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. . . ABSTRACT

The Deslgn And Implementation Of
i A Systolic Array Silicon Compller

Xiaoling Sun . 5 .

\ ) \

&

The Systollc Array Sllicon Compller (SASC) accepts systolic designs ‘.

described at algorlthm‘level and 1s Intended to generate behavioral simulation

rqsulté for valldatlon and VLSI layouts for fabrication. The design éonslderatlogs
and lmplementation Issues of SASC are dlscussed. SASC uses blt-serial target

architecture, but can accept systollc algorithms for other architectures, It

®

performs two-level plpelined Implementation to lmpf'pv_e'system throughput and

-

'keeps gll timing synchronlzation user transparent. N

© N a

A high.level description language (Systolic Array Sllicon Compller Language

(SASCL)) which reflects the propertles of systollc,,‘archltectufe I1s designed. This

data flow language .provides a simple ‘and hlerarchical way qf describing systolic
designs, SASCL descriptions are first translated into an lntermec;{late form
(Systollé g}\rray Silicon Compller Intermedlate Language ) (SA?CE)). "Each
SASCIL statement can then be easlly translated Into the corresponding hardware.
Both SASCL and.SASCIL are technology Independent. The generation- of layout
° from SASCIL is technology dependent and currefltly can be done for the

Northern TeleCom CMOS1B (5 micron) technology.

SASC uses a number of (CMOS1B) leaf cells which can be used to compose
other functlon blocks. These leaf cells and functlon cells cin be automatlcally
¥ !

. placed and routed. SASC can easlly be adapted to other' technologles by

8 * .
redesigning the leaf cells and approprlately modifying the technolog}j file.

Currently, SASC can generate”layouts from SASCIL descriptions. The.

ew’ .
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: : philosophles and translation rules for SASCL to SASCIL are proposqd." The

' ‘simulation part of SI_\‘SC as well as the SASCL to IL translation-is ;gft for
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. CHAPTER1 ; .
)

] -, . INTRODUCTION

> .
- When Von Ne‘umar_m and hls colleagues 'deslgned the first computer forty:

¢

' years ago, they partitloned th¥ deslgn Into two separaie parts, namely, processor

and memory. This Is called the Von Neumann architecture. Even though baslc

research and improvements In. fabrilcation technology have motl‘vated the
. ) R M .
developmem of four generatlons of computers, stlll most of t&day’s computers are

‘hulit using-the \}on Neurr_fann architecture.

-~

-~

__In the last decade, lmprovenzsnts In hardware technology for conventlonal
: I4

computer architecture seem to have met the upper bound of physlcal constralnts. -

!

‘Example of these are speed- of light, power-cooling ratlos ett, which are
: ™~

gchlevable'by/a single processor. Meanwhlie, advances in lntegrated'clrcult.
techinology are rapldly Increasing the density and complexity of circuits which 1s

doubled every one ’or two years. INow, one micron technology Is practlcal,
Y ) — —_—

.allowing the lnbegratlon of One mllilon translstors on a single chip. So, moFe and

-more people bé’gln to challenge the Von Neuma}m architecture 'and computation

S

model The classlcal computer architecture suffers from two main problems. (1)

‘Since a processor Is separated from Its memory by communlcatlon paths, no

mater how r«km the processo s, the duratlon of the computatlon Is det,ermlned

by the time requlred to move ata between processor and memory. (2) The single

processor archltecture only support.s sequential data processlng. ‘The lnnovat!on
¢
of comput,er architecture lncludes two major aspects: ,the Von Neumann

- . Ny . )
computatlon model vs Non-Von Neumann computation model and general-

’

purpose computer archltecture vs speclal-purpose computer archltect,ure The

u

developni%nt or VLS?echnology opened the door for the design of 1nnovative

-

computer archltect.ures and algorfthms. The potentlal power of VLSI Is the large



e

amount of concurrency that it msy support. Many new approaches to computer %

architecture have been Investigated, designed and bullt [1)-[41], Systolic .

Y
sl

architecture Is one of them.

i »

o A%

1.1 The Systolic Array

The systolic array concépt was proposed by H. T. Kung at CMU In 1979 [201
a reallstlc alternatlve to conventional Von Neumann architecture. Systollc
‘/ﬁmputer‘ﬂ Is a special purpose massfvely parallel processor for solving compute-

bound prodlems, for example, signal processing, matrix mult!pllcatlén. FFT, etc.
-—\

Conceptually, systollc architecture Is a general methodalogy for mappling high
- level computations Into*hardware structures [35]). In a systolic system, data flow

from computer memory In a rhythmic fashlon, passing through many processing.

g

gléments before returning to the memory. Flg. 1.1.1 shows the general ‘structure

of a systolle array. The-maln propertles of syst:'ollc.ai'chlt,ecture are:'

N *

(1) Make multiple use of each Input-data ﬂowz
Systollc systems can achleve very high ﬂémgﬁput .by having each Input g

- J—— -

.. travel through an array or‘processlng.' elements. ’ N

' *
(2) Modular expansibiilty.

LW

\

\

# In a.pure systollc system, only local communications and controls are
- . A
. .
Involved: Global communications are restricted to system clocks, power- and .
grajind “lines. So, 1t 1s ‘theoretically -Infinitely 'g;cpandable, though a large cloc% .

. skew will slow down the global clock.

. - : N
(3) Extenstve concurrency. . ‘
»" N . ~ : b
Concurrency in a systollc system Is obtalned by : . e
. . ' ' . . . _/

(a) Pipelining the stages Involved In the computation of e ngle résult, L

' N .’u . - I N ’ . \
. | / . ‘ . . ‘ R
ki . "R"\’ -

$ Pl

A
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(b) Multiprocessing mqn& results in parallel.

»-

(c) It Is sometlmes possible to Introduce two-level of plpelining by allowing

-

the operatlons Inslde the processing eleme‘ts themselves to be pipelined.

(4) Use only a few types of simple cells.

(Js) Use simple and regular data and control flow.

-

.
B 4

Many systollc computers and algorithms have been deslgned, bulit and

N

tested [26]-[41]. Systollc algorithms use parallel plpellned -processing with

locallzed control and signal flows and exhibit extensl\;e parallellsm with minimum
RY

communication. They form a new promoting area of computer Innovatlion.

s M ¢

1.2 Silicon Compilation

\

hd ©

] 4 »
" A common model, of VLSI design partitions the design’ process Into
functlonal;@log;c block, circuit, layout and mask level. Desl'gni of VLSI systenss 1s

complicated by addltlonal reﬁnements*neeagd to' layout the geometry masks.

<

Although manual deslgn of chilp masks could usually' achleve hlgﬁ packing
denslty, the complexity lnvolv;d maices the -deslg'u of éusto.m VLSI clreults time
consuming, tedldﬁs, lnﬁeilble, error pron°e, and very e)épénslve. Research In the
area of sllicon compliation started In late 1970's [53]. It 1s an automatic synthesis

process which tlakés care of design translat!op and verlficatlon. The correctness of

a deslgn s ensured. A siicon compller [51)-[80] Is a software system which 1s

capable of accéptlng language or syrpbollc descriptions and producing a chilp
S

"™ mask geometry aﬁtomatléally. It could also simujate a system design at the level

of description and allow a rapid validation and Implementation of VLSI systems.
A% )

The language 6r symbollc‘ description could be at qmerent levels of design

hlerarchy ' decilded by ' tradeoffs betvlveen applicatlon and system design

, requirements. Generally. speaking, a silicon compller Is more concerned with

H ‘ DR < o X
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functlonal‘lmpleménta_tlon, design c;)st and correftness rather than‘ optimal

E
* ¢

packing dénglty. Fig. 1.2.1 shows a sllicon compilation process.

Stitcon compllers [42]-[67];' [82]-[87] have ﬁxany common features with
s‘cggware co;npllers.. They both take as Input, a program wrlt,_ten In a
programming language and produce as output a program In gnother language
(the code or target l,anguage). The ”c\omplled code” Is only gopd for a Rag‘tlcular
machine (In the case of software compllation) or a particular architecture (In the

case of silicon compllatlon).-'faiklng about- language features, for example,

“computations could be abstracted at different levels; lnfdrmatlon h}dden is one of

the malin devcision to be made, etc. The main difference between the two

compllers 1s that the output of a sllicon cbmpller Is not directiy executable by a

computer. A language, called CIF (CalTech Intermediate Form) which abstracts

*

fabrication process Into a number of conceptual layout levels that represent the

physleal features one observes In the flnal siltcon wafer, 1s used as a standard .

medlum to Interface vx;lth.ra.brlcatlon technology. A sllicon compiler should

provide all of the control between dlﬁérent sections of a program since there Is no
o [N f

operating system. in the environment to handle controls as In a software compller.

There 1s also a need for a slmulator to valldage the syst}éin desl};n.

v

-

1.3 About The Thesis

.

,Although sllicon compllation Is a new area of explblt.at,ion, It grows véry

rapldly. A number of research Interests, for example, partitioning, placement,

routing, test!ng, deslgn verlficatlon and simulatlon etc., are under this broad

“tople. It seeins Impossible to take care of all these aspects In this thesls. What

we Intend 1o do 1s to deslgn a silicon cbmpller for‘a particular application area,

hamely systolic array, with some noveltles. The thesls analyzes systollc

. . . %
archltecture properties and exploits the natural simllarity between systollc array
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_ process In chapkter 6 and glve the conclusion In chapter 6.

L)

B
o
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. AN R AN : <
and data flow model of computation snd sets up reasonable.design objactives for

both the silicon compller and Its description language. In the design process,-

efforts are also made on ralsing the level of abstractlon at which a deslgner may

th!nk reducing tAe a}nount of detalls that a deslgner must Indulge In and adding

lntemgence and flexibllity to the system by careful deslgn of a high level

description language as well-as the conipller itself.

- h -

A3

The thes!s 1S organlzed as follows: We present In chapter 2 a dlscussion ofn

previous wark on sllicon compllation and deslgn the compller of our own. In

Chapte; 3, we pay attentlon to the high level des¢ription language deélgn which Is

A3

{ one of the maokn achlevement of the compller. Then, the design of the

Intermedlate language 1s glven In chapter_ 4. We discuss the layout generation

v

For thls thesls work a high level data flow language, called Systollc Array
AN

Sillcan €Compller Language, and an lnbermedlate form of data description, named’

Systollc Array Sllicon Compuer Intermedlate Language, are proposed. We_present

a .set of phllosophles and translation rules for the translating the high level

' ;description lnto the lntermedlate code. The automation of thls part is beyond

this thesls. We perform hand-compllat.lon ror the hlgh level translatlon process In .

-

an example glven

For the transiation from the Intermedlate code Into mask .geometry, we =

deslgn and Implement both leaf cell and primitive llbrarl.es. Leaf cell library Is a

’

set of KIC files which- are symbolic descriptions of minimum loglc elements

.
L)

supporting the target archltecture. Primitive llbrary is lmplemehted as a;set of

”

composltion routines which compose a group of logicaly related leaf cells

together and glve the Initlal placement of calllng cells. A general router used at
-4

all levels of composition, a CIF generator adapting the lnt‘ermedl'ate‘_data files

Into the standard CIF code, a loglc compller belng capable of converting boolean

.
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A type of data lnto a random loglce structul:e lmplementatlon, and a lnterpret.l

.
-
o . ~ ’ -8-

condticting -the.dyntax ansalysls of the Intermediate ctode are desltned a.nd

l?/ lemented. The lncomplete part In the low level translation 1s the:

/4/mplementatlon of a«placer as well as final chip noor plan generatlon. The

behavioral simulator 1s also left ror fut.u.re- work.
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CHAPTER 2 -

3

-

THE SYSTOLIC ARRAY SILICON COM]?ILER =

Silicon compllation has been a very Interesting toplc In computer sclence and

-

. technology. It covers the studlgg oI design description, translation,’ simulation
and verlfication as well as placement, routing, testing, etc. There are many
existing silicon compllers. They were deireloped for a wide range of apbllcatlon

areas, such as signal processing [47], data flow compdters '[81],‘ finlte-state

n

machines [43] or PLA [46], etc, and support many fabricatlon technologles. The

5 ¢

) levelé of data deécrlptlorf' cover topology, devlce," bl’ock, architecture and

~  behavior. The target realizations used Include standard cells '[47], [57], [86],[87],

gate arrays 52], [84], [85], random dogic and unconstralned  custom Integrated

]

circulfs’ . recently, some smcén compllers [61} Incorporate behavioral

desigy verificatlon and other advanced \ieatures. Although, some of
’ ’ } A
on compllers can be used to deslgn chips for sy$tollc arrays, there

are a number of' problems which, are cruclal. The MacPitts [50], [60]; [61), for .

