoder also utilizes 

a symbol-position table that stores the integer positions 

@(j) as discussed above, at the locations for the symbols 
of the data alphabet as the symbols are encountered in 
the input data stream. Further details of the label table 
and the symbol-position table will be discussed herein- 
below. 

In a manner to be described below in greater detail, 

the encoder generates a pointer signal Y, corresponding 
to the segment of the input data stream parsed in the k* 
iteration. When a new symbol is encountered during an 
interation, an encoded version of the symbol is provided 

by the encoder. In a system wherein the present inven- 

tion is utilized to provide compressed data for storage 

purposes, the stream of pointer signals and encoded new 
symbols are the quantities stored. When the invention is 
utilized in a data transmission environment, the stream 
of pointer signals and encoded new symbols are trans- 

mitted on the medium. The decoder of the present in- 
vention reconstitutes the original data by constructing a 
search tree identical to that constructed by the encoder 

in response to the stream of stored or transmitted 
pointer signals and encoded new symbols. During itera- 

tion k—1, the encoder constructs search tree (Tx,Bx) 
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12 
and generates the pointer signal Y; corresponding to the 
virtual address of the leaf reached to parse the k— 1 
segment. During the k— 1° iteration of the decoder, the 
decoder constructs search tree (T,,Bx) and receipt of 

pointer signal Y, provides the decoder with the virtual 
address of the leaf of (Tx,B,) associated with the current 
parsed segment. A backward trace from this leaf to the 
root provides the symbols of the current parsed seg- 
ment as the labels on the arcs of this backward path. It 
is appreciated that the arc labels acquired from the 
backward path are in reverse order with respect to the 
parsed segment of the input data and must be reversed 

in a manner to be described. 
The trace of ‘the backward path through the search 

tree (Tx,B,), as is needed in decoding, requires different 

information from that of the encoder. For each node 
visited the virtual address of the father is required. 
From the virtual address i of the son, the node label i of 
the father may be computed by 

i=l+@-2)/|A| (2) 

where the equation is computed by integer arithmetic. 
From the virtual address i of the son and the node 

label i of the father computed from equation 2, the 
position $(j) of the label of the arc from the son to the 
father is computed as 

O)=i}A|-7 +2 3) 
The decoder maintains an address table and a position- 
symbol table. The address table stores the virtual ad- 
dresses transmitted by the encoder at appropriate node 
label locations. The decoder stores the virtual address 

transmitted by the encoder at the next sequential node 
label corresponding to the iteration. The virtual address 
of the father is obtained by means of the address table 

from the node label of the father provided by equation 
2. Thus equation 2 and the address table provide the 

capability of a backward search from the leaf desig- 
nated by the encoder back to the root so as to obtain the 

symbol of the parsed segment. The position-symbol 
table stores the symbols at locations designated by the 
positions §(j). The first newly encountered symbol 

transmitted to the decoder by the encoder is stored at 

position [A]. The next newly encountered symbol is 
stored at |A|—1. The symbols are stored in the posi- 
tion-symbol table in the order received from the en- 
coder at decreasing positions until the last symbol to be 
encountered is stored at position 1. The position recov- 
ered by equation 3 is converted to the symbol by the 

position-symbol table. Further details of the address 
table and the position-symbol table will be given herein- 
below. 

Referring now to FIGS. 4¢-4j, and example of the 
adaptive incremental construction of a search tree is 

illustrated to facilitate an understanding of the inven- 
tion. FIG. 4@¢ provides an example of an input data 

stream over a quaternary alphabet comprised of the 

symbols “0”, “1”, “2” and ‘3’. Thus in the example 

|A|==4. Virtual commas are inserted into the data 
stream only to illustrate the parsing. Starting at the left 
end of the data stream, the first symbol encountered is 

“0” and this symbol provides the first parsed segment. 
In the second iteration the search into the remaining 
data stream finds that the next encountered symbol ‘‘0” 
matches the first parsed segment. Thus this second sym- 
bol of the data stream forms the prefix of the second
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parsed segment. In accordance with the parsing rule, 

the next symbol, in this case “0” is suffixed to the prefix 

to form the second parsed segment “00”, During the 

third iteration the search into the remaining data stream 

reveals that the longest match is with the first parsed 

segment “0” to which the next symbol “3” is suffixed to 

form the third parsed segment. It is noted that in this 

iteration the symbol “3” has been encountered for the 

first time. During the fourth iteration the longest match 

with the remaining input data stream is the third parsed 

segment “03” to which is suffixed the next occurring 
symbol in the data stream which in this instance is the 

symbol “0” to form the fourth parsed segment “030”. 

The remainder of the exemplified data stream is parsed 

in the same manner to provide the parsed segments 

illustrated. Whenever a search into the data stream does 

not reveal a match with any previous segment, the next 

segment is considered to match the null segment of 

length 0 which the new segment is considered to have 

as its prefix. For example, the right most symbol “1” of 

the exemplified data stream is a newly encountered 

symbol and thus does not match any previously parsed 

segment. 

Referring now to FIGS. 46-4), the search tree incre- 

mentally and adaptively constructed to parse the data 

stream of FIG. 4a is illustrated. The internal nodes of 

the tree are denoted as circles with the node labels 

therein and the leaves of the tree are denoted as arrow- 

heads. The virtual address for each node (internal and 

external) is denoted by a number within parentheses. 

The arc label associated with each arc is denoted by a 

symbol adjacent the arc. FIGS. 46, 4c, ..., 4 illustrate 

the respective search trees (T1, Bi), (T2, Bz), .... (Ts, Bs) 

where the symbols above the search tree denote the 

segment parsed thereby. 
Specifically, FIG. 48 depicts search tree (Ti, B1). The 

tree (T1, Bj) consists of the root 1 and an alpha branch 

leading to a leaf with virtual address 2. It is noted that 

the alpha branch always assumes the position § equal to 
the next unused position. Since no symbols of the alpha- 

bet have as yet been encountered, $ assumes the posi- 

tion 4 and utilizing equation 1 yields thee virtual address 
2. As discussed above @ of the alpha branch matches all 

of the symbols not yet encountered. Since at this point 

no input data has been read, @ matches all of the sym- 

bols of the alphabet. Starting at the root I, a trace of the 
symbols of the input data is begun. The first symbol “0” 

matches the alpha branch which terminates at the leaf 

having virtual address 2. Thus since a leaf has been 

attained, the first symbol of the exemplified data stream 

comprises the first parsed segment. The encoder trans- 

mits an encoded version of the virtual address 2 as the 

first leaf pointer Y; which in turn is received by the 

decoder. Since this is the first time that the symbol “0” 

has been encountered, an encoded version thereof is 

also transmitted to the decoder. 
FIG. 4c illustrates search tree (T2, Bz) which is (T1, 

B,) of FIG. 46 updated with the new information. In 

accordance with the updating procedure, the newly 

encountered symbol “0” replaces the alpha branch of 

FIG. 46 and a new alpha branch is added to node 1. The 

leaf with virtual address 2 is expanded into an internal 

node which is assigned the next sequential integer node 

label 2. The node 2 has two leaves, one for the symbol 
“0” and one for the alpha branch. The decoder updates 

the search tree in the same manner since it received the 

leaf pointer representing virtual address 2 indicating 

that that virtual address should be expanded as indi- 
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14 
cated. The decoder has also received the encoding of 

the newly encountered symbol “0” to provide the arc 

labels as depicted. . 

Since in the iteration described with respect to FIG. 

4c the decoder received the leaf pointer representative 

of virtual address 2, the decoder starting at that virtual 

address and tracing back to the root encountered the 

symbol “0” on the arc from virtual address 2 back to the 

root, thus recovering the originally parsed segment. 

Actually the decoder utilizes equation 2 to obtain the 

node label of the father from the received leaf virtual 

address. Equation 3 is then utilized to obtain the posi- 

tion # of the arc label and the position-symbol table 

consulted to retrieve the symbol itself. 

The encoder is now ready to receive further input 

data. In the data stream example of FIG. 4a, the second 
symbol from the left now constitutes the beginning of 

the unprocessed data. The symbols of the data stream 

are traced with the tree of FIG. 4c starting at the root 

thereof. The first encountered “0” of the data matches 

the arc with virtual address 2. This arc leads to the 

internal node 2. The next symbol “0” matches the “0” 

son of node 2 which is a leaf with virtual address 6. 

Since a leaf has been attained, the next parsed segment 

is “00”. The leaf pointer transmitted by the encoder to 

the decoder corresponds to the leaf virtual address 6. 

This information received by the decoder permits a 

backward trace from this leaf to the root providing the 

symbols of the parsed segment to recover the data. FIG. 

4d illustrates the updating of the search tree wherein the 

leaf with virtual address 6 is expanded into internal node 

3 with leaves. 
The next segment “03” is parsed by the tree of FIG. 

4d by tracing the 0 from node 1 to node 2 and going out 

along the alpha branch with virtual address 7 when the 

newly encountered symbol “3” is processed. FIG. 4¢ 

illustrates the updated tree wherein the arc with virtual 

address 7 is expanded into internal node 4. In the tree of 

FIG. 4e all of the alpha branches of FIG. 4d are re- 

placed by the newly encountered symbol 3 and new 

alpha branches are added to all the nodes. The incre- 

mental growth of the search tree for the remainder of 

the data stream exemplified in FIG. 4a is depicted by 
FIGS. 47-7. 

As discussed above, the search tree data base is con- 

structed and stored by utilizing a plurality of tables. 

FIG. 5 illustrates conceptualized memory maps for the 

tables. The encoder utilizes a label table, a symbol-posi- 

tion table, and an unseen-rank table. The decoder uti- 

lizes an address table, a position-symbol table and a 

rank-unseen table as well as a label table. Each of the 

tables is schematically illustrated as having a left hand 

column and a right hand column, the left hand column 

being utilized for addressing the table, the right hand 

column being utilized for storing the retrieving quanti- 

ties with respect to the addresses of the left hand col- 

umn. Signals on an addressing input 30 address the 

locations of the table. When utilized in a write mode, a 

quantity applied to an input 31 is stored at the location 

addressed by the input 30. When utilized in a read 

mode, the quantity stored at the location addressed by 

the input 30 is applied to the table output 32. 

With respect to the encoder, the initial tree (T1,B1) is 

established by storing the node label 1 at the virtual 
address 1 in the label table denoting the root of the tree 

and storing zeros at the remainder of the virtual ad- 

dresses. The symbol-position table provides a location 

for each of the symbols of the data alphabet. The sym-
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bols may conveniently be arranged in lexicographic 

order. Initially all zeros are stored at the positions cor- 

responding to the symbols. 
With respect to the decoder, initially the address 

table stores virtual address 1 at node label 1 correspond- 

ing to the root of the initial tree and zeros at all of the 
remaining virtual address locations corresponding to 

the remaining node labels. The position-symbol table 

provides locations for positions |A|, |A—1|,... 1. 
Initially all zeros are stored at the symbol locations 

corresponding to the positions. 
In the operation of the encoder a parsing iteration 

begins at the root of the search tree. Thus a signal on the 

input 30 of the label table addresses virtual addresses 1 

and the label table returns the stored node label 1 on the 
output 32 thereof. The next symbol of the input data 
stream is applied to the input 30 of the symbol-position 

table which returns the corresponding position 9 on the 

output 32 thereof. This position in combination with the 

node label returned from the label table is applied to 

equation 1 to compute the virtual address of the appro- 

priate son. This computed virtual address is applied to 

the input 30 of the label table which returns on the 

output 32 of the label table the node label of the next 

node to be visited. This node label, in combination with 

the position of the next symbol, provides the next vir- 

tual address via equation 1 which, in turn, is utilized to 
again address the label table. This process continues 

until the label table returns the node label 0, indicating 

that a leaf of the search tree has been reached. The next 

sequential node label is applied to the input 31 of the 

label table and is stored at this leaf virtual address. The 

leaf virtual address is utilized in a manner to be de- 

scribed to provide the encoding Y, for the parsed seg- 

ment. 

If when the symbol-position table is consulted, a 0 is 
returned on the output 32 thereof, this indicates that a 
newly encountered symbol has been read. When this 

occurs the new sequential position is applied to the 
input 31 of the symbol position table and is stored at the 

location addressed by the symbol. When this position is 

utilized in equation 1 with the node label returned from 
the label table, the virtual addresses computed will be 
that of an alpha branch and when applied to input 30 of 
the label table, will return a 0 at the output 32 of the 
label table, indicating that the alpha branch reached is a 
leaf of the tree. 

In the operation of the decoder the leaf virtual ad- 

dress provided by the encoder is stored at the next 

empty node label position of the address table. This 

virtual address applied to equation 2 yields the node 
label of the father. This computed node label applied to 

the input 30 of the address table returns a virtual address 
stored thereat on the output 32 of the address table 
which when applied to equation 2 yields the label of the 
next father node to be visited in the backward search. 

From each virtual address of a son and the node label of 

the father provided from equation 2, equation 3 utilized 

to provide the position of the associated arc. The posi- 
tion-symbol table is addressed by this position to re- 

cover the associated data symbol. In this manner a back- 

ward trace from the leaf virtual address to the root 

provides the symbols of the parsed segment in reverse 

order. When the position-symbol table of the decoder 
returns a O in response to an addressing position, this 

indicates that the encoder has encountered a new sym- 

bol. The encoder transmits an encoded version of this 

new symbol following the encoded version of the leaf 
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16 
virtual address. The decoder then receives this encoded 
new symbol and stores the new symbol at the position in 
the position-symbol table that had returned the 0. 

In the digital computer embodiment of the invention 
the label table is an array F providing for each virtual 
address, the node label assigned to the node belonging 
to that address. Since in general there are many more 
addresses than labels, most of the label table array is 
empty and it is economical of storage to utilize hashing 
for the high-address portion of the array. Thus at times 
the node label is stored directly in the array F at the 
virtual address itself and in other cases the virtual ad- 
dress is utilized as an input key to a hashing function 
which computes a real address in F at which the label is 
stored. At the beginning of the encoding the storage 
available for node labels in the array F is divided be- 
tween direct and hashed portions, the early (top) por- 
tion of the label table F is stored directly to save time 
since it is consulted frequently. The latter parts of the 
label table are hashed to save memory since they are 
consulted infrequently. 

In the digital computer embodiment of the invention 
the address table is an array G providing for each node 
labe the virtual address of the node. The array G is the 
inverse of the array F and contains for each node label 
the assigned virtual address. Since the address table G 
has dimension equal to the number of internal nodes, it 

does not require nor benefit from hashing. 
At the conclusion of the tracing of a forward path by 

the encoder the virtual address i of a leaf node is ob- 
tained for which no stored internal node label is re- 
turned from the label table F. Transformation of the 
search tree (T;,B,) into (Tx+41, Be+1) is completed by 
storing the internal node label k+1 at the leaf virtual 

address location in F. If a new symbol has been identi- 

fied, the symbol table is updated as discussed above. 
The encoder then translates the leaf virtual address intg_ 
the encoded output segment Y,. The translation from i 
into Yx occurs in three parts: 

1. Virtual 1 to “leaves-only” value D. 
2. leaves-only value D to “green-leaves” value Dg. 
3. Green-leaves value D, to output segment Yx. 
The translation is performed to effect further data 

compression economy. All nodes of the tree (Tx, Bx) 
have unique virtual addresses but only leaves can func- 

tion as pointers to eligible joint events (comma, innova- 
tion). Since only 1+k(|Ax|—1) of the 1+k|Ax| nodes 
of (Tx, Bx) are leaves, it is appreciated that only some 
integer values of the dense set of integer virtual ad- 
dresses are utilized for the leaves. It is the objective of 
the translation of 1 into Y; to provide a dense set of 
integer values for the leaves beginning with the integer 
0. An appropriate correction is to subtract the internal 
node label of the father from the virtual address of the 

son. This, however, is insufficient since some values 

would be repeated while others are still unused. It is 

further desirable to reuse the pointer of an internal node 
father by reassingning it to one of the sons, for example, 
to that son with the smallest virtual address. This is the 
son j for which 6(j)=|A|. As discussed above, the 
symbol encoding @ utilized by the encoder assigns the 
position |A| to Xj, the first symbol encountered, 
|A|—1 to the second symbol and so forth. 
The first part of the translation, virtual address i to 

leaves-only value D, is performed concurrently with 

the path tracing. During path tracing three quantities 
are maintained: C, the virtual address of the son; E, the 

label of the father; and D, the leaves-only representation
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of C. If the current symbol from the input data sequence 
differs from Xi, the pointer D, initially set to 0, is rede- 
fined as 

D=C-E-1 (4) 

If the current symbol equals X1, the pointer D is not 
redefined and thus retains the value of the pointer for 
the father. It is appreciated that in the embodiments of 
the-invention the quantity C is utilized to represent the 
virtual address i of the son and the quantity E is utilized 
to represent the node label i of the father. 

The remaining parts of the translation occur after the 
path tracing has been completed. D then represents the 
leaves-only value of the leaf pointer for the external 
node whose virtual address is C, but the numerical 
value of D is based on a full alphabet of | A| symbols. 
When | Ag| <|Aj/—1, the number of leaves which can 
be reached is not 1+k(|A|—1) but is 1+k|Ax|. The 
1+k|Ax| leaves which can be reached are denoted as 
green-leaves. Thus the leaves-only values of the green- 
leaves can be mapped into the range (0,k|Ax|) by the 
transformation 

Dg=D+(1—|A—Ax|MB/A]—1) (3) 

where Dg is the green-leaf value of the pointer D and is 
computed utilizing integer arithmetic. It will be appre- 
ciated hereinafter when discussing the embodiments of 
the invention that the variable NSYM=|A—Ay,| is the 
number of unseen symbols at the k“ parsing and the 
variable ASYM=1—NSYM. It will be appreciated that 
the green-leaf values of the leaf pointers for the search 
tree (Tx, Bx) form a dense set of integer values 0, 1, 2, . 
«ok Ax]. 

The final part of the translation from the leaf virtual 
address C into the encoded binary segment Y; is accom- 
plished by a binary tree that translates the green-leaves 
value to an economy binary code. The binary tree is 
thus denoted as an economy binary tree. Let H be the 
number of leaves of the tree (Tx, Bx) that provided the 
encoded binary segment Yx. The economy binary tree 
provides a binary prefix code for the integers from 0 to 
H-—1 utilized as pointers for the H leaves such that the 
code word lengths are as small and as uniform as possi- 
ble. The resulting economy code is a left-biased, bal- 
anced, prefix (tree) code, equivalent to a Huffman code 
constructed for a set of equally probable messages. Let 
4+(H) denote the least integer which is not less than 
log2(H). The code thus defined by the economy tree 
comprises 2H—24/) words of length 4+(H), assigned to 
the first 2H 24) members of (0, H—1) and 2H4)—H 
words of length +(H)— 1, assigned to the last 2}—H 
members of (0, H—1). For example, if H=5, then 
1(H)=3 and the-assignments are (0:000), (1:001), (2:01), 
(3:10), and (4:11). For H=6, the assignments are (0.000), 
(1:001), (2:010), (3:011), (4:10), and (5:11). The economy 
tree grows, with an incrementing of H by branching 
‘from the left most nodes of length +(H)—1, producing 

. two new nodes of length 1(H). Use of the economy tree 
saves on the average about one-half bit per output seg- 
ment Yx. 

In operation the encoder compares the green-leaves 
value of the pointer with a threshold quantity 
TB=2H—2®), If Dg>TB then Dg is replaced by 
2D,—TB, ice., 

Dg=(2D,—TB)/2 (6) 
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which is then encoded utilizing +(H) bits. The last bit is 
discarded providing the desired encading utilizing 
1(H)— 1 bits. If Dg STB, Dgis encoded without change. 
For example, if H=5 and TB=2, then when Dg=3, Dg 

is changed to 2D,—TB=4, which is encoded using 3 
bits as 100. This encoding is then converted to the de- 
sired 2 bit encoding 10 by truncating the final bit. If, 
however, H=6, then TB=4 and Dg=3 is encoded 
without change as 011. 

As described above, the encoder provides the pointer 
signals Y; corresponding to the parsed segments of the 
input data stream. The decoder receives the pointer 
signals as an input compressed data stream extracting 
each of the pointers Y; therefrom and translating the 
pointer into the virtual address i of the appropriate leaf 
of the search tree (Tx, Bx). The parsed segment Xx, is 
then recovered by tracing the path backward to the 
root, extracting the arc labels encountered along the 
way. The translation from Y; i occurs in three parts, 
reversing the order of the translation described above 
from i to Y; by the encoder: 

1, Segment Y, to green-leaves value Dg. 
2. Green-leaves value Dg to leaves-only value D. 
3. Leaves-only value D to virtual address i. 
The first part of the translation comprises converting 

the binary economy encoding Y; to the green-leaves 
value Dg. The threshold TB is computed as described 
above with respect to the encoder and Yj is initially 
assumed to utilize B=-+(H) bits where H is the current 
number of green leaves in the tree. The B-bit number is 
compared with the threshold TB and if ¥,=TB, then 
Dz=Yx is the green leaves value and no change is re- 
quired. Otherwise only B—1 bits were utilized to en- 
code the pointer and Dg is obtained from the equation: 

Dg=(Y¥x-+TB)/2 ) 

where D, is computed utilizing integer arithmetic. 
The second step of the translation converts the green- 

leaves value Dg to the leaves-only value D. If Dg=0, 
then D=0. If, however, the green-leaves value Dgis not 

0, then the leaves-only value is recovered by the integer 
equation 

D=Dg+CSYM((Dg— 1)/BSYM) (8) 
where BSYM=|Ax| the number of distinct symbols 
currently encountered and CSYM is one less than the 
remaining number of potential but unseen symbols, or 0 
if all {| A| symbols have appeared. Thus, when less than 
all |A| symbols have appeared, CSOYM=NSYM-—1- 
= |A—Ax|—1, 
The third part of the translation converts the leaves- 

only value D to the virtual address i. A virtual address 
is obtained from D by the following equation: 

“F=D+(D+2|4| -3)/( A] ~1) (0) 

where i is computed utilizing integer arithmetic. It is 
appreciated, however, that i may be the virtual address, 
not of a leaf, but of an internal node, since in computing 
leaves-only values the encoder passes the pointer value 
of the father to its X1- son. The translation is completed 
by determining whether i is the address of a leaf or of an 
internal node. If it is the address of an internal node the 
node is replaced by its X1- son and this process is contin- 
ued until a leaf is attained.
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_. In order to test whether the received virtual address 

i is the address of a leaf or of an internal node the de- 

coder utilizes a forward tree label table which is con- 

structed in the same manner as that constructed by the 

encoder as discussed above. The decoder label table 

may be conceptualized as being configured in accor- 

dance with the label table memory may of FIG. 5. The 

label table of the decoder receives the virtual address 

transmitted by the encoder and a forward trace is con- 

ducted in the manner described above until the label 

table returns a node label of 0. The virtual address that 

returns the 0 node label is that of the desired leaf for 

starting the backward trace. This leaf virtual address is 

then utilized by the decoder in conjunction with equa- 

tion 2 and the address table to effect the backward trace 

as described. Additionally, the decoder forward tree 

label table is updated by storing the next sequential node 

label at the leaf virtual address that returned the 0. The 

decoder backward tree address table is also updated as 

described above. 
Thus it is appreciated that if the last symbol in a 

parséd segment is the first encountered symbol X1, the 

label table is utilized by the decoder for translating the 

encoded pointer Y; back into the corresponding virtual 

address. The label table is utilized by the decoder to 

traverse X1- arcs until a leaf is attained. The decoder 

then utilizes the address table beginning from the at- 

tained leaf, traversing arcs back through the tree until 

reaching the root. The decoder label table in effect 

determines how many repetitions of the initially en- 

countered symbol X) are required to attain the leaf from 

which to start the backward trace. 

As discussed above, whenever a newly encountered 

input symbol is detected, a new branch is created from 

every internal node to represent the new symbol and an 

encoded version of the new symbol is appended to the 

encoder output segment Y; in the encoder output data 

stream. It is more efficient to encode the rank of the 

new symbol in a list of all unseen but potential symbols 

instead of encoding the symbol itself. Thus, the unseen- 

rank table of FIG. 5 provides, for each potential symbol 

never encountered previously, the rank of the symbol 

among all the unseen symbols. The encoder maintains 

this ordered unseen-rank table, denoted as DR in the 

digital computer embodiment of the invention, of po- 

tential, but as yet unseen, symbols. FIG. 5 illustrates the 

conceptualized memory map for the unseen-rank table. 

All of the symbols of the input data alphabet are ar- 

ranged in the left hand column in any convenient order, 

for example, lexicographic order. Corresponding ranks 

for the respective symbols are stored in the right hand 

column and may be retrieved on the output 32 by ad- 

dressing the symbol on the input 30. The ranks may be 

ordered in any convenient manner, for example. 1, 2,.. 

., |A| or the inverse |A|, |A—1],..., 1. When anew 

symbol is detected and its rank provided by the unseen- 

rank table, the table is thereafter updated by removing 

the symbol and its corresponding rank therefrom and 

decrementing the rank of each symbol appearing there- 

after in the table to maintain stored in the table at all 

times a dense set of integer valued ranks. 

As previously discussed, a savings is realized by uti- 

lizing the rank of a newly encountered symbol as a 

representative of the new symbol in the encoder output 

data stream. A further savings is realized (on the aver- 

age of about one-half bit per encoding) by utilizing an 

economy binary tree to provide an economy binary 

prefix code for the rank values in a manner similar to 

10 

20 
that described above with respect to the pointer values. 

