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Abstract:

The growing volume of data stored and transmitted by computer is creating an increasing demand for
efficient means of reducing the size of this data, while retaining all or most of its information content.
This process is known as data compression, and it is frequently classified by whether the data
recovered by the decompression process is always exactly the same as the original (lossless) or is
allowed to vary from the original somewhat (lossy). This discussion will concentrate on lossless data
compression methods.

Today, most lossless data compression is still being performed in software. There are a small number
of integrated circuits available which implement compression algorithms directly in hardware, but their
execution speed is fairly limited. A design is presented for a VLSI integrated circuit which will perform
lossless data compression at speeds roughly an order of magnitude greater than those currently
available. It is based on the Lempel-Ziv-Welch (LZW) algorithm and relies on a high-speed
content-addressable memory (also known as associative memory) to provide its performance increase.

The process by which this algorithm has been subdivided into hardware modules is described, and the
implementation of various modules using VLSI standard cell design techniques is presented. The
similarities between standard cell circuit design and software development are examined, and the
applicability of established software development methodologies to this type of design process is
considered.

Simulation and timing analysis of the modules suggests that the fully assembled circuit will be capable
of compressing data at the rate of ten million bytes per second, which is nearly five times that of
commercially available hardware, and the decompression rate will be only slightly less.
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ABSTRACT

The growing volume of data stored and transmitted by computer is

" creating an increasing demand for efficient means of reducing the size of

this data, while retaining all or most of its information content. This
process is known as data compression, and it is frequently classified by
whether the data recovered by the decompression process is always exactly
the same as the original (lossless) or is allowed to vary from the origi-
nal somewhat (lossy). This discussion will concentrate on lossless data

compression methods.

Today, most lossless data compression is still being performed in
software. There are a‘small number of integrated circuits available which
implement compression algorithms directly in hardware, but their execution

speed is fairly limited. A design is presented for a VLSI ‘integrated

circuit which will perform lossless data compression at speeds roughly an
order of magnitude greater than those currernitly available. It is based on
the Lempel-Ziv-Welch (LZW) algorithm and relies on a high-speed content-
addressable memory (also known as associative memory) to provide its per-
formance increase.

The process by which this algorithm has been subdivided into hard-
ware modules is described, and the implementation of various modules using
VLSI standard cell design techniques is presented. The similarities be-
tween standard cell circuit design and software development are examined,
and the applicability of established goftware development methodologles to
this type of desmgn process is consmdered. ‘

Simulation and timing analysis of the modules suggests that the
fully assembled circuit will be capable of compressing data at the rate of
ten million bytes per second, which is nearly five times that of commer=
cially available hardware, and the decompression rate will be only slight-
ly less.
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CHAPTER 1
INTRODUCTION

The growing volgme of -data being stored and transmitted by digital‘
computers has enhancea interest in data reduction techniques. The amount
of digitally stored text, electronic mail, ;mage data, and executable
binary images being accessed, archived, and transferred over bandwidth-
limited chaﬁnels has consistently outpaced technological improvements in
data storage and cgmmunication capacity, demanding.some means of reducing
storage space and traﬁsmission time requirements. Recently, persénal

computers héve shrunk drématiCally in size, while the software~packages

which run on them continue to swell. However, advances in disk technology

(specifically the amount of physical volume required to store a given

amount of data) are not keeping up, so a demand is developing.for some

means of compacting data to be stored on relatively small disks and .
enlarging it when it is accessed. This data reduction or compaction is

usually accomplished by some forim of data compression.

Data Compression Definitions

Data compression is "the process of encoding a body of data D into
a smaller body.of data 4(D). It must be possible for A(b) to be decoded
back to D or some acceptable approximétion of D." ([STORER88], p. i).
The objective of compressing a message is to minimize the number of

symbolS‘(typically binary digits, or bits) required to represent it, while
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still allowing it to be reconstructed. Compression ;echniques exploit thé
redundancy of a message, representing redundant poftions in a form that
requires fewer bits than the'original. This reduced message is stored or
traﬁsmitted,hand when the original message is required, a corresponding
reverse transformation, the decompression technique, is applied to recover
the original informatiqn or an approximation thereof.

Compression téchniques can be separated ihté several subdivisionsf.
This‘péper wili céncentréte ekclusive;y 6n‘techniques which are applicable
to digital data processing, as opposed to‘signal encoding techniques stud=
ied in communications. These digital téchniques inciude‘text‘compression
and compression of digitally sampled analog data'(although the two are not
mutually exclusive; text compression algorithms are often successfully
applied to two-dimensional image data). The primary difference between
digitél compression techniques (especially text compression) and compres-
sion of communications signals is thét digital compressofs typically do
not have aﬂﬁeli—defiﬁed statistical model of the-daté source to be com-

pressed which can be tuned to optimize performénce. It is thus necessary

for the compression method to determine a model of the data source and ‘ J

compute probability‘distribufions for.the“symbols in each:data‘message‘
This task is essentially equiVa;ent to‘findingsthé redundancy in the mes-
sage.

There are several types ‘of redundancy preSent in data typicaliy
encountered on computer systems. Four common types which have been iden-
tified are redundant character distri;utidn (where some characters ;re
used more frequently than others), characteéer repetitioﬁ, high-usage pat-

terns (strings that are freguentlj used within blocks of data), and
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3
positional redundancy (where certain characters occur consistently at
predictable places within the data) (WELCH]. Most blocks of data will
exhibit one or more of these types of redundancy to some extent. ‘An‘effi—

cient data compression method should be able to exploit all types of re-—

dundancy as fully as possible.

A common measure of a compression method’s efficiency {(the amount by
which it reduces the size of a data message) is the compression ratio;p
This is typically defined as the ratio of the number of fixed- length units
(typically bytes) input by the compressor to the number of those units‘
produced as compressed output. Obviously, the larger_this number is, the
better the compression performance. An alternative'meaSure‘is‘the inverse
of this ratio, the amount of space required by the compressed data over
the amount required by the original data. The closer tnis number is‘to
zero, the higher the compression efficiency.

- One of the most important subdivisions of compression techniques is - .
into lossless and lossy methods. As the name suggests, lossless methoéds
allow the exact reconstruction of the original message from the compressed.
data, while lossy methods do not. Lossless methods are most appropriate,
and usually essential, for text compression applications{ where it is not
acceptable to restore approrimately the same data. Lossy methods are more
typically used on digitally sampled analog data, where a good approxima-
tion is often sufficient. An example would be the compression of a digi-
tized audio signal. Due to the imperfections of the human ear, the loss
of a small amount of information would probabiy be unnoticeable. Anotﬁer.
example is the new Joint Photographic Expert Group’s. (JPEG) proposed stan-

dard for compressing two dimensional image data. Since the restriction on
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exact recovery of the data has been relaxed, lossy techniques usually
achieve greater amounts of compression. For example, lossless text com-
pression methods typically reduce English text to between 40% and 70% of
its original size, with some schemes approaching 25%; the best reduction
possible is estimated to be no less than about 12% ([BELL], p. 13). JPEG,
on the other Hand, can achieve reduction to 2% or smaller without severely
degrading the quality of the”decompressed im;ge [WALLACE]. This paper
will focus exélusively on lossleSS'methods, since they are applicable to
a more general class of data storage and commuﬁication applications.

' Another distinction frequently made is between static and adaptive
techniques. This refers to the method used to determine the redundancy
characteristics of the‘data. The basis of all compression algorithms is
essentially the determination of the probability of a symbol or string of
symbols appearing in the source message, and the replacement of high prob-
ébility symbols or strings with short code representations and low proba-

bility symbols or strings with longer code representation. Static (non-

-adaptive) algorithms assume anva‘pridri probability distribution of the

symbols in order to assigﬂ codes to them. These types of algorithms
typically suffer badly in compression ratio if the input data doesn’t fit
well with tﬁe assumed probability distributions. Adaptive algoritﬂms‘
eithe? make an initial assumption about the symbdl‘probabilities and
édjust that assumption as the message is processed, or make an initial
pass over the data to extract accurate probability information for the
compression of that data. This probability information is then fixed éor
the compression of that message. The latter methﬁds suffer in execution

speed, since two passes must be made through the data. The former methods
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require only‘qne pass through the data_and:will adjust to ﬁessages with
probability distributions different than thosé originally assumed. A
sméll percentage of the optimum compression. efficiency is sacrificed as
the compressor adjusts its assumptiops to match the data, but this is much
more robust than a static algorithm;‘ “

‘Another classification of algorithms is into dictionary;based and
statistical schemes. In the former, each recognized string of input
symbéls is‘replach by a reference to a prévious occurrence of that
string. Thé latter methods construct Variable-length codes to represenf
input stbols.based on the probability distribution of those symbols.

This distinction will be discussed in more detail in the next section. -

Entropy

A concept that is fundamental to data cohpression is that of entro-
py, which is a measure of tﬁe information ‘content in any message‘produéed
by some source. This is directly related to- the randomness of the source;
for example, if a machine is being examined that produces messages that
are always a single binary zero, there.is very little information con-
tained in these messages. This is becaﬁse the source is not rahdom, so it
is known in advance what it will do.

The formal déefinition of entropy wag‘develdped iﬁ the late 1940's byv
C. E. Shannon. Given a source‘alphabet‘s (a set of n symbols {s,}) pro=-
duced‘by a message source which is characterizediﬁy‘the corresponding
symbol probabilities P = {p,} (where 2:pi= 1?, the!entropy of the source
is defined as |

H(S) = Y¥'p log, (1 / p)
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Typically, if the radix r is not defined (only H(S) is given), it is
assumed to be two; this indicates that the informatioﬁ content is measured
in bits.

A related theorem, the fundamental sburce—coding theorem, also
introduéed by Shannon, states that thg average length of any encoding of
the symbols of S cannot exceed the entropj of S. That is, if a set of
codes {C;} with lengths {I;,} (measured in bits) is assigned to replace the
symbols of S, the resulting average length J, I, p, will asymptotically
approach H(S), but cannot exceed it. The theoretical maximum efficiency
of any first-order encoding of a source (an encoding that assigns a code
to each source symbol) is thus the entropy of that source divided by the

length of the original source symbols (in bits).

Common Data Compression. Algorithms

Huffman Coding

There are several data compression techniques which are widely used
today. One of the oldest and. most widespread is Huffman coding, intro-
duced by D. A. Huffman in 1952 ([HUFFMAN]). It is a fairly straightfor-
ward statistical coding scheme in which the probabilities of each of the
possible symbols in S are determined, and output codes of varyiﬁg bit
length are assigned to those symbols such that frequently ﬁsed symbols are
represented by shorter codes than those assigned to less common symbols.
For example, in typical English text the letters e and t appear quite
frequently, while g and z are seldom used. If egch character in a text
message is represented using the standard ASCII binary code, seven bits

are required for each character. However, a Huffman code might assign




7
two-bit codes to e and t and ten-bit codes to q and z, so that the overall
length of the encoded message will be shorter ﬁﬂan that of the original.

More precisely, given an alphabet S of n symbols, a simple binary
code would require rlogzn1‘bits to represent each symbol. If‘the corre-—

sponding symbol‘probabilities P are known, the Huffman algorithm will

assign a set of codes {C;} to the symbols of S such that the resulting

average length is less than rlogznT.‘ Any message D. from S whose symbol
distribution (the number of occurrences of each % divided by the total
number of symbols in D) is roughly the same as P can thus be encoded using
fewer bits than the binary coding of D. However, if_the symbol distribu-
tion is much different from P, the encoded message may actually expand.
For instance, in the English text exanple above, a bloQk of 100 gs would
requirev700.bits using the ASCII code, but would need 1000 bits using the
Huffman code._ For details on the construction of. a Huffman code given P,
see [HUFFMAN], [STORER88] (p. 39), or [BELL] (pp. 105-107), among others.

Implementations of the Huffman algorithm can be either static or
adaptive. If the characteristics of the data Eo be compressedvare Qell
known in advance, a static implementation will perform well. For in-
gstance, if only typical English text is of igterest/ it is possible to
generate a chde based on published standard character distributions.
Since a great deal of research has-been devoted to determining the charac-
teristics of English text, these distributLOns:are faifly accurate (see
[STORER88], Appendix A.1l for distributionjtables and‘furthér references).
It has been.sh0wn that if the messagé to ﬂe compressed does match the
probability distributions used to generate the codes, the Huffman code is

optimal; that is, no other first-order technique which will produce better
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average compression ([HUFFMAN]).‘ In fact, if the source symbol probabili—‘
ties are all integral powers of one half, the average length . of the
Huffman code is equal to the entropy of the source. However, if the
symbol distribution is unknown, or if‘messages with a variety of charac-
teristics are to be compressed, an adaptive method must be used.

There are two means of making Hﬁffman coding adaptive. The first
and simélest is to scan the data once to determine the‘syﬁbol distribu—
tions, then to build the code and éncode the data dufing a second éq&n{r
This greatly redﬁces the usefulness of.the algorithm, gince it‘CAﬁ no
longer be used for stream-oriented data (such as data passing through a
modeﬁ or a streaming tape controller). 1In addition, since the decompres-
sor does not know the symbol probabilities in advénce to generate the
code, the compiessor must transmit the code along with thelmessage, de-
creasing the compression efficiency. Another method is to begin with a
standard symbol distribution and corresponding code, and to update the
distribution as the message is processed. Thus, affer each sourcersymbol
or block of. symbols is processed and the distribution updated, the code is
regenerated. The decompressor can now update the code in the same order
that the coﬁpressor does, without requiring the transmission of the code
with the encoded message. ‘However, significant overhead is required for
both the compressor and decompréssor to regenerate the_code at spe&ified
intervals. For more details on this adaptive téchnique and other improve-

mentg to the basic Huffman algorithm, see [STORER88], pp. 40-46.

Arithmetic"Codinq

Another variable-length coding scheme which is becoming increasingly

popular is arithmetic coding. Arithmetic codes have been studied by many
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people, with much of the initial research into practical implementations
for data compression purposes conqucted by Jorma Rissanen and Glen G.
Langdon Jr. ([RISSANEN], [LANGDON82], [LANGDONS841]). fhis reseérch‘was
later fefined and a straigh£forwa£d algorith@ for the‘implementéfion of
arithmetic coding presented by Ian H. Witten, Radfqrd M. Neal, -and John G.
Cleary in 1987 ([WITTEN]). Arithmetic coding is currently one of the most
active topics in data compression.

The principal behind arithmétic coding is the mapping of any source
message onto the real numbers in the interval [O, 15. As the input mes-—
sage becomes longer, the portion of this intervallﬁhat it represents
harrows, and more bits are required to represent it.‘ The interval is
reduced as each symbol from the source message is processéd aécording to
the probability of occurrence of that symbol'(the {pJ‘described above),
the fundamental idea being that high-probability symbolé will narrow the
interval less than low-probability symbols, so fewer bits will be réquired
to represent that reduction.

One of the primary advéntéges of arithmetie‘codihg is_thét it‘vefy
clearly separates the compression mechanism into an encoder, thch accepts?
an event (typically an input symbol) and its associated probability infor-
mation and produces a compressed-data stream, and a modeler,'whiCh accepts
the input symbols and produces corresponding events aﬁd.théir probabili-
ties. Static and adaptive modelers are discussed in depth in‘ {RISSANEN],
[WITTEN], (ABRAHAM], [BELL],‘and [KWAN}, among‘others.F‘KQqn shows that
the LZW algorithm (to be discussed in‘t#é next chapter) can be representéd
as a model for an arithmetic encoder, although its execqtion iS‘veryvslow

([KWAN]) .
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The event and probability outputs from the modeler could be encoded
using either a Huffman or an arithmetic encoder. 'BAs was stated in the
previous section, the Huffman encoder is frequently described as producing
the optimal coding, given & set of probabilities. An argument against
this assumption is given by Witten, et. al.

A message can be coded with respect to a model using either

Huffman or arithmetic coding. The former method is frequently

advocated as the best possible technique for reducing the

encoded data rate. It is not. Given that each.symbol in the
alphabet must translate into an integral number of bits in the
encoding, Huffman coding indeed achieves "minimum redundancy".

In other words, it performs optimally if all symbol probabili-

ties are integral powers of %. But this is not normally the

case in practice; indeed, Huffman coding can take up to.one

extra bit per symbol. The worst case is realized by a source

in which one symbol has probability approaching unity. . Sym-

bols emanating from such a source convey negligible informa-

tion on average, but require at least one bit to transmit.

Arithmetic coding dispenses with the restriction that each

symbol must translate into an integral number of bits, thereby

coding more efficiently. [WITTEN]

The separation of the compressor into a modeler and an encoder is
advantageous because the encoder can be constructed to produce a com-
pressed message of the minimum possible length given the probabilities.
from the modeler, and attention can then be turned to perfecting one or
more modelers to handle various input messages. Details of arithmetic
encoders are given in [LANGDON841,_[WITTENI, and [BELL] (Chapter 5). One
particular encoder of interest is the binary arithmetic coder (BAC)
described in [LANGDON82] and [LANGDON84), which is designed to encode a
binary source; i.e. the source alphabet is {0, 1}. - It is a relatively
straightforward algorithm, and could be implemented in hardware rather
easily, requiring relatively simple logic (only two registers and an

integer ALU). This assumes that an appropriate modeler or set of modelers

could be designed and implemented as well.
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Dictionary~Based Algorithms

The pripcipal idea‘behind‘dictioﬁary éncoding:compression schemes is
the replaceméent of strings of input symbols by réfefences to previous
occurrénces of those strings:. If the number éf bits required to represent
these references is shorter than the average length of repeated strings,
compression can be-achievea. Theré are two major ciasées‘of these meth-
ods; bothvproposed by Jacob Ziv and Abréham.Lempel.

The first scheme was introduced in 1977, and is commonly referred to
as LZ77 ([2IV77]). The algorithm keeps the last n input symbols in a
buffer, effectively sliding an ﬁ—éymbol window over the input data. When
a strin§~of symbols is encountered that has -occurred previously in this
window, it is encoded as a.pair of values‘COrréspénding to the.strihg’s'
position in the window and its length. The description of the method
given in [ZIV77] is highly theoretical, and a usable algorithm implement-
ing it, commonly referred to as LZSS, was presented by James Storer and
Thomas Szymanski in 1978 (see [STORER82], [STéRERBé], Chapter 3, and
[BELL], Chapter 8 for details). Several variants on this technique have
been proposed, creating a family of algoritﬁms, each reflecting different
decisions in the implementation of the algqri#hm, Many common enhance-
ments include‘the use of some sort of‘statisticgl coding (dynamic Huffman,
Shannon—Fano,‘etc.) to further compress the (pbsition, length) pairs.

The second scheme was introduced in 1978, énd ig commonly referred
to as L%78 ([2IV78]). This technique is based‘oh the construction. of é
table or dictionary of symbol strings encoﬁﬁtered in‘tbe input. When a
string is encountered subsequently, the corrésponding dictionary index.ié

transmitted instead of the string. Again, Ziv and Lempel’s presentation
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is highly theoretical, and another practical‘algo;ithm implementing it was
developed by Terry-Welch in 1984 (fWELCH]). Thié algorithm will be dealt
with in detail in the remainder of this paper. Again, a,number‘of modifi-
cations have since been proposed, resul£ing in-ahother family of algo-
rithms.

Both types of LZ algorithms are fairly simple to implement in
software and are amenable to hardware implementations. They are both
adaptive with oply one pasé over the data. Unlike the variable-length
coding schemes, the modelling -and encoding functions are not cleanly
separated. For some types of input, the LZ algorithms’ compression
efficiency is_very good, and over a range of data characteristics they
perform reasonably well, but they cannof be expected to matph the perfor-
mance of arithmeti¢ codes over a widé range of iﬁput data. Their choice
‘aé a compression algorithm would be a tradeoff between compression effi-

ciency and ease of implementation.

Other Data Compression Algorithms

The text compression techniques listed above are probably the most
popular and widely used today, but there are a great number of other
methods availablea These range from other variable-length coding schemes;
such as Shannon-Fano codes, and:dictionaryfbased;schemesy such as splay
trees; to continuing enhancements of existing_algorithms} suqh as the Q-
coder, an implementation of arithmetic éoding, and LZIRW, a highly'épti4
mized variant of LZ77 [(WILLIAMS]. The inteééstéd reader is referred tb
[BELL] for a good overview of various text compression methods, and an

excellent bibliography of related information.

)
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Choosing an Algorithm for. Hardware Implémentation

Software to perform various text compression algorithms is readily
available on a variety of computer platforms. Ffom the original public-
domain coﬁpression prégrams S0 and USQ (squeeze and unsqueezé) for cp/M-
based machines to today’s sophisticated compressién and érchiv;l utili-
ties, such asg PKZIP, ARC, LHARC, ZOO,‘etc., for the MS—DOS operating sys-
tem and compress for UNIX and its derivatives, data[compressioﬁ software
is a commonly accepted and widely used featuré of many compuﬁer systems
[VAUGHAN]. However, more demanding applications, such as high-speed data'
communications networks, streaming tape controllers, and disk drive
interfaces, require levels of performance that probably cannot be provided

by the execution of software on a general-purpose processor, short of the

dedicated uée of today’s extremely fast RISC.processo;s. The solution to

this problem is the direct implementation of appropriate compression and
decompression algorithms as VLSI circuits.

There are very few commercially avéilable integrated circuits which
perform data COmpfession. Two which are currentiy available achieve data
rates approaching two million bytes per second; one uses an undisclosed
compression algorithm [INFOCHIP), and the other‘uses an LZ77 wvariant
[STAC]. Another slightly faster chip utilizes a modified LZW technique
known as DCLz,_andhafproaches compression rapes of Z.vaiilion‘bytés per‘
second [AHA]. The compression ratio of all three chips is in the vicinity
of two to one for a wide range of iﬁéuf'ddta typés,_which is probably
acceptable. While these data ra£es are far faster than most software

implementations, they are not sufficient to meet the demands of many high
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speed applications. There is thus a great deal of motivation for research
into alternative circuits.

The algorithm chosen for implementation should have relatively

limited complexity and should not require an exorbitant amount of comput-

ing resources. It should also be appropriate fqr the.targét‘applications;
a lossless techniqueﬂis certainly required,'aﬁd‘if‘must be adaptive as
well, since the chargcteristiCs‘of the input data will‘bé tptaily unknown.
Several of the applications are stream-oriented, so a.single—pass algo-
rithm is necessary. The implementation must be able to achieve data rates
substantially greater than one million bytes per second, and shquld
deliver compression ratio of around 2.0 or better for most input data.
Of the‘algorithms discussed, the most likely choices are arithmetic
coding and oné‘of the dictionary-based algorithms. The implementatioq‘of
an arithmetic encéde? would be reasonably simpié‘and should provide the

desired performance, but then the issue of choosing a modeler arises. Of

the dictionary-based techniques, LZW appears to be one of the most amena—‘

ble to a high-speed hardware impléementation (since it was designed with
that in mind).- This is the algorithm that has been chosen for a VLSI
implementation. The remainder of this paper will describe the design of

this integrated circuit and the methodology used in that design.
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CHAPTER ' 2
A LZW COMPRESSION AND DECOMPRESSION ALGORITHMS

As described briefly in the previous chapter, LZW is a variation on
a dictionary encoding method proposed by Ziv and Lempel in 1978, known as
LZ78. Terry Welch pfesentedrthe technique in‘19é4‘as é réalizaﬁion-of the
v ‘ ‘ L
algorithm which was suitable to hardwaﬁe implementatiOn, for application
in high—speed disk controllers ([WELCH]). Since that timé it has become
one of the most well-known text compression algorithms, due primarily to
its robustness-ana simplicity. It is used in the UNIX compress utility
and the MS-DOS PKZIP and ARC archival uiilities and is widely approved as
a reasonable sbftﬁare:compression meﬁﬁod. Tﬁis wide-spréad‘familiarity
3 should provide for relatively easy acceptance of hardwafe‘implementing the

algorithm.

The Basic 1278 Compression Algorithm

The basic ﬁrinciple of LZ78's operation is that the'Stream'of input
symbols is parsed into strings, where each string copsists of the longest
matching string seen thus_far iﬁ the previous input plus the one'symbol
that makes it different from prior strings. Each of these strings is then
added to a dictionary and coded as the index of the previous, or prefjx,
string plus the nbrmal binary‘represegéatioh 6f fhe extra‘symbolw ‘Oéé
prefix céde.is resérved as a ﬁuil (zero-length) string,‘for transmission

before new input symbols. The output stream from the compressor thus
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alternates between prefix codes and symbols from the.input. This process

of parsing the input and adding entries continues until the dictionary is

fui1, at which time it is reset and started over again.

Note that as the number‘éf dictionary entries grows, the number of
bits required to represent each prefix increases as well. ihis can be
handled in one of two ways. Since the maximum size of the dictionary,.Nj
is known in advance, eacﬁ prefix or index can just be represented using
*|_log2 N1 bits. Alternatively, after p strings have been added to the
dictionary, the index can be‘represented using‘rlogzp1‘5its, and this will
increasg to rlogzNﬂ ésvthe aidtionaryifills;

The decompression scheme is &ery‘simple. The degompressor begins
with an empty dictionary, just as the compressor did. As it receives
(prefix, symbol) pairs from the input stream, it can recreate a dictionary
whicﬁ‘will be an exact image of the one used by the compressor when it
generatéd that pair. Each (prefix, symbol) pair can then be expanded into‘
the full string of symbols‘using the dictionary entry:ﬁor that prefix
code. | | |

One of the advantagés of the L278 family of algérithms is that it is
unnecessary tovknéw or estimate any‘of‘the a priori.symbol‘probabilities.
Another advantage is its quick adaptébility to any kind of input, as long
as it contains repeating strings of symbols. Also, it has beeﬁ proven
that if the input text is generated by a stationary, ergodic source,
cpmpression is‘asymptoticallY'optimal as the length of the input increases
({Z2IV78], Theorem 4). A sourcé is éfgodié if'any sééuence which'&t
produces becomes entirely representative of ﬁhe source characteristics as

the sequence grows longer, so it would appear that LZ78 should be an ideal
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compression method ,for all messages generated by-'such 'sources.. The
drawback is that, thle it is‘asymptotically optimal, it converges to‘thié
limit relatively slowly. Short inputs compress.very poorly, if at all.
The reason for LZ78's popularity is not for its compression efficiency,
but for the efficient means by which several of its variants can - be

implemented.

The LZW_Algorithms

Since Welch’s goal was a compression algorithm.which could be used

in the channel‘befween a computer and a disk‘driQe, where high speed is
essential, LZW was derived from LZ78 to be as fast as possible. The first
modification is the elimination of the alternating prefix codes and input
symbols. By'initializing the.dictionary to contain all the single-symbol
strings'from the source alphabet,‘it is,possibie‘fo:transmit eééh string
as just a prefix code. Strings are parsed as before into the maximum
length prefix and a terminating symbol, but rathér than transmitting this
5ymﬁol, it is instead encoded as the first‘symbol of the next string.
Another modification is‘fixing thé length of thé dictionary at a power of
two and using fixéd—length prefix codes. These two hodifications together

greatly simplify the generation and processing of the coded data stream.

The other major specification of the LZW algorithm is the means by

which the dictionary is represeﬁﬁéd. The initial presentation‘did not
specify the means by which strings would be storea so.that tﬁe inpﬁt‘could
be parsed into prefixes. One poésibiliﬁy that allows for relatively effi—
cient parsing is. the storage of all strings‘in.a trie data strﬁcture, A

trie is just a multiway tree (each node can have ﬁp to n children, where
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n is the number of symbols in the source alphabet)-whereveach‘branch‘from
a node is labelled with a symbol from the_sourde‘alphabet, and each node
represents the string obtained by traversing the ééielfrom the root to
that node. For example, the trie shown in Figuré 1 contains .the strings

Ilall,‘ llbll, llcll’ llaail, “ba“, and "bC‘".

Figure 1 - Example of a Dictionary Trie

If each node (except the roéot, which represehts the null string) is

.labelled with the index of the corresponding string’s dictionary entry,

parsing input data is very straightforward. 'The trie is traversed from
the root, following the branch labelled with the next input symbol, until
a requifed brapqh cannot be locatéd, The index.stpred in the last nqde is
output as the préfix; a new node is'adde&‘to the trie, labelled with tﬁe
next available dictionary‘iﬁdex,iand éonnected to the last nodé by a

branch labelled with the last input symbol; and the traversal is begun
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again ffom the root, using the last input symbol -to traverse the first
branqh. For example, if the trie shown in Figure 1 has been:constructéd=
and the input string "bca" is being parsed from the input, after the
symbol "a" has been read, the prefix code 6 would be output, the string
"beca" would be added to the dictionary as entry 7, the trie would be
modified as shown in Figure 2, and the symbol “a"onuld be used to tra-
verse the trie to node 1. Parsing of the input stream wouldfcontihue from

this point.

Figure 2 - Modified Dictionary Trie

This is a fairly effective means of parsing the input into st;ings,
but it is not sufficient for regenerating strings given their prefix
codes. In order to allow this, some means wéuld‘be required to locate a
hode in the trie given a prgfix code,‘thén £b traverse the tréegupward‘

from that node to the root to accumulate the symbols in thé string. Note
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that the symbols from the string would be encountered iﬁ reverse order, so-
it would be necessary to provide some means of feve#sing them.

The approach implemented by LZW uses a similariideé, The dictionary
is stored as a fixed—length»étring table, where each entry fep;esents a
string from the dictionary and consists of the index of the prefix for the
string and the last symbol of the stringf‘ One.index can be reserved to
represent a null prefix. For example, the dictionary repregented by the
trie in Figure 2 would be represented as shown in Figurg 3 on the next

page, if'entry 0 in the table is unused arid that index is reserved as the

null prefix.

Entry Index Last Symbol = Prefix String
1 - a 0
2 b 0
3 c 0
4 a 1
5 a 2
6 c 2
7 a 6

Figure 3 - String Table Representation of a Dictionary

This scheme allows symbol strings' to be easily generated f;om
compression codes by simply using the codes as indices into the string
table and following the prefix codes until a null prefix is encountered,
accumulating the last symbol of each entry. This aiso-generates the
string in backward order, as discussed‘aboveflso a_striﬁg reversal mechéf
nism is still required. However, parsing input symbols is no longer as
straightforward as the‘trie implementation. Given the index of a prefix

string and the next input symbol, it is no longer immediately apparent
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what the index of that dictionary entry would be. This problem is ad-

dressed in the following section on the detailed compression algorithm.

CompreéSion Algorithm

The basic LZW‘algorithm‘requireé‘a-register, Omegé} to hold the‘coae‘
representing the accumulated prefix string. For a dibtionary (typically
referred to as the string table) containing N entries, this Omega must be.
rlogqu bits in length. Anpther,register, K, is used to hold the next
symbol from the input data stream. The algorithm assumes there is a
simple method to empty.out the string table and initialize it to contain
only singlé—symbol strings. The pseudo—code‘desdriptioﬂ~of the algorithm
is shown in‘Figure 4, where the + operator represents sffing concatena-

tion.

Initialize string table to contain all single-symbol strings
Prefix code Omega ¢« index of single-symbol string formed by first input symbol
While more input data available
K +« next input symbol
If string Omega + K is in string table
Omega <« index of string Omega + K

Else .
Output prefix code .Omega
Omega « index of single-symbol string K
- Add string Omega + K into string table:
End else ) ‘ ‘ .
End while

Output code for last accumulated string, Omega

Figure 4 - LZW Compression Algorithm

An example of the execution of this algorithm is shown in Figure 5.
The source alphabet for this example is {a, b, c}, so the string table
initially contains these strings in entries 1, 2,. and 3. Omega is ini-
tially‘se£ to 1 (thé string for the éingle,sympol‘fé’);_ When the figst.
‘b’ is encountered, éﬁd entry ‘1l b’ is not found in the table, codell is
output, code ‘1 b’ is added to the first empty table-locétion, and Omega

is reset to 2 (the string for the single symbol ‘b’).




5

22

Input Symbols a b ¢ a b ¢ a e a ¢ b

Output Codes 1 2 3 a 6 8 2
New Table : 4 6 _ 1 8 :
Entries 5 7 9

Final String Table:

[

Entry Number 2 3 4 5 6 7 8 9
Last Symbol a b c b c a c c b
0 1 2 3 4 6 8

Prefix e

Figure 5 - Compression Example

The algorithm is very simple, with an almoét trivial implementation.
Each string table entry will céntain'an Omega prefix value and a-symbol K,
so adding a string to the table is simply a matter of keeping £rack~§f the
next unused eﬂtry, and writing the Vélues of Oﬁega and X inté-that entry
when a string search is unsuccessful.

It can be seen that the only non-trivial pdrtion of this algorithm
is the search for strings Oméga + K in the string fable. A simple-méaﬁs
of locating S£rings would be a linear.search of the'table; bﬁt this would
slow compression unacceptably. Instéady typical software implementations
of LZW use hashing techniques to index the table, rather than indexing;it
directly with. the prefix code (most textbooks on algorithms contain a
presentation of the use of hasﬁing techniques to search tabies;’fof a very
detailed description, see [KNUTH], section 6.4). Détermining a éuitable
hash function typically requires a great deal of experimentation, and‘mqst
hashing techniques require that the string table have‘extra unused eptriéé

in order to function effectively. The chputgtional overhead of access to
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the string fable using hashing is the primary bgttleneck in software
implementations. Possible alternatiVes.to hash functions are discussed in
the subsection on aqaptation of the algorithm for hardware implementation. .

The only unresolved issge invélves handling thé string table when
all ent?ies have been filled. The initial development of LZW did not
address this problem, assuming that once the table was full, it would be
frozen and new strings would just'be discarded. This can seveérely impact
the compression efficiency if the ;edunéancy charaéteristics of the data -
change after the tablé ig frozen. ’Severai‘of the‘LZQS‘var;ants attempt to.
handle the full table in a more reasonable ‘manner to imé;q?e compression.
The algorithm used iﬁ the UNIX compress utility, known as LZC, monitors
the compression ratio, and if it begins to deteriorate (deCreasé), the
string table is reset to contain only single-symbol strings before com-
pression continues. Other implementations attempt even more sophisticated
management of the table. ‘The most pobula; technique is Least Recently
Used (LRU) replacement of strings when the taﬁle becomes full. As the
name suggests, the entry in the table which has been accessed least
recently is discarded and overwritten with a new string as required. This
will‘impfove’the'compression ratio, but.at‘thé éost of‘substantially
Eomplicated string table manipulation. . A practical adaptatioﬁ af.LZWS
which performs LRU-type table management is described in [BUNTON].

Another possible enhancement to‘improve ﬁhe compression ratio is to
reintroduce the variable—length‘outpﬁt eodes‘originally prépoSed‘in LzZ78.,
LZC uses this technique, incrementiné the number of bits n in the output
codes whenever‘the number of entries in:thé stfihg.ﬁableIQXCQedé‘2%: Other

authors have suggested using arithmetic coding (see [PERL] for one
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description éf cascading LZW and arithmetic coders) or similar‘phased-in
binary codes (as described in [HORSPOOLJ) to relax the requirement that
the number of bits per code be an ihteger. | | |
The implementation described‘in this paper just uses the dictionéry
freeze technique and fixed—lengtﬁ outpu£ codes, in order to maintain
simplicity. The addition of various table management and output coding

techniques to the basic compressor and their benefité‘could be examined in

the future.

Decompression Algorithm

‘The LZW decoﬁpressorrutilizes the same string table as the comprés—
sor, including the capability of initializing it to contain only sinéle—
symbol strings. It uses the same K register, along with three code
registers of the same length as the Omega register used in the compression

algOrithm. The basic decompression algorithm is shown in Figure 6.

Initialize string table to contain all single-symbol strings
oldCode « first input code
K « StringTable [OldCode].LastSymbot
Output K
While more input data available
InCode + Code ¢« next input code
While -StringTable [Codel.Prefix sNULL
K « StringTable [Codel.LastSymbol
Output K '
Code « StringTable [Codel.Prefix
End while ) :
K + StringTable [Codel.lLastSymbol
Output K
Add string OldCode + K to string table
oldCode +« InCode '
End while

Figure 6 - Basic LZW Decompression Algorithm

As noted by Welch, there are two basic problems with thiS‘aigorithm:
the first is that output symbols are producgd in reverse order, and the
second is that there is a special input case in which the compressor will

output a codé which the decompressor will not have in its string table
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when it is encountered. The firsﬁ‘problem is easily ‘addressed by pushing
the symbols onto a stack, then popping them off when‘£he end of the string
is reached. However, this requires that the decompressor halt wﬁile the
string is being removed from the stéck, and thié becomes the decompression
bottleneck. An alternate string reversal scheme is presented in the next
section. Note that, sincé the‘stéck (or any string reversal mechanism)
will have finite capacity, it is.neceSsary to limit the length of sfrings
to be reversed. That is, the compressbr‘mus£ be constrained to accuﬁulate
symbols into strings only up to some maximum length..

The abnormai input condition occurs because, although the decom-
pressor is creating a striﬂg table identical to the compreésor’s, it is
doing it one step behind the compressor. The problem arises if an input
of the form‘K&K&KL‘is‘encountered, where K and L are single‘input éymbols,
% is a string, and K@ is already inlthe string table. When the compressor
encounters the second K, it will send the code for K&, add the string Kak
to the string table, and start over with £he string K. It will then parse
the input until it comes to L, at which time it will send the code for
KoK, which was the last one added to the table. When the{decompreséor
receives.this~codé, it will not yet be ‘in the string_t;bie. ' However, the
only strings which cause this problem are‘of'the form shown, where the
second string is just a one-symbol exterision of the first string, and this
symbol is identical to the firs£ symbol of the string. 1In that case, if
the decompressor encounters a code thét is not in tﬁe‘string table yet, it
knows the last 5ymbol must be the“Samé.és £he‘first symbol of the previ6ué
string, and the remainder of the string is identical to the previous

string. Thus; if the first symbol of each string produced (the last
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symbol to be reﬁersed) is stored, and the previgug string is availablée in
the 0OldCode register, the-ihput c¢ode can be replaced by this combination
aﬁdzdecompressed. .The-modifiedvalgorithm is shown.in Figure 7, with’the
addition of the FirstSymbol register to hold the initial symbol in each
string and commands to reverse the string using a simple stack. |

Note that Welch’s présen£atidn of £his algorithm is incorrect; he
does not correctly handle the case where the iﬂput code is not in fhe
string table yet. He writes the final character (FinChar) of the last
string out, instead of pushing it on the stack, and then tries to look up
the missing string‘in‘the table. The‘foli6wing algorithm rectifies these

problems.

Initialize str1ng table to. contain all s1ngle symbol strings
OldCode +« first input code
,F1rstSzmbol « K ¢« StringTable [OldCode]. Lasthmbol
Output K
While more input data available
InCode « Code + next input code
1f Code not in'string,table
Push FirstSymbol on stack
Code + 0ldCode
End if
whlle StringTable [Codel.Prefix. #NULL
K+ StringTable [Codel. LastSymbol
Push K on stack
Code « StringTable [Code] Pref1x
End while
FirstSymbol « K « StringTable [Code].LastSymbol
Output K ' -
While stack not empty
Pop top symbol off stack and output
End while ) ]
Add string QldCode + K to string table
OldCode ¢« InCode )
End while '

Figure 7 — Correct LZW Decompression Algorithm

Note that, although the decompressor uses the same -string table as
the compressor, it does not need to search the table for strings, so the
hashing function is not needed. Since the decompressor is essentially

only using the string table as a RAM to retrieve pointer chains, the-
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-decompression process is typically much faster than compression in soft~

ware implementations.
An example of decompression is shown in Figure 8, for the codes

generated in Figure 5. Note that when:CQde 8 is encountered, it is not in

~the table, so the last symbol of the previous string (’c’), contained in

FinChar, is pushed as the final symboi of the string and the last input
code, 6, coﬁtained in 0l1dCode, is substituted for code 8 and traced back-
ward to produce the string. When the string has been reversed, code 8 is
added to the table just as it should be. Aiso,note that the:striﬁg table
is identical to that éroduced by the compressor, after the entire input

has been processed.

Input Codes 1 2 3 4 6 8 2
' l A 3 ik 1 A ik
a b c l1'b 3a 6c¢c¢ b
) 4
a c 3 a
d
c
Output Symbols a b c ab ca cac b
New Table Entries : ‘
Index ‘ 4 5 6 7 8 9
Last.Symbol b c a c b b
Prefix 1 2 3 4 6 8

Figure 8 - Decompression Example

Adaptation for High-Speed Hardware Implementation

The LZW compression. and decompression algorithms as presented are

very amenable to software implementation. However, the performance of a
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hardware implementation can be increased by utilizing specialized circuits
to perform the critical functiéns‘which decreése fhévalgorithms’ perfor-
mance. These problem areas are the string‘tabie:search in the,COméressor

and the string reversal in the decompressor.

Compressor String Table Search

i

The string table search is ideally suited to the use of a content-
addressable memory (CAM); élso known as an aséociative memocry. Rafher
than reading a CAM like a normal RAM, by spééifying an- address and re-
trieving the data stored there, it is possible to specify a data pattern

for which to search the entire memory; a match signal is generated if the

~pattern occurs in the CAM, and if é match is found, the address. of the

matching memory location can be. returned. This is a completely parallel
operation, sO the entire CAM can be searched in roughly the amount of time

it would take to read one memory location from a normal RAM. This totally

eliminates the compressor bottleneck.