Instance, was ‘deslgned for general signal processing applications. Therefore,

~ . i

systollc arrays are only a subset of the archltecture sﬁpportéd. It Is Eéneral

Ll

enough, but may Iiét, be efpclent) enough t(i reflect the propertles of systollc

computation. For example, systollc arrays' include a small set of network

N .

topologles, and the logle synchronlzatlén mechanisp Is simpler. On the other
lfand. the existihg compl]érs may not support the fabrication technoloéy avallable
to us. The only way to overcome these difficulties: Is to design our own sllicon

compller -- the Systollc Array' Stlicon Compller (SASC).



2.1 The Design Objecflves ) : . .

»
3, !

N P . N

The maln deslgn objectives of the SASQ are as follows:

. (1) The SASC 1s almed -at develqp g a powerful tool which accepts a high
[} - - >

level langu’ag'e description and produces. ‘chlp mask geometry automaticajly In

- -

order to achieve a rapld !mplementatlon of systollc arrays. System and l’uncuonal

. level simulations will be carrled out If they are requlred
-]

(2) The SAS;J should épsure loglcal corfectness and deslgn rule satisfaction

S

of a deslgn. - ’ \

o

(3) It should be able to generate deslgns of complexity compatible with thbsg

reallzed by a human layout deslgner us!ng manual meLhods

4) It should ensure deslgn Integrity In exlst.lng design &abase

environments. \ ’ . . ) \

1

(5) The high level language should help users to produce correct deslgh and

be user friendly. . ; ! o

-

(6) The SASC should provide a quick, simpIé fheans to Incorporate design .

-

rule changes.

2.2 The Design Considerations C

7 v

~ ' ; ‘ Ay
Primarlly, the SASC Is based on the structural design meth&logy. In phls

methodology, a.diglté,l systegn;could be regarded as a combination of reglster-to-

register data transfer paths and finlte-state machines. The .SASC‘ can be

'partltloned Into two subsystems: data path eompller (for data path, generation)
and loglc compller (for FSM generation). Each or them runs from high level

speclﬂcatlon to low level mask geogletry. Dlﬂerent methodolozles are chosen to

- \r

solve the problems lnvolved in each of them We use standard cell methodology

“
’ -

~— °

4

4
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. . . d?r dat# path generation and glve a sbéclal treatment to FSM which Is to be
. - discussed later. x .

i <

- The ‘maln system assumptions we make are based on the propertles of =
syst:ollc array, simpliclity, regularlts} and global system clock drlven as well as_

some Implementation constraints: . ) -

' (1) Algor:lthms are synchronous. If we go down to the Structure level of a
¥ ‘ - ' y
design, all logic elements are uqder the control of system clocks.

-

.(2)‘:The t@vo—phase non-overlapping clocking scheme Is used and shown In

v

Fig. 2.2.1. Data for each rpnctlon block Is recelved at clock phase one and

eva{duatlons ‘are to be done at clock phase two.

- (3) only bit-seNal syét,em structure is.supported. .

'
/

(4) The slmpl‘lclty 'or processing element 1s defined as follows:

—

(a) A systolic system module Is consldere to be lﬁlemented on a
single chlp (this restrictlon wlll be removed In the second stage of

the project{.. * N

. (b) A system may_conslst‘ of'fzan; processing elements and each of
: \ " x - them should contaln, simple logic clrcult: A boolean expression ma&
not have moré than elther 9 varlables with any number of p{oducts
or 8 products with any number Br varlables (this limitation is due

"] i
> ) to the logic compller Implemented).

.(6) The technology supported 1s the CMOS1B of Northern TeleCom. The

¥

SASC stron&ly_ supports hierarchical way of str;icturlng a design. The system
structur 6r the SASC Is a result of overall considerations to achle;re the maln

degign o;‘a\cuves, as discussed below. a ' B
: (1) High level 9languagc‘-—> intermediate code --> object code translalion:

‘We first decided to keep the design description to the compller at the algorithm

- Al




1

g

*UOTIUDAUOD HOOTID

B

ﬁ

w_
H
1

-

gv

|
t
1
'
4
1

e




- 13-

level. Later we dlscovered thé,t, 1t 1s too compleated to go through a translation
directly from behz%vlor to mask ‘layout In single step. An Intermedlate language

called Systollc Array Sllicon Compller Intermedlate Language (SASCIL) 1Is
< - '

" designed to ?scrlbe the'system at a sultable level lylng somewhere between the
~above two levels. The~interme@late code separates the detall of low level Issues

@ [from users and n;ake the high level 'language\completely technology Independent.

(2) Hjcrarchical structure of the database system: The center of the SASC Is
a database - a set of CIF codes which rep;esents certailn hardware logic elements.
Primitive Cell Library Implements a set of predeflned primlitive o;)eratoxs that
can be'paraﬁleterlzed. Leaf Cgl] Library conslsts of a set of minimusgn function
elements which can be used to compose dlﬁerent primltlves according to the

user's speclﬁcatioh. The above hierarchical structure forms lower level of system
~ B
L

support. The higher level design description is formed by nesting the SASCL
primitive ruilctlons. Appendices V and VI provide detalled Information a.bc;ut

these librarles. N ..
/ “

(38) Domino logic structure in smplementing finite-state machines: One of the

s

maln system assumptions we make In the comptler design 1s the slrunpllclt,y of

proeessing elements. CMOS domino logle [81] 1s a kind of random logle sbrqcture

-

wﬁi,ch I1s one alternative to CMOS complementary logic Implementation, Even
though speed achleved by .complementary loglc Is_usually ‘better than that of
others [43], lt; silicon area cost Is higher If the standard llbrary me},hodology Is
used. We use domlx@o logic Implementation since speed 1s not cruclal f“or a FSM

N g
with less than ten products or varlables and a good packing denslty could bg’
’ £ ¢

obtalned. For example, for a.boolean equation with m products and n varlables,

at most m *x n + 4 transistors are needed In domino logic Implementation and m
o B
*10 % 2 for comptementary loglc ones. . . -

(4) The hiding of libraries: The SASC Intends to free users from dealing with

{ ,
- - )
S oy
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speclﬂc Instantlations of Jow level cells. Both primitive and leaf cell detalls are -

complet,ely transpagent to users. ) -

(5) Bit<serial stmplementation: The advan{@ges of blt-serial Implementation

over parallel ones are the simplicity, the flexibllity and less human efforts needed
for layout, clrcult, logle and functlon deslgns of primitive operators. Automatic
transformation from a non-bit-serial algorithm to the blt-serlal target architecture
represents an hiiportant aspect of Intellligence and flexiblilty of the hSKSC. 'The

correctness of the transformatlon should be ensured by the compller, without user

“'knowledge and Interactlon. s *

.

(8) Two-level pipelined architecture: Kung, Ruane and Yen have showed how

two-level plpelined arlthmetlc unlts could be used to form high-performance

A

systolic arrays [27]. The additional level of plpelining can greatly enhance the

system throughput with onlyla small Increase In hardware cost. This scheme is

especlally sultable for VLSI Implementatlons.

The SASC user may have no ldea aborx{té two—leveF’plpellnlng at all and the
J
compller could generat.e the proper system"St,ructure, Invoke the correspondlng

primitlve opérators, set up the necessary wire connections, and synchronize the

loglcal gvengs that should take place blt-serlally.

(7) Automatic oorplan generation: The SASC 1s responsible for the
placement and‘ rm&\ !/ng of the prlmltlve/loglc modules without human guldance.
Speclal slgnals, e.g. power, ground and system clocks, and speclal components,
e.g. I/O pads, buffers and frames, should not be 'spé,clﬂed by users. The SASC

: ) ‘ . N
wlill generate a complete floor plan for the components and wire connections.

(8) To accommodate design rule change: The SASC addresses the following

issues In order to accommodate deslgn rule changes:

(a) By uslng lntermedlate language as g medlum to separat.e the

° SASCL from lower level "code generatlon detalls, the SASCL 1s

£ .
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- +  made technology lndependen_t;

(b) By using a technology flle which drlves system modules, such as

the router and logic compller, technology :changes can be tolerated
R aadd .

=)

by these utllities.

(c) By using a hlerarchical structure of the databases and potentlal

.bit-serlal reallzatlon, Hbrar§ redesign when technology changés Is

reduced to a2 minimum.

(9) Behavtoral .;imulations: A simulator translates the SASCL program into

3

behavioral degcrlpt,loﬁ form and produces a textual flle of the corresponding

-]
o

results. ’

+* )

2.3 The SASC Environment: An Overview -

The~. highest level oI“ the system 1s a high level data flow language which

provides a‘simple and hlerarchical manner of structurlng’tﬁe “VLSI design of a

systolic arré&&.ﬁ ) ‘c ' "

The lang‘uage compller translates t:\he high level description Into intermedlate

rorm w\hlch deals wlith specific 1nstant!at,lons of low-level cells and has all

: connectlvlty deﬁqed explicltly.

\ . - N

The lnterpreter tramglates the lntermedlate code of a design into lnvoked»

prlm!blves and  all loglc connectlons are transrormed lnto pgslcal ones. It also

act,s as 8 low level.ma.ngger which calls the composition routines, logic compller,
place;f'i.rid router, etc, and processes the Intermedlate-data filles and finally

“

- 8

_ generates lag'out.. . ) . = .

"

The composition routines cail specific llbrary op%rators and llnks them
. - N

tog’et\hef according to predefined primlt_lve definltions. A functlon block 1s a

-

collection of logleally refated prlmlﬂ'}(e céllsG ~homogeneous (K<==5) function

] i .
o . .

o
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blocks form target ’system. . v

i Y

Loglc com‘pller 1s an automated synthesls subsyétem for finlte-state

machines. It.accepts the Intermediate code “of boolean data type and generates

the correspondlng layeut. . . S ' ’ R

The router could be used at both the prlmltlve and, the hlgher runct.lonal

vi

block levels. It estimates channel wldt,h, then determlnes the exact coordlnate

posltlQns and contact cuts for all cells, and ﬁnally connects 1/O ports of varlous

-
N

modules. . e

The compller also trahslates a high ‘level descrlp,tlon into a behavioral

description which Is then used by the slmulator. _ . "

The final floor plan of a chip could be generated automatically. F'lg. _2.3.1 Is

the overall system structiire of the SASC.
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. : " CHAPTER 3

THE SYSTOLIC ARRAY SILICON COMPILER LANGUAGE

In th1§ chapter we discuss the hlg%l level desci‘lption lénguage called Systolic -

Array SiHicon Compller Language (SASCL). SASCL 1Is a data flow langudage
designed with the alm of having a\ high level of data abstfactlon In order to free

" the user from thg description detalls as much as possible.

3.1 Systolic Architecture Vs Data Flow Of Cémpufatib‘n

e

Data flow architectures [12], [71]-[73] .are new approaches’ to computer
archltecture 1In pursult of high perrormance computers. They are based on t,he

data flow model [70] of computation which 1s ru‘ndam‘entally differént from the
. sequentlal one-Instruction-at-a-time model. It 1s based on twd baslc principles:

L

(1) Operations execute when the required operands are avallable, that 1s

asynchronous execution. ’ . r
(2) Operatlons have no side effects,

These princlples say that, in other words, the only sequentlal constralnts imposed
by the data ﬂow model are the data dependencles, It allows amhe parallellsm in

a computation t.o be explolted Secondly, slnce there Is no need for a global

¢

updatable memory, no side eflects are produced. o,

e ' : . + ) i

‘Recalling the dlscussions of chapter 1, 1t .1s easy to see that the computation

performed by systollc arrays follow the above two principles.. In particular,
§a _ property (1) and (2) (see page 2) lngply principle (1), and property (3) Implys
principle (2). The general structure of systolic array in Fig. 1.1.1 describes a

typlcal ring type data flow architecture. - L P

- 18 -
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In summary we can conclude that systollc architecture 1s based on the glata

".§low model of computatlon and forms a subclass of data flow archltecture.