The new symbol ranks are encoded utilizing the econ- 

omy binary tree in identically the manner described 

above with respect to the pointer signals except that the 

number of unseen symbols NSYM=|A—Ax| deter- 

mines the parameters rather than the pointer count H as 

discussed above. Thus the economy binary tree pro- 

vides a binary prefix code for the dense set of integer 

ranks 1, 2,..., NSYM such that the code word lengths 

are as small and as uniform as possible. Let 4(NSYM) 

denote the least integer which is not less than loga(- 

NSYM). A threshold is then defined as TA=2- 

NSYM —2#S5Y™). The code defined by the economy 
tree then contains 2NSYM — 24#NSY™) words of length 

15 +(NSYM), assigned to the first 2NSYM—2ZHNSYM) 
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members of (1,NSYM), and 2HVS¥M)__NSYM words of 
length +(NSYM)— 1, assigned to the last 2HNSYM)—- 
NSYM members of (1,NSYM). The economy tree 

grows, with an incrementing of NSYM by branching 

from the leftmost of the nodes of length +1NSYM)— 1, 

generating two nodes of length +(NSYM). 
In operation the encoder compares the rank value 

with the threshold quantity TA=2NSYM — 2'\(AS9«), 

If rank R>TA, than R is replaced by 

R=2R-—TA . (10) 

which is then encoded utilizing +(NSYM) bits. The last 

bit is discarded providing the desired encoding utilizing 

4(NSYM) —1 bits. If RESTA, then R is encoded with- 

out change. 
The economy encoded rank is received by the de- 

coder and converted back into. the rank value as fol- 

lows. Initially the decoder assumes that A= 1(NSYM) 

bits have been utilized to encode the symbol rank. The 

A-bit number is compared with the threshold TA and if 

RSTA, then the rank value equals the encoded rank 

value and no change is required. If, however, the en- 

coded symbol rank is greater than the threshold TA, 

only A—1 bits were utilized to encode the rank and the 

rank R is obtained from the integer equation 

R=(R+TA)/2 (11) 

The decoder then utilized the rank-unseen table to re- 

cover the symbol from the decoded rank. 

The rank-unseen table (FIG. 5) of the decoder is the 

inverse of the unseen-rank table of the encoder de- 

scribed above. The rank-unseen table stores the column 

of ranks and the column of corresponding symbols in 

the same order as that described with respect to the 

unseen-rank table. When the rank-unseen table is uti- 

lized to recover a new symbol, the symbol and its rank 

are removed from the table and all lower symbols and 

ranks of the table are moved up one location in a man- 

ner identical to that described above with respect to the 

unseen-rank table. In this manner the rank-unseen table 

maintains a dense set of integer ranks. 

It will be appreciated that the unseen-rank table of the 

encoder and the rank-unseen table of the decoder are 

complementary with respect to each other. The only a 

priori information required by the data compression 

system is the alphabet size 2” where m is the symbol size 

in bits. Although it is preferable that the symbols are 

ordered and updated in the same manner in both tables, 

this is not a requirement. Initially, however, both tables 

must store the entire alphabet of symbols over which 

the data is provided and the same rank must be assigned 

to the same symbol in both tables. The updating proce-
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dures utilized by both tables must be such as to maintain 
the correspondence between symbols and ranks the 
same with respect to both tables. The rank-unseen table 
assigns an unseen but potential symbol to each rank up 
to the number of unseen symbols. 

The digital computer embodiment of the invention is 
implemented by utilizing the programs appended hereto 
in the processors 11 and 13 of FIGS. 1 and 2, respec- 
tively. The encoder portion of the invention is imple- 
mented by loading the encoder program into the pro- 
cessor 11. The decoder is implemented by loading the 
decoder program into the processor 13. The appended 
programs utilize the FORTRAN V language and, 
therefore, any digital computer with a FORTRAN V 
compiler may be utilized for each of the processors 11 
and 13. As discussed above, one computer storing both 
the encoder and decoder programs may be utilized to 
perform both functions. It is appreciated that the pro- 
grammed computer version of the invention comprises 
one embodiment of the invention, other embodiments 
being realizable by microprogrammed or hard wired 
electronic devices. One such embodiment will be here- 
inafter described. The encoding and decoding programs 
construct and maintain the search tree described above, 
tracing paths therethrough to encode and decode seg- 
ments of data. It will be appreciated that present day 
computer systems with which the invention may be 
utilized usually provide appropriate subroutines in their 
software libraries suitable for calling by the appended 
programs. Comments are provided with the appended 
encoder and decoder programs to explain the functions 
thereof. 

Referring to FIG. 6, a flow chart of the encoder 
program is illustrated. The encoder program is com- 
prised of seven sections: initialization, pointer encoding, 
symbol encoding, search tree updating, input testing, 
path tracing, and termination. The program flow is 
designated by the YES and NO arrows denoted by the 
legends. 

The initialization section of the encoder program 
defines initial values for program variables, sets up the 
symbol-position table SYM and the unseen-rank table 
DR, and partitions the available storage for the search 
tree between direct and hashed portions. The initializa- 
tion section is concluded by a jump to section 4 to de- 
fine the initial 2-node search tree. 

Section 2 of the encoder program completes the en- 
coding of the leaf pointer as'described above by per- 
forming parts 2 and 3 of the encoding. The third line of 
code in the section converts the leaves-only value of the 
pointer into the green-leaves value by utilizing equation 
3 above. The fifth line of code defines the threshold TB 
and the Sth and 6th lines test the pointer against the 
threshold and modify the pointer when necessary, uti- 
lizing Equation 6 above. The lines 7-19 of section 2 of 
the encoder program control storing the encoded 
pointer in an output array Z, which, when full, is emp- 
tied onto a disk file. To conclude section 2 of the en- 
coder program, a jump is taken to section 3 or section 4 
in accordance with the last symbol processed being, or 
not being, a newly encountered symbol. 

Section 3 of the encoder program encodes the rank of 
the newly encountered symbols. Line 2 of the section 
defines the threshold TA and line 7 modifies the rank 
utilizing equation 10 above, if the threshold is exceeded. 
The unseen-rank table DR is updated by the DO loop at 

‘lines 5-6. The count NSYM of unseen symbols is decre- 
mented at line 21 and if any remain, a new green leaf is 
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created at line 25 for every internal node of the search 
tree. Lines 8-20 are concerned with storing the encoded 
symbol in the output array Z. ; 

Section 4 of the encoder program performs the up- 
dating of the search tree unless the maximum tree size 
KM has been attained. The present program retains the 
tree in a static state when the alloted storage therefore 
has been exhausted. Alternatively, the search tree stor- 
age could be emptied and a new tree grown. The count 
K of internal nodes is incremented and the internal node 
label K is stored at the appropriate address in the label 
table array F. The count H of green-leaves is aug- 
mented by BSYM, the number of symbols | Bx|, and if 
necessary, the value of +(H), called B in the program, is 
corrected. The leaves-only pointer value D is reset to 0 
in preparation for the next search. 

Section § of the encoder program performs a test to 
determine whether additional input is needed and avail- 
able. If not available, an exit is made to the program 
termination section 7. Otherwise, if input is required, it 
is Obtained from a disk file and read into the input buffer 
array R. The virtual address C of the current node is 
reset to 1 to begin a new search from the root in section 
6. 

Section 6 of the encoding program implements the 
parsing procedure described above. Input symbols are 
traced along a forward path of the search tree from the 
root to a leaf. Separate coding is executed in accordance 
with whether the current node C belongs to the direct 
or hashed portion of the tree (line 30 of the section). 
The next input symbol is read and replaced by its posi- 
tion utilizing the symbol-position table SYM (lines 
12-26 of section 6). At line 27 of the section the virtual 
address for the new son, which replaces C, is calculated 
utilizing equation 1. The leaves-only pointer is updated 
at line 28, utilizing equation 4 unless the current symbol 
is X,. Thereafter the internal node label E for the node 
C is sought in the array F. The tracing continues until F 
does not return any node label for the node with address 
C. When this occurs a leaf has been reached and an exit 
is taken to section 2. 

In the termination section 7, any remaining encoded 
output in the array Z is stored on the disk file and the 
program run terminated. 

The program for the decoder appended hereto is 
comprised of 9 sections: initialization, store segment, 
update node counts, fetch pointer, convert pointer to 
address, backward trace, fetch symbol, store symbol, 
and termination. A flow chart for the decoder program 
flow is illustrated in FIG. 7 where the YES and NO 
arrows depict the flow as indicated by the legends. 

Initialization section 1 of the decoder program is 
similar to that for the encoder and additionally includes 
storing the label of the root and the backward pointer 
for its sons as well as obtaining the initial block of input 
data from the assigned input file. Section 1 concludes by 
a jump to section 3. 

At the beginning of section 2 the temporary storage 
array L contains the symbols of the decoded segment 
X,, but in reverse order. In section 2 the order of the 
symbols is reversed and Xx is stored in the output buffer 
R. Whenever R is full, it is emptied onto a disk file. 

In the first line of section 3 a test is performed to 
determine whether all input data has been processed. If 
so, an exit is taken to the termination section 9. Other- 
wise, unless the maximum tree size has been attained 
(line 2), the count of green leaves H is augmented by the 
number of symbols which have been seen (line 4), and
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the number of internal nodes K is incremented (line 5). 

The updating of the search tree is completed in section 

5 after the virtual address of the new leaf has been deter- 

mined. | ; . 
In section 4 the encoded pointer Y; is extracted from 

the input data stream and converted to its green leaves 

value. The first line of coding in section 4 computes the 

threshold TB and lines 22 and 23 of the section recover 

the green-leaves value utilizing equation 6 if the pointer 

value exceeds the threshold. The remainder of the sec- 

tion is concerned with reading more input data from the 

disk file into the input buffer z, if required. 

In section 5, line 1, the green-leaves value of the 

pointer is replaced by the leaves-only value utilizing 

equation 8. Line 2 of the section converts the leaves- 

only value to the virtual address of a node of the search 

tree utilizing equation 9. The decoder label table is then 

utilized to trace a forward path in the tree along 

X; arcs until a leaf is attained. Section 5 is then completed 

by storing the internal node label of the new leaf in the 

forward tree label table, thus updating the forward tree 

and storing the virtual address of the attained leaf in the 

address table thus updating the hackward tree. 

In section 6 one step is made along the backward path 

from the leaf to the root. At line 6 the internal node 

label C1 of the father of the current node C is derived 

utilizing equation 2 and at line 7 C is replaced by the 

virtual address of the father obtained from the address 

table. At line 8 the symbol position along the arc from 

the son to the father is obtained utilizing equation 3. 

Section 6 is completed by a jump to section 8 if the 

position-symbol table SYM returns a non-zero value 

indicating that the current symbol is a previously en- 

countered symbol. If, however, the position-symbol 

table SYM returns the value 0, the current symbol is a 

newly encountered symbol and section 7 is next exe- 

cuted to read the new symbol. 
In section 7 the new symbol is extracted from the 

input data stream and more data is obtained for the 

input buffer if required. In section 7 the position-symbol 

table SYM is updated at line 18 by storing the new 

symbol at the appropriate position. It is appreciated that 

the SYM table maintained by the decoder is the inverse 

of the SYM table maintained by the encoder. In the 

decoder SYM(J) is the symbol whose position is J. In 

the encoder SYM(J) is the position of the symbol J. The 

rank-unseen table of the decoder is updated at line 

20-21 by removing the new symbol from the list DR, 

Finally, unless all symbols have been seen (i.e., Ak=A), 

the search tree is updated at line 26 by creating K new 

green leaves, one for each internal node. ae 
In section 8 of the decoder the symbol associated 

with the arc traversed in section 6 is stored in the tem- 

porary array L. Since the path from the leaf to the root 

encounters the symbols of the segment X, in reverse 

order, the string of symbols formed in L is reversed (in 

section 2) before they are stored in the output buffer R. 

At the last line of section 8 a test is made to determine 

whether the root has been reached. If it has, then a jump 

is executed back to section 2 to reverse and store one 

decoded segment. If the root has not been reached, a 

return is executed to section 6 of the decoder program 

to traverse the next arc in the backward path and obtain 

the next earlier symbol of Xx. 
In the termination section 9 any remaining decoded 

output in the buffer R is emptied onto the disk file and 

the program run is terminated. 

Although the encoder and decoder programs ap- 

pended hereto are written with specific coding in the 
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FORTRAN V language, other codings in the same or 

other languages may be utilized in performing the func- 

tions described herein to practice the data compression 

and retrieval procedures of the present invention. 

Referring now to FIG. 8, a schematic block diagram 

of a discrete component hardware embodiment of the 

encoder of the present invention is illustrated. The en- 

coder comprises a search tree data base 40 that con- 

structs the search tree described above for parsing the 

input data stream by tracing paths from the search tree 

root to leaves of the tree. The search tree data base 40 

provides an enable signal on a lead 41 when a leaf of the 

tree is attained. The encoder includes an input buffer 42 

consisting of storage elements which hold a portion of 

the input data stream which is currently undergoing 

processing. The input buffer 42 provides the current 

input symbol signal on a lead 43 to the search tree data 

base 40 when called for by the search tree data base 40 

by a signal on an enable lead 44. During a forward 

search through the search tree, an address generator 45 

addresses, via a lead 57, the search tree data base 40 

which returns a corresponding node label to the address 

generator via a lead 58. If the search tree node ad- 

dressed is an internal node, the search tree data base 40 

via the enable lead 44 calls for an input symbol signal 

from the input buffer 42. The search tree data base 40 

converts the input symbol to a symbol position which in 

turn is provided to the address generator 45 via a lead 

46. The address generator 45 combines the node label 

on the lead 58 with the symbol position on the lead 46 

to provide a further address to the search tree data base 

40 via the lead 57. This procedure is reiterated until the 

search tree data base 40 returns the node label 0 indicat- 

ing that a leaf has been attained. 

During the iterative trace from the root to a leaf the 

data base 40 provides the node labels on the lead 58 and 

the address generator 45 provides the corresponding 

virtual addresses on a lead 59 to a pointer generator 47. 

During each arc traversal iteration, the pointer genera- 

tor 47 computes the leaves-only pointer value from the 

virtual address and the node label. In order to pass the 

pointer of a father to its X) son, the search tree data base 

40 provides an inhibit signal on a lead 48 to the pointer 

generator 47 whenever the input symbol on the lead 43 

to the search tree data base 40 is the first encountered 

symbol Xj. The inhibit signal on the lead 48 prevents 

the leaves-only conversion for the iteration, thereby 

retaining the leaves-only value of the father node. When 

a leaf is attained, the enable signal on the lead 41 from 

the search tree data base 40 to the pointer generator 47 

enables the computation of the extant leaves-only 

pointer value into the green-leaves pointer signal. 

The green-leaves pointer is provided on a lead 49 to 

an economy encoder 50. The search tree data base 40, in 

the updating of the search tree during a parsing itera- 

tion, computes the number of green-leaf pointers for the 

tree and transmits the pointer count on a lead 51 to the 

economy encoder 50. The economy encoder 50 utilizes 

the pointer count on the lead 51 to convert the green- 

leaves pointer signal on the lead 49 to a corresponding 

economy code utilizing the economy binary tree de- 

scribed above. Additionally, the search tree data base 

40, when a newly encountered symbol is detected, pro- 

vides the rank of the symbol on the lead 52 to the econ- 

omy encoder 50. The search tree data base 40, during a 

parsing iteration, maintains the symbol count NSYM 

representative of the potential but unseen symbols and 

provides this symbol count on a lead 53 to the economy
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encoder 50 as well as to the pointer generator 47. The 
symbol count on the lead 53 is utilized by the pointer 
generator 47 in converting the leaves-only pointer value 
to the green-leaves pointer signal. The economy en- 
coder 50 utilizes the symbol count on the lead 53 to 
convert the symbol rank on the lead 52 to an economy 

code utilizing the binary economy tree described above. 
The economy encoder 50 is configured to provide the 
economy symbol code following the economy encoded 
pointer on a lead 54. The stream of encoded pointers 
and encoded symbo! ranks comprises the compressed 
data output stream. 

The compressed data stream on the lead 54 is applied 
to an output buffer 55 which is comprised of storage 
elements for receiving and temporarily storing the en- 

coded outputs from the economy encoder 50. After 
receiving an encoded pointer or, an encoded pointer 

and an encoded symbol rank when a new symbol is 
encountered, the output buffer 55 provides an acknowl- 
edge signal to the search tree data base 40 on a lead 56. 
The acknowledge signal on the lead 56 initiates a pars- 
ing iteration by effectively resetting the search tree data 
base 40 to begin a search through the incremental 
search tree starting at the root. This is achieved by 

addressing the search tree data base 40 with the virtual 
address 1. 

Details of the component blocks of the encoder of 
FIG. 8 will now be described by reference to FIGS. 

8a-8e. It will be appreciated with respect to FIG. 8, 

FIGS. 8a-8e, as well as FIG, 9 and FIGS. 9a-9h, that 
interconnecting conductors in solid line represent data 
bearing leads whereas interconnecting conductors in 
dashed line indicate control signal bearing leads for 
acknowledgement signals, reset signals, enable signals, 
inhibit signals, increment signals and decrement signals. 
In ensuing descriptions of FIGS. 8a-8e, it will be in- 
structive to assemble these FIGURES in the arrange- 
ment indicated in FIG. 8 and to interconnect the leads 
as indicated by the legends. A similar arrangement may 

be effected with respect to the decoder FIGS. 9 and 
9a-9h, 

Referring now to FIG. 8a, in which like reference 
numerals indicate like elements with respect to FIG. 8, 
a schematic block diagram of details of the search tree 

data base 40 of FIG. 8 is illustrated. It is appreciated 
that although the input buffer 42 is included in FIG. 8a, 
for convenience it is not a part of the search tree data 
base 40, The search tree data base 40 includes a label 
table 70 which comprises a collection of storage ele- 
ments conceptually configured as illustrated in FIG. 5. 
The storage elements comprising the label table 70 are 
accessed under control of an address signal provided by 
the address generator 45 (FIG. 8) on the lead 57 so as to 
return the label stored at the accessed address. The label 
provided by the label table 70 is applied to a label com- 
parator 71 which compares the label with 0. When the 
label is not 0, it is transmitted by the label comparator 71 
via the lead 58 to the address generator 45 (FIG. 8) and 
to the pointer generator 47 (FIG. 8). When the label 
supplied to the label comparator 71 from the label table 

70 is not equal to 0, the label comparator 71 sends an 
enable signal to the input buffer 42 via the lead 44 to 
release the next input symbol to the lead 43. The input 
signal released by the input buffer 42 is applied to sym- 
bol-position table 72 and to a gate 73 for reasons to be 
described. Prior to processing data, the label table 70 
initially contains a 1 in the node label column for ad- 
dress 1 and 0’s for the remaining addresses. Operation of 
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the apparatus is initiated by the acknowledge signal 
from the output buffer 55 (FIG. 8) on the lead 56 which 

addresses the label table 70 at virtual address 1. 

The search tree data base 40 includes a node counter 
74 which keeps track of the current node label provid- 
ing a signal representative of node count K. The node 
count K is applied to the label table 70 as well as to a 
pointer counter 75, The node counter 74 is initialized to 
the count 1 and is enabled by the YES enable signal 
from the label comparator 71. When the label table 70 
returns the node label 0, the label comparator 71 issues 

the YES enable signal to the node counter 74 incre- 
menting the count contained therein by unity and there- 

after applying the new label K for entry into the label 
table 70 at the current virtual address on the lad 57 

which address had returned the node label 0. It is appre- 

ciated that when the label table 70 returns the node label 
0, a leaf of the incremental search tree has been attained. 
Storing the next available label K from the node 
counter 74 at the current address in the label table 70 
updates the incremental search tree by creating a new 
internal] node from the attained leaf, effectively creating 
|Bx| new leaves, one for each symbol which has been 
encountered and one for the alpha branch to represent 
all potential but unseen symbols. The Yes enable signal 
from the label comparator 71 on the lead 41 is also 
applied to the pointer counter 75, the gate 73 and the 

pointer generator 47 (FIG. 8). 
The symbol-position table 72 is comprised of storage 

elements capable of being accessed by the input symbol 

signal provided by the input buffer 42 on the lead 43 so 

as to return a corresponding position. The symbol-posi- 
tion table 72 is conceptually configured as illustrated in 

FIG. 5 and contains a location for each of the symbols 

of the data alphabet. Initially the table 72 stores 0’s at all 
of the positions corresponding to all of the symbols. The 
symbols of the data alphabet may be prestored in the 

symbol columnn of the table 72 or the table may conve- 

niently be constructed in the manner provided by the 

encoder program appended hereto and discussed above. 

When the symbol-position table 72 is accessed by the 

input symbol on the line 43, the table 72 returns the 
corresponding position to a position comparator 76. 
The position comparator 76 compares the position with 
0 and passes the position to the address generator 45 

(FIG. 8) via an OR gate 77 and the lead 46 when the 
position is not 0. When the address generator 45 has 

received both a new node label on the lead 58 and a new 
position on the lead 46, the address generator 45 gener- 

ates a new address which is returned to the label table 
70 via the lead 57 to continue the forward tracing cycle. 
The position signal from the OR gate 77 is also applied 
to an X; comparator 78 where it is compared with the 

first position | A|. When the position P is equal to | Al, 
the comparator 78 issues an inhibit signal to the pointer 
generator 47 (FIG. 8) via the lead 48. 

The search tree data base 40 includes a symbol 

counter 79 which counts BSYM the number of distinct 
input symbols which have been encountered. Initially, 

the counter 79 is set to 0 and thereafter counts up- 

wardly. The count BSYM from the symbol counter 79 

is provided to the pointer counter 75. The search tree 
data base 40 also includes a position counter 80 which 
counts NSYM the number of potential but as yet unseen 
symbols. The counter 80 is initialized to the value | A| 
and counts downwardly to 0. The position counter 80 
provides an inhibiting signal to the pointer counter 75 

and the symbol counter 79 when the position counter 80



4,464,650 
27 

attains the count of 1. In this manner the symbol counter 
79 is prevented from counting beyond |A|— 1. The 
pointer counter 75 also receives an enable signal from 
the output buffer 55 for reasons to be explained. 

Whenever the symbol-position table 72 returns the 
position 0 to the position comparator 76, the compara- 
tor 76 issues a YES enable signal to the pointer counter 
75, the symbol counter 79, the position counter 80, the 

gate 73 and to a gate $1. The YES enable signal from 
the comparator 76 increments the symbol counter 79 by 
unity at (or during) each parsing iteration in which the 
enable signal is received until inhibited by the inhibit 
signal from the position counter 80. The YES enable 
signal from the comparator 76 also enables the gate 81 
to transmit the position stored in the position counter 80 
via the OR gate 77 and the lead 46 to the address gener- 
ator 45. The gate 81 is utilized to transmit the appropri- 
ate position to the address generator 45 when a new 
symbol is encountered which new symbol results in the 
YES enable signal from the comparator 76. Otherwise, 
when a previously encountered symbol is being pro- 
cessed and the position returned from the table 72 is not 
0, the non-o position from the table 72 is transmitted to 
the address generator 45 via the comparator 76. 

The YES enable signal from the comparator 76 ena- 
bles the position counter 80 to transmit the current 
NSYM count to the symbol-position table 72 and to the 
gate 81 and via the lead 53 to the pointer generator 47 
(FIG. 8) and the economy encoder 50 (FIG. 8). The 
YES enable signal from the comparator 76 also arms 
decrementing circuitry within the position counter 80 
to permit the position counter 80 to be decremented by 
unity upon receipt of the acknowledge signal from the 
output buffer 55 (FIG. 8) on the lead 56. The NSYM 
value applied to the symbol-position table 72 when the 
0 position is returned therefrom is stored adjacent the 
new input symbol that had returned the 0 position. It is 
appreciated that the table 72 is addressed by the input 
symbol signal on the lead 43 so as to appropriately 
control this memory writing function. The position 
counter 80 is decremented by unity at the termination of 
@ parsing iteration by the acknowledge signal from the 
output buffer 55 (FIG. 8) on the lead 56 only during 
those parsing iterations when the position counter 80 
had first received the YES enable signal from the posi- 
tion comparator 76. The position counter 80 counts 
down to the count 0 when the last of the unseen symbols 
has been encountered and remains at the count 0 for the 
remainder of the data compression operation. As ex- 
plained above, when the position counter 80 is storing 
the 1 count, inhibit signals are provided to the pointer 
counter 75 and the symbol counter 79, 

As previously discussed, the pointer counter 75 re- 
ceives the node count K from the node counter 74 and 
the symbol count BSYM from the symbol counter 79 as 
well as enable signals from the label comparator 71, the 
position comparator 76 and the output buffer 55 as well 
as an inhibit signal from the position counter 80. The 
pointer counter 75 computes the pointer count H, the 
number of green-leaves in the incremental tree, which it 
provides via the lead 51 to the economy encoder 50 
(FIG. 8). Initially, the pointer counter 75 is set to 1. 
When the label comparator 71 provides the YES enable 
signal to the pointer counter 75, the count in the counter 
75 is increased by the BSYM value from the symbol 
counter 79. When the position comparator 76 issues the 
YES enable signal to the pointer counter 75, the pointer 
count H is increased by the node count K from the node 
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counter 74. When the position counter 80, however, 
issues the inhibit signal to the pointer counter 75, the 

counter 75 is inhibited from utilizing the node count K 
to increment the pointer count H. As discussed above, 
the inhibit signal from the position counter 80 also in- 
hibits incrementation of the symbol counter 79 which as 
a result does not count beyond |A| —1. It is appreci- 
ated that updating of the pointer count H from the 
pointer counter 75 should be performed after H is pro- 
vided to the economy encoder 50 (FIG. 8). To provide 
appropriate updating, the pointer counter 75 receives an 
enable signal on the lead 56 from the output buffer 55 
(FIG. 8) which latches the appropriate pointer count H 
into the output of the pointer counter 75 in a manner to 
be described. 

Referring for the moment to FIG. 84, an implementa- 
tion for the pointer counter 75 is illustrated. The pointer 
counter 75 comprises a gate 85, a gate 86, an accumula- 
tor 87 and a buffer latch 88. The gate 85 receives the 
node count K from the node counter 74 and the YES 
enable signal from the position comparator 76 and trans- 
mits the current node count K to the accumulator 87 
upon receipt of the enable signal from the comparator 
16. The gate 85 also receives the inhibit signal from the 
position counter 80 which inhibits the gate 85 from 
transmitting the node count K to the accumulator 87 
when the position counter 80 stores the count of 1. 