One'difficﬁlty which may‘bé‘encountered in‘CAM-sgafches is multiple
occurrences of the éearch pattern in the memory. If this happens, it is
necessary to develop some sort of scheme to decide which of the matching
addresses will be reported. However, examination of the compression algo-

rithm reveals that string table entries are guaranteed to be unique; so

" this is not an issue for the LZW application. However, one requirement is

that the CAM also perform as a standard RAM, so the decompressor can use

it for string table storage as well. The next chapter discusseé the caM

requirements and capabilities in greater detail.
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Decompressor String Reversal

In order to maintain~decompreseer operation at as constant a level
as:possible; it ie necesSary‘to allow it to,produce:symﬁels.of‘a string to
be reversed at the same time that the‘stack mechanism is reversing the
previous string and writing symbols to the output. This could be achieved
by using two stacks instead of just one. Thus, while one stack is being
filied with a string to reverse, the other stack can be reversing the
previous string. However, tbis does not fully alleviate the problem of‘
the decompressor being required to wait for the stack. For example, if an
input code representing a long etring‘is follewe& 5y arseries of codes
representing short strings, the decompressor‘will be able to push the long
etring onto one stack and the short string onto the‘orher; but it must
then wait until the long string is fully reversed'before e stack is
available to hold the next string. Some advantage is gained from having
both "stacks", but the problem is not completely solved.

This situation can be eliminated by using a single‘ring\buffer to
hold a series of strings and ﬁaintaining a set-of.pcinters‘to.the start
and end of those strings. Providing the ring buffer ie large and rhere
are enough pairs of pointers available, the decompresser‘should not have
to wait on the reversal mecﬁanismw This string reversal scheme is dis-

cussed in more detail in Chapter 4.

Hardware Design Requirements

The background on LZW data compression has been presented in previ-
ous sections, along with a number of design options. In order to maintain

simplicity and overall system speed, the VLSI implementation which is
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presented in the remainder of this document will be designed to meet the
following specifications. This is not a comprehensive list of design
issues, but rather a set of constraints placed §n the implementation.

The input alphabet will be .the full set of 256 eight-bit
bytes.

The number of system clock cycles required by the compressor
to process each input symbol and by the decompressor to pro—
duce each output symbol must be minimized.

The dictionary or string table will contain 4096 entries. The
compressed codes will thus be 12 bits in length. It will be
implemented using a content-addressable memory to increase
compression speed. This will require a 4096 word by 20 bit
CAM. Additionally, some mechanism must be provided for easily
initializing the first 256 CAM entriés to hold single-symbol
strings.

Code 4095 (hexadecimal fff) will be reserved for the null
string code. That string table entry will therefore be un-
used.

In order to simplify input and output buffering, fixed length
codes will be used; the length of codes generated by the
compressor will not increase as the string table is filled.
When the string table is filled, it will be frozen, with new
entries generated after that time being discarded.

The decompressor will write decompréssed bytes to a string
reversal mechanism, which will accumulatée them until the end
of the string is reached, at which time it will begin writing
them to the output buffer in reverse order. It must provide
the capability to write one byte into the reversal buffer and
output another to the output buffer without forcing the decom-
pressor to wait for buffer space.

The maximum string length the compressor will be allowed to
accumulated will be 128 bytes, to limit the size of the rever-
sal buffer required.

Byte and code input and output buffers will be provided to
interface the circuit to exteérnal equipment. The code buffers
will convert between a standard eight-bit data stream inter=
face and the twelve-bit code stream used internally.
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CHAPTER 3
CONTENT-ADDRESSABLE MEMORY

The content-addressable memory (CAM) plays a key role in both the
compressor and decompressor implementation, since it will be used to hold
the string tab;e. Therefore, before the controller logic for Ehosé two
modules‘can~bé designed, it is necessary to determine the functionality of

the CAM and its interface characteristics.

Basic. Content-Addressable Memory Characteristics

Typically, content-~addressable mémories are very similar to static
random-accesé memories (RAMs). An M-word by N-bit CAM will have a log, M-
bit address bus, an N-bit bidirectional data bus, and rgad and write
control signals, just as a RAM would. It.provides normal random access
data storage and‘fetrieval functions asynchrOnéusly (without requiring a
clock signal to control timing), and will store all data writfeﬁ to it as
long as it is connected to a power supply (as oppdsed'toﬁa dynamic RAM;
whiéh requires that each memory location be periédically refreshed, by

reading it and immediately rewriting the retrieved data, in order to main-

tain its contents). However, the CAM also has a search control signal, a

match output signal, and a bidirectional address bus. Once data has been
written to the CAM, the entire mémory ¢an be searched for a desired data
word simply by placing the word on the data bus and asserting search. The

search is conducted on all memory words in parallel, and if the data
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pattern is not found, the match signal is not asserted. However, if thé
pattern is con?ained in some.location, match is assertéd, and the address
of the matdhing location is;piaced on the addfess'bus.

In order to prevent unused memory locations from possibly generating
erroneous matches, CAMs typically have an empty bit associated with each
data word. This bit is set for all words when a reset control signa; is
asserted, and if it is set, the corresponding memory word is prevented
from generating a match signal. When a word is written, the bit is reset,
allowing it to be included in searches.

The possibilitf of multiple 1ocatioﬁs‘ﬁatching‘the search pattetn
poses a problem. It is necessary for the encoder that returns the match-
ing location’s address to decide which match to report, usipg.some priori-
ty encoding scheme to choose between mﬁltiple locations. One simple
method would be to just report the locaﬁion with the smallest binary
address; however, for certain applications, this might be undesirable.
Fortﬁnatelyi'as‘mentioned in Chapter 2, the LZW ;tring table contains only
unique entries, so a search can never match more than one location.

A transistor-level description of RAM and CAM memory cells is beyond
the scope of this presentation. Most<texts on VLSI design include a
section on memories; see for éxample TWESTE]; section 8.5, or [SHOJI],
sections 7.20 through 7.24, for a description of the different types of

memory cells.

Commercially Available CAMs

General-purpose CAMs are not readily available. One of the few ICs

currently available is the. Am99C10A; manufactured by Advanced Micro
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Devices. It is a 256 word by 48 bit CAM optimized for usé in address
decoding and bridgihg for Ethernet and FDDI local area network applica-
tions, where it can be used as an addreSS filter. It‘provides ali the
functionality mpreQiously describéd, although it is a register-~based
interface; for example,‘to read é Word from the CAM, the address is
wfitten to an address register in the-QAM and a read command is written to
a control register, then the requested data can be read from another
register. It provides a single-cycle reset command to clear the contents
of all 256 words simultaneously, and it includes a priority éncoder using
the simple scheme described above (choosing the match location with the
smallest address). In addition, it includes a 48 bit mask register, which
can be used to selectively disable certain bits from the search operation.
Also, each word inclﬁdes a skip bit in addition to the empty bit. When a
search :esults in‘multiple-matches, skié can‘be‘éet‘for the matching.wérd
chosen by the ériority encoder, and éubséquent searches for the same data
pattern will not match that location. This allows an application to find
all of the matches in the CAM. Further details of the IC’s functionality
are given in [AMD].

This CAM provides thé‘required functionality, althoUgh:its interfacg
would be difficult to deal with. ﬁowever,uthe‘hemory density is too small
to be very useful for thisg application. It would require 16 ICs to hold
the full 4096-entry string table, and only 20 of the 48 bits in each word
would actually be used. ALternétively, each 48-bit word could. be divided
into two 24~bit words, effectively dgybling the @emqry gensity. This
would greatly complicate the bontrollér loéic, since eéch‘éeaﬁéh woulax

require masking off one half of each word, searching for the pattern, then




34
masking off the other hélfvand‘searching égain,‘but it could‘ﬁe done to
half the number of ICs required.

Even if only eight Iés are required to stpre the string table, this
would substantially complicate the system design. In addition, they are
very expensive; one distributor priced eight 100 ns Iés at over_$60.00
each, and 16 a£'oVer $45.00 each. Prices for 70 ns ICs .were $95:00 each
for eight and $65.00 each for 16. Aside from the obVious‘expense, their
access time is not fast enough, especially if they are split and searched .
in halves, to prqvide a significant‘speed increase over existing data
compression ICs. The obvious alternétivé is a custoﬁhbuilt CAM designed

to meet the requirements of this‘applidétion.

Custom Dynamic CAM

It is desirable for the final circuit, including the stringvtéble,
to fit into one IC. The primary afea.reguireMent‘would be for the CAM.
fhe string table will require 80 Kbits (4096 words times 20 bits pér
word), which would be é fairly large memory, especially in view of the
fact that CAM memory‘cells are larger than static RAM cells (& normal CMOS
‘RAM cell requires six transistors,vwhile the cOrreSpbnding‘CMOS CAM cell
requires nine). | |

In Qrder to decrease area requirements, a dynamic CMOS CAM, current-
ly being deéigned'by Professor Kel Winters of Montana State University,
Will be used. The basic memory cell requires only six tfansistofs, sé‘the
total area required by the CAM should béwon the order of that required for
an 80 Kbit static RAM. However, this introduces tbe necessity for period-

ic refresh of every memory location ih the CAM..
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‘The aynamic CAM (DCAM) will provide ail thé fuhctionality'desc?ibed
in the previous sections, including generation of the matching location’s
add;ess‘on a successful search. It will not include any priority encoding
mechanism for multiple matches, gince this is guaranteed to not occur. It

will- contain 4096 20-bit words, organized into a roughly square array of

M rows by N columns‘(Where M and N are both powers of two).

The interface will consist of the following signals:

Inputs - 20-bit InputData bus, 12-bit InputAddress bus, Read,
Write, Search, Reset, Refresh, Compress, Clock

Outputs - 20-bit Outputbata bus, 12-bit OutputAddress bus, Match
The purpose of moét of these signalS‘is as‘desqribedveariier‘ Note
that there are separate inpu£ and output data and address busses; since
the DCAM will be on the same IC as the controller, it is not necessary to
consqlidate them into biQirectional busses to save on interface connec-
tions. Enhancements to normal CAM opeérations made specifically for this

application are detailed in the fOllowing;subsectionsf

synchronous Mode-sensitive Operation

Note the addition of the Clock and COmpress control signals. Unlike
typical memories, which are asynchronous devices, the DCAM is synchronous.

The system clock controls the timing of all read, write, and search opera- R

tions. Also, the fundamehtal operation of the DCAM is different.during
search operations than read operations. For. reads, the internal data
lines are precharged to the supply voltage during the first half of the
clock cycle, then are forced to the va;ues‘ﬁo be.storéd‘in the selected

memory location during the second half. However, for SearCheg the‘datav

lines are predischarged to the ground voltage during the first half of the
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clock cycle, then the~séarch pattern is placed on‘them and the match
signals are evaluated during the second half. For write operations, the
data lines can be precharged to either a high or lOW‘voltage‘beere they
are set to the value to be written. Since the édmpreésgr perfogﬁé"énly
searches and writes,‘and the decompressor performs only féads and writes,

the logic that precharges the data lines can be simplified if it is known

ahead of time whether to precharge high (if the Compress signal is de-

asserted) or precharge low (if Compress is asserted).

Predefined String Initialization

Rather than attempt to write the first 256 single-byte strings into

the DCAM each time it is initialized,_the speciai characteristics of these

' strings can be exploited to hard-wire them into the DCAM. Each string in

locations O through 255 will consist of a single byte (with the samevvalue
as its address), followed.by the null prefix code3 These‘table entries
will nevef be written,-bnly read and searched. Therefore, rathef than
create CAM or even ROM words to hold thém, simple combinational logic can
be added to simulate the DCAM operationvfor these locations.
Specificaily, whenever. the‘address of a readfoperatioﬁ is less than
256, the lower eight bits of the addfess can be returned as the data
value. Likewise, whenever a search is requested for an entry containing
the null prefix code, the search is automatically succéésful, and the déta.
byte from the seafch'pattern is paddéd‘éut with‘zérqéé‘and returned as thé
matching address. Writes to‘addresges‘less than 256 should never occur,
but should be ignored invany event. Adding this légic.greatly simplifies
the iniﬁialization process {table reéets,now‘invqlée only marking‘actual

DCAM words as empty), and eliminates 256 words from the DCAM.
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Reset Operation

Asgsertion of the>Reset signal will cause the DCAM to reset all words
to empty status as described above. If‘has not yet been determined how
memory cells will be marked empty. The two possibilities’ are the inciu-
sion of an empty bit in each word, whi¢h would just be a stétic latch
which could be set by the Reset signal and reset by a write operation, or
the use of a data pattern that will not occur in any search‘opération to
fill all memory locations. Examination of the LZW algorithm reveals that
no string table entry after the first 256'hard-wired single-byte strings
will contain the null prefix code (hexadecimal value FFF), and the logic
emulating the first 256 entries will interceét any search operation
containing the null prefix anyway. This pattern can therefore be written
into all memory locations to prevent them from erroneouély matching a
search. Note that this requires the logic. for ;searching" the first 256
entries to not only provide the match signal and addreés,:but to aléo
inhibit the normal search on the remainder of the DCAM, since this search
could potentially match an empty location.

If the lattef mechanism is used, it might not be Eossible to mark
every loéation in the éntire DCAM empty in‘onevclock cycle. The controlf
ler logic design assumes that itfwili‘be possible; if this is‘not the
case, it will be necessary to add a short state sgquence-du?ing the reset

process to allow the DCAM time to finish the opération.

Refresh Operation

The DCAM will be refreshed'in much the same way .as a standard

dynamic RAM. Pe:iodicélly, the control logic should halt the normal flow
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of operations and éénerate a refresh'cyclé, This will consist of placiﬁé
the.address‘pf a row of the DCAM to be refreshed on the InputAddress bus
and asserting the Refresh signal; during this cycle, the Read, WritéL and
Search signals should not be asserted, and the value on the InputData bus
will‘be ignored. The‘DCAM will refresh‘the contents of every bit in that
row simultaneously. .In addition to regenerating‘vcell contents during the
refresh cycle, the capability will also be provided to refresh an entire
row whenever a word in that row is wrigten.

Note that although the InputAddreSS‘bus is 12 bits wide, the number
of bits actu;lly‘required to‘add;éss a row of the DCAM is log;M, whefe M
is the number of rows in the DCAM. Thefefore, the control logic should
cycle through each of the possible values from 0 to M — 1 repetitively,
padding them out log, N zeros (where N is the number of words per row) as
the least significant bits to generate a 12-bit address. The DCAM wiil
ignore the low-order log, N bits of the address during refresh. It will
also ignore refreshes for the rows containing the first 256 hara+wired
table entries (since N is a power of two, there will be no rows which

contain both hdrd-wired entries and regular CAM words).

Possible Performance Enhancements

The design of the DCAM has not been completed yet, but the basic
DCAM cell has been stabilized. Reza Massarat has run extensive SfICE
simulations of the cell, and‘initial indications'afe.that'it'can generate
the match signal on a word level in lésg thaqvlo nsec, and read and wfitg
operations are faster. Assuming that the word matches can be.accumulaﬁed
and‘encoded to form the match address in a simiiar amount of‘time, th;

DCAM should be capable of continuous search operation at 20 MHz (since the
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eValuation is done in only half‘the clock cyecle, with the other half being
used to brechérge the data lines).

A concern expressed by Professor Winters during the design is the
difficulty of‘performing a write operation on the clock éycie immediately
fallowing a search at the clock frequency required. The procedure fol-
lowed by the compressor woula be to request a search for a string during
one clock cycle, then to write a new table entry on the following clock
cycle if the search was unsuccessful. The design of the DCAM is such that
it may not be possible to get thé‘new write a&dreés.decoded‘and the data
to be written onto the data lines in time to actually write the addressed
word if the DCAM is recerring ffom‘a search operation.

To eliminate this problem, Professor Winters.proposed the following

" modification to the search operation: when a search is requested, the

address of the next unused table entry is also placed on the InputAddress
bus, and the search pattern is automatically wriften to that locgtion
while the remainder of the DCAM is being searched: The compressor now
needs to decide only whethéer to up&ate‘the location of the nexf unused
table entry (if the search failed) or to maintain the current value. it
may be necessary to decrease the clock frequency to allow the DCAM‘timé to
complete this operation, but the compressor now‘oniy requirgs one clock
cycle to procéss an input byte, rather than two, so the net regdlt is
faster operation. It has not yet been determined whether the ﬁCAM will
implement this proposed scheme.' The controller design will be separated
into two distinct paths in order to-acéommodate‘either option. Both are

described in detail in the following chapters.
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CHAPTER 4
STRING REVERSAL MECHANISM

Another key block of the complete IC that must be defined before the
controller logic can be designed is the string rgversal mechanism. Like
the DCAM, much of this hardware module will be a custom design (as com—‘
rared to the controller modules, which will be generated using logic
synthesis tools). The throughput of the decompressor will rely heavily on
this module’s capability to simultaneocusly accept strings to be reversed
ffom the decompressor and write reversed strings to the output buffer

without halting the decompressor.

String Reversal Algorithm

As mentioned in Chapter 2, typical implementations of the LZW
algorithm use a simple stack to reverse the output strings. Obviously,
once a string has been pushed onto the stack, the decompressor must wait
until that étring has been completely popped off and written to the output
before it can begin pushing the next string. This problem can be allevi-
ated somewhat by using a dual-ended stack. That is, a string can be
pushed onto the stack from one end, and while it is being popped off,
another string can be pushed from the other end. In this manner, a stack
large enough to hold one maximum-length string can be used to process two
strings concurrently, provided it maintains two stack heads and has the

capability of performing simultaneous pushes and pops.
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Unfortunately, this does not completely sélVe the probleﬁ. For
instance,‘if a very long string is pushed onto‘the-stack, then as it is
beiné reversed a single-byte string is pushed onto the other end, the
decompréssor‘must still wait until'ﬁhe first string-iS‘chpletely popped
before continuihg, However, the idea‘of using two stacks'Can be‘logicélly

extended to an entire set of stacks. If there are enough of them avail-

able, the decompressor would never need to wait to push a string to be

reversed.

Since the output strings to be reversed have been limited in length,
the number of’sfacks reéuired can be easgily determined. The most demand— :
ing case the décompressor could produce would be a string of maximum
length, followed by a series of single;byte ét;ings. ,Since the first
string has been limited_to 128 b&tes iﬁ léhgth, by'thé ﬁime‘the'i28th
single-byte string has been pushed, the first string will.have been
completely popped, and that stack will be available for use. Any otﬁér
set of string lengths will require fewer-stacks bgforé the first one.is'
emptied, so the maximum number required is 129 (or one more than the
maximum string length).

Actually imPlementing 129 stacks would require 16,512 bytes of-
memory, Since each stack must be capable of storiﬁg a maximUm—length
string. Most of this meﬁory would be unused at any givén time, so a more
éfficient means of storing the strings is desirable. Ratheér than viéwing
the reversal buffer as a stack or set of étacké,‘it can‘bé_repreSented‘as
a circula? queue, or ring buffér. Instead of keeping a pointer to the top.
of each stack, a pair of pointers can be‘kepg to locaté the start and end

of each string in the queue (the tail and head pointers, respectively).
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When the first byte of a-sﬁring to be reversed is written to the string
reversal ﬁodule, the next available pair of pointers will be set to the
next available byte in the ring buffer, and the byte will be written‘to
that location. ihen, as subsequent bytes of the striﬁg are received,; the
head pointer will be indremented, and the byte will'be stored in that
location. When the end of the string is received, a neW‘pair of pointers
can be agsigned to the nexf byte in the buffer, and the c¢urrent pair will

locate the start and end of the string. To reverse the string, the byte

~addressed by the head pointer will be written ﬁo the output buffer and the

head pointer decremented until the by£e addfessed by the ﬁail*pointer has
been written. At this point, the‘entire Qtring‘has been reversed, and the
pair of pointers is available for use &dgain.-

The size of the ring buffer required torimplemeﬁt this scheme is
substantially less than the number of bytes required to implement the
multiple-stack technique. The most deﬁanding condition produced by_the~‘
decompressor is the generation of a maximum-length string‘followedvsy a
series of strings of any length. The ring buffer must contain 256 byteg
to accommodate two maximum—-length strings. The first string will be
written into the first 128 bytes of the bqffer; and~a§ the secondistring
is being written, the first will be reversed. By tﬁe time the second
string has been fully written into the second 128 bytes of the bﬁffer, the
first will have been entirely reversed, and the first 128 bytes will be
available for use‘again;z‘Note that thié‘is tfue for‘é series of shorter
strings as wéll. By the tihe 128 bytes have been‘writ£en,lthe space'used
by the initial string is available agéin,;so 256 bytés should be suffi—

cient for all cases.
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The issue remaining is the manageﬁenf of the Head and tail pointers.
These can also be stored as pairs in another c¢ircular queue, the string
queue. A pair of pointers is maintained for the stiing éurrently being
written into the ring buffer (the inSertion‘pointers), and another‘pair‘
for the string currently being reversea (the reﬁoval pointers). When the
end of a string is written, the inSertion pair is added to the head~of the
string queue and they are reset to point to the next available space in
the ring buffer. When the reversal of a string is EOmpleted, the next
pair is removed from the tail of the string queue and placed into the
removal pair. If a maximum-length string is generated by the decompres-
sor, followed by a series of single—byte-strings, 128 pairs of pbinters
would be added to the string queue before the first string is reversed.
This is the maximum number of entries required; any other combination of
strings following the maximum-length one will produce fewer additions to
the string queue before the first string is reversed and its pointers are
available for use.

Since the ring buffer is 256 bytes long, eaéh pointer to it must be
eight bits lohg. The total amoﬁnt of memory redquired to implement this
string reversal mechanism ig 512 bytes (256 fbr'thé ring buffef, and
another 256 bytes for the 128 pairs of one-byte pointers in the string
queue) . Two pairs of eight-bit registers are also required for the
insertion and removal pointers, and a pair of seven-bit fegisters ig
required for the head and tail pointefs for the striﬁg‘queue. Note thaﬁ,
since. the length of each queue is a.power of th, implémenting>rihg
buffers is simply a matter of ignoring the carry geneféted from the most

significant bit when é\pointer is incremented.. When ‘a pointer reaches the
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end of the buffer, it will automatically wrap around to the beginning the

next time it is incremented. A block diagram is shown below.

Removal Pointets

String Q Tail

Tail

Head

Tail

Head:

Insertion Pointers.
String Q Head

Figure 9 - Block Diagram 6f'String Reversal Mechanism

Pseudo-code for the string reversal algorithm ﬁsing‘the data struc-
tures described above is shown in Figure 10. InsertHead and InsertTail
are the pointéfs‘to the string currently being written into the riﬁg
buffer, RingBuff, and RemoveHead and RemoveTéil are the pointers to the
string currently being reversed. RemoveUsed is a flag to indicate whether
there is a string being feVersedv and StfingQHéad‘and StringQTaii are the
head and tail pointers for the string‘qgeué, whieh is divided into Striggr
Head and S£ripgTaii. Note that if a head and tail pointer are equal, the
string or queue isfempty, and that the head pointer always points to the

next positiOniavailable‘to insert an element.
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- If (Reset)
StringQHead, StringQTail « 0
InsertHead, InsertTail +« 0
RemoveUsed « FALSE
Else loop
If input byte ready
RingBuff - [InsertHeadl +« 1input byte
Increment InsertHead, wrapping from Oxff to 0
If byte is end of string ) ' . ’ .
stringHead [StringQHead] + InsertHead ‘ , S
StringTail [StringQHead] . « InsertTail ‘ .
Increment StringQHead, wrapping from 0x7f to 0 N
InsertTail « InsertHead :

If (RémoveUsed)
Decrement RemoveHead, wrapping from 0 to Oxff
Output RingBuff [RemoveHead]
If (RemoveHead == RemoveTail) E o
If (StringQHead == StringQTail) ‘ g ‘ ‘ ‘ |
RemoveUsed + FALSE Co ' :
Else )
RemoveHead + StringHead [StringQraill
RemoveTail <« StringTail [StringQTaill
Increment StringQTail, wrapping from 0x7f to 0
RemoveUsed « TRUE
Else if(StringQHead s£StringQTail)
RemoveHead +« StringHead [StringQTaill
RemoveTail « StringTail [StringQTaill
Increment StringQTail, wrapping from Ox7f to 0
RemoveUsed + TRUE
End loop '

Figure 10 = String Reversal Algorithm

‘Note that the input and output sections of the algofithm are meant
to be executed in the same system clock cycle. A typical éoftware imple—‘
mentation would not benefit from this scheme, because the read and write
operations could not be executed inlparallél. However, this is relatively.
easily accémplished in hardware. This is the feature that provides the

performance increase for the decompressor; as it is writing out strings to

be reversed, previously written strings are concurrently being reversed

¥ .

and written to the output buffer.

Physical Implementation Considerations

The string reversal module interface will consist of the following
signals (note that the module is still referred'to as a stack, for compat-

ibility with original algorithm):
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Inputs - 8-bit StackData bus, Reset, WriteStack, EndOfString,
and OutByteFIFOFull control signals

Outputs - 8-bit OutputByte bus, WriteByte and StackFull control
gignals : ‘ ‘

Reset is the global reset and initializatibn signal. StackData,

WriteStack, and EndOfString are the inputs from the decompressor. When

Writestack is asserted, the byte. present on the StackData bus will be

latched as the next input. If’EndOfStning_ié‘also‘agserted, the byte Qill
be marked as the last in the current string and processed accordingly.
OutputByte and WriteByte are the intérface‘tO‘the output buffer. When a
byte'is to be output, it will be. placed on the‘OutpﬁtByte bus énd the
WriteByte signal will be asserted. It is expected that on the next clock
edge, the output buffer will latch the value.

Two édditiénal control signals, StackFull and OutByteFIFOFull, which
were not previously mentioned have beén added. The algofithm described
above assumes that it will always be possible to write a byte to- the
output buffer. The actual implementation. must provide flow control
between the output1buffer-and sfring‘reversal module. When OutByteFifo—‘
Full is asserted, bytes cannot be written to the OutputByte bus. Hoﬁéver,
it will still be péssible‘fbr‘bytes to be received from the decompressor.
This will make it possible fOr‘either the riggzbuffer or‘the string Queﬁé
tO‘fill up. Additional logic must be adéed to detect this condition and
assert StackFull, until the output buffer can accept bytes again and there
is room in the ring buffer and string queue for new entries. = It is
expected that the assertion of this signal will ﬁalt the decompressor

output, and any attempts to write additional bytes while StackFull is

asserted will be ignéréd. This additional 'logic is detailed in Chapte:
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10, in which a standard-cell implementation of the string reversal module
controller is described;

The control logic design has been completed assuming thét the string
queue will be large enough to hold all 128 pairs of pointeré required to
allow the decompressor to run without interruption. However, if this .is
not feasible due to area limitations, the size of the queue could be
reduced somewhat without dramatically rgduéing its benefits to decqm—
pressor throuéhput. The cbntroller will aiready be able tO‘hahdle‘string
queue overflows and generate a halt signal, so‘ﬁo additional logic will be
necessary. Software simulations of the decompressiop algorithmion various
compressed files could be run to determiﬂe how small the qﬁeue could be
made before the decompressor is forced to pause too frequently.

The detaiis‘df the actual ;mplemenﬁation_of‘the memory.used for the .
ring buffér and string queue are not fully decided yet. It is assumed
that it will be static RAM, but if area is severeli constrained} it may be
necessary to use dYnamic RAM. Another unresolved issﬁe'is the means by
which the memories can be written and read in the same clock cycle. Since.
the memﬁry will be a custom module, one possibility is the use‘df dual+‘
ported RAM. This‘RAM would have sepérate read ana‘write data and addresé
busses and be capable of physically reading and‘writing‘differént memory
locationsvconcurfently. Another alternative would ﬁe tétgate the‘read:apd
writée signals using opposite phases of the system clock, and to use the
clock to select which data and address busses to connect to the RAM. That
is, the write operation would be‘perfoﬁped‘ig thé first half of the Clé?¥
cycle, and the read operation would. be berformed in £he second hglf (so

that the output data from the RAM could be latched by the control logic).
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There are several difficult tinming issues involved with using the clock in
this manner, so this option is less.attractivevth;n the dqal—ported‘RAML
Also, the RAM would have to have half the accegs time of the-dualiporﬁ
memory, since it would be required to do two operations in a single clock
cycle. However, dual-ported RAM is'typically larger thén normal static
RAM, so the second alternative may be necessaéy. A solption to the tihing
problems introduced by using both phases of the clock would be to use a
double frequency clock and perform rea@s and w;ites on alternate clock
cycles..

Regardless of whigh method is chosen for the RAM implementation, the
control logic will treat it as dual—ported RAM, with separate read and.
write address and data busses. Read and write operations may both be
requested concurrently during the séme clock cycle, and the controller
will make no assumptions about the portion of the clock cyéle during which
. they will take place. It will only‘aésume that the data requested from a
~read ill still beée on the read data bus at the end of.the élock cycle‘to‘bé

latched on the next clock edge.
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CHAPTER &
INPUT AND OUTPUT BUFFERING

Asrmentioned-previously; I/0 buffers will be provided between‘the
compressor and decompressor and the IC’s external interface. These
buffers are intended to smooth the flow of data into and ogt_of_the IC and
to allow for an external interface which is not coﬁpa£ible with that
expected by the compressor and decompressor; for example, the buffers
might provide direct nmemory access (DMA) data transfers to and from the
external busses. However, the external IC interface has not yet been
éefined, so the design of the I/0 buffers must be defefred.

It'is expected that thése buffers will be FIFOs similar to the
circular queues used in the string reveréal'mechanism, utilizing a simil;r‘
RAM access scheme to allow read and write operations during the same
gsystem clock cycle. ‘They wiil be divided into eight-bit characte? buff-
ers, for the compressor input and decqmpressor/string‘reversal output, and
twelve-bit code buffers, for the décompresSOr input and compressor outpﬁt_

The internal interface for each buffer is specified below.
Character Buffers

The character buffers should be very straightforward, assuming the
external interface is not excessively complex. The simplest scheme wbuld
be similar to that used for the string‘Queue in the"string reversal mecha-

nism; the external bus would assert a write signal and put characters into
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&4 ring buffer, while the cémpressor would assert a read signal and remove
characters from the buffer, or vice versa for the decompressor’s buffer.

The compressor’s input character buffer, InputCharFIFO, will have

the following internal interface:

Inputs - ReadCharFIFO and Reset control signals

Outpdts - eight-bit InCharFIFO data bus, InCharFIFOEmpty and
InCharDataEnd control signals

The system Reset signal will reset the FIFO status to empty and turn
off the InCharFIFOEmpty and InCharDataEnd signals. Whenevér thére is data
in the riﬁg buffer, the next available character‘will be placed on the‘
InCharFIFO bus. In the clock cycle when the compressor latches the value,
it should assert ReadCharFIFO; on thé next clock cycle, the next available
character will be.placed 6n the bus. The FIFO will asSer£ InCharFIFOEmpty
(after data has been initially written into it)nwhenever its ring buffer
is empty. It is assumed th;t,'in addition to a WriteCharFIFO signal from
the external interface, ﬁhere will be a control signéi that will be
agsserted when the last byte of input.is‘written into the FIFO. After this

signal has been asserted, when the ring buffer is emptied, the InCharData-

End signal will be asserted to signify that the compressor‘has processed

all input.

The decompressor”s output buffer, OutputcharFIEO,‘willihave the

following internal interface:

Inputs = eight-bit OutCharFIFO data bus, WriteCharFIFO and
‘ Reset control signals '

Outputs -  OutCharFIFOFull control signal
The system Reset signal will empty the FIFO and reset all of its.

status flags. When the string reversal mechanism needs to output a byte,
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it should place that byte on the OutCharFIFO bus- and assert WriteCharFIFO.
Both signals should be maintained~un£il the‘next‘negatiye clock edge, when‘
the FIFO will latch the byte and place it into the ring buffer. oOutChar-
FIFOFull will be asserted when tﬁere is no moré room in thé ring buffer;
additional write attempts while it is assertéd will be ignored. |
If the external interface is symmetric (character‘input and output

use the same mechaniém)( it should be possible to‘combine‘both FIFOs into
one. The logic for managing the‘riné-buffef should bé the‘séme in both
cases, with the only differencé being fhat bytes are c&ming from phe
external bus in the compression case and the internal bﬁs in the decom-
pression case. A Compress control input could Be used to select the

direction of data flow through the FIFO.,
Code Buffers

The code buffers will be very similar to the character buffers, and.
should have an identical interface.
. The decompressor‘s inpu# éodewbuffer, InputCodeF;FO, Qill have the
following internal interface:
Inputs - ReadCodeFIFO and Reset-control-signals

Outputs - eight-bit InCodeFIFO data: bus, InCodeFIFOEmpty and
InCodeDataEnd control  signals ‘

The compressor’s output code buffer, OutputCodeFIFb, will have the
following internal interface:

Inputs - eight-bit OutCodeFIFO data bus, WriteCodeFIFO, Flush-
Code, and Reset control signals '

Outputs - OutCodeFIFOFull control signal
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The only new signal is FlushCode, which should be asserted after the
compressor has. output the last code for the data stream. This will force
the output FIFO to dump its last byte, even if‘it was onl& half—filled by
the last code. |

The code buffers will be complicated somewhat by the requirement
that they convert the twelve—bit internal data‘stréam into an eight-bit
external data stream. This conversion could take place.either before or
after the data is written to the ring buffer. Again, if the external read
and write operations are symmetric, the two FIFOs could be combined into
one, sharing the RAM and much.of the cogtrol logic and prqviding a sub;
stantial area savings. Also, if future eﬁhancements require that vari-
able-length qutput codes are handled, that fﬁnctionality could be inte-=
grated‘directiy‘into'the code bﬁffer(s), and the compressor and decompres-
so? could continue to assume a simplé twelve-bit code stream.

The determination of the éize of the ring buffers used in the
character and code buffers will be deferred‘until the egfernal interface
has been finalized. The information presented here is sufficient to

proceed with the design of the controller logic.
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CHAPTER 6
HARDWARE DESIGN PROCEDURE

The preceding chapters have specified the_requirements-of tﬁis
hardware implementation and enumerated several constraints placed on ité
design. The procedure which will be followed to complete the design and
realize the circuit must now be detailed. | |

The design to be completed will involve only the control logic for

“the LZW IC. The custom DCAM and RAM modules described in Chapters 3 and

4 will not be included in this process. The DCAM interface was defined in

Chapter 3, and the RaAM interfacé to the string reversal module was de-

-8cribed in Chapter 4 and will be defined‘in detail in Chapter 10. In

addition; the input and output buffer modules will hot be inciudedvin the .
design. Their requirements énd interfaée‘were‘discuSSed in Chapter 5.
Tﬂe remainder of this document describes thé deésign of the control-
ler, including its subdivision into modules, the interface‘requirements ]
and functional specification of each module, the high—levél description of
the logic required to implement that functionality, the process for

synthesizing that logic, and the procedure used to verify that the logic

‘thus generated impleménts the specified functipnélity. ' This chapter

describes the framework in which the design will be carried out, including
the methodology used to define the modules and the CAD tools used to
synthesize and verify them, and presents the decomposition of the control-

ler into modules.
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Target Technology

All cont;ol logic will be implemented using standard cell‘desigﬁ
techniques. The logic for each modﬁle will be described using a Hardware
Description Language (HDL), coﬁverted‘to logic equations and optimized,
then mapped into the Mississippi State University standard cell library
(revision 2.2). The cells in this library are drawn for the MOSIS scala-
ble cMoSs N-well (SCN) process, with two metal layers and a two micron
minimum feature size. The resulting;mapping_will‘be‘placed using automat-

ed place-and-route tools to form the completed logic modules.
CAD Tools

The CAD tooi set to be used for this implémentation‘is the oCT téol
suite (Version 4.0) distributed by the Unive;sity of Californié at Berke-
ley. OCT runs in the UNIX environment and is distributed in source code
form, so it can be ported to a variety of hos£ hardware platforms. It

provides a fairly complete set of tools for doing custom and semi-custom

- circuit designs, including a logic synthesis package (with standard cell, .

PLA, and gate matrix generationvcapabilitieS), physical and symbolic
layout editors, tools for creating and managing circuit hierarchigs, a
logic—level(circuit’éimulator,‘and automatedVpiQCehand—route tools. The
individual OCT tools that have been used for this implementation are

bdsyn, misII, bdnet, wolfe, and musa.

Bdsyn
Bdsyn is a hardware description translator. 1Its input is a "pro-

gram" written in BDS which describes the functionality of a block of
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combinational logic, and its output is a multi-level logic representation
of the deSCribed‘fﬁﬁction, in the Berkeley Logic Interface Format (BLIF).
The BLIF representation is then used as input to optimizatioh and tech-
ﬁélogy mapping tools.

BDS is a behavioral deécriptiqn language first introduced as part of
Digital Equipment Corporation’s hardware simulation system DECSIM. A
subset of BDS was adoptéd as the HDL for OCT. It provides a means for
quickly descgibing and implementing relatively cémplex logic functioné.
Its syntax is derived from the Pascal programming language, and it sup;
ports a number of high-level language constructs, including statement
blocks, subroutines, if-then-else statements,‘casé (éelect) statements,
and for loops (with constant index limits). It also recognizes complex
operators such as integer gddition, subtractibn,_ multiplication, énd'
division, bit shifts, and logical ¢omparisons, and generates the logic
necessary to implement these constructs and operations. Note that on;y
combinational logic can described by‘ﬁDS; that ié,‘the logic generatéd
uses no cloc#ing or signal latching of any kiﬁd. The generation of
sequential systems such as state machines requires the addition of‘latches.
uéing other tools.‘

The combinational logic for each of the LZW moduLeg is described in
BDS, and bdsyn is used-to convert this high—levei‘description into the
correspbnding BLIF logic equations fo¥ the module, which are used ih
further stages of the implementation. Detailed.information onh the BDS
language and bdéyp's-operation is pro%ided as pgrt of the online docu-
mentation distributed with OCT (the file bdsyn.doé iﬁ the ;octtools/doc

directory). A summary of bdsyn’s capabilities and options is also
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available in the online UNIX man pages (the UNIX help facility), provided

the help fileg that are distributed with OCT have been installed.

MisIT

MisII is a multiflevel logi¢ synthesis and minimization program. .It
accepts a‘de9cription‘of a combinational‘légic‘functioﬁ in a variety of
formats, including BLIF, and produces an optimized set of logic equations

which will implement the function. 1In addition to synthesizing a network

realizing those equatiOnsL‘it provides a technology mapping step which
will map them into a user-specified cell 1library (in this case, the

Mississippi State University library). Following this mapping step, misII

can perform timing anaiysis on the resulting netwofk,vgivengthe timing

information for each‘cell.in the 1ibréry. Information obtainablé includés

the arrival time, requ;red‘time, and slack for each node in the network.

This information can also be sortgd in ordér‘bf critical values, so thé

critical timing paths in the network can be identified.

This is the toolvthat actually synthesizes and minimizes the log;c

described in the BLIF files produced by bdsyn‘and generates‘a collection
of standard cells to implement that_logic. A fairly compreﬁenSive OVef-‘

view of misII‘’s capabilities is presented in the online UNIX man pages.

Bdnet

Bdnet is a net-list translator whicﬁ allows the manipulation of
networks of devices stored in OCT's internal format and provides the capa-
bility‘ﬁf forming network hierarcﬁieé; “A script written in a special Léh4
guage can specify the creation of a new OCT cel;, define the input and

output terminals of the cell, allow the instéﬁcing‘(logical‘placement) of
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existing OCT cglls within the new cell, and describe the logical intercon-
ngction of these instances. For example,-once all the LZW modules have
been created‘as‘OCT‘cells,.bAnet‘wou}d be used tb create a nermécro-dell‘
containing all the modules and to specify how the‘input‘and output termi-

nals on the various modules interconnect and how they connect to the

macro-cell’s inputs and outputs. Note that these would only be lbgical_'

netlist interconnections; actual physical interconnections would have té
be created using either manual or automatic placement tools.

In additién‘to assembliné modﬁleé into a hierarchy, bdnet is used to
add memory elements (such as flip-flops) to the combinational logip
generated by misII to form synchronous circuits. Note that each time
bdnet is used to connect cells, énqthe; level o£>hié£aréhy'is created.

The octflatten tool is provided to reduce this hierarchy. For instance,

" if a controller module is geniérated using‘misII and flip-flops are added

using bdnet, octflatten can be used to compress the resulting cell into a

' single hierarchical level. Information on both bdnet and octflatten,

including the syntax of bdnet’s input language, is available in the online

UNIX man pages.

Wolfe

Wolfe performs standard cell placement and routing of OCT cells. It

. uses the TimberWolfSC utility to perform cell placement and global rout-

ing, and the YACR (Yet Another Channel Router) utility to perform detailed
routing. In addition, it routes power and ground busses for the cell.

Its placement criterion is the‘minimization.dfvoverall wire length.

This is the tool that creates the actual physical circuits for each

module. ‘Information on its operation and options is available in the
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online UNIX man pages; more detailed information on TimberWolfSC and YACR
can be fbund’in'the files TimberWolfSC4~0.doc and-yacr.doc included in the

OCT distribution (in the ~oct£ools/doc directory).

Musa is a multi-level logié simulator. It is primarily used to
perform switch-level simulation of MOS transistors, but it has been
extended t0rallo§ simulation of higher-=level OCT COnstfucts, including
latches‘and memory cells. It is én interact;ve program,-buf will also
accept scripts specifying a sequeﬁce of commands to control simulat;ons.
It allows the user to set inputs apd propagate the chapges through the
network, thén examine the logic level of nédes throughout the network éna
verify the state of outputs. It allows sever&l logic levels, includihg
driven high, low, or undetermined by‘tﬁe circuit or set high, low( or
undeferminéd by the user.