3.2 bata Flow Architecture aﬁd Descriptioh ‘Languages ‘
.-The data flow model 1s a fundamentally different approéch in so'lv!n_g
problems; 1t re'thres a new language " to efMclently describe the ‘dat.a ﬂoyv.
archh;ect,urfes. Data flow languages éan be'deslgned to reflect tﬁe m\odel at
s different levels. It would seem that the natural way of expreislng a directed data
flow graph- (DFC) would be vla a graphical language [69]. High level data flow
languages are ;ieslrable when applicatlons are gettlng_hblgger and éompllcated and

DFG's become unrégdable and error-prone [88), [74], [78], [77).

Many general-purpose functional and data flow. languages have been

proposed for describing non-Von-Neumann computat!dn. For example, the VAL
&)
(Value Algorithm Language) [88]'1s a well defined and tested high level data flow

language developed at MIT. It embodies all the design principles and‘ tries to

a

-achléve most of the design oblectlves of these data ﬁovlv languages. It also‘takes a
step further In suppoerting concurrency and machine Independence: The weakness
of VAL is the lack of general I/O\ facllitles and recurslon. The LAU [89) parallél
system s a contribution to the development of the sprt,ware concept of Slngle~
Asslgnment to parallel programming languages and architecture. It was deslgnéd
as a'tool for expressing parallel algorithms without first transforming them Into
equlvalent sequential ones. More recently, because of the‘growlng demand for
besh. facilities In the Investigation and Implementatlon of novel digltal_system
architectures and algorithms, more powerful languag;s, called dégcrlptlon l
languages, have been developed for Input descriptlon to an automatic synthesis™
program which can take ‘care: 6‘r ‘deslghvtranslatlon and verlﬁcatloﬂ at different
&eslgn levels [56];[63]. The FIRST (47], UNIT version-2 [57], MacPlitts [61],

LI
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1

ICEWATER [58] and X1 [49] are the typlcal ones. Mapping a. language to certalin
kinds of computer architecture 1s one of the common characteristics of these

languages. Although -some of these could ,bé used for describlng systollc
s , N .
processors, they are not very efficlent and powerful enough’ in a silicon

s
compllation environment which Is more spec¢lalized.

The FIRST, MacPitts, and X! are designed for applications i digital signal

processing systems. In particular, the FIRST Is sultable for implementation of
real-time signal transformation (blt-serlal only) systems and the MacPltts
particularly emphaslzes on data path and FSM architecture. The circult model

supported by Xl 1s synchronlzed, clocked elements and feadback paths assoclated

4

with clocked elements. The UNIT verslon-z\can be used to describe an entire

mlcrocomputer system and supports both bl¢-serlal and -b}t-parallel systems. The
. ICEWATER has the widest gppllcatlon area because or' I1ts symbolic description
feature. The levels of data abstractlon of these languages vary from algorithm
_level to symbollc ones. A hlerarchical manner of-describing a deslgn was
supported by‘ all of them. Talkl‘ng about the language features, X1 Is an ext,enslori

of the algorithmic language C. It takes advantage Of standard concepts of

N '

programming languages and environments In which they ri‘l_n that seem to be
directly applicable to the clrc1'11t deslgn prpcess. It supports the full C
programming lang'ﬁage and encourages structured thinking and design. MacPitts
1s a good clrcult description language. The data type of It, therefore, Is less
structured thathhat of X1. Both the FIRST and ICEWATER are simple, Ploc‘:k
structured langua\ges.\ They deal with functlox: block llbrary opemtors and
require expliclt connectlvity speclﬂcailon. Some of the language expressions use’d
by these languages &lrectly reflect t,l.;'e target architectures, for e:éample, the
ext;nted data type of "register” in Xl. The concepts, of "bundle” introduced in X1
and the ”cénceptual bus” 1n UNIT verslon-2 are good at represeptlng a simple

i




"2]' ) )

'
-

‘zroup of wire connef'tlons. The "COND" form In the MacPIltts Is convenlent to -
%

[N .
Q -y, . \ -
_.express FSM. : ) s o e

4

3.3 The Design Objectives and Approaches *

*

Any of the description languages discussed 1n previous seétlon could be used
to describe systoll::‘ designs. However, a common feature of all of them Is thelr
macnlne-dependency. MacPItts, for Instance, was implernent.ed In LISP; X1 is an
extens_lon“or C programming language and ICEWATER Is based on an UNIX-like

environment, etc. v .

. Secondly, technology dependenéy ©of the low level compllation processes

—

creats another problem. They all su\pport NMOS rabrlcatlon process except the
_ MacPitts which SUppOrts both MOS2S and NMOS technology ICEWATER Is
-the best one to face technology changes but pay a penalty of achlevlng the lowest
‘level of deslgn hlerarchy. The technology supported by SASC at the present time

Is the Northern TeleCom CMOSIB 80 t,hat none of these compllers could be used v

under our circumstances.

Reeall the design objectlves of the SAS(‘J‘mentloned In the previous chapter.
We almed at haylng a hlgh“‘ level of data'abstractlon In order te free users from
tne descrjlptlon detalls as m.uch as possible. The levels descrlbed by FIRST,
UNIT vesslon-2 and ICEWATER are foo low to match our goals. There Is no
doubt that MacPltts and X1 are behavioral ones. One of the system assumptions
made In these two languages 1s that users have tne abllity to express thelr circult
behaviors by an nlgorlthm descrlpt;'lo"n, rather than one that descrlbés—t.he clreult
structure. Although any eontml./data flow graph can be directly specified and‘*'
high concurrency In data path Qpenat{!ons are promoted b)} MncPltts, 1t 1s not
powerful enough to nefi;gy:he characteristics of systollc computation, For

example, the Aggularity tollc arrays may allow some, defaults (llke clock,

-
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'power\ and grq}lnd) to, l;e used Instead of sp_ecli'ylr‘xg ‘them explicitly; loglc . & ::
‘ syncﬂronlzatlon m‘llght be abstracted at a high le‘ve% t'o’he,lp users avold glvlcg all
timing detalls, e&c. W€ also set up the noveltles of our ”co’m]jller as the aut.omat!c
algorlthm transformatlon Into 'a bit-serial one and the two level plpellped
lmplementatlon or computatlon without users knowledge and interaction. In

addition, behavloral simulation of t,he system 1s also lncorporated in the compller.

Thus, the compller requlres a language wlth options for" both layout generation
and system slmulatlon. It is obylous that none of the cxlstlng languages meets all

our requirements. A ne%language 1s definitely requ!red

The Syst,ollc ‘Array Sllicon Compller Language (SASCL) Intends to tallor the

scopes of the exlisting description languages It reflects the propertles or systollc ’

computat.lon and concentrates on achleving the SASC deslgn objectives. Thé

A—

deslgn objectives of the SASCL are as follows: .

(1) To provide a simple and hierarchical manner of describing a systolic

algorithm.,

Al

SASCL meets this by using one of the most important features of functional l ,
languages: a higher ord,er'runct.lon may take another functlon as an argument. It

makes the program remarkably short and succlnct. ‘

~ !

(2) To provide tmplicit concurrency and synchronization.

This !s the most Important characteristlcs of SASCL as a data flow ‘

X s
language. SASCL meets this by allowing operations which could be executed

Independently to be defined without explicit language notations.

5

(8) T4 allow irﬂpiicit pararﬁeters, such as syslem clocks, to be defauit operands.

System clocks, power and ground are the common default varlablcs. Two
Y , <« %

2

phase system clocking scheme Is used by default. SASCL hides all these and any

L4 ~

retiming detalls (In case of 2-level p'lpellnlng or bit-serial conversion). A user
® _ .

-

\ . f
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-

working on the algorithm level should know how a data Is "sampled” and

processed, but he need not be bothered to define them. v

~

(4) 710, support Single Assignment Rule (SAR). ) . C

A varlable In a program may be iasslgned values by one statement only.
Systollc architectures support SAR natufhll‘y due to th;elr lo;:allty of references.
Sometimes, a global varlable may be used to hold certaln value to be used In
several computatlons. A mo,dlﬁcatlon of a vgriable Is pot allowec'i: This allows

maximum concurrency and parallellsm to be explolted since the sequentlality of a

'program Is cggsf,ral'ned by data dependency only. o
(8) To be user-friendly. LY
.
SASCL meets thls by:

(a) Chooslng a textual form which IS similar to that of well-’known
% ¢ ?

- -

programming languages. The declaratlon” part of  a SASCL

-

body Is similar to that of LISP;

K

. (b) Making the data. types, the data structures and the language
expresslons close t,o' what systolic system designers normally use to

describe thelr deélgns; ' .-

(c) Giving SASC as much Intelligence as posslble, so that user’s

o

responsibllity to a design,ls limited ,to the algorithmlc level

7

.description and probabllity of design errors is reduced by the

subsequent automation. C .

o

3.4. The Language Features -

x
Tl}e ’deslgn of language'reatures Is one of the key polnts which may affect

the merlts d’i the tar?ét. archifecture and lead to clear, simple and rellable

/

program Is slmllér to that of C and PASCAL and the program

)
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progrhmmlng concepts when 1t is ,}lséd.
P R
(1) Separated applications ’ ’ : - —_

s

SASC supports two maln appllcaitlons : layout generatlon and system
A . .

- -

»

simulation (behavloral).
. ° S

During the deslgn process in the real world, people usually work on these

two parts separately: they slmulate the system first, then go on to lay out the

design: This Is because, due to the complextlt)ﬂ' of a VLSI design, translatlon from

*
an algorithm down ta a flnal layout may take a.few months. So, people should

ensure correctness of their algorithm ‘before actually attem’pt.lng the laybut.
.\ A

However, concurrent systems are dlfficult to prove correct rormaliy,' and

4

simulation 1s a valld means of valldating them. . Y

,

SASE: allows a very fast valldatlon of a design. The user having a‘valldated
design expressed In the form of a program can tfxen generate the corresponding
layout. If the generated layout Is a:??eceptable, and the simulation reveals no deslgn
eri-or. the desigh process 1s completed. Othemlfe he has to go back to modify his

n

algorithm design. :

—-

The' layout and simulation parts of SASC are actually separated. The data

. types used for these two purposes are completely different. A user working on

systolic system deslgn regards hls varlables as slgnal or primitive operators, while

In a-simulation, he would use value attributes, for example, Integer, character or

boolean. Actuall‘y, the data typeé In these two applications refer to different
objects. For example, a signal In a parameter-list of the layout ‘description refers
to a physlcal entity, such as’an I/O port, while a varlable.ln the simulator

describes the value of a signal carrled by that port.

In concluslon, SASCL allows layout generation and simulation of a design to

be done In two parts of a program that share some "syntactic” parts of the

design. A linkage between the two could be established by a system function

@



called "ltnk”.
(2) Data Types _ A

S{\SCL supports two classes 'br data types, one for layout generation and tile

. other for Simulation.

Slgnal, flag and reglstex: are the data types for layout generation. Among
these, flag and register are stored data types and signal Is not. A variable having
: register.da.r.a type coyld be used to hold ﬁres, numbers and characters. A

varlable having flag data type may have a boolean value true or false.
~The da;t,a types supporting simulatlon are Integer, character zindiloglc.
(8) Ddta Structures

The data structure "blts” 1s used to describe slgnals, flags or registers which

have more than one bit. The -followlng are legal declax‘at[ons' (capltal letters
Q o f , B - .
represent the reserved words-of SASCL): .

¢

x: BITS 4 OF SIGNAL; .
y: BITS 'n OF REGISTER;

3 : * The data sfucture "elements” co{xld be used at Both layout generation and

-

system slmulation. In the case of layout generatlon, for example, :_a'ri "elements”

.
4
« -~ LN

-may represent a set of varlables:

rw: BITS 4 OF REGISTER;
e . w :'ELEﬁNTs 3 OF rw;

deflnes a variable of reglster data type, four bits for ‘each reglster. .