The gate 86 receives the symbol count BSYM from 
the symbol counter 79 and the YES enable signal from 
the label comparator 71 and transmits the current 
BSYM count to the accumulator 87 upon receipt to the 
enable signal from the comparator 71. The gate 86 also 
receives an inhibit signal on a lead 89 for reasons to be 
explained. The accumulator 87, which is initialized to 
the count of 1, increments its count by BSYM and K 
under control of the comparators 71 and 76 respec- 
tively, to provide the pointer count H on the lead 51 via 
the buffer latch 88. 

In operation of the counter FIG. 85, when a new 
internal node is defined in the search tree, the enable 
signal to the gate 86 from the comparator 71 causes the 
count in the accumulator 87 to be increased by BSYM, 
where BSYM = |A|—1 when all of the symbols have 
been encountered. Whenever a new symbol is encoun- 
tered, the enable signal applied to the gate 85 by the 
position comparator 76 causes the pointer count to be 
increased by the node count K. This increase, however, 
does not occur if | A| —1 potential symbols have been 
encountered. The increase by the node count K is pre- 
vented by the inhibit signal provided to gate 85 by the 
position counter 80 whenever the position counter 80 
contains the count of 1. During an iteration the appro- 
priate value of the pointer count H is provided by the 
buffer latch 88 via the lead 51 to the economy encoder 
50 (FIG. 8). Following the iteration, the signal on the 
lead 56 from the output buffer 55 (FIG. 8) latches the 
updated value of H into the buffer latch 88 to provide 
the proper pointer count during the next following 
iteration. 

Referring again to FIG. 84, whenever a new symbol 
is encountered, it is transmitted by the gate 73 to an 
unseen-rank table 82 which, in turn, provides the corre- 
sponding rank of the symbol via the lead §2 to the econ- 
omy encoder 50 (FIG. 8). In a manner similar to that 
described above with respect to the appended encoder 
program circuitry is included to update the table 82 by 
removing the addressed symbol from the table along 
with its rank and decrementing the rank of each symbol



4,464,650 
29 

appearing thereafter in the table. The unseen-rank table 

82 may be arranged as conceptually illustrated in FIG. 

5. The arrangement for the unseen-rank table 82 has 

been discussed hereinabove with respect to the embodi- 

ment of the invention utilizing the appended programs 

with reference to the table DR. The table 82 comprises 

a collection of storage elements associated with the 

respective symbols of the data alphabet for storing the 

respective ranks associated with the respective symbols. 

The unseen-rank table 82 is addressed by the input 

symbol transmitted by the gate 73. The gate 73 is con- 

trolled by the YES enable signal from the position com- 

parator 76 and the YES enable signal from the label 

comparator 71. For timing purposes, the gate 73 in- 

cludes circuitry to permit it to be enabled only upon 

receipt of the enable signal from the label comparator 

71 after receipt of the enable signal from the comparator 
76 during a parsing iteration. 

It will be appreciated from the foregoing that the 

label table 70 is utilized in traversing the search tree in 

the forward direction from the root to a leaf. For any 

labeled node K and arc label position the address of the 

appropriate son node is computed by the address gener- 

ator 45 (FIG. 8). The label of the corresponding son 

node is then obtained from the table 70. The resulting 

sequences of labels may be considered as paths through 

the tree which, in effect, record all parsed segments 

previously encounted during the data encoding. The 

last element in a sequence is distinguished as a leaf when 

the label 0 is returned by the label table 70 for the cur- 

rent virtual address. 
Referring now to FIG. 8c, in which like reference 

numerals indicate like elements with respect to FIG. 8, 

a schematic block diagram of details of the address 

generator 45 of FIG. 8 is illustrated. The address gener- 

ator 45 includes an address calculator 90 which in re- 

sponse to the current input symbol position p from the 

OR gate 77 (FIG. 8a) and the current node label i from 

the label comparator 71 (FIG. 8a), calculates a new 

virtual address for the next node to be visited utilizing 

equation 1 above. It is appreciated that the nomencla- 

ture @(j) and p are utilized synonymously. The address 

calculator 90 includes circuitry for storing the current 

node label i until receipt of the position p at which time 

the address computation is performed. The address 

computation may conveniently be performed by any 

conventional circuitry. Preferably the address calcula- 

tor 90 contains shift-and-add circuitry accomplishing 

the multiplication by | A| by shifting the label i to the 

left by M places, where M is the symbol size in bits. The 

shift- and-add circuitry then subtracts the position p and 

adds the constant 2 to form the virtual address. The 

virtual address computed by the address calculator 90 is 

provided via the lead 59 to the pointer generator 47 

(FIG. 8) for use in updating the leaves-only pointer. 
The virtual address is also provided to a hashing limit 

comparator 91 where it is compared with the limit es- 

tablished for the size of direct storage in the label table 

70. The hashing limit comparator 91 is configured 

whereby when the virtual address is greater than the 

established limit, the address is provided on the YES 

output thereof; otherwise the virtual address is pro- 

vided on the NO output thereof. The address generator 

45 also includes a standard hashing circuit 92 which 

_ receives the virtual address from the hashing limit com- 

; parator 91 when the virtual address is greater than the 

' limit. The hashing circuit 92 hashes the virtual address 

in a conventional manner. The hashed address from the 
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hashing circuit 92 is applied to an OR gate 93 which 

also receives the unchanged virtual address when the 

address is not greater than the established limit. The 

resulting calculated address, hashed or unhashed in 

accordance with the comparison made by the compara- 

tor 91 is returned via lead 57 to the search tree data base 

40 (FIG. 8) for the next lookup in the label-table 70 

(FIG. 8a). 
Referring now to FIG. 8d, in which like reference 

numerals indicated like elements with respect to FIG. 8, 

a schematic block diagram of the pointer generator 47 

of FIG. 8 is illustrated. The pointer generator 47 in- 

cludes a leaves-only converter 94 that receives the node 

label E (synonymous with node label i) of the father 

from the label table 70 of the search tree date base 40 

and the virtual address C of the son from the address 

generator 45 (FIG. 8) and converts the virtual address 

C into the leaves-only value D of the pointer by utiliz- 

ing equation 4 above. The computation is performed 

only when the new input symbol differs from the first 

file symbol X | so as to pass the pointer of the father to 

the X; son. The leaves-only pointer D is updated for 

each node visited during a trace through the search tree 

from the root to a leaf. 
The leaves-only pointer D is transmitted to a green- 

leaves converter 96 via a gate 95. The gate 95 is enabled 

by the YES enable signal from the label comparator 71 

(FIG. 8a). Upon receipt of the enable signal the leaves- 

only pointer D is transmitted to the green-leaves con- 

verter 96 which transforms it into the corresponding 

green-leaves pointer Dy by utilizing the integer Equa- 

tion 5 above. The green-leaves converter 96 receives 

the count NSYM, the number of unseen symbols, from 

the position counter 80 (FIG. 82) of the search tree data 

base 40 via the lead 53. Thus it is appreciated that while 

the leaves-only pointer D is derived during the forward 

trace through the search tree, the leaves-only pointer is 

converted into the green-leaves pointer Dy after the 

trace is completed when a leaf is attained. The green- 

leaves pointer Dgcomputed by the converter 96 is trans- 

mitted to the economy encoder 50 (FIG. 8) via the lead 

49 wherein the output segment Y,, the economy code 

for the parsed input segment X, is computed. 

Referring now to FIG. 8, in which like reference 

numerals indicate like elements with respect to FIG. 8, 

a schematic block diagram of the economy encoder 50 

of FIG. 8 is illustrated. The economy encoder 50 is a 

mechanized version of the economy binary tree de- 

scribed hereinabove. The economy encoder 50 is uti- 

lized to calculate the economy code for the pointer Yx 

of the parsed input segment x, and the enconomy code 

for the rank of a newly encountered symbol. A pointer 

threshold calculator 100 responsive to the pointer count 

H from the pointer counter 80 (FIG. 82) calculates the 

threshold TB=2H—KB, where KB is the least integer 

which is not less than log? (H). The quantity KB was 

heretofore referred to as+(H). The threshold signal TB 

from the pointer threshold calculator 100 is applied to a 

pointer threshold comparator 101 which also receives 

the green-leaves pointer Dy, from the pointer generator 

47 (FIG. 8) via the lead 49. The pointer threshold com- 

parator 101 compares the pointer value Dg with the 

threshold TB and if the threshold is not the smaller, the 

pointer value Dg is provided to the NO output of the 

comparator 101. If, however, Dy exceeds the threshold 

TB, the Dy pointer value is provided on the YES output 

of the comparator 101. The YES output of the compara- 

tor 101 and the threshold value TB from the pointer
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threshold calculator 100 are applied to a pointer output 

converter 102 which changes the pointer value by uti- 

lizing Equation 6 above. The unchanged value of D, 

from the NO output of the comparator 101 and the new 

value of Dg from the pointer output converter 102 are 
applied as inputs to an OR gate 103. Thus Dy exceeds 

the threshold TB, the pointer value Dgis first sent to the 
converter 102 and the new value sent to the output 

buffer 55 as the enconomy code for the segment via the 

OR gate 103, an OR gate 104 and the lead 54. When the 

threshold TB is not smaller than Dg, Dg is sent un- 
changed to the output buffer 55 as the economy code 

for the current parsed input segment via the OR gates 

103 and 104 and the lead 54. 
The above described components 100 through 104 

convert the green-leaves pointer Dg to economy code 

utilizing a mechanized version of the economy binary 

tree. The economy encoder 50 also includes. circuitry 

for converting the symbol rank from the unseen-rank 

table 82 to economy binary code. A rank threshold 

calculator 105 receives the unseen symbol count NSYM 

from the position counter 80 and calculates the thresh- 

old TA=2 NSYM-— KA, where KA is the least integer 

which is not less than log2 (NSYM). It is appreciated 

that KA is synonymous with +(NSYM) discussed 

above. The threshold signal TA is applied to a rank 

threshold comparator 106 which also receives the sym- 

bol rank R from the unseen-rank table 82 (FIG. 8a). 

The comparator 106 compares the rank R with the 

threshold TA and if the threshold TA is not smaller 

than the rank R, the rank R is applied to the NO output 

of the comparator 106. If, however, the rank R exceeds 

the threshold TA, then R is transmitted to the YES 

output of the comparator 106. 
The YES output from the comparator 106 and the 

TA threshold signal from the rank threshold calculator 

105 are applied to a rank output converter 107 which 

changes the rank utilizing Equation 10 above. The out- 

put of the converter 107 and the NO output of the com- 

parator 106 are applied as inputs to an OR gate 108. The 

output of the OR gate 108 is applied via a delay 109 as 

an input to the OR gate 104 and then to the output 

buffer 55. 
Thus if the rank R exceeds the threshold TA, R is 

first sent to the converter 107, the output of which is 

sent to the output buffer 55 as the economy code for the 

rank via the OR gate 108, the delay 109, the OR gate 

104 and the lead 54. If the threshold TA is not smaller 

than R, R is sent unchanged to the output buffer 55 as 
the economy code for the current new symbol rank via 

the OR gate 108, the delay 109, the OR gate 104 and the 

lead 54. The delay value for the delay 109 is selected to 

assure that the rank economy code follows the pointer 

economy code in transmission to the output buffer 55. 

The output buffer 55 completes the parsing-encoding 

cycle by transmitting the acknowledge signal to the 

search tree date base 40 via the lead 56 after receiving 

the economy code. 

It is appreciated that the components 100, 102, 105 

and 107 may conveniently be implemented by any con- 

ventional circuitry such as, for example, shift-and-add 

circuitry. 
The quantities KA utilized in the rank threshold cal- 

culator 105 and KB utilized in the pointer threshold 

calculator 100 may conveniently be derived as follows: 

KB may be derived by utilizing a conventional circuit 

for deriving the log of H to the base 2 and truncating the 

result to the integral value thereof. Log taking circuitry 

10 

15 

20 

25 

30 

35 

45 

50 

55 

65 

32 
that performs integer arithmetic may conveniently be 

utilized. The quantity KA is provided by identical cir- 

cuitry operating on the quantity NSYM rather than H. 

Alternatively, apparatus for practicing the KB and KA 

updating procedures described in the appended encoder 

program may be utilized. In the encoder program each 

time H is augmented, a test is performed to determine 
whether KB requires incrementing. Similarly, when 

NSYM is decremented, a test is performed to determine 

if KA requires incrementing. 
In the operation of the encoder illustrated in FIGS. 

8a-8e, initially the label table 70 stores the node label 1 

at virtual address 1 and 0’s at the remaining the symbol- 

position table 72 stores 0’s at all the symbol locations, 

the node count K of the node counter 74 is set to 1, the 

position count NSYM of the position counter 80 is set to 

|A|, the pointer count H of the pointer counter 75 is set 
to 1, the symbol count BSYM of the symbol counter 79 

is set to 0, and the leaves-only pointer value D of the 

leaves-only converter 94 is set to 0. Initially, the label 70 

is accessed at virtual address 1 and returns the node 

label 1 stored thereat causng the label comparator 71 to 

issue the NO enable signal on the lead 44. The label 
comparator 71 transmits this node label 1 to the address 

calculator 90 via the lead 58. The NO enable signal on 

the lead 44 enables the input buffer 42 to issue the first 

input symbol. This symbol applied to the symbol-posi- 

tion table 72 causes the symbol-position table 72 to issue 
a 0 to the position comparator 76. The YES enable 

signal from the position comparator 76 enables the gate 

81 thereby transmitting the position |A| stored in the 
position counter 80 to be transmitted via the OR gate 77 

and the lead 46 to the address calculator 90. In response 

to the node label i= 1 on the lead 58 and the position p 

=0 |Alon the lead 46, the address calculator 90 gener- 
ates virtual address 2. The YES enable signal from the 

position comparator 76 also enables the pointer counter 

75 to increment its initial count of 1 by the node count 

K currently stored in the node counter 74 which at this 

time is 1. Thus the pointer count H is incremented to a 

count of 2. The YES enable signal from the position 

comparator 76 also increments the symbol counter 79 to 

BSYM= 1 and enables the position counter 80 to trans- 

mit the |A| position value to the symbol position table 

72 wherein it is stored at the location of the input sym- 

bol. 
The virtual address 2 generated by the address calcu- 

lator 90 is compared to the hashing limit by the limit 

comparator 91 and since the address 2 is less than the 
limit, the virtual address is used directly to access the 

label table 70 via the lead 57. In response to the virtual 

address 2 signal, the label table 70 returns the label 0. 

The label comparator 71 issues the YES enable signal 

on the lead 41 in response to the 0 node label enabling 

the node counter 74 to increment the node count K 

stored therein by unity. The node count K is thereby 

incremented to K=2. The YES enable signal on the 

lead 41 causes the new node labe K to be transmitted to 

the label table 70 and stored at the virtual address 2 that 

had returned the 0 label. The YES enable signal on the 

lead 41 also enables the pointer counter 75 to increment 

its count by the BSYM value from the symbol counter 

79 which at this time stores the value BSYM=1. Thus 

the pointer count H stored in the pointer counter 75 is 

increased to the value H=3. The YES enable signal on 

the lead 41 enables the gate 95 in the pointer generator 

47 permitting the leaves-only value from the leaves- 

only converter 94 to pass to the green-leaves converter 
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96 wherein the green-leaves pointer value is computed, 

utilizing the value of NSYM from the position counter 

80 which at this time is |A|. The YES enable signal on 

the lead 41 also enables the gate 73 thereby transmitting 

the new input symbol to the unseenrannk table 82 which 

issues the corresponding symbol rank to the rank econ- 

omy encoder 50. 

At the same time as the new symbol rank is applied to 

the rank economy encoder, the green-leaves converter 

96 applies the green-leaves pointer value on the lead 49 

to the pointer economy encoder. The pointer economy 

encoder converts the green-leaves value Dg to the cor- 

responding economy code and supplies this pointer 

value Yx to the output buffer 55. The encoded symbol 

rank from the economy encoder passes through the 

delay 109 to enter the output buffer 55 following the 

pointer value. Upon receipt of the encoded pointer and, 

when appropriate, the encoded symbol rank, the output 

buffer 55 provides the acknowledge signal on the lead 

56 to decrement the position counter 80 to the value 

|A| —1 and also addresses the label table 70 with vir- 

tual address 1 to repeat the procedure from the root of 

the search tree for parsing the next segment. It is appre- 

ciated that the acknowledge signal on the lead 56 decre- 

ments the position counter 80 since the decrementing 

circuitry (not shown) within the position counter 80, as 

_ discussed above, has been armed for decrementing by 

the YES enable signal from the position comparator 76. 

The acknowledge signal on the lead 56 also latches the 

pointer count value from the accumulator 87 into the 
buffer latch 88 (FIG. 84). At this time the pointer 

counter 75 stores the pointer count H=3. It is appreci- 

ated from FIG. 4c that the search tree (T2,B2) has three 

leaf pointers available for tracing the second segment. 

During the subsequent tracing of segments substan- 

tially the procedures described above are followed. As 

the sequence of internal nodes of the search tree are 

visited the input buffer 42 issues an input symbol for 

each node and the symbol-position table 72 issues the 

corresponding position via the position comparator 76. 

The positions are combined with the respective node 

labels from the label table 70 by the address generator 

45 to provide the sequence of virtual addresses to the 

label table 70 so as to execute the trace from the root to 

the leaf of the incremental search tree. When the leaf 

attained does not correspond to a newly encountered 

symbol, the position comparator 76 does not issue the 

YES enable signal and the pointer count H of the 

pointer counter 75 is not incremented by the node count 

K. Whenever the attained leaf is the alpha branch corre- 

sponding to a newly encountered symbol, the YES 

enable signal from the position comparator 76 passes the 

appropriate position of the new symbol through the 

gate 81 to complete the address calculation and incre- 

ment the pointer counter 75 by the extant node count K 

from the node counter 74. When a leaf is attained as 

indicated by the label comparator 71 issuing the YES 

enable signal, the pointer count H of the pointer counter 

75 is incremented by BSYM from the symbol counter 79 

and the node count K of the node counter 74 is incre- 

mented by unity for updating the label table 70. 

After the encoder has encountered the next to the last 

new symbol and the search tree has been updated, each 

node of the tree will have |A| arcs emanating there- 

from, one of the arcs being the alpha branch. When the 

last symbol is received, the alpha branch will be re- 

placed by this last symbol and each node of the search 

tree thereafter will also have |A| arcs emanating there- 
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from. Thus, after the encoder has encountered the neat 

to the last new symbol and the tree has been updated, 

the symbol count BSYM in the symbol counter 79 is 

inhibited from counting beyond |A| —1 and the 

pointer counter H in the pointer counter 75 is inhibited 

from being incremented with the node count K. These 

inhibiting functions are effected when the position 

counter 80 attains the count of 1. The inhibition of the 

pointer counter 75 and the symbol counter 79 in re- 

sponse to the count of NSYM=1 maintains between the 

time the next to the last symbol is encountered and the 

tree is accordingly updated and the time prior to receipt 

of the last new symbol. After the last new symbol is 

received, the position count NSYM=1 is stored in the 

symbol-position table 72 at the location of the last sym- 

bol and the 1 count from the position counter 80 main- 

tains the inhibition of the symbol counter 79 and the 

pointer counter 75. At the end of the segment parsing 

iteration during which the last new symbol is encoun- 

tered, the acknowledge signal on the lead 56 from the 

output buffer 55 decrements the position counter 80 to 

0, which removes the inhibit signals from the pointer 

counter 75 and the symbol counter 79. Thereafter, how- 

ever, the symbol counter 79 will not be incremented and 

the pointer counter 75 will not be increased by the node 

count K because the symbol-position table 72 does not 

contain any further 0 positions and the YES enable 

signal from the position comparator 76 will no longer be 

issued. Thereafter, as leaves are attained, the pointer 

count H will only be incremented by BSYM=|A| —1. 

As discussed above, when the number of nodes K in 

the search tree attains the value KM, indicating that the 

storage allocated for the search tree has been exhausted, 

further growth of the search tree is inhibited. Accord- 

ingly, the search tree data base of FIG. 8a includes a 

comparator 69 for comparing the node count K from 

the node counter 74 to a predetermined constant KM to 

determine when equality between K and KM is at- 

tained. When equality is attained, the YES signal from 

the comparator 69 is applied as an inhibit signal to the 

label table 70, the node counter 74 and, via the lead 89, 

to the pointer counter 75. When K=KM the node 

counter 74 is inhibited from further incrementation of 

the node count value K and the label table 70 is inhib- 

ited from further utilization of the node count signal K 

for updating the search tree. When K= KM the pointer 

counter 75 is inhibited from incrementing the pointer 

count H by the symbol count BSYM. The YES signal 

from the comparator 69 (FIG. 82) is applied to the gate 

(FIG. 84) to inhibit the gate 86 from transmitting the 

symbol count BSYM to the accumulator 87. 

Referring now to FIG. 9, a schematic block diagram 

of a discrete component hardware embodiment of the 

decoder of the present invention is illustrated. The de- 

coder of FIG. 9 inverts the compressed code signals 

provided by the encoder by means of a retrieval search 

tree which it constructs identical at every iteration with 

respect to that constructed by the encoder. The re- 

trieval search tree, otherwise denoted as the backward 

tree, is constructed by a search tree data base 120 that 

traces a path from a virtual address corresponding to a 

received leaf pointer back to the root extracting the 

symbol signals from the arcs of the path as the succes- 

sive internal nodes are visited. The symbol signals are 

transmitted to a pushdown stack 121 via a lead 122 in 

reverse order with respect to that of the corresponding 

parsed input segment. When the root is attained the 

search tree data base 120 transmits an enable signal to
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the pushdown stack 121 via a lead 123 in response to 
which the pushdown stack 121 transmits the output 
symbol signals of the segment in original order to an 
output buffer 124 via a lead 125. 

An input buffer 126 receives and provides temporary 
storage for the compressed code signals generated by 
the encoder. When the pushdown stack 121 transmits 
the symbol signals of a parsed segment to the output 
buffer 124, an acknowledge signal is transmitted to the 
input buffer 126 via a lead 127 enabling the buffer to 
transmit the next encoded pointer signal to economy 
decoders 128 via a lead 129. Whenever the search tree 
data base 120 detects that the received leaf pointer pro- 
vides the virtual address of an alpha branch, the search 
tree data base 120 issues an enable signal on a lead 130 
to the input buffer 126 requesting that the buffer release 
the encoded symbol rank to the economy decoders 128 
via the lead 129. The. enable signal on lead 130 is also 
applied to the economy decoders 128 to enable the rank 
economy decoder contained therein. 

It is appreciated that the compressed code provided 
by the input buffer 126 to the economy decoders 128 
comprises a string of leaf pointers, each leaf pointer 
corresponding to a parsed segment of the original input 
data stream applied to the encoder. When a leaf pointer 
corresponds to an alpha branch, the encoded rank of the 
corresponding newly encountered symbol is transmit- 
ted following the leaf pointer. 

In response to a leaf pointer Y;, the pointer economy 
decoder included in the economy decoders 128 derives 
the green-leaves pointer Dg, converts Dg into the 
leaves-only pointer D and converts D into the corre- 
sponding virtual address. The economy decoders 128 
provide the virtual address on a lead 131 to the serach 
tree data base 120 and to an address generator 132. 

As discussed above, the encoder of the present inven- 
tion reuses the pointer of a father by passing the pointer 
to its X; son. In order to determine if the received vir- 
tual address is that of an internal node or that of a leaf, 
the search tree data base 120 constructs a forward 
search tree identical to that constructed by the search 
tree data base 40 of FIG. 8. The virtual address applied 
to the address generator 132 via the lead 131 is com- 
pared therein to a hashing limit and is transmitted 
hashed or unhashed to the search tree data base 120 via 
a lead 133. The address signal on the lead 133 addresses 
the forward tree of the search tree data base 120 which 
returns a node label to the address generator 132 via a 
lead 134. The address generator 132 converts the node 
label on the lead 134 to the virtual address of the Xj son 
of the node and, after a comparison for hashing, returns 
the virtual address to the search tree data base 120 via 
the lead 133. This procedure is continued until the for- 
ward search tree attains a leaf. The virtual address of 
the leaf which had been received by the search tree data 
base 120 on the lead 133 is transmitted to a label genera- 
tor 135 and to a position extractor 136 via a lead 137. It 
will be appreciated for reasons to be clarified that the 
virtual address transmitted to the label generator 135 
and the position extractor 136 on the lead 137 is re- 
ceived by the search tree data base 120 on the lead 131 
and a lead 146. The label generator 135 computes the 
node label of the father of the leaf virtual address and 
returns the node label to the search tree data base 120 
via a lead 138 and also transmits the node label to the 
position extractor 136. The position extractor 136 com- 
putes the position of the arc joining the father nodehav- 
ing the applied node label with the son having the ap- 
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plied virtual address. The position extractor 136 returns 
the extracted position to the search tree data base 120 
via a lead 139. The search tree data base 120 decodes the 
position and transmits the corresponding symbol to the 
pushdown stack 121 via the lead 122. When the push- 
down stack 121 receives a symbol from the search tree 
data base 120, the pushdown stack 121 transmits an 
acknowledge signal to the search tree data base 120 via 
a lead 140. 