This tool provides the primary means of verifying the module de-
signs. Information on its operation and‘options, including the syntax of

its input language, is available in the online UNIX man pades.

Design Methodology

The design of each module proceeds through a sequence of steps very
similar to those tyéically encountered in software aesign, The software
design cyéle is often divided into the following stages: module require-
ments and- functional specifiCaﬁions,,higthevel (algorithmic)-design,
coding, compilation and linking, ana module testing. Each of these stage;
has an equivalent phase in the standard cell design‘methodology used fo;

this implementation.




" 59

External Reference Specifications

The module requirements and functional specifications are represént-
ed by thé Extérhal Reference Specifiéation (ERS) form. This documént‘
identifies (names) the‘ﬁodule, detéils its‘interface, identifying each
input and output, and includes a functional description. This description
is not presented at a detailed level (such as identifying how hany-regis—v'
ters will be required or specifying what type oﬁ adder circuits should 5e
used), but instead defines the black-box functionality. That is, given a
set of inputs, it identifies what the outputsnéhould be. This can ‘be:
presented in the form of a truth table or a:mOrevcomplex representation,
such as an algorithmic description. The ERS should alsc include design
constraints, such as maximum area requir;ments and critical timing speci-
fications for outputé, if they are known.

An example of the étandard‘ERs form used at Montana State‘Univeréity ‘
is included as Figure 27 of Appendix A. Note tha£ it aléo includeél
information about the module that will be determined at future points in
the design cycle, including.performance‘data, power requirements, input
and output‘tefminal parameters, énd a verification checklist; It has beénl
designed to not only present the module requirements, but to track the

)

design process.

RTL_Descriptions

The high-level module design is documented using a Register Transfer
Level (RTL) description. RTL is analpgdus‘to‘pseudo—cbde'in softwipé
designs, and is a commonly used method of describing‘Synchronoﬁchircuits

such as microprocessor controller modules. Much like pseudo-code, there-
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is no accepted definition of RTL syntax; any conventions which cleariy
denote the intended operations are acceptable.. | N

An example of a complete RTL module description is shown in Figure
28 of Appéndix A. Much of the syntax is borrowed from the'c progra@ming
language, ineluding the equality and inequality compérisqn operators (=§
and !=), the logical and and or operators (;& and ||), the addition aﬁd
multiplication operators, and the notation for hexadecimal‘numberS‘(ﬁhe Ox
suffix). Some additional symbology used includes:

<= denotes a synchronous regisﬁer‘assignment; that is, the

D inputs to the flip-flops are set to the indicated

value, and on the next negative clock edge, it will be
latched into the register

<= denotes an‘aSynchronous%assignment;'that is, a temporary
variable or output is immediately assigned the value
indicated

.- indicates concatenation; for example, O0x00 . 0x10 is
0x0010

1 " marks the beginning of a comment, which extends to the

end of the line (unless it is part of the inequality
operator !=)

<a:b> denotes a range of bits in a register or signal bus; for
example, x<5:3> would select bits 3 through 5 (inclu-
sive) of register x (note that the least significant
bit is always numbered O0)

Each RTL déséription includes a preliminary section describing the
inputs‘and outputs of the module, the registers used and their lengths,
and the variables used. These variables are‘basically intermediate values
used in combinational logic operations, and can only be assigned values
using the asynchronous assignment operator, <=. Following this déclara-
tion section is the logic description, in a block-structured format.

Indentation is used to indicate statement blocking; there are no explicit

block start and end markers. Other notation should be self—ekplanatory.
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The level of detail in the RTL description is fairly arbitrary.
Operations should not be detailed down to the bit level; for instance, if
ﬁhe contents of two registers are té be added and‘placed in a third
register,.it is not necessary to detail the combinational logic required
to perform the addition; this is a detail that should be deferred uﬁtil
the‘HDL is written. HoweVer; enough detail must be present in the RTL
description to érovide an unambiguous &escription-of‘all operations th;t
must be perforﬁed internally by the module in ofder to satisfy the re-

quirements specified in the ERS.

BDS and Bdnet Input Files

The BDS and bdnet input files are the equivalent of source code in

a software implementation.’ The BDS file must describe the design given in

the RTL in sufficient detail that bdsyn and misII can generate multi=level
logic equations to implement the functionality. The bdnet file is used to
connect flip-flops for registers, and to assemble sub-modules if neces-

sary.

A convention has been adopted to describe registers in EDS, since

bdsyn does not directly support them. The output declarations of the BDS

file will include an output for each register specified in the RTL, with

the name‘register_D,.and the input declarations will include a correspond-

ing input with the name register @. Thus vélues to be stored in a regis-
fer wili be assignéd to ?egister_n,"and the valué stored in a register‘is
accessed by referencing register Q. For example, the RTL shown in Figure
11 would have the BDS implementation also éhdwn.in that figurée Once fhe
BDS fiie has been successfully processed by bdsyn, thé flip-flops required

to create the registers are added using bdnet, as shown in Figure 11.
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Sample RTL description
INPUT A <3:0>, B <3:0>, C <3:0>
OUTPUT D <4:0> .
REGISTER Sum <5:0>
Sum <- A+ B
D <= Sum + C

BDS equivalent, which will create test:logic

MODEL Test
D <5:0>, 1 Module output
‘Sum_D <4:0>, ! Output to register
A <3:0>, B <3:0>, C <3:0>, ! Module inputs
Sum_Q. <4:0>; ! Input from register
ROUTINE TestRoutine; '
SumD = A + Bj ! Sum <- A+B
D = Sum @ + C; ! D <= Sum + C

ENDROUT INE TestRout1ne,
ENDMODEL Test;

Corresponding bdnet input, which will create testiunplaced

MODEL test:unplaced;
TECHNOLOGY scmos;

OUTPUT D <5:0>;

INPUT A <3:0>, B <3:0>, C <3:0>;
CLOCK Clk;
SUPPLY vdd;
GROUND GND;

INSTANCE test:logic PROMOTE;

ARRAY 1% FROM O TO 4 OF
INSTANCE "d_flip_flop":physical
D : sum_D <I%>;
@ : sum @ <I7>- .
Q_BAR UNCONNECTED'

CLK : Clk;
vdd. : vdd;
GND : GND;

Figure 11 - Implementing Registers with BDS and Bdnet

The Logic Generation.Process

The use of the CAD tools to process the BDS ahﬁ bdnet input files is
analogous to the compilation/assembly/linkage process in a software
environment. The transiation-of.a BDS‘f;Le to BLIF is the equivalent of
compiling a program written in a high leQél lanéuage into assembly code,

while the mapping into logic performed by misII is much like assembling
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that code into machine language. bdnet performs a function similar to
that of the linker, joining modules together and linking in system librar-
ies (in this:casev flip—flops and otherllibrary cells).
The execution of bdsyn, misII, ana bdnet is typiqally performed
iteratively, initially to remove syntax errors from the input files, and
. subsequently to femove,logic efrors.and‘add'new funétionality; A method

for automatically controlling this process is described in Chapter 12.

Once these steps have been completed successfully, wolfe is run to gener-

ate the placed and routed module. Chipstats, an OCT utility, can be run

on the OCT cell created by wolfe to determiﬁe the number of standard cells

used in the implementation and the dimensions of the resulting layout.

Logic Simulation

After the modulé has been created, it must be tested to verify that
it does implement the functionality specified in the ERS. When the BDS
description is created, an accompanying set of musa scripts should also be
written to test it. Much like a set of tesf inputs for a program module,
the scripts should be devised to verify normal modes of operation and to
check behavior for input boundary conditiens and unuéual cases. A fuli
set of black-box tests should be performed on the mddu;e before it.is
rgady for integration with othe: ﬁodules._ A black-box test is one in
which only the inputs and outputé are‘available to the testef, [=Te) oniy the
overall functionélity of the module can be tested (as opposed to.assuring
that all possible paths of execution through the module have been‘checked
for correctness). | N

If octflatten is executed on the module befdre the simulations are

run, all of its internal nodes are accessible to musa. This allows musa
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to be used to debug the module ahd‘perfOrm‘White—box testing as well. A
white-box teét is one in which the tester has access to the internalé-of
the module, and can verify that the test cases-dp indeed cover all paths

through the logic.

Naming Conventions

All design documentation associated with each module will be kept as
simple ASCII text files. The following naming conventions: will be used
for files created during the design of a given module:

module.ers - the External Reference Specification (ERS) form

module.rtl - the Register Transfer Level (RTL) description

module.bds - the bdsyn input file

module.blif the BLIF output of bdsyn -

module.bdnet the bdnet source file .

module.musa - the initial musa source script, in which all macros
and vectors are created for testing the module.
Additional scripts will be named module_l.musa,
module 2.musa, etc.

An example of each of these files is shown in APpendix‘A, Figures 27
through 31 (except the BLIF file). The following naming conventions will

be used for OCT views created during the creation of the placed and routed

module:
module:logic —--output from misII; logic without flip-flops _
module:unplaced—- output from bdnet; logic with flip-flops added
module:flat - output from octflatten; unplaced without hierarchy

module:placed - output from wolfe; flat placed aqd‘rOuted

Finite Field Sequencérs

Several functions of the controller require the generation of’
fixed-length sequences, such as the refresh address generator and string
length counter. These functions can easily be implemented using binary

counters; however, there is an alternate method that requires far fewer
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logic gates to implement. Since it is not important tﬁat each value in
the sequence be one more than the previous one, Galois field (or‘finite
field) based linear feedback shift registers can be used to generate these
sequences. These finite field sequence generators have the property that
the sequence repeats in a reguiar fashion after a number of cYcles equal
to 2" - 1, where n is the number of bits in the field (the value 0 is never
generated in the sequence).» This is ideal for the generation of'refresh‘
addresses, and‘works well for string length counting, since intermediate
values are not important and only the vaiue corresponding to the maximum
string length heeds to be detected.

These sequence generatofs‘ére based on a finite field generating

polynomial. For.example, the polynomial P(x) = x*

+ x + 1 represents the
linear feedback shift register shown in Figure 12, where the + operator is
a finite field adder. Finite field addition is similar to normal binary
addition, exgept that ﬁo carries are genérated, so this operation is
equivalent to a simple exclusive-or. Given a non-zero initial wvalue, the
register‘will generate each value from 1-#0‘15 once and only once before
repeating the initial wvalue.

Given the number of bits n that are reqﬁired for the values in a
sequence, -an irreducible primitivé polynomial of o;@er 5 muSﬁ be‘chosen
for the genérator. Tables of minimum weight irreducible polynomials have
been‘éublished; these polynomials have the minimum number of non-zero
coefficients possible. This implies that the shift feéisters implementing
these polynomials‘wi;l require the minimum number of'exclusive;or gates.
For‘a table of minimum weight_ir?eduéibleiponnomialé of order thfee‘td

34, and a more in-depth discussion of finite-field sequencers and their
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applications, see [WINTERS]. The savings realizéd by using finite(field
sequengers instead 6f binary counters are substantial; for ekample, a 10-
bit ihcrementer generated using bdsyn and misII requires 26 standard
cells. The minimum weight polynomial ofro;der 10 is x® + x* + 1, which
requires only a single two input exclusive-or éate, which is available in.
the Mississippi‘state cell library.‘ In fact, examination of the minimum

weight polynomial table shows that for orders up to 34, no more than three

exclusive-or gates are ever required.

P(x) = x 4 x + 1

[ S S SR S

Toltllizing the register to-contain all onss (hexadectmal F) will prod:

-the following sequence as the register is clocked:
F,D,9,1,2,4,8,3,6,C,B,5, A, 1,E

The sequence will then begiri-to repeat itself in the same order.

-

Figure 12 - Linear Feedback Shift Register

Problem Decomposgition

The controlléer has been decompcsed into the following modules: the

compressor, the decompressor, the DCAM, the string reversal mechanism, the

master controller, and the I/O FiFOs.  The DCAM and the I/O FIFOs'haVe
been described in Chapters 3 and 5, respectively, and will not be devel-
oped further. Each of the other modules is described in a subsequent

chapter. The compressor and decompressor are further subdivided into. the
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original modules and the modules updated to function wiﬁh the DCAM that
performs an automatic write during each search operation. After the
generation and verification of the compressor and decompressor modules,
their functiOnality ig merged into a single module (in 6rder to share
registers and logic). A block diagram of the system is shown in Figure
13. The signals will be explained in the following chapters.

For each of £he modules, the ERS and RTL are presented, followed by'-
a summary of the BDS and bdnet files, a review of the musa simulations

performed, and a report on the size of the complete module. -

| b1y
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Figure 13 - System Block Diagram
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CHAPTER' 7
THE COMPRESSOR MODULE

The design of the compressor module . is key to the success of the IC.
This is where substantial performance improvements must be made over
existing technology. Use of the DCAM should provide an advantage over the
hashihé methods typically usea to search the string table, as .long as the
number of clock cycles required to perform each loop through the algorithm
is minimized.

fn Chapter 3, two different modes of operation of the custom DCAM
are detailedu The first is a standard mode, in which-the'DCAM is searched
for a séring table entry; if the entry is not found, the compressor writes

a new table entry. The second is a specialized mode, in which the DCAM

automatically writes the table entry it is gearching for into the next

"

available location in the table.- The compressor design has been split
into two separate modules: compress, which is designed for the standard
mode of 6peration, and compress_2, which is designed to take advantage of

the DCAM modification. Each module is described separately.

Module Degign for Normal DCAM Operation

The normal mode compressor is presehted in this section. Note that
the basic design does not include logic to allow the master controller to
halt the compressor when an I/O wait occurs or to limit the length of

accumulated strings. This functionality will be added in Chapter 9.
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External Reference Specifications
The compress module will have the following interface:

Inputs - 8-bit InCharFIFO bus, 12-bit CAMInAddr bus, Reset and
CAMMatch control signals "

Outputsg - 12-bit OutCodeFIFO busg, 20-bit CAMOutData‘bus; 12-bit
CAMOutAddr bus, ReadcharFIFo, WriteCodeFIFO, SearchCAM,
WriteCAM, and DoRefresh control signals
Theusignal names are fairly séif—explanatory. The interface to the
DCAM assumes that the master controller module will rese£ the DCAM at the
same time the compressor is reset, and that it will provide the Compress
signal if compression.is being performed. The intefface to the input ahd
output FIFOs also assumes that they will be reset by the master control-
ler. Note that the FIFO full and empty signals are nét‘preéent in the
compressor interface. It will be the respansibility of the master con-
troller to handle alluinput and output buffering condit%ons and to halt
the compressor as necessary.
The functionality of the compressor is straightforward: it must

implement the LZW compression algorithm described in Chapter 2, and it

must provide sufficient refresh cycles to maintain the DCAM’s contents.

RTL Description

The RTL for the compressor is shown in Figure 14. It has been
divided into three states, a reset and initialization state, and a two-
state cycle that implements the basic compression loop. It is importaﬁt‘
to note that the outputs to the DCAM are latched; that is, the actual
o;tput signals are connected to the outputs of a set of registers. This
pipelining operation may'n;t be absglutely necessary,-but is provided to

ensure that the address, data, and control signals to the DCAM remain
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INPUT InCharFIFO < 7:0>, CAMInAddr <11:0>, Reset, CAMMatch

OUTPUT ReadCharFIFO, WriteCodéFIFO,

! Following outputs are latched.
OutCodeFIFO <11:0>, CAMOutData <19:0>, CAMOutAddr <11:0>,

SearchCAM, WriteCAM, DoRefresh

REGISTER State, Omega <11:0$, K <7:0>, NextCode <11:0>, Refreéh <11:0>

If Reset ‘ 1

SearchCAM, WriteCAM, DoRefresh ‘<- 0
WriteCodeFIFO <= 0 ‘
ReadCharFIF0.<= 1 1

‘Omega <- 0 . InCharFIFoO
NextCode <- 0x100

Refresh <- Ox3ff

State <- 0

If (State == 0) and (!Reset)- !

ReadCharFIFO <= 1 1
K <- InCharFIFO

SearchCAM <= 1 A
CAMOutData <- Omega . InCharFIFO !

Omega <- 'Omega ]
WriteCodeFIFO <= 0 :

If (DoRefresh) i
Refresh <- NextValue (Refresh)
else
Refresh <- Refresh !
DoRefresh. <- 0 : !

If (WriteCAM) !
NextCode <~ NextCode + 1

Else ‘

NextCode .<- NextCode !
WriteCAM <- 0 !
State <- 1

If (State == 1) and (!Reset) !

ReadCharFIFO <= 0
SearchCAM <- 0
K

K <- i

If (CAMMatch) !
Omega. <= CAMInAddr
WriteCodeFIFO <= 0 1
WriteCAM <- 0 !
DoRefresh <- 1 !
CAMOutAddr <- Refresh . 0 !

Else
Omega <- 0.K 1
DoRefresh <- 0 !
WriteCAM <- 1 !

WriteCodeFIFO <= 1

CAMOutAddr <- NextCode !
CAMOutData <- Omega . K
OutCodeFIFO <= Omega !

State <- 0

Initialization stage

Read 1st byte to initialize Omega

First half of compression cycle
Read next byte into K

Enable a CAM search

Omega . K to search for

Retain register contents

Doing a refresh - get next addr
Retain last‘regiéter value
Reset. flag, regardless. of. value

Wrote a new entry - get new addr

Retain last register value
Reset flag, regardless of value

Second half of compression cycle

Done, turn off control bits
Retain last register values

Omega . K was in the table
Omega <- addr (Omega . K)
Don’t generate output

or a new table entry
Refresh next row of CAM
Pad Refresh with Os to 12 bits

Omega, gets single-char‘string K
Can’t do that, going to write
Enable both outputs

Put new Omega . K into table

Output last Omega

Figure 14 -~ Normal Mode Compressqr‘RTL
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constant throughout the entire clock cycle. Because of this pipelining,
the actual DCAM search is éet up in state 0, but ié performed in state 1.
During staté 1,.the DCAM‘outputs are set up to either wfite the pattern'
from the failed search or to refresh the DCAM, depending on the state of
the CAMMatch signal. During state O, thé requested write or3refresh
operation is actually performed. Thié demonstrates the réason for requir-
ing that the DCAM refresh a row of words if a word in that row is written;

it is possible for the controller to enter into a loop where it will add
a new entry to the table on every other clock cycle (for insténce, if the
input consists of the sequence of bytes from 0 to 255) and be unable to
perform a refresh. However, either a write or a refresh is guaranteed.

Note that the write operations will be performed on sequential words in
the DCAM, while refreshes are génerated for rows ﬁéing a fin;te_field
sequencer (the NextValue subroutine, whose implementation details have
been left to the coding stage). However, the qombination of the two
refresh modes should guérantee that all rows of the DCAM are refreghed,
fréquently.

This deéign‘will‘process input bytes ét a constant rate of one per .
two clock cycles, provided that the input and output FIFOs can maintain
this rate. The module assumes that;the input FIFO will always have a bytei
ready, and that the output FIFO will always have room fér another code.
These assumptions can remain in place,‘provided the master controller
handleé the I/0O buffef overflow and underrun conditions and generates a
signal to halt the compressor. The addition of thé halt capability ig

presented in Chapter 9.
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One slight deficiency of the RTL is that the final accumulated code

'is never output. When the end of-the data has been processed, the code

remaining in the Omega register is the last code to output. This can be
corrected by adding a signal to request wriﬁing the Omega register to the
output FIFO during the halt state. This additién is included in the halt
state detailed in Chapter 9.

Nﬁte that every register is.assigned a valge in each state, unless
it is allowable for the fegiste; to lose its conteﬁfs. If a new value is
not being assignéd, the old output value is fed back to the register
inputs. This is to assure that the logic that selects the fegister inputs
will have no uncovered;input combinations, which could potentially lead to
garbage data (such as all zeroes) being written into the register.

A timing diagram detailing the compressor signals is shown in Figure
15. The iﬁput ig "abcab", and the output is 061 062 063, with the final

code, 100, left in the Omega register.

Module Generation

The BDS and bdpet files for tﬁis module are a fairly straightférward
translation éf thé RTL. Thé complete source files for the module are
included as Figures 32 and 33 in Appendix B. The only unspecified detail
is the construction of the finife field sequencér, The actual generation
of the sequence dependé on the number of bits required, which in turn.
depends on the number of words in each row of the DCAM. This will not be
determined until the DCAM has been laid out.‘ However,~some init%al
assumptions can be made. For example, if it is assumed that there a;e
four words in each row of the DCAM, ten bits are required to address eaqh

row. Consultation of the polynomial table given in [WINTERS] gives a
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Clock L ':
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Figure 15 - Compress Module Timing Diagram
suitable generator polynomial P(x) = x' + x} + 1. This can be implemented
and used with the BDS subroutine and code fragment shown in Figure 16.

~ ROUTINE NextRefresh<9:0> (CurrentRefresh<9:0>)
STATE Temp<9:0>, I<>;

Temp<0> = CurrentRefresh<9>;
Temp<1> = CurrentRefresh<0>;
Temp<2> = CurrentRefresh<1>;
Temp<3> = CurrentRefresh<2> XOR CurrentRefresh<9>;

For I from 4 to 9 do
Temp<i> = CurrentRefresh<I - 1>;

return Temp;

ENDROUTINE NextRefresh;

ﬁé%resh_p = NextRefresh (Refresh_Q);

Figure 16 - BDS Finite Field Sequencer
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Any non-zero Qalue can be chosen to initialize the Refreﬁh register.
Refresh addresses of differént lengths can be easily ¢hanged by updating
the length of the Refresh register and mod;fying the NextRefresh subrou-
tine to use the abpropriate genérator polynomial.

The module has been successfully generated using the CAD tools. The

chipstats analysis of the placed and routed module reports 302 standard

cell instances, 327 nets, and a resulting area of 1432 by 2147 microns
(3074504 square microns, or just slight over three square millimeters).
Of this, 1.423 square millimeters are instance area (46.3 percent) and

1.651 square millimeters are routing and empty area (53.7 percent).

Module Testing ;

Musa test scripts have been genergted to simulate the module for the
input strings "aaaaaaaaaaaa" and "abaabacabcabcébaaa". 'Execution.of the
algorithm by hand determines that tHe‘code outpﬁt sequence should be

061 100 101 102 100
(as twelve-bit hexadecimal values) for the first case and

061 062 061 100 061 063 100 105 062 107 102 061
for the second case. Tﬁé test scfipﬁs verify that £he module does indee&
produce these output codes for the specified inputs.

Manual generation of the test scripts for various input cases is a
tédious task. Only the two cases shown ébove were tested iﬁ thié manner.

In order to generate an appropriate set of test cases for other conditions

(such as a case where the string table is filled up), a separate utility

program has been written which executes the LZW algorithm on an input file
and produces both the compressed output and a corresponding musa script

simulating the module for that input. This progtam was used on a variety
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of inputs,'includingnthe twpwpreviouS'éxaméles,‘a file of 16 Kbytes of the
character ‘a’, the source code filé for the utility, and the executable-
file for the utility (the latter two of which did cause the string table

to fill up). The module has verified correctly for all input cases tried.

Module Desgign for Enhanced DCAM Operation

The changes required to take advantage of the DCAM enhancement afe

fairly extensive, but they greatly simplify the resulting circuit.

External Reference Specifications

The compress_ 2 module will have the following interface:

Inputs - 8-bit InCharFIFO bus, 12-bit CAMInAddr bus, Reset and
CAMMatch control signals

Outputs -  12-bit OutCodeFIFO bus, 20-bit CAMOutData bus, 12-bit
CAMOutAddr bus, ReadCharFIFO, WriteCodeFiFO, and
SearchCAM control signals
The interface is identical to that of compress, except for the
removal of the WriteCAM and Dogefresh‘cgntrol signals. The same assump-
tions are made about the intefface; iﬁ addition, it 1is assumed that
whenever SearchCAM is asserted, in addition to performing the normal
search opefatipn, the DCAM will also‘write‘the value on the CAMOutData bus
to the address specified b& CAMOutAddr. The module is only required to
implement the L2ZW compréssion algorithm. The refresh cycle is now assumed

to be controlled by the master control module, which will halt the com-

pressor when a refresh is required.

RTL Description
The RTL for compress 2 is shown in Figure 17. There are now only

two states, the reset state and the compression (non-reset) state. Also
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note that the'pipelinipg on ‘all the signals to the DCAM has been removed,

. except for the latches on CAMOutAddr. It is initialized to the address of

the next empty table entry -(256), aﬁd each time a match fails, it is
immediately incremented, sé the new value is ready by the next clock cycle
when a new search will be rgquested. |

It is important to insure that the addition‘éf the autoﬁatic wrife'
feature does not.adversely affect the execution of the algorithm. The
most obvious potentiai problem is the possibility of a seargh‘pattern now

matching more than one DCAM location. However, close examination of the

INPUT Reset, CAMMatch, InCharFIFO <11:0>, CAMInAddr <11;0_>;
OUTPUT ReadCharFIFO, WriteCodeFIFO, OutCodeFIFO <11: 0> SearchCAM, CAMOutData <19:0>,
CAMOutAddr <11 0>, ‘ ! Latched

REGISTER Omega <11:0>, NextCode <11:0>;

If Reset ! Initialization stage
SearchCAM <= FALSE
WriteCodeFIFO <= FALSE

ReadCharFIFO <= TRUE o ! Read 1st byte to initialize Omega
Omega <- 0 . InCharFIFO
NextCode <- 0x100 ! First empty table entry
Else .
ReadCharFIFO <= TRUE ! Get next input byte ready
. SearchCAM <= TRUE ! Enable a CAM search

CAMOutData <= Omega.InCharFIFO ! ‘Omega . K to search for

! Note that every time a search is done, the search pattern (Omega . K)
! is written to address NextCode. Thus, if a match fails, the new

! string has already been added to the table, and all that is necessary
! is-to update NextCode to point to the next empty table entry.
I

f (CAMMatch) 1 Omega . K was in the table
Omega <- CAMInAddr | . Omega <- addr (Omega . K)
WriteCodeFIFO <= FALSE ! Don’t generate output’
NextCode <- NextCode

CAMOutAddr <- NextCode

It wasn’t in the table

Omega gets single-char string K
Enable output

Output Last Omega

Else
Omega <- 0.InCharFIFO
WriteCodeFIFO <= TRUE
OutCodeFIFO <= Omega

If (NextCode < Oxfff) ! Update next table address

NextCode <- NextCode + 1
CAMOutAddr <- NextCode + 1

Else ‘ t  Table full
NextCode <~ NextCode °

CAMOutAddr <- NextCode

Figure 17 - Single-cycle Compressor RTL
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algorithm reveals that a search pattern will nevsr be repeated on two
consecufive‘clock cycles, unless the first search resulﬁs in a mismatch
(the table entry is not located). If the pattern matches, it will be
present in the DCAM in two different locations (the original one and the
next free eptry), but on the following clock cysle, a}different search
pattern will se used, so a multiple match cannot result. If the match
fails, the entry added to the table will be uniqus, and the search on the
following cloc# cycle‘can‘still only match one location.‘ ‘

This design will process input bytes at a constant rate of one per
clock cycle, again provided that the input and output FIFOs can maintain
this rate. This is a significant performance advantage, snless it is
necessary to substantially reduce the clock rate to allow the DCAM time to
perform the enﬁanced search operation. Note‘thét the same assumptions are
made regarding the FIFO capacities that were made in the design of the
compress module, and they are also valid providing a halt state is added.

A timing diagram detailing.the compressor signals is shosn in Figure
18. The input. is "abcab", as in the previous example, and the putput is
061 062 063, with the final code, 100, left in the Omega register. Note
the significant decrease in complexisy and in the number of clock cycies

required to compress the input.

Module Generation

The BDS and bdnet files for this module are a simple translation of
the RTL. The complete source files are included as Figures 34 and 35 in
Appendix B. Note that the finite field sequencer is no longer required

(it will instead be implemented in the master controller module). The
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Figure 18 - Compress. 2 Module Timing Diagram

module has been successfully generated using thée CAD tools. The chipstats
analysis of the placed and routed module- reports 160 standard cell in-
stances( 185 nets, and a resulting area of 936 by 1275 microns (1193400 .
square‘micgons, or just slightly over one squa;e millimeter). Of this,
\0.551 square ﬁillimeters are instance area (46,2.percent) and 0.642 square
milli@etarS‘are routinq‘and‘empty area (53.8‘pe¥dent). |

The reduction of the module’s area réquirements to one third df
compress’s.is‘due primarily to the‘eliminatioa df several flip-flops (the
latchés'On-the DCAM‘iaaerface.ahd savaéal re&istérs), thejraduction‘féﬁﬁ.
three stateé to two (Rését and the main ldop), and the removal of the

refresh control logic. The reduced area reqguirements and increased
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performance provide a clear incentive for implementing a DCAM capable of

the enhanced mode of operation.

Module Testing

The module has been tested using the samé test cases as compress;
the scripts were just updated to correctly check the exeéution paths
through the reduced logic.  1In adaition, the musa script generator has
been updated to produce scripts for the hew logic aﬁd run on the same set
of inputs described above. The module verifie§ correctly for all.inputs

tried.
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CHAPTER 8
THE DECOMPRESSOR MODULE

The design of the decbmpressor,module is similar to that éf the
compressor. It is also divided inta two separate modules; the first is
the standard module decompress( designed to‘accompany compress. It also
produces the required refresh cycles for the bCaM. Although there is no
change necessary in the‘deCOmpressor to éccommééate the DRAM enhancement,
since this only affects the search operation and the decompressor utilizes
only read and write operations, the decompress_2 module takes advantage of
the fact that the master controllér is now responsible for generating

refresh signals to significantly simplify the logic.

Module Design to Accompany First Compressor

The normal mode decompressor is preésented in fhis section. Note
that the basic design does not include logic to allow the master chtrol—
ler to halt the decompressor when an I/O wait occurs or to take into
gccount limitations on the length of accumulated strings imposed by the

compressor. This functionality will be added in Chapter 9.

External Reference Specifications
The decompress module will have the following interface:
Inputs - . 12-bit InCodeFIFO bus, 20-bit CAMInData bus, Reset
Outputs - 8-bit stackData bus, 20-bit CAMOutData bus, 12-bit

CAMOutAddr bus, WriteéStack, EndofString, ReadCAM,
WriteCAM, and DoRefresh control signals ]
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As in the compressor modules, the interface to the DCAM assumes that
the master controller module will reset the DCAM at the same time the

compressor is reset, and that it will not assert the Compress signal if

- decompression is being performed. The interface to the input and output

FIFOs also assumes that they will be reset by the master controller. Note
that the FIFO full and empty signalé are not present in the decompressor
interface; it will‘be the responsibility Sf the master controller to
handle all input‘and output buffering conditions and‘to halt the decom-
pressor as necessary.

The module is required fo implement the LZW decompression algorithm
described in Chapter 2, and it must‘also p;ovide sufficient refiesh cycles

to maintain the DCAM'’s contents.

RTL Description

The RTL for the deéompressor is shown in Figure 19. It has been

divided into five states:‘ two reset and initialization states, a state to

check for the special decompressor condition where the input code is not

in the table, a state that implements the basic decompression loop, and a

state to perform the DCAM refresh. It is important to note that the
outputs to the DCAM are latched, for the same reasons they were pipelined
in the compressor; that is, to ensure that theféddress, data, and control

signals to the DCAM remain constant throughout the entire clock cycle.

'_Because of this pipelining, the reads that are requeéted‘in states 01 and

10, the write in state 10, and the refresh in state 11 are not actually
performed until the follbwing'clock cycle.
The refresh sequencer is identical to the one used in the compres-

gor. Note that a refresh is generated once for every input code that is
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CAMInData <19:0>, InputCodeFIFO <11:0>, Reset

Stackbata <7:0>, WriteStack, EndofString,

Following outputs are latched.

CAMOutbata <19:0>, CAMOutAddr <71:0>, ReadCAM, WriteCAM, DoRefresh

FinChar <7:0>, InCode <11:0>, OldCode <11:0>, NextCode <11:0>,

State <1:0>

If Reset

I Initialization stage

WriteCAM, DoRefresh <- 0
WriteStack, EndofString <= O

ReadCodeFIFQ <= 1 1 Read 1st code to initialize Omega
ReadCAM <- 1 ! Read char for that code
CAMOutAddr <- InputCodeFIFO ° 1 from the string table
OldCode <- InputCodeFIFO
NextCode <- 0x100
Refresh <- Ox3ff
State <- 00

Else if (State == 00) ! Second half of initialization
FinChar <- CAMInData <7:0> ! - Character portion of Omega . K
WriteStack <= 1
EndofString <= 1
StackData <= CAMInData <7:0> ! Output first K
ReadCodeFIFQ <= 1 I, Get next input code to start
InCode <- InputCodeFIFO ! - the decompression loop

ReadCAM, WriteCAM, DoRefresh <- 0

NextCode <- NextCode ! Maintain register contents
Refresh <- Refresh
OldCode <- 0ldCode
State <- 01
Else if (State == 01) - ! Setup for decompression Loop
If InCode == NextCode ! Special case - InCode not in table
WriteStack <= 1
StackData <= FinChar
CAMOutAddr <- OldCode
Else ! Normal mode - InCode in table
WriteStack <= 0
_CAMOutAddr <- InCode
ReadCAM < 1
WriteCAM <- 0
EndOfString <= 0

The next statement is to get the next refresh address. The only time

that this state
initialization,

doesn’t follow State 11, when refresh is done, is on

and it is not crucial that Refresh have the value Ox3ff

on the first refresh cycle, so there is no conditional preceding it.

Refresh <-
DoRefresh <-
NextCode <-
oldcCode <=
InCode <-

ReadCodeFIFQ <=

State <-

NextValue (Refresh)
0 ‘

NextCode | Maintain .register contents
OldCode

InCode

0

10

Figure 19 - Normal Mode Decompressor RTL (cont. on next page)
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Else if (State == 10)
WriteStack <= 1
StackData <= CAMInData <7:0>

If CAMInData <19:8> I= NULL_PREFIX
ReadCAM < 1

CAMOutAddr <- CAMInData <19:8>

EndofString <= 0

WriteCAM <- 0
oldCode <- 0OidCode
State <- 10
Else
ReadCAM <- 0
EndofString <= 1
FinChar <- CAMInData <7:0>
OldCode <- InCode

If NextCode != Oxfff
WriteCAM <= 1
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Main decompression loop |
Push chars from table as the
string is being reversed

Haven’t reached start of string
Continue tracing string back

Maintain register contents
Continue in loop

Reached head of string
Can start outputting string now

1 Record first char of string

String table not full yet
Place new entry in table

CAMOutData <- OldCode . CAMInData <7:0>

CAMOutAddr  <- NextCode

Else ‘
WriteCAM <- 0
State <- N
ReadCodeFIFO, DoRefresh <- 0
NextCode <- NextCode
Refresh <- Refresh
InCode <- . InCode

Else if (State == 11)
DoRefresh <- 1
CAMOutAddr <- Refresh . 00

ReadCodeFIFO <= 1

InCode <- InputCodeFIFO
WriteStack, EndofString <= 0
ReadCAM <-'0
If WriteCAM

NextCode <- NextCode + 1
Else

NextCode <- NextCode
WriteCAM <- 0
Refresh <- Refresh
OldCode <- 0ldCode
FinChar <- FinChar
State- <- 01

No room for.new entry
Done with loop - go do refresh

Maintain register contents
DCAM Refresh state

Get next input code to set up
for decompression lLoop

v

Added string to table last state,
update the next ‘code value

Maintain register contents

Maintain register contents
Go back up and do. it again

Figure 19 (cont.) - Normal Mode Decompressor RTL

decompressed. Decompression of the code takes one cycle to check for the

special input condition, and one cycle for each byte in the decompressed

string. Since the strings will be limited to 128 bytes in length (the

logic to perform this is described in Chapter 9), this guarantees that a

refresh will performed at least every 130th clock cycle.
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This design will write output bytes to the string reversal module at
the rate of one per clOck'cycle, with a pause for two cycles for each
input code processed, provided that the input and output FIFOs can main-
tain this rate. The module assumes that the‘input FIFO will always have
a code ready, and that the string reveréal module will &dlways have room
for another byte. As in the compressor, these assumptions are valid.
provided the master controller handles the I/O buffer overflow and under-
run conditions and generates a signal to halt the decompressor. The addi-
tion of the halt capability is presented in Chapter 9.

As in the compressor, every register is assigned a value in each
state (unless it is accepteble‘for the regieter to lose its contents) to
assure that garbage data is ﬁot written into the register.

A timing diagram detailing the decompressor signals is shown in
Figu?e‘zo. The input is 061 100 062 101 061, and the output ist"aaabaab",

y

although each substring is output in reverse order.

Module Generation

The BDS and bdnet files implementing this RTL are included ae
Figures 36 and 37 of Appeﬁdix B. The finite field sequeﬁcer subroutine is
identical to the one used in the compressor module. One problem that
arose in the precess of‘ereating the module 'was the:generetion of the
logic to perform the comparison opefation

If InCode_ Q EQL Next€ode Q then
to check the special condition where the inpgt code is not in the table.
Bdsyn easily generates comparisons of an ihput with a constant value by
exclusive-oring the input with the value and checking the result for zero.

This is the same procedure that is used to compare two inputs; however,
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InCodeFIFO

WriteCAM

CAMOutData T T ) . ; ; . ;

CAMOutAddr  —— <08t >——X 061 1m0 e 3506z 0L XRDC KT X100 X061 K02

CAMInData : KEFFEL 3~ TRt : : : 10062 % O616D 5 FRFST 3 :

WriteStack L/_——\ ; /__L /——\_
FlipStack : '/ AN \ : : : i : VAN |
StackData X K D> ; @ ; j ; az
InCode : : (Go D C S : X101 : : : )4
OldCode : G f NECIE X ; Xl

NowCode KB Sam e S
FinChar : : G o ; (e > : : <& X
e L e W 2 W O B
Refresh : (FF_; XaFr_; D €2 : X1 : : :

Figure 20 - Decompress Timing Diagram

misII attempts to optimize the exclusive-or equations. This process takes
an inordinate amount of time to perform for inputs of more than about six
bits, and increases rapidly as the number of bits in the inputs increases.

In order to force misII to leave the comparison in an unoptimized

form, a special comparator is added with bdnet (at the same as the flip-

flops) which simply connects each bit of the two inputs to be compared to

the inputs of an exclusive-or gate. The output of this exclusive-or array

is then checked for equality to zero in the BDS file. For instance, the

comparison shown above would be replaced by the following BDS statement:
If Comparator EQL O then ! NextCode Q == InCode Q

where Comparator is a twelve-bit input that is connected to the output of
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an array of exclusive-or gates in the bdnet file. An example of this is
shown in the.bdnet file in Figure 37. This modifications a116w5‘thé
generation of the module in a reasonable amount of timé.

The module has been successfully generated using the CAD tools. The
chipstats analysis of the placed and routed module reports 425‘stanaard
cell instances, 461 nets, and a resulting area of 1648 by 2627 microns
(4329296 square microns, over four square millimeters). vof,this, 1.788
square millimeters are instance area (41.3 percent) aﬁd 2.541 square

millimeters are routing and empty area (58.7 percent).

Module Testing:

Musa test scripts have been generated to simulaté‘the module for the
input code streams "061 100 101 102 100" and "061 062 061 100 061 063 100
105 062 107 102 061" (the‘ouﬁputs that were produéed in the compressdf
tests). The tests verify that the module does correbtly pfoduce the
strings "aaaaaaaaaaaa" and "abaabacabcabcabaaa", although each,substring
is genérated in reverse drder‘(for outpﬁt to the string reversal module).

The utility written to generate musa scripts for the compress module
also generates the corresponding‘scripts for decompress. The‘program‘has.
been used to‘decompress all of the files compressed during the testing of
compress, and the resulting scripts have been used to verify that decom-
press properly performs the decompressioﬂ of all thdse‘inputs'(including

the two that cause the string table to fill up).

Module Design to Accompany Sinqle—Cvcle Compregsgor

As mentioned above, it is not absolutely necessary to modify the

decompressor to deal with the search enhancement to the DCAM. However,
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the compressor now requires that the master control module perform re-
freshes, so the refresh generation loéic can be removed from'the accompa-
nying decompressor. A furtherlsimplification involves elimination of DCAM
reads if the address to be read is less than 256. It is guaranteedvth;t
these reads will return the null préfix and tﬁé low-order byte of the
string as the table entry, so there is no need to perform the read. Note
that this eliminates the ﬁeed for the null prefix; however, it will still

be reserved, in case it is required to mark DCAM words as empty.

External Reference Specifications

The decompress_z‘module will have the following interface:

Inputs - 12-bit InCodeFIFO bué, 20-bit CAMInData bus, Reset

Outputs - 8-bit stackData bus, 20;b1t CAMOutData bus, 12-bit

‘ CAMOutAddr bus, WriteStack, EndOfString, ReadCAM, and
WriteCAM control signals

The interface is identical to that of decompress_2, except for the
removal of the DoRefresh control signal. The séme assumptidnS‘are made
about the DCAM and I/O buffer interfaces. The module is only reqﬁired to
implement the LZW decompression algorithm. The refresh cycle is now

assumed to be controlled by the master cohtrol‘module, which will halt the

decompressor when a refresh is required.