-

(4) Values ' . | | -
SASCL cfoes nbt, allow any ldentiflers to be deflned as a global updatable
; - » .

~ varlable, It obeys SAR. SASCL allows an 1dentifier bound to .certaln value to be

N accessed as a global varlible only under the following case: a~variable has to be
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globally Initialized before sy's‘wuc comp‘u’tatlons~st.art. The probl;m, for layout -
generatl\on Is that a global varlablé of register data type should be declared and
the wire connectlons betwueen the'registei' and the lo_adlfxg I/O pads should i'»e
generated. Because I/O pédsmo"nly could be called at the topmost lével of desigh,

va.rlat;les of register, data type should be declared as global ones.
(5) Parallelism S R
SASCL exploits maximurr; concurrency lmpllcltlyq and gxpllcltly. A user
should'know what concur;renéy the algorithm tolerates, but he does not take part
in the exploltation of these concurrency In the lmple_mént,a,tlon. ‘Co'mputat»lons ‘

which do not have . data dependency could be performed concurrently. Foi'*

exa_mple,( in the followling plece of progi‘am:

c . _ ¢ = (ADD ( ADD (a d) ADD (b d)))

.

the definltion Implies that the functions * ADD: (a d) ™ and " ADD

Y

d) " could

be performed concurrently.

]

£ o
Functlon "FSM" 1s designed for a dirgct descriptjon of finite state machines.

Condltions In a FSM should be evaluated In pgrallel.

SASCL supports multl-dimensional pa{raliellsm. A number of syst
A

functions (see Appendix III) provide some means of exploiting the concurrency of

algorlthms All functlions for describing network topology In & layout generation

:
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program speclfy expliclt concurrency also. For example,

3

T . »
LINEAR ( pe (xin xout) 4);

will generate 4 lndependent tasks, each of them performlng the computatlon
deﬁned In the functlon pe”. As a result, two levels or parallellsm could be
explolted .

() function LINEAR defines the top level concurrency explicitly™ the four

pe's work In parallel.

(b) 1Inside each pes combutatlons wlithout data dependency could be done in

: (\) parallel (1mplicitly).

(8) Sequentialism

-

“Even thoﬁ—éh SASCL 1s almed a\iexplolt,lng maximum cdﬁcurrency of an

algorlthm. In some cases sequentlal executions are stlll unavoldable. Loops, ror.

-

,example. are the most general cases where computations should be done
sequentlally. SASCL supports this by using "FOR" statement. The rormat. of it 1s
similar to that of rg,,grogrammlng language. An lmpliclt sequentlality in SASCL

is the data dependency of computdtions.

(7) Synchronization of Computation

1, e

As we mentioned In chaptei' 1, systollc array archltecture Is a speclal case of

b -

data flow computers. Sequentlality, In a data flow computer, I1s based on data
{ -

dependency of computations. Synchronlzatloh is always required in a systolle

aﬁly In order to aéhleve prope_r‘ timing described in an algorithm. SASCL

~

supports this kind of synchrdnlzatlon by two predefined runctléns, msynch”and

"event”. \

LIS

"Synch” 1s a primlitlve functlon "used to synchromnlze signald-listed In Lts\

parameter list.

LN .
X P
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L]
-
By

"Event” Is 8 library function designed for describing synchronization .or a set .
of computations where both inputs and outputs should be synchronized. The
concept of "event” here Is a high level timing abstractlon which could be

regarded as a tlme perlod. We assume that an event starts at some time and ends
x hd )

at some time afterwards. What an user should speclfy 1s what computatlons

-should take place Inside this eyent, rather than actual starting and ending tlme.
By calling thls functlon, an user could slmply put the Input and output varlables

of the compﬁtatloh into the barameter list of the function event and separate the

3

two parts by a semlcolon. J

; (8) Reﬂ\ccation on Systolic Architecture

SASCL achleves this by the followlng maln aspects::

<

(a) Some _ data types supported by SASGL have hardware
correspondences. F‘or'example, a varlable of slgﬁal data type

a represents a storage device, etc. -

'(b)u user-defined function at the hlghest level represents a processing ’ B

S element In a systolic array.

Y » N

(¢) Some system'functions are deflned to describe systolle features: for

example, functions "LINEAR” and "SQUARE" for network

’

topelogy and "FSM” for combinational loglc, etc.

\

. . . 8.5 The Languag;: Description ,

s
]

In this ‘%ectlon, we glve a‘lgeneral description of the syr_ltax definitions of-*

~

SASCL. Appendl;c If 1s a complete list of the syntax deflnitlon.

‘

t ~

An‘algorl‘th'm description of a systollc array could be divided into two parts:
processing element description ant glo;t')gl algorithm’. description. A systolic

computer usyally cont;a,lns a few-types of processing element (PE). Each PE could

.\ - . y

<
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Y

be l’egérded as a black box with an Intérface and .an algorlthni describing the

local comput,atlon. The appllcatlons of SASCL .program for layout generation

and slmulatlon are separated. A SASCL program consists of four parts: program

header, éiéobal declaration, function declaration and’ malnxprogram code, as In the

o]

11’ollowlng syntax.

‘<applicatlons> ::= <layout> | <simulation> ) "L
<layout> == "layoout" < array name >V";"
< global declaratlon>

’ <function deflnition > .

<maln code>‘

+« Global declaration is decomposed ln?‘o two parts as shown below.

-

<global declaration> 1= {<const declaratlon>} <var declaration>
" . |
- Constant declaration binds numbers to ldentifiers. and varlable de@laration

-~ .o« \

deflnes the varlables to be used.

The syntax of the two declaratlons Is glven below: .
< const decilaration> 1= const” <const list>
’ * o

“Zconst llst> = <constant> {<constant>}

. ' »

¢’ N\ .
Zconstant®» 1= <const name> "=" <ndumerles> ";"

<const name> = <Identifler> g N

<var declaration> == "var” <var list>. ' ) .

<var list> = <varlables> {<varlables>‘} ER

_<varlables> = <name llst;> " <var type> ";" .’ o |

<name list> 1= <var neme> {"- <var name>} | ’ ’

<var pame> = <ldem.mer> a N =,

<var tyge> ::= <slngle t,ype> ] <blts=type>ﬁelements type> -
-
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<slngge type> = "signal® | "register” | “flag"
<Dlts type> = "bits” <digit> {<digit>} | <const name> "of"
<single type> ' ' . L

<elements type> == "elements” <digit> {<digit>} | <const name> “of"

s . -\,
<var name> N / .

Here Is an example of global declaration: S J ’ .

Ry

- AN

- ’
s

CONST ,
° v;lord = 8;
- VAR .
I X : SIGNAL; \

y : BITS word OF REGISTER; ' ‘

Z: ELEME‘NTS 4 OF y;

- N f
~ ~ L ]

The .SASCL encourages hlerarchléallil structuring a d&lgn\by using both
user defined a;}d ltbrary fun.ctlon‘s. It allows a higher order functlon take another |
function as argument, For example, consider & systollc array with two t‘xpes.of
PE's, PE1 and PE2 which are connect.ed élternaﬁvely. Flf;. 3.5.1 shows the
lnterconnectlon network Hlerarchjcally we may deﬁne a function called PE
\ whlch conslsts of PEl and PE2. The new network str t.ure 1s shown ln. Fig.

' 3.5.2. Then, a llbrary functien, callgd LINEAR, could b€ called to cot;struct the
whole’arraf. L ' . . ‘

A user defined function is deflned by the following syntax:

<tunctlon deﬂnmon> = <1’unctlon head>
<ports declaratlon>
. ) < runctlon body>

<runctlon h.ead> HES <functlon name> <parameﬁer lst>

<runctlon pame> &= <ldentlﬂer> -~
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<parameter list> = "(" <loglc direction> {<loglc direction>} ")"

b

v

<logic directlon> = <directlon> ":" {<1/O palrs> |

<inport name> | <outport name>} o
<dlrection> = <maln sldes> "->" | " <-" <secondary sides> "
<main sldes> u:="L" |""T" | "TL" | "TR"

<secondary sldes> = "R” | "B" | "BL" | "BR"

0

<I/O palrs> uw= <I/O palr> {<1/O piir>}
<I/O palr> ::= <lnport name> ",” <outport name> ;" L

<Inport name> := <identifier> 7

T
‘¢

<outport narpe> = <<Lldentifler>

r

1/O signals are declared at the head of a function and the loglcal data ﬂow”\\
directlons are deflned In thg parameter list,. Theresare two types of 1/0 signals:
single blt or multl-blt signal. An Input and an output slghal palr forming a

generlc data flow Is separated from others by a semlcolon, and an Input signal is

*

separated from an output signal’ by a comma. Logle data flow direction 1s ] -

proposed for the convenlencg':of‘ describing systollc algorithms. However, this

generic informatlon s useful as a reference for placing and routlng low level*

.

hardware entitles. x ' .

-

The loglc data flow &lqectlon‘ coﬁld be deﬂn_gd'by' four rlrxaln-'dlrec;,iods: Top-
>Bottom (T->B), Lert->Rj.lght, (L->R), 'Topl.';eftz-">éBott.oleght (TL->BR)
and prnght—>BébtomLert.. (TR->BL). The dpposlte directions are described by .
changing the directlon sign " -> " into " <--". Fig. 3.5.3 Shggs the four maln

¥

directions. Here 1s an example of function definitfon : -

y [
* ' « 2
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A - ‘ <
multiplier ( L->R: al,a0; T->B:'bifbo; TL->BR:cl,co);

al,80,bl,bo,cl,co: BITS 8 OF SIGNAL;

END- \__._.-—~ . ‘
By using the above function a llbrary function SQfJARE will generate a
“ mesh structure wltl;~ dlagonal 'co\;mectlon between PEs (or a 2-D hexagonal
network). A 3 by 3 systollc array for multiplication could be deflned by the
following function call: | ‘ '
b L :
, " SOUARE (gmmpller (aln aout bln bout cin colut,)a 3). - ‘ N

5

The port type definitlons ére glven by:

‘

- L ports declératlon$ si= <ports ndme> ’":"‘ < ports type>

<’ports name> := <port name> {<port name>> } ‘ , <.

<port name> = ‘<inport name> | <outport name> : ' N
<ports_t3;pe>; = "slgnal” | <mult bits>

3

<mult blts> = "bits” <digit> {<digit>} | <const 'name> "of" “signal”

In the example glven above, we can see that port type declaration Is a
speclal case of global declaration — only data type "signal” and data structure

"bits n of slgnal” are alldwed.

The syntax definltions of a function body are;

<functlon body> ::= "bggln" <function list> "end” *;"
<functlon ligt > = <local declaratlon> <statement list>
<local declaratlon> ::== {<const <_ieclaratlon>} <var declaration>

<statement list> := <statement> {<statement>}
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¢

<statement> ::= <assignment statement> | <functlon call> ";"
-~{<comments>}
< assignment statement> :i= <nomrmal assign> | Zstate assign> ..

<normal asslgn> ::i= <var name> "=" <var name> |
% *. .
<boolean const> | <function call >

. < state asslgn> ::== <var name> t" <symbols> ;"

<symbols> = <identifler> {",” <ldentifier>}

i

A function body contalns a set of assignment statements and function calls.

. ¥‘ A
Assignment statements mostly look like : ’

Xout = X ; .

) . -

a
-

% : .
State assignment is for naming states of a FSM. For example, to declare a finite

state machine with four statgfs, U,V,W and X we use: -

¢

VAR -
S: I%LAG;

st : ELEMENTS 4 OF s;
In the function body, the state assignment statement should be: A

TN ) . st =UVWX; - ] N

2,

3 L

It says that the four states of "st” are called U,V,W anq X, respect.lvely.

‘\

A function can call elther a system functlon or a user deflned function
. webion o

- . actording-to the following syntax.