The acknowledge signal on the lead 140 enables the 
backward tree of the search tree data base 120 to accept 
the computed label on the lead 138 and to return the 
corresponding virtual address on the lead 137 to the 
label generator 135 and the position extractor 136. The 
label generator 135 provides a further label which in the 
manner described, results in a further symbol applied to 
the pushdown stack 121. When the label on the lead 138 
applied to the search tree data base 120 results in the 
backward tree returning the virtual address 1, the root 
of the backward tree has been attained. When this oc- 
curs, the search tree data base 120 issues the enable 
signal on the line 123 to the pushdown stack 121 which 
transmits the output symbols to the output buffer 124 as 
described above. The pushdown stack 121 issues the 
acknowledge signal on the lead 127 to the input buffer 
126 to forward the next leaf pointer to the economy 
decoders 128. 
When the search tree data base 120 detects that a new 

symbol has been encountered and enables the rank 
economy decoder in the economy decoders 128 via the 
lead 130, the decoder rank of the new symbol is trans- 
mitted to the search tree data base 120 via a lead 141 for 
conversion to the symbol corresponding to the rank. 
During the segment decoding iterations, the search tree 
data base 120 maintains a count of the number of extant 
leaf pointers and transmits the pointer count via a lead 
142 to the economy decoders 128 for generating the 
pointer threshold utilized in converting the economy 
coded pointer signal to the green-leaves pointer signal 
Dy. The search tree data base 120 also maintains the 
NSYM count representative of the number of potential 
and as yet unseen symbols as well as the BSYM count 
representative of the number of symbols currently en- 
countered. The search tree data base 120 transmits the 
NSYM and BSYM count signals via leads 143 and 144, 
respectively, to the economy decoders 128 wherein 
they are utilized in a manner to be described. 

As discussed above, the search tree data base 120 
transmits an enabling signal on a lead 130 to the econ- 
omy decoders 128 to enable the rank economy decoder 
when required to decode a new symbol. The search tree 
data base 120 also transmits an enabling signal on a lead 
145 to the economy decoders 128 to enable the pointer 
economy decoder for the decoding of the leaf pointer 
signals. The enabling signals on the leads 130 and 145 
are complementary with respect to each other. That is, 
when the signal on the lead 130 enables the rank econ- 
omy decoder, the signal on the lead 145 disables the 
pointer economy decoder and conversely when the 
signal on the lead 145 enables the pointer economy 
decoder, the signal on the lead 130 disables the rank 
economy decoder. Quiescently, the signal on the lead 
145 is provided to enable the pointer economy decoder 
until a new symbol is encountered, at which time the 
rank economy decoder is enabled and the pointer econ- 
omy decoder is disabled for the duration of the rank 
decoding procedure.
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Details of the component blocks of the decoder of 
FIG. 9 will now be described by reference to FIGS. 
9a-9h. Referring to FIG. 9a, in which like reference 
numerals indicate like elements with respect to FIG. 9, 
details of the rank economy decoder contained in the 
economy decoders 128 of FIG. 9 are illustrated. The 
rank economy decoder includes a rank threshold calcu- 
lator 150 which computes the threshold TA in response 
to the NSYM count signal on the lead 143. The rank 
threshold calculator 150 is identical to the rank thresh- 
old calculator 105 (FIG. 8e) utilized in the encoder of 
the present invention. The threshold signal TA is ap- 
plied to a rank threshold comparator 151 which also 
receives the rank economy code on the lead 129. The 
rank economy code for a newly encountered symbol is 
transmitted to the rank threshold comparator 151 from 
the input buffer 126 when the input buffer 126 receives 
the enable signal on the lead 130. The enable signal on 
lead 130 releases the encoded rank from input buffer 
126. The rank threshold comparator 151 is configured 
in a manner similar to that of the rank threshold com- 
parator 106 (FIG. 8e) and functions to transmit the rank 
economy code to a rank code converter 152 when the 
economy code exceeds the threshold TA, and to trans- 
mit the economy code to an OR gate 153 when the 
threshold is not exceeded. The rank code converter 152, 
which receives the threshold signal TA, transforms the 
economy encoded rank into the decoded rank by utiliz- 
ing Equation 11 above where the computation is per- 
formed by integer arithmetic. Thus, when the economy 
code exceeds the threshold, the rank code converter 
152 provides the decoded rank via the OR gate 153. 
When the threshold is not exceeded, the economy code 
is the symbol rank which is transmitted via the OR gate 
153. 

The rank economy decoder of FIG. 92 is enabled for 
decoding of rank signals by the enable signal on the lead 
130. The enable signal on the lead 130 is applied to a 
gate 154 which receives its input from the OR gate 153. 
The output of the gate 154 provides the decoded rank 
on the lead 141. Thus, when the search tree data base 
120 (FIG. 9) detects a newly encountered symbol, the 
search tree data base 120 issues the enable signal on the 
lead 130 which enables the gate 154 to transmit the 
decaded rank of the newly encountered symbol to the 
lead 141. 

Referring now to FIG. 94, in which like reference 
numerals indicate like elements with respect to FIG. 9, 
a schematic block diagram of details of the pointer 
economy decoder contained in the economy decoders 
128 of FIG. 9 is illustrated. The pointer economy de- 
coder includes a pointer threshold calculator 160 which 
receives the pointer count H on the lead 142 and com- 
putes the threshold TB. The pointer threshold calcula- 
tor 160 is identical to the pointer threshold calculator 
100 of FIG. 8e. 

The threshold signal TB is transmitted to a pointer 
threshold comparator 161 which also receives the econ- 
omy code signal on the lead 129 from the input buffer 
126 (FIG. 9a). As described above, the input buffer 126 
transmits the next encoded pointer Y; to the theshold 
comparator 161 via the lead 129 upon receipt of the 
acknowledgement signal on the lead 127 from the push- 
‘down stack 121 (FIG. 9). The threshold comparator 161 
transmits the economy code on the lead 129 to a pointer 
‘code converter 162 when the economy code exceeds 
‘the threshold TB. When the economy code does not 
‘exceed the threshold, the economy code on the lead 129 
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is transmitted by the comparator 161 to an OR gate 163. 
The pointer code converter 162, which receives the 
threshold signal TB, converts the economy encoded 
pointer Y; to the green-leaves pointer signal D, utilizing 
Equation 7 above, where the computation is performed 
by integer arithmetic. Thus, when the economy en- 
coded pointer Y; exceeds the threshold TB, it is con- 
verted into the green-leaves pointer by the converter 
162 and transmitted through the OR gate 163. When the 
threshold is not exceeded, the economy code Y; is the 
green-leaves pointer Dg which is transmitted directly 
through the OR gate 163. 

The green-leaves pointer signal Dgis applied to a gate 
164 which is enabled by a signal on the lead 145 from 
the search tree data base 120 (FIG. 9). The enable signal 
on the lead 145 enables the gate 164 whenever the econ- 
omy code signal is not a symbol rank. Thus, when the 
economy code is a pointer signal Y, the green-leaves 
pointer Dg is transmitted through the gate 164 to a 
green-leaves comparator 165. The green-leaves com- 
parator 165 compares the green-leaves pointer signal 
Dg with 0 and, if 0, the pointer is transmitted directly to 
an address converter 166 through an OR gate 167 as the 
leaves-only pointer D. If, however, Dg is not equal to 0, 
the comparator 165 transmits the pointer to a leaves- 
only converter 168 to be converted to the leaves-only 
pointer D by utilizing Equation 8 above, performing the 
computation by integer arithmetic. The symbol count 
BSYM, representative of the number of symbols which 
have been seen, is obtained from the search tree data 
base 120 (FIG. 9) via the lead 144. The term CSYM is 
derived within the converter 168 from the position 
count NSYM representative of the number of potential 
but as yet unseen symbols. CSYM is derived as 
NSYM-— 1 or is 0 when all of the symbols have been 
encountered. The NSYM signal is provided by the 
search tree data base 120 via the lead 143. 

The leaves-only pointer signal D transmitted through 
the OR gate 167 is converted into the corresponding 
virtual address by the address converter 166 utilizing 
integer Equation 9 above. The virtual address generated 
by the address converter 166 is applied to the address 
generator 132 (FIG. 9) via the lead 131 to be compared 
to a hashing limit in a manner to be described. The 
address is returned by the address generator 132 in 
either hashed or unhashed format to the search tree data 
base 120 via the lead 133 to begin the tracing to a leaf of 
a forward path comprised of Xj arcs. The virtual ad- 
dress on the lead 131 is also transmitted directly to the 
search tree data base 120 for reasons to be described. 

Referring now to FIG. 9c, in which like reference 
numerals indicate like elements with respect to FIG. 9, 
a schematic block diagram of details of the search tree 
data base 120 of FIG. 9 is illustrated. The search tree 
data base 120 includes a label table 170 which comprises 
a collection of storage elements conceptually config- 
ured as illustrated in FIG. 5. The tabel table 170 is con- 
figured identical to and utilized in a manner identical to 
the label table 70 of FIG. 8a. The label table 170 stores 
the forward tree utilized to determine the leaf.from 
which to commence a backward trace. The label table 
170 is initialized to store the node label 1 at virtual 
address 1 and 0's at the remaining virtual addresses. The 
storage elements comprising the label table 170 are 
accessed under control of an address signal provided by 
the address generator 132 (FIG. 9) on the lead 133 so as 
to return the node label stored at the accessed address. 
The label provided by the label table 170 is applied to a
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label comparator 171 which compares the label with 0. 

The label comparator 171 is identical to the label com- 

parator 71 of FIG. 8a, When the label is not 0 it is trans- 
mitted by the label comparator 171 via the lead 134 to 

the address generator 132 (FIG. 9). In response to the 

node label on the lead 134 the address generator 132 

computes the virtual address of the X son of the node 

and returns the address to the label table 170 via the lead 

133. This procedure continues until a virtual address is 

reached for which no node label has been stored indi- 
cating that a leaf has been attained. The attained leaf has 
that virtual address from which to begin the backward 

trace. 

The label table 170 and the address generator 132 

(FIG. 9) are utilized by the decoder to perform the 

forward trace, since the address which is transmitted to 
the search tree data base 120 by the economy decoders 

128 may be the address, not of a leaf, but of an internal 

node. As discussed above, this may occur since the 

encoder in generating leaves-only values transmits the 

pointer value of the father to its X; son. Before begin- 

ning a trace back it is necessary for the decoder to deter- 
mine whether the address received from the encoder is 
that of a leaf or of an internal node. When the address is 
that of an internal node, the node is replaced by its X1 

son and the process continued until a leaf is obtained. 

Thus the virtual address received from the encoder is 

applied by means of the economy decoders 128 and the 
address generator 132 via the lead 133 to the label table 

170 to begin the forward trace. When the label compar- 

ator 171 detects a node label 0 returned from the label 
table 170, the leaf for starting the backward trace has 
been detected and, after the forward search tree and 
backward search tree are updated, the backward trace 
to the root is commenced in a manner to be described. 

The search tree data base 120 includes a node counter 
172 which maintains count of the current node provid- 
ing a signal representative of the node count K. The 
node counter 172 is identical to the node counter 74 of 
FIG. 8a. The node counter 172 is initialized to the count 
1 and is enabled by the YES enable signal from the label 
comparator 171. The node count K is applied to the 
label table 170 through an ADD f circuit 173, which 
adds unity to the extant value K provided by the node 
counter 172. The output from the ADD 1 circuit 173 is 

also applied as an input to a gate 174 which is enabled 
by the YES enable signal from the label comparator 
171, and the node count K from the node counter 172 is 

applied as an input to a pointer counter 175. When the 

label table 170 returns the node label 0, the label com- 
parator 171 issues the YES enable signal to the node 
counter 172 enabling the node counter 172 to apply the 

node count K +-1 for entry into the label table 170 at the 

virtual address on the lead 133 which had returned the 
node label 0. Updating the label table 170 in this manner 

’ updates the forward tree of the decoder in the same 
manner as the forward tree of the encoder is updated, as 
previously described. 

The YES enable signal from the comparator 171 is 
also applied to a gate 176. The gate 176 is utilized to 
transmit the leaf virtual address from which to com- 
mence the backward trace. This leaf virtual address is 
that applied by the address generator 132 on the line 133 
that resulted in the label table 170 issuing the label 0. 

This leaf virtual address is provided to the gate 176 

from either the lead 131 from the economy decoders 

128 (FIG. 9) or the lead 146 from the address generator 

132 (FIG. 9) via an OR gate 177. In a manner to be 
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clarified the leaf virtual address is provided on the lead 
131 when the virtual address transmitted by the encoder | 
as the pointer signal is that of a leaf. The leaf virtual ' 
address is provided on the lead 146 when the virtual 
address transmitted by the encoder as the pointer signal 
is that of an internal node. 

The search tree data base 120 includes an address 
table 178 which comprises a collection of storage ele- 
ments conceptually configured as illustrated in FIG. 5. 
The storage elements comprising the address table 178 
are accessed under control of a node label signal pro- 
vided by the label generator 135 (FIG. 9) on the lead 
138 so as to return the virtual address stored at the 
accessed node ‘label location. The address table 178 
initially stores the address 1 corresponding to the node 
label 1 and 0’s at all of the other node label locations. 
The address table 178 is responsive to the acknowledge 
signal from the pushdown stack 121 (FIG. 9) on the lead 
140. The address table 178 accepts the label signal on 
the lead 138 and returns an address only when enabled 
by the acknowledge signal on the lead 140. The leaf 
virtual address from the gate 176 and the first label from 
the gate 174 are applied to the address table 178 for 
updating the address table 178 and hence updating the 
backward search tree in a manner to be described. 

The address provided by the address able 178 is ap- 
plied to an address comparator 179 (FIG. 9f) which 
compares the address with 1. When the address is not 1, 
it is transmitted by the address comparator 179 via an 
OR gate 180 and the lead 137 to the label generator 135 
(FIG. 9) and the position extractor 136 (FIG. 9). The 
label generator 135 computes the node label of the fa- 
ther from the virtual address of the son. The label gen- 
erator 135 receives the virtual address of the son via the 
lead 137 from the address table 178 and returns the label 
of the father to the address table 178 via the lead 138. 
The label provided on the lead 138 is also transmitted to 
the position extractor 136 (FIG. 9). 

The position extractor 136 (FIG. 9g) receives the 
node label of the father from the label generator 146 and 
the virtual address of the son from the address table 178 
via the lead 137 and computes the position of the arc 
joining the son to the father, returning this position to a 
position-symbol table 181 of the search tree data base 
120 via the lead 139. 

The position-symbol table 181 comprises a collection 
of storage elements conceptually configured as illus- 
trated in FIG. 5. The storage elements comprising the 

position-symbol table 181 are accessed under control of 
the position signal on the lead 139 so as to return the 
symbol stored at the accessed position. The position- 
symbol table 181 contains a storage location for each 
position 1 through |A|. Initially the position-symbol 
table 181 contains a 0 for the symbol at each of the 
position locations. The symbol provided by the posi- 
tion-symbol table 181 is applied to a symbol comparator 
182 which compares the symbol with 0. When the sym- 

bol is not 0, it is transmitted by the symbol comparator 

182 via an OR gate 183 and the lead 122 to the push- 
down stack 121 (FIG. 94) for temporary storage. Unless 
the symbol provided to the symbol comparator 182 is 

equal to 0, the comparator 182 issues the NO enable 
signal on the lead 145 to enable the pointer economy 

decoder contained in the economy decoders 128, dis- 

cussed above. When a new symbol is encountered the 

position-symbol table 181 transmits the symbol value 0 
to the symbol comparator 182 which as a result issues 

the YES enable signal on the lead 130. The YES enable
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signal on the lead 130 is applied to the pointer counter 
175, to the rank economy decoder contained in the 
economy decoders 128 (FIG. 9) to the input buffer 126 
(FIG. 9), and to a symbol counter 184, As discussed 
above, the input buffer, upon receiving the enable signal 
on the lead 130 transmits the encoded symbol rank to 
the economy decoders 128 for decoding. Since the en- 
able signal on the lead 130 enables the rank economy 
decoder, the decoded rank is transmitted by the econ- 
omy decoders 128 via the lead 141 to a rank-unseen 
table 185 to recover the new symbol. 

The rank-unseen table 185 comprises a collection of 
storage elements conceptually configured as illustrated 
in FIG. §. The rank-unseen table 185 is the inverse of 
the unseen-rank table 82 of FIG. 8@ and provides for 
each rank, the symbol corresponding thereto where the 
correspondence between rank and symbol is the same as 
that described above with respect to the table 82. The 
storage elements comprising the rank-unseen table 185 
are accessed under control of the rank signal on the lead 
141 so as to return the symbol stored at the accessed 
rank. The new symbol recovered from the rank-unseen 

table 185 is applied to the position-symbol table 181 and 
written into the position location provided on the lead 
139 which had returned the symbol 0. The new symbol 
is also transmitted via the OR gate 183 and the lead 122 
to the pushdown stack 121 (FIG. 94) for temporary 
storage therein. Storing the new symbol at the last posi- 
tion p received from the position extractor 136 (FIG. 9) 
on lead 139 updates the position-symbol table 181. The 
rank-unseen table 185 is updated by circuitry contained 
therein by removing the new symbol from the table and 
moving all symbols thereafter up one location. This 
updating procedure is complementary to that described 
above with respect to the unseen-rank table 82 (FIG. 
8a) and identical to that described above with respect to 
the table DR of the decoder program appended hereto. 

The symbol counter 184, which is identical to the 
symbol counter 79 of FIG. 8a counts BSYM the number 
of distinct input symbols which have been encountered 
and provides the BSYM signal on the lead 144 to the 
pointer counter 175 and the economy decoders 128 
(FIG. 9). Initially, the counter 184 is set to 0 and there- 
after counts upwardly. The symbol counter 184 is incre- 
mented by unity upon receipt of the YES enable signal 
from the symbol comparator 183. 

The search tree data base 120 also includes a position 
counter 186 which counts NSYM, the number of poten- 
tial but as yet unseen symbols and provides the NSYM 
signal on the lead 143 to the economy decoders 128 
(FIG. 9). The position counter 186 is identical to the 
position counter 80 of FIG. 8¢ and is initialized to the 
value |A|. The counter 186 counts downwardly to 0. 
The position counter 186 provides an inhibiting signal 
to the pointer counter 175 and the symbol counter 184 
when the position counter 186 attains the count of 1. In 
this manner the symbol counter 184 is prevented from 
counting beyond |A| —1. The rank-unseen table 185 
includes circuitry that provides a decrementing signal 
to the position counter 186 whenever a decoded rank is 
received on the lead 141. The decrementing signal from 
the rank-unseen table 185 decrements the NSYM count 
by unity. The position counter 186 decrements down to 
the 0 count and remains at the 0 count for the remainder 
of the data compression operation. 

The pointer counter 175, which is identical to the 
pointer counter 75 of FIG. 8a receives the node count 
K from the node counter 172 and the symbol count 
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BSYM from the symbol counter 184 as well as enable 
signals from the address comparator 179 and the symbol 
comparator 182 and an inhibit signal from the position 
counter 186. The pointer counter 175 also receives an 
inhibit signal from a comparator 187 for reasons to be 
described. The pointer counter 175 computes the 

pointer count H, the number of green-leaves in the 
incremental tree, which it provides via the lead 142 to 
the economy decoders 128 (FIG. 9). Initially, the 
pointer counter 175 is set to 1. When the address com- 
parator 179 provides the YES enable signal on the lead 
123 to the pointer counter 175, the count in the counter 
175 is increased by the BSYM value from the symbol 
counter 184. When the symbol comparator 182 issues 
the YES enable signal on the lead 130 to the pointer 
counter 175, the pointer count H is increased by the 

node count K from the node counter 172. When, how- 
ever, the position counter 186 issues the inhibit signal to 
the pointer counter 175, the counter 175 is inhibited 
from utilizing the node count K to increment the 
pointer count H. As discussed above, the inhibit signal 
from the position counter 186 also inhibits incrementa- 
tion of the symbol counter 184 which, as a result, does 
not count beyond |A|—1. 

Referring for the moment to FIG. 9d, an implementa- 
tion for the pointer counter 175 is illustrated. It is appre- 
ciated that the components and configuration of FIG. 
9d is identical to that of FIG. 84. The pointer counter 
175 comprises a gate 190, a gate 191, and an accumula- 
tor 192. The gate 190 receives the node count K from 
the node counter 172 and the YES enable signal from 
the symbol comparator 182 and transmits the current 
node count K to the accumulator 192 upon receipt of 
the enable signal from the comparator 182. The gate 190 
also receives the inhibit signal from the position counter 
186 which inhibits the gate 190 from transmitting the 
node count K to the accumulator 192 when the position 
counter 186 stores the count of 1. 

The gate 191 receives the symbol count BSYM from 
the symbol counter 184 and the YES enable signal from 
the address comparator 179 as well as the inhibit signal 
from the comparator 187. The gate 191 transmits the 
current BSYM count to the accumulator 192 upon re- 
ceipt of the enable signal from the comparator 179. The 
accumulator 192, which is initialized to the count of 1, 
increments the count stored therein by BSYM and K 
under control of the comparators 179 and 182 respec- 
tively to provide the pointer count H on the lead 142. 

In operation when a new internal node is defined in 
the incremental search tree, the enable signal to the gate 
191 from the comparator 179 causes the count in the 
accumulator 192 to be increased by BSYM, where 
BSYM=|A|-—i when all of the symbols have been 
encountered. Whenever a new symbol is encountered, 

the enable signal applied to the gate 190 by the symbol 
comparator 182 causes the pointer count to be increased 
by the node count K. This increase, however, does not 
occur if |A|—1 potential symbols have been encoun- 
tered. As discussed, the increase by the node count K is 
prevented by the inhibit signal provided to the gate 190 
by the position counter 186 whenever the position 
counter 186 contains the count of 1. 

Referring for the moment to FIG. 9e, in which like 
reference numerals indicate like elements with respect 
to FIG. 9, a schematic block diagram of details of the 
address generator 132 of FIG. 9 is illustrated. The ad- 
dress generator 132 includes an address calculator 193 
which in response to the node label i from the label
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comparator 171 calculates the virtual address for the X1 
son of the node utilizing Equation 1 above where the 
position term $(J) or p is replaced by the position |A| 
of the X; son. The address calculator 193 may include 
circuitry similar to and perform the computation in a 
manner similar to the address calculator 90 of FIG. 8c. 
The virtual address computed by the address calculator 
193 is provided via the lead 146 to the OR gate 177 of 
FIG 9c. The virtual address computed by the address 
calculator 193 is also provided as an input to an OR gate 
194. The OR gate 194 also receives an input on the lead 
131 from the address converter 166 of FIG. 98. 

The virtual address from the address calculator 193 
or from the pointer economy decoder on the lead 131 is 
provided to a hashing limit comparator 195 where it is 
compared with the limit established for the size of direct 
storage in the label table 170. The comparator 195 is 
identical to the hashing limit comparator 91 of Fig. 8c. 
The comparator 195 is configured whereby when the 
virtual address is greater than the established limit, the 
address is provided on the YES output thereof; other- 
wise the virtual address is provided on the NO output 
thereof. The address generator 132 also includes a stan- 
dard hashing circuit 196 which is identical to the hash- 
ing circuit 92 of FIG. 8c. The hashing circuit 196 hashes 
the virtual address in a conventional manner. The 
hashed address from the hashing circuit 196 is applied to 
an OR gate 197 which also receives the unchanged 
virtual address when the address is not greater than the 
established limit. The resulting address, hashed or un- 
hashed in accordance with the comparison made by the 
comparator 195, is returned to the label table 170 via the 
lead 133 to continue the search through the Xj arcs of 
the forward search tree. 

Referring again to FIG. 9c, when the virtual address 
on the lead 133 results in the label table 170 returning a 
0 label, the address on the lead 133 is that of the leaf 
from which to commence the backward trace. The 
YES enable signal issued from the label comparator 171 
enables the gates 174 and 176 to transmit the first label 
and the leaf address respectively for updating the ad- 
dress table 178. The leaf address transmitted through 
the gate 176 is stored at the node K +1 location of the 
address table 178 where K is the extant node count of 
the node counter 172. In this manner the backward 
incremental search tree is updated with the current 
information. 

It is appreciated that when the virtual address pointer 
signal transmitted by the encoder is that of a leaf, the 
virtual address provided by the address converter 166 
(FIG. 96) through the components 195, 196 and 197 
(FIG. 9e) and then to the label table 170 via the lead 133 
results in the label comparator 171 issuing the YES 
enable signal. This leaf address is provided directly 
from the address converter 166 via the lead 131 and the 
OR gate 177 to provide the first leaf address to the 
address table 178 via the gate 176. When, however, the 
virtual address pointer signal transmitted by the en- 
coder is that of an internal node, the virtual address 
from the address converter 166, passed through the 
components 195, 196, and 197 (FIG. 9e) to provide the 
address on the lead 133 to the label table 170, results in 
anon 0 label being returned by the label table 170 and 
transmitted by the label comparator 171 via the lead 134 
to the address calculator 193 (FIG. 9e). The address 
calculator 193, in turn, provides a new address to the 

label table 170. This forward search continues until the 
label table 170 returns a 0 label indicating that the de- 
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sired leaf has been attained. When this occurs, the leaf 
virtual address for beginning the backward trace is 
provided from the address calculator 193 (Flg. 9e) via 
the lead 146 and the OR gate 177 to provide the first leaf 
address to the address table 178 via the gate 176. 

The first leaf address of the backward trace is pro- 
vided via the OR gate 180 and the lead 137 to the label 
generator 135 which generates the label of the father 
node to be visited from the virtual address of the son. 
The father node label is applied to the address table 178 
via the lead 138. As discussed above, the address on the 
lead 137 and the father node label on the lead 138 com- 
puted by the label generator 135 are applied to the 
position extractor 136 (FIG. 9) which returns the posi- 
tion of the arc from the son to the father to the position- 
symbol table 181 via the lead 139. The position-symbol 
table 181 converts the position into the symbol and 
transmits the symbol via the lead 122 to the pushdown 
stack 121. When the pushdown stack 121 receives a 
symbol, an acknowledge signal is transmitted thereby 
on the lead 140 to the address table 178 permitting the 
node label on the lead 138 to access the table to continue 
the backward trace. 