RTL Desgcription

The RTL for decompress 2 is shown in Figure 21. There are now only
three states: the reset state; a loop setup state whicb:handles the
problem input cqndition, and the main decompression loop (which traces thé
string backward through the‘striné table and produces bytes to be re-

versed). Note that'pipelining of the signals to the DCAM is still in
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place, to insure that they are asserted‘for a sufficient lehgth of time
during the clock cycle.
This module does not have a significant performance advantage over
decompress. The only effective timiﬁg difference is the elimination of

the refresh state, so that the output to the string reversal module is

only interrupted for one cycle for each input code processed. However, it

does improve a critical timing path in state 1 significantly. 1In decom-
press, when the head of the string is reached, the final byte returned by

the DCAM must immediately be latched into both the CAMOutData register (so

the new string entry can be written on the following -clock cycle) and the

FinChar register. Now, s;nce the DCAM is not even read to determine the
last byte in the string and the daﬁa to be written to the DCAM is already
present in registers, this timing path is relaxed considerably.

A timing diagram detailing the decompressor‘gignals is shown in

Figure 22, for the same inputs as in the previous example.

Module Generation

The BDS and bdnet files for this module are a simple translation of
the RTL. They are included as Figures 38 and 39 of Appendix B. Note that
the finite field sequéncer is no longer required (it will instead.bé

implemented in the master controller module). The module has been suc-

cessfully generated using the CAD tools. The chipstats analysis of the

élaced and routed module reports 326 staﬁdard cell instances, 362 nets,
and a‘resulting area of 1432 by'2379‘microns (3406728 square microns, or
over three square millimeters). Of this, 1.427 squére millimeteré are
instance area (41.9 percent) and 1.980 square millimeters are routing and

empty area (58.1 percent).




INPUT
OUTPUT

Reset,
ReadCodeFIFO OutCodeFIFO <11:
1 Latched outputs.
ReadCAM, WriteCAM, CAMOutAddr
State, F1nChar <7 0>,
NextCode <11:0>;

REGISTER

If Reset
ReadCodeFIFO <=
NextCode <-
OldCode <-
FinChar <-
StackData <=

TRUE
0x100
InCodeFIFO
InCodeFIFO <7:0>
InCodeFIFO <7:0>

WriteStack, EndofString, ReadCodeFIFO

ReadCAM, WriteCAM <- FALSE
State <- 0
Else if (State == 0)

If (InCodeFIFO == NextCode)
WriteStack <= TRUE
StackData <= FinChar
CAMOutAddr <- OldCode

Else
WriteStack <= FALSE
CAMOutAddr <- InCodeFIFO

If (CAMOutAddr_D <11:8> == 0)

~ ReadCAM <- FALSE

Else . .
ReadCAM <- TRUE

InCode <- InCodeFIFO

ReadCodeFIFO <= TRUE

EndOfString <= FALSE

WriteCAM <- FALSE

NextCode <- NextCode

OldCode <- 0idCode

State <- 1

Else if (State == 1)

WriteStack <= TRUE

1f (ReadCAM)
StackData <= CAMInData <7:0>
‘CAMOutAddr <- CAMInData <19:8>
Q@ <11:8> == 0)

1f (CAMOutAddr_

ReadCAM - . FALSE
Else
ReadCAM <- TRUE
EndOfString <= FALSE
WriteCAM <- FALSE
OldCode <- o0ldCode
NextCode <- NextCode
‘ State <- 1
Else
StackData <= CAMOutAddr <7:0>
ReadCAM <- FALSE
EndOfString <= TRUE
FinChar <- CAMOutAddr <7:0>
otdcode <- InCode
If (NextCode != Oxfff)
WriteCAM <- TRUE
CAMOutData <-
CAMOutAddr. <- NextCode
NextCode <- NextCode + 1
Else
WriteCAM <- FALSE
NextCode <- NextCode
State <- 0
ReadCodeFIFO <= FALSE
InCode <- InCode
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InCodeFIFO <11:0>, CAMInData <19:0>;

0>, erteStack Endofstring, StackData <7:0>,

ReadCAM & CAMOutAddr also used as registers.

<11:0>, CAMOutData <19:0>

InCode <11:0>, OldCode <11:0>,

Initialization stage
Read 1st code to initialize OldCode

! Output the character portion of it

<= TRUE

I Special case - InCode not in table

!  Normal mode - InCode in table

! Single character string - the
byte is just the last 8 bits
! of the address

Latch input code for later use
I and get the next one ready

Maintain register contents

Main decompression loop
! Push next char from string
! Haven’t reached start of string

! Same as in State 0

1 Reached end of string

! Continue‘trécing string back

Maintain register contents
Maintain register contents
Continue in loop

Reached head of string

1 Can start outputting string now
1 Record first char of string

1 String table not full: yet

! Place new entry in table

OldCode . CAMOutAddr <7:0>

I Move on to next empty entry
! No room for new entry

! Done with loop - go to next input

! Maintain registeir contents

Figure 21 - Enhanced Decompressor RTL
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=

Clock

Reset s/ A\ : : : :
State I I /A A A : NN/
ReadCodeFIFO — TN N\ : SN
InCodeFIFO ~ ~<oo1 X100 X062 o1 - Xoei e X
WriteCAM : 5 .? A N N : /T 7/ A\
CAMOutData : < oater. {008z, : : 06261 Cioier >
CAMOutAddr <081 :)Qoof)(oez ;)gm ?(101 mom ;)(102 3;(091 ;ij(
ReadCAM ; ; . : /T A\ : ; :
CAMInData ; ; ; ; —q06ep—~0aig—— ; ; f
WriteStack : : DN TN S : T\ TN
FlipStack — T\ L\ : N N
StackData ot X et o1 ez :
InCode : : (30 Xoe2 o A X
OldCode o Y00 Y oaz_ = : Wam Xoe1_
NextCode S S € : T Yam - Xae
FinChar Ol G O : : G O,

Figure 22 ~ Decompress_2 Timing Diagram

The reduction of the module’s area requirements to roughly three"

quarters of decompress’s is not dramatic, but the logic is much cleaner

and the critical timing paths are improved, so this module is more desir-

able for the final implementation.

Module Testing

The module has been testeq using the same test cases as decompress;
the scripts were just updatedﬂto correctly check the executiqn péths‘
through the reduced logic. In addition;'the musa script generation
utility‘has been updated to produce scripts for the new logic and has been

run on the same set of test cases. The module verified correctly for all

input cases tried.
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CHAPTER 9
MERGING THE COMPRESSOR AND DECOMPRESSOR

Since the compressor and decompressor can never run concurrently
(due to contention for the string table), it is possible to merge the two
modules. This should allow the sharing of several registers and logic
functions (such as the refresh address sequencer). It should also allow
misII to perform additional global optimizations.

The merged module is formed by combining compress and decompress.
The ERS consists of the combination of the ERSes for the individual
modﬁles, with the addition of a DoCompress inpﬁ? which allows the master
controller module to specify which function of the module should be
executed. The‘RTL likewise consists of a combination of the two individﬁ—‘
al RTLs. The input and output section§ are just the consolidation of
those sections from the two component modules. The‘compress‘register
.section remains intact, and is merged with the decompreés registefs. The
following translations are made to register names in the decompressor in
order to share registers: InCode becomes Omega, and FinChar becomes k.
The functional descfiptions from the two individual modules are just
patched together with‘the conditional statement

If (Doéompress)

! do compressor functions
Else
! do decompressor functions

The BDS is formed in a sgimilar fashion. The input and output

terminal lists are merged (with the addition of the DoCompress input), and
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the main routines from the two moduleé are included as separate comﬁressor
and Decompressor routines. A main routine is created that just calls one
routine or the other, depending‘oq the state of DoCompress.

The resulting module has béen created using the CAD tools. It
contains 590 standard cell instances and 648 nets, and has a resultiné
area of 1856 by 3467 micrqns (6434752 square microns, nearly six and-one
half square millimeters). Of this, 2.283 square millimeters are instancé
area (35.5 percent) and 4.151 square milliméters are routing and empty
area (64.5 percent). This is a definité savings 6ver'including both of
the original modules; they have a combined total of 7?7 instances, 788
nets, and an area éf 7.4 square ﬁiilimeters, This is an area savings of
13 percent.

The module has been successfully simulated with each of the hand-
generated compression and decompresgion ‘éases developed for the two
original modules. In addition, the script generatioq utility has been.
updated to generate test scfipts for merged, and it has been verified on
a number of input files.

The merged 2 module is formed by combining ¢ompress;2 and decom-
press_2 using an identical process. The only register that is renamed in
the decompressor iS‘Ithde, which is merged with Omega. However, since
the compressor expects the outéut data bus to the DCAM to be uniatched,.
while the decompressdr expects it to be latched, a multipiexér is added
that selects the appropriate signal for 6utput béséd on tHe‘stéte of
DoCompress. In addition, in each of the routines the control signals that
are not used by that routine are disabled. For insténce, the compressor

disables the ReadCAM output, and the decompressor disablés SearchCAM.
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The resulting module contains 518 standard cell instances and 576
neté, and has an area of 1688 by 3163 microns (5339144 square microns);
Of this, 1.925 square millimeters are instance area (36.1.percent), and
3.414 squafe'millimeters are routing and empty aréa. The combiﬁed total
for the original modules is 486 instances, 547 nets, and an area of 4.6
square millimeters. Ihe_mergeq module has increased in size gomewhat, but
it does contain additional logic not in the 6riginai ﬁodules. Also, it is
still 17 percent smaller than merged. Because of the area savings and
functional advantages, this module has 5een chosen for the additipn of the
logic to allqw a halt state and to limit the length of compressed strings.

Again, merged_2 has been simulated with each of the_test cases, and.
the script generation utility has been updated to prdduee appropriate £es£

scripts. The module has successfully passed all of the tests attempted.

Additional Functionality

Halt Signal Handling

Chapters 7 and 8 briefiy discuss the addition of a halt signal to
the compressor and decompressor to allow the master control module to
temporarily suspend their execution, so that input FIFOs can fill up,
output FIFOs can empty out, and DCAM refreshes can be generaﬁed. This
capabilitj has been added to both the compressor and decompressor portions
of merged_2.

The goal is to add a halt state similar té the reset state. When
the Halt signal is asserted, the COmpregsor on decompressor should immedgf
ately (asynchronously) enter this state; All oﬁtpuﬁé should‘be disabied

(such as FIFO read and write control signals), and the contents of all
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regisﬁers should be maintained, so that when the Halt signal is disabled,
the state that was interrupted can be re—entered.and execution can contin-
ue. In addition, the compreésor should also include a DumpOmega signal;
if the halt state is entered and it is asserted, the current contents of
the Omega register should be written‘to~the‘output code FIFO. This allows
the master controller to flush the last code accumulated out of the
compressor when the end of the input stream has been processed.

The RTL required to add the halt state is shown in Figure 23. Note
that, since the outputs £o the DCAM‘a;e latched and also used as registers
in the decoﬁpressor, they cannot just be disabled. The master controller

module will be responsible for disconnecting them from the DCAM in order

to perform refreshes (see Chapter 11 for details).

1f DoCompress
1f Reset

Else if Halt
SearchCAM, ReadCharFIFO <= . FALSE
1f (DumpOmega)
WriteCodeFIFO <= TRUE
OutCodeFIFO <= Omega

Else ‘
. WriteCodeFIFO <= FALSE
. Omega <- Omega

CAMOutAddr <- CAMOutAddr
StrLen <- StrlLen

Else

-Else
1f Reset

Else if Halt
WriteStack, FlipStack, ReadCharFIFO <= FALSE
WriteCAM <- WriteCAM
ReadCAM << ReadCAM ;
CAMOutAddr <- CAMOutAddr )
D_CAMOutData <- D_CAMOutData
NextCode <- NextCode

OldCode <- 0ldCode
InCode <- . InCode
FinChar <- FinChar
OmitNextStr <~ OmitNextStr .
StrLen <- StrLen

State <- State

Else if (State == 0)

Figure 23 - RTL for Addition of Halt States.
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String Length Limiting

As discussed previously, it is necessary to limit the length of
strings accumulated in the compressor, in order to bound the size of the
string reversal mechanism. In order té imbiement this,'a lquth countef
must be added to the compressor and incremented each time a search of the
string taple is successful and a new byte is added to the accumulatéd‘
string. When the string’'s length'reacheé 128 byﬁes, its code should be
written to the output code FIFb, and the string should be reinitialized to
the singie—byte string formed from the current input byte. This wiil
prevent any strings of more than 128 bytes from being added to the string
table or being output.

A corresponding length counter must be added to the decompressor .as
well, sinée it must recreate the string table exactly as the'compressqr
has. The decompressor éhould count the lengfh of eaéhvstring that it ié
generating; if the total length is 128 bytes; a flag is set, and the end
of the string is processed normally. However, at the end of the next
decompressed string, if that flag is set a new entry is not added to the
string table. This pipelined operation must be done because the decom-
pressor is one step behind the compressor while creating the string table.

As‘mentioned previously, the length counter is implemented using an
eight-bit finite-field sequencer. Its value is reset to 255 (hexadecimal
ff) at the beginning of each string, and "incremented" in the normal shift
register fashion as the string grows.v It is then checked against the
128th value in the.sequence (35, or hexadecimal 23, for the minimum—weight
polynomial x*8 + x4 + x*3 + x*2 + 1) to see if the maximum string length

has béen reached.
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Complete Merged,Module

The complete set of source files for the merged_2 module (RTL, BDS,
bdnet, and‘ﬁusé)v with the .additional funcfiqnalifywdescribed above, is '
included in Appendix A. The module haé been successfully created using
the CAD tools; it contains 630 ihstances, 690 nets, and has an area of
1896 by 3535 microns (7271160 éqﬁére microns). of this,‘2.3l4 squaré
millimeters is instance area (31.8 péréént), and 4.956 square millimeters .
is roﬁting’and'émpty area (68@2RPeréent). ~EVen“withlfhe‘additional‘10gic;
the module is smaller than thé total area of compress and decompress.

ihe musa sb?ipt generation utility has‘been‘updated to‘produce‘test
scripts for this module. The module verifies correctly for each test
input attempted. Assuming the DCAM wil} be implementea with thebautomatic
write on search enhancemeht, this is the‘modﬁle that ﬁill be included in

the IC.
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CHAPTER 10
THE STRING REVERSAL MODULE

Although the RAMS used as the ring buffers in the string reversal
mechanism are custom modules, the control logic is implemented using
standard cells. The module design aséuméé that the ring buffers are
implemented using dual-ported RAM, capgble of concurrent read and write
operatiohs; Other options for the RAM impléﬁentation are discussed in

Chapter 4.

Module Controller Design

External Reference Specifications

The stack module will have the following interface:

Inputs - 8-bit StackData bus, WriteStack, EndOfString, Reset,

OoutCharFIFOFull
Outputs - 8-bit OutCharFIFO bus, WriteCharFIFO, StackOverRun,
StackEmpty ‘

In addition, it will have the following internal interface with the

RAMs used for the ring buffers:

Inputs -  8-~bit RStackInData, StrHeadInData, and StrTailInData
‘ busses
Outputs = 8-bit RstackOutbData, StrHeadOutData, StrTailOutData,

RStackReadAddr and RStackWriteAddr busses, 7-bit
StringQReadAddr and StringQWriteAddr busses,
ReadRStack, WriteRStack, ReadStringQ, and
WriteStringQ control :signals

The module must implement the string reversal algorithm given in

Chapter 4. It will provide the StackOverRun and StackEmpty flow control
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signals for use‘by the master controller module to control data coming
from the decompressor. The decompreéSOr interfage ig fairly simple; when
the decompressor has a byte to oﬁtput, it will place it on StackData and

assert WriteStack. If it is the last character in the string, EndOfString

will also be asserted. It is expected that the stack module will latch

the byte on the next negative clock edge. The interface to the output
byte buffer is similar, without the Eﬁdofstring control signal. If the
FIFO asserts OutCharFIFOFull, it assumes that the stack will not attempt
to write .further data; any write requests will be ignored. The stack
assumes the same procedure if it asserts StackOverRun. ‘StackEmpty will be

aggerted whenever there are no bytes remaining in its ring buffer.

RTL Description

Due to its length; the RTL description of the module is included as
Figure 40 in Appendix B. Note that bytes output to the stack are latched
into NewChar before they are processéd by‘the stack. This stage of
pipelining is present because the decompressor_will always write a byte to
the stack during the réset cycie,‘before‘the stack data structures are
initialized and ready‘to handle the data. In addition, this pipeline
helps ease the critical timing path‘in the‘decompreséor; a write request
must only meet the setup time of the Newcﬁér register, with no additional
switching delays added by the stack.

The non-reset state is broken up into two sections: one to handle
insertioné into the ring buffer (write requests from the decompressor),
and‘another to handle removals from the ‘buffer (write requests to the
output FIFO). Note that when the stack fills up, insertions are halted,

but outputs to the FIFO continue. Also, if the output byte buffer fills
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up, outputs to the FIFO‘are haited, but insérticng are still allowed
(until the ring buffer or string queue fills up).
A timing diagram detailing‘the operation of stack’s signals is shown

in Figure 24.

Module Generation

The BDS and bdnet source for the module are shown in Figures 41 and
42 of Appendix B. Note that sevgral cémpgrétors‘are credted using bdnet
to avoid the misII optimization problem described in'chapter 8.

The modulg has been successful;y generated using the CAD tools. It
contains 459 standard cell instances, 498 nets, and 6ccupies an area of
1504 by 2611 microns (3926944 square microns). Of that, 1.616 square
millimeters are insténce area (41.1 percent), and‘2.3il square millimeters

are routing and empty area (58.9 percent).

Module Testing

The module has been tested fairly extensively with musa. Boundary
cases that were examined include two 128-byte strings in succession and a
128~byte string followed by 128 one-byte strings. The same cases, and a

series of 129 one-byte strings, were also tested with OutCharFIFOFull

asserted to verify that the StackOverRun was asserted properly. It

properly handles both ring buffer and string queue full conditions. -All

test cases were executed correctly.

Addition of Musa RAM Models

As mentioned in the description of musa in Chapter 6, it is primari-

ly used as a switch-level simulator for MOS transistors, but it also




100

Clock
Reset /) L R ' L
WriteStack ST N T T
HlipStack VA VA SRV A AN
StackData XX <X @ XX
OutCharFIFOFull — T T AL
WriteCharFIFO : : P : S oo ;
OutCharFIFO
StackFull

StackEmpty
- NewChar

AddChar

EndOfString
CurrInStrHead
CurrlnStrTail
CurrOutStrHead
CurrOutStrTail
CurrOutStrUsed
StrQHead

StrQTail

ReadStrQ
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Figure 24 - String Reversal Timing Diagram

includes enhancements to simulate high-level devices, including RAMs. In

order to perform more complete tests of the stack module, a set of these
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RAMs has been added to the stack. Tﬁis allows the simulation to ignofe
the RAM interfgce lines and concentrate on the decompressor and output
FIFO interfaces. The bdnet file included as Figure 43 of Appendix B is
used to add ﬁhe RAMs to stack. Note that these RAMs are only functional
models, not actual physical circuits. As'such, they are only useful for
musa simulations.

Several difficulties were encountered in the interfacé of the RAM to
the controller logic. In order to simulate.a dual-ported RAM using the
single-port models, the‘read and write signals were initially gated using
the clock and inverted clock signals, respectively. Also, the read and
wfite address and data busses were selected using a multiplexef controlled
by the clock. This would supposedly allow the write operations to be
executed during the first half clock cycle and the reads to be executed
during the second half.: However, the timing path to switch the address
and 'data busses  was shorter than the one that disabled'the write and.
enabled the read, so as the clock transition was simulated, data was
erroneously written to the next read location before w;ite was disabled.

_ In order to correct this problem; three additional signals, usea
only for simulation, were introduced ipto‘the bdnet file: ReadEnable,
WriteEnable, and AddréssSeléctL The sequence required to simulate one“
clock cycle is shown in the musa file in Figure 44 of Appendix B. Basi-
cally, AddressSelect is set to select the write address, WriteEnable is
asserted, WriteEnable is deasserted, AddressSelect is deassertea to select
the read address, ReadEnable is assertgd,‘Rengnable is deasserted, tggn
the clock is toggled high then low to produce the negative edge required

by all the flip-flops in the module. Every time a signal is changed, the
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changes are propagated through the network beféore another vsignal ‘is
changed. Thisg process allowed successful use of the RAM modules.

With the RAMs in place, stack was simulated with several other test

(inpufs, all of which executed .correctly. The éthck module is ready for

integration with the custom RAM modules.as soon as they are designed.
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CHAPTER 11
THE MASTER CONTROLLER MODULE

Module Design

External Reference Specifications

The final module is the master controller. The control module will
have the following interface:
Inputs - ResetIn, DoCompressIn, InCharFIFOEmpty, InCharFIFOFull,
InCharDataEnd, InCodeFIFOEmpty, InCodeFIFOFull,
InCodeDataEnd, OutCodeFIFOEmpty, OutCodeFIFOFull,
OutCharFIFOEmpty, StackFull, CAMOutAddrIn <11:0>,
ReadCAMIn, WriteCAMIn

Outputs - Halt, DumpOmega, DoRefresh, OperétionComplete,
'CAMOutAddr <11:0>, ReadCAM, WriteCAM, Reset,
DoCompress, DumpOutCode :

This module is responsible for interfacing the external and internal
control signals, handling flow control between the compressor and decom-
pressor and the I/0 buffers, and generating the refresh cycles for the
DCAM. The external interface currently consists only of the ResetIn,
DoCompressIn, and OperationComplete signals. ResetIn should be asserted
for at least one clock cycle by the external circuitry. During this clock
cycle, DoCompressIn should be asserted if compression 'is desired, or
deasserted if decompression is desired. On the negative clock edge
following the assertion of ResetIn, it and DoCompressIn will be latched
into the global signals Reset and DoCompress. Reset will remain asserted

for one clock cycle, and should reset the other modules. DoCompress will

remain constant until the next reset.




104

Inputs. — ResetIn, DoCompressIn, InCharFIFOEmpty, InCharDataEnd,
InCodeFIFOEmpty, InCodeDataEnd, OutCodeFIFOEmpty,
OutCodeFIFOFull, OutCharFIFOEmpty, StackFull,
CAMOutAddrIn <11:0>, ReadCAMIn, WriteCAMIn

Outputs - Halt, DhmpOmega, DoRefresh, OperationComplete,
CAMOutAddr <11:0>, ReadCAM, WriteCAM, Reset,
DoCompress, DumpOutCode

The refresh cycle will be generated periodically. During normal
operation, thé ReadCAMIn, WriteCAMIn, and CAMOutAddrIn signals will be
ponnected directly to ReachM, WriteCAM, and CAMOutAddr; During a refresh
cycle, ReadCAM and WriteCAM will be deasserted, CAMOutAddr will contain
the address of the next row of the DCAM to refresh, and.the Halt and Do~
Refresh signals will bée asserted.

The I/Q flow control has been designed assuming the I/0 buffer
interface presented in Chapter 5. If InCharFiFOEmpty, InCodeFIFOEmpty,
OutCodeFIFOFull, or StackFull is asserted, the Halt signal is immediately
(asynchronously) asserted, and remains asserted until all four signals are
deasserted. If a halt is executed and InCharFIFOEmpty and InCharDataEnd
are asserted, DumpOutCode will be asserted, and DumpOmega‘will be asserted
for one clock cycle. 1In addition, if InChérFIFOEmpty, fncharDataEnd, and

OutCodeFIFOEmpty are all asserted, or InCodeFIFOEmpty, InCodeDataEnd, and

OoutCharFIFOEmpty are all asserted, OperationComplete is asserted.

RTL Description

The RTL description of the module is shown in Figure 25. It uses
finite field sequencers to count clock cycles to determine when a refresh
should be done and to generate the refresh addresses. REF_LEN will be
determined by the numbér of rows in the DCAM, and CNT LEN will be deter-

mined by the frequency at which it must be refreshed.




~7

S

105

INPUT ResetlIn, DoCompressIn, InCharFI'FOEmpty, InCharDataEnd
lnCodeFIFOEmpty, InCodeDataEnd; ‘OutCodeFIFOEmpty, OutCodeFIFOFull
‘OutCharFIFOEmpty, StackFull CAMOutAddrIn <11:0>, ReadCAMIn,
WriteCAMIn

OUTPUT Halt, DumpOmega, DoRefresh, 0perat1onComplete, CAMOutAddr, ReadCAM,
Hr]teCAM
! The follou]ng outputs are latched
Reset, DoCompress, DumpQutCode

REGISTER RefreshCt <CNT_LEN>, RefreshAddr <REF_LEN>

If Resetln
Reset <- TRUE
DoCompress <- DoCompressin
DunipOutCode <- FALSE

Halt <= FALSE
DumpOmega <= FALSE
ReadCAM <= FALSE

WriteCAM <= FALSE

‘OperationComplete’ <= FALSE

DoRefresh <= FALSE ‘ o

RefreshCt <- CNT_INIT ! Finite field sequencer dependent
RefreshAddr <- REF_INIT

Else
Reset <- FALSE
DoCompress <- DoCompress

1f (RefreshCt == CNT_DONE)

Halt <= TRUE

DumpOmega <= FALSE

DumpOutCode <- DumpOutCode

DoRefresh <= TRUE .

CAMOutAddr <= RefireshAddr . 0 ! Enough Os to fill 12-bit buss
ReadCAM <= FALSE

WriteCAM <= FALSE
" RefreshAddr <- . NextAddr(RefreshAddr)

Else :

DoRefresh <= FALSE

CAMOuUtAddr * <= CAMOutAddriIn

ReadCAM <= ReadCAMIn.

WriteCAM <= WriteCAMIn

RefreshAddr <- RefreshAddr

1f (InCharFIFOEmpty || InCodeFlFOEmpty |} outCodeFIFOFull || StackFull)
Halt <=

If (InCharFIFOEmpty && InCharDataEnd && lDumpOutCode)
DumpOmega <= TRUE
DumpOutCode <- TRUE
Else
DumpOmega <= FALSE
DumpOutCode <- DumpOutCode

Else
Halt <= FALSE
DumpOmega <= FALSE
DumpQutCode <- DumpOutCode

RefreshCt <- NextCt (RefreshCt)

1f ((InCharFIFOEmpty && InCharDataEnd && OutCodeFIFOEmpty) ||
¢(InCodeFI FOEmpty && InCodeDataEnd && OutcharFIFOEmpty))
Operat1onComplete <= TRUE

Else
OperationComplete <= FALSE

Figure 25 = Master Controller RTL
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Module Generation

The BDS and bdnet source for the module are shoﬁn in‘Figures 45 and
46 of Appegdix B. The module has been successfully genefated using the
CAD tools. vIt contains 101 standard cell instances} 130 nets, and occu-
pies an area of 712 by 951 microns (677112 square microns). Of that,
0.370 square millimeters are instance‘area (54.7 percent), and 0.307

square millimeters are routing and empty area (45.3 percent).

Module Testing

The module has been tested for a variety of cases using musa. More
complete tests will be required when the modules are assembled and the

interface signals are all connected.

System Integration and. Test

Once the IC’s externﬁl interface has been fully defined, thé con-.-
trollers for each of the I/O buffers cah be designed and generated. At
this time, musa RAM models can be attached to serQe as the ring buffers iﬁ
each of the FIFOs and all the modules can be connected.using bdnet. This
should allow complete black-box testing of the ehtire‘IC, except for the
DCAM. It will be necessary to update the musa script generation utility
to produce test scripts for the IC, in order to simulate the operation of
the DCAM. After a complete suite of tests haé been conducted, the logic

simulation of the IC should be complete.
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CHAPTER 12 .
MANAGING THE DESIGN PROCESS

The similarity between the standard cell design methodology used in’

this development and typical software development cycles was mentioned in

Chapter 6. This similarity can bé;expléited.to take advantége of the
bodyxof techniques used in software development to managé‘large, compiex
projects. » |

One method which hés:been utilized hereiﬁ is;the structﬁred design
life-cycle: requirements spepificatibn,.high—level functiongl_descrip—
tion, code genéfation and;compilation; aﬁd‘teSting. The set of documenta—:
tion and source files developed for each module fits into this framework
well.. This structured design methodology-is frequently used to_manageh
VLSI projects; for example, see the discussion in Chapter 6 of'tWESIE].
For the most‘part, it can be applied to aii.facets‘of VLSI design; nof
jgst standard cell implémentations. -

Another tool that can be borrowed from software development that is
not so widely acknowledged.is:the uSE‘of'automatedwsource‘dode‘éon£r01 andm
configurafion managément tools. For example, the UNIX tools make and rcs
(or the éimilar package sccs) can be used to greatly éiﬁplify-the‘moduLg:
generation portion- of this procéss; |

Make is a‘utility for contrqllipg thé automatic‘rgcémpilatiOn Qf'
sourée code files. A control file is Creatédiwhich‘sﬁécifies‘thé depeﬁf'

dency hierarchy of source code, and ﬁake can automatically regenerate all
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portions of that hierarchy that depend on a file that has been updated.
For example, in a C software project, a source file might include a number
of header files. This file therefore depends on those header files, and
make can be used to automatically recompilé‘the file if any of the header
files is changed. Another example is the generation‘of the :unplaced ocCT
view of a module. This view typically depends on the :logic view and.a
bdnet file. make can automatically rebuild the :unplaced'view if either‘
the :logic view or the bdnet file is modified. An example of a Makefile
(the control file) is shown in Figure 47 of Appendix B. Simply by chang-
ing the definition of the module name at the top of the file, the same
Makefile was used to control the generation of all the modules described
in previous chapters. Information on the ﬁse of make and the syntax of
Makefiles is available in the ¢6nline UNIX man pages.

Rcs (short for Revision COngrol System) is a set‘éf tools which aid
in revis;on and configuration management. It allows the storage of
multiple versions of a source file in a sinéle a¥chive, and automatically
generates revision histories for the archive. Any version of the fiie can
be retrieved, and multiple modification branches can be started from a
single revision. After these branches grow as successive modifications
are made in each branch, it is possible to merge the new branches together
to reform a main branch containing all the revigionsg from all £he sub-
branches. A symbolic revision name or number’can be assigned to a revi-
sion level across a set of source archives, alldwing‘thé uger to "freeze"
a given software configuration for future reference. The use of rcs can
greatly simplify the task of maiptainihg revisions of BDS files as new

functionality is added to modules, or errors are removed. Information on
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the usage and syntax of the various res utilities is available in the

online UNIX man pages.

These are just two examples of UNIX software development tools which
adapt well to the standard cell design methodology in the OCT environment.
There are 'a number of other utilities which could be used to assist in the

rapid generation and verification of VLSI designs.
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CHAPTER 13

CIRCUIT PERFORMANCE ESTIMATES

Timing Extraction Using MisII

In addition to misII’s normal batch execﬁtion‘mode,‘which‘is héed to
optimize logic and map it into a standard cell libfary, it provides an
interactive mode which can be used to obtain timing information. A
library file is required thaﬁ describes the logic function and timing
characteristics‘of each cell in the standard cell library; Luciano Lavagno
at the University of Calif;fnia has recently completed two of these
library files for the Mississippi State University cell library, one
containing nominal cell parameters and the other éontaining wbrgt case
values. These files contain timing data only fo: the combinational logic
cells in the.library. |

The procedure foliowed to obtain a timing profile of a combinational
logic circuit involvesAstarting misII with no arguments, reading in the.
OCT :logic view to be profiled, loadiné the'library file for the cell
library and performing the mapping, then printing out delay information
for the circuiﬁ. This delay information is presented in the form‘of the
rising edge and falling edge arrival time, required time, and slack time.
for each node in the circuit, and it can be softed to produce a list of
the nodes with the most critical values. The delay ig divided into rising
and falling édge information beCaﬁse the cells are not typically symmetri—

cal; that is, they can make one transition faster than the other.
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The cell parameters in the library file include the following values

for each of the cell’s inputApins: the phase of the input (INVertlng,

NONINVertlng, or UNKNOWN); the input load (capac;tance) of the pln, in
arbitrary floating-point units; the rise-time parameters, given as a block
‘delay in nanosegonds and a fanout delay in nanoseconds per unit ioad (the
same units used to define the iﬁput load); and the fall-time parameters,
as block delay and fanout aelay. The input phase is required becaﬁse an
inverting input essentiallf interchanges the rise timé and fall time of

the incoming signal.

Calculation of arrival time is pefformed by assuming that all inputs-

to the circuit initially arrive at time zero, with an initial iﬁput drive
value (essentially the strength with which the input is being driven).
Arrival times are then propagated to the first levél of nodes in the
network by multiplying the drive Qalue by the input load of each input pin
being driven to determine the initial arrival time at that‘pin; adding the

pin’s block delay (either rising or falling), then adding the pin‘’s fanout

delay multiplied by the sum of the input loads of all connected nodes.

Note that this does not takefinto account any additional load introduced

by wiring in the circuit. As mentioned previously, if the pin is invert-
' ing, the rising and falling edge times are fnterchanged befbre the block
delays are added. This process of accumulating block delays and fanout
delays is continued until the a;riVal time§ have propagated through‘tﬁe
network to the output nodes.

Required times are calculated in a sipilar manner. Thevrequiged
times of all output nodes in the network aré~initially‘assumed to be time

t. These times are then propagated backward through the network to the
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input nodes. Given the required times (for both rising and falling edges)
for a node, the required times of an input pin of a connected cell are
calculated by subtracting the node’s load value times the input pin‘s
fanout delay, then subtracting the pin’s block delay. This is just the
reverse of the process used to calculéte arrival times, Again, inverting
input pins interchange the rising and falling edge times. The reéulting
times will all be less than ¢. Note that if an input pin fans out to
multiple nodes, the worst required time of all connected nodes is used to
calculate the pin’s required time.

The slack time of a node is just defined as the difference between
its required time and arrival time. It represents amount of excéss time
available in the lonéest timing path from any input to any output that
passes through the node. A negative slack time indicates that a signal
cannot propagate from the input and arrive at a node in time to meet the
required time of at least one output that is fed from that node.

An example of this timing delay profiling is shown in Figure 26. In
this case, the output required times are all just léft at zero, so all the
nodes’ required times are negative, and the slack time for each node is
just the maximal delay time for a path from any inhput to any output which

passes through the node.

Timing Information for LZW Modules

This procedure was used to extract timing information from the
compress_2, decompress_2, and merged_2 logic views, using both nominal and
worst case values. The resulting longest-path timing data is shown in

Table 1.
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Sample BDNET file to generate a network - just a two-level NOR-NOR.

MODEL test:logic;
TECHNOLOGY scmos;
VIEWTYPE SYMBOLIC;
EDITSTYLE SYMBOLIC;
‘OUTPUT E;

INPUT " A, B, C D;
SUPPLY . Vdd' :
GROUND GND;

INSTANCE :]cad/lib/technology/scmos/msu/stdcell2_2/ﬁorf201"}physical
Al: A; .
B1:°B;
O:Temp1;
nyddiv:vdd;
NGND!":GND;

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/norf201"-phy51cal
Al: C-
B1:
OiTempZ;
nydd!":vdd;
IIGND e GND .

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/norf201"'phyS|cal ‘
‘Al: Templ;
B1: Temp2;
O:E;
"wdd! ":vdd;
"GND!I'":GND;

ENDMODEL ;

Cell parameters from Library file (nominal values). Since misll optimizes for area, it will
reduce the three NOR gates into a four-input AND-OR-INVERT followed by an inverter.

GATE "invf101:physical" 16 0=1A1;

PIN

GATE,
PIN
PIN
PIN
PIN

A1 INV 0.00821 999 0.68 2. 04 0.22 2.5

Moaif2201:physical® 40 0—'((A1+B1)*(C2+D2))
A1 INV 0.08032 999 1.73 3.1 1.68 2.76

B1 INV 0.08032 999

11 1.73 3.1
€2 INV 0.08032 999 1.71 3.1
1.71 3.1

D2 INV 0.08032 999 1

1.68 2.76
11.68 2.76
11.68 2.76

Misll delay timing output for sample circuit. Note that the network is:mapped“fo the cell

library whi'le script.msu is sourced.

UC Berkeley, MIS Release #2.2 (compiled 18-Dec-90 at 3:57 PM)’
mislI> read_oct test:logic
misIl> source scr1pt msu
WARNING: uses as primary input arrival time the value (0.00,0. 00)
WARNING: uses as primary ‘input drive the value (2.04,2.50).
WARNING: uses as primary output’ load the value 0.00
'WARNING: uses as primary output required time the value (0. 00 0 00)
misII> print_delay

... using library delay model

A : arrival=( 0.16 0.20) required=(-2.38 -1.97) slack=(-2.55 -2.17)
B : arrival=( 0.16 0.20) required=(-2.38 -1.97) slack=(-2.55 -2.17)
c ¢ arrival=( 0.16 0.20) required=(-2.38 -1.95) slack=(-2:55 -2.15)
D : arrival=( 0.16 0.20) requ1red—( 32.38 -1.95) slack=(-2.55 -2.15)
[3611: : arrival=( 1.95 1.87) required=(-0.22 -0.68) slack=(-2.17 -2.55)
{E> : arrival=( 2.55 2.17) required=(¢ 0.00 0.00) slack=(-2.55 -2.17)

Figure 26 = Sample

of MisII Timing Calculations
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. Nominal value Worst case
compress_2 - worst arrival time 31.06 - 81.80
worst regquired time -28.87 -77.34
worst slack time -31.06 " -81.80
decompress_2 - worst arrival time 37.86 93.63
worst required time -33.38 ’ -84.28
worst slack time ~ =37.86 -93.63
merged_2 - worst arrival time 53.89 ' 130.24
worst required time -49.84 -119.59
worst slack time -53.89 -130.24

Table 1 - Merged 2 Timing Data

Note that these values are only for the combiﬁational logic, and do
not include the setup and hold times of the flip-flops. Also, the timing
of the DCAM, stack, and FIFOs is still unknown. If the library files for
the cell library are correct, this data would indicate that even for
nominal values, if the flip-flop fiming is téken into account, the maximﬁm‘_
clock frequency for merged 2 would be begWeen 10 and 15 MHz. If the worst
case vélues are used, the maximum frequency would only be about 7 MHz.

Before these values are taken as absoluteé, the library files should
be verified. If they are correct, it appears that in order to achieve
performance in the range of 10 to 20 MHz, it will be necessary to use a
faster standard cell library. - Note that this analysis haé only focussed .
on the paths within the combinational logic. If one of the nodes with a
critical‘arfival or required-time is an interface signal to the DCAM; for
example, the clock rate would be even more SeVereiy constrained. Initial
examination of the critical node lisfs did‘ﬁot suggest that this is the

case, but more in-depth analysis should be done after the delay data has

been verified.
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Compression Efficiency Measurement

The efficiency of the compressor has been measured using the utility
which executes the algorithm and generates test scripts. This program is
executing the identical algorithm, and produces output files whose size
- can be compared fo those of the input files to méasure the compression
ratio. | |

The tests have been performed on a set of files which have been
assembled to demonstrate the strengths and weaknesses.of various text
compression algorithms. This.set of files, known as the Calgary compres-
sion corpus, was first presented in {[BELL], Appéndix B. It is availablé
via anonymous FTP.from the Internet address fsa.cpsc.ucalgary.ca and has
become a standard benchmark for text compression programs.

'Thé data in Tableée 2 represents the performance of the algorithm on
each of the files in the corpus, where the compression ratio is measured
in output bits per input byte (in oraer to maintain compatibility with‘
results presented in [BELL]). The compression ratio of input bytes to
output bytes can be obtained by dividing eight by this number. The table
also shows the compression ratios for the compress program (aQailable
under version 4.2 of the Ultrix opera;ing‘system) and for PKZIP (version
1.1 of the MS-DOS program) for comparison.

It can be seen that these programs both outperform the LZW algofithm
in all cases. This is to be expected, since compress uses a modified LzZW
with a 16-bit string table, wvariable length output éodes, and logic to
reset the‘table if the compression ratio begins to decrease, and PKZIP

uses an LZ77 algorithm with an 8 Kbyte sliding window, followed by a
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However, the LZW algorithm’s compression efficiency is not unreasonable,

especially in light of the expected compression speeds the circuit will

provide. It provides an compression ratio of 4.33 bits per byte, which is

roughly‘a 1.85 ratio of input to output bytes. For several of the files,

it performed substantially better than this; if the file obj2 is ignored,

the average compression ratio is 3.86 bits per. byte, or an absolute ratio

of 2.07. This is a reasonable average value.
compress PKZIP LZw

Input Output Comp. Output Comp. Output Comp.
Source Size Size- Ratio Size Ratio Size Ratio
bib 111,261 46,528 3.35 41,354 2.97 53,849 3.87
bookl 768,771 332,056 3.46 350,560 3.65 390,815 4.07
book2 610,856 250,759 3.28 232,589 3.05 346,535 4.54
geo 102,400 77,777 6.08 76,172 5.95 78,759 6.15
news 377,109 182,121 3.86 157,326 3.34 232,815 4.94
objl 21,504 14,048 5.23 10,546. 3.92 16,931 6.30
obj2 246,814 128,659 4.17 90,130 2.92 302,547 9.81
paperl 53,161 25,077 3.77 20,041 3.02 31,187 4.69
paper?2 82,199 36,161 3.52 32,867 3.20 41,670 4.06
pic 513,216 62,215 0.97 63,805 l1.00 70,617 1.10
progc 39,611 19,143 3.87 14,161 2.86 24,471 4.94
progl 71,646 27,148 3.03 17,255 1.93 34,920 3.90
progp 49,379 19,209 3.11 11,877 1.92 23,292 3.77
trans 93,695 38,240 3.27 23,135 1.98 50,549 4.32
Total 3,141,622 1,259,141 3.21 1,141,818 2.91 1,698,957 4.33

Table 2 - Comparison of Compression Ratios
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- 'CHAPTER 14
CONCLUSIONS

The design presented herein is fairly comple£e; ali of the standard
cell control logic required‘for the IC has been subdivided into modules,
and each module has been designéd, generated, and simuléted (using a
logié—level simulator). Initial performance estimates of the merged
compression and decompression modules have been prgsented. The assump-
tions made regarding the custom mddules required to complete the IC have
been enuﬁerated.