" <functlon call> = <function names> "(" <argument list> )" -

#% 7 <functlon names> ::= <function name> | <sysfunction name>
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<argument list> ::= { <function call> | <continued symbol> | ¢
o <const name> | <digt>}

A higher order funct!tn may use another functlon as ax:gument. For esample, the
. ? . b

function "pe” 1n the following example Is the argumexit. of the function LINEAB. ’

LINEAR ( pe (x xout y yout) n);

, ) , A
A set of primitlvée functions and library functions 1s -defilned and -t
contributes' to ‘the maln power of SASCL. Primitlvé - functlons, are a set of

; \
functions " to describe arithmetic, loglc ag}i\comparlson operations. Llbrary

L}

functions reflect systgllc algorithm features. The definition of these predefined

functions are given In Appendix II. : ‘ .
¥ .

3.6 The Semantic Considerations

@

In this sectlon, the maln serhantic considerations gul&lng the language deslzh

are presented. -

-

(1) Continued symbals-

"

In a 's'ystollc design, continued numbers and letters are used quite pften. We ~

use double dot sign, "..”, to dénote this kind of continuatlon. For example, If we

L

. have a \%rlable declaratlon as shown below: T
1 'Y -t ' \&
VAR g
‘ ' e
x : REGISTER; .

: Y : ELEMENTS 4 OF, X;

an assignment I1n a function might be

")




-y4 respectlvely.
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y = 1.-4;

N

.

During the compllation process, 1, 2, 3 and 4 will be assigned to y1 ,y2 ;y3 and ‘

.Y

(2) Defaults o : -

. .
By using hlerarchical deslgn methodology, a systolic array could be

abstractéd to have unique types of processing elements. A network contalns

nothing but a number of dupllications of the deﬁnﬁ PEs and a set of wires to

=,

connect them together. . "

. %

To reflect thls, SASCL allows a user to deflne I/O ports of a top-ievef
processing element as global variables and the compller will take care of the

default names of the duplicated ones. For example, in
LINEAR ( pe (x xout y yout) 5 );

signals x and xout will represent x1,x2, ..., X5 and xoutl,xout2, ..., xout5, etc.
respectively. Default wlres connectlng the I/O ports are also implled by the
above definitlon. 1/O ports at the boundary of the array will be connected to I/0

pads which will be asslgned the same name.

For all the predefined functions (primitive and llbrary functlons), power,

’ N
ground and system clocks are the only common default signals.

. SuBscrlpt default 1s used In algorithm descrlf)tlon. For example, If a varlﬁble

Is defined as a multl-bit reggster: .

“

VAR ,
x : BITS 4 OF REGISTER;

&

the varlable name assoclated with a subserlpt Is allowed to be referred directly. "

- L]
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For example, x[1] refers the first bit of register x.

(3) Algorithm conversion .
Ty

s
-

According to the structure of data to be processed, we may classlfy systolic

algorithms Into four categories: bit-serlal, bit-parallel, word-serlal and word-

.parallel [41]. SASC not only supports bit-serlal implementatlon, but also accepts

other types of algorithms and transforms them Info equlvglent blt-serial ones.
The first two types of algorithms could be directly supported by bilt-sérial llb_garj/
Instances Invoked by the compller. ) The last two categories include algorithms

requiring parallel processing operators. Two kinds of converslons are requlre_d :

word parallel --—-> bit parallel

‘ word serlal ----> Dblt serlal

Ay

SASCL provides ways to describe all these kinds of algorithms and the compller
has\“the ablllty to identlfy them and carry out proper converslons,“ transforming
an algorithm Into a blt-sérlal equlvalent .one with sujtable retiming (data
skewing). Since bptli transformatlons listed above could be donme without

changing fthe network topologles, the need of a transformation could be detected

by checkling the varlable declaration made for the ports. The correctness of the

av

transformation are ensured 'by the compller, without user knowledge and other.

lnt;era.ctlon.
- (4) Two-level pipelining conversion

Beyond the maximum concurrency deflned In a user program, one more level

k of plpellning may be added as.a consejuence of Internal hardware detalls to

‘ enhance the system thf‘oughput. Users may not be aware of two-level pipelining.
The compller generates the proper system structure, Invokes the corresponding
.prlmltlve operators, sets up the necess‘ary wire connectlon, and synchronizes the

logical events. We assume that if a function contalns arithmetlic operators only,

. -
@
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then a conversion from one to two-level plpellnifig structure will be conducted

without user Interaction.

.
-

3.7 Specifying An Algorithm To The Compiler

A number of systollc algorithm design process have been studied. Generally,
the following ab,proach Is preferable to descrlbe an algorithm 1n SASCL.
Considering the way a, systolic array works, the processing elements could be

regarded as black boxes which are capable of performing certaln computation.

Data with fixed flow pattern are belng pumped Into the boxes. Information f\ow

between PE's In a pipelined fashion, and communlication with the outside world

occurs only at the "boundary” PE’s. We would like to separate the problem of a

system deslgn Into three parts: ’ -

o

Assume that a systollc array consists of 'a few kinds of PE’s, each of them
can be represented by a procedure (or subroutine). The I/O ports of the PE's are
the windows of the black boxes, connecting to thelr nglghbors and represented by

the parameters passed to the procedure. The body of a procedure 1s the

algorithmlc description of the computation performed. Varlable declaratlons

should be made at’ the beginning of a procedure. A set of primitive functions

-

("add”, "mult” and "shift”, etc,) can be used to describe the computation. The

data flow directlons through the PE shoulci be deflned In the parameter list.

-
v

(2) System timing and data flow description:

Loglc synchroplza‘tlon‘ is one of thé most cruclal parts of digital system

g '
design. The functions "delay”, "synch” and "event” provide means to describe

©

tyming synchronization at different levels.

(3) The network topology:

1
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Interconz;ectlons In gystoll;c é.rra.ys are very regular. SASCL_provldés a set.of
‘ library functions ("linear”, "sqqare",.etc.) to represént net;wdrk_ topologies. These
library functions may -take a_prooedurg .as 8 parameter llke other functional

programming languages.

: : T/
Beyond the above three, a hlerarchical manner of structurlng a design Is
strongly encouraged. We assume that there 1s only one type of PE at the topmc;ét
level. ' .
The rollbwlng I1s a digital filtering algorithm célled Finité Impulse Response o
(FIR) filter. Mathematlcally, a FIR filtering problem 1s defined as follows: ; |
Glven: the welghts {w,, wy, ... w;} '
the Initial values {yo ¥_;, o ¥_g 4} 80 -
the Input data {z,, z,, ..., T, }-
Compute:l the output sequence {yl, Yoo seer Yn+1-4 } defined by
Y a o, o> ) -
Yo = W; * T, 54, , “
The equation can be Interpreted as below if h = 4: . .
)
I Y =W, * T, + Wy Ty +Wak T+ Wy *T, ' .
Y =W ¥ Tyt WykTag+Wak Tyt Wy *Ty
Yg =W, % Ta+ Wy T+ Wy % T+ Uy # g
The sjrstollc 'érray performing the FIR algorithm 1s ghown in Fig. 3:7.1: The
algorithm can be described as folléWing:
' v . »

(1) Durlng system Initlalization (INIT(w)), the welghts are loa(;:’ In wr's.
~4 .

(2) For each system clock cycle, the operation of a cell Is: X

B . \’. . *

. 1 - “:4
’0 ‘i -
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~ #

(a) Recelve X1 and y! from two mput por%s and -set two lnternal

reglsters ry and rx to x! and i, respectlvely l . '

(b) Send prevlous Y to the output, port yo, send x! to xo and compute

ry—wr*xl+yl

Th,e data travel by moving t.hrough one cell per clock cycle, Followlng Is one -

of the posslble SASCL programs for the FIR.

w

/* layout-generatlon Brogram' for FIR filtering algorithm */

LAYOUT fir; .

< ¢ ‘ . 3

. /* comstant declaration x/ ' " . \

" CONST
‘word = 4; .
\n = 4; s '
. . ® . .
/* variable declaration */ )
.VAR . A ) . . '
Xin, yin, x_out, yout; BITS word OF SIGNAL; ' - ‘.

\ wr : BITS word OF REGISTER
w ELE&E}NT n OF wr;

[* function deﬁﬁlt)on -- processing element "pe” */
pé (L->R : X1, x0; Y, 3;0); o L : ' N
. /* declare I/0 slgnals */ . : L.

x1, xo, ¥}, yo BITS word OF SIGNAL

~ BEGIN

"./*‘localvanlablesrf . o : LT e

- . - . N v
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‘rx, 1y : BITS word OF REGISTER;

/* synchronize [/O signals */ -~ - )
" » EVENT ((x ¥1) (xo yo))
x == x|; ‘
7*I'Y%Wr*‘x-+.-"ry§:/ ,,
, Ty = ADD (MUL (wr rx) ry);

X0 = rx;

yo = DELAY (ry 1); .
END;
-~
/* maln program begln */ « .
Lo R A ~
< BEGIN
t -
/* \nitlallze w */ Lo
INIT (w);
. Lo 3 .
/* generate the linear network x/ . * -

LINEAR (pe (xin xout yln yout) n); .

- 1

~ /+ ¢énd of the maln program */

END. . -
N
¢
' %
\/f’,’\
. ;
- \‘ \
: 1
4 ‘V .
. . \
. , X ‘ e
M N \
N
5 .
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CHAPTER 4

\ ¢ )

DERIVING SYSTOLIC ARRAY FROM ALGORITHM DESCRIPTION -

When deslgning a sllicon compller, .one may lm‘i‘nedlately find that dlre'ét.ly

golng from behavlor to layout Is too complicated to be completed In a single

transiatlon step. Technology-dependency s a common feature of sllicon .

* compllers since they are-always designed to suppdrt certaln rabfloation process.
Today, zd\'rances 1n VLSI technology change the fabrlcatlon proc ss significantly
and rrequéntly In order to face this challenge, It s required to m nlmlze the work
Involved In adaptlng to technology changeo and separate 1t from ot,her parts of
" the compller. In SASC we achleve this by using a two stage translation. SASC, In
the first stage, translates the Sﬁr&SCL description Into an Intermedlate lor)guaze

. deécrlptlon called the Systolic Array Sllicon Compller Intermediate Language

(SASCIL), which 1s then translated Into the final layout or behavioral description
o \ .

durlng the second stage. . . ~ T <

- - <]

1

4.1 The Dosign Objectives And Considerations

The key polnt<of the SASCIL deslgn 1s to select a proper level (between the
high level language and the low level obJect code) where ?§,ASCIL should stay.
Belng "at that level, SASCIL should make the two transformations of SASC

(SASCL to SASCIL {and SASCIL to object code) easy to deal wlth.
Q

In the high Jevel transrorma.t,lon process from SASCL to SASCIL, SASC

performs most of the technology lndependent translations. For example, the ‘

L)

pa.rallel to _serlal algorithm transformatlon, the two—!evel plpellnlng'

transrormatlon and automatlc composmon of tlmlng and slmulatlon detalls, ete.

are carried out durlng this time. In the Ilntermediate form, library té‘nctlons of
? .

»

¢ - 44 -
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SASCL become a set of primitive calls and logic connections In the SASCIL

formats. - .