During each cycle of the backward trace, the current 
node label on the lead 138 is provided to the address 
table 178 which returns the virtual address of the node 
to the address comparator 179 where it is compared 
with 1. If the address is not equal to 1, the new address 
is transmitted to the label generator 135 and the position 
extractor 136. When the address comparator 179 re- 
ceives the address 1, the root of the tree has been at- 
tained and the traceback ends. The resulting sequences 
of addresses provided by the address table 178 may be 
considered as paths through the incremental search tree 
which effectively record the decoded segments in re- 
verse order. The last element in the sequence is distin- 
guished as the root when the address 1 is returned by 
the address table 178 in response to the current label. 
When the root is atained, the address comparator 179 

issues the YES enable signal on the lead 123. This signal 
updates the pointer counter 175 as discussed above and 
increments the node counter 172 by unity. During each 
iteration in which a new symbol is encountered, thus 
causing the symbol comparator 182 to issue the YES 
enable signal, the signal on the lead 123 from the ad- 
dress comparator 179 decrements the position counter 
186 by unity, until the count 0 is attained. The YES 
enable signal on the lead 123 from the address compara- 
tor 179 also enables the pushdown stack 121 (FIG. 9) to 
transmit its contents to the output buffer 124 (FIG. 9). 

As discussed above, the position p returned by the 
position extractor 136 via the lead 139 is applied to the 
position-symbol table 181 which, in turn, transmits the 
symbol assigned to the position p to the symbol compar- 
ator 182 where it is compared with 0, When a new 
symbol is encountered during an interation, the symbol 
comparator 182 issues the YES enable signal on the lead 
130. When a new symbol is not encountered during an 
iteration, the symbol comparator 182 issues the NO 
enable signal on the lead 145. Quiescently, the symbol 
comparator 182 issues the NO enable signal on the lead 
145 thereby enabling the pointer economy decoder 
contained in the economy decoders 128 (FIG. 9) and 
disabling the rank economy decoder contained in the 
economy decoders 128. When, however, the symbol 
comparator 182 detects that a new symbol has been 
encountered, the YES enable signal on the lead 130 
enables the rank economy decoder, disables the pointer
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economy decoder and enables the input buffer 126 to 
transmit the symbol rank to the rank economy decoder. 
The symbol comparator 182 provides the YES enable 
signal only during the portion of the decoding iteration 
required to acquire and store the new symbol. Thereaf- 
ter the symbol comparator 182 reverts to the NO state 
to again enable the pointer economy decoder. Any 
convenient signal, such as the acknowledge signal on 
the lead 140 from the pushdown stack 121 (FIG. 9) may 
be utilized to reset the symbol comparator 182 back to 
the NO state. 

Referring now to FIG. 9f in which like reference 
numerals indicate like elements with respect to FIG. 9, 
the label generator 135 of FIG. 9 is illustrated. The label 
generator 135 receives the address C of the son on lead 
137 and generates the label Cl of the father on the lead 
138 by utilizing the integer Equation 1 above. It is ap- 
preciated that the term i and the term Cl are used 
synonomously to designate the node label of the father. 
It is further appreciated that the termi and the term C 
are utilized synonomously to denote the virtual address 
of the son. Any convenient conventional circuitry may 
be utilized to implement the designated integer equa- 
tion. For example, conventional shift-and-add circuitry 
may be utilized as discussed hereinabove. 

Referring now to FIG. 9g, in which like reference 
numerals indicate like elements with respect to FIG. 9, 
details of the position extractor 136 of FIG. 9 are illus- 
trated. The position extractor 136 receives the node 
label Cl of the father on the lead 138 and the virtual 
address C of the son on the lead 137 and computes the 
position of the arc joining the son to the father utilizing 
integer Equation 3 above. It is appreciated that the 
terms $(J) and p are utilized synonomously to denote 
arc position. The position signal p is provided by the 
position extractor 136 on the lead 139. Any convenient 
conventional circuitry may be utilized to implement the 
designated equation including conventional shift-and- 
add circuitry. 

Referring now to FIG. 94, in which like reference 
numerals denote like elements with respect to FIG. 9, a 
schematic block diagram of details of the pushdown 
stack 121 of FIG. 9 is illustrated. The pushdown stack 
121 comprises a conventionally configured first in-last 
out (FILO) pushdown stack 200 that receives the de- 
coded symbols one at a time on the lead 122 from the 
search tree data base 120. After receiving a symbol, the 
pushdown stack 200 transmits an acknowledgement 
signal on the lead 140 to the address table 178 to con- 
tinue the backward decoding trace. When the root of 
the backward tree is attained, the address comparator 
179 (FIG. 9c) transmits the YES enable signal on the 
lead 123 to a gate 201 which permits the contents of the 
pushdown stack 200 to be emptied into the output 
buffer 124 in the reverse order with respect to the order 
in which they were acquired by the stack 200. Thus, the 
pushdown stack 200 reverses the order of the decoded 
segment of symbols which were provided by the search 
tree data base 120 in an order reversed from the original 
order of the data. Accordingly, the pushdown stack 200 
provides the symbols of the decoded segment in the 
order in which they appeared in the original data 
stream. The pushdown stack 200 then transmits an ac- 
knowledgement signal on the lead 127 to the input 
buffer 126, signalling the buffer 126 to send the next 
encoded pointer to the economy decoders 128 for de- 
coding. 
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In the operation of the decoder illustrated in FIGS. 

9a-9h, initially the label table 170 stores node label 1 at 
virtual address 1 and O’s at the remaining virtual ad- 
dresses, the address table 178 stores virtual address 1 at 
the node label 1 and 0’s at the remaining node labels, the 
position-symbol table 181 stores 0’s at all of the posi- 
tions and the rank-unseen table 185 initially provides the 
correspondence between rank and the symbols of the 
alphabet as established in the unseen-rank table 82 of 
FIG. 8a. Additionally, the counters are initialized as 
follows: the node count K of the node counter 172 is set 
to 1, the pointer count H of the pointer counter 175 is 
set to 1, the position count NSYM of the position 
counter 186 is set to | A|, and the symbol count BSYM 
of the symbol counter 184 is set to 0. Quiescently the 
symbol comparator 182 provides the NO enable signal 
on the lead 145 thereby enabling the pointer economy 
decoder contained in the economy decoders 128. The 
first pointer Y1 received from the encoder has the value 
0 which is the pointer passed down from the root father 
to the Xj son node 2. This is evidenced in FIG. 4c which 
illustrates the incremental search tree (T2, B2). This 0 
valued pointer when applied to the pointer threshold 
comparator 161 is less than the threshold TB and thus 
takes the NO path through the enabled gate 164. Since 
the green-leaves pointer Dg is equal to 0, the signal takes 
the YES path through the green-leaves comparator 165, 
through the OR gate 167 to the address converter 166. 
The address converter 166 converts the leaves-only 
pointer D=O to virtual address 1 which is passed 
through the hashing limit comparator 195 via the OR 
gate 194 and thereafter applied to access the label table 
170 via the lead 133. In response to the virtual address 
1 applied on the lead 133, the label table 170 returns the 
node label 1. The label comparator 171 passes the node 
label 1 to the address calculator 193, via the lead 134, 
which generates the virtual address of the X, son which 
in this instance is virtual address 2. The virtual address 
2 is passed through the hashing limit comparator 195 to 
the lead 133 accesses the label table 170 resulting in a 0 
node label returned therefrom. The 0 node label re- 
turned by the label table 170 indicates that the leaf from 
which to commence the bckward trace has been at- 
tained. 

The 0 node label applied to the label comparator 171 
results in issuance of the YES enable signal therefrom. 
The YES enable signal from the label comparator 171 
enables the node counter 172 which, through the ADD 
1 circuit 173, stores the node label 2 at the accessed 
virtual address 2 in the label table 170. The YES enable 
signal from the label comparator 171 enables the gate 
174 to transmit the first label of value 2 to the address 
table 178 and enables the gate 176 to transmit the first 
leaf address of value 2 appearing on the lead 146 to the 
address table 178. The first node label of value 2 ac- 
cesses this location in the address table 178 causing the 
leaf address value 2 to be stored thereat. 

The leaf address of value 2 transmitted through the 
gate 176 is also applied via the OR gate 180 to the label 
generator 135 and the position extractor 136. The label 
generator 135 in response to the virtual address of value 
2 generates the node Ibel of value 1 and applies this node 
label value to the address table 178 via the lead 138. The 
node label of value 1 generated by the label generator 
135 is also applied to the position extractor 136. The 
position extractor 136 generates the position |A| from 
the node label of value 1 and the virtual address of value 
2.
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The position |Aj| returned by the position extractoi 

136 to the position-symbol table 181 results in the posi- 

tion-symbol table 181 returning the value 0 to the sym- 

bol comparator 182. The concomitant YES enable sig- 

nal issued by the symbol comparator 182 enables the 

pointer counte 175 to add K=1 to the pointer count 

which now becomes H=2. The YES enable signal from 

the symbol comparator 182 also increments the symbol 

counter 184 to BSYM=1. 
The YES enable signal from the symbol comparator 

182 enables the gate 154 of the rank economy decoder 

via the lead 130 and signals the input buffer 126 via the 

lead 130 to transmit the encoded rank of the new sym- 

bol to the rank economy decoder. The decoded rank for 

this first encountered symbol is applied via the lead 141 

to the rank-unseen table 185 which returns the symbol 

corresponding thereto. The new symbol is applied to 
the position-symbol table 181 which stores the new 

symbol at the rank position accessed by the lead 139 

which, in this instance, is | A|. The circuitry within the 
rank-unseen table 185 also decrements the position 

counte 186 to | A| — 1. The new symbol is also transmit- 
ted via the OR gate 183 to the stack 200. The stack 200 

issues the acknowledge signal to the address table 178 

on the lead 140, permitting the node label of value 1 on 

the lead 138 to access the address table 178. The address 

table 178, in response thereto, returns the virtual ad- 

dress 1 of the root. The concomitant YES enable signal 

from the address comparator 179 on the lead 123 ena- 

bles the pointer counter 175 to add BSYM=1 to H=2 

to provide H =3 as the pointer count. The node counter 

172 is also incremented to K=2. The YES enable signal 

from the address comparator 179 applied to the gate 201 

via the lead 123 gates the decoded segment from the 

stack 200 to the output buffer 124. The stack 200 there- 
after acknowledges the input buffer 126 via the lead 127 

when the stack is empty. The input buffer 126 then 

issues the next pointer which is processed in the manner 
described above. 
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As appreciated from FIG. 4c, there are three leaf 40 
pointers in the extant incremental search tree (T2, B2) 

and thus the pointer count H equals 3. One symbol has 

been encountered and thus the symbol count BSYM 

equals 1 and the number of symbols yet to be seen 

NSYM equals |A|—1.The next node to be processed 
has node label 3 and, therefore, the node counter 172 
stores K =2. 

When the next to the last newly encountered symbol 
has been processed and the tree updated, NSYM will be 

1 and BSYM will be |A|—1. The 1 count from the 
position counter 186 will inhibit the symbol counter 

d184 from counting beyond the value |A|—1 and the 
pointer counter 175 will be inhibited from updating the 

poiner count H by adding the node count K thereto. 
When the last symbol is encountered, the count 

NSYM=1 maintains the inhibition of the symbol 

counter 184 and the pointer counter 175 and when the 

count NSYM is decremented to 0, the symbo! compara- 

tor 182 will thereafter no longer receive a 0 from the 

position-symbol table 181. 
As discussed bove with respect to FIG. 8a, the com- 

parator 69 was included to determine when storage for 

the forward search tree was exhausted. In a similar 

manner the search tree data base of FIG. 9c includes 

identical comparator 187 to determine when the node 

count K is equal to the constant KM. The YES signal 

from the comparator 187 inhibits the node counter 172, 

the label table 170 and the pointer counter 175 in the 
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manner described above with respect to FIG. 84. The 
inhibit signal applied to the gate 191 (FIG. 9d) of the 
pointer counter 175 functions in the manner described 
above with respect to the inhibit signal applied to the 
gate 86 (Flg. 82). 

It will be appreciated with respect to FIG. 8, FIGS. 
8a-8e, Flg. 9 and FIGS. 9a-9h, that the sequences of 

operations described above are controlled in a conven- 
tional manner by a system clock and sequence control 

units not shown. A sequence control unit connected to 

the components of the encodedr of FIGS. 8a-8e con- 
trols the sequences of operation described above. A 
sequence control unit connected to the components of 

the decoder of FIGS: 9a-9h controls the sequences of 
operations performed thereby as described above. The 
component blocks of FIGS. 8a-8e and 9a-9h may be 
implemented by any convenient conventional circuitry 
for performing the functions described. For example, 
analog circuits, discrete digital circuits or dedicated 

programmed processors may be utilized to perform the 

functions. With respect to an implementation utilizing 

dedicated programmed processors, coding similar to 
that appended hereto and discussed above may be uti- 
lized in implementing the components. 

Although the above described embodiments of the 

invention utilize consecutively increasing integer node 
labels and prdetermined arc positions relating to the 
order in which the symbols are received, it will be ap- 
preciated that other arrangements within the purview 
of the present invention may be utilized. For example, 

instead of utilizing node labels, the virtual addresses of 
the internal and external nodes of the search tree may be 

utilized for uniquely defining the nodes and for control- 
ling the forward and backward traces. Furthermore, the 
arc positions may be assigned in any predetermined 
order such as lexicopraphically. It is desirable, how- 
ever, that the predetermined order of arc position as- 

signments be the same in both the encoder and decoder. 
The encoder and decoder of the present invention 

construct the above described search tree in which each 
parsed segment of the input data is represented by a 
path from the root to a leaf. The search tree data base 
enables parsing, encoding and decoding to be accom- 
plished in linear time. Each input symbol is processed 
only once by traversing one branch in the tree from a 

father node to one of its sons. The search tree grows 
adaptively with the processing of input data. As each 

new segment is parsed, one new internal node of the 
tree is created from a leaf, and new leaves are defined, 
one for each symbol which has been seen plus 1, the 
alpha branch, to represent all potential but unseen sym- 

bols. 
The search tree data base includes the label table 

which storage array is utilized to encode input data, 
traversing the tree in the forward direction. For any 
labeled node K and arc position, the virtual address of 
the appropriate son node is computed by the address 
generator and the label of the son node is then obtained 
from the label table. The address table contained in the 
search tree data base is an arrayutilized in decoding by 
traversing the search tree in the backward direction. 
For any virtual address, the node label of the appropri- 
ate father node is generated by the label generator and 
the virtual address of the father is then obtained from 
the address table. ; 

In the above described embodiments of the invention 
for each symbol encounteredin the file by the encoder, 
the symbol-position table provides the arc position as-
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signed to the symbol. The right most (highest) position 

is assigned to Xj, the first symbol encountered, the 
second right most (second highest) to the second sym- 
bol, and so forth. The position-symbol table is the in- 
verse of the symbol-position table. The position-symbol 
table is utilized by the decoder to keep track, for each 
arc position, of the symbol which has been assigned to 
that position. 

The encoder constructs the symbol-position table, 
which provides for each symbol j belonging to A, 
which symbol has been encountered in the input, the 
position ((j) belonging to the set (1, | A|). Whenever a 
new symbol j is encountered, the next available integer q 
in the set (1, | A|) is assigned as 0(j), and the symbol- 
position table is updated by setting A(j)=q. In the 
preferred embodiments of the invention the assignments 
are made in order to decreasing q. The first encountered 
input symbol is assigned the position |A|, the second 

| A| — 1, etc. The decoder constructs the position-symbol 
table, which provides for each position q in (1, | A|) the 
symbol ~1(q)=j where j belongs to A. 

As discussed above, the encoder of the present inven- 
tion parses the current input data stream by copying the 
longest match form a previous comma to the next ensu- 
ing comma and suffixing an innovation thereto which is 
the next occurring input symbol. This information is 
efficiently realized by the pointer to a leaf of the search 
tree. The path to the root through the father of the leaf 
provides the segment to be copied thus obviating any 
requirement for saving old processed input. From each 
internal node of the search tree extend branches corre- 
sponding to all input symbols which have currently 
been seen in the encoding process, plus the alpha 
branch, which represents any unseen symbol. After any 
iteration there are as many nodes in the search tree as 
there are possible combinations of past commas and 
innovative symbols which can follow. Combinations 
which do not represent longest possible copies are rep- 
resented not by leaves but by internal nodes. Thus, a 
pointer to one of the search tree leaves provides a mini- 
mal representation of the combined event (comma, 
innovation). 

The use of the alpha branch effects a considerable 
savings in leaf pointer cost. Without this device there 
would be many more leaves in the tree since each inter- 
nal node would have one branch extending from it for 
each possible input symbol, even through many sym- 
bols may never appear. 

The above described features of the present invention 
provide a linear data compression process and appara- 
tus for locating the longest copy together with an effi- 
cient encoding of the joint event (comma, innovation) 
and of new symbols as they occur. The data compres- 
sion system of the present invention does not introduce 
any changes into the original data, is general purpose 
and does not presuppose any particular form of input 
data redundancy. The system of the present invention is 
op;timal in the long run and the processing time and 
required storage grow only proportionately to the 
amount of data to be compressed. The data compression 
apparatus and system of the present invention provide 
significantly improved data compression ratios even 
compared to prior art systems that are presently consid- 
ered optimal. 

Because the system of the present invention possesses 
the property of noiselessness, a priori knowledge of the 
input alphabet is not required. The binary code repre- 
sentations of the 2” symbols of the alphabet (where m is 
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the symbol bit size) are assigned ranks in a predeter- 
mined order as discussed above. The system receives 
the binary representations of the symbols, transmits the 

corresponding ranks and reproduces the symbol binary 

representations from the received ranks. Thus it is ap- 
preciated, as described above, that the unseen-rank table 
of the encoder and the rank-unseen table of the decoder 
assign the ranks to the symbols in the same predeter- 
mined order with respect to each other, thus providing 
the correspondence between the initial input data to the 

encoder and the final output data from the decoder. 
The symbol bit size m is predetermined in accordance 

with the number of symbols that the system will accom- 
modate thus determining the alphabet size 2” processed 
by the system. The data compression system of the 
present invention does not require knowledge of the 
interpretation of the data throughout the compression 
and recovery procedure. The interpretation of the data 
is external to the system and irrelevant to the encoding 
and decoding process. 

In the above described embodiments of the invention 
the encoder and decoder constitute a practical imple- 
mentation of the modified version of the Lempel-Ziv 
data compression algorithm described above. The mod- 
ification-is that copying is permitted to take place only 
from a previous comma (division between parsed seg- 
ments) up to its successor comma. Each new parsed 
segment of the input data is identical to an earlier parsed 
segment constituting the longest match, with one new 
innovative symbol suffixed constituting the next occur- 
ring symbol in the data stream following a matching 
segment. This modification effects a simplification in 
the search for the longest copy in the past data history. 
The present invention is asymptotically optimal and 
performs significantly better than the unmodified prior 
art Lempel-Ziv algorithm. This is primarily because the 
working memory space fills up much less rapidly in the 
present invention than it would in the unmodified algo- 
rithm, so that it becomes practicable to retain a signifi- 
cantly longer past history of the input. Additionally, 
fewer bits are required for the pointer to a past comma, 
than would have been required in the unmodified algo- 
rithm to point to an arbitrary symbol position in the past 
input data. Furthermore, bits are not required for indi- 
cating the length of the copy, as would have been re- 
quired in the unmodified algorithm, since the length is 
always determined as extending to the next ensuing 
comma. 

While the invention has been described in its pre- 
ferred embodiments, it is to be understood that the 

words which have been used are words of description 
rather than limitation and that changes may be made 
within the purview of the appended claims without 
departing from the true scope and spirit of the invention 
in its broader aspects. 
We claim: 
1. A data compression and decompression system for 

compressing digital data and recovering the original 
data from the compressed data, said system including 
means for reading the digital data from a medium to 
provide a stream of data symbol signals, said data sym- 
bol signals being members of an alphabet of symbol 
signals comprising a predetermined number of symbol 
signals, said system including compression apparatus 

responsive to said stream of data symbol! signals for 
providing a compressed stream of code signals corre- 
sponding thereto and applying said code signals to a 
medium, said system further including decompression
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apparatus responsive to said code signals for recovering 
the original data therefrom, said compression apparatus 
comprising: 

means for parsing said stream of data symbol signals 
into segments, each segment comprising a prefix 
and the next data symbol signal occurring in said 
stream after said prefix, said prefix comprising the 
longest match with a previous segment, said pars- 
ing means defining a first search tree having nodes 
and branches emanating from said nodes, each 
node having at most one incoming branch, the 
outgoing branches emanating from a node being 
representative of said symbol signals of said alpha- 
bet, respectively, said nodes having respective 
node labels associated therewith and respective 
addresses associated therewith, said first search 
tree having a unique root node without an incom- 
ing branch and leaf nodes without outgoing 
branches, 

said parsing means comprising means for tracing said 
stream of data symboi signals through said first 
search tree along a path from said root node to a 
leaf node, including means responsive to said 
stream of data symbol signals for determining the 
branches of said path in accordance with said sym- 
bol signals respectively, 

said parsing means comprising 
first storage means comprising a plurality of stor- 

age locations corresponding respectively to said 
addresses of said nodes of said tree, said storage 
locations being utilized for storing said node 
labels, a node label stored at a particular storage 
location identifying the node whose address cor- 
responds to said particular storage location, 

address generator means for generating an address 
signal and for providing said address signal to 
said first storage means for accessing said storage 
locations thereof, said first storage means pro- 
viding, in response thereto, the node label stored 
in the storage location accessed by said address 
signal, said address generator means being re- 
sponsive to a node label provided by said first 
storage means and to a data symbol signal from 
said stream of data symbol signal for generating 
said address signal in accordance therewith, 

first detecting means for detecting when an ac- 
cessed storage location of said first storage 
means does not contain a node label, said storage 
location not containing a node label defining a 
leaf node of said first search tree, and 

node counting means for inserting a node label into 
said accessed storage location of said first stor- 
age means detected by said first detecting means 
as not containing a node label; 

said address generator means comprising means for 
sequentially generating said address signals and 
for providing said address signals to said first 
storage means, the node label provided by said 
first storage means in response to an address 
signal providing the node label for generating 
the next address signal, said address generator 
means sequentially generating said address sig- 
nals in accordance with the node labels sequen- 
tially provided by said first storage means re- 
spectively and in accordance with successive 
symbol signals of said stream of data symbol 
signals respectively, said address generator 
means sequentially generating said address sig- 
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nals until said first detecting means detects an 
accessed storage location of said first storage 
means without a node label; and 

means responsive to the address of said accessed 
storage location not containing a node label for 
generating a pointer signal in accordance there- 
with for each said segment, said pointer signal 
being representative of said previous segment 
matching said prefix and of said next occurring 
data symbol signal after said prefix, 

thereby providing pointer signals for segments of 
said stream of data symbol signals, respectively, 

said pointer signals comprising said compressed 
stream of code signals. 

2. The compression apparatus of claim 1 in which said 
address generator means comprises means for generat- 
ing said address signal further in accordance with the 
number of symbol signals comprising said alphabet. 

3. The compression apparatus of claim 1 in which said 
means for tracing said stream of data symbol signals 
through said first search tree from said root node to a 
leaf node includes means for initiating said tracing by 
accessing said first storage means at said storage loca- 
tion corresponding to said root node. 

4. The compression apparatus of claim 1 in which said 
node counting means comprises means for generating 
successively increasing node labels in accordance with 
said first detecting means detecting accessed storage 
locations of said first storage means not containing node 
labels respectively. 

5. The compression apparatus of claim 4 in which said 
parsing means further comprises 

symbol mapping means for assigning ordered symbol 
position signals to said symbol signals of said alpha- 
bet, respectively, 

said symbol position signals being provided to said 
address generator means for generating said ad- 
dress signals in accordance therewith. 

6. The compression apparatus of claim 5 in which said 
outgoing branches emanating from a node are represen- 
tative of said symbol signals of said alphabet, respec- 
tively, in accordance with the order in which said sym- 
bol signals of said alphabet are received by said parsign 
means, said symbol mapping means comprising means 
for assigning said ordered symbol position signals to 
said symbol signals of said alphabet, respectively, in 
accordance with the order in which said symbol signals 
of said alphabet are received by said parsing means. 

7. The compression apparatus of claim 6 in which said 
outgoing branches emanating from a node have posi- 
tions with respect to each other in accordance with the 
order in which said symbol signals of said alphabet are 
received by said parsing means, said symbol mapping 
means comprising 

second storage means comprising a plurality of stor- 
age locations corresponding respectively to said 
symbol signals of said alphabet, said storage loca- 
tions being utilized for storing said symbol position 
signals, a symbol position signal symbol signal of 
said alphabet indicating the order in which said 
particular symbol signal was received by said pars- 
ing means with respect to the other symbol signals 
of said alphabet, said second storage means being 
accessed by the symbol signals of said stream of 
data symbol signals to provide the symbol position 
signals stored at said storage locations correspond- 
ing to the accessing symbol signals,
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said symbol position signal provided by said second 
storage means being provided to said address gen- 
erator means for generating said address signals in 
accordance therewith. 

8. The compression apparatus of claim 7 in which said 
symbol mapping means further includes second detect- 
ing means for detecting when an accessed storage loca- 
tion of said second storage means does not contain a 
symbol position signal. 

9. The compression apparatus of claim 8 in which said 
symbol mapping means further includes position count- 
ing means for inserting a symbol position signal into said 
accessed storage location of said second storage means 
detected by said second detecting means as not contain- 
ing a symbol position signal. 

10. The compression apparatus of claim 9 in which 
said position counting means comprises means for gen- 
erating successive symbol position signals in response to 
said second detecting means detecting storage locations 
of said second storage means not containing symbol 
position signals. 

11. The compression apparatus of claim 6 in which 
said address generator means comprises means for gen- 
erating said address signal in accordance with the prod- 
uct of said node label provided by said first storage 
means with the number of symbol signals comprising 
said alphabet less said symbol position signal provided 
by said symbol mapping means. 

12. The compression apparatus of claim 11 in which 
said address generator means comprises means for gen- 
erating said address signal in accordance with 

address signal =/|4|—p+2 

where i comprises said node label, | A| comprises the 
number of symbol signals of said alphabet and p com- 
prises said symbol position signal. 