If the enhanced dynamic content—addfessable memory (DCAM) capable of
automatically writing thé data pattern during each CAM search can be
built, so that the merged 2 module can be used, the total aréa required
for the compressor/decompressor, the string revefsal module, and the
master controller is rdughly 11;83 square miliimeters. If the nominal
timing values for the Mississippi State University standardlcell library
are correct, the nominal maximum clock rate for the controller logic will
be in excess of 10 MHz.

If an IC capable of operation at a clock rate of 15 MHz can be
created, it‘will subéﬁantiaily éutperform existing'data compression ICQ.
The current state of the art is about 2.5 Mbytes/sec average compression
speed, with slightly higher aecompression rate. However,‘since merged_2
compresses at one byte per ¢lock cycle and decompresses at nearly that

rate, the IC would be six times as fast as any competitor’s.
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As noted, the average compressiodn ratio for the LZW algorithm is not‘
extremely high, but it is probably sufficiént for most appiications. It
should operate with a compression ratio in excess of 2.0 for all but the
most difficult data.

Several similarities between the standard cell design methodology
used for this project and the normal software development cycle have-been:
‘noted, and some software development tools have been adapted for use in

the standard cell design.

Further‘Researéh

There is a fair amount oflfollow—up research related to this pro-
ject. The desigﬁ and.implementation*6f the DCaM, the ring buffers used in
the string reverser, and the I/O buffers hust be completed, and system
level integration and testing must be doneQ’ ?ﬁe timing data for the
standard cell librafy musf be verifieda If it is borrect, an alternative
standard cell library might be required in order to achieve the desired
performance.

In addition to just finishing up this design, a number of enhance-
ments to the basic algorithm could be investigated to improve compression‘ 
performanee_ ‘For‘example, the ¢apacity to handle variable length compres;
sion codes could be implemented in the input and output code FIFOs.
Various string table management algorithms should 5e evaluated. Run
length limiting could be added to the byte-stream.

Finally, an investigation of othef compression techniques could be
conducted to determine their applicabiii£y to standard éell designs. sz

is certainly not the most efficient compression technique available, even
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thpugh it is ideally suited to hardware implementation. ﬁoweVe;, arithme-
tic coding séems to.hold a great deal ofgpromise_asja h;ghly-efficient"
compression algorithm,--if high—speed hardware could be developed to

implemént it.
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Montana State University’
Dept. of Electrical Engineering
Bozeman, Montana 59717

LZW Data Compression Project

External Reference Specification

GENERAL :

Cell Name: - merged 2
Short Description:

Combined compress_2 ard decompress 2 modules (LZH compressor and

decompressor).

Pathname: ~1cs98038/thes1s/merged/merged 2

Revision Hlstory.

[X1 check if LEAFCELL. . If not,
Cells Instanced:

Circuit Design by: Bob Wall

Layout by: Standard cell generation in OCT
Email contact: 1csg8038acaesar.cs.montana.edu ‘Bob Wall

Process: MOSIS SCN (N- -well soalable CMOS)

LAMBDA value(s) in microns:
‘Height (in lambdas):
Width (in lambdas):

OCT Revision: 3.5

Quickic Revision: 6
Tekspice Revision: .1E

FUNCTIONAL DESCRIPTION:

For details on LZW compressor and decompress see compress_2. ers

and decompress_2.ers.
BDNET -INSTANCE .FORM:
LOGIC EQUATLONS:
TRUTH TABLE:

INPUT SPECIFICATIONS‘fOP‘LAMBDA=1um:

Terminal: Load. Cap:

Tsetup(min): Thold(min):

OUTPUT SPECIFICATIONS for LAMBDA=1um:

Terminal: Tdelay(min):

Tdelay(max): Load Cap:

CLOCK RATE for LAMBDA=1um:

Fclock(max):
Fclock(min):

Figure 27 - Sample ERS Form (cont. on next page)
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POWER REQUIREMENTS for LAMBDA=1um:
AC 'Power: Fclock:
USAGE and TILING NOTES:
OCT VIEWS:
Viewname: Description:
. physical physical artwork
symbolic symbolic artwork
schematic simulation schematic (musa)
schemdoc documentation schematic
logic output of misIl - logic without flip-flops
unplaced output of bdnet - logic with flip-flops added
flat output of octflatten - ‘unplaced’ without hierarchy
placed output of wolfe - ’/flat’, placed and routed
OTHER FILES:
Filename: Description:
bdnet Oct bdnet netlist
bds Oct bds behavioral description
cif CIF artwork
ers External Reference Specification document
musa Oct musa simulation script-
rtl Register Transfer Level description
sim Mextra extraction netlist (sim format)
spice Spice simulation file
tspice Tekspice simulation file
VERIFICATION: )
Engineer: Tool: Date:
Logic Simulation: Bob Wall . musa 7/01/91
Circuit Simulation:
DRC:

Extract & Simulate:
Connectivity Check:

Figure 27 (cont.) - Sample ERS Form




128

1
1
1
1
1
1
1
1
!
1
1
I
1
1
1
1
1
1
'
1
1
1
1
1
1
!
1
1
1
2

I

File: merged_2.rtl (/user1/icsg8038/thesis/merged_2.rtl)
Author: Bob Wall ’
Date: 6/30/91

Description:
Simplified RTL description of the LZW compressor/decompressor opera-
tion, with the single clock cycle compressor and optimized decompres-
sor. This is essentially a boiled-down version of merged_2.bds, and
will hopefully be a little easier to read.

Notes:
The /.’ between two expressions represents concatenation.
'<-! represents a clocked (synchronous) assignment, while /<=’ is
a combinational (asynchronous) assignment.

The compressor portion is essentially just compress_2.rtl, and the
decompressor is just decompress 2.rtl. They are stuck together with
an "If DoCompress ... Else ...".

The logic to perform refreshes of the DCAM has been removed. The
controller Will now periodically halt the compressor or decompressor
and refresh a row of the DCAM. ’

Now have string length limiting in place, as well as halt signals from
the controller.

Revision History:
$Header: /n/dali/ul/icsg8038/thesis/merged/RCS/merged 2.rtl,v 1.3 91/07/15

20:17:15 icsg8038 Exp $

$Log:  merged 2.rtl,v $
Revision 1.3 91/07/15 20:17:15 1icsg8038
Added DumpOmega capability.

Revision 1.2 91/07/14 14:33:32 1icsg8038
Added string length limiting, halt signal processing.

- Revision 1.1 91/07/08 15:47:40 icsg8038
Initial revision

Variable declarations

NPUT Reset,
Halt,
DumpOmega,
CAMMatch,
InCharfFIFO < 7:0>,
InCodeFIF0 <11:0>,
CAMInData <19:0>,
CAMINnAddr  <11:0>;

OUTPUT ReadCharFIFO,
"ReadCodeF1FO,
WriteCodeFIFO,
OutCodeFIF0 <11:0>,
WriteStack,
FlipStack,
StackData < 7:0>,
SearchCAM,
ReadCAM, ! tLatched, output fed back
WriteCAM, ! Latched
CAMOutbata <19:0>,
CAMOutAddr <11:0>; ! Latched, output fed back

Figure 28 - Merged 2.RTL (cont. on next page)
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REGISTER State,,
FinChar < 7:0>,
Omega . <11:0>,
InCode <11:0>,
oldCode <11:0>,
NextCode <11:0>,
D_CAMOutData<19:0>, ! Latched version for decompressor
strien < 7:0>,
OmitNextStr;
CONSTANT TRUE 1,
FALSE 0,
INIT_STR_LEN  Oxff,
LAST_STR_LEN 0x23; ! Gives 128-character max. length

The following is a simple Galois finite-field sequencer to generate 8-bit
sequences. The minimum-weight polynomial is x*8 + x4 + x*3 + x*2 + 1.

MACRO NextStrlLen(StrLen)

TempLen<0> <= StrLen<7>;

TempLen<]> <= StrLen<0>;

TempLen<2> <= StrLen<1> XOR StrLen <7>;
TempLen<3> <= Strlen<2> XOR StrlLen <7>;
TempLen<4> <= StrLen<3> XOR StrlLen <7>;
TempLen<5> <= StrlLen<é>;

TemplLen<é> <= Strien<5>;

TempLen<7> <= StrlLen<é>;

Return (TempLen)

Note that in the compressor, instead of using NextCode (as would normally
be done), the CAMOutAddr register is used. This is because during com-
pression, it is identical to the NextCode register, so only one of.them
need be used. Use CAMOutAddr, since its output is connected to the address
buss out to the DCAM (hence the name!). ‘

Begin Merged

First comes the compression section.

1f DoCompress

! Turn off the outputs used only by the decompressor.

ReadCAM, WriteCAM <- FALSE )
WriteStack, FlipStack, ReadCodeFIFO <= FALSE

! Select the unlatched version of CAMOutData to place on the buss
!t to the DCAM.

CAMOutData <= C_CAMOutData
1f Reset ! Initialization stage’

SearchCAM <= FALSE
WriteCodeFIFO <= FALSE

ReadCharFIFQ <= TRUE t  'Read 1st byte to initialize Omega
Omega <- -0 . InCharFIFo )
CAMOutAddr <- . 0x100 ! First emtpy table entry
strlLen <- INIT_STR_LEN
Else if Halt

SearchCAM, ReadCharFIFQ <= FALSE

Figure 28 (cont.) - Merged 2.RTL (cont. on next page)
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1f (DumpOmega)

WriteCodeFIFO <= TRUE
~ OutCodeFIFO <= Omega
Else

WriteCodeFIFO <= FALSE

Omega <- 'Omega

CAMOutAddr <- CAMOutAddr

Strien <- S8trLen
Else

Precalculate the value of CAMOutAddr + 1, so it witl be ready
by the time CAMMatch is back from the DCAM. If the table is
full already, just set it to CAMOutAddr.

Also precalculate new string length.

1f (CAMOutAddr != Oxfff) ! Update next table address
TempCode <= CAMOutAddr + 1 :
Else ! Table full
TempCode <= CAMOutAddr

TempStrLen <= NextStrLeh‘(StrLen)

ReadCharFIFO <= TRUE ! Get next input byte ready
If (Strlen == LAST_STR_LEN) ! Accumulated maximum length string
SearchCAM <= FALSE ! Dump accumulated code and restart

WriteCodeFIFO <= TRUE
OutCodeFIFO <= Omega

Omega <- 0 . InCharFIFO
CAMOutAddr <- CAMOutAddr
strlen - <- INIT_STR_LEN
Else
SearchCAM <= TRUE | Enablé a CAM search
C_CAMOutData <= Omega.InCharFIFO ! Omega . K to search for

Note that every time a search is done, the 'search pattern
(Omega . K) is written to address CAMOutAddr. Thus, if a match
fails, the new string has already been added to the table, and
all that is necessary is to update CAMOutAddr to point to the
next empty table entry. :

If (CAMMatch) I - Omega . K was in the table
Omega <- CAMInAddr ! Omega <- addr (Omega . K)
WriteCodeFIFO <= FALSE ! Don’t generate output
CAMOutAddr <- CAMOutAddr "
StrLen <- TempStrLen

Else - ! It wasn’t in the table.
Omega <- 0 . InCharFIFO ! Omega <- 1-char string K
WriteCodeFIFO <= TRUE ! Enable output
OutCodeFIFO <= Omega ! - Output last Omega
CAMOutAddr <~ TempCode 1! Update next table entry address
strLen <- INIT_STR_LEN

! Decompression section
1

Else
! Turn off the outputs used only by thevcompresgor.

SearchCAM, ReadCharFIFO, WriteCodeFIFO <= FALSE

Figure 28 (cont.) - Merged 2.RTL (cont. on next page)
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1 select the latched version of CAMOutData to place on the buss
! to the DCAM.

CAMOutData <= D_CAMOutData

If Reset ! Initialization stage -
! This step takes advantage of the fact that the first input code is
! guaranteed to represent a single character string, and that char-
1 acter Will just be the last eight bits of the code.

NextCode <- 0x100

‘OldCode <- InCodeFIFO
FinChar <- InCodeFIFO <7:0>
StackData <= InCodeFIFO <7:0> ! Qutput character portion of it

WriteStack, FlipStack, ReadCodeFIFO <= TRUE
ReadCAM, WriteCAM <- FALSE

Strien <- INIT_STR_LEN
OmitNextStr <- FALSE
State <- 0

Else if Halt

WriteStack, FlipStack, ReadCharFIFO <= FALSE

WriteCAM <- WriteCAM

ReadCAM <- ReadCAM

D_CAMOutData <- D_CAMOutData

NextCode <- NextCode

OldCode <- 0Oldcode

InCode <- InCode

FinChar <-  FinChar

OmitNextStr <- OmitNextStr

Strien <- StrlLen

State <- State

Else if (State == 0)

I'f (InCodeFIFO == NextCode) I Special case - InCode not in table
WriteStack <= TRUE :
Stackbata <= FinChar
CAMOutAddr <- OldCode
Strien <- NextStrLen (StrLen)

Else ! Normal mode - InCode in table

WriteStack <= FALSE
CAMOutAddr <- InCodeFIFO
StrLen <- StrLen

! If the top four bits of the address to be read are 0, then it is a
! single character string, and there is no need to read the CAM after
1 all (the character is just the last eight bits of the address).

If (CAMOutAddr_D <11:8> == 0).
ReadCAM <-" FALSE
Else
ReadCAM <= TRUE

InCode <- InCodeFIFO ! Latch input code for later use
ReadCodeFIFO <= TRUE 1 and get the next one ready
Flipstack <= FALSE .

WriteCAM <- FALSE

NextCode <- NextCode ! Maintain register contents
OldCode <- 0ldCode

OmitNextStr <- 'OmitNextStr

State <- 1

Figure 28 (cont.) - Merged 2.RTL (cont. on next page)
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Else if (State == 1) ) !.  Main decompression loop
WriteStack <= TRUE N Push. next char from string

If (ReadCAM) . I Haven’t reached start of string
StackData <= CAMInData <7:0> ‘ ‘ ‘

CAMOutAddr <- <CAMInData <19:8>

If (CAMOutAddr_Q <11:8> == 0) | Same as in State 0
~ ReadCAM <- FALSE ¢ Reached end of string

Else . ‘
ReadCAM <-  TRUE. ! Continue tracing.string back

FlipStack <= FALSE

WriteCAM <- FALSE

oldCode <- 0OldCode ! Maintain register contents
NextCode <-. NextCode

Omi tNextStr <+ OmitNextStr

Strien < NextStrLen (Strlen)

State <- 1 ! Continue in loop
Else 1 Reached head of string

StackData. <= CAMOutAddr <7:0>
ReadCAM <~ FALSE : o
FlipStack © <= TRUE T Can start outputting string now

FinChar <- CAMOutAddr <7:0> ! Record first char of string
OldCode <- InCode

If (NextCode != Oxfff && 10mitNextStr) ‘
! string table not full yet, and it’s OK to add new string
WriteCAM = <- -TRUE 1 Place new entry in table
D_CAMOutData <- OldCode .-CAMQutAddr <7:0>
CAMOutAddr <- NextCode ) : .
NextCode <- NextCode + 1 I Move on to next empty entry

Elsé" I No room for new entry
WriteCAM <- FALSE ‘
NextCode  <-. NextCode
If (StrLen == LAST_STR_LEN)
OmitNextStr <- TRUE
Else
OmitNextStr <- FALSE
StrLen <- INIT_STR.LEN
State < 0 ! Done with loop - go to next input

ReadCodeFIFO ' <= FALSE
InCode <- InCode ! Maintain register contents

Figure 28 (cont.) —vMerged_Z.RTL




Y

rem tem tem et tem e i tew tme tEe [\) tmm tmm cmm tem cmm em me Tew YR SN Smm fem emm lem e tem tmm (P Nem e fem e rem G Gem e e rem e S e e tee i e e b

133

File: merged 2.bds (/user1/icsg8038/thesis/merged_2.bds)
Author: Bob Wall
Date: 7/01/91

Description:
BDS description of merged LZW compressor/decompressor core (no FIFOs
or CAM). Uses the single clock cycle compress (compress_2) and the
improved decompressor (decompress_2).

Notes:
This is a simplified version - it assumes that the input FIFO will.
always have data available, and that the output FIFO will never be
full.

This algorithm assumes that the CAM is pre-initialized with all the
single-character strings - i.e. the first 256 entries are ROM
instead of CAM. '

Since BDS does not support memory (i.e. flip-flops), all the regi-
sters and flags are set up as separate output and input signals,
which can be connected to D flip-flops using BDNET.

Note that some registers are "refreshed" in certain states. A
register must be assigned some value for every state during every
clock -cycle, unless it is acceptable for it to be filled with
possible garbage from the input logic. If it does not get assigned
a new value, it should be reassigned its output.to maintain that
value.

The last entry‘in the CAM (with address Oxfff) is not used, since
this is used as the NULL pointer for the decompressor. Thus, if
NextCode reaches Oxfff, the table is full.

The logic to perform refreshes of the DCAM has been removed. The
controller will now periodically halt the compressor or decompressor
and refresh a row of the DCAM.

NOTE:
This file was created by merging compress_2.bds and decompress_2.bds;,
with few modifications (other than the signal name substitutions
noted in the descriptions of the Compress and Decompress routines).

Revision History: )
$Header: /n/dali/ul/icsg8038/thesis/merged/RCS/merged 2.bds,v 1.3 91/07/15

0:17:12 ic$g8038 Exp $

$Log: merged_2.bds,v $
Revision 1.3 91/07/15 20:17:12 1icsg8038
Added DumpOmega capability.

Revision 1.2 91/07/14 14:32:46 1icsg8038
Added string length limiting, halt signal prqcessing.

Revision 1.1 91/07/08 15:47:22 icsg8038
Initial revision

MODEL Merged

Circuit outputs and connections to. all register and flag D inputs.

FinChar D < 7:0>, ! Last char of last output string
Omega_D <11:0>, Ptr. to accumulated string / input code

NextCode D <11:0>, Next unused comp. code / next table ehtry‘

!
OldCode D  <11:0>, ! Previous input code
!
StrLen D < 7:0>, I String length counter

Figure 29 - Merged 2.BDS (cont. on next page)
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State variable
Flag to prevent decompressor string add
Flag, output to signal CAM data write

State D,
Omi tNextStr_D,
WriteCAM_D,

ReadCAM_D, Flag, output to signal CAM data read
SearchCAM, Output to signal CAM data search
ReadCharFiFoO, Output to signal input char FIFO read

WriteCodeFIFO, Output to signal output FIFO write
,Fl!pStack, Output to signal stack str. reversal
WriteStack, Output to signal stack data write

StackData < 7:0>,
OutCodeFIFO <11:0>,
CAMOutAddr_D<11:0>,
CAMOutData <19:0>,
C_CAMOutData<19:0>,
D_CAMOutData_D <19:0> I lLatched value for decompressor

Output to stack char. input
Output to output FIFO input
Output to CAM address bus (latched)

1
!
1
1
1
!
ReadCodeFIFO, ! Output to signal input code FIFO read
1
!
1
1
1
!
! Qutput to CAM data bus

Circuit inputs and connections to all register and flag @ outputs.
FinChar_@ < 7:0>,

Omega_Q <11:0>,

OldCode @ <11:0>,

NextCode_@ <11:0>,

Strlen_Q < 7:0>,

State_Q,

OmitNextStr_Q,

ReadCAM_Q, ! Output that is fed back and reused
CAMOutAddr_Q<11:0>, ! "

D_CAMOutData_Q <19:0>,

" Reset,. Input to initialize and start operation
HaltIn, Input to temporarily suspend operation
DumpOmega, Input to output last code accumulated
DoCompress, Input to signal compression / decompression
CAMMatch,; Input from CAM search match result

InCharFIFO < 7:0>,
InCodeFIFO' <11:0>,
CAMInAddr  <11:0>,
CAMInData <19:0>,
Comparator <11:0>;

Input from input char FIFO output
-Input from input code FIFO output
Input from CAM address bus

Input from CAM data bus
NextCode_Q XOR InCodeFIFO

CONSTANT ,
TRUE = 1, FALSE = 0;

Routine to generate the next string length using a Galois-field based

sequencer.
Invocation: StrLen = NextStrlLen (StrLen);

Input args: Strlen RepLen-bit current refresh .address
Notes:

The logic for the finite-field sequencer is very dependent on the
number of bits in the field (an irreducible polynomial of the correct
length is needed), so if the maximum string length is changed, this
routine MUST be modified.

For an eight-bit sequencer, a suitable minimum-weight polynomial is
0x11d, which corresponds to X"8 + X4 + X3 + X2 + 1.

Since 0 is a meta-stable state of the sequencer, the Strlen register
should never be altowed to by all 0’s. It would be simple enough to
add a check in here - if CurrentStrLen = HO00 THEN Return Ox3ff.

For more information on the subject of Galois-field based sequencers,
with a table of minimum-weight irreducible polynomials, see the paper
"Galois-Field Based State Assignment for PLA Controllers" by K. Winters.

Figure 29 (cont.) - Merged 2.BDS (cont. on next page)
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CONSTANT
INIT_STR_LEN = 255, ! HFF
LAST_STR_LEN = 35; ! H23 - limit strings to 128 characters in ‘length

ROUTINE NextStrlLen<7:0> (CurrentStrLen<7:0>);

STATE  Temp<7:0>,

CI<>;
Temp<0> = CurrentStrlLen<7>;
Temp<1> = CurrentStrlLen<0>;
Temp<2> = CurrentStrLen<i> XOR CurrentStrLen<7>;
Temp<3> = CurrentStrLen<2> XOR CurrentStrLen<7>-
Temp<4> = CurrentStrLen<3> XOR CurrentStrLen<7>'

for I FROM 5 TO 7 DO
Temp<I> = CurrentStrLen<l - 1>;

return Temp;

ENDROUTINE NextStrlen;

Compress routine - contains the body of compress_2.bds, plus logic to
allow halt and to limit maximum string length.

Note that CAMOutAddr is used as the NextCodé register.

ROUTINE Compress;

STATE  TempCode<11:0>, ! Computes CAMOutAddr + 1
TempStrLen<7:0>; . Computes NextStrlen (StrLen)

I Turn off the outputs used only by the decompressor.

ReadCAM_D = FALSE;
WriteCAM_D = FALSE;
WriteStack = FALSE;
FlipStack. = FALSE;
ReadCodeFIFO' = FALSE;

! If a reset occurs, reset all the variables and prepare for compression
If Reset EQL TRUE then

Begin

CAMOutAddr.D = 100#16;

SearchCAM - = FALSE;

WriteCodeFIFO = FALSE; i
ReadCharFIFO = TRUE; ! Read first word to initialize Omega
‘Omega_D = 0#16 & InCharfIFO; ‘
strLen_D = INIT_STR_LEN;

End

! If a halt occurs, Just turn off all the outputs and maintain the values
! inall the registers, so execution can be picked up where it left off.
t If this is the end of the input stream, the controller will assert

! DumpOmega for one clock cycle during the Halt, so slap whatever’s left
! in Omega into the output code FIFO.

Else if HaltIn EQL TRUE then

Begin
SearchCAM = FALSE;
ReadCharFIFO = FALSE;

Figure 29 (cont.) - Merged 2.BDS (cont. on next page)
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. If DumpOmega EQL TRUE then

Begin
WriteCodeFIFO = TRUE;
OutCodeFIFO = Omega_Q;
End

Else

WriteCodeFIFO = FALSE;

Omega D = Omega_Q;

CAMOutAddr D = CAMOutAddr Q;

Strien D = StrLen_Q;

End )
I Otherwise, proceed with compress1on loop It is just one clock cycle
! NowW.
Else

Begin

! Precalculate the value of CAMOutAddr + 1, so it will be ready
! by the time CAMMatch is back from the DCAM. Also precalculate
1 the next string length.

If CAMOutAddr_@ NEQ fff#16 then I Room in the table |,
TempCode = CAMOutAddr_Q + 1

Else ALl full, sorry
TempCode = CAMOutAddr_Q; ! Retain current CAMOutAddr value
TempStrien = NextStrLen(StrLen_Q);
ReadCharFIFO = TRUE; I Read the next char from the input
If StrLen_Q EQL LAST_STR_LEN then ! Accumulated max length string
Begin ! so dump Omega and restart
SearchCAM = FALSE;
WriteCodeFIFO = TRUE;
OutCodeFIFO = Omega Q;
Omega_D = 0#16 & InCharFIFO-
CAMOutAddr D = CAMOutAddr_Q;
StrLen.D = INIT_STR_ LEN-
End
Else
: Begin . .
SearchCAM TRUE; - . Initiate search for ihput string

C_CAMOutData Omega_Q & InCharFIFO;

Now, hang out and "wait®" for the results of the search to come
back. They should be done in sufficient time to finish proces-
'sing in this clock cycle.

NOTE: Once the CAM decides whether the search matched or not,
it must hold the CAMMatch signal at that level through the end
of the clock cycle.

If CAMMatch EQL TRUE then i Need to update Omega -to new string
Begin
Omega D = CAMInAddr; ! . Latch match address as new string -
WriteCodeFIFO = FALSE; ! Not generating an output this time
CAMOutAddr D CAMOutAddr Q; 1 Retain value in register
StrLen_D TempStrLen' ! Added a new char to strlng
End

Else ’ ! Outpuf code, reset Omega to K
Begin

! Produce the next output code (just the value of Omega).
OutCodeFIFO = Omega_Q;
WriteCodeFIFO = TRUE;

! Reset Omega to the single-character str1ng K.
Omega D = O0#16 & InCharFIFO;

Figure 29 (cont.) - Merged 2 BDS (cont. on next page)
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If DumpOmega EQL TRUE then

The new string (Omega . K) has already been added to the
table. Just need to update the place where the next string
will be Written, if the table has not filled up already.
Note that the last entry is unused.

CAMOutAddr_D-‘: TempCode;

Strlen D = INIT_STR_LEN; ! 'Restart length count
End; ! Else (ICAMMatch) |
End; ! Else (StrLen_Q != LAST_STR LEN)
End; ! Else (!Reset &% lHaltln)

ENDROUTINE Compress;

Decompress routine - contains the body of decompress_ 2 bds, plus halt
logic and string length Llimiting.

The following substitution was made from the original decompressor:
InCode -> Omega

ROUTINE Decompress;

! Turn off the outputs used only by the decompressor.

SearchCAM = FALSE;
RéadCharFIFO = FALSE;
WriteCodeFLFO = FALSE;

! If a reset occurs, reset all the variables and get the first input
! code to start decompress1on.
!
If Reset EQL TRUE then
Begin )
NextCode D = 100#16; ! Register initialization stuff

! Read the first code; since it is guaranteed to represent a single
! character 'string, the character is just the last eight bits.
! Write that string to the stack.

oldCode_D = InCodeFIFO;

StackData = InCodeF1F0<7:0>; .

FinChar_D = InCodeFIF0<7:0>;
_WriteStack = TRUE;

FlipStack = TRUE;

ReadCodeFIFO = TRUE;

WriteCAM_D = FALSE;

ReadCAM_D = FALSE;

$trLen_D = INIT_STR_LEN;

OmitNextStr_D = FALSE;

State D = 0;

End ! If Reset

If a halt occurs, just turn’off all the outputs (except ReadCAM,
WriteCAM) and maintain the values in all the registers, so execution
can be picked up where it left off. ReadCAM and WriteCAM must be
maintained because the Halt might be caused by a Refresh, so the
operation will have to be completed next clock cycle. ReadCAM is used
as a register as well.

Figure 29 (cont.) - Merged 2.BDS (cont. on next page)
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Else if HaltIn EQL TRUE then

Begin : ‘ .
WriteStack = FALSE;
Flipstack = FALSE;
ReadCharFIFO = FALSE;
ReadCAM_D = ReadCAM_Q;
HrlteCAM D = HrIteCAM D-
D =

D CAMOutData D CAMOutData Q;

NextCode D = NextCode_Q;
OldCode_D = OldCode_Q;
Omega_| D = Omega_Q;

FinChar_D = F1nChar Q;

CAMOutAddr D CAMOutAddr Q;
omi tNextStr D = OmltNextStr Q;

Strien D = Strlen_Q;
State_D = State_p;
End -

Proceed thh~decompression loop. The new input code should'be ready
in InCodeFIFO. Read it and latch into Omega, then determine whether
the code is in the table and prepare to create decompressed string.

Else if State_Q EQL 0 then
Begin ‘
If Comparator EQL 000#16 then ! InCodeFIFO == NextCode_Q
Begin. 1 Special case - Omega not in table
WriteStack = TRUE; ! Push FinChar
StackData = F1nChar Q;
CAMOutAddr_D = OldCode Q- ! And assume code is the prev. one
StrLen_D = NextStrLen(StrLen _Q);
End
Else
Begin
WriteStack = FALSE; ! Don’t need to push anything yet
CAMOutAddr_D = InCodeFIFO;! Read table entry for new code
Strien D = StrLen_Q;
End;
1f CAMOutAddr_D<11:8> EQL 0 then ] Just a single character string
ReadCAM_D = FALSE ! Don’t need to read it from DCAM
Else
ReadCAM_D = TRUE; ! Get the appropriate table entry.
Omega_D = InCodeFIFO;
ReadCodeFIFO = TRUE;
FlipStack = FALSE;
WriteCAM_D = FALSE; ! Turn off unneeded flags
NextCode D = NextCode_@; ! Maintain register contents
oldCode_D = OldCode_Q;
OmitNextStr_D = OmitNextStr_Q;
State D =1; ! Get into main decompress loop
End ! Else if State == 0

The meat. of the decompressor - assumes that the CAM is returning the
string table entry for a given code. A code is decompressed by recur-
sively pushing the character portion of the table entry on the stack,
and reading the entry for the code portion of the entry (the Link to
the remainder of the string). The recursion terminates when a code
less than 0x100 is reached. The last charactér is just the lower
eight bits of this code. It is pushed, the stack is signalled to
begin popping the string, and a new code is added to the string table.

Figure 29 (cont.) ~ Merged_2.BDS (cont. on next page)
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Else if State_Q EQL 1 then

Begin ]
WriteStack = TRUE; ! Push character from table entry
If ReadCAM_Q EQL 1 then
Begin ] Haven’t reached start of string yet
StackData = CAMInData< 7:0>;
CAMOutAddr_D = CAMInData<19:8>;
If CAMOutAddr_D<11:8> EQL 0 then | Just a one character string

ReadCAM_D = FALSE ! Don’t need to read it from DCAM
Else .

ReadCAM_D = TRUE; ! Get the appropriate table entry.
FlipStack = FALSE; ! Don’t reverse string yet
WriteCAM_ D = FALSE; .

OldCode D = OldCode @; ! Maintain register contents

NextCode D = NextCode_Q;

OmitNextStr_D = OmitNextStr_Q;

- StrLen_ D = NextStrLen(StrlLen_Q);
State D =1; ! Remain in this state
End ! If ReadCAM
Else : 1 Found the head of the string

Begin ‘

StackData = CAMOutAddr_Q< 7:0>;

ReadCAM_D = FALSE; 1 Stop tracing links

FlipStack = TRUE; ! Can start outputting string now

FinChar_D = CAMOutAddr_Q< 7:0>; ! Record last char in string

OldCode_D = Omega_Q; ! Remember last code

If NextCode_@ NEQ fff#16 AND OmitNextStr_Q NEG TRUE then
Begin I Table not full yet, and add is OK
WriteCAM_D TRUE; I Add new entry

on

D_CAMOutData

X = OldCode_Q & CAMOutAddr_Q< 7:0>;
CAMOutAddr_D

NextCode Q;

NextCode_D NextCode Q + 1;
End

Else
Begin :
WriteCAM_D = FALSE; ! No room for new entry
NextCode D = NextCode_Q; ! Maintain register contents
End; :

If StrLen_@ EQL LAST_STR_LEN then
Omi tNextStr_D = TRUE

Else . ‘
OmitNextStr_D = FALSE;

Strlen D = INIT_STR_LEN;
State_D = 0; ! Done with loop - clear outta here
End; ! Else

ReadCodeFIFO = FALSE; ¥ Turn off unneeded flags>

Omega_D = Omega_Q; ! Maintain register contents

End; ! Else if State ==

ENDROUTINE Decompress;

Figure 29 (cont.) = Mérged_Z,BDS (cont; on next page)
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Main routine - contains all the logic for sequencing through both the

Calls: Compress (), Decompress ()

1

!

!

! compression and decompression algorithms.
1 ‘ .

1

1

!

ROUTINE Merged;

If DoCompress then
Compress ()
Else
Decompress ();

If DoCompress then
CAMOutData = C_CAMOutData
Else
CAMOutData = D_CAMOutData_Q;
ENDROUTINE Merged;

ENDMODEL Merged;

Figure 29 (cont.) - Merged 2.BDS
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File: merged 2.bdnet (/user1/icsg8038/thesis/merged_2.bdnet)

Author: Bob Wall
Date: 7/01/91
Description:

Revi

BDNET description of merged LZW compressor/decompressor .core (no
FIFOs or CAM) as described in merged 2.bds. This file will place
the flip-flops needed to hold register and. flag values in the
(de)compressor, and will connect up SUPPLY and GROUND nodes.

The dfnf311 instanced is a negative edge-triggered D flip-flop with
Q@ and Q_bar outputs.

The number of bits in the StrLen register must be changed if the
maximum string length is modified in merged_2.bds.

sion History:

! $Header: /n/dali/ul/icsg8038/thesis/merged/RCS/merged_2.bdnet,v 1.3 91/07715 20:17:01

!
!
!
I
!
!
!
1
!
! Notes:
i
!
1
]
1
1
]
1
1

csg8038 Exp $
$Log: merged_2.bdnet,v $ .
Revision 1.3 91/07/15 20:17:01 icsg8038
Added DumpOmega capability.
Revision 1.2 91/07/14 14:32:25 1icsg8038

Revision 1.1 91/07/08 15:46:59 icsg8038
Initial revision

i
!
!
1
!
! Added string length Limiting, halt signal processing.
1
1
!
t
!

MODEL merged_2:unplaced;

TECHNOLOGY scmos;

VIEWTYPE SYMBOLIC;

EDITSTYLE  SYMBOLIC;

OUTPUT .
OutCodeFIF0<11:0> : QutCodeFIF0<11:0>, ! Output to output FIFO input
CAMOutAddr<11:0> : CAMOutAddr_Q<11:0>, ! Output to CAM address bus
CAMOuUtData<19:0> : CAMOutData<19:0>, ! Output to CAM data bus
StackData<7:0>, 1. Output to character stack
WriteCAM : WriteCAM_Q<0>, ! Latch data into CAM
ReadCAM ¢ ReadCAM_Q<0>, ! Read CAM as RAM
SearchCAM : SearchCAM<0>, ! Initiate associative search
WriteCodeFIFO : WriteCodeFIFO<0>, ! Latch next output code
ReadCharFIFO : ReadCharfIF0<0>, ! Input latched - get next input byte
ReadCodeFIFO : ReadCodeFIF0<0>, ! Input- latched - get next input code
WriteStack ¢ WriteStack<0>, ! Output char to stack
Ftipstack : FlipStack<0>; ! Begin string reversal

INPUT
DoCompress : DoCompress<0>, ! Choose compress or decompress
Reset : Reset<0>, ! Reinit vars, start (de)compression
HaltIn : HaltIn<0>, ! Suspend execution temporarily
DumpOmega : DumpOmega<0>, ! Output last code accumulated
InCharfFIFO< 7:0>; ! Input from input character FIFO output
InCodeF1F0<11:0>, f Input from input code FIFO output
CAMINAddr<11:0>, ! Input from CAM address bus
CAMInData<19:0>, ! Input from CAM data bus
CAMMatch  : CAMMatch<0>; | Input from CAM match line

cLock _

CLK; I System clock

SUPPLY Vdd;  GROUND GND;

Figure 30 - Merged 2.bdnet (cont. on next page)
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INSTANCE merged_2:logic PROMOTE;V
! Place flip-flops for flags first.

INSTANCE “/cad/l1b/technology/scmos/msu/stdcell2 0/dfnf311“:phys1cal
DATA1:WriteCAM_D<0>;
CLK2:CLK;
Q:WriteCAM_Q<0>;
Q_b: UNCONNECTED'
uVdd! ":Vdd;
""GND#":GND;

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 0/dfnf311":physical
DATA1:ReadCAM_D<0>;
CLK2:CLK;
Q: ReadCAM Q<0>;
Q_b: UNCONNECTED'
wVdd!":vdd;
"GND!“:GND;

! Now place flip-flops to form all the registers.

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 0/dfnf311" phys1cal
DATA1:State_D<0>;
CLK2:CLK;
Q:State_ Q<0>
Q bz UNCONNECTED'
"Vddi":vdd;
"GND!":GND;

INSTANCE */cad/lib/technology/scmos/msu/stdcel 12_0/dfnf311":physical
DATA1:0mitNextStr_D<0>;
CLK2:CLK;
Q:0mi tNextStr_Q<0>;
Q_b:UNCONNECTED;.
yddi":vdd;
"GND!*:GND;

ARRAY %I FROM 0 TO 7 OF ! Number of chars in current string
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 _0/dfnf311":physical
DATAT:StrLen_D<%I>;
CLK2:CLK;
Q:Strien_Q<%I>;
Q_b: UNCONNECTED

udd! v:vdd;
"GNDIY:GND;
ARRAY %I FROM. 0. TO 11 OF ! Next code symbol to generate

INSTANCE "/cad/l1b/technology/scmos/msu/stdcel12 0/dfnf311"-phy51cal
DATA1:NextCode_D<%I>;
CLK2:CLK;
Q: NextCode Q<%l>;
Q b: UNCONNECTED'
nVdd!":vdd;
"GND!":GND;

ARRAY %1 FROM 0 TO 11 OF 1 Pointer to accumulated string
INSTANCE */cad/lib/technology/scmos/msu/stdcel (2_ 0/dfnf311" physical
DATA%:0mega_D<%I>;
CLK2:CLK;
Q:0mega_| Q<AI>
Q b: UNCONNECTED
uYddi":vdd;
“GND!":GND;

Figure 30 (cont.) - Merged 2.bdnet (cont. on next page)
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ARRAY %I FROM. 0 TO 7 OF 1 - Nekt.input character
INSTANCE “/cad/l1b/technology/scmos/msu/stdcel12 0/dfnf311"-phys1cal
-DATA1:FinChar_D<%I>;
CLK2:CLK;
Q: F1nChar Q<%I>;
Q_b: UNCONNECTED' :
wWddrvsvdd;
"GND}F:GND{

ARRAY %I" FROM 0 TO 11 OF ! Last Omega searched for
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 0/dfnf311":physical
DATA1:0ldCode_D<%I>;
CLK2:CLK;
Q:0ldCode _Q<%l>;
Q_b: UNCONNECTED'
"Wdd1 ¥ :Vdd;
WGNDI GND'

ARRAY %1 FROM -0 TO 19 OF
INSTANCE “/cad/l1b/technology/scmos/msu/stdcel12 0/dfnf311" phy51cal
DATA1:D_CAMOutData. D<AI>'
CLK2: CLK'
Q:D_CAMOutData_Q<%I>;
Q b UNCONNECTED'
nyddin: Vdd

! 'Place flip-flops for latches on output busses.

 ARRAY %I FROM ‘0 TO 11 OF.

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 _0/dfnf311":physical
'DATA1:CAMOutAddr_| D<%I>;
CLK2:CLK;
Q: CAMOutAddr _Q<%I>;
Q_b:UNCONNECTED;
uVdd1m:vdd;
WGND i :GND;

! Generate 12-bit XbR‘for Comparator..

ARRAY. %ZI FROM 0 TO 11 ‘OF
INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 0/%orf201: physical
Al:NextCode_Q<%I>;
B1: InCodeFIFO<AI>'
0:Comparator<#%I>;
"Vddi*:vdd;
UGNDI¥#:GND;

ENDMODEL ;

Figure 30 (cont.) - Merged_2.bdnet
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File: m2_comp.musa ‘ (/user1/ic398038/thésis/m2_comp.musa)
Author:  Bob Wall
Date: 7/01/91

Description:
MUSA source file to exercise the compressor portion of thé logic
described in merged 2.bds. This file defines a set of vectors for the
various inputs and outputs of the compressor, as well as for internal
registers of interest.
It also defines macros to toggle the clock (to produce the negatlve
-edge required by thé flip-flops in the reglsters)

Notes:
This is essential compress_2.musa.

Revision History:
$Header$
$log$

‘mv

my
my
mv

my
mv
my
mv
mv

‘mv

mv
my

my

my
my

ma
se
ev
se
ev

Define vectors to make setting and dumping registers and flags easier.
ALl the xxxIn vectors are the Q outputs of the correspondlng registers,
and all the xxxOut vectors are the D inputs of those registers.