Ip the transformation 'prc:>cess rrom SASCIL® to the object code, loglc
:repres’entat,lon of primitive operators and wires should be tralnslated Into physical
ones. Besides the Information. carried by SASCIL, there are some other unknowns
at this level. For example, the dimenslon of an user deflned function block or the
locatlons of speclal signals, e.g. Vdd, .and ar'}d Clbcks, should Ibe glven by the
placer ‘or router. We classify the Information to be passed between the two

transrormat,loqs Into several categorles and glve zi representation to each of them

In SASCIL.
The deslign objectives of SASCIL are listed 1n the following:’

(1) SASCIL s almed as a simple and effectlve tool which lsolates the
technglogy—dependenb' parts of the compller from the high level language \
completely In order to support technology 1ndependency of SASCL and

obtaln .good éystem malintenance. SASCIL meets this by:"

(a) Abstracting the level of data ‘descrlption at the logiéal one. For

example, the functlon call jn SASCL

@l ' ' o
; ¢ = add(a b);
may descr}be the computation. af adding slignals a and b, and putting
. w o

_the sum Into the reglster ¢. The corresponding Intermediate code

[p1 11bO Adder ...t ...ab ..] , .-

[ p2 register ... ¢ ..t ... ]

{

"has nothing related to the technelogy dependent parts of SASC (for
Instance, physical features of the calllng primitlve, etc.). It ,only

“descrlbes the loglc relations of the signals to be used. The lsolatlon of

[y

3
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the technology dependent parts from the high level t.ranslatlon\ process

supports a better system malntenance,

. (b), Choosing proper data types to reduce the complexitles of the two
level translation as well as the amount of data to be described by )
. the Intermedlate rorm..‘\ SASCIL dlvides the Information for layou
generation into sever; categorles: signal, port, temp(orary); reglst
_boolean and ib(rary). The data typeé we use are intended to ma
a conceptually clear boundary between’ the twq levels of
compliation without Increasing the complexitles. The types slzlial,
T ‘ * ;eglster, boolean and primitive llbrary functions haVell data type or
3 language construct correspondences in SAéCL. They are gasy to be
ldentifled and translated. The 'ty'pe port s selected In order to glve
* a clear disinction between signals at I/O port and somewhere else.
' The low level'translation will benefit from the use of the port data
type which provides the lo‘glcal locatlon of 1/0 slgnals as references
to the placer. "Temp” Is another data type without direct language
correspondence In SASCL. It glves convenlence to the high level
translation. Tﬁe data type "1Ib™ contalns library primitives (except
‘the reglster type) ‘and uéer-dfeﬁned functlons. We take‘data type

reglster out of type "11b™ since it iIs a speclal case In the primitive

ibrary. ®
J

(¢) Uslng regular form of language expressions. Only two .'Klnds of
statements are used: asslgnment statement and function call
statement. It supports the élmpllc!ty aﬁd regularity kor the

- - language. .

-(2) SASCIL should provide a complete set of Information needed for

. generating low level object code. SASCIL achleves this by: )

A

i
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(a) Providing two séts of language constructs, one for la.yout'

& '
. generation and the other for behavloral simulation.

€b) Using data types which convey the complete information required

for layout generation to the low level translation process.

" (38) SASCIL should be readable and has a simple and clear format to help

debugging.

k]

. .
This 1s one &f the important features of SASCIL. It iIs required since: (a)

Technology dependency Is one of the crucial problems faced by sllicon.

»compller designers. When technology advances, the low level database should
L 4 . .
be updated and debugging may be required from the Intermedlate code to

the flnal o‘utput.. (b) SASCIL 1Is alsé an interface to the slmulator. The

ob]ectlve Is achleved by:

(a) Having data types and primitlve operator names In a readable text
form. If signals are explicitly defined in SASCL programs, use the

same names for the signals In the SASCIL: description.

(b) Clearly distingulshing user-defined functlons which are included In

a palr of brackets "{" and "}". «

(c) Reducing the number of unreadable representatlons as much as

possible and let boolean type of data have an equation form, for

o

example,

p ) [pp boolean ... a*b +c*d].

4.2 The Language Descrii)tion And Semantic Considerations
‘ 1]

&r

‘We dlvide the low level primitlve operators and the 1ntermedl%te Information

Into two cat.egorles—whlch are deflned by the following syntax :
& ' 5

N »

readablllt,;"‘ of SASCIL will help the debugging In both the above cases. This '
"
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‘

K
<statements> u= { <statementl> | <statement2>>}

<statement1> = <ltems> "=" <ltems> | <boolean type>
<ltems>' :i= <slmple type> | <register type>
<slmple type> == <slgnal-temp> | <port>

<slgﬂ}il-temp> = "[* <ldentifier> "signal” | "temporary” "] ~

~

o
. The first’ cat‘egoryﬂ conslsts of four subtypes, "slgnal”, “"temporary”,

\}r!glst‘er” ”port"' and "booleap". All thesé data ty;;es except the tempbrary Qata
type (which s golng to be removed during the low level translation) have
hardware Eorrespondences. For example, a "slgnal” corresponds to a wire and a

& o : R
”register” may refer to one of the different types of registers In the hardware

»

primitive llbrary. ’ ‘ . , (’

Logle operatlorg. function: FSM and condition statments of SASCL are goling

't,o be translated Into "boolean type” In & férm deflned as'follogs:

< boolean t}f;&b 1:=="[" <boolean head> <equation> "]”

<boolean head> ::= <lc;entlﬂer>“"boolean_" < F#varlable> <#product>
. <#member> <speed factor> )

*<#ya.rla.bl'e> n= <dligit> E<dlgit>} )

<#product> = <digit> {<digit>}

<#member> = <dight> {<dlglt>}

~

PR
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<speed factor> = "f" | "m" | "s"

!
<equation> := { <Identifler> <loglc symbol> } <ldentifier>

<loglc symbol> = "x" | "+4"

During the low level translatlon process, the Interpreter translates boolean type
Intermediate codes Into a two-dimenslonal produet/variable table,‘then calls the

°

loglc complier to generate the corresponding layout geometry,

In the second category, "library type” coOuld be decomposed Into ™ primitive
ltbrary” and “user defined llbrary”. "Primitive library” here s predefined
p .
functions in the SASCL and "user defilned library” may contaln prlmﬁltlve calls,

user deflned functijons and "simple type” deﬁnitlons, etc.

"Event type” contalns timing Information which will be used for simulation
purposes. At different levels of the design ﬁlerarchy, all paths an event may pass
could be .traged. Maln attrlbutes of an event could be found Immediately

following the event identifler. '

The complete syntax dpﬂnitlon of the Intermedlate language Is given In -

lAppendlx ’IV.

'S . K

4.3 Degiving The Systolic Array From The Algorithm Description :

Derlving the systolic array form the described algorithm 1s a complicated
process. In thls sectlon we glve a detalled discusslon on the high level
transro}matlon process with the FIR algorithm described In‘section 3.7, bringing

out many of the novelties of SASC. _ ‘ ' %

Y

Conceptually the high level translation process should be carrled out In the
) ‘\\’ ) s A
followlng aspects: .

(1) Identify the type of the algorithm. Regall the discusslon we have In
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section 3.6. The algorithm transformation performed, by SASC converts
parallel operators and wire connections to bit-serlal ones’wlthout.
changing the netwc;rk t.opolégy. A bit-parallel algorithm 1s detected by
checklng the varlable declaratloﬁs at the I/O ports. Signals are
transmm:ad e{ther bit-serially on single wires or t;lt-parallelly on parallel
bus. We ass{xme that t.l;g way of data processing is same as the way of
daté, transmisslon. rIn other words, SASCL does not support algomhm;
having blt-serl;l,communlcatl‘on and l?l'o-parallel 'operators‘or vice versa.
Fig. 4.3.1 shows the communilcation strategles supported by SASC
target archltecture. The FIR algorithm employs blt-pa-rallel operators as

well as bit-paralle] communication strategy.

List primitives and signals s#that gre-expllcltly defined, for example,

"add”, "sub”, etc. This 1s the prime Informatlon of the target

@)

»
architecture.

Add the defaults. The SASCL allows some mplicit descriptions of

systolic algorfthms. The defauits which shpuld be derived at this stage

a 1

.are:

Y

(a) Prifittives at 1/O ports, for example recelvers, senders ard/

corresponding signals, etc.
(b) Default Interconnections of library function calls.

(¢) Default nodes of primitive function o’ys, for example the statment

.

s = add (a b ¢);

may be Interpreted as:
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t == add(a b); and
s =add(v¢); |
The "t” represents a node of tempbrary data type. The common default
varlables, power, ground and Clocks, are not added at this level since

-

. —’"_'
they are physlcally dependent on the placement and routing.

(d) Default I/O ports: a palr of I/O ports are required when a register
data type varlable needs to be initiallzed. We assume that

.lnﬁlallzat.lon Is done bit-serially.

Calculate the timing requlred by the algorithm. Data paths traveled by

rd
slgnals should be traced. Proper tlme delays are added according to the °

prlmittves used and the Interpretation of the time functions.

Transform the glven algorltlfin to a bit-serlal equlvalent one, If 1t Is
necessary. An automatic algorithm transformation-should be conducted
In order to generate the target archltecture supported. * The

transformations are carrled out according to the foﬁowlng rules:
(a) Replace each K-blt data wires by one-blt data wire.

(b) Replace each word-operator by a bit-operator.

& .

(¢) Replace each K-blt register by a K-bit shift reglster.

(d) Change the timing specified In the algorithm according to the serlal

architecture lmplementatlon.'

-

Conduct one to. two level ‘plpeilnlng transformation. There 18 no

expliclt language feature for representing the one 08 two-level pipelining
,\

converslon since It 1s assumed that the conversion Is automatically

ca}aled out by the compller without user awareness. The purpose of
"t‘ T

Introducing two-level pipelintfig 1s to Improve system tﬁi'oughput for

R e s
RV SN S
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[=4

o

N . compuytation-intensive problems. Algorithms with . pure arithmetic
| cdmputatlons are selected to have such conversion. The- number of
stagles of the second level pipelining 1s chosen by.the compllér. The
correct timing sh?uld be ensured corresﬁonding to the bit-serlal

- ) Implementation of the origlnal algorithm (If an algorithm
’ T

transform:atlon Is done).

i Now, let's look at the FIR algorithm gh?en In chapter 3 .agaln and lllustrate
detalls of the translation. The key word LAYOUT ‘denotes that it is a layout

generation program. Global varlables are declared under the CONSTants and ,

© H

VARlables. The processing element 1s defined by the usér defined function " pe".

Variables In the parameter llst' of ,"pe” represent multl-blt signals across
, ,

boundary and the data flow, x1 -> xo0 and y! -> yo, travel from the left to the
right hand side. The comp’ut,atlons that - take place are multiplication and,.

additlon only. Tms is a parallel a‘lgoxl'lthm with pure arlthmeilc operatlon.

The primitives explicltly declared In the algorithm are:

0y

-
o

Signils: . x1, xo, y1, yo (for function pe)

xIn, Xous, yln, yout, wln, wout (for.function fir)

Al

' Reglsters: rX,ry, Iw

Prlmltlve-runcplons: add, mul

; lerary-fﬂnctlons: inlt, event, linear. .
, \

.~ The defaults Involved In the algorithm description are:

;,‘ 1/O-ports:  wi, wo (for functlon pe).

Primitlves: xi, yl, wi (recelvers).
. \' ’ -
N . 7 .

. X0, yo, wo (senders). |




Signals: for default primitives.

for network connections: . - *
xinl1, x1n2, x1n3, xin4,

yinl, yin2, yin3, yind,
winl, win2, wing, wlr;4, / ) .
xoutl, xout2, xout3, xout;4, \ : \

. .. ~ Yyoutl, yout2, yout3, yo;lm, r |

woutl, wout2, wout3, wout4,
4

Nodes: fo?fq:ncélép call: mul(wr rx);
User-defined-functions:  pel, pe2, pe3, ped.
} . ) b (
The statemegt "yo == DEELAY (ry 1)" says-that signal yo 1s obtalned py
~delaying ry one time perlod (which 1s the time of one word delay for the word-
serlal algorlthm) The first bit of signal yo shou!d appear at the output port four .
cycles arter the first bit of the signal gets out of register ry ‘since the algorlthm A\

transformatlon is done. ' _ h

After the t;ransrdrmatlon, signals 'xin, yin, xout and‘yout should be one-bit

wide and register wr, rx and ry are 4-bit shift registers In the FIR algorithm. °

A palr. of storage reglsters “15} required for a palr of assignment statements

shown .below: o ) . -

X = XI;

X0 = rX;

. -7 .
* N -

Reglster rx could Be regarded as a recelver whizh takes Input from -signal xi, and
a default register (é.g. named rxs) Is required as a sender and takes the output of
rx as Input data. The output of register rxs is connected to signal xo. The rx and

rxs work at clock phase one and two, respectively. If an algorithm transformation

T




B

Signal win Is 'delayed,n cycles before 1t reaches the port wout.