13. The compression apparatus of claim 1 in which 
said first storage means includes a directly addressed 
portion and a hash addressed portion and said address 
generator means further comprises 

hashing limit comparator means for comparing said 
address signal to a predetermined hashing limit, 
and 

hashing means for hashing said address signal thereby 
providing a hashed address signal, 

said address generator means including means for 
providing either said address signal or said hashed 
address signal to said first storage means in accor- 
dance with the comparison between said address 
signal and said hashing limit. 

14. The compression apparatus of claim 1 in which 
said means defining a first search tree comprises means 
defining a first search tree having alpha-branches ema- 
nating from said nodes representative of all of the sym- 
bol signals of said alphabet not yet encountered during 
said compressing of said stream of data symbol signals. 

15. The compression apparatus of claim 10 in which 
said means defining a first search tree comprises means 
defining a first seach tree having alpha-branches ema- 
nating from said nodes representative of all of the sym- 

bol signals of said alphabet not yet encountered during 
said compressing of said stream of data symbol signals, 
an alpha-branch of said first search tree being encoun- 
tered when said second detecting means detects an 
accessed storage location of said second storage means 
mot containing a symbol position signal. 
_ 16. The compression apparatus of claim 10 in which 
‘said means for generating a pointer signal includes 
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leaves-only converter means responsive to said address 

signals from said address generator means and said node 
labels from said first storage means for providing a 
leaves-only pointer signal in accordance therewith. 

17. The compression apparatus of claim 16 in which 

said leaves-only converter means comprises means for 
providing said leaves-only pointer signal in accordance 
with the difference between said address signals and 
said node labels, respectively. 

18. The compression apparatus of claim 17 in which 
said leaves-only converter means comprises means for 

providing said leaves-only pointer signal in accordance 
with 

D=C-—E-1 

where D comprises said leaves-only pointer signal, C 
comprises said address signal and E comprises said node 
label. 

19. The compression apparatus of claim 17 in which 
said leaves-only converter means includes means for 
inhibiting taking said difference between an address 
signal and a node label whenever the symbol signal that 
resulted in the address signal is a predetermined symbol 
signal of said alphabet. 

20. The compression apparatus of claim 17 in which 
said leaves-only converter means includes means for 
inhibiting taking said difference between an address 
signal and a node label whenever the symbol signal that 
resulted in the addressing signal is the first symbol sig- 
nal encountered by said encoding apparatus in com- 
pressing said stream of data symbol signals. 

21. The compression apparatus of claim 17 in which 

said leaves-only converter means includes means re- 

sponsive to said symbol position signals for inhibiting 
taking said difference between an address signal and a 
node label whenever the symbol position signal result- 
ing in the address signal is that symbol position signal 

assigned to a predetermined symbol signal. 

22. The compression apparatus of claim 17 in which 
said leaves-only converter means includes means re- 
sponsive to said symbol position signals for inhibiting 

taking said difference between an address signal and a 
node label whenever the symbol position signal result- 
ing in the address signal is that symbol position signal 
assigned to the first symbol signal of said alphabet en- 
countered by said encoding apparatus in compressing 

said stream of data symbol signals. 
23. The compression apparatus of claim 16 in which 

said means for generating a pointer signal further in- 
cludes green-leaves converter means responsive to said 
leaves-only pointer signal for generating a green-leaves 
pointer signal corresponding thereto in accordance 
with the number of symbol signals of said alphabet not 
yet encountered by said encoding apparatus during said 
compressing of said stream of data symbol signals. 

24. The compression apparatus of claim 16 in which 
said means for generating a pointer signal further in- 
cludes green-leaves converter means responsive to said 

leaves-only pointer signal for generating a green-leaves 
pointer signal corresponding thereto in accordance 
with the number of symbol signals of said alphabet 
currently encountered by said encoding apparatus dur- 
ing said compressing of said stream of data symbol 
signals. 

25. The compression apparatus of claim 23 in which 

greenleaves converter means includes means for gener-
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ating said green-leaves pointer signal further in accor- 
dance with said number of symbo! signals of said alpha- 
bet. 

26. The compression apparatus of claim 25 in which 
said green-leaves converter means comprises means for 
generating said green-leaves pointer signal in accor- 
dance with 

Dz 
=D+(1-NSYMXD/|A]—1)) 

where D, comprises said green-leaves pointer signal, D 
comprises said leaves-only pointer signal, NSYM com- 
prises a signal representative of the number of symbol 
signals of said alphabet not yet encountered by said 
encoding apparatus during said compressing of said 
stream of data symbol signals, | A| comprises the num- 
ber of symbol signals of said alphabet and Dg is gener- 
ated utilizing integer arithmetic. 

27. The compression apparatus of claim 23 in which 
said green-leaves converter means comprises means 
responsive to said symbol position signal for providing 
said number of symbol signals not yet encountered. 

28. The compression apparatus of claim 26 in which 
said green-leaves converter means comprises means 
responsive to said symbol position signal for providing 
said NSYM signal. 

29. The compression apparatus of claim 23 in which 
said means for generating a pointer signal further in- 
cludes means responsive to said first detecting means 
for enabling said green-leaves converter means to con- 
vert said leaves-only pointer signal to said green-leaves 
pointer signal when said first detecting means detects an 
accessed storage location of said first storage means 
without a node label. 

30. The compression apparatus of claim 29 in which 
said means for enabling said green-leaves converter 
means comprises gating means coupling said leaves- 
only converter means to said green-leaves converter 
means and responsive to said first detecting means for 
transferring said leaves-only pointer signal to said 
green-leaves converter means when said first detecting 
means detects an accessed storage location of said first 
storage means without a node label. 

31. The compression apparatus of claim 23 further 
including symbol counting means for providing a sym- 
bol count signal in accordance with the number of sym- 
bol signals of said alphabet currently encountered by 
said encoding apparatus during said compressing of said 
stream of data symbol signals, said symbol counting 
means being responsive to said second detecting means 
for incrementing said symbol count signal when said 
second detecting means detects an accessed storage 
location of said second storage means not containing a 
symbol position signal. 

32, The compression apparatus of claim 31 further 
including pointer counting means for providing a 
pointer count signal representative of the number of leaf 
nodes in said first search tree. 

33. The compression apparatus of claim 32 in which 
said node counting means comprises means for generat- 
ing a node count signal representative of the number of 
nodes of said first search tree that are not leaf nodes, 
said node count signal providing said node labels for 
insertion into said first storage means, said node count- 
ing means being responsive to said first detecting means 
for incrementing said node count signal when said first 
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detecting means detects an accessed storage location of 
said first storage means not containing a node label, and 

said position counting means comprises means for 
generating a position count signal representative of 
the number of symbol signals of said alphabet not 
yet encountered by said encoding apparatus during 
said compressing of said stream of data symbol 
signals, said position count signal providing said 
symbol position signals for insertion into said sec- 
ond storage means, said position counting means 
being responsive to said second detecting means 
for decrementing said position count signal when 
said second detecting means detects an accessed 
storage location of said second storage means not 
containing a symbol position signal. 

34. The compression apparatus of claim 33 in which 
said pointer counting means comprises means respon- 
sive to said node count signal and said symbol count 
signal and to said first and second detecting means for 
incrementing said pointer count signal by said symbol 
count signal when said first detecting means detects an 
accessed storage location of said first storage means not 
containing a node label and for incrementing said 
pointer count signal by said node count signal when said 
second detecting means detects an accessed storage 
location of said second storage means not containing a 
symbol position signal. 

35. The compression apparatus of claim 34 in which 
said position counting means includes means for gener- 
ating an inhibit signal when said position count signal 
attains a predetermined position count. 

36. The compression apparatus of claim 35 in which 
said symbol counting means comprises means respon- 
sive to said inhibit signal for inhibiting said symbol 
count signal from being incremented beyond a predeter- 
mined symbol count. 

37. The compression apparatus of claim 36 in which 
said symbol counting means comprises means respon- 
sive to said inhibit signal for inhibiting said symbol 
count signal from being incremented beyond one less 
than the number of symbol signals comprising said al- 
phabet. 

38. The compression apparatus of claim 35 in which 
said pointer counting means comprises means respon- 
sive to said inhibit signal for inhibiting said pointer 
count signal from being incremented by said node count 
signal. 

39. The compression apparatus of claim 32 in which 
said means for generating a pointer signal includes 
pointer economy encoder means responsive to said 
green-leaves pointer signal for converting said green- 
leaves pointer signal into a corresponding pointer econ- 
omy code signal in accordance with a predetermined 
prefix code. 

40. The compression apparatus of claim 32 in which 
said means for generating a pointer signal includes 
pointer ecomony encoder means responsive to said 
green-leaves pointer signal for converting said green- 
leaves pointer signal to a corresponding pointer econ- 
omy code signal in accordance with a predetermined 
left biased prefix code. 

41. The compression apparatus of claim 39 in which 
said pointer economy encoder means comprises 

pointer threshold calculator means responsive to said 
pointer count signal for generating a pointer 
threshold in accordance therewith, 

pointer threshold comparator means responsive to 
said green-leaves pointer signal and said pointer
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threshold for determining when said green-leaves 
pointer signal exceeds said pointer threshold, and 

pointer output converter means responsive to said 
green-leaves pointer signal and said pointer thresh- 
old for converting said green-leaves pointer signal 
into a converted green-leaves pointer signal in 
accordance with said pointer threshold, 

said green-leaves pointer signal or said converted 
green-leaves pointer signal providing said pointer 
economy code signal in accordance with said 
green-leaves pointer signal exceeding said pointer 
threshold. 

42. The compression apparatus of claim 41 in which 
said pointer threshold calculator means comprises 

means for calculating said pointer threshold in 
accordance with 

TB=2H-KB 

where TB comprises said pointer threshold, H 
comprises said pointer count signal and KB com- 
prises the least integer that is not less than log2(H), 
and 

said pointer output converter means comprises means 
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48. The compression apparatus of claim 45 further 

including rank economy encoder means responsive to 
the rank signal provided by said third storage means for 
converting said rank signal into a corresponding rank 
ecomony code signal in accordance with a predeter- 
mined left biased prefix code. 

49. The compression apparatus of claim 47 in which 
said rank economy encoder means comprises 

rank threshold calculator means responsive to said 
position count signal for generating a rank thresh- 
old in accordance therewith, 

rank threshold comparator means responsive to said 
rank signal and said rank threshold for determining 
when said rank signal exceeds said rank threshold, 
and 

rank output converter means responsive to said rank 
signal and said rank threshold for converting said 
rank signal into a converted rank signal in accor- 
dance with said rank threshold, 

said rank signal or said converted rank signal provid- 
ing said rank economy code signal in accordance 
with said rank signal exceeding said rank threshold. 

50. The compression apparatus of claim 49 in which 
said rank threshold calculator means comprises means 

for converting said green-leaves pointer signal to 25 for calculating said rank threshold in accordance with 
said converted green-leaves pointer signal in accor- 
dance with 

Converted Dg=(2Dg 
—TB)/2 

where D, comprises said green-leaves pointer sig- 
nal. 

43. The compression apparatus of claim 33 further 
comprising new symbol detecting means including said 
second detecting means for detecting that a symbol 
signal has been newly encountered by said encoding 
apparatus when said second detecting means detects a 
storage location of said second storage means not con- 
taining a symbol position signal. 

44. The compression apparatus of claim 43 further 
including means enabled by said new symbol detecting 
means for assigning predetermined rank signals to said 
symbol signals of said alphabet respectively. 
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45. The compression apparatus of claim 44 in which 45 
said rank assigning means comprises third storage 
means comprising a plurality of storage locations corre- 
sponding respectively to said symbol signal of said al- 
phabet, said storage locations being utilized for storing 
said rank signals corresponding to said symbols respec- 
tively, said third storage means being accessed by a 
newly encountered symbol to provide the rank signal 
stored at said storage location corresponding to the 
newly encountered symboi. 

46. The compression apparatus of claim 45 in which 
said rank assigning means further includes means for 
deleting a storage location and the corresponding rank 
signal from said third storage means when the symbol 
signal corresponding thereto is first encountered by said 
encoding apparatus during said compressing of said 
stream of data symbol signals and for decrementing all 
rank signals subsequent to said deleted storage location. 

47. The compression apparatus of claim 45 further 
including rank economy encoder means responsive to 
the rank signal provided by said third storage means for 
converting said rank signal into a corresponding rank 
economy code signal in accordance with a predeter- 
mined prefix code. 
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TA=2NSYM— KA 

where TA comprises said rank threshold, NSYM 
comprises said position count signal and KA com- 
prises the last integer that is not less than logo(- 
NSYM) and 

said rank output converter means comprises means 
for converting said rank signal to said converted 
rank signal in accordance with 

Converted R =(2R — TA)/2 

where R comprises said rank signal, 
said rank economy code signal being provided in said 

compressed stream of code signals. 
51. The compression apparatus of claim 1 further 

including means for providing said successive symbol 
signals of said data stream in accordance with said first 
detecting means detecting accessed storage locations of 
said first storage means containing node labels respec- 
tively. 

52. The compression apparatus of claim 1 in which 
said parsing means further comprises 

symbol mapping means for assigning ordered symbol 
position signals to said symbol signals of said alpha- 
bet, respectively, and 

means responsive to said first detecting means for 
providing said successive symbol signals of said 
data stream to said symbol mapping means when 
said first detecting means detects accessed storage 
locations of said first storage means containing 
node labels respectively, 

said symbol position signals being provided to said 
address generator means for generating said ad- 
dress signals in accordance with said successive 
symbol signals of said stream of data symbols. 

53. The compression apparatus of claim 33 further 
including 

means for comparing said node count signal to a 
predetermined constant, and 

means for inhibiting said node counting means from 
incrementing said node count signal, for inhibiting
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said first storage means from inserting said node 
label therein and for inhibiting said pointer count- 
ing means from incrementing said pointer count 

signal by said symbol count signal, whenever said 
node count signal exceeds said predetermined con- 
stant. 

54. The data compression and data recovery system 
of claim 1 in which said decompression apparatus com- 
prises means for recovering said segments of said stream 
of data symbol signals from said poiner signals, respec- 
tively. 

55. The decompression apparatus of claim 54 in 
which said segment recovery means comprises means 
defining a second search tree having nodes and 
branches emanating from said nodes, each node having 

at most one incoming branch, the outgoing branches 
emanating from a node being representative of said 
symbol signals of said alphabet respectively, said nodes 
having respective node labels associated therewith and 
respective addresses associated therewith, said second 

search tree having a unique root node without an in- 
coming branch and leaf nodes without outgoing 

branches, 

said segment recovery means comprising means for 
tracing a path through said second search tree to 
said root from the leaf node corresponding to a 
pointer signal, extracting from the branches of said 
path the respective symbol signals associated with 
said branches, 

thereby recovering the segment corresponding to 
said pointer signal. 

56. The decompression apparatus of claim 55 in 

which said segment recovery means comprises 
fourth storage means comprising a plurality of stor- 

age locations corresponding respectively to said 
nodes of said second search tree, said storage loca- 
tions being utilized for storing said addresses of said 
nodes, an address stored at a particular storage 
location being the address of the node correspond- 
ing to said particular storage location, 

label generator means for generating a node label 
signal and for providing said node label signal to 
said fourth storage means for accessing said storage 
locations thereof said fourth storage means provid- 
ing, in response thereto, the address stored in the 
storage location accessed by said node label signal, 
said label generator means being responsive to an 
address provided by said fourth storage means for 
generating said node label signal in accordance 
therewith. 

57. The decompression apparatus of claim 56 in 
which said label generator means comprises means re- 
sponsive to said address provided by said fourth storage 
means for generating the node label signal correspond- 

ing to the father node of the node having said address 

provided by said fourth storage means. 
58. The decompression apparatus of claim 56 in 

which said label generator means comprises means for 
generating said node label signal further in accordance 

with the number of symbol signals comprising said 
alphabet. 

59. The decompression apparatus of claim 58 in 
which said label generator means comprises means for 

generating said node label signa! in accordance with 

node label = 14+(C—2)/(A| 

where C comprises said address provided by said fourth 

storage means, |A} comprises the number of symbol 
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signals of said alphabet and said node label signal is 
generated utilizing integer arithmetic. 

60. The decompression apparatus of claim 56 in 
which said segment recovery means further includes 
third detecting means for detecting when an accessed 
storage location of said fourth storage means contains 
the address for said root node. 

61. The decompression apparatus of claim 56 in 
which said segment recovery means further comprises 
symbol extracting means responsive to the address pro- 
vided by said fourth storage means and to the node label 
signal provided by said label generator means for pro- 
viding the symbol signal corresponding thereto. 

62. The decompression apparatus of claim 57 in 
which said segment recovery means includes means for 
inserting the address of said leaf node corresponding to 
said pointer signal into a storage location of said fourth 
storage means not containing an address, said storage 
location into which said address is inserted sequentially 
following the last storage location of said fourth storage 
means having an address stored thereat. 

63. The decompression apparatus of claim 62 in 
which said means for inserting said address further 
includes means for applying said leaf address to said 
label generator means for generating a node label signal 
corresponding to the node label of said father node of 
said leaf node. 

64. The decompression apparatus of claim 61 in 
which said segment recovery means includes leaf deter- 
mining means responsive to the address corresponding 
to said pointer signal for determining the leaf address 
corresponding thereto and for providing a leaf address 
signal in accordance therewith. 

65. The decompression apparatus of claim 64 in 
which said symbol signals of said alphabet have respec- 
tive symbol position signals associated therewith and 
said leaf determining means comprises means defining a 
third search tree identical to said first search tree, 

said leaf determining means including means for trac- 
ing a path through said third search tree from a 
node thereof having said address corresponding to 
said pointer signal to a leaf node along said path 
comprised of branches representative of a predeter- 
mined symbol signal of said alphabet, 

the address of said leaf node providing said leaf ad- 
dress signal to said fourth storage means and to said 
label generator means. 

66. The decompression apparatus of claim 65 in 
which said means for tracing a path through said third 
search tree comprises means for tracing said path 
through said third seach tree along said path comprised 
of branches representative of the first symbol signal of 
said alphabet encountered by said encoding apparatus in 
compressing said stream of data symbol. 

67. The decompression apparatus of claim 65 in 
which said leaf determining means comprises 

fifth storage means comprising a plurality of storage 
locations corresponding respectively to said ad- 

dresses of said nodes of said third search tree, said 
storage locations being utilized for storing said 
node labels, a node label stored at a particular stor- 
age location identifying the node whose address 

corresponds to said particular storge location, and 

addressing means for generating an address signal and 
for providing said address signal to said fifth stor- 
age means, said fifth storage means providing, in 
response thereto, the node label stored in the stor-
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age location addressed by said addressing signal, 
said addressing means being responsive to a node 
label provided by said fifth storage means for gen- 
erating said address signal in accordance with said 
node label in accordance with said predetermined 
symbol signal of said alphabet. 

68. The decompression apparatus of claim 67 in 
which said addressing means comprises means for gen- 
erating said address signal in accordance with the first 
symbol signal encountered by said encoding apparatus 
during said compressing of said stream of data symbol 
signals. 

69. The decompression apparatus of claim 67 in 
which said addressing means comprises means for gen- 
erating said address signal in accordance with said sym- 
bol position signal representative of said predetermined 
symbol signal. 

70. The decompression apparatus of claim 68 in 
which said addressing means comprises means for gen- 
erating said address signal in accordance with said sym- 
bol position signal representative of said first encoun- 
tered symbol signal. 

71. The decompression of claim 70 in which said 
addressing means comprises means for generating said 
address signal in accordance with the product of said 
node label provided by said fifth storage means with 
said number of symbols comprising said alphabet less 
said symbol position signal representative of said first 
encountered symbol signal. 

72. The decompression apparatus of claim 71 in 
which said addressing means comprises means for gen- 
erating said address signal in accordance with 

address signal =i|4|—|A| +2 

where i comprises said node label, i| A| comprises said 
product of said node label with said number of symbol 
signals comprising said alphabel and | A| comprises said 
symbol position signal for said first encountered symbol 
signal. 

73. The decompression apparatus of claim 67 in 
which said leaf determining means further includes 
fourth detecting means for detecting when an accessed 
storage location of said fifth storage means does not 
contain a node label, 

the address of said accessed storage location of said 
fifth storage means not containing a node label 
providing said leaf address signal to said fourth 
storage means and to said label generator means. 

74. The decompression apparatus of claim 73 in 
which said leaf determining means further includes 
node counting means for inserting a node label into said 
accessed storage location of said fifth storage means 
detected by said fourth detecting means as not contain- 
ing a node label. 

75. The decompression apparatus of claim 74 in 
which said node counting means comprises means for 
generating successively increasing node labels in accor- 
dance with said fourth detecting means detecting ac- 
cessed storage locations of said fifth storage means as 
not containing node labels repectively. 

76. The decompression apparatus of claim 75 in 
which said node counting means comprises means for 
generating a node count signal representative of the 
number of nodes of said third search tree that are not 
leaf nodes, said node count signal providing said node 
label for insertion into said fifth storage means, said 
_hode counting means being responsive to said fourth 
detecting means for incrementing said node count signal 
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as a result of said fourth detecting means detecting an 
accessed storage location of said fifth storage means as 
not containing a node label. . 

77, The decompression apparatus of claim 75 in 
which said node counting means comprises means for 
generating a node count signal representative of the 
number of nodes of said third search tree that are not 
leaf nodes, said node count signal providing said node 
label for insertion into said fifth storage means, said 
node counting means being responsive to said third 
detecting means for incrementing said node count signal 
when said third detecting means detects said storage 
location of said fourth storage means containing said 
address of said root node, 

said node count signal accessing said fourth storage 
means for insertion of said leaf address signal into 
the storage location of said fourth storage means 
accessed by said node count signal. 

78. The decompression apparatus of claim 77 in 
which said leaf detecting means further includes means 
responsive to said leaf address signal, said node count 
signal and said fourth detecting means for transmitting 
said node count signal and said leaf address signal to 
said fourth storage means for insertion of said leaf ad- 
dress signal into the storage location of said fourth stor- 
age means accessed by said node count signal when said 
fourth detecting means detects a storage location of said 
fifth storage means as not containing a node label, said 
means for transmitting said leaf address further com- 
prising means for providing said leaf address signal to 
said label generator means when said fourth detecting 
means detects a storage location of said fifth storage 
means as not containing a node label. 

79. The decompression apparatus of claim 73 in 
which said addressing means comprises méans for se- 
quentially generating address signals and providing said 
address signals to said fifth storage means, the node 
label provided by said fifth storage means in response to 
an address signal providing the node label for generat- 
ing the next address signal, said addressing means se- 
quentially generating said address signals in accordance 
with the node labels sequentially provided by said fifth 
storage means respectively and in accordance with said 
predetermined symbol signal of said data alphabet, said 
addressing means sequentially generating said address 
signals until said fourth detecting means detects an ad- 
dressed storage location of said fifth storage means 
without a node label. 

80. The decompression apparatus of claim 67 in 
which said fifth storage means includes a directly ad- 
dressed portion and a hash addressed portion and said 
addressing means includes 

hashing limit comparator means for comparing said 
address signal to a predetermined hashing limit, 
and 

hashing means for hashing said address signal thereby 
providing a hashed address, 

said addressing means including means for providing 
either said address signal or said hashed address to 
said fifth storage means in accordance with the 
comparison between said address signal and said 
hashing limit. 

81. The decompression apparatus of claim 76 in 
which 

said symbol signals of said alphabet have respective 
symbol position signals associated therewith, and
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said symbol extracting means includes position ex- 

tractor means responsive to said node label signal 

from said label generator means and to said address 

from said fourth storage means for generating a 

symbol position signal in accordance therewith. 

82, The decompression apparatus of claim 81 in 

which said position extractor means comprises means 

for generating said symbol position signal further in 

accordance with said number of symbol signals com- 

prising said alphabet. 
83. The decompression apparatus of claim 82 in 

which said position extractor means comprises means 

for generating said symbol position signal in accordance 

with the product of said node label signal and said num- 

ber of symbol signals comprising said alphabet less said 

address. 
84. The decompression apparatus of claim 83 in 

which said position extractor means comprises means 

for generating said symbol position signal in accordance 

with 

p=|A|-Cl-C+2 

where p comprises said symbol position signal, |A| 

comprises said number of symbol signals of said alpha- 

bet, Cl comprises said node label signal and C comprises 

said address. 
85. The decompression apparatus of claim 81 in 

which said symbol extracting means includes position- 

symbol converter means responsive to said symbol posi- 

tion signals from said position extractor means for pro- 

viding a symbol signal corresponding to said symbol 

position signal. 
86. The decompression apparatus of claim 85 in 

which said position-symbol converter means comprises 

a sixth storage means comprising a plurality of storage 

locations corresponding respectively to said symbol 

position signals, said storage locations of said sixth stor- 

age means being utilized for storing said symbol signals 

corresponding to said symbol position signals respec- 

tively, said sixth storage means being accessed by said 

symbol position signal from said position extractor 

means for providing the symbol signal stored at the 

storage location accessed by the symbol position signal. 

87. The decompression apparatus of claim 86 in 

which said symbol extracting means further includes 

fifth detecting means for detecting when an accessed 

storage location of said sixth storage means does not 

contain a symbol signal. 
88. The decompression apparatus of claim 87 in 

which said symbol extracting means includes means 

responsive to said fifth detecting means for providing a 

rank signal extracted from said compressed stream of 

code signals representative of a newly encountered 

symbol signal whenever said fifth detecting means de- 

tects a storage location of said sixth storage means not 

containing a symbol signal. 

89. The decompression apparatus of claim 88 in 

which said symbol extracting means further includes 

means responsive to said rank signal for converting said 

rank signal to the newly encountered symbol signal of 

said alphabet corresponding thereto. 

90. The decompression apparatus of claim 89 in 

which said means for converting said rank signal com- 

prises seventh storage means comprising a plurality of 

storage locations corresponding respectively to said 

rank signals, respectively, said storage locations being 

utilized for storing said symbol signals corresponding to 

said rank signals, respectively, said seventh storage 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

64 
means being accessed by a rank signal to provide the 

symbol signal stored at said storage location accessed 

by said rank signal. 