NextCodeln. NextCode_Q<11:0>
Omegaln ‘Omega_ Q<11:0>
NextCodeOut NextCode_D<11:0>
OmegaOut Omega_| D<11 0>

The next vectors are for the input and output sxgnals for the compressor,
inputs first. ‘
InCharFIFO  InCharFIF0<7:0>

OutCodeFIFO: OutCodeFIF0<11:0>

CAMInAddr . CAMInAddr<11:0>

CAMOutAddr . CAMOutAddr<11:0>

CAMOutData  CAMOutData<19:0>

Define collections of the input and output flags,‘for‘easy‘dlsplay.

WriteCodeFIFO  WriteCodeF1F0<0>
ReadCharFIFO ReadCharF1F0<0>
SearchCAM  SearchCAM<Q> -

Reset Reset<0>

CAMMatch CAMMatch<0>

Inputs Reset CAMMatch

Macros - first one sets the clock on, then off to produce the negative
edge required to trigger the fl1p flops in the registers and flags.

clock
CLK 1

CLK 0

$end

This -one .just displays the values in all the registers and flags.‘

ma shouwregs

sh NextCodeOut 0mega0ut

sh InCharFI'FO CAMInAddr

sh OutCodeFIFO CAMOutAddr CAMOutData

sh "Outputs - " WriteCodeFIFO ReadCharFIFO SearchCAM
sh. "Inputs (Reset CAMMatch) - Z%b\n" Inputs .

$end . ‘ ‘

Figure 31 - M2_comp.musa-(cdht. on next page)




! Start of compression simulation - first, just get the thing reset.

se DoCompress 1

se Reset 1

se InCharFIFO H55
ev

showregs

clock

se Reset 0

ev
showregs
clock

set CAMMatch 0
ev

showregs

clock

145

! End of m2_comp.musa - all basic vectors and macros created.

Figure 31 (cont.) - M2 comp.musa
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Appendix B

BDS and Bdnet Source for All Modules
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' ‘ . ) -
! Files’ compress.bds (/user1/icsg8038/thesis/compress.bds)
Author: Bob Wall
Date: 8/08/90

Description:
BDS description of LZW compressor core (no.FIFOs or CAM).

Notes:
This is a simplified version - it assumes that the input FIFO will
always have data available, and that the output FIFO will never be
full. Also, the logic to llmlt the length of accumulated strlngs is
not implemented yet.

This algorithm assumes that the CAM is pre-initialized with all the
single-character strings - i.e. the first 256 entries are ROM
‘instead of CAM.

Since BDS does not support memory (1 e. flip-flops), all the regi-
sters and flags are set up as separate output and input signals,
which can be connected.to D flip- flops using BDNET.

Note that some registers are 'refreshed" in certain states. A
register must be ass1gned some value for every state .during every
clock cycle, untess it is acceptable for it to be filled with
possible garbage from the input logic. 1If it does not get assigned
a new value, it should be reassigned its output to maintain that
value.

1
1

1

1

!

1

1

1

1

1

!

1

!

1

!

1

1

!

1

!

1

1

'

1

1

1

1 ) ‘
! The last entry in the CAM (with address Oxfff) is not used, since
! this is used as the NULL pointer for the decompressor. Thus, if
1 NextCode reaches Oxfff, the table is full.
!
1
1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
f
1

Revision History: .
‘ 8/21/90 RLW changed Data regIster to Omega _Old, left tower 8 bits
in the K register. Refresh K and Omega_old on State = 1

$Header: /n/dali/ul/icsg8038/thesis/compress/RCS/compress.bds,v 1.2 1991/06/25
1:16:14 1csg8038 Exp $

$Log: compress.bds,v $

Revision 1.2 1991/06/25 01:16:14 icsg8038 )

Renamed InputFIFO to InCharFIFO, OutputFIFO to OutCodeFIFO,

ReadFIFO to ReadCharFIFO, and WriteFIFO to WriteCodeFIFO (to

match merged logic names). Removed latch on ReadCharFIFQ

(so it goes straight out to InCharFIFO controlier now), and

deleted unnecessary OmegaOld register.

The latch on ReadCharFIFO caused the wrong input character
to be latched into K on the State 0 immediately following a
Reset.

Revision 1.1 91/04/28 23:09:23 1cs98038
Initial revision

MACRO REF_LEN =9 $ENDMACRO; ! # bits in a refresh address - 1
MACRO REF_INIT = 1111111111#2  $ENDMACRO; 1| Initializer of REF_LEN 1 bits
MACRO REF_EXT = 00#2 $ENDMACRQ; I LSBs to extend to a 12-bit address

MODEL Compressor
! Circuit outputs and connections to all register and flag D inputs.

Refresh D  <REF_LEN:0>, ). Register for next refresh address for CAM
NextCode D <11:0>, ! Register for next unused comp. -code

Figure 32 - Compress.BDS (cont. cn next page)
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Omega_D <11:0>, Register for ptr. to accumulated string
K_D < 7:0>, Register for last input character
State_D, Register for state variable

MriteCAM D,
SearchCAM_D,
WriteCodeFIFO_D,
ReadCharFIFO,
DoRefresh_D,.
OutCodeFIFO <11:0>,
CAMOutAddr <11:0>,
CAMOutData <19:0>

Flag, output to signal CAM data write
Flag, output to signal CAM data search
Flag, output to signal output FIFO write
Flag, output to signal input FIFO read
Flag, output to signal CAM refresh cycle
Output to output FIFO input

Output to CAM address bus

Output to CAM data bus

Circuit inputs and connections to all register and flag Q outputs.
Refresh_Q  <REF_LEN:0>,
NextCode @ <11:0>,
Omega_Q <11:0>,

K_& < 7:0>,
State_Q,

WriteCAM,

DoRefresh,

Reset,

InCharFIFO < 7:0>,
CAMInAddr <11:0>,

Input to initialize and start compressor
Input from input FIFO output
Input from CAM address bus

CAMMatch; Input from CAM match Lline
CONSTANT

TRUE =1,

FALSE = 0;

Routine to generate the next refresh address using a Galois-field based
sequencer.

Invocation: Refresh = NextRefresh (Refresh);
Input args: Refresh RepLen-bit current refresh address

Notes:
The logic for the finite-field sequencer is very dependent on the
number of bits in the field (an irreducible polynomial of the correct
length is needed), so if the length of the refresh address is changed,
this routine MUST be modified.

For a ten-bit sequencer, a suitable minimum-weight polynomial is
0x409, which corresponds to X*0 + X3 + 1.

Since 0 is a meta-stable state of the sequencer, the refresh register
should never be allowed to by all 0’s. It would be simple enough to
add a check in here - if CurrentRefresh = HOO0O THEN Return Ox3ff.

For more information on the subject of Galois-field based sequencers,
along with a table of minimum-weight irreducible polynomials, see the
paper “Galois-Field Based State Assignment for PLA Controllers" by
Kel Winters.

ROUTINE NéxtRefresh<REF_LEN:0> (CurrentRefresh<REF_LEN:0>);

STATE  Temp<REF._LEN:0>,

I<>;
Temp<0> = CurrentRefresh<9>;
Temp<1> = CurrentRefresh<0>;
Temp<2> = CurrentRefresh<1>;
Temp<3> = CurrentRefresh<2> XOR CurrentRefresh<9>;

Figure 32 (cont.) - Compress.BDS (cont. on next page)
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for I FROM 4 TO 9 DO
Temp<I> = CurrentRefresh<I - 1>;

return Temp;

ENDROUTINE NextRefresh;

Main compressor routine - contains all the logic for ‘sequencing through
the compression algorithm.

Calls: NextRefresh ()

ROUTINE ‘Compress;

' If a reset occurs, reset all the variables and prepare for compression
1f Reset EQL TRUE then

Begin

Refrésh_D = REF_INIT;
NextCode D = 100#16;
DoRefresh_D = FALSE;
WriteCAM_D = FALSE;
SearchCAM.D = FALSE;

WriteCodeFIFO D = FALSE;

‘ReadCharFIFO = TRUE; !  Read first word to initialize Omega
Omega D = 0#16 & InCharFIFO;
State D = 0;

. End

Otherwise, proceed with compréssion loop. Check State to see if
this is the first or second clock cycle of the loop..

On ‘the first clock cycle, get the next input character, append it
to the accumulated string, and search the CAM for the new string..

1 i p——

Else if State_@ EQL O then
Begin :
ReadCharFTFO = TRUE; .1 Read the next'char from the input
K_D = InCharFIFO; R
Omega_D = Omega_Q; 1 | Refresh Omega
WriteCodeFIFO_D = FALSE; ¥ Turn off output write, if it was on
SearchCAM D = TRUE; o Initiate search for input str1ng

CAMOutData Omega_Q & InCharFIFO-

] If the CAM was ertten‘last clock cycle, we need to go to the
I next code/address value this cycle. In either case, WriteCAM
! should.be turned off (or refreshed, if it was already off).
If WriteCAM EQL TRUE then

NextCode_D = NextCode Q + 1

Else . ’ ) o
‘ NextCode D = NextCode:Q; + Refresh NextCode'
WriteCAM_D = FALSE; o

t Similar to above. If a refresh was performed, get the riext

! refresh address this cycle. Turn DoRefresh off regardless.

If DoRefresh EQL TRUE then L :

Refresh_ D' = NextRefresh (Refresh_Q)

Else ) - ‘ .
Refresh D = Refresh_Q; ! Refresh Refresh register

DoRefresh_D. = FALSE; :

State_D =1; I Move on to next state
End ! Else if State.Q EQL 0", .

Figure 32 (cont.) =~ CompressegDS_(qont. on next page)
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1 On the second clock cycle, either update Omega to the‘new‘stfing,

ey v -
¢ ! if the search was successful, or write the output code and start
- -1 Omega over, if the search was unsuccessful.’
- Else if State_@ EQL 1 then
. Begin .
NextCode D = NextCode @; 1 Refresh: NextCode
. ‘ ‘ Refresh D' = Refresh_@; .1 Ditto for Refresh register
- KD = K Q; 1 and K register (last data)
s - SearchCAM_D - = FALSE; ! Turn off CAM search. enable
v ReadCharFIFO = FALSE; ! and input read enable
" If CAMMatch EQL TRUE then. ! Need to update Omega to new string
Begin : ‘ ' .
Omega_D =.CAMInAddr;. I Latch match address as new strjng
i [ Since there was a match, we won’t be uritiﬁg‘é.new string to
|3; ! the CAM. Take this opportunity to refresh a row of the CAM.
- CAMOutAddr = Refresh_Q & REF_EXT; ~
‘ DoRefresh_D = TRUE;
{ WriteCAM_D = FALSE;
: WriteCodeF1FO_D = FALSE; I Not generating an output code this time
‘ End O
| ‘ X
. Else ! OQutput code, reset Omega to K
S Begin ]
‘ ! Produce the next output code (just the value of Omega). -
OutCodeFIFO = Omega_Q;
WriteCodeFIFO_D. = TRUE; °
! Reset Omega to the single-character string K.
Omega_D = 0#16 & K_Q;
DoRefresh_D' = FALSE; 1 No'refresh uhfle'urifing the CAM
" 2 ‘ ‘ I 'Need to add a néu.string‘to the table (6mega); if it is not
2 : ' ! filled up already. Note that last entry is unused.
1f NextCode Q NEQ fff#16 then. | Room in the table
: ‘ Begin
; WriteCAM_D = TRUE;
. ’ CAMOutAddr = NextCode Q;
| CAMOutData = Omega Q & K.Q; . ! Write last Omega & K
: . . : End o S ‘ ‘ .
‘ ‘ Else . v Al full, 'sorry
b ‘ WriteCAM_D = FALSE;
End; 1. Else )
State D = 0; L Back to the first state again

End; 1 Else if State.Q EQL 1

ENDROUTINE Compress;

ENDMODEL Compressor;

Figure 32 (cont.) - Compress.BDS
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1
1
! File: compress.bdnet (/user1/icsg8038/thesis/compress.bdnet)
Author: Bob Wall .

Date: 8/13/90

Description:
BDNET description of LZW compressor core (no FIFOs or CAM). This
file will place the flip-flops needed to hold register and flag
vaéues in the compressor, and will connect up SUPPLY and -GROUND
nodes.

Notes:
The dfnf311 instanced is a negative edge-triggered D flip-flop with
Q and Q_bar outputs.

The Refresh register length is given by the macro REF_LEN. If it is
changed in compress.bds, it must be changed here.

1
i

|

1

]

1

1

'

!

1

1

I

1

i

1

1

I Revision History:

! $Header: /n/dal1/u1/1cs98038/thes1s/compress/RCS/compress bdnet,v 1.5 1991/07/27
00:36:19 icsg8038 Exp $

! $Log: compress.bdnet,v $

! Revision 1.5 1991/07/27 00:36:19 icsg8038

! Updated to version 2_2 of standard cell library.

1
1
i
1
1
1
!
1
1
1
1
1
1
1
i
1
i
'

Revision 1.4 1991/06/26 01549:27 ic598038
Cosmetics - cleaned up some comments.

Revision 1.3 91/06/26 00:45:43 icsg8038 )
Added latches on the CAMOutData, CAMOutAddr, and OutCodeFIFO busses.

Revision 1.2 91/06/24 23:05:06 icsg8038

Renamed InputFIFO to InCharFIFO, OutputFIFO to OutCodeFIFO,
ReadFIFO to ReadCharFIFO, and wr1teFIFO to WriteCodeFIFO (to
match merged logic names). Removed latch on ReadCharFIFO,
and deleted unnecessary OmegaOld register.

Revision 1.1 91/04/28 23:09:06 icsg8038
Initial revision

MACRO REF_LEN = 9 S$ENDMACRO; !  Refresh addr length -1

MODEL compress:unplaced;
TECHNOLOGY . scmos;

VIEWTYPE SYMBOLIC;
EDITSTYLE = SYMBOLIC;

OUTPUT
OutCodeFIF0<11:0> : OutCodeFIFO_Q@<11:0>, ! Qutput to output FIFO input
CAMOutAddr<11:0> : CAMOutAddr_@<11:0>, I Qutput to CAM address hus
CAMOutData<19:0> : CAMOutData_0<19:0>, t  Qutput to CAM data bus
WriteCAM  : WriteCAM<0>, ! Latch data into CAM
SearchCAM : SearchCAM<0>, ! Initiate associative search
WriteCodeFIFO : WriteCodeFIF0<0>, ! Latch hext output code
ReadCharFIFO : ReadCharFIF0<0>, ! Input latched - get next input byte
DoRefresh : DoRefresh<0>; !  Generate DCAM refresh, next ref. addr.

INPUT
Reset : Reset<0>, Reinit vars, start compression

!
InCharFIFO< 7:0>, 1 Input from input EIFO output
CAMINnAddr<11:0>, ! Input from CAM address bus
CAMMatch  : CAMMatch<0>; ! Input from CAM match line

Figure 33 - Compress.bdnet (cont. on next page)
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CLOCK

CLK; | System clock
SUPPLY vdd;
GROUND GND;

INSTANCE  compress:logic PROMOTE;

! Place flip-flops for flags first.

INSTANCE "/cad/lib/technology/scmos/msu/stdcel 12 2/dfnf311“:phy51cal

DATAT:State D<0>;
CLK2:CLK;
Q:State_! Q<0>-
Q_b: UNCONNECTED-
wyddi:vdd;
"GND!":GND-

INSTANCE “/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311“:phy31cal

DATA1: tWriteCAM_D<0>;
CLK2:CLK;

Q: Hr1teCAM<0>-
Q_b:UNCONNECTED;
"yddt":vdd;
"GNDI“-GND-

INSTANCE "/cad/lib/technology/scmos/msu/stdcel 12_2/dfnf311": phys1cal

DATA1:SearchCAM_D<0>;
CLK2:CLK;

Q: SearchCAM<0>-

Q_b: UNCONNECTED'
"Vddl"-Vdd-
HGNDI":GND;

INSTANCE "/cad/l1b/technology/scmos/msu/stdcel12 2/dfnf311":physical

DATA1:WriteCodeF1FO_D<0>;
'CLK2:CLK;
-Q:WriteCodeF1F0<0>;
Q_b:UNCONNECTED

"ydd!":vdd;

"GND!":GND;

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311":physical

DATA1:DoRefresh_D<0>;
CLK2:CLK;
Q:DoRefresh<0>;‘
Q_b:UNCONNECTED;
wydd!:vdd;
UGND!":GND;

! Now place flip-flops to form all the registers.

ARRAY %I FROM O TO REF_LEN OF - ! Next DCAM refresh address .
INSTANCE "/cad/l1b/technology/scmos/msu/stdcel12 2/dfnf311“-phys1cal

DATA1:Refresh_D<%I>;
‘CLK2:CLK;
Q:Refresh_ﬂ<%l>;'
Q_b:UNCONNECTED;
"wddt":vdd;
"GND! " :GND;

Figure 33 (cont.) - Compress.bdnet (cont.

on next page)
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ARRAY %I FROM 0 TO 11 OF 1 Next code symbol to generate
INSTANCE "/cad/lib/technology/scmos/msu/stdcel 12_2/dfnf311":physical
DATA%T:NextCode D<%I>;
CLK2:CLK;
Q:NextCode_Q<%I>;
Q_b:UNCONNECTED;
“Vdd!":vdd;
"GNDIY:iGND;

ARRAY %I FROM 0 TO 11 OF ! Pointer to accumulated string
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 _2/dfnf311%:physical
DATA1:0Omega_D<%I>;
CLK2:CLK;
Q:0mega_| Q<AI>-
Q_b: UNCONNECTED'

"Vdd! v :Vdd;
"GNDI"'GND'
ARRAY %I FROM 0 TO 7 OF ! Next input character

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 _2/dfnf311":physical
DATAT1:K_D<%I>;
CLK2: CLK
Q:K_¢ Q<AI>'
Q_| bzl UNCONNECTED
wydd1i:vdd;
GNDIM:GND;

! Place flip-flops to latch the output busses.

ARRAY %I FROM 0 TO 19 OF
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311v: phys1cal
DATA1:CAMOutData<%I>;
CLK2:CLK;
Q:CAMOutData_Q<%I>;
Q_b:UNCONNECTED;
"ydd! ":vdd;
"GND!":GND;

ARRAY %1 FROM 0 TO 11 OF.
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311":physical
DATA1:CAMOUtAddr<%1>;
CLK2:CLK;
Q:CAMOutAddr_Qs%I>;
Q_b:UNCONNECTED;
"yddt»:vdd;
"GND!":GND;

ARRAY %I FROM 0 TO 11 OF
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311":physical
DATA1:0utCodeFIFO<%I>;
CLK2:CLK;
Q: OutCodeFIFO Q<%I>;
Q_b: UNCONNECTED
"Vdd!*:Vdd;
"GND'"'GND'

ENDMODEL ;

Figure 33 (cont.) - Compress.bdnet
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File: compress_2.bds (/user1/icsg8038/thesis/compress_2.bds)
Author: Bob Wall
Date: 6/23/91

Description:

BDS description of LZW compressor core (no FIFOs or CAM). This is
a single-clock cycle version of the compressor, adapted from the
one described in compress.bds. The difference between the two is
that it s now assumed that when a search operation is performed on
the DCAM, the search pattern will automatically be written into the
location specified by CAMInAddr. . Thus, if a match fails, the new
string has already been added to the table, and it is not necessary
to take another clock cycle to do that.

Notes:

This is a simplified version - it assumes that the input FIFO will
always have data available, and that the output FIFO will never be
full. Also, the logic to limit the length of accumulated strings is
not implemented yet.

This algorithm assumes that the CAM is pre-initialized with all the
single-character strings - i.e. the first 256 entries are ROM
instead of CAM.

Since BDS does not support memory (i.e. flip-flops), all the regi-
sters and flags are set up as separate output and input signals,
which can be connected to D flip-flops using BDNET.

Note that some registers are “refreshed" in certain states. A
register must be assigned some value for every state during every
clock cycle, unless it is acceptable for it to be filled with
possible garbage from the input logic. If it does not get assigned
a new value, it should be reassigned its output to maintain that
value.

The last entry in the CAM (with address Oxfff) is not used, since
this is used as the NULL pointer for the decompressor. Thus, if

NextCode reaches Oxfff, the table is full.

NOTE: The output of the NextCode register is also the compressor’s
CAMOutAddr buss.

The logic to refresh the DCAM which was contained in compress.bds
has now been deferred to the controller - the compressor should
be periodically halted and the controller should refresh a row of
the DCAM. g ‘

Revision History:

$Header: /n/dali/ul/icsg8038/thesis/compress/RCS/compress_2.bds,v 1.3 1991/07/01

23:20:20 icsg8038 Exp $

$Log: compress 2.bds,v $

Revision 1.3 - 1991/07/01 23:20:20 icsg8038

Removed latches on SearchCAM, WriteCodeFIFO, -CAMOutData,
and OutCodeFIFO.

Revision 1.2 91/06/26 01:14:05 1icsg8038
Removed latch on ReadCharFIFO control signal.

Revision 1.1 91/06/25 22:04:36 icsg8038
Initial revision

MODEL Compressor

Figure 34 - Compress_2.BDS (cont. on next page)
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! Circuit outputs and connections to all register and flag D inputs.

OutCodeFIFO <11:0>,

X ‘Output to output -code FIFO input
CAMOutData <19:0>

Output to CAM data bus

NextCode D <11:0>, 1 Register for next unused comp. code
Omega_D <11:0>, ! Register for ptr. to accumulated string
WriteCodeFIFO, 1 Output to signal output FIFO write
SearchCAM, I Output to signal -CAM data search
‘ReadCharFIFoO, I Output to signal input FIFO. read

1

The CAMOutAddr output is tied directly to NextCode_Q (the latched
NextCode). in compress_2.bdnet.

! Circuit inputs and connections to all register and flag Q -outputs.
NextCode_Q <11:0>,
Omega_@ <11: 0>,
Reset, )
InCharFIFO < 7:0>,
CAMInAddr  <11:0>,

Input to initialize and start compressor
Input from input byte FIFO output
Tnput from CAM address bus:

CAMMatch; Input from CAM match line
CONSTANT

TRUE =1,

FALSE = 0;

Main compressor routine - contains all the logic for sequencing through
the compression algorithm.

Calls: ! NextRefresh ()

ROUTINE Compress;

! If a reset occurs, reset all the variables and prepare for compression
If Reset EQL TRUE then .

Begin
NextCode_D = 100#16;
SearchCAN. = ‘FALSE;
WriteCodeFI1FO = FALSE; ,
ReadCharFIFO = TRUE; ! Read first word to initialize Omega
Omega_D = 0#16 & InCharFIFO;
End B
! Otherwise, proceed with compression loop. It is Just one clock cycle
! now.
Else
Begin
‘ReadCharFIFO = TRUE; ! Read the next char from the input
SearchCAM = TRUE; ! Initiate search for lnput string
CAMOutData = Omega_Q & InCharFIFO;

Now, hang out and "wait" for ‘the results of the search to come
back. They should be done in sufficient time to finish processing
in this clock cycle.

NOTE: Once the CAM decides whether the search matched. or not, it
must hold the CAMMatch signal at that level through the end of the
clock cycle.

Figure 34 (cont.) - Compress_2.BDS (cont. on next page)
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If CAMMatch EQL TRUE then 4 Need to update Omega to new string

Begin :
Omega_D = CAMInAddr; 1 . Latch match address as new string
WriteCodeFIFO = FALSE; k! Not generating an output this time
NextCode D = NextCode @; 't Retain value in NextCode register
End
Else ! Output code, reset Omega to K
" Begin

1~ Produce the next output code (just the value of Omega).
OutCodeFI1FO = Omega_Q;
WriteCodeFIFO = TRUE;

I'  Reset Omega to the single-character string K.
Omega_D = 0#16 & InCharfFIFo;

The new str1ng (Omega . K) has already been added to the table.
dust need to update the place where the next string will be
written, if the table has not filled up already. Note that the
last entry is. unused. ° : ‘ ]
Note that CAMOutAddr will be the same as NextCode Q, if it is ]

latched.
If NextCode Q NEQ fff#16 then ! Room in the table ‘
NextCode D = NextCode_Q + 1
Else ‘ 1 AUl full, sorry ’
NextCode_D = NextCode @; ! Retain-current NextCode value
End; ! Else (ICAMMatch) ‘
End; - | Else (IReset)

ENDROUTINE Compress;

ENDMODEL Compressor;

Figure 34 (cont.) - Compress_2.BDS‘
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File: compress_2.bdhet (/user1/ic598038/thesis/compress_z.bdnet)
Author: Bob Wall
Date: 6/23/91

Description:

BDNET description of LZW compressor core (no FIFOs or CAM). This
file will place the flip-flops needed to hold register and flag
vaéues in the compressor, and will connect up SUPPLY and GROUND
nodes.

This is a single-clock cycle version of the compressor, -adapted froni

the original two cycle per input byte design.

Notes-
The dfnf311 instanced is a negative edge- tr1ggered D flip-flop with

@ and -Q_bar outputs.

The NextCode registeris output is also connected to the compressor's

CAMOutAddr buss.

Revision History

$Header: /n/dal1/q1/1c398038/the31s/compress/RCS/compress 2.bdnet,v 1.4 1991/07/27

0023619 icsg8038 Exp $

$Log: compress_2.bdhet,v $

Revision 1.2 1991/07/01 23:19:53 icsg8038

Removed' latches on SearchCAM; WriteCodeFI1FO, CAMOutData,
ReadCodeFIFO, and OutCodeFIFO.

Revision 1.1 91/06/25 22:04:221 icsg8038
Initial revision

‘MODEL

compress 2: unplaced

TECHNOLOGY scmos;
VIEWTYPE SYMBOLIC,
EDITSTYLE SYMBOLIC;

OUTPUT ) :
CAMOutAddr<11 0> : NextCode_@<11:0>, ! Output to CAM address bus
CAMOutData<19:0> : CAMOutData<19: 0> ! Output to CAM data bus
OutCodeF1F0<11:0> = OutCodeFI1F0<11: 0> ! OQutput to output FIFO input
SearchCAM : SearchCAM<0>, Initiate associative search
WriteCodeFLFO : wrlteCodeFIFO<0> ! .Latch next output code "
ReadCharFIFO i‘ReadCharEIFO<0>; ! Input latched - get next ‘input byte

INPUT .

Reset : Reset<0>, ! Reinit vars, start compression
InCharF1F0<7:0>, 1 1Input from input FIFO output
CAMInAddr<11:0>, ! Input from CAM address bus
‘CAMMatch  : CAMMatch<0>; |  Input from CAM match line

CLOCK
CLK; ! 'System clock

SUPPLY vdd;

GROUND GND;

INSTANCE compress_2: logic. PROMOTE;

! Place flip-flops to form all the registers.

Figure 35 - Compress_2.bdnet (cont. on next page)
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ARRAY %I FROM 0 TO 11 OF ! Next -code symbol to:.generate

INSTANCE "/cad/[ib/fechnology/scmos/msu/stdtelLZ;Z/dfhf311"iphysical ©

DATAT:NextCode_D<%I>;
CLK2:CLK;
Q:NextCode_Q<%I>;
Q_b:UNCONNECTED;
"ddtv:vdd;
UGNDIV:GND;

ARRAY %I FROM O TO 11 OF ! Pointer to accumulated string
INSTANCE "/cad/lib/technology/scmos/msu/stdcet 12, 2/dfnf311":physical
DATA1:0mega_D<%I>;
CLK2:CLK;
Q:Omega_Q<i%I>;
Q_b:UNCONNECTED;
"Vdd! " :vdd;
WGND!":GND;

ENDMODEL;

Figure 35 (cont.) - Compress_2.bdnet
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Fite: decompress. bds (/user1/icsg8038/thesis/decompress.bds)
Author:z Bob Wall :
Date: 10/13/90

Description:
BDS description of LZW decompressor core (no FLFOs, CAM; stack).

Notes- '
This is a SImpl1f1ed version - it assumes that the input FIFO will
always have data available, and that the output FIFO will never be
full, Also, the logic to handle length-limited compress1on strings.
is not implemented yet.

This algorithm assumes that the CAM is pre 1n1t1al1zed with all the
single-character strings - i.e. the first 256 entries are ROM
instead of CAM.

Since BDS does not supporrt memory (i.e. flip-flops), all the‘regi-
sters and flags are set up as separate output and input signals,
which can be connected to D flip-flops using BDNET.

Note that some registers are "refreshed" in certain states. A
register must be assigned some value for every state during every
clock cycle, unless it is acceptable for it to'be filled with
possible garbage from the input logic. If it does not get assigned
a new value, it should be reassigned its output to maintain that
value.

The last entry in the CAM (with address 0xfff) is not wised, since
this is used as the NULL pointer for the decompressor. Thus, if
NextCode reaches Oxfff, the table is full: .

I't is expected that the "stack" used by the decompressor will
actually consist of two or more stacks. Characters will be pushed
on the current stack on every WriteStack signal until FlipStack

is asserted, then those characters will be popped off the stack
and. passed to the output FIFO while new characters are pushed on:
the next available stack. .

Still need to add capability for controller to put decdmpressor
in wait state while freeing up-a stack or waiting for input.

misil is choking on a 12-bit comparator, such as the one used in
State 10, comparing NextCode:Q té InCode_Q." It is apparently evalu-
ating every combination of the 24 input bits to try to simplify the
comparator. In order to bypass this, had to add an extra .12-bit
input, Comparator, and assign it NextCode_Q XOR InCode_Q. This result
is then compared to 0 to see if the two are equal. The Comparator is
denerated in decompress.bds:

Rev1s1on History:
$Header: /n/dal1/u1/1csg8038/thes1s/decompress/RCS/decompress bds,v 1 3 1991/07/01
0 38:51 i1csg8038 Exp '$
$Log: decompress bds,v $
Revision 1.3 1991/07/01 00:38:51 ic598038
‘Removed the Temp output, added Comparator ‘input. Same thing - generate
a 12-bit XOR With bdnet instead of internally. :

‘Revision 1.2 91/06/26 10:46:28 , icsg8038
Reméved latch on ReadCodeFIFO control signal.

Revision 1.1 91/04/28 23: 26 46 1icsg8038
Initial revision b

Figure 36 -~ Decompress.BDS (cont. on next page)
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9 $ENDMACRO; ! # bits in a refresh address - 1

MACRO REF_LEN =

MACRO REF_INIT = 1111111111#2  SENDMACRO; ! Initializer of REF_LEN 1 bits
MACRO REF_EXT = 00#2 $ENDMACRO; ! LSBs to extend to a 12-bit address
MACRG NULL_PREFIX = fff#16. $ENDMACRO' ! NULL link for strings

MODEL Décompressor

Circuit outputs and connections to. all register and flag D inputs.

" Refresh_ D  <REF_LEN:0>, 1 Register for next refresh address for CAM
NextCode D <11:0>,
OldCode D  <11:0>,
InCode D <11:0>,
.FinChar_D < 7:0>,

Register for next unused comp., code
Register for previous input -code
Register for newest input code

Register for last char of previous‘string

State | D < 1:0>, Register for state variable

Hr1teCAM D, Flag, output to signal CAM data wrlte
ReadCAM_| D, Flag, output to signal CAM data read
ReadCodeFIFO Flag, output to signal input FIFO read
WriteStack, Flag, output to signal stack data write

Flipstack_| D
DoRefresh_D,
StackData < 7:0>,
CAMOutAddr <11:0>,
- CAMOutData <19:0>

Flag, output to signal stack reversal
Flag, output to signal CAM refresh cycle
Output to string reversal stack

Output to CAM address bus

Output to CAM data bus

Circuit inputs and connections to all register and flag Q outputs.
Refresh_Q  <REF_LEN:0>,

NextCode @ <11:0>,

oldCode_@ <11:0>,

InCode_Q <11:0>,.

FinChar_Q < 7:0>,

State_Q < 1:0>,

WriteCAM, i

DoRefresh, I Flip-flop outputs are not currently
ReadCAM, 1 needed; since they are never referenced
ReadCodeFIFO, ! in the code.

WriteStack,

FlipStack,

DoRe
Rese

InCodeFIFO <11:0>,
CAMInData <19:0>,
Comparator <11:0>;

CONSTANT

TRUE

FALSE

fresh, )
t, Input to initialize and start compressor
Input from input code FIFO output

Input from CAM data bus

External XOR for 12-bit compare.

1,
0;

Rout

ine to generate the next refresh address using a Galois-field based

sequencer.

Invocation: Refresh = NextRefresh (Refresh);

- Input args: Refresh RepLén-bit current refresh addfess‘V

Notes:

The logic for the finite-field sequencer is very dependent on the
number of bits in the field (an irreducible polynomial of the correct

- length is needed), so if the length of the refresh address is changed

this routine MUST be modified.

‘For a ten-bit sequencer, a suitable minimum- welght polynomial is

0x409, which corresponds to X*M0 + X*3 # 1.

Figure 36 (cont.) - Decompress.BDS (cont. on next page)
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Since 0 is a meta-stable state of the sequencer, the refresh register
should never be allowed to by all 0’s. It would be simple enough to.
add a check in here - if CurrentRefrésh. = HO00 THEN Return Ox3ff.

For more information on the subject of Galois-field based sequencers,
along with a table of minimum-weight irreducible polynomials, see the
paper "Galois-Field Based State Assignment for PLA Controllers by
Kel Winters.

ROUTINE NéxtRefresh<REF;LEN:0> (CurrentRefresh<REF_LEN:0>);

STATE  Ref_Temp<REF_LEN:0>,

I<>;
Ref_Temp<0> = CurrentRefresh<9>;
- Ref_Temp<1> = CurrentRefresh<0>;

Ref_Temp<2> = CurrentRefresh<i>;
Ref_Temp<3> = CurrentRefresh<2> XOR CGurrentRefresh<9>;
for 1 FROM 4 TO 9 DO

Ref_Temp<i> = CurrentRefresh<l - 1>;

return Ref_Temp;

ENDROUTINE NextRefresh;

Main decompression routine - contains all the logic for sequencing through
the decompression algorithm.

Calls: NextRefresh ()

ROUTINE Decompress;

If a reset occurs, reset all the variables and get the first input
code to start decompresion. : ‘

!
1
'
If Réset EQL TRUE then

Begin :
Refresh_D = REF_INIT; ! Register initialization stuff
NéxtCode D = 100#16; '

DoRefresh_D - = FALSE;

WriteCAM_D ° = FALSE;

WriteStack = FALSE; ]

FlipStack_D- = FALSE; o
ReadCodeFIFO = TRUE; ! Read first word to initialize OldCode
OldCode_D = InCodeFIFO;

ReadCAM_D = TRUE; ‘ 1 Get the character for the first code
CAMOuUtAddr = InCodeFIFO;

State D = 00#2;
End ! If Refresh

Second half of initialization - get the resulting character from

1
! the CAM and write it out, then get feady to do main decompression
! Loop. : )
1
Else if State_Q EQL 00#2 then
Begin '
FinChar_D = CAMInData<7:0>; 1 Record as last char of string
WriteStack = TRUE; 1 Write out single-character string
FlipStack_D = TRUE; :
StackData = CAMInData<7:0>;
ReadCodeFIFO = TRUE; ! Get next input code to start decomp.

Figure 36 (cont.) - Decompress.BDS (cont. on next page)
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InCode_D = InCodeFIFO; .

ReadCAM_D = FALSE; ! Turn off unneeded flags
WriteCAM_D = FALSE;

DoRefresh_D = FALSE; )

NextCode D = NextCode_@; ! Maintain register contents
Refresh D' = Refresh_a; '

oldCode D = 0ldCode_Q;

State D = 01#2; ! Start main decompression loop
End ! Else if State == 00

Otherwise, proceed with decompression loop.. The new input. .code should
already be in InCode. Determine whether the code is in the table, and
prepare to create the decompressed string.

lse if State @ EQL 01#2 then

Begin
If Comparator EQL 000#16 then ! InCode_Q == NextCode_Q
Begin ] ! Special case - InCode not in table
WriteStack = TRUE; 1 Push Finthar
StackData = FinChar_Q;
CAZOutAddr = OldCode_Q; ! And assume code is the prev. one
En :
Else
Begin
WriteStack = FALSE; I Don’t need to push anything yet
CAMOutAddr = InCode_Q; ! Read table entry for new code
End
rReadCAM_D = TRUE; ! Get the appropriate table entry.
WriteCAM D = FALSE' : ! Turn off unneeded flags
FlipStack_D = FALSE;
ReadCodeFIFO = FALSE;

Get the next refresh address. The énly time that this state
doesn’t follow state 11#2, when the refresh is done, is on init-
falization, and it is not crucial that Refresh have any particular
value on the first refresh cycle, so doh’t worry about getting an
unnecessary NextRefresh () value.

1

Refresh_D = NextRefresh(Refresh_Q);

DoRefresh_D = FALSE;

NextCode D = NextCode_Q; I Maintain register contents
OldCode_D = OldCode_Q; ‘

InCode D. = = InCode Q;

State D = 10#2; § Get into string decompress loop
End ! Else if State == 01

The meat of the decompressor - assumes that the CAM is returning the
string ‘table entry for a given code. A code is decompressed by recur-
sively pushing the character portion of the table entry on the stack,
and reading the entry for the code portion of the entry (the tink to
the remainder of the string). The recursion terminates when a NULL
link (value Oxfff) is reached. The last character is pushed, the
stack is signalled to begin popping the string, and a new code is
added to the string table.

lse if State Q EQL. 10#2 then

Begin . o
WriteStack = TRUE; N Push character from table entry
StackData = CAMInData<7:0>;
If CAMInData<19:8> NEQ NULL_PREFIX then
Begin - 1 Haven’t reached start of string yet
ReadCAM_D = TRUE; 1 Continue trac1ng string. back
CAMOutAddr = CAMInData<19:8>;

Figure 36 (cont.) - Decompress.BDS (cont. on next page)
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- FlipsStack_D. = FALSE; ¥ Don’t reverse string yet
WriteCAM_D = FALSE; .
~OldCode_D = OldCode_Q; ' Maintain register contents
‘State_D = 10#2; I Remain in this state
End 1 If Prefletr ‘= NULL_PREFIX
Else ) 1 Found the head of the string
. Begin
ReadCAM_D = FALSE; ! Stop tracing links
FlipStack_D = TRUE; ! Can start outputting str1ng now
FinChar_D = CAMInData<7:0>; ! Record last character in string
oldcode D = InCode_Q; ! Remember last code
If NextCode_Q NEQ fff#16 then " Table is not full yet
Begin
WriteCAM_D = TRUE; ! Add new entry
CAMOutData = OldCode_Q & CAMInData<7:0>;
CAMOutAddr = NextCode_Q;
~ End
Else .
WriteCAM_.D = FALSE; ! No room for néw éntry
State D = 11#2; ! Done with loop - clear outta here
End; ! Else :
ReadCodeFIFO = FALSE; I Turn off unneeded flags

DoRefresh_D FALSE;

Mod 3/05/91 RLW .moved InCode_D doun here from inside IF above,
: since it needs to be urefreshed" in either case.

InCode_D = InCode_Q; . b Maintain register contents
. NextCode D = NextCode_Q;

Refresh_D = Refresh_Q;

End ! ‘Else if state == 10

A clean-up stafe added just so the refresh could get done. This re-

lies on the fact that compressed string lengths will be limited to some
relatively small number of characters. Does a .refresh and gets the
next code to set up the decompression loop again..

lse if State_Q EQL 11#2 then

Begin
DoRefresh_D = TRUE; ! Slap the next refresh. addr on bus
CAMOUtAddr = Refresh_Q & REF_EXT;
ReadCodeFIFO = TRUE; ! Get next input code
InCode_D = InCodeFIFO' )
WriteStack = FALSE; .t Reset unneeded flags
Flipstack b = FALSE'
ReadCAM_D = FALSE;
Mod 3/05/91 RLW use WriteCAM (input), not WriteCam_D (output)
If WriteCAM EQL TRUE then ! Added string to table last state
NextCode D = NextCode_ @ + 1 ! Need to update NextCode value
Else
NextCode D = NextCode_Q; .! Table full - maintain register
WriteCAM D = FALSE; o ‘
Refresh_D = Reéfresh: Q; ! Maintain register contents
OldCode D = OldCode_Q; :
. FinChar_D = FinChar_Q;
State D = 01#2; ] 1 Return to top of decompression loop
End; ! Else if State == 11 . .

ENDROUTINE. Decompress;
ENDMODEL Decompressor;

Figure 36. (cont.) - Decompress.BDS
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| .
! File: decompress.bdnet (/user1/icsg8038/thesfs/decompress.bdnet)
! Author: Bob Wall : ‘

Date: 10/15/90

Description:
BDNET description of LzZW decompressor core (no FIFO, CAM, or stack).
This file will place the flip-flops needéd to hold reg1ster and flag
vaéues in the decompressor, and will connect up SUPPLY and GROUND
nodes.

Notes:
The dfnf311 instanced is a. negat1ve edge-triggered D fllp flop with
Q and Q_bar outputs.

The Refresh register length is given by the macro REF_LEN. If it is
changed in decompress.bds, it must be changed here. These should be
the same as the values in compress. bds.

The Comparator function generated here is just a 12-bit XOR of the
NextCode_Q and InCodeFIFO signals. 1t is used internally in the
decompressor to check if the two signals are equal. -The xorf201
is a simple two-input xor gate.. : '

Revision History:
$Header: /n/dali/ul/icsg8038/thesis/decompress/RCS/decompress.bdnet,v 1.4 1991/07/27
0:46:39 icsg8038 Exp $
: $Log: decompress.bdnet,v $
Revision 1.4 1991/07/27 00:46:39 icsg8038 '
Update from version 2.0 to version 2.2 of standard cell library

Revision 1.3. 1991/07/01 00:37:57 1icsg8038
Added Comparator - NextCode_Q XOR InCode_Q - generated to
replace the 12-bit XOR in decompress.bds.