. -

; .

c

is conducte\d (ke in the example), elther rx or rxs sh(_)uld be replaced by a shift
register. The number of bits to be added Is dependent on the word-length of the
" systollc array and the timing specification of the origindl algorithm. Since signals
x1 and xo are synchronized with the slgnals y! and yo,_r;espectlvely (deﬁngd by

tunction EVENT), the time delay required should be calculated according to the

loangest, data path, that Is, the data g path for yl and yo. Two cycle delay s

1 N

required (one for multiplication and one for addition). Assume that reglster rxs Is
a shift register. It should be (n+c) bits long where ¢ 1s the number of cycles that

the cdlmputat,lons take mlnus one. .

/

Function INIT indlcates a reglster- type of varlable has to be nitialized
through terminals of D-ﬂ\p-ﬁops.-Ti)e ﬁrst, parameter of the’i‘unction is the nﬁme

of the varlable to be Inltlallzed and the second one defines the termmals by which

r)

the Initializatlon Is "done. In particular, the default is terminal "d” (like In the

glven example); "0” and "1” specify termlnals "reset” and "set”, respectlvely.

N

IS

Function LINEA)Q\\ defines a linéar array of four elements performing the
computation §pec1ﬂed in the function "pe”. This transiation i1s done In thé low
level trahslatlon process since it 1s unnecessary -to generate four-pe's. The can be

ogtalned by duplicating the pe four times when It Is composed~in the low level

- ’ ‘

translatlon process. The network Interconnections are spéclﬁed xplicitly by \

nieans of asslgnment statements. Default Is used to represent the signal names of
the I/O (DOPtS" of each procﬂesslng element. For instance, the global signals xin and
xout are a palr of signals corresponding to the signals xl é.nci xo In the function
pe. As a consequence a set of Intermedlate code s derlved for the glven FIR
algorithm and It Is shown\ below. The comments and line numbers used here are
l;or explanatlpn purpose only,.ihéy are no£ part of ‘t,he lntermedl;n,e form. Symbol

"1" means that the corresponding terminal ‘of that brlmltlve» Is not_fuseth

~tv.
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»

«happens when (1) a'signal of a primitive has more than one I/Ol ports located on
t = ' ( ‘

“different sides of the layout boundarles or (2) some terminals of prﬁnltlve

.

Qperatbrs llke "set” or "g" of a D-flip-flop, are loglcalpl not used. Physlcally the

terminal "set” should be connected to Vdd in the low?evel translation proéess.

¢

1 /% define the fir arfay /
2 .,[firlb 1pe04286(xinl xind )} ( ¥y1n1 yin4 )(wlxil win4 ) ]
3. .{ /* define the network connectlons */ '
) ' 4 [ xin2 slgnal | = [ xoutl signal )
‘ 5 [ xIn3signal | = ['xémé ;ignal ]

6’ [ xIn4 signal | = [ xout3 signal | ' » A .

. / 7 [ yjn2 slgnal | T [ yout1 signal ] \ ‘
8 [ yIn3 slgnal ] = [ yout2 signal ]
T 9 [ ¥In4 signal ] = [ yout3 slénal ]' .
10 [win2 signal | = [ wout1 signal | ;
_ 11 . [ win3 signal ] = [ wout2 signal.] . . .
12 [ win4 signal ]‘= [wouts slignal |
° 13 -+ /# define the proceéslng element "pe”-x/
| 14 [pe.llbl31426(x1nxout)(ylnyout.)(wlnwout)] -
b 15 { ['s1 signal | = [wln port 1] ) a
e o 16 [s2slgnal]—[ylnportll] - N
- 17 ‘[ssslgnal]=[xlnportll] : -

. }8 [s4‘slgna‘l ] = [xout portor] | :

‘ ) v 19, [%s!gnal]-—-—-[yo;t:portor; o .
" 2'0; [seslgnal]—-[wout,pc;rtor]~ o 5.9. ,,. .. . '

1 5 [sOslgnal] = [ p3 ‘reglster 012n1s86t)

° 22' " [ p3 reglster 0 1 2 ‘n1s6!]=[pit reglster 5 4 1 31 n1 1] . v
) 23 \ [p1 reglster54ls; n1!) = [ sl signal]
o « . . N ., ) » ’ ..
o . ‘ . - ‘ L .

« § , D! .0
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»

[ - "

Y [ 85 s]gnal ] = | p8 @eglster 3 4&118 s51]

. 26 [oSreglster3%2n685'1—-[p7reglster342n5n8'] ¢ _' -
{ CC 26 - [ s4 signal | = [ po reglst;er 352n3s4!] " ' ;
27 -+ [p9, reglster352n3s4 ']—[p4 reglsberOl 1s3 n3!] ' ,
28 [p2 reglstefs 21 s2n2.! )= [s2 signal f ¥ y ) . _
(Y , 20 [ p4 reglst,er 011 s3 n3!]=/|s3 slgnal ]
o 30 P5llbOAdder1-126n5!n2n4tt] . - e .
.,A Ca ‘.\xe tb 0 Multipller 1 127 n4n1 p3 1! ] o ‘
o A g [plonbocmckgenao11130(2-IN1]~ L & -
o .. 33 [ p11 IIb 0 Clockgen30 11 23.C2 C2-IN2 ]" o . 2
Y "} /* end.of the pe %/ A C . ; g
©35 '} /* end of:the fir *,/:b . ‘ ' Ty o - . '
. ' : “' ’ Llnes 14-34 are the Intermediate code Corl%SpoﬂdII;g 60 r}llnct’lon "pe” In the’
Y FIR algorfthm. The port declaré.tlons oi' the '\’Zpe" gre ré;resented by llhes 15-20.
S df a slgna.l 1s declared as an 1/0 port an asslgnment statemept like'line 16 should
"be glven in the lntermedlate form. The type "port" Is g&slgned to’the declared
g B} slgnal and the type "signal” (whlch represems wlre connectlion) ls. glven to a new
| name provlded by ‘the high level translatlion process Llnes(;{ 33 ,pescrlbe thé
. | computatlons the pe performs For lnstance, llne .30 says that p5 ls,a predefined,
\ > llbrar}; runctlon worklng at clock phase two 1n level I or thé deslgn hlerarchy
. ' i The t,wo input and-one output signals used are n2 n4 and n5, respectlvelyl‘ The _

.l'
”

. lntermedlate code Inslde the lnner palr. or-.bra s (" {” and " } ) deﬂne the

.

. function pe. "The systorlc hrray “fr" 1s deseribed ln ‘llnes 1-14, and 35 whlc;h

descrlbe not.hlng but the network lnterconne’ctlons The targetf grray

o~
5 corresponqmg to th’e above lntermedlate code ls,shown In Fig. 4. 3.2 - 0
“ .t . . a > l
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. CHAPTER 5
u ' )
THE COMPONENTS OF SASC

¢ «
" 1

-

'
»

We discussed le1 the previous thapter how a systolic array 1s ‘derived rroxim
algorithm descrlptl'on and how the high level translation process irrom the
SASCL to the SASCIL) 1s conducted as w;ell as the Intermgdlate 'langque deslgn.
In this chapter, we will show how a layout is generéte‘d from the Intermedlate

form. { \ ' 0 N o
. :

. CN

LY

. 5.1 The Layout Generation Hierarchy
- .‘* . . °

A VLSI design 13 hierarchilcal In nature. -Speclal system structures are
'uspally required. A “systém could be partitioned ‘Into functlon blocks each

e

" performing a subset of the computation. Then the function blocks coyld be elther
divided 11;50 some s‘ub-fun‘ctlén_ blocks or contaln a set of computations described
by the llbrqry functlons provided by tﬁe dgscr!ptlon lanéuage.'Flg. 5.1.1 shows
the hlerarch&a of the deslign m@thodglogy‘ 'supf;orted by SASCL-anq Indlcates that

at least t‘l}'ree.levelsqor hierarchy are Included in a‘glpgle deslgn.

In contrast to the top-down deslgn method,ology supported by the high level
deS‘crlptlo:{ language, the composmon of a)avout 1s carrled out bottom-up. The '

layout generat!on hlerarchy Is given In Fig. 5.1. 2. N

The IOW9st level composition’is for prlmmve operators. A prlmltive operator
’ . T v
can be parameterized and formed by calling a fixed set qf leaf cells and llnklng

them together according to the predefinition. The Initial placexﬁent of some

primitives are predefined man'ﬁa]ly and generated by a set of composition
L J

procedures. Othier prlmltlve operators may have wvarlable parameters. For

example, shift reglsters pay have paramet.ers such as word length and t.ype of

s

T - 59 -
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~

storage device used, etc. The correspondinig composition-routines are capable of
_taking Into account these parameters and generating proper layout. The physical

size of a primitlve Is not known untll 1ts composition process 1s completed.

[

The milddle level composition Is designed for functlon blocks. A functlon
L
block 1s a collection of logically related primitive cells. Even though the maln

objlectlve of SASC Is to reduce englne;erlng_ effort, apd deslgn t.‘urn around time

rather than minimizing chip area’ utlllzation, there are stlll some tradeoffs

between the extent or automatlon and t,he penalt,y pald In sllicon area cost. The

complexities of the prlmmve operators varles rrom a transistor® pair (e.g. inpad)

to some powerful function blocks having hundreds of transistors Inblde, such as

. ~comparacor, multipllier, etc. The slze of primlitive operators varles from a
hundred «by 'a hundred square malcrons to t.housands by thousands square

mlicrons. Moreover, processlng elements of syst,ollc arrays usually have very

( . . simple functlonality an‘d a few communlcatlon ports. If a PE 1s speclified In 5
k levels of design hlerarchy and the pllacaememt and routing 1s done for each of them
séparately, séme gaps be’gwéen large rigid bullding blocks are difficult to aveld.

Great efforts we make In manual deslgn of leaf cells In ordér to reduce the sllicon

y
area cost would be worth nothing because of the area wastage due to large gaps

which may: appear in each level durjlng the design. The soltiﬁlpn t;o thlsv Is to
allow user to speclfy thelr deslgns using as many deslgn levels as they want, but
performing the middle level placement and routing only once. In other words, all
prlrglt!ve operators used In a PE wlll be placed and routed at the }evel next bo
the topmost one. The small bullding blocks (primitive operators) could take Into
~account the global placement and routing requlrements, tallor the shape of the
PE’ and avold large gaps generated between large l;locks. The traflflc' In the

routing channel will not be a problem due to the simpllicity of systollc arrhys and

the general complexity of primitive cells. Achleving a better placement of all

’ ! ¢
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primitive operators, of course, 1s harder than that for leaf cells, but 1t 1s not a

ﬂvery qdlfﬂcult and computation lxitenslve task underﬁvoulr sltuatlon of complling
systollc arrays.

The high level combosltion Is for flnal floor plan generatlon of a chip. The

~ placement and routing are taken care of by the SASC automatically a:ccordlng to

the p”lacement algorithm erjlployed and the data generated by the lower level

comp‘osmon without user knowlegge and Interaction.

!

5.2 The ~I\Jemf Cells L

-

The leaf cells are the basls of the central database to support the entlre

SASC system. > ‘ .

S

.\\(2.’.
5.2.1 Selectlion of Leaf Cells ,
Leaf cells are the bullding i)lopks of rirlmltlve functions. As soon as primitive
operators are selected, the functionalitles of leaf cells could be declded. A number -
. of standard leaf cells are d.eﬁned and listed In Flg. 5.2.1. The programmable

layout generation for all comblnational logic 'modules greatly slmplifies the

“construction of the library. |
) i

o i

:

5.2.2 Leaf Cell Conventlons

)
v

In order to gulde the auqlomatlon process and obtaln a good llbx'?ary _
malntenance, leaf cell conventlons% were carefully defined. The declslons made are
malnly based on the system : sumptions meetlné the design objectives, the
horlzontal symbolic layout rujes [80] and the technélogy constralnts, and {he

estimatlion of sllicon area cost of the minimum loglc element.

N

l
(1) Two-phase clocking $cheme was chosen as' the loglc lmplementation

¥
"
£

- . . ) % /

.
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~

NAME .