91. The decompression apparatus of claim 90 in 

which said means for converting said rank signal further 

includes means for deleting a symbol signal from said 

seventh storage means when the rank signal corre- 

sponding thereto is received by said decoding apparatus 

during said recovering of said segments of said stream 

of data symbols and for effectively decrementing the 

rank signals subsequent to said deleted symbol signal. 

92. The decompressing apparatus of claim 90 in 

which said sixth storage means includes means for re- 

ceiving said symbol signal from said seventh storage 

means and for storing said symbol signal at the storage 

location thereof accessed by said position signal that 

resulted in said fifth detecting means detecting that an 

accessed storage location of said sixth storage means 

does not contain a symbol signal. 

93. The decompression apparatus of claim 89 further 

including symbol counting means for providing a sym- 

bol count signal in accordance with the number of 

newly encountered symbol signals received by said 

decoding apparatus, said symbol counting means being 

responsive to said fifth detecting means for increment- 

ing said symbol count signal when said fifth detecting 

means detects a storage location of said sixth storage 

means not containing a symbol signal. 

94. The decompression apparatus of claim 93 further 

including position counting means for generating a posi- 

tion count signal representative of said number of sym- 

bol signals comprising said alphabet less the number of 

newly encountered symbol signals encountered by said 

decoding apparatus, said position counting means being 

responsive to said fifth detecting means for decrement- 

ing said position count signal when said fifth detecting 

means detects a storage location of said sixth storage 

means as not containing a symbol signal. 

95. The decompression apparatus of claim 94 further 

including pointer counting means for providing a 

pointer count signal representative of the number of leaf 

nodes in said second search tree. 

96. The decompression apparatus of claim 95 in 

which said pointer counting means comprises means 

responsive to said node count signal and said symbol 

count signal and to said third and fifth detecting means 

for incrementing said pointer count signal by said sym- 

bol count signal when said third detecting means de- 

tects said storage location of said fourth storage means 

containing said address of said root and for increment- 

ing said pointer count signal by said node count signal 

when said fifth detecting means detects a storage loca- 

tion of said sixth storage means as not containing a 

symbol signal. 
97. The decompression apparatus of claim 96 in 

which said position counting means includes means for 

generating an inhibit signal when said position count 

signal attains a predetermined count. 

98. The decompression apparatus of claim 97 in 

which said symbol counting means comprises means 

responsive to said inhibit signal for inhibiting said sym- 

bol count signal from being incremented beyond a pre- 

determined count. 
99, The decompression apparatus of claim 98 in 

which said symbol counting means comprises means 

responsive to said inhibit signal for inhibiting said sym- 

bol count signal from being incremented beyond one
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less than the number of symbol signals comprising said 

alphabet. 
100. The decompression apparatus of claim 97 in 

which said pointer counting means comprises means 

responsive to said inhibit signal for inhibiting said 

pointer count signal from being incremented by said 

node count signal. 
101. The decompression apparatus of claim 95 in 

which said pointer signals provided by said encoding 

apparatus comprise a pointer economy code signal, 

said decoding apparatus further comprising pointer 

economy decoder means responsive to said pointer 

economy code signal for converting said pointer 

economy code signal to a green-leaves pointer 

signal corresponding thereto utilizing a predeter- 

mined prefix code. 
102. The decompression apparatus of claim 101 in 

which said pointer economy decoder means comprises 

means for converting said pointer economy code signal 

to said green-leaves pointer signal utilizing a predeter- 

mined left biased prefix code. 
103. The decompression apparatus of claim 101 in 

which said pointer economy decoder means comprises 

pointer threshold calculator means responsive to said 

pointer count signal for generating a pointer 

threshold in accordance therewith, 
pointer threshold comparator means responsive to 

said pointer economy code signal and said pointer 

threshold for determining when said pointer econ- 

omy code signal exceeds said pointer threshold, 

and 
pointer code converter means responsive to said 

pointer economy code signal and said pointer 

threshold for converting said pointer economy 
code signal into a converted pointer economy code 

signal in accordance with said pointer threshold, 

said pointer economy code signal or said converted 

pointer economy code signal providing said green- 

leaves pointer signal in accordance with said 
pointer economy code signal exceeding said 

pointer threshold. 
104. The decompression apparatus of claim 103 in 

which 
said pointer threshold calculator means comprises 

means for calculating said pointer threshold in 
accordance with 

TB=2H—KB 

where TB comprises said pointer threshold, H 

comprises said pointer count signal and KB com- 

prises the least integer that is not less than log2(H), 

and 
said pointer code converter means comprises means 

for converting said pointer economy code signal to 

said converted pointer economy code signal in 

accordance with 

Converted ¥,=(¥x+ TB)/2 

where Y% comprises said pointer economy code 

signal and said converted pointer economy code 

signal is generated utilizing integer arithmetic. 
105. The decompression apparatus of claim 101 fur- 

ther comprising leaves-only converter means respon- 

sive to said green-leaves pointer signal and to said sym- 

bol count signal for converting said green-leaves 
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pointer signal to a corresponding leaves-only pointer 

signal in accordance with said symbol count signal. 

106. The decompression apparatus of claim 105 in 

which said leaves-only converter means includes means 

responsive to said position count signal for converting 

said green-leaves pointer signal to said leaves-only 

pointer signal in accordance with said position count 

signal. 
107. The decompression apparatus of claim 106 in 

which said leaves-only converter means comprises 

means for converting said green-leaves pointer signal to 

said leaves-only pointer signal in accordance with 

D=Dg+CSYM((Dg—1)/BSYM) 

where D comprises said leaves-only pointer sig- 

nal, Dg comprises said green-leaves pointer 

signal, CSYM comprises (NSYM-— 1) or zero 
when NSYM=0, NSYM comprises said posi- 
tion count signal, BSYM comprises said sym- 

bol count signal and said leaves-only pointer 

signal D is derived utilizing integer arithmetic. 

108. The decompression apparatus of claim 105 in 

which said leaves-only converter means includes means 

responsive to said green-leaves pointer signal for deter- 

mining when said green-leaves pointer signal equals 

zero and providing a zero valued leaves-only pointer 

signal in accordance therewith. 
109. The decompression apparatus of claim 108 fur- 

ther including address converter means responsive to 

said leaves-only pointer signal for converting said 
leaves-only pointer signal to an address signal corre- 

sponding thereto. 
110. The decompression apparatus of claim 109 in 

which said address converter means comprises means 

for providing said address signal in accordance with 

said number of symbo! signals of said alphabet. 

111. The decompression apparatus of claim 110 in 

which said address converter means comprises means 

for providing said address signal in accordance with 

address signal D+(D+2|4|—3)/(A|—D 

where D comprises said leaves-only pointer sig- 

nal, |A| comprises the number of symbol 
signals of said alphabet, and said address signal 
is generated utilizing integer arithmetic. 

112. The decompression apparatus of claim 109 in 

which said address converter means includes means for 

providing said address signal from said address con- 

verter means to said leaf determining means for deter- 

mining said leaf address signal corresponding thereto. 

113. The decompression apparatus of claim 109 in 

which said address converter means includes means for 

providing said address signal from said address con- 

verter means to said addressing means of said leaf deter- 

mining means resulting in said addressing means provid- 

ing said address signal to said fifth storage means for 

commencing the tracing of said path through said third 

search tree from a node thereof having an address cor- 

responding to said address signal from said address 

converter means. 

114. The decompression apparatus of claim 94 in 

which said rank signal corresponding to said newly 

encountered symbol comprises a rank economy code 

signal, 

said decoding apparatus further including rank econ- 

omy decoder means responsive to said rank econ-
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omy code signal for converting said rank economy 
code signal into a corresponding decoded rank 
signal utilizing a predetermined prefix code. 

115. The decompression apparatus of claim 94 in 
which said rank signal corresponding to said newly 
encountered symbol signal comprises a rank economy 
code signal, 

said decoding apparatus further including rank econ- 
omy decoder means responsive to said rank econ- 
omy code signal for converting said rank economy 
code signal into a corresponding decoded rank 
signal utilizing a predetermined left biased prefix 
code. 

116. The decompression apparatus of claim 114 in 
which said rank economy decoder means comprises 

rank threshold calculator means responsive to said 
position count signal for generating a rank thresh- 
old in accordance therewith, 

rank threshold comparator means responsive to said 
rank economy code signal and to said rank thresh- 
old for determining when said rank economy code 
signal exceeds said rank threshold, and 

rank code converter means responsive to said rank 
economy code signal and said rank threshold for 
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means thereby recovering the segments of said stream 
of data symbol signals corresponding to said pointer 
signals respectively. 

120. The decompression apparatus of claim 95 further 
including 

means for comparing said node count signal to a 
predetermined constant, and 

means for inhibiting said node counting means from 
incrementing said node count signal, for inhibiting 
said fifth storage means from inserting said node 
label therein and for inhibiting said pointer count- 
ing means from incrementing said pointer count 
signal by said symbol count signal, whenever said 
node count signal exceeds said predetermined con- 
stant. 

121. The decompression apparatus of claim 55 in 
which said means defining a second search tree com- 
prises means defining a second search tree having alpha- 
branches emanating from said nodes representative of 
all of the symbol signals of said alphabet not yet encoun- 
tered during said recovering of said segments. 

122. The decompression apparatus of claim 88 in 
which said means defining a second search tree com- 

converting said rank economy code signal into a 35 prises means defining a second search tree having alpha- 
converted rank economy code signal in accordance 
with said rank threshold, 

said rank economy code signal or said converted rank 
economy code signal providing said decoded rank 
signal in accordance with said rank economy code 
signal exceeding said rank threshold. 

117. The decompression apparatus of claim 116 in 
which 

said rank threshold calculator means comprises 
means for providing said rank threshold in accor- 
dance with 

TA=2NSYM—KA 

where TA comprises said rank threshold, NSYM 
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branches emanating from said nodes representative of 
all of the symbol signals of said alphabet not yet encoun- 
tered during said recovering of said segments, an alpha- 
branch of said second search tree being encountered 
when said fifth detecting means detects an accessed 
storage location of said sixth storage means not contain- 
ing a symbol signal. 

123..A data compression and decompression method 
for compressing digital data and recovering the original 
data from the compressed data, said method including 
reading the digital data from a medium to provide a 
stream of data symbol signals, said data symbol signals 
being members of an alphabet of symbol signals com- 
prising a predetermined number of symbol signals, said 

comprises said position count signal and KA com- 40 data compression and decompression method including 
prises the least integer that is not less than logo(- 
NSYM), and 

said rank code converter means comprises means for 
converting said rank economy code signal to said 
converted rank economy code signal in accordance 
with 

new R=(R+TA)/2 

where R comprises said rank economy code signal 
and said converted rank economy code signal is 
generated utilizing integer arithmetic, 

said decoded rank signal being provided to said 
means for converting said rank signal for conver- 
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sion to said newly encountered symbol signal of 55 
said alphabet corresponding thereto. 

118. The decompression apparatus of claim 114 in- 
cluding means responsive to said fifth detecting means 
for enabling said rank economy decoder means to pro- 
vide said decoded rank signal representative of a newly 
encountered symbol signal whenever said fifth detect- 
ing means detects a storage location of said sixth storage 
means not containing a symbol signal. 

119. The decompression apparatus of claim 61 further 
including decoded segment reversing means responsive 
to symbol signals provided by said symbol extracting 
means for reversing the order in which said symbol 
signals are received by said decoded segment reversing 
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a compression method for providing a compressed 
stream of code signals corresponding to said stream of 
data symbol signals and applying said code signals to a 
medium, said data compression and decompression 
method further including a decompression method for 
recovering the original data from said code signals, said 
compression method comprising: 

parsing said stream of data symbol signals into seg- 
ments, each segment comprising a prefix and the 
next data symbol signal occurring in said stream 
after said prefix, said prefix comprising the longest 
match with a previous segment, said parsing step 
defining a first search tree having nodes and 
branches emanating from said nodes, each node 
having at most one incoming branch, the outgoing 
branches emanating from a node being representa- 
tive of said symbol signals of said alphabet respec- 
tively, said nodes having respective node labels 
associated therewith and respective addresses asso- 
ciated therewith, said first search tree having a 
unique root node without an incoming branch and 
leaf nodes without outgoing branches, 

said parsing step comprising the step of tracing said 
stream of data symbol signals through said first 
search tree along a path from said root node to a 
leaf node, including the step of determining the 
branches of said path in accordance with said sym-
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bol signals, respectively, of said stream of data 
symbol signals, 

said parsing step comprising the steps of 
Storing said node labels at respective storage loca- 

tions of a first storage means, said storage locations 
of said first storage means corresponding respec- 
tively to said addresses of said nodes of said tree, a 
node label stored at a particular storage location 
identifying the node whose address corresponds to 
said particular storage location, 

generating an address signal, 
accessing said storage locations of said first storage 

means with said address signal, said first storage 
means providing, in response thereto, the node 
label stored in the storage location accessed by said 
address signal, 

said step of generating said address signal comprising 
the step of generating said address signal in accor- 
dance with a node label provided by said first stor- 
age means and a data symbol from said stream o 
data symbols, 

detecting when an accessed storage location of said 
first storage means does not contain a node label, 
said storage location not containing a node label 
defining a leaf node of said first search tree, 

and 
inserting a node label into said accessed storage loca- 

tion of said first storage means detected as not 
containing a node label; 

said step of generating said address signal comprising 
the steps of 

sequentially generatiag address signals, 
providing said address signals to said first storage 

means, the node Irbel provided by said first storage 
means in response to an address signal providing 
the node label for generating the neat address sig- 
nal, 

said step of sequentially generating said address sig- 
nals comprising the step of sequentially generating 
said address signals in accordance with the node 
labels sequentially provided by said first storage 
means, respectively, and in accordance with suc- 
cessive symbols of said stream of data symbols, 
respectively, 

said address signals being sequentially generated in 
response to said sequentially provided node labels 
until an accessed storage location of said first stor- 
age means is detected without a node label; and 

generating a pointer signal, for each said segment, in 
accordance with the address of said accessed stor- 
age location of said first storage means not contain- 
ing a node label, said pointer signal being represen- 
tative of said previous segment matching said pre- 
fix and of said next occurring data symbol signal 
after said prefix, thereby providing pointer signals 
for segments of said stream of data symbol signals, 
respectively, said pointer signals comprising said 
compressed stream of code signals. 

124. The compression method of claim 123 in which 
said step of generating said address signal comprises the 
step of generating said address signal further in accor- 
dance with the number of symbol signals comprising 
said alphabet. 

125. The compression method of claim 123 in which 
said step of tracing said stream of data symbol signals 
through said first search tree from said root node to a 
leaf node includes the step of initiating said tracing by 
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accessing said first storage means at said storage loca- 
tion corresponding to said root. 

126. The compression method of claim 123 in which 
said step of inserting a node label includes the step of 
generating successively increasing node labels, respec- 
tively, in accordance with the occurrence of said step of 
detecting accessed storage locations of said first storage 
means not containing node labels. 

127. The compression method of claim 126 in which 
said parsing step further comprises the step of assigning 
ordered symbol position signals to said symbol signals 
of said alphabet, respectively, 

said step of generating address signals comprising the 
step of generating address signals in accordance 
with said symbol position signals. 

128. The compression method of claim 127 in which 
said outgoing branches emanating from a node are rep- 
resentative of said symbol signals of said alphabet, re- 
spectively, in accordance with the order in which said 
symbol signals of said alphabet are received during said 
parsing step, said step of assigning ordered symbol posi- 
tion signals comprising the step of assigning said or- 
dered symbol position signals to said symbol signals of 
said alphabet, respectively, in accordance with the 
order‘in which said symbol signals of said alphabet are 
received during said parsing step. 

129. The compression method of claim 128 in which 
said outgoing branches emanating from a node have 
positions with respect to each other in accordance with 
the order in which said symbol signals of said alphabet 
are received during said parsing step, said step of assign- 
ing ordered symbol position signals comprising the 
steps of 

storing said symbol position signals at storage loca- 
tions of a second storage means, said storage loca- 
tions corresponding respectively to Said symbol 
signals of said alphabet, a symbol position signal 
stored at a storage location corresponding to a 
particular symbol signal of said alphabet indicating 
the order in which said particular symbol signal 
was received during said parsing step with respect 
to the other symbol signals of said alphabet, and 

accessing said second storage means with the symbol 
signals of said stream of data symbol signals to 
provide the symbol position signals stored at said 
storage locations corresponding to the accessing 
symbols, 

said step of generating said address signals compris- 
ing the step of generating said address signals in 
accordance with sald symbol position signals pro- 
vided by said second storage means. 

130. The compression method of claim 129 in which 
said step of assigning said symbol position signals fur- 
ther comprises the step of detecting when an accessed 
storage location of said second storage means does not 
contain a symbol position signal. 

131. The compression method of claim 130 in which 
said step of assigning said symbol position signals in- 
cludes the step of inserting a symbol position signal into 
said accessed storage location of said second storage 
means detected as not containing a symbol position 
signal. 

132. The compression method of claim 131 in which 
said step of inserting said symbol position signal in- 
cludes the step of generating successive symbol position 
signals respectively in response to the occurrence of 
detecting said storage locations of said second storage 
means not containing symbol position signals.
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133. The compression method of claim 129 in which 
said step of generating said address signal comprises the 
step of generating said address signal in accordance 
with the product of said node label provided by said 
first storage means with the number of symbol signals 
comprising said alphabet less said symbol position signal 
provided by said second storage means. 

134. The compression method of claim 133 in which 
said step of generating said address signal comprises the 
step of gencrating said address signal in accordance 
with 

address signal =i{4]—p+2 

where i comprises said node label, |A| comprises the 
number of symbol signals of said alphabet and p com- 
prises said symbol position signal. 

135. The compression method of claim 123 in which 
said first storage means includes a directly addressed 
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portion and a hash addressed portion, said step of gener- 20 
ating said address signal further comprising the steps of 

comparing said address signal to a predetermined 
hashing limit, 

hashing said address signal thereby providing a 
hashed address signal, and 

providing either said address signal or said hashed 
address signal to said first storage means in accor- 
dance with the comparison between said address 
signal and said hashing limit. 

136. The compression method of claim 123 in which 
said step of defining a first search tree comprises the 
step of defining a first search tree having alpha-branches 
emanating from said nodes representative of all of the 
symbol signals of said alphabet not yet encountered 
during said parsing step. 

137. The compression method of claim 132 in which 
said step of defining a first search tree comprises the 
step of defining a first search tree having alpha-branches 
emanating from said nodes representative of all of the 
symbol signals of said alphabet not yet encountered 
during said parsing step, an alpha-branch of said first 
search tree being encountered when an accessed storage 
location of said second storage means is detected as not 
containing a symbol position signal. 

138. The compression method of claim 132 in which 
said step of generating a poisiter signal includes the step 
of generating a leaves-only pointer signal in accordance 
with said node labels from said first storage means and 
said address signals. 

139. The compression method of claim 138 in which 
said step of generating said leaves-only pointer signal 
comprises the step of generating said leaves-only 
pointer signal in accordance with the difference be- 
tween said address signals and said node labels, respec- 
tively. 

140. The compression method of claim 139 in which 
said step of generating said leaves-only pointer signal 
comprises the step of generating said leaves-only 
pointer signal in accordance with 

DaC~-E=1 

where D comprises said leaves-only pointer signal, C 
comprises said address signal and E comprises said node 
label. 

141, The compression method of claim 139 in which 
said step of generating said leaves-only pointer signal 
includes the step of inhibiting taking said difference 
between an address signal and a node label whenever 
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the symbol that resulted in the address signal is a prede- 

termined symbol of said alphabet. 

142. The compression method of claim 139 in which 
said step of generating said leaves-only pointer signal 
includes the step of inhibiting taking said difference 
between an address signal and a node label whenever 
the symbol signal that resulted in the address signal is 
the first symbol signal of said alphabet encountered 
during the performance of said encoding method. 

143, The compression method of claim 139 in which 
said step of generating said leaves-only pointer signal 
includes the step of inhibiting taking said difference 
between an address signal and a node label whenever 
the symbol position signal resulting in the address signal 
is that symbol position signal assigned to a predeter- 
mined symbol. 

144. The compression method of claim 139 in which 
said step of generating said leaves-only pointer signal 
includes the step of inhibiting taking said difference 
between an address signal and a node label whenever 
the symbol position signal resulting in the address signal 
is that symbol position signal assigned to the first sym- 
bol signal of said alphabet encountered during the per- 
formance of said encoding method. 

145. The compression method of claim 138, in which 
said step of generating a pointer signal further includes 
the step of generating a green-leaves pointer signal 
corresponding to said leaves-only pointer signal in ac- 
cordance with the number of symbols of said alphabet 
not yet encountered during the performance of said 
encoding method. 

146. The compression method of claim 138 in which 
said step of generating a pointer signal further includes 
the step of generating a green-leaves pointer signal 
corresponding to said leaves-only pointer signal in ac- 
cordance with the number of symbol signals of said 
alphabet currently encountered during said encoding 
method. 

147. The compression method of claim 145 in which 
said step of generating said green-leaves pointer signal 
further includes th step of generating said green-leaves 
pointer signal in accordance with said number of sym- 
bol signals of said alphabet. 

148. The compression method of claim 147 in which 
said step of generating said green-leaves pointer signal 
comprises the step of generating said green-leaves 
pointer signal in accordance with 

Dye D+(1—-NSYMKD/ ([A| =) 

where Dg comprises said green-leaves pointer signal, D 
comprises said leaves-only pointer signal, NSYM com- 
prises a signal representative of the number of symbol 
signals of said alphabet not yet encountered during the 
performance of said encoding method, |A] comprises 
the number of symbol signals of said alphabet and D,;is 
generated utilizing integer arithemtic. 

149. The compression method of claim 145 in which 
said step of generating said green-leaves pointer signal 
includes the step of providing said number of symbol 
signals not yet encountered in response to said symbol 
position signal. 

180. The compression method of claim 148 in which 
sald step of generating said green-leaves pointer signal 
includes the step of providing said NSYM signal in 
response to said symbol position signal.
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151. The compression method of claim 145 in which 
said step of generating a pointer signal includes the step 
of enabling said step of converting said leaves-only 
pointer signal to said greeen-leaves pointer signal when 
an accessed storage location of said first storage means 
is detected without a node label. 

152. The compression method of claim 145 further 
including the steps of 

generating a symbol count signal in accordance with 
the number of symbol signals of said alphabet cur- 
rently encountered during the performance of said 
encoding method, and 

incrementing said symbol count signal when an ac- 
cessed storage location of said second storage 
means is detected as not containing a symbol posi- 
tion signal. 

153. The compression method of claim 152 further 
including the step of providing a pointer count signal 
representative of the number of leaf nodes in said first 

search tree. 
154. The compression method of claim 153 further 

including the steps of 
generating a node count signal representative of the 

number of nodes of said first search tree that are 
not leaf nodes, said node count signal providing 
said node labels for insertion into said first storage 
means, and 

incrementing said node count signal when an ac- 
cessed storage location of said first storage means is 
detected as not containing a node label. 

155. The compression method of claim 154 further 
including the steps of generating a position count signal 
representative of the number of symbol signals of said 
alphabet not yet encountered during the performance of 
said encoding method, said position count signal pro- 
viding said symbol position signals for insertion into 
said second storage means, and 

decrementing said position count signal when an 
accessed storage location of said second storage 
means is detected as not containing a symbol posi- 
tion signal. 

156. The compression method of claim 155 in which 
said step of generating said pointer count signal com- 
prises the steps of incrementing said pointer count sig- 
nal by said symbol count signal when an accessed stor- 
age location of said first storage means is detected as not 
containing a node label, and 

incrementing said pointer count signal by said node 
count signal when an accessed storage location of 
said second storage means is detected as not con- 
taining a symbol position signal. 

157. The compression method of claim 156 in which 
said step of generating a position count signal includes 
the step of generating an inhibit signal when said posi- 
tion count signal attains a predetermined position count. 

158. The compression method of claim 157 in which 
said step of generating said symbol count signal includes 
the step of inhibiting said symbol count signal from 
being incremented beyond a predetermined symbol 
count in response to said inhibit signal. 

159. The compression method of claim 158 in which 
said step of generating said symbol count signal includes 
the step of inhibiting said symbol count signal from 
being incremented beyond one less than the number of 
symbol signals comprising said slphabet in response to 
said inhibit signal. 

160. The compression method of claim 157 in which 
said step of generating said pointer count signal includes 
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the step of inhibiting said pointer count signal from 
being incremented by said node count signal in response 
to said inhibit signal. . 

161. The compression method of claim 153 in which 
said step of generating a pointer signal includes the step 
of converting said green-leaves pointer signal into a 
corresponding pointer economy code signal in accor- 
dance with a predetermined prefix code. 

162. The compression method of claim 153 in which 
said step of generating a pointer signal includes the step 
of converting said green-leaves pointer signal to a cor- 
responding pointer economy code signal in accordance 
with a predetermined left biased prefix code. 

163. The compression method of claim 161 in which 
said step of converting said green-leaves pointer signal 
to a corresponding pointer economy code signal co- 
prises the steps of 

generating a pointer threshold in accordance with 
said pointer count signal, 

comparing said green-leaves pointer signal to said 
pointer threshold for determining when said green- 
leaves pointer signal exceeds said pointer thresh- 
old, and 

converting said green-leaves pointer signal into a 
converted green-leaves pointer signal in accor- 
dance with said pointer threshold, 

said green-leaves pointer signal or said converted 
green-leaves pointer signal providing said pointer 
economy code signal in accordance with said 
green-leaves pointer signal exceeding said pointer 
threshold. 

164. The compression method of claim 163 in which 
said step of generatinng a pointer threshold comprises 

the step of calculating said pointer threshold in 
accordance with 

TB=21H—KB 

where TB comprises said pointer threshold, H 
comprises said pointer count signal and KB com- 
prises the least integer that is not less than log2(H), 
and 

said step of converting said green-leaves pointer sig- 
nal into a converted green-leaves pointer signal 
comprises the step of converting said green-leaves 
pointer signal to said converted green-leaves 
pointer signal in accordance with 

converted Dg=(2D,— TB)/2 

where Dg comprises said green-leaves pointer sig- 
nal. 