Revision 1.2 91/06/26 10:46:04 .icsg8038
Removed latch on ReadCodeFIFO control signal. Also added
latches on the OutCodefFIFO, CAMOutAddr, and CAMOutData busses.

Revision 1.1 91/04/28 23:26:35 1icsg8038
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!
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!
1
1
1
1
! Initial revision
I

1

MACRO REF_LEN = 9 $ENDMACRO} t  Refresh addr length. - 1

MODEL decompress:unplaced;
TECHNOLOGY scmos; |
VIEWTYPE SYMBOLIC;
EDITSTYLE  SYMBOLIC;

OUTPUT )
StackData<7:0>, ! Output to stack data bus
CAMOutAddr<11:0> : CAMOutAddr_Q<11:0>, ! Output to CAM address bus
'CAMOutData<19:0> : CAMOutData_Q<19: 0> ! Output to CAM data bus
WriteCAM . WriteCAM<0>, ! Latch,data‘jnto‘CAM
ReadCAM. : ReadCAM<0>, ! Read CAM as a .RAM .
ReadCodeFIFO : ReadCodeFIF0<0>, } Latched input code - get new one
WriteStack : WriteStack<0>, ! Push next char. on stack
FlipStack : FlipStack<0>, t  Suwitch stacks, start reversing string
DoRefresh : DoRefresh<0>; ! Generate DCAM refresh, next ref. addr.
INPUT . :
Reset. : Reset<0>, L Reinit vars, start compression
InCodeF1F0<11:0>, " ¥ Input from code FIFO output
CAMInData<19:0>; I Input from CAM data bus

Figure 37 -~ Decompress.bdnet (cont. on next page)
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cLock

CLK; : I ‘System clock
SUPPLY vdd;
GROUND GND;

INSTANCE  decompress: logic PROMOTE;

H Place flip-flops for flags first.
INSTANCE "~octtools/lib/technology/scmos/msu/stdcell2 2/dfnf311"-physrcal
DATA1:WriteCAM_D<0>;
. CLK2:CLK;
.Q: HrlteCAM<0>
Q_b: UNCONNECTED'
nyddin:vdd;-
IIGND mn -GND -

INSTANCE "~octtools/lib/technology/scmos/msu/stdcel L2 2/dfnf311".phys1cal
. DATA1:ReadCAM_D<0>;
‘CLK2:CLK;
Q:ReachM<0>;
Q_b:UNCONNECTED;
"dd! " :Vdd;
IIGND A1) GND -

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311"-phys1cal
DATA1:FlipStack_D<0>;
CLK2:CLK;
Qs FlipStack<0>
Q_b:UNCONNECTED;
"Yddiv:vdd;
UGND!t:GND;

INSTANCE "~octtools/lib/technology/scmos/msu/stdcel 12_2/dfnf311":physical
DATA1:DoRefresh_| D<0>
CLK2: CLK;
Q: DoRefresh<0>-
Q_b: UNCONNECTED;
nydd! " :vdd;
“GND'“'GND'

! Now place flip-flops to form all the regfsters;

ARRAY %I FROM--0 TO REF_LEN OF ! Next DCAM refresh address.
INSTANCE M~octtools/lib/technology/scmos/msu/stdcell2_2/dfnf311":physical
DATA1:Refresh_D<%I>;
CLK2:CLK;
Q: Refresh _Q<%l>;
Q_b: UNCONNECTED

nydd1m:vdd;
WGND'I"':GND;
ARRAY %I FROM 0 TO 11 OF I Next code symbol to generate

INSTANCE "~octtools/lib/technology/scmos/msu/stdcell2_ 2/dfnf311" physical
DATA1:NextCode_D<%I>;
CLK2:CLK;
Q: NextCode Q<%I>;
Q_b: UNCONNECTED;

"Vddiv:vdd;
GND!"™:GND; _
ARRAY %I FROM O TO 11 OF ! Previous input code

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311"'phy51cal
DATA1:0ldCode_D<%1>;
‘CLK2:CLK;
Q: OldCode Q<KI>;,
Q_b: UNCONNECTED'

Figure 37 (cont.) - Decompress.bdnet (cont. on next page)
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Vddin :Vdd;
“GND!I'":GND;

ARRAY %I FROM 0 TO 11 OF ! New input.code
INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311":physrcal
DATA1:InCode_D<%1>;
CLK2:CLK;
‘Q:InCode_Q<%I>;.
Q_b: UNCONNECTED
“Vddr":Vdd-

INSTANCE “~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311u:physical
DATA1:State_Pp<0>;
CLK2:CLK;
‘Q:State_t Q<0>-
Q. b: UNCONNECTED'
Ilvddl n -vdd.
MGND!IM:GND;

INSTANCE “~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311".phys1cal
DATA1:State_D<1>; .
CLK2:CLK;
Q:State_ Q<1>
Q_b: UNCONNECTED

"Wddin:vdd; . ‘
"GNDIM:GND;
ARRAY %I FROM 0 TO 7 OF ] Final. character of last string

INSTANCE “~octtools/l1b/technology/scmos/msu/stdcell2 . 2/dfnf311M:physical
DATA1:FinChar. D<AI>
CLK2:CLK;
Q: FInChar Q<%l>;
Q_b: UNCONNECTED*
"Vdd1":vdd;
"GND!":GND;

1 Place flip-flops’ to latch the CAM busses.

*ARRAY %I FROM 0 TO 19 OF

INSTANCE "~octtools/lib/technology/scmos/msu/stdcell2 2/dfnf311".phys1cal
DATA1:CAMOutData<%I>;
CLK2:CLK; . )
Q:CAMOutData_Q<%I>;
Q_| b: UNCONNECTED;
"ddin:vdd;
nGND 1Y GND;

ARRAY %I FROM 0 TO 11 OF } )
INSTANCE M~octtools/lib/technology/scmos/msu/stdcel l2_2/dfnf311":physical
DATA1:CAMOUtAddr<%I>;
CLK2:CLK;
Q: CAMOutAddr _Q<KI>;
Q_b: UNCONNECTED
uydd1 ":vdd;
“GND!":GND;

! Generate 12-bit XOR for Comparator.
ARRAY %I FROM 0 TO 11 OF
INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/xorf201":physical
*Al:NextCode_Q<%I>;
B1:InCode_! Q<AI>
0: Comparator<AI>
nyddin:vdd;
NGND!":GND;

‘ENDMODEL ;

Figure 37 (cont.) - Decompress.bdnet




N
3

167

!
| .

! File: decompress_2.bds (/user1/icsgB8038/thesis/decompress_2.bds)
! Author: Bob Wall - -

! Date: 6/30/91

1

Description:
BDS description of LZW decompressor core (no FIFOs, CAM, stack).
Modified substantailly from original decompress. bds - the refresh
operation is now being handled by the controller, so the additional
state required for refresh has been eliminated. In addition, the
two state required for initialization have been combined.

Notes:
This is a simplified version - it assumes that the-input FIFO will
always have data available, and that the output FIFO will never be
full. Also, the logic to handle length-limited compression strings
is not implemented yet.

This algorithm assumes that the CAM is pre-initialized with all the
single-character strings - i.e. the first 256 entries are ROM
instead of CAM,

Since BDS does not support memory (i.e. flip= flops), all the regi-
sters and flags are set up as separate output and input signals,
which can be connected to D flip-flops using BDNET.

Note that some registers are "refreshed" in certain states. A
register must be assigned some value for every State during every
clock cycle, unless it is acceptable for it to be filled with
possible garbage from the input logic. If it does not get assigned
a new value, it should be reassigned its output to maintain that:
value.

The last entry in the CAM (with. address Oxfff) is not used, since
this is used as the NULL pointer foi the decompressor. Thus, if
NextCode reaches Oxfff, the table is full.

It is expected that the “stack" uséd by the decompressor will
actually consist. of two or more stacks. Characters will. be pushed
on the current stack on every WriteStack signal until FlipStack

is asserted, then those characters. will be popped off the stack
and passed to the output FIFO while new characters aré pushed on
the next available stack.

Still need to add.capability for controller to put decompressor
in wait state while freeing up a stack or waiting for input.

Stupid !2a#2??!a#$ misll is choking on. a 12-bit comparator, such as
the one used in Staté 0, comparing NextCode @ -to InCodeFIFO. It is
apparently evaluating every combination of the 24 input bits to try

to simplify the comparator - this naturally causes a few page

faults during logic minimization. In,order to bypass this, had to add
an extra 12-bit input, Comparator, which is just a 12-bit XOR‘of
NextCode_Q and InCodeFIFO generated in decompress_2.bdnet..

This. input is just compared.to 0 to see if the two are equal.

Revision History:
$Header: /n/dali/ul/icsg8038/thesis/decompress/RCS/decompress_2.bds,v 1.1 1991/07/16
0:41:51 icsg8038 Exp $
$Log: decompress_2.bds,v $ .
Revision 1.1 1991/07/16 00:41:51 1csg8038
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MODEL Decompressor

Figure 38 - Decompress_2,BDS (cont. on next page)
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Circuit outputs and connections to all register and flag D inputs.
! Register for

NextCode D <11:0>,
OldCode D  <11:0>,
InCode D <11:O>,
FinChar D < 7:05,
State | D

HrIteCAM D,
ReadCAM_| D
ReadCodeFIFo
WriteStack,
FlipStack,

* StackData < 7:0>,

CAMOutAddr_D<11: 0>'
CAMOutData D<19 0>

Flag,

Flag,
Flag,
‘Flag,

Flag,.

Register for
Register for
Register for
Register for

output
output
output

output

output

next unused comp. code
previous input code

neWwest input code

last char of previous string

state variable

to signal CAM data write
to signal CAM data read

to signal input FIFO read
to signal stack data write
to 'signal stack reversal

Output to string reversal stack
Output to CAM address bus
Output to CAM data bus

Circuit ‘inputs and connect1ons to all register and flag Q outputs.

NextCode_Q <11:0>,

- OldCode_| Q@ <11:0>,

InCode_Q <11:0>,
FinChar @ < 7:0>,
State_ Q .
ReadCAM Q,
CAMOutAddr Q<11:0>,
Reset,

InCodeFLFO‘ <11:0>,
CAMInData <19:0>,
Comparator <11:0>;

CONSTANT
TRUE = 1,
FALSE = 0;

Latched CAM Read signal

Latched CAM output address

Input to initialize and start compressor
Input from input code FIFO output

Input from CAM data bus

NextCode_Q XOR InCodeFIFO

Main decompression routine - contains all the loglc for sequencing through
the decompreSSIOn algorithm.

Calls: None

ROUTINE Decompress;

1 If ‘a reset occurs, reset all -the variables and get the first input
! code to start decompression.

1f Reset EQL TRUE then-

Begin
NextCode_D

= 100#16; !

Register initializatiqn stuff

1 " Read the first code; since it is guaranteed to represent a single
1 character string, the character is just the last eight bits.
string to the stack.

! Write that
OldCode_D
StackData
FinChar_D
WriteStack
FlipStack
ReadCodeFI1FO
WriteCAM_D
ReadCAM_D

State D
End ! If

Figure 38 (cont.)

InCodeFIFO;
InCodeFIFO<7:05>;
InCodeFIFO<7 O>-
TRUE;

TRUE;

TRUE;
FALSE;
FALSE;

0;
Reset

~ Decompress_2.BDS (cont. on next page)
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Proceed with decompression loop. The new input code should tbe ready
in InCodéFIFQ, Read it and latch into.InCode, then determine whether
the code is in the table and prepare. to create decompressed. string.

Lse 1f ‘State_a@ EQL O then

Begin :
If Comparator EGL 000#16 then !  InCodeFIFO == NextCode Q
Begin ! Special case - InCode not in table
WriteStack = TRUE; .} Push FinChar
StackData = F1nChar a*H ‘
CAMOutAddr D = OldCode Q- ! And assume code is the prev. one
End . :
Else
Begin . .
WriteStack = FALSE; 1 Don’t need to push anything yet
CAMOutAddr_D = InCodeFIFO;! Read table entry for new code
End;
1f CAMOutAddr_D<11:8> EQL 0 then i Just a single character string
ReadCAM D™ = FALSE ! Don’t need to read it from DCAM
Else ‘
ReadCAM._D = TRUE; I Get the appropriate table entry.
InCode_D = InCodeFIFo; ’
ReadCodeFIFO = TRUE;
FlipStack = FALSE;
WriteCAM_D = FALSE; ! Turn off unneeded flags
NextCode D = NextCode AH I'  Maintain register contents
OldCode D = oldcode_a; ’
State D =1; 1 Get into main decompress loop
End: 1 Else if State ==0 :

The meat of the decompressor - .assumes that the CAM is returning the
string table entry for a given code. A code is decompressed by recur-
sively pushing the character portion of the table entry on the stack,
and reading the entry for the code port1on of the entry (the link to
the remainder of the string). The recursion terminates when a code
less than 0x100 is reached. The last character is just the lower
eight bits of this code. It is pushed, the stack is signalled to
beg1n popping the string, and a new code IS added to the string table.

Else if State_@ EQL 1 then

Begin
WriteStack = = TRUE; ! Push character from table entry
If ReadCAM_Q EQL 1 then
Begin ! Haven’t reached start of string yet
StackData = CAMInData< 7:0>; :
CAMOutAddr_D = CAMInData<19:8>;
If CAMOutAddr_D<11:8> EQL 0 then ! Just a one character string
ReadCAM_D = FALSE ! Don’t need to read it from DCAM
Else :
ReadCAM_D = TRUE; 1 Get the appropriate table entry.
FlipStack = FALSE; !  Don’t reverse string yet
WriteCAM_D = FALSE;
oldCode_D = OldCode @; ! Maintain register contents
NextCode D = NextCode_Q; ‘
State_D = 1; ! Remain in this state
- End' ! If_ReadCAM )
Else ‘ ' ¥ . Found the head of the string
Begin
‘StackData = CAMOutAddr_Q< 7:0>;.
ReadCAM_D = FALSE; ! Stop tracing l1nks

Figufe‘38 (cont.) - Decompress 2.BDS (cont. on next‘pagé)
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FlipStaék = TRUE; ! Can start outputting string now
FinChar_D = CAMOutAddr_Q< 7:0>; ! Record last char in string
OldCode_D = .InCode @; !  Remember last code
If NextCode @ NEQ fff#16 then ! Table is not full yet

Begin

WriteCAM_D TRUE; ! Add new entry

CAMOutData D = OldCode_Q & CAMOUtAddr_@< 7:0>;

CAMOutAddr_D

NextCode Q;

NextCode_D NextCode @ + 1;
End
Else
Begin
WriteCAM_D = FALSE; ! No room for new entry
‘NextCode D = NextCode_Q; ! Maintain register contents
End;
State_D =0; ! Done with Loop - clear outta here
End; - ! Else : B :
ReadCodeF1FO = FALSE; ! Tdrn off unneeded flags
InCode_D = InCode_Q; !  Maintain register contents

End;

ENDROUTINE. Decompress;

ENDMODEL Decompressor;

Else if State ==

Figure 38 (cont.) - Decompress_2.BDS
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1
1 File: decompress_2.bdnet  (/user1/icsg8038/thesis/decompress_2.bdnet)
Author: Bob Wall .

Date: 6/30/91

Description:.
BDNET description of LZW decompressor core (no. FIFO, CAM, or stack).
This file will place the flip-flops needed to hold register and flag
vaéues in decompressor_2, and will connect' up SUPPLY and GROUND
nodes

Notes:
The dfnf311 instanced is ‘a negative edge- tr1ggered D. fl1p flop with
Q and Q_bar outputs.

]
!
|
]
]
]
!
1
f
l
!
]
1
! The Comparator function generated here is just a 12-bit XOR of the
! NextCode_Q and InCodeFIFO signals. It is used internally in ‘the

! decompressor to check if the two signals are equal. The xorf201

! is a simple two-input xor gate.

1

1

]

0

t

t

1

1

1

1

!

1

Revision History:
$Header: /n/dal1/u1/1c598038/the31s/decompress/RCS/decompress 2.bdnet,v 1.2 1991/07/27
0:46:39 icsg8038 Exp $
$Log: decompress_2.bdnet,v $
Revision 1.2 1991/07/27 00:46:39 icsg8038
Update from version 2.0 to version 2.2 of standard cell library

Revision 1.1 1991/07/16 00:41:34 icsg8038
Initial revision

‘MODEL. decompress_2:unplaced;

TECHNOLOGY scmos;
VIEWTYPE -SYMBOLIC;
EDITSTYLE  SYMBOLIC;

OUTPUT ,
StackData<7:0>, ! Output to stack data bus
CAMOuUtAddr<11:0> : CAMOutAddr_Q<11:0>, ! Output to CAM address bus
CAMOutData<19:0> : CAMOutData_Q<19:0>, ! Output té CAM data bus
WriteCAM s WriteCAM_Q<0>, ! Latch data into CAM :
ReadCAM : ReadCAM_Q<0>, ! Read CAM as a RAM
ReadCodeFIFQ : ReadCodeFIF0<0>, ! Latched Tnput code - get new one
WriteStack : WriteStack<0>, !  Push next char. on. stack.
FlipStack ¢ FlipStack<0>; ! Switch stacks, start reversing string

INPUT _

Reset : Reset<0>, ! Reinit vars, start compression
InCodeFI1F0<11:0>, f I'nput from code FIFO output
CAMIrData<19:0>; ! TInput from CAM data bus

CLOCK
CLK; I System clock

SUPPLY vdd;

GROUND GND;

INSTANCE decompress_2: logic PROMOTE;

I Place fl1p flops for latched flags first.
INSTANCE “~octtools/l1b/technology/SCmos/msu/stdcell2 2/dfnf311":phy31cal
DATAT:WriteCAM D<0>'
CLK2:CLK;
Q: Hr1teCAM_Q<O>;
Q_b:UNCONNECTED;

Figure 39 - Decompress 2.bdnet (cont. on hext page)
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MVddi " :vdd;
NGND1":GND;

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcel12 2/dfnf311".phystcal

DATA1:ReadCAM; D<0>;
CLK2:CLK;
Q:ReadCAM_Q<0>;
Q_b:UNCONNECTED;
dd! *:vdd;
"GNDIY:GND;

Nou place flip- flops to form all the reglsters.‘

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311".phy51cal

DATA1:State_D<0>;
CLK2:CLK;
Q:State_ Q<0>-
Q_b: UNCONNECTED

uyddi":vdd;
"GNDIY:GND;
ARRAY %I FROM 0 TO. 11 OF 1 Next code symbol to generate

INSTANCE "~octtools/lib/technology/scmos/msu/stdcel {2 2/dfnf311".phys1cal
_DATA1:NextCode_D<%I>;
CLK2:CLK;
Qs NextCode Q<%I>;
Q_b: UNCONNECTED"

"dd! " :Vdd;
HGND!":GND ;
ARRAY %I FROM 0 TO 11 OF 1 Previous input code

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf311".phy31cal
DATA%1:0ldCode | D<AI>;
CLK2:CLK;
Q: OldCode Q<KLI>;
Q_b: UNCONNECTED'
;Ilvdd| e vdd-
NGND11:GND;

ARRAY %I FROM 0 TO 11 OF ! New: input code

INSTANCE "~octtools/lib/technology/scmos/msu/stdcel l2_2/dfnf311":physical
DATA1:InCode_| D<AI>
CLK2:CLK;
Q: InCode_ Q</1>-
Q_b: UNCONNECTED'

nyddin;vdd;
"GND ! :GND;
ARRAY %I FROM 0 .TO 7 OF ! Final character of last string

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcel12 2/dfnf311:physical
DATA?: F1nChar D<%I>;
CLK2:CLK;.
Q: Flnchar Q<%I>;
Q_b: UNCONNECTED
‘WVdd! *:vdd;
MGND 1 $GND;

Place flip-flops to latch the CAM bussés.

ARRAY %I FROM 0 TO 19 OF

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/dfnf3114: phys1cal
DATA1:CAMOutData_D<%I>;
CLK2: CLK
Q: CAMOutData Q<%I>;
Q_b: UNCONNECTED'
"dd! ":vdd;
NGND1":GND

Figure 39 (cont.) - Decompress_2.bdnet (cont. on next page)
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ARRAY %I FROM 0. TO 11 OF
INSTANCE “~octtools/l1b/technology/scmos/msu/stdcell2 _2/dfnf311":physical
DATAT:CAMOutAddr_D<%I>;
. CLK2:CLK;
Q:CAMOUtAddr- " Q<%I>;
Q_| b: UNCONNECTED'
llvddl He vdd -
"GND!“:GND;

! Generate 12-bit XOR for Comparatof.

ARRAY %I FROM 0 TO 11 OF
INSTANCE "~octtools/llb/technology/scmos/msu/stdcell2 2/xorf201"-phy510al
Al:NextCode_ Q<%I>;
B1: InCodeFIFO<71>'
O:Comparator<%I>;
llvddl |1} -vdd-
IIGND (1] GND -

ENDMODEL ;

Figure 39 (cont.) — Decompress_2.bdnet
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File: stack.rtl (/user1/icsg8038/thesis/stack.rtl)
Author: Bob Wall ’ .
Date: 7/10/91

Description:

Simplified RTL description of the LzZW string reversal mechanism.
This is essentially a boiled-down version of stack.bds, and will
hopefully be a little eaSIer to Tead:

Here’s the scoop on the str1ng reversal technique .- a ring buffer of
characters large enough to hold two maximum length stiings is kept
(RStack). In addition to this ring buffer, which is treated somewhat
Like a dequeue, another pair of ring buffers are used as a regular
queue to hold pointers to the beginning and one past the end of each
string (StringHead, StringTail). StringQHead and StringQTail are the
insertion and deletion pointers for: these queues “(both. use the same
head- and.tail). There are enough entries to hold MAX_STR_LEN strings.

The string currently being constructed is pointed to by CurrentInStr-

Head and CurrentInStrTail. When the end of the string is encountered,
those head and. tail values are added to the StrlngHead and StringTail
queues, the current tail is moved up to the previous head, and a new.
string is begun.

The string currently being reversed is po1nted to be CurrentOutStrHead
and CurrentOutStrTail. If they point to a valid string, the Current-
OutStrused flag will be set to TRUE. Each clock. cycle, CurrentOutStr-
Head is moved back one character, and the character it points to is
output. When the string is fully‘reverSed (CurrentOutStrHead has been
moved back to CurrentOutStrTail), if there is a new string ready from
CurrentInStr, it is moved into CurrentOutStr;. otherwise, if there is

a string in the StringQ (StringQHead != StringaTail), it is moved into
CurrentOutStr; otherwise, CurrentOutStrUsed is 'set to FALSE.

The head pointer of a string always points to the next available place
to add a character, and the tail pointer points to the first character
in the string. Thus, when reversing the string, the head pointer must
be decremented before a charactéer can be fetched.

When the decompressor signals a write, the character is latched into
NewChar, and the AddChar and EndofString flags are set as appropriate.
The character is then processed on the following clock cycle.

Notes:

The 7.7 between two expressions represents concatenation. )
I<=1t represents a clocked (synchronous) assignment, while ’<=’ is
a combinational (asynchronous) assignment.

Revision History:

$Header: /n/dali/ul/icsg8038/thesis/stack/RCS/stack.rti,v 1.1 91/07/16

0:18:52 icsg8038 Exp $

$Log: stack.rtl,v'$

Revision 1.1 91/07/16 00:18:52 icsg8038

Initial revision

! Variable ‘declarations

INPUT

- Reset
WriteStack
FlipStack
StackData <7:0>
OutCharFIFOFull
CLK

Figure 40 - Stack.RTL (cont. on next page)
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OUTPUT WriteCharFLFO
OutCharFIFO <7:0>
StackOverRun
StackEmpty

REGISTER CurrentInStrHead <7:0>
CurrentInStrTail <7:0>
CurrentOutStrHead <7:0>
CurrentOutStrTail <7:0>
CurrentoutStrUsed
StringQHead <6:0>
StringQTaitl <6:0>
NewChar <7:0>
Addchar
EndofString

RAM RStack [256] <7:0>
ReadRStack
WriteRStack
RStackData <7:0>
RStackAddr <7:0> -

String@ [128]1 [2} <7:0>
ReadStringa
WriteString@
StringQAddr <6:0>
StrHeadData <7:0>:
StrTailData <7:0>

VARIABLE TempInStriead <7:0>

TempOutStrHead <7:0>
NeedOutStr

! Begin Stack

! Check to see if there is anything in the stack - if there is, either
! a current input or current output string, or both, will be in progress.

If ICurrentOutStrUsed && CurrentiInStrHead == CurrentInStrTail
StackEmpty <= TRUE

Else
StackEmpty <= FALSE

! Precalculate the new values of the input and output string head pointers.
TempInStrHead <= CurrentInStrHead + 1 | '
If CurrentOutStrUsed
TempOutStrHead <= CurrentOutStrHead < 1
ElseTempOutStrHead‘ <= CurrentOutStrHead

If Reset . ‘ ‘ " 1 . Initialization stage

StringQHeéad . <= 0 t  Set- the string queue to empty,
StringQTail <- 0

CurrentInStrHead <- 0 ] and the current string to add
CurrentInStriail <- 0 :

CurrentOutStrUsed <- .FALSE I Nothing in current remove string
WriteCharFIFO <= FALSE 4 Turn off all the control signals
StackOverRun <= FALSE , o

ReadRStack <= FALSE:

WriteRStack <= FALSE

ReadStringQ <= FALSE

WriteStringQ <= FALSE

Figure 40 (cont.) - StapktRTL (cont. on next page)
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I Check for a character com1ng into the stack - if one is there, latch it
! and record whether it is the last character in.the string.
I1f WriteStack
NewChar . <- StackData
AddChar <- TRUE
If (FlipStack)
EndOfString <- TRUE
Else
EndOfString <- FALSE
Else )
Addchar <- FALSE

Else
1 First, attempt to add a new character to the stack, if necessary.
! This is not possible if the stack is full.

If (CurrentOUtStrUsed && CurrentInStrHead == CurrentOutStrTail && AddChar)
! If a string is being removed, and the next place to insert into the
! string space is the same as the end of the oldest string (InStrHead
! == QutStrTail), or there.is no more room in the string queue, sig-
I nal an overrun condition and just maintain the appropriate register
1

contents.
StackOverRun <= TRUE
StringQHead <-  StringQHead
CurrentInStrHead <- CurrentInStrHead
CurrentInStrTail <- CurrentInStrTail
NewChar <- NeuwChar
Addchar <- AddChar
EndofString <- ‘EndOfString
WriteRStack <= FALSE
WriteStringQ <= FALSE
Else ‘ ! Add chars to stack, if needed
StackOverRuh <= FALSE
If WriteStack ‘
NewChar <- StackData
AddChar <- - TRUE
1f (FlipStack)
EndOfString <- TRUE
Else
EndofString <- FALSE
Else
AddChar <- FALSE
If AddChar
If ICLK ! RStack [CurrentInStrHeadl = NewChar
WriteRStack <= TRUE
RStackData <= NeuwChar
RStackAddr <= CurrentInStrHead
Else

WriteRStack <= FALSE
CurrentInStrHead <- TempInStrHead

I'f EndofString ! Move current str into str queue
CurrentInStrTail <- TemplInStrHead

If NeedOutStr ! OutStr empty - refill it
CurrentOutStriead <- TempInStrHead
CurrentOutStrTail . <- ‘CurrentInStrTall
CurrentOutStrUsed <- TRUE:= ~
StringQHead <- Str1ngQHead
WriteString@ <= FALSE

Figure 40 (cont.) - Stack.RTL (cont. on next page)
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Else
If ICLK 1 'StringHead [StringQHead] = TemplnStrHead
WriteStringa <= TRUE )
StringQAddr <= StringQHead
StrHeadData <= TempInStrHead
1" stringTail [StringQHead]l = CurrentInStrTail
StrTailData <= CurrentInStrTaiil
Else '
WriteStringa <= FALSE
StringQHead <- StringQHead'+ 1 ! Truncate to 7 bits
Else
StringQHead <- StringQHead

CurrentInStrTail <- CurrentInStrTail

1f NeedOutStr
CurrentOutStrUsed <- FALSE

WriteStringQ <= FALSE

Else
StringQHead <- StringQHead

CurrentInStrHead <- CurrentInStrHead
CurrentInStrTail <- CurrentInStrTail

If NeedOutStr ) :
CurrentOutStrUsed <+ FALSE

WriteRStack <= FALSE
WriteStringQ <= FALSE

! Now try to write a character to the output FIFO, 1f there is one to

I write 'and room .in' the FIFO.
If CurrentoutStrUsed && !OutCharFIFOFull

If CLK 1 OutCharFIFO = Stack [TempOutStrHead]
ReadRStack ' <= TRUE ‘
RStackAddr <= TempOutStrHead
outCharFIFO <= RStackData

Else :

ReadRStack <= FALSE

WriteCharFIFO <= TRUE

1f (TempOutStrHead == CurrentOutStrTail)

! ‘Wrote all chars in str

If (StringQHead == StringQTail) 1 = No string available to reverse
ReadStringQ <= FALSE
NeedQutStr <= TRUE
StringQTail <-  StringaTail
Else
NeedOutStr <= 'FALSE
If CLK ‘ ,
] CurrentOutStriead = StringHead [StringQTaill

ReadStringd <= TRUE
StringQAddr <= StringQT.

afl
eadData

! CurrentOutStrTail "= StringTail [Str!ngQTa1l]

CurrentOutStrHead <= StrH

CurrentOutStrTail <= StrTailData
Else

ReadStringa <= FALSE
‘StringQTail <- Str1ngQTa1l

CurrentOutStrUsed <- TRUE

Figure 40 (cont.) - Stack.RTL
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Else
‘NeedOutStr
ReadString
CurrentOutStrUsed
CurrentoutStrHead
CurrentOutStrTail
StringQTail

Else

If CurrentOutStrUsed
NeedOutStr
CurrentoutStrised
CurrentOutStrHead
.CurrentOutStrTail

Else
NeedOutStr

‘ReadRStack <=

ReadstringQ <=

WriteCharFIFO <=

StringQTail <-

Figure
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! Still .chars left in output
<= FALSE
<= FALSE
- <= TRUE

<- TempOutStrHead
<- CurrentOutStrTail
<- StringQTail

<= FALSE

. <= TRUE

<- CurrentOutStrHead
<- CurrentOutStrTail

<= TRUE
FALSE
FALSE
FALSE

StringQTail

40 (cont.) = Stack.RTL
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File: stack.bds
Author: Bob Wall
Date: 7/10/91

Description:

(/user1/icsg8038/thesis/stack.bds)

BDS description of string reversal mechanism for LZW. compressor.
Details of algorithm in the Stack routine below.

Notes:

The .’ between two expressions represents concatenation.
BRA LN represents a clocked (synchronous) assignment, while /<=’ is
a combinational (asynchronous) assignment.

Assumes the availability of three RAMs, one 256 x 8 bits and the

otherr two 128 x 8 bits.

They are assumed to have an address buss,

separate read. and write signals, and a bidirectional data buss.

'Since BDS does not support memory (i.e. flip-flops), éll the regi-
sters. and flags are set up as separate output and input signals,
which can be connected to D' flip-flops using BDNET.

Note that some registers are "“refreshed" in certain states. A
register must be assigned some value for every state during every
clock cycle, unless it is acceptable for it to be filled with
possible garbage from the input logic. If it
a new value, it should be reassigned its output to maintain that

value.

does not get assigned

The Comparator inputs used below are. so mislIl doesn't choke generating
They are wired up in stack.bdnet as

the various 8-bit == operations.

followss

Comparator] ==
Comparator2 ==
Comparator3 ==
Comparators ==
Comparator5 ==

Revision History:

! $Header: /n/dali/ul/icsg8038/thesis/stack/RCS/stack.bds,v 1.1 1991/07/16 00:18:26
csg8038 Exp $

cooco0o0oOo

$Log: stack.bds,v $
Revision 1.1 1991/07/16 00: 18:26 'icsg8038

Initial revision

<-->
<-->
<-->
<-=>
<-=>

CurrentInStrHead_Q == CurrentInStrTail_a
CurrentInStrHead_Q == CurrentOutStrTail_a
TempOutStrHead
StringQHead_Q
StringQHead D

== CurrentOutStrTail Q
== StringQTail_Q

== StringaTail D

MODEL StringReversal

Circuit outputs and
CurrentInStriead D
CurrentInStrTail_l D
CurrentOutStrHead b
CurrentOutStrTait, D
CurrentOutStrUsed D
StringQHead D
StringQTail_D
StringQUsed D,
NewChar_D
AddChar_D,
EndOfString_D,

RAM control signals.

address signals.

connections to all register and flag D inputs.

<7:0>,

<7:0>,

<7:0>,
<7:0>,

<6:0>,
<6:0>,

‘<7:0>,

Registers

There.are three RAMs - RStack, StrHead, and

Figure 41 - Stack.BDS (cont.

StrTail. The last two are always addressed 1dent1cally and read/
_wWritten simultaneously, so they share the StringQ read, write, and

on next page)




ReadRStack,
WriteRStack,
ReadStringQq,
WriteStringQ,
RStackReadAddr

<7:0>, !
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.RAM address busses

RStackWriteAddr <7:0>,
StringQReadAddr <6:0>,
StringQWriteAddr <6:0>,

RStackDataOut . <7:0>, I RAM data busses
StrHeadDataOut <7:0>,

StrTailDataOut <7:0>,

StackOverRun, ' ! Control outputs
StackEmpty,

WriteCharFIFQ, :

OutCharFIFO <7:0>, ! Data to output FIFO
TempOutStrHhead - <7:0>

I Circuit inputs and cohnections to all register and flag Q outputs.

CurrentInStriead @ <7:0>, ! Registers
CurrentInStrTail_Q <7:0>,

CurrentOutStrHead_Q <7:0>,

CurrentOutStrTail_@ <7:0>,

CurrentOutStrUsed Q,

StringQHead_Q <6:0>,
StringQTail_Q <6:0>,
StringQuUsed_Q, o
NewChar_@ <7:0>,
AddChar_a,
EndOfString_Q,
RStackDataln <7:0>, .1 RAM data busses
StrHeadDataln <7:0>, -
StrTailDataln <7:0>, .
Reset, ! Circuit inputs
WriteStack,
FlipStack,
StackData <7:0>,
OutCharFIFOFull, 7
Comparator1 <7:0>, 1 CurlnStrHead == CurlnStrTail
Comparator?2 <7:0>, 1 curlnStrHead == CurOutStrTail
Comparator3 <7:0>, 1 TempOutStrHead == CuroutStrTail
Comparatoré <6:0>, ! ' StringQHead: == StringQTail
Comparator5. <6:0>; I StringQHead D -== StringQTail_D
STATE .
TempInStriead <7:0>, ! Temporary variables
NeedOutStr, '
StringAdded,
StringRemoved;
CONSTANT
TRUE =1,
FALSE = 0;

String reversal routine:

Here’s the scoop on the sfringwreversél technigue - a ring buffer of
characters large enough: to hold two maximum -length strings is kept

(RStack).

In addition to this ring buffer, which is treated somewhat

like a dequeue, another pair of ring buffers are used as a regular
queue to hold pointers to the beginning and one past the end of each
string (StringHead, -StringTail). ) [
‘insertion and deletion pointéers for these queues (both use the same
There are enough entries to hold MAX_STR_LEN strings.

head and tail).

StpingQHead%and‘StrjngQTail'are the

Figure 41 (cont.) - Stack.BDS (cont. on next page)
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The string currently being constructed.is pointed to by CurrentInStr-
Head and CurrentInStrTail. When the end of the string is encountered,
those head and tail values are added to the StringHead and StringTail
queues, the current tail is moved up to the previous head, and a new

string is begun. .

The string currently being. reversed is pointed to be CurrentOutStrHead
and CurrentOutStrTail. If they point to a valid string, the Current-
‘outStrUsed flag will be set to TRUE. Each clock cycle, CurrentOutStr-
Head is moved back one character, and the character it points to is
output. When the string is fully reversed (CurrentOutStrHead has been
moved back to: CurrentOutStrTail), if there is a new string ready from
CurrentInStr, it is moved into CurrentOutStr; otherwise, if there is

a string in the StringQ@ (StringQHead 1= StrlngQTall), it is moved into
CurrentOutStr; otherwise, CurrentOutStrUsed is set to FALSE.

The head pointer of a string always points to the next available place
to add a character, and the tail pointer points to the first character
in the string. Thus, when reversing the string, the head pointer must
be decremented before a character can be fetched.

When the decompressor signals a write, the character is latched into

NewChar, and the AddChar and EndofString flags are set as appropriate.
The character is then processed on the following clock cycle.

Calls: None

ROUTINE Stack;

1 Check to see if there is anything in the stack - if there is, either
! a current input or current output str1ng, ‘or both, will be in progress,
4 and the stack is not empty.

If (CurréentOutStrUsed_Q EQL FALSE AND Comparatori EQL '0) then
CurrentInStrHead_Q EQL CurrentInStrTail_Q) then
StackEmpty = TRUE
Else
StackEmpty = FALSE;

! Precalculate new values of‘inﬁyt‘and output string head pointers.
TempInStrHead = ‘CurreﬁtInStrHead_Q + 1;
If CurrentOutStrUsed Q@ EQL TRUE then

TempOutStrHead = CurrentOutStrHead @ - 1

Else )
TempOutStriead = CurrentOutStrHead Q;

1 On Reset, just set all the necessary variables to their initial
1 values.’ .

If Reset then
Begin

StringQHead_D = 0; ] Set the string queue and the
StringQTail_D - = 0;

CurrentInStriead b = 0; ! current input string to empty
CurrentInStrTait b = 0; ,
CurrentOutStrUsed D = FALSE; ! Nothing in current out string
StringQUsed D~ = FALSE; 1 .of string queue . .
WriteCharfFIF0 = FALSE; ' Turn off all control signals
StackOverRun = "FALSE;: . .

ReadRStack = FALSE;

WriteRStack = FALSE;

ReadStringa = FALSE;

WriteString@ = FALSE;

Figure 41 (cont.) - Stack.BDS (cont. on next pagé)
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I Check for a character coming into the stack - if one is there,

I . latch it and record whether it is the last character in the string.
If WriteStack EQL -TRUE then '
Begih .
NewChar: D = StackData;
AddChar D = TRUE;
1f FlipStack EQL TRUE then
EndofString D = TRUE
Else )
EndOfString D = FALSE;
End
Else
AddChar_D = FALSE;
End ! 1f Reset
Else
Begin

First, try to write a character to the output FIFO, if there is one

to ur1te

and room in the FIFQ. This has to come before the logic

NeedOutStr, and BDSYN: needs to see the statements that assign

1
1
! to process the incoming characters, because it generates the flag
1
1

the value before the statements that use it.

If CurrentOutStrUsed Q EQL TRUE AND OutCharFIFOFull EQL FALSE then

Begin
! OutCharfFIFO = Stack [TempOutStrHead]
ReadRStack = = TRUE;
RStackReadAddr = ‘TempOutStrHead;
outCharFIFO = RStackDataln;
WriteCharFIFO = TRUE;
If all the characters in the current output string have been

S or W

ill be written, try to load another pair of po1nters from

either the input string or the string queue.
If (TempOutStrHead == CurrentOutStrTail)

1f Comparator3 EQL 0 then
If StringQUsed Q EQL O then .

Begin ! No string available to reverse
ReadStr1ngQ = 'EALSE;
NeedOutStr = TRUE; )
stringQTail_ D = StringQTail_Q;
StringRemoved = FALSE;
End
Else
Begin
NeedOutStr = FALSE;
I CurrentOutStrHead = StringHead [StringQTaill
ReadStringa = TRUE;

Figure 41

StringQReadAddr = StringQTail_Q;
CurrentOutStrHead. D '= StrHeadDataln;

! CurrentOutStrTail = StringTail [StringQTaill
CurrentOutStrTail_D StrTailDataln;

CurrentOutStrUsed_D = TRUE;
StringQTail_D = StrlngQTa1l Q+1;
StringRemoved = TRUE;

‘End_‘ I string available to reverse

(cdnt.) - Stack.BDS (cont. on next page)




"Else
Begin
NeedOutStr =
ReadStringQ =

CurrentOutStrUsed_D
CurrentOutStrHead D
CurrentOutStrTail D
StringQTail_D
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FALSE;
FALSE;

TRUE;
TempOutStrHead;
CurrentOutStrTail_Q;
StringQTail_Q;

StringRemoved FALSE;

End; 1  CurrentOutString still had something in it
End ! Chars in OutString ‘to reverse and output FIFO ready

Else '

‘Begin’
1f CurrentOutStrUsed_Q EQL TRUE then

Begin

NeedOutStr 7 FALSE;

CurrentOutStrUsed_D TRUE;

CurrentOutStrHead D
CurrentOutStrTail_D

CurrentOutStrHead_Q;
CurrentOutStrTail_Q;

End
Else
NeedOutStr = TRUE;
ReadRStack = FALSE;
ReadStringQ = FALSE;
WriteCodeFIFO. = FALSE;
StringQTail_D = StringQTail_Q;
StringRemoved = FALSE;
End; ! No OutString ready or output FIFO full

Next, attempt to add a new character to the stack, if necessary.

This is not possible if

the stack is full.