165. The compression method of claim 155 further 
comprising the step of detecting that a symbol signal ha 

been newly encountered during the performance of said 
encoding method when a storage location of said sec- 
ond storage means is detected as not containing a sym- 
bol position signal. 

166. The compression method of claim 165 further 
including the step of assigning predetermined rank sig- 
nals to said symbol signals of said alphabet, respec- 
tively, in response to detecting newly encountered sym- 
bol signals. 

167. The compression method of claim 166 in which 
said step of assigning predetermined rank signals to said 
symbol signals of said alphabet comprises the steps of 

storing said rank signals corresponding to said sym- 
bol signals respectively at storage locations respec-
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tively of a third storage means, said storage loca- 

tions of said third storage means corresponding 

respectively to said symbol signals of said alphabet, 
and 

acessing said third storage means by a newly encoun- 
tered symbol signal to provide the rank signal 

stored at said storage location corresponding to the 

newly encountered symbol signal. 
168. The compression method of claim 167 in which 

said step of assigning predetermined rank signals further 
includes the steps of 

deleting a storage location and the corresponding 
rank signal from said third storage means when the 
symbol signal corresponding thereto is first en- 
countered during the performance of said encoding 
method, and 

decrementing all rank signals subsequent to said de- 

leted storage location. 
169. The compression method of claim 168 further 

including the step of converting said rank signal pro- 
vided by said third storage means into a corresponding 
rank economy code signal in accordance with a prede- 
termined prefix code. 

170. The compression method of claim 168 further 

including the step of converting said rank signal pro- 
vided by said third storage means into a corresponding 
rank economy code signal in accordance with a prede- 

termined left biased prefix code. 
171. The compression method of claim 169 in which 

said step of converting said rank signal into a corre- 
sponding rank economy code signal comprises the steps 
of 

generating a rank threshold in accordance with said 
position count signal, 

comparing said rank signal with said rank threshold 
for determining when said rank signal exceeds said 
rank threshold, and 

converting said rank signal into a converted rank 
signal in accordance with said rank threshold, 

said rank economy or said converted rank signal 
providing said rank economy code signal in accor- 
dance with said rank signal exceeding said rank 
threshold. 

172. The compression method of claim 171 in which 
said step of generating a rank threshold comprises the 

step of calculating said rank threshold in accor- 
dance with 

TA=2 NSYM—KA 

where TA comprises said rank threshold, NSYM 
comprises said position count signal and KA com- 
prises the least integer that is not less than log2 
(NSYM), and 

said step of converting said rank signal into a con- 
verted rank signal comprises the step of converting 
said rank signal to said converted rank signal in 
accordance with 

converted R=(2R —TA)/2 

where R comprises said rank signal, 
said rank economy code signal being provided in said 

compressed stream of code signals. 
173. The compression method of claim 123 further 

including the step of providing said successive symbol 

signals of said data stream in accordance with detecting 
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accessed storage locations of said first storage means 
containing node labels respectively. 

174. The compression method of claim 123 in which 
said parsing step comprises the steps of assigning or- 
dered symbol position signals to said symbol signals of 
said alphabet, respectively, and 

providing said successive symbols of said data stream 
for assigning said ordered symbol position signals 
thereto when accessed storage locations of said 
first storage means are detected as containing node 
labels respectively, 

said step of generating said address signals compris- 
ing the step of generating said address signals in 
response to said symbol position signals in accor- 
dance with said successive symbol signals of said 
stream of data symbol signals. 

175. The compression method of claim 168 further 
including the steps of 

comparing said node count signal to a predetermined 
constant, and 

inhibiting said node count signal from being incre- 
mented, inhibiting said node label from being in- 
serted into said first storage means and inhibiting 
said pointer count signal from being incremented 
by said symbol count signal, whenever said node 
count signal exceeds said predetermined constant. 

176. The data compression and data recovery method 
of claim 123, in which said decompression method com- 
prises the step of recovering said segments of said 
stream of data symbol signals from said respective 
pointer signals of said compressed stream of code sig- 
nals. 

177. The decompression method of claim 176 in 
which said segment recovering step comprises the steps 
of 

defining a second search tree having nodes and 
branches emanating from said nodes, each node 
having at most one incoming branch, the outgoing 
branches emanating from a node being representa- 
tive of said symbol signals of said alphabet respec- 
tively, said nodes having respective node labels 
associated therewith and respective addresses asso- 
ciated therewith, said second search tree having a 
unique root node without an incoming branch and 
leaf nodes without outgoing branches, 

tracing a path through said second search tree to said 
root from the leaf node corresponding to a pointer 
signal, and 

extracting from the branches from said path the re- 
spective symbol signals associated with said 
branches, 

thereby recovering the segment corresponding to 
said pointer signal. 

178. The decompression method of claim 177 in 
which said segment recovering step comprises the steps 
of 

storing said addresses of said nodes of said second 
search tree at storage locations of a fourth storage 
means, said storage locations corresponding re- 
spectively to said nodes of said second search tree, 
an address stored at a particular storage location 
being the address of the node corresponding to said 
particular storage location, 

generating a node label signal, and 
providing said node label signal to said fourth storage 

means for accessing said storage locations thereof, 
said fourth storage means providing, in response
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thereto, the address stored in the storage location 
accessed by said node label signal, 

said step of generating said node label signal compris- 
ing the step of generating said node label signal in 
accordance with an address provided by said 
fourth storage means. 

179. The decompression apparatus of claim 178 in 
which said step of generating said node label signi com- 
prises the step of generating said node label signal corre- 
sponding to the father node of the node having said 
address provided by said fourth storage means. 

180. The decompression method of claim 178 in 
which said step of generating said node label signal 
includes the step of generating said label signal further 
in accordance with the number of symbol signals com- 
prising said alphabet. 

181. The decompression method of claim 180 in 
which said step of generating said node label signal 
comprises the step of generating said node label signal 
in accordance with 

node label = 1-4+(C—2)/|A| 

where C comprises said address provided by said fourth 
storage means, |A| comprises the number of symbol 
signals of said alphabet and said node label signal is 
generated utilizing integer arithmetic. 

' 182. The decompression method of claim 178 in 
which said segment recovering step further includes the 
step of detecting when an accessed storage location of 
said fourth storage means contains the address of said 
root node. 

183. The decompression method of claim 178 in 
which said segment recovering step further comprises a 
symbol extracting step providing the symbol signal 

corresponding to said node label signal and to the ad- 
dress provided by said fourth storage means. 

184. The decompression method of claim 179 in 
which said segment recovering step includes the step of 
inserting the address of the leaf node corresponding to 
said pointer signal into a storage location of said fourth 
storage means not containing an address, said storage 
location into which said address is inserted sequentially 
following the last storage location of said fourth storage 
means having an address stored thereat. 

185. The decompression method of ‘claim 184 in 
which said step of generating said node label signal 
includes the step of generating, in response to said leaf 
address, a node label signal corresponding to the node 
label of said father node of said leaf node. 

186. The decompression method of claim 183 in 
which said segment recovering step includes a leaf de- 
termining step comprising the step of determining the 
leaf address corresponding to the address correspond- 

ing to said pointer signal and providing a leaf address 
signal in accordance therewith. 

187. The decompression method of claim 186 in 
which said symbol signals of said alphabet have respec- 
tive symbol position signals associated therewith and 
said leaf determining step comprises the step of defining 
a third search tree identical to said first search tree, 

said leaf determining step including the step of trac- 
ing a path through said third search tree from a 
node thereof having said address corresponding to 
said pointer signal to a leaf node along a path com- 
prised of branches representative of a predeter- 
mined symbol signal of said alphabet, 

the address of said leaf node providing said leaf ad- 
dress signal to said fourth storage means and said 
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step of generating said node label signal including 

the step of generating a node label signal in accor- 

dance with said address of said leaf node. 
188. The decompression method of claim 187 in 

which said step of tracing a path through said third 

search tree comprises the step of tracing said path 

through said third search tree along said path comprised 

of branches representative of the first symbol signal of 

said alphabet encountered in performing said encoding 

method. 
189. The decompression method of claim 187 in 

which said leaf determining step comprises the steps of 

storing said node labels at storage locations of a fifth 

storage means, said storage locations of said fifth 

storage means corresponding respectively to said 

addresses of said nodes of said third search tree, a 
node label stored at a particular storage location 

identifying the node whose address corresponds to 

said particular storage location, 
generating an address signal, and 
providing said address signal to said fifth storage 

means, said fifth storage means providing, in re- 

sponse thereto, the node label stored in the storage 

location accessed by said address signal, 

said step of generating said address signal comprising 
the step of generating said address signal in accor- 
dance with a node label provided by said fifth stor- 

age means and in accordance with said predeter- 
mined symbol signal of said alphabet. 

190. The decompression method of claim 189 in 

which said step of generating said address signal com- 
prises the step of generating said address signal in accor- 
dance with the first symbol signal encountered during 

the performance of said encoding method. 
191. The decompression method of claim 189 in 

which said step of generating said address signal com- 
prises the step of generating said address signal in accor- 

dance with the said symbol position signal representa- 

tive of said predetermined symbol. 
192. The decompression method of claim 190 in 

which said step of generating said address signal com- 

prises the step of generating said address signal in accor- 

dance with said symbol position signal representative of 

said first encountered symbol signal. 

193. The decompression method of claim 192 in 

which said step of generating said address signal com- 

prises the step of generating said address signal in accor- 

dance with the product of said node label provided by 

said fifth storage means with said number of symbol 

signals comprising said alphabet less said symbol posi- 

tion signal representative of said first encountered sym- 

bol signal. 
194. The decompression method of claim 193 in 

which said step of generating said address signal com- 

prises the step of generating said address signal in accor- 

dance with 

address signal =/|4|—|4|+2 

where i comprises said node label, i] A| comprises said 
product of said node label with said number of symbol 
signals comprising said alphabet and | A| comprises said 
symbol position signal for said first encountered symbol 

signal. 
195. The decompression method of claim 189 in 

which said leaf determining step further includes the
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step of detecting when an accessed storage location of 
said fifth storage means does not contain a node label, 

the address of said accessed storage location of said 
fifth storage means not containing a node label 
providing said leaf address signal to said fourth 
storage means and providing said leaf address sig- 
nal for said step of generating said node label sig- 
nal. 

196. The decompression method of claim 195 in 

which said leaf determining step further includes the 
step of inserting a node label into said accessed storage 
location of said fifth storage means detected as not con- 
taining a node label. 

197. The decompression method of claim 196 in 
which said leaf determining step includes the step of 
generating successively increasing node labels in accor- 
dance with detecting accessed storage locations of said 
fifth storage means not containing node labels respec- 
tively. 

198. The decompression method of claim 197 in 
which said leaf determining step includes the steps of 

generating a node count signal representative of the 
number of nodes of said third search tree that are 
not leaf nodes, said node count signal providing 

said node label for insertion into said fifth storage 
means, and 

incrementing said node count signal as a result of 
detecting an accessed storage location of said fifth 
storage means as not containing a node label. 

199. The decompression method of claim 197 in 
which said leaf determining step includes the steps of 

generating a node count signal representative of the 
number of nodes of said third search tree that are 
not leaf nodes, said node count signal providing 

said node label for insertion into said fifth storage 
means, 

incrementing said node count signal when said stor- 
age location of said fourth storage means contain- 
ing said address of said root node is detected, and 

accessing said fourth storage means by said node 
count signal for insertion of said leaf address signal 
into the storage location of said fourth storage 
means accessed by said node count signal. 

200. The decompression method of claim 199 in 
which said leaf determining step includes the steps of 

transmitting said node count signal and said leaf ad- 
dress signal to said fourth storage means for inser- 
tion of said leaf address signal into the storage 
location of said fourth storage means accessed by 
said node count signal when a storage location of 
said fifth storage means is detected as not contain- 
ing a node label, and 

providing said leaf address signal for utilization in 
said node label generation step when a storage 
location of said fifth storage means is detected as 

not containing a node label. 
201. The decompression method of claim 195 in 

which said step of generating said address signal com- 
prises the steps of 

sequentially generating address signals, and 
providing said address signals to said fifth storage 

means, the node label provided by said fifth storage 

means in response to an address signal providing 
the node label for generating the next address sig- 
nal, said step of sequentially generating said ad- 
dress signal comprising sequentially generating 
said address signals in accordance with the node 
label sequentially provided by said fifth storage 
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means respectively and in accordance with said 
predetermined symbol signal of said data alphabet, 
said address signals being sequentially generated 
until an accessed storage location of said fifth stor- 
age means without a node label is detected. 

202. The decompression method of claim 189 in 
which said fifth storage means includes a directly ad- 
dressed portion and a hash addressed portion and in 
which said step of generating said address signal in- 
cludes the steps of 

comparing said address signal to a predetermined 
hashing limit, 

hashing said address signal thereby providing a 
hashed address signal, and 

providing either said address signal or said hashed 
address signal to said fifth storage means in accor- 
dance with the comparison between said address 
signal and said hashing limit. 

203. The decompression method of claim 188 in 
which said symbol signals of said alphabet have respec- 
tive symbol position signals associated therewith, said 
symbol extracting step including a position extracting 
step of generating a symbol position signal in accor- 
dance with said address from said fourth storage means 
and in accordance with said node label signal. 

204. The decompression method of claim 203 in 
which said position extracting step comprises the step of 
generating said symbol position signal further in accor- 
dance with said number of symbols comprising said 
alphabet. 

205. The decompression method of claim 204 in 
which said position extracting step comprises the step of 

generating said symbol position signal in accordance 
with the product of said node label signal and said num- 
ber of symbol signals comprising said alphabet less said 
address. 

206. The decompression method of claim 205 in 
which said position extracting step comprises the step of 
generating said symbol position signal in accordance 

with 

pt |A|-C1-C+2 

where p comprises said symbol position signal, [A| 
comprises said number of symbol signals of said alpha- 
bet, C1 comprises said node label signal and C com- 
prises said address. 

207. The decompression method of claim 203 in 
which said symbol extracting step includes a position- 
symbol converting step of providing a symbol signal 
corresponding to said symbol position signal. 

208. The decompression method of claim 207 in 
which said position-symbol converting step comprises 
the steps of 

storing said symbol signals corresponding to said 
symbol position signals respectively at respective 

storage locations of a sixth storage means, said 

storage locations of said sixth storage means corre- 
sponding respectively to said symbol position sig- 
nals, and 

accessing said sixth storage means by said symbol 

position signal for providng the symbol signals 
stored at the storage location of said sixth storage 
means accessed by the symbol position signal. 

209. The decompression method of claim 208 in 
which said symbol extracting step further includes the 

step of detecting when an accessed storage location of
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said sixth storage means does not contain a symbol 

signal. 
210. The decoding method of claim 209 in which said 

symbol extracting step includes the step of providing a 

signal extracted from said compressed stream of digital 

data representative of a newly encountered symbol 

whenever a storage location of said sixth storage means 

is detected not containing a symbol signal. 
211. The decompression method of claim 210 in 

which said symbol extracting step further includes the 

step of converting said rank signal to the newly encoun- 

tered symbol signal of said alphabet corresponding 

thereto. 
212. The decompression method of claim 211 in 
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which said rank converting step comprises the steps of 15 

storing said symbol signals corresponding to said re- 

spective rank signals at respective storage locations of a 

seventh storage means, said storage locations of said 

seventh storage means corresponding respectively to 

said rank signals, and 
accessing said seventh storage means by said rank 

signal to provide the symbol signal stored at said 

storage location accessed by said rank signal. 

213. The decompression method of claim 212 in 

which said rank converting step includes the steps of 

deleting a symbol signal from said seventh storage 

means when the rank signal corresponding thereto 

is received during performance of said decoding 

method, and 
effectively decrementing the rank signals subsequent 

to said deleted symbol signal. 

214. The decompression method of claim 212 in 

which said position-symbol converting step includes the 

steps of 
providing said symbol signal from said seventh stor- 

age means to said sixth storage means, and 

storing said symbol signal received from said seventh 

storage means at the storage location of said sixth 

storage means accessed by said position signal that 

resulted in detecting an accessed storage location 

of said sixth storage means as not containing a 

symbol signal. 
215. The decompression method of claim 211 further 

including the steps of 
providing a symbol count signal in accordance with 

the number of newly encountered symbol signals 

currently received during the performance of said 

decoding method, and 
incrementing said symbol count signal when an ac- 

cessed storage location of said sixth storage means 

is detected as not containing a symbol signal. 

216. The decompression method of claim 215 further 
including the steps of 

generating a position count signal representative of 

said number of symbol signals comprising said 

alphabet less the number of newly encountered 

symbol signals encountered during the perfor- 

mance of said decoding method, and 

decrementing said position count signal when an 

accessed storage location of said sixth storage 

means is detected as not containing a symbol signal. 

217. The decompression method of claim 216 further 

including the step of providing a pointer count signal 

representative of the number of leaf nodes in said sec- 

ond search tree. 
218. The decompression method of claim 217 in 

which said step of providing a pointer count signal 

comprises the steps of 
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incrementing said pointer count signal by said symbol 

count signal when an accessed storage location of 

said fourth storage means is detected as containing 

said address of said root, and 

incrementing said pointer count signal by said node 

count signal when an accessed storage location of 

said sixth storage means is detected as not contain- 

ing a symbol signal. 

219. The decompression method of claim 218 in 

which said step of generating a position count signal 

includes the step of generating an inhibit signal when 

said position count signal attains a predetermined count. 

220, The decompression method of claim 219 in 

which said step of generating said symbol count signal 

includes the step of inhibiting said symbol] count signal 

from being incremented beyond a predetermined count 

in response to said inhibit signal. 

221. The decompression method of claim 220 in 

which said step of generating said symbol count signal 

includes the step of inhibiting said symbol count signal 

from being incremented beyond one less than the num- 

ber of symbol signals comprising said alphabet in re- 

sponse to said inhibit signal. 

222. The decompression method of claim 219 in 

which said step of generating said pointer count signal 

includes the step of inhibiting said pointer count signal 

from being incremented by said node count signal in 

response to said inhibit signal. 

223. The decompression method of claim 217 in 

which said pointer signal provided during the perfor- 

mance of said encoding method comprises a pointer 

economy code signal, 

said decoding method further comprising the step of 

converting said pointer economy code signal to a 

green-leaves pointer signal corresponding thereto 

utilizing a predetermined prefix code. ” 

224. The decompression method of claim 223 in 

which said step of converting said pointer economy 

code signal to a green-leaves pointer signal comprises 

the step of converting said pointer economy code signal 

to said green-leaves pointer signal utilizing a predeter- 

mined left biased prefix code. 

225. The decompression method of claim 223 in 

which said step of converting said pointer economy 

code signal to a green-leaves pointer signal comprises 

the steps of 
generating a pointer threshold in accordance with 

said pointer count signal, 

comparing said pointer economy code signal with 

said pointer threshold to determine when said 

pointer economy code signal exceeds said pointer 

threshold, and 
converting said pointer economy code signal into a 

converted pointer economy code signal in accor- 

dance with said pointer threshold, 

said pointer economy code signal or said converted 

pointer economy code signal providing said green- 

leaves pointer signal in accordance with said 

pointer economy code signal exceeding said 

pointer threshold. 
226. The decompression method of claim 225 in 

which 
said step of generating said pointer threshold com- 

prises the step of calculating said pointer threshold 

in accordance with 

TB=2H—KB
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where TB comprises said pointer threshold, H 
comprises said pointer count signal and KB com- 
prises the least integer that is not less than log2(H), 
and 

said step of converting said pointer economy code 
signal into a converted pointer economy code sig- 
nal comprises the step of converting said pointer 
economy code signal to said converted pointer 
economy code signal in accordance with 

converted ¥x=(¥x+ 7B)/2 

where Yx% comprises said pointer economy code 
signal and said converted pointer economy code 
signal is generated utilizing integer arithmetic. 

227. The decompression method of claim 223 further 
including the step of converting said green-leaves 
pointer signal to a corresponding leaves-only pointer 
signal in accordance with said symbol count signal. 

228. The decompression method of claim 227 in 
which said step of converting said green-leaves pointer 
signal to a corresponding leaves-only pointer signal 
further includes the step of converting said green-leaves 
pointer signal to said leaves-only pointer signal in accor- 
dance with said position count signal. 

229. The decompression method of claim 228 in 
which said step of converting said green-leaves pointer 
signal to said leaves-only pointer signal comprises the 
step of converting said green-leaves pointer signal to 
said leaves-only pointer signal in acordance with 

D=D,z+ CSYM(D,—1)/BSYM) 

where D comprises said leaves-only pointer signal, Dg 
comprises said green-leaves pointer signal, CSYM com- 
prises (NSYM—1) or zero when NSYM=0, NSYM 
comprises said position count signal, BSYM comprises 
said symbol count signal and said leaves-only pointer 
signal D is generated utilizing integer arithmetic. 

230. The decompression method of claim 227 in 
which said step of converting said green-leaves pointer 
signal to said leaves-only pointer signal includes the 
steps of 

determining when said green-leaves pointer signal 
equals zero, and 

providing a zero valued leaves-only pointer signal 
when said green-leaves pointer signal equals zero. 

231. The decompression method of claim 230 further 
including the step of converting said leaves-only pointer 
signal to an address signal corresponding thereto. 

232. The decompression method of claim 231 in 
which said step of converting said leaves-only pointer 
signal to an address signal includes the step of providing 
said address signal in accordance with said number of 
symbol signals of said alphabet. 

233. The decompression method of claim 232 in 
which said step of converting said leaves-only pointer 
signal to an address signal comprises the step of provid- 
ing said address signal in accordance with 

address signal =D+(D+2{4|—3)/(|A]—D 

where D comprises said leaves-only pointer signal, 
{A| comprises the number of symbol signals of 
said alphabet and said address signal is generated 
utilizing integer arithmetic. 

234. The decompression method of claim 231 in 
which said step of converting said leaves-only pointer 
signal to said address signal includes the step of utilizing 
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said address signal in said step of determining said leaf 
address signal, 

said step of determining said leaf address signal com- 
prising the step of determining said leaf address 
signal in accordance with said address signal. 

235. The decompression method of claim 231 in 
which said step of converting said leaves-only pointer 
signal to said address signal includes the step of provid- 
ing said address signal generated from said leaves-only 
pointer signal for utilization during said address gener- 
ating step of said leaf determining step to provide the 
address signal to said fifth storage means for commenc- 
ing the tracing of said path through said third search 
tree from a node thereof having an address correspond- 
ing to said address signal generated from said leaves- 
only pointer signal. 

236. The decompression method of claim 216 in 
which said rank signal corresponding to said newly 
encountered symbol signal comprises a rank economy 
code signal, 

said decoding method further including the step of 
converting said rank economy code signal into a 
corresponding decoded rank signal utilizing a pre- 
determined prefix code. 

237. The decompression method of claim 216 in 
which said rank signal corresponding to said newly 
encountered symbol signal comprises a rank economy 
code signal, 

said decoding method further including the step of 
converting said rank economy code signal into a 
corresponding decoded rank signal utilizing a pre- 
determined left biased prefix code. 

238. The decompression method of claim 236 in 
which said step of converting said rank economy code 
signal into a corresponding decoded rank signal com- 
prises the steps of 

generating a rank threshold in accordance with said 
position count signal, 

comparing said rank economy code signal to said 
rank threshold to determine when said rank econ- 
omy code signal exceeds said rank threshold, and 

converting said rank economy code signal into a 
converted rank economy code signal in accordance 
with said rank threshold, 

said rank economy code signal or said converted rank 
economy code signal providing said decoded rank 
signal in accordance with said rank economy code 
signal exceeding said rank threshold. 

239. The decompression method of claim 28 in which 
said step of generating said rank threshold comprises 
the step of providing said rank threshold in accordance 
with 

TA=2NSYM—KA 

where TA comprises said rank threshold, NSYM com- 
prises said position count signal and KA comprises the 
least integer that is not less than log27NSYM), and 

said step of converting said rank economy code signal 
into a converted rank economy code signal com- 
prises the step of converting said rank economy 
code signal to said converted rank economy code 
signal in accordance with 

converted R=(R + TA)/2
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where R comprises said rank economy code signal 
and said converted rank economy code signal is 
generated utilizing integer arithmetic, 

said decoded rank signal being utlilized during said 
step for converting said rank signal to said symbol 
signal for converting said rank signal to said newly 
encountered symbol signal of said alphabet corre- 
sponding thereto. 

240. The decompression method of claim 236 includ- 
ing the step of enabling said step of converting said rank 
economy code signal into a corresponding decoded 
rank signal whenever an accessed storage location of 
said sixth storage means is detected as not containing a 
symbol signal. 

241. The decompression method of claim 183 further 
including the step of reversing the order in which said 
symbol signals are provided during said symbol extract- 
ing step thereby recovering the segments of said stream 
of data symbol signals corresponding to said pointer 
signals respectively. 

242. The decompression method of claim 217 further 
including the steps of 

comparing said node count signal to a predetermined 
constant, and 
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inhibiting the incrementation of said node count sig- 

nal, inhibiting said fifth storage means from insert- 
ing said node label therein and inhibiting the incre- 
mentation of said pointer count signal by said sym- 
bol count signal, whenever said node count signal 
exceeds said predetermined constant. 

243. The decompression method of claim 177 in 
which said step of defining a second search tree com- 
prises the step of defining a second search tree having 
alpha-branches emanating from said nodes representa- 
tive of all of the symbol signals of said alphabet not yet 
encountered during the performance of said decoding 
method. 

244. The decompression method of claim 210 in 
which said step of defining a second search tree com- 
prises the step of defining a second search tree having 
alpha-branches emanating from said nodes representa- 
tive of all of the symbol signals of said alphabet not yet 
encountered during the performance of said decoding 
method, an alpha branch of said second search tree 
being encountered when an accessed storage location of 
said sixth storage means is detected not containing a 
symbol signal. 
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