If a string is being output and the ‘next place to insert into the
string space is the same as the end of the oldest string (InStrHead

= QutStrTail) and there is a charactér to add, or if the queue of
strlng pointers -is already full 'and there is a string to add,

register contents. The

If (CurrentOutStrUsed &
((CurrentInStrHead =
(StringQUsed && St

1f (CurrentOutStrUsed Q EQL
((Comparator2 EQL 0 AND
(StringQUsed_Q EQL TRU
EndofString
Begin
StackOverRun
StringQHead_D
StringAdded
CurrentInStrHead D
CurrentInStrTail D
NewChar_D
AddChar_D
EndOfString_D
WriteRStack
WriteStringQ

End I stack full

Figure 41 (cont.) =-

condition is

&

CurrentOutStrTa1l && AddChar) H

1
1
1
1
1
1
1
! signal an overrun condition and just maintain the appropr1ate
1
]
1
1
1
1

rlngQHead = StringQTail && EndOfStr1ng)))

TRUE AND
AddChar_Q 'EQL TRUE) OR
E AND Comparator4 EQL O AND .

_Q EQL TRUE))) then

TRUE;,
StringQHead_Q;
FALSE;
CurrentInStrHead_Q;
CurrentInStrTail_Q;
NewChar_Q;
AddChar Q-
EndOfStr1ng Q;
FALSE;

FALSE;

Stack.BDS (cdnt. on next

page)
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& ‘ 1 ‘Otheruise, check to.see if there is a new. character being written
: ‘ ) ! and if so, latch it. Meanwhile, if a character has been latched,

I stuff it into the stack.

Else
Begin
StackOverRun .= FALSE;

If WriteStack EQL TRUE then

] Begin
: ‘ NewChar_D = StackData;
; AddChar_| D ' = TRUE;
o If FlipStack EQL TRUE then
& ‘ EndOofstring D = TRUE
' Else
o EndofString D = FALSE;
i, End ’
Else
Addchar_D = FALSE;
If AddChar_@ EQL TRUE then
: Begin
: ! RStack [CurrentlnstrHead] = NewChar
i ‘ ) WriteRStack ' = TRUE;
> RStackDataOut = ‘NewChar_Q{
RStackWriteAddr = CurrentInStrHead_@;
‘CurrentInStrHead D = TempInStrHead;
If EndOfString Q EQL TRUE then.
L Begin . ! Move current str lnto str queue
! - CurrentinStrTail D = TempInStrHead
If NeedOutStr EQL TRUE then
. Begin ! OutStr empty - refill it
CurrentOutStrHead D = TempInStrHead;
CurrentOutStrTail D = CurrentInStrTail_g;
0urrent0utstrUsed_D = TRUE;
A StrxngQHead D = StringQHead Q;
StringAdded™ = FALSE;
WriteStringa = FALSE;
End
,41.‘
Else
Begin
! 'StringHead [StringQHead] = TemplnStrHead
WriteStringQ = TRUE;
StrHeadDataOut = TempInStrHead;
StringQWriteAddr = StringQHead_Q;
. ! stringTail [StringQHead] = CurrentInStrTail
StrTailDataOut . = CurrentInStrTail_q;
i ‘ : StringQHead D = ‘StringQHead @ + 1
i ‘ StringAdded =" TRUE;
d .
! End; I INeedOutStr
End ! EndofString
3 ‘ Else
Begin
StringQHead D StringQHead Q;

StringAdded
CurrentInStrTail_D

FALSE;"
cUrrentInStrTaIl;Q;

Figure 41 (cont.) - Stack.BDS (cont. on next page)
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1f NeedOutStr EQL TRUE then
CurrentOutStrUsed_D = FALSE;
! It doesn’t matter what CurrentOutStrHead and
!  CurrentOutStrTail are assigned, since they
1 wWill be assigned new values when they become
1 available anyway.

WriteStringQ = FALSE;
End; ! 1EndofString
End ! AddChar

Else
Begin
StringQHead_D = StringQHead Q;
StringAdded = FALSE;

CurrentInStrHead D
CurrentInStrTail D

CurrentInStrHead_Q;
CurrentInStrlail_Q;

FALSE;
FALSE

WriteRStack
WriteStringQ

If NeedOutStr EQL TRUE then
CurrentOutStrUsed D = FALSE;

End; .1 -1AddChar

End; 1 stack not full -

! Check to see what the status of Str]ngQUsed should be.

If StringAdded EQL TRUE then
StringQUsed.D = TRUE
Else if StringRemoved EQL TRUE then . )
If Comparator5 EQL 0. then ! . stringQHead D == StrinhgQTail_D
StringQUsed D = FALSE '
Else
stringQUsed D = TRUE
Else
StringQUsed D = StringQUsed_@;

End; ! Not Reset

ENDROUTINE Stack;

ENDMODEL StringReversal;

Figure 41 (cont,) = Stack.BDS
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File: stack.bdnet (/user1/icsg8038/thesis/stack.bdnet)
Author: Bob Wall
Date: 7/711/91

Descr1pt1on.
BDNET description of string reversal mechanism described in stack.bds.
This file will place the flip-flops needed to hold register and flag
vaéues in the compressor, and will connect up SUPPLY and GROUND
hodes.

Notes:
The dfnf311 instanced is a negative edge triggered D fllp flop with
@ and Q_bar outputs.

Revision History:

00:18:08 icsg8038 Exp $
$Log: stack.bdnet,v $ )
Revision 1.1 1991/07/16 00:18:08 1csg8038
Initial revision .

el R o e T

$Header: /n/dal1/u1/1csg8038/the31s/stack/RCS/stack bdnet,v 1.1 1991/07/16

MODEL stack:unplaced;
TECHNOLOGY scmos;

VIEWTYPE SYMBOLIC;
EDITSTYLE  SYMBOLIC;

OUTPUT
StackOverRun = StackOverRun<0>,
StackEmpty :  StackEmpty<0>,
WriteCharfIFO :  WriteCharFIFQ<0>,
OutCharF1F0<7:0>, L : ,
ReadRStack :  ReadRStack<0>, ! RAM control signals
‘WriteRStack . WriteRStack<0>, ’
RStackReadAddr<7:0>,
RStackWriteAddr<7:0>,
RStackDataOut<7:0>, )
ReadStringQ : ReadStringQ<0>,

WriteStringQ : Hr1teStr1ngQ<0>
StringQReadAddr<6:0>,
StringQWriteAddr<6: 0>
StrHeadDataOut<7:0>,
StrTailDataOut<7:0>;

INPUT
Reset :  Reset<0>,
WriteStack :  WriteStack<0>,
FlipStack r  FlipStack<0>,
StackData<7:0>, ‘ .
OutCharFIFOFull OutCharFIFOFul t<0>,
RStackDataln<7: 0> '
StrHeadDataIn<7:0>,
StrTailDataln<7:0>;
CLOCK
CLK; - ! System: ctock
SUPPLY vdd; :
GROUND GND;

INSTANCE stack:logic PROMOTE;
I Place flip-flops for flags first.

INSTANCE "/cad/lib/technology/scmos/msu/stdcel 12 27dfnf311m: physical
DATA1:CurrentOutStrUsed p<0>;

Figure 42 - Stack.bdnet {cont. on next page)
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_CLK2:CLK;
Q:CurrentQutStrUsed_Q<0>;
Q_b:UNCONNECTED;
"Vddi:vdd;

‘“GND!“:GND;

INSTANCE "*/cad/lib/techriology/scmos/msu/stdcel 12 2/dfnf311".phy31cal
DATA1: StringQUsed._D<0>;
CLK2: CLK'
Q: Str1ngQUsed Q<0>;
Q_b: UNCONNECTED'
Ilvdd| 1] -vdd-
YGND1Y: GND'

INSTANCE "/cad/lib/technology/scmos/msu/stdcell2_ 2/dfnf311" physical
DATAT:AddChar_D<0>;
CLK2:CLK;
Q: AddChar a<0>;.
Q_b: UNCONNECTED'
nyddiv:vdd;
"GNDI'":GND;

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 _2/dfnf311":physical
DATA1:EndOfString_D<0>;
CLK2: CLK'
Q:Endofstring_0<0>;
Q_b:UNCONNECTED;
"Wdd!":vdd;
UGND!":GND;

!  Now place flip-flops to form all the registers.

ARRAY %I FROM 0 TO 7 OF
INSTANCE W/cad/lib/technology/scmos/msu/stdcet 12_2/dfnf311":physical
DATA1:CurrentInStriead_D<%I>;
CLK2:CLK;
Q: CurrentInStrHead;Q<%I>;
‘Q_b:UNCONNECTED;
nydd! " vdd;
UGND!U:GND;

ARRAY %I FROM O TO 7 OF
INSTANCE */cad/lib/technology/scmos/msu/stdcel 12 2/dfnf311".phys1cal
DATAT:CurrentInStrTail _D<%I>;
CLK2:CLK;
Q: CurrentInStrTaIl Q<AI>
Q b: UNCONNECTED
"Vddivsvdd;
"GNDL*:GND;

ARRAY %I FROM 0 TO .7 OF ’
INSTANCE "/cad/l1b/technology/scmos/msu/stdcel12 2/dfnf311:physical
DATA1:CurrentOutStrHead D<%I>;
‘CLK2:CLK;
Q:CurrentOutStrHead_Q<%I>;
Q_b:UNCONNECTED; -
"wddi":vdd;
"GNDT":GND;

ARRAY %I FROM 0 TO 7 OF
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf3114;:physical
DATA1:CurrentoutStrTail_D<%I>;
CLK2:CLK;
Q: CurrentOutStrTall Q<AI>-
Q_b:UNCONNECTED;
"Vddiv:vdd;
“GND!“:GND;

Figure 42 (cecont.,) - Stack.bdnet (cont. on next page)
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INSTANCE “/cad/l1b/technology/scmos/msu/stdcel12 2/dfnf311":phys1cal
DATA1:StringQHead_D<%I>;

CLK2:CLK;

Q: StrlngQHead Q<%I>;
Q_l b: UNCONNECTED'
nyddi#:vdd; .
"GNDt“:GND;

ARRAY %I FROM 0 TO 6 OF:

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311"-phys1cal
DATA1:StringaTail_D<%I>;

CLK2:CLK; .

a: str1ngQTall _Q<%I>;
Q_b:UNCONNECTED;
nydd v :vdd;

IIGNDI e GND -

ARRAY %I FROM O TO 7 OF

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311"-phys1cal

DATAT:NewChar_D<%1>;
CLK2: CLK;

Q: NeuChar  Q<AL>y

Q b: UNCONNECTED'
"Vdd'"'Vdd'
UGND!":GND;

! Put in XOR gates for the comparators.

ARRAY %I FROM 0 TO 7 OF

INSTANCE "~octtools/l1b/technology/scmos/msu/stdcell2 2/xorf201":physical
At:CurrentinStrHead_Q<%I>;
B1: CurrentInStrTa1l_Q<AI>-

O:Comparator1<%I>;
"vdd! " :vdd;
MGND!I":GND;

ARRAY %I FROM 0 TO 7 OF

INSTANCE "~octtools/lib/technology/scmos/msu/stdcel L2 2/xorf201"-phys1cal
Al:CurrentInStirHead Q<%I>;
B1: CurrentOutStrTall_Q<AI>-

O:Comparator2<%I>;
nyddi":vdd;
“GND ! :GND;

ARRAY %I FROM 0 TO 7 OF

INSTANCE "~octtools/lib/technology/scmos/msu/stdcell2_2/xorf201": physical

A1:TempOutStrHead<%I>;

BT:CurrentOutStrTail_a<%l>;

O:Comparator3<%I>;
nyddir:vdd;
UGNDI":GND;

ARRAY %I FROM 0 TO -6 OF

INSTANCE "~octtools/lib/technology/scmos/msu/stdcell2_| 2/xorf201" physical

Al:StringQHead_Q<%1>};
Bi: StringQTail_ Q<AI>-
0:Comparator4<%I>;
nwydd!:vdd;

UGNDIN: GND'

* ARRAY %I FROM 0 TO 6 OF

INSTANCE “~octtools/lib/technology/scmos/msu/stdcel l2_2/xorf201":physical

Al:StringQHead_D<%I>;

Bl StringQTail_| D<AI>~

0:Comparator5<%I>;

nyddi:vdd;

WGND!":GND;
ENDMODEL ;

Figure

42 (contl) - Stack.bdnet
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File: stackram.bdnet (/user1/icsg8038/thesis/stackram. bdnet)
Author: Bob Wall ) '
Date: 7/13/91

Description:
String reversal mechanism, with addition of RAMs for the stack and
string queues.

Notes:
The dfnf311 instanced is a negative edge triggered D flip-flop with
Q and Q_bar outputs.

RevisionuHistory:
$Headers
$Log$

MODEL stackram: logic;
TECHNOLOGY scmos;
VIEWTYPE SYMBOLIC;
EDITSTYLE SYMBOLIC;

OUTPUT _
StackOverRun,
StackEmpty,
WriteCharFIFO,
OutCharFIF0<7:0>;

INPUT
Reset,
‘WriteStack,
FlipStack,
StackData<7:0>,
OutCharFIFOFull;

CLOCK
CLK; : I System clock

SUPPLY vdd;
GROUND - GND;

INSTANCE  stack:flat PROMOTE;

In order to simulate a dual-ported RAM, we will play a few games with the
clock to enable writes. on the first half clock cycle (when CLK is low)
and reads on the second half clock cycle (wheri CLK is high). I know it is
bad to gate the clock, but this is just to simulate a dual-ported RAM.

e S Rimie = = = = e e e e e e e e T o e = e e = = - i - -

1
i
1
i
'
'
'
1 Generate the gated Read and Write signals.
INSTANCE ®/cad/lib/technology/scmos/msu/stdcel 12_2/nanf201":physical

A1:WriteRStack;

B1:WriteEnable;

O:templ;

nyddi®:vdd;

"GNDI¥:GND;.

INSTANCE "/cad/l1b/technology/scmos/msu/stdcellZ 2/invf101";:physical
AT:templ; .
O:writerstack;
nydd! v avdd;
""GND¥'":GND;

Figure 43 - Stackram.bdnet (cont. on next page)
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INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/nanf201" physrcal
Al:WriteStringQ;
B1:WriteEnable;
O:temp2;.
llvdd| (1] -vdd-
NGND !t GND'

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/invf101%:physical
Al:temp2;
O:writestringq;
"ddin:vdd;
WGNDI":GND;

INSTANCE “/cad/l1b/technology/scmos/msu/stdcel12 2/nanf201":physical
A1:ReadRStack;
B1: ReadEnable-
O:temp3; -
"wddi*:vdd;
"GNDI":GND; .

INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/invf101":physical
Al:temp3;
O:readrstack;
"Wdd!v:vdd;
"GND!'':GND;

INSTANCE "/cad/lib/technology/scmos/msu/stdcell2 2/nanf201"'phy81cal
A1:ReadStringQ;
B1:ReadEnable;
0: temp4;
"Wddi:vdd;
"GND'"'GND'

INSTANCE “/cad/l1b/technology/scmos/msu/stdcell2 2/1nvf101" phy31cal

Al:temp4;
O:readstringq;
"ddi":vdd;
“GNDIM:GND

I Tristate the address busses and enable them ‘on opp051te phases of the

! clock.
ARRAY %I FROM O TO 7 OF
INSTANCE "/cad/l1b/technology/scmos/msu/stdcell2 2/muxf201" physical
AT:RStackWriteAddr<%l>;
B2:RStackReadAddr<%1>;
SEL3:AddrSelect;
0: rstackaddr</l>-
"Wddi":vdd;

ARRAY %I FROM 0 TO 6 OF
INSTANCE "/cad/llb/technology/scmos/msu/stdcell2 2/muxf201":physical
Al:StringQWriteAddr<%I>;
B2:StringQReadAddr<%I>;
SEL3:AddrSelect;
0: str1ngqaddr<AI>-
liyddin; vdd;
UGND1 " :GND;

! Flnally, connect all thlS ‘mess up to the RAMs and hope they work correctly.
INSTANCE '"RAM/ram256x8":logic .} " RStack

read:readrstack; . :

write: Nr1terstaék-

address<7:0>:rstackaddr<7: 0>;

indata<7:0>:RStackDataOut<7: 0>-

outdata<7:0>:RStackDataln<7: 0>1

Figure 43 (cont.) - Stackram.bdnet (cont. on next page)
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é% INSTANCE "RAM/ram128x8":logic I 'StringHead

B read:readstringq;

e writeswritestringq;

rﬂ address<6:0>:stringqgaddr<6:05>;
indata<7:0>:StrHeadDataOut<7:0>;

¥ outdata<7:0>:StrHeadDataln<7:0>;

Eg INSTANCE "RAM/ram128x8":logic b StringTail

h— read:readstringq;

write:writestringg; .
address<6:0>:stringqaddr<6:0>;
indata<7:0>:StrTailDataOut<7:0>;
outdata<7:0>:StrTailDataln<7:0>;

o
\

ENDMODEL ;

Figure 43 (cont.) = Stackram.bdnet
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File: stackram.musa (/user1/icsg8038/thesis/stackram.musa)
Author: Bob Wall
Date: 7713791

Description: ’
stack.musa, set up to use stackram:flat, which has the RAM added,
so it is not necessary to play with the RAM control signals. Also
all 'the internal signals are invisible, so only the external inter-
face can be manipulated.

Notes:
Revision History:

$Header$
$Log$

mv

mv
mv
mv
myv
my
mv
mv

mv

mv

ma
se
ev
se
ev
se
ev
se
ev
se
ev

se

ev
se
ev
se
ev

The next vectors are for the input and output signals for the stack,
inputs first.
StackData Stackbata<7:0>
OutCharFLFO OutCharFl1F0<7:0>
RSReadAddr RStackReadAddr<7:0>
RSWriteAddr RStackWriteAddr<7:0>
RSDataOut RStackDataOut<7:0>
RSDataln - RStackDataln<7:0> E
SQReadAddr StringQReadAddr<6:0>
SQWriteAddr String@WriteAddr<6:0>
SQDatalut StrHeadDataOut<7:0> StrTailDataOut<7:0>
SQDataln StrHeadDataln<7:0> StrTailDataln<7:0>

Macros - first one sets the clock on, then off to produce the negative
edge required to trigger the flip-flops in the registers and flags.

clock
AddrSelect 1

WriteEnable 1
WriteEnable 0
AddrSelect 0

ReadEnable 1

ReadEnable 0

CLK 1

CLK O

$end

ma
ev

se

ev
se
ev
se
ev
se
ev
se
ev

ShouOutpufs
Addrselect 1
WriteEnable 1
WriteEnable 0
AddrSelect 0

ReadEnable. 1

"Figure 44 - Stackram.musa (cont. on next page)
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sh

ev
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ma
ev
se
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se
ev
se
ev
se
ev
se
ev

ve

ve
se
ev
se
ev
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ReadRStack WriteRStack. RSReadAddr RSWriteAddr RSDataOut RSDataln
' ReadStiing@ WriteStringQ SQReadAddr SaWriteAddr ‘

StackOverRun StackEmpty WriteCharFIFO outCharFIFO
se ReadEnable 0

se CLK 1

CLK 0
nd

VerifyOut
AddrSelect 1
‘writéEnable 1
WriteEnable 0
AddrSélect\O
ReadEnable 1
CLK 1
WriteCharFIFO 1
‘OutCharFI1FO $1
ReadEnable 0

CLK 0

$end

ev
se
ev
se
ev
se
ev
se
ev
se
ev
se
ev
ve
se
ev
se
ev
$e

!

se
se
se
se
se
ev
'Sh

se
se
ev
sh

"ma. VerifyNooOut

Addrselect 1

WriteEnable 1
WriteEnable 0
AddrSétecf'O

ReadEnable 1

CLK 1

WriteCharFIFO: 0
ReadEnable 0

‘CLK 0.
nd

‘Try a little quickie - reverse the str
Reset 1

WriteStack 1

FlipStack 0

StackData H61

OutCharFIFOFutl 0
oWOutputs

- Reset 0
StackData H62

owOutputs

Figure 44 (cont.) - Stackram.musa (cont. on next page)
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se StackData H63
se FlipStack 1
ev

ShowOutputs

‘se WriteStack 0

ev
ShowOutputs

ShowOutputs
ShowOutputs
ShowOutputs
ShowOutputs
ShowOutputs

ShowOutputs
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! End of stackram.musa - all basic. vectors and macros. created.

Figure 44 (cont.) - Stackram.musa
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File: c¢ontrol.bds (/user1/icsg8038/thesis/controtl.bds)
Author: Bob Wall .
Date: 7715791

Description:
BDS description of controller for the LZW compression engine.

Note that the controller inserts itself in the address buss between .

. the compressor / decompressor and the DCAM. It does the same with the
ReadCAM and WriteCAM control signals. This is to allow it to assért
the appropriate address and controls when it is. time to do a refresh.
At all other times, it just passes the signals through.

Notes:
The 7.’ between two expréssions represents concatenation.
re=t represents a clocked (synchronous) assignment, while 1=t 1s
a combinational (asynchronous) assignment.

Since BDS does not support memory (i.e. flip-flops), all the regi-
sters and flags are set up as separate output and input signals,
which can be connected to b flip-flops using BDNET.

Note that some registers. are "refreshed" in certain states. A
register must be assigned some value for every state during every
clock cycle, unless it is acceptable for it to be filled with
possible garbage from the input logic. If it does not get assigned
a new value, it should be reassigned its output to maintain that
value. .

Revision History:
$Header: /n/dali/ul/icsg8038/thesis/periph/RCS/control. bds,v 1.1 91/07/15
9 48:15 icsg8038 Exp $
$Log: control.bds,v $ o
Revision 1.1 91/07/15 19:48:15 1csg8038
Initial revision

MODEL Controller

! Circuit outputs and connections to all register and flag D inputs.

RefreshCt_D < 7:0>, ! Registers - make sure lengths are
RefreshAddr D < 7:0>, ! same as CNT_LEN and REF_LEN. .
Reset_D, ! Latched control outputs

‘DoCompress_D,

DumpOutCode | D -

Haltout, 4+ Unlatched control outputs
DumpOmega,

DoRefresh,

OperationComplete, :

ReadCAM, 1 DCAM control and address signals
WriteCAM,

CAMOutAddr <11:0>

! Circuit inputs and connections to all register and flag @ outpufsa

RefreshCt_Q < 7:0>, I Registers
RefreshAddr Q@ < 7:0>,

Reset_Q, 1 Latched control outputs
DoCompress Q, :
DumpOutCode_Q R

Resetin, ! .Circuit inputs
DoCompressIn,

Figure 45 - Control.BDS (cont. on next page)
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InCharFIFOEmpty, 1 Flow. control signals from 1/0 FIFOs
InCharFLFOFull, S )

InCharDataEnd,

InCodeF LFOEmMpty,.

TnCodeFIFOFul L,

InCodeDataEnd,

outCodeF I'FOEmpty,

OutCodeFIFOFull,

OutcharFIFOEmpty,

StackFull,

'ReadCAMIn 1 DCAM control and address signals

HriteCAMrn, 1 from compressor/decompressor
CAMOutAddrin <11:0>; :

CONSTANT

TRUE
FALSE

= 1'
= 0,

1 Values for Galois-field sequencers. REF_LEN is determined by the

1 number of Fows in the :DCAM, and REF_EXT. s enough zeroes to filt

! the number of bits out to a 12-bit DCAM address; CNT_LEN is determined

"; by the system clock speed and how ofteni each row needs to be refreshed.

REF_LEN. = 8,
REF_INIT = FF#16,
REF_EXT = O#16,
CNT_LEN =8,
CNT_INIT = FE#16,
CNT_DONE = FF#16;

Routine to generate the next clock cycle count using a Galois-field based
sequencer.

lnvocation. Count = NextCount (Count);
fnput args: Count CNT_LEN-bit current refresh address

Notes:
The logic for the finite-field sequencer is very dependent on the
number of bits in the field (an irreducible polynomial -of the correct
length is needed), so if the maximum string length is changed, this-
routine MUST be modified.

For an eight-bit sequencer, a suitable minimum-ueight;polynOMial is
0x11d, which corresponds to X"8 + X4 + X3 + X*2 + 1.

since 0 is a meta-stable state of the séquencer, the Strlen register
should never be allowed to by all' 07s. It would be simple enough to
add a check in here - if CurrentStrLen = HOOO THEN Return Ox3ff.

For more information on the subject of Galois-field based sequencers,
along with a table of minimum-weight irreducible polynomials, see the
paper "Galois-Field Based State Assignment for PLA Controllers" by
Kel Winters.

ROUTINE Nexthunt<7:0> (CurrentCount<7:0>);

STATE  CountTemp<7:0>,

I<>;
CountTemp<0> = CurrentCount<7>;
CountTemp<1> = -CurrentCount<0>;
‘CountTemp<2> = CurrentCount<1> XOR CurrentCount<7>'
CountTemp<3> = CurrentCount<2> XOR CurrentCount<7>'
CountTemp<4> = CurrentCount<3> XOR Currenthunt<7>;

Figure 45 (cont.) - Control.BDS (cont. on next page)
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for I FROM 5 70 7 DO
CountTemp<I> = CurrehtCount<I - 1>;

return ‘CountTemp;

ENDROUTINE NextCount;

sequencer.

Notes:

Invocation:

Input args:

Refresh = NextRefresh (Refresh);

Refresh REF_LEN-bit current refresh address

Routine to generate the next refresh address using a Galois-field based

The logic for the finite-field sequencer is very dependent on the

number of bits in the field (an irreducible polynomial of ‘the correct
length is needed), so "if the length of the refresh address is changed,
this routine MUST be modified.

For a ten-bit sequencer, a suitable minimum-weight polynomial is
-0x409, which corresponds to X*10 + X*3 + 1.

ROUTINE NextRefresh<REF_LEN:0> (CurrentRefresh<REF_LEN:0>);

STATE  RefTemp<REF_LEN:0>,
I<>;

RefTemp<0>
RefTemp<1>
RefTemp<2>
RefTemp<3>
RefTemp<4>

for 1 FROM

5

CurrentRefresh<7>;
CurrentRefresh<0>-
. CurrentRefresh<1> XOR CUrrentRefresh<7>'
CurrentRefresh<2> XOR CurrentRefresh<7>-
CurrentRefresh<3> XOR CurrentRefresh<7>-

70 7 DO

RefTemp<I> = CurrehtRefresh<r - 1>;

return RefTemp;

ENDROUTINE NextRefresh;

Main-LZW system controller.

Calls: NextCount, NextRefresh

ROUTINE Control;

If Resetin EQL TRUE then

Begin

Reset_D = TRUE;
DoCompress_D = DoCompressIn;
DumpOutCode.D = -FALSE; ‘
HaltOut = FALSE;
DumpOmega = FALSE;
ReadCAM = FALSE;
WriteCAM = FALSE;
OperationComplete = FALSE;
DoRefresh = FALSE;

Figure 45 (cOntQ) —~ Control.BDS (cont. on next

page)
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RefreshCt_D. = CNT_INIT;

RefreshAddr_ D = REF_INIT;

End -

Else

Begin )

Reset D = FALSE;

DoCompress_D = DoCompress_Q;

If RefreshCt_Q EQL CNT_DONE then
Begin ! Have counted enough cycles -
Haltout = TRUE; ! do a refresh )
DumpOmega = FALSE;
bumpOutCode_D = DumpOutCode_Q;

DoRefresh. = TRUE;
‘CAMOutAddr = RefreshAddr_Q & REF_EXT;
ReadCAM = FALSE; 1 Turn off other DCAM control signals
WriteCAM. = FALSE; ’
RefreshAddr_D = NextRefresh(Refreshaddr_);.
End
Else
Begin
DoRefresh = FALSE;
CAMOutAddr = CAMOutAddrIn; ! Allow DCAM control to pass through
ReadCAM = ReadCAMIn; :
WriteCAM = WriteCAMIn;
RefreshAddr_D = RefreshAddr _Q;

If (InCharFIFOEmpty EQL TRUE OR InCodeFIFOEmpty EQL TRUE OR
OutCodeFIFOFull EQL TRUE OR StackFull EQL TRUE). then
Begin
HaltOut = TRUE; 1 1/0 wait required

1f (InCharFIFOEmpty EQL TRUE AND InCharDataEnd EQL TRUE AND
DumpOutCode_Q EQL FALSE) then :
Begin 1 " End of compressor input - tell it
DumpOmega = TRUE; ¢ to jettison its last code
DumpOutCode D = TRUE;
End

Else
Begin
DumpOmega =
DumpOutCode_D
End;

FALSE;
= DumpOutCode_@Q;

End ‘1 1/0 wait required

Else
Begin
HaltOut =
DumpOmega = FALSE;
DumpOutCode_D = DumpOutCode Q;
End;

End; ! No refresh necessary
RefreshCt_D = NextCount(RefreshCt_Q);
1 Check to see whether everything is wrapped up - if the input

I FIFO is processed and the corresponding output is all gone,
I we are finished.

Figure 45 (cont.) - Control.BDS (cont. On next page)
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If -((InCharFLFOEmpty EQL TRUE AND' InCharDataEnd. EQL TRUE AND ’
OutCodeFIFOEmpty EQL TRUE) OR i i |
(InCodeFI.FOEmpty EQL TRUE AND InCodeDataEnd EQL TRUE AND i
‘OutCharFIFOEmpty EQL TRUE)) then '
OperationComplete = TRUE

<

Else
OperationCompleté = FALSE;

End; 1 Not Resetln

ENDROUTINE Control; o . ‘ : ‘ 1

ENDMODEL Controller;

v ‘ Figure 45 (cont.) - Control.BDS
)
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File: cbntrol.bdnet‘ (/user1/ic398038/thesis/contnol;bdner)
Author: Bob Wall
Date:. 7/11/91

‘Descrlptlon-
BDNET description of LZW. controller described in. control. bds.
This file will place the flip-flops needed to hold register and flag
vaéues in the compressor, and will connect up SUPPLY and GROUND
nodes.

Notes:
The -dfnf311 instanced is a negative edge-triggered D flip-flop N1th
Q and Q_bar outputs.

Revision History:
$Header: /n/dal1/u1/1c398038/thes1s/perlph/RCS/control bdnet v 1.1 91/07/15
9 48:35 icsg8038 Exp - $
$Log: control.bdnet,v $
Revision 1.1 91/07/15 19:48:35. icsg8038
Initial revision

Som omm bem tmm tmm ) eem twe SER fem imm fem thm swe tem e em rem tim em tam tem tam

MODEL . control:unplaced;
TECHNOLOGY scmos;

VIEWTYPE  SYMBOLIC;
EDITSTYLE  SYMBOLIC;

OUTPUT
Reset 2 Reset_Q<0>,
DoCompress :  DoCompress_Q<0>,
DumpOutCode :  DumpOutCode: Q<0>,
Haltout : HaltOut<0>,
DumpOmega :  DumpOmega<0>,
DoRefresh = DoRefresh<0>,
OperationComplete : OperationComplete<0>,
ReadCAM 1 ReadCAM<0>,
WriteCAM T WriteCAM<0>,
CAMOutAddr <11:0>;

INPUT ‘ , !
ResetIn t  ResetIn<0>, : ‘ i)
DoCompressin : DoCompressIn<0>, ' ‘
InCharFIFOEmpty :  InCharFIFOEmpty<0>,
InCharFIFQFull :  InCharF1FOFul L<0>,
InCharDataEnd i InCharDataEnd<0>,
InCodeF1FOEmpty :  InCodeFIFOEmpty<0>,
InCodeFIFOFull :  InCodeFIFOFull<0>,
InCodeDataEnd ¢ .InCodeDataEnd<0>,
OutCodeFIFOEmpty :  OutCodeFIFOEmpty<0>,
OutCodeFIFOFull :  OutCodeFIFOFul L<0>,
OutCharFIFOEmpty = OutCharFIFOEmpty<0>,
StackFull :  StackFull<0>,
‘ReadCAMIn :  ReadCAMIn<0>,
WriteCAMIN :  WriteCAMIn<C>,
CAMOutAddrIn <11:0>; ’

CLOcK
CLK; I system clock

SUPPLY vdd;

GROUND GND;

INSTANCE  control:logic PROMOTE;

1 Place flip-flops for flags first.

- Pigure 46 - Control.bdnet (cont: on next page)
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INSTANCE. “/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311“-phys1cal
DATA%1:Reset_D<0>;
CLK2:CLK;
Q:Reset_Q<0>;
Q_b:UNCONNECTED;
"ddI":vdd;
"GND M :GND;

INSTANCE "/cad/lib/technology/scmos/msu/stdcel12_2/dfnf311":physical
DATA1:DoCompress_D<0>;
CLK2:CLK;.
Q:DoCompress_Q<0>;
Q_b:UNCONNECTED;
llvddl -n -Vdd .
"GNDIM: GND'

INSTANCE “/cad/l1b/technology/scmos/msu/stdcell2 2/dfnf311"-physxcal
DATAY:DumpOutCode.D<0>;
cLk2: CLK;
Q: DumpOutCode Q<0>;
Q_b:UNCONNECTED;
uydd! " :vdd;
"GND!":GND;

" Now place flip-flops to.form all the registers.

ARRAY %I FROM 0 TO 7 OF

INSTANCE w/cad/lib/technology/scmos/msu/stdcel t2_2/dfnf311m: phys1cal

DATA1:RefreshCt D<AI>-
CLK2:CLK;

Q: Refresth;Q<AI>;
Q_b:UNCONNECTED;
nvdd!":vdd;
"GND!“:GND:

ARRAY %1 FROM O TO 7 OF
INSTANCE "/cad/l1b/technology/scmos/msu/stdcel12 2/dfnf311ﬂ physical

DATA1:RefreshAddr_D<%I>; .
CLK2:CLK;
Q: RefreshAddr Q<%1>;
Q b: UNCONNECTED'
nVdd! ®:vdd;
WGND¥":GND;

ENDMODEL ;.

Figure 46 (cont.) - Control.bdnet
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#******************************************************************************

File name : Makefile
Written by : 'Bob Wall
Date written :° 4/25/91

Description . Makefile to generate the various-LZW module views
‘using the tools in the OCT suite. :Can be used to generate
any of the LZW modules: (i.e. compress, decompress, or
- merged) by changing the "MODULE = " tine below.

Other info : Adopted from Jaye Mathisen’s makefile for the btpx project.

Modifications : ‘ ‘ :
$Header: /n/dal1/uT/icsg8038/thesis/merged/RCSlMakefile_2,v 1.1 1991/07/08

5:43:44 icsg8038 Exp $

$Log: Makefile_2,v $

Revision 1.1 1991/07/08 15:43:44 1csg8038

Initial revision. .

*&****%**%%%**

HIHH

#******************************************************************************

#******************************************************************************

# Define the hame of the module, and the various options for the OCT tools.
#******************************************************************************

MODULE = merged 2
STATS FILE = m2_stats
$(MODULE) ic
MISIILIB ~octtools/l1b/mlslI/llb/scr1pt msu
WOLFEOPTS = -h # -t ./wolfe.rules
MOSAICOOPTS = -c -s
PADFAMILY = sc2

PUPPYGRAPHICS =

#CADBIN = ~octtools/cad/b1n
CADBIN = /cad/bin/
#CADBIN. = ~octtools/bin
#TIME = /bin/time

#******************************************************************************

# Define the dependencies required by the various OCT views:

# logic - the output of bdsyn; just describes the combinational

# logic in BLIF format.

# unplaced - the output of bdnet; combinational logic with additional
# flip-flops attached to form registers.

# flat - output -of octflatten; combination logic + flip-flops with
# hierarchy removed.

# placed - output of wolfe; flattened view placed and routed.

#

#

Other views are concerned with putting the placed view inside a pad ring.
#******************************************************************************
LOGIC= $(MODULE)/togic/interface; $(MODULE)/log1c/contents

LOGICDONE = $(MODULE)/logic/.done -

UNPLACED= $(MODULE)/unplaced/contents; $(MODULE)/unplaced/1nterface,
UNPLACEDDONE = $(MODULE)/unplaced/.done

FLAT= $(MODULE)/flat/contents; $(MODULE)/flat/interface;

FLATDONE = $(MODULE)/flat/.done

PLACED= $(MODULE)/placed/contents; $(MODULE) /placed/ interface;

PLACEDDONE = $(MODULE)/placed/.done

CHIPBDNET = $(IC)/unplaced/contents; $(MODULE)/unplaced/interface;
CHIPBDNETDONE = $(IC)/unplaced/.done

‘PADSDONE ‘= '$(IC)/withpads/.done

PUPPYDONE = $(IC)/placed/.done

CURRENTDONE = .currentdone

PROPDONE = .propdone

MOSAICODONE = :$(I1C)/placed/.mosaico

RINGDONE = $(IC)/ringed/.done

Figure 47 = Makefile (cont. on next page)
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#******************************************************************************

# 0S commands that will come in handy down the road.
#******************************************************************************

RM = /bin/rm -f
RMR" = /bin/rm -rf
SHELL = /bin/csh _
TOUCK = /fusr/bin/touch -f

#******************************************************************************
If the goal' is to make the entire IC, with pads. and all, the following
line should be first. However, for right now, the desired goal is just
the placed view. The commands for making the basics are in the reverse
order from the normal execution sequence. dJust typing make will ensure
that the placed view is up-to-date.
#******************************************************************************
# 1c: S(RINGDONE)
$(PLACEDDONE): $(FLATDONE).

$(TIME) $(RM) $(PLACEDDONE)

$(TIME) $(CADBIN)wolfe $(WOLFEOPTS) -o $(MODULE) placed: $(MODULE) flat \

2> wolfe.error
$(TIME) $(CADBIN)chIpStatS $(MODULE):placed > $(STATS_FILE). placed
-$(TIME) $(TOUCH) $(PLACEDDONE)

$(FLATDONE): $(UNPLACEDDONE)
$(TIME) $(RM) $(FLATDONE)
$(TIME) $(CADBIN)octflatten -t LEAF -o $(MODULE):flat $(MODULE):unplaced
$(TIME) $(CADBIN)chipstats $(MODULE): flat > $(STATS_FILE).flat
$(TIME) $(TOUCH) $(FLATDONE)

$(UNPLACEDDONE): $(LOGICDONE) $(MODULE) . bdnet
$(TIME) $(RM) $(UNPLACEDDONE)
$(TIME) $(CADBIN)bdnet $(MODULE).bdnet
$(TIME) $(TOUCH) $(UNPLACEDDONE)

$(LOGICDONE): $(MODULE).blif
"$(TIME) $(RM) $(LOGICDONE)
$CTIME) $(CADBIN)misIl -f $(MISIILIB) -T oct -o $(MODULE): loglc \
$(MODULE).blif
$(TIME) $(CADBIN)chipstats $(MODULE) loglc > $(STATS_ FILE) log1c
$(TIME). $(TOUCH) $(LOGICDONE).

$(MODULE).blif: $(MODULE). de
‘$(TIME) $(CADBIN)bdsyn $(MODULEY.bds > $(MODULE).blif

#******************************************************************************

# Following commands are all for making the chip - putting the placed
# view inside a pad ring.
#******************************************************************************
$(CHIPBDNETDONE): $(PLACEDDONE) ) ’
$(TIME) $(RM). $(CHIPBDNETDONE)
- $(TIME) $(CADBIN)bdnet $(IC).bdnet
$(TIME) $(TOUCH) $(CHIPBDNETDONE)

$(PADSDONE): $(CHIPBDNETDONE)
$CTIME) $(RM) $(PADSDONE)
$(TIME) $(CADBIN)padplace -P -u $(PADFAMILY) -o $(IC) withpads \
$(IC):unplaced
$(TIME) $(TOUCH)‘$(PADSDONE)

$(PUPPYDONE) $(PADSDONE)
$(TIME) $(RM) $(PUPPYDONE) ‘
$(TIME) $(CADBIN)puppy $(PUPPYGRAPHICS) -o $(IC):placed $(IC):withpads
$(TIME) $(TOUCH) $(PUPPYDONE)

$(CURRENTDONE): $(PUPPYDONE)
$(TIME) $(RM) $(CURRENTDONE)
$(TIME) $(CADBIN)bdnet $(MODULE).current. bdnet
$(TIME) $(TOUCH). $(CURRENTDONE)
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$(PROPDONE)-: $(CURRENTDONE)
$CTIME) $(RM) $(PROPDONE)
$(TIME) $(CADBIN)bdnet $(IC).prop.bdnet
$(TIME) $(TOUCH) $(PROPDONE)

$(MOSAICODONE) : $(PROPDONE)
$(TIME) $(RM) $(MOSAICODONE) -
$(TIME) $(CADBIN)mosaico $(MOSAICOOPTS) $(IC):placed
$(TIME) $(TOUCH) $(MOSAICODONE)

$(RINGDONE): $(MOSAICODONE)
$(TIME) $(RM) S(RINGDONE)
$(TIME) $(CADBIN)padplace -R =0 $(IC): rlnged $(IC):placed. spaced
$(TIME) $(TOUCH)Y $(RINGDONE).

#******************************************************************************

# Clean up the various time-keeping and unnecessary files and views left
# laying around.
#******************************************************************************
clean:
$(TIME) $(RM) $(LOGICDONE) $(UNPLAGEDDONE) $(PLACEDDONE) $(FLATDONE),
. $(TIME) $(RM) $(CHIPBDNETOONE) $(PADSDONE) $(PUPPYDONE) $(CURRENTDONE)
$(TIME) $(RM) $(MOSAT.CODONE) $(PROPDONE) $(RINGDONE)
$(TIME) $(RM) $(MODULE).blif
$(TIME) $(RMR) $(IC) $(IC).placed.spaced $(PROC)
$(TIME) $(RMR) $(IC) joleft $CIC).ioright $CIC). lotop $CIC). jobottom

Figure 47 (cont.) - Makefile
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