FUNCTION

driver inverted driver driving
ndriver. non-inverted driver driving
‘dlatch D-latch bit-delay
drs D-flip-flop with R/S bit-delay
fha fyull binary ,dder arithmetic
multiplexer " 4-->1 switch control - \:S
demultiplexer 1-->4 switch control C
logic compiler logic compilation - combinational
' logic
. ' generator
inpad . ' input pad chip . .
C ) ~ - generation
outpad output pad chip
) ' . generation
vddpad power pad chip .
: ~y generation
v ' ;
gndpad . ground pad chip
* I . generation
1 frames frames . “chip generation

R

A}

%

>

Fig.5.2.1 List Of Leaf Cells.

*,
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(3)

(4)
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structure. The supported CMOS fabricatlon technology determines the
use of complementary clocks In each phase In ordet to. drive both P yd

) I.;‘
N types of transistor. <

Leaf cells In the library have variable lengths and standard helghts.
The standard 'helghts are used In order to slmplify the placement and
routing algorithms. There are three possible helghts of leaf cells (for the

CMOS1B technology):

1H == 165 mlcron (11 ports on left/right sides)-
1.5H = 261 mlcron (17 ports on deft/right slde@

2H = 341 mlcron (22 ports on left/right sldes)

Each leaf cell 1s consldered to be placed on a grid. The orlgin of the
le;atr cell 1s taken to be lts left ‘bott,om corner. The separation of grid
lines declded by the minlmum port to port spacing In the glven
technology. The horlzontal grid lines start from the orlgin and are
located on the posltions ;)\f multiples of 16 (minilmum poly contact cut

dimenslon- 11 mlicrons plus_ minlmum poly to poly spaclng 5 microns).

THe vertical grid lines slt on the positions of

6 «
¥ 1418xx(x=0,1,2..).
The 1 1s a varlable used to avold the overlapping of the first vertical and
the horlzontal I/O ports. For the technology supported at the present
time, | is eqﬁal to 8 microns (nilnimqm poly to poly spaclng 5 microns

plus 3 microns contact cut extension).

4

There are two layers %vaillable for external connectlons of leaf cells,
namely, metal and polysilicon. In general, metal wires go horizontally

and polysllicon run vertlcally. The Input ports should appear on the top

or left sldes and the output ports are on the hottom or right sides. All
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s

~ ’ “the I/O ports must sit on grid lines.

(5) Same signal may have more than one I/O ports. These ports should be
Internally connected, so that an external connection can be made to any

ﬂor them.

-(8) The origin of the I/O ports Is deflned as the left edge for vertlcal wires

- and the bottom edge for horlzontal wires.

-

(7) The cell bounding and supply/clock, wirlng are defined as shown In Fig.
5.2.2. The relative positions at which the power and clock lines er;ter 1
"the cell are fixed. The line width of power and clock ralls are 10 and &
microns respectively through o(m the whole cgll. No under cut cquld be

5

nnlade on them exce‘bt for internal supplles of the leaf cell.

Flg. 5.2.3 shows a layout of a standard leaf cell.

-

é

" 5.2.3 The Library Description files

All leaf cells (except combinational logle ones) are lald out manually and
represented In KIC format.. A file called "leafdescr” gives block description of-the

physical characterlstics of each cell and 1s defined as the follows:
<leaf cell name> <helght> <width> <# of I/O ports>

<port 1> <slgnal name> <slde> <offset from orlgin> ’ ‘

<port 2> <slgnal name> <slde> < offset from orlgln>'
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THE QUALITY OF THIS HICROFICHE
1S HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING. - *

UNFORTUNATELY THE COLOURED
ILLUSTRATIONS. OF . THIS THESIS
. CAN. ONLY YIELD DIFFERENT TONES
OF GREY.

A

MALHEUREUSEMENT,

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE.DF LA
THESES SOUMISE AU MICROFI&?AGF.
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LES DIFFERENTES
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The cell name and slgnal name should not have more than 10.characters. Unique T
port numbers are used to identify all the ports. Different port numbers may have

same signal name but different offsets which Indicate the relatlve physical

location of each port. The numbers O, 1, 2 and 3 are deflnegd to represent the left,

right, béttom and top slde of a cell respectively.
“§ u * .
1 A leaf cell Index flle, called "leafindex”, 1s set up for quick retrleval of the

L

requlred leaf cell from the file "leardesd"' Leaﬁndex Is searched by cell name

g
)

which ate stored In sorted order. A leaf cell name In leafindex Is rollowed byvt,he
starting address of its data and the number of bytgg occupled In flle "leafdescr”.

By knowing these, the flle leafdescr can be directly accessed. -
5 .

¢

5.2.4, Technology Dependehcy

>
3 \ . ~.
k]

& The matn problem of the siandard library approéch iIs the technology
dependéncy. When technology changes, the cell llbrary has to be redesigned

manually. Flnlte State Machlnes (FSM) and boolean expresslon are complex and

”

random ln nature. VLSI designers spend a lot of time In designing them. Qulte &

y number of leafl cells are needed lr a full standard ‘¢ell llbrary strategy 1s chosen. In

q

order to minimized the amount of work to b2 Involved In the ¢ase of a t,echnolozy

change, we use a seml—!tandard Itbrary approach - uslng a prozrammable

2 q

random logic lg]plementatlon for FSM and combinational logic modules and a

standard library lmplementatlon for data path which reduces the complexity of

theﬂ library. As 4 consequence, technqlogy dependency of the leaf cel!s 1s reduced -

to a minimum.

5.3 The Primitive Qperators .

-

5.3.1 Selectlon Of Primitlve Operators

o
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The maln objective of the p‘rlmlt.lve library deslgn 15‘to select 4 miplmum set

»

——— - ' .
of operators which could be used to construct the syst Qc arrays. To achleve this
_ . ’

goa.l,' a study or existing. s'ystollc é.lgorlt,hms‘ was p\xrsued In many cases
o8

i arl‘hmetlc operatlons have to b-= perrgrmed slmz.ltaneously; such as those'

Y

Lo expressed lpy the mathematlcal symbols "Slgma” for additfon and "P1" ‘for

-

c approach Exlstlng /ﬁ,yst;ollc deslgns .may be classlﬁed Into followlng

! e L

categorles: S

! v < - ! ' . |
. o )(" ©a N ':- r ;ﬁ B I.J L ‘ '

S . \ W(l) Sign Image l7rocesslng

. ° .
flltering and 1-D convolutlon - . -
. 2-D convolution and cerrelatlon ' - ‘

B o . dlqgre‘te fourler transform

Y

o . Interpplation
. 1-D and 2-D medlan flitering : -

<ot . geometric warping . . .- r

A . . 3

. U 12 Matrix Arlt;hmet,lc, . . - ) . ‘

."matrlx-vecbor multlpllcatlon

R , . PN EY

. matrlx-mat,rlx mu}tlpllcatlon o
R matrlx trlangularlzat,lon c o PR . ¥

Q,Rdecomposltflon . s o : )
N v , ..

. solutlon of trlanghlar llnear systems ' .

& ‘- ! i .
. o, dat,a structﬁlre' sback and queue, searchlng, pi'lorlty . .
* - " ‘ . ) s ' -
& i . ~ queue and sorting . e &» B ' o
. , -, i . o . .
~, ~r—-a ~° << -~ graph-asigorlthms: -—transitive -closure; —"-mhimym - - - TR
- B N v ‘ . s . L
. v » spanning trees ahd con.nected"compon’ents
oo, o o s ! 4 LI “
S | ' :language recdgnition: string matching ‘and regular , - - &
e e B S - '
. 't‘ . » 3 ‘
. s N o 5w ‘

. multlr llcatlon Th.ese are computb-bound computations that can beneﬁt from the ‘

P (3) Non-num:&&ppllcatlons : ‘ , ’& . S




ta

»

N

Sy o S

} '. ' o . . ' .
. . expression &

.. dynamlc programming ’ o ‘

. encoders

. relational data-base operatlons.

-’
?
v

P,rlm'ltlve operators selected ror the SASC should be able to.cover the above
1

r;appllcatlons Arithmetic and storage operators are Intenslvely used In many of

the systollc systems. Hence, adder, subtractor and multiplier are selected 8s the
{

basic arlthmetlc operators. Two types of storage devlces are needed: buﬂerlng

and buffering with Inltlal set and reset capabllltles A full programmable

¥ e

' reallzation or comblnatlonal logic modules Is chosen based on the slmpllclty of

processing elements of systollc arrays We will glve detalled dlscusslon abont the

{

deslgn and Implementation of the’ "logle eompller" ‘1n §ectlon 65.4. The logic

compfiler greatly simplifies the construction of 'tsjvo levels of llbraries and reduces

the amount of work to design leaf cells manyally. Blt comparator and switch<box-

are the baslc cells for sc%rtlng,‘ string matching and netwerk switching problems.

. The use of CMOS technoldgy - brings in the necesslty of adding a prl'mltlve

L]

operator, Clockgen, to generate complementary. clocking signals. Drivers are
~ : ‘ L3 .
definitely Tequired If the speed of a system Is cruclal. II"I add{tlon. a group ﬁ?

brlmltlves, (for exantple, I/O pads and frames), are selected according to the

‘re'qulreme‘nts of generating final chlp layout. Flg. 5.3.1 shows a list of pfimitives

selected. . . ' : g ' . '
\ e |
5.3.2 Prlmltlv.e Composltlon . ' Co . o
. Co 1
Composition or prlmltlve operators 1s” carrled out by ncomposltlon routines”.

\A;composlt 'on routlne Is & program mo module uable of grouping low level objeéts

- e e

(leaf cells) lnto a prlmltbve floor plan. and generating the layout of &

parameterlzeq ‘primitive operator. ;L‘he ‘CIF, (CalTech Intermedlate Format), an

W

e
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"embedded” language, 1s used to en’able objects to be defilned and instantiated

hierarchically. ,

In the low level t,ranslatlon process. a set of Intermedlate code descrlblnz a
high level deslgn dre analyzed and a group of parameters are kept ln.-'a text ﬂle
named callprl which 1s the Input data flle of the composition routines. n contalns

the following Information:

<primitive name> <# of blts> <word length>

v . , v

The name of the primitive § unlque. It I1s a concatenation of the name of the

calling primitive In the primitlve library and the name of the cell In the design.

For examiple, In Adderc2-p5, Adderc2 Is the llbrary operator used. p5 Is the name’

__of adder In the system and assigned by the high level compllation process. - The

second and the third parameters are dlgitsy Furthermore, a one-to-one mapping

o

" from a primltive name to the corresponding layout geometry Is conducted. Fig.

5.3.2 shows t.hg composition routine environment. The outputs of a composition

I L

-(1).- The placement flle named ‘*.pla specifies the initial cell placement. Its

format format is:

<hr>

<Ltotal # of cells>

x

<cell name> <cell #> <x,’y coordlnates of the origin>

where <hr> Is an Important parameter -which guldes the routlng algorithm
) ™

used and we wlill discuss it Tn section 5.5. The <cell #> should correspond '

1 7¢) the order 1n whlch the cell Instance was Invoked. The y coordlnate of cells

t

.are quantized to lnteger multiples of hr.
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(2) *.net Is a netlist flle which glves explicit ‘description of the Internal wire

connections and external ports of a primlitive. The head of a *.net file

o

Is defined -as pelow:

<# of exter-port>
<5lde> <#t of exter-ports> <exter-port #, slgnal nafne>, '
. N

. v
. .
. N . ¥ . .
’ /‘ w

- . A ] .

There ‘are some constralnts brought by the router: (a) The external ports on

each sid"e should be speclfied as a group and listed In.a sorted order

.

according to thelr physical locatlons startiné from the orlgin of the block. (b)

The groups of signals should appear In’ the rollowlng sequence: left, rlght 7
bottom and top. If there s no port on a slde, the correspondlng speclﬂcatlon l .
‘should be defined as o | .
. , v
l<s\de> 0
fo declare: the speclal case. The body of a net Nst 1s: o ( o . .
c <cell#ﬂ, port#> t ‘<cel'l#, p'c;rt#> t <e, side, port#, order>
[Note]:, ¢ - —-— connect * : <7 ‘
) t o —— to (
€ ——— externﬁl ’
side —— 0:left T e
1:right ) h ‘
- ' 2 : bottom ‘
. . - top .

e - - _' - . L% R . “ .. ~ -
(3) =*.pdes is a block description flle for primitive operators which has the
5 ‘ é
same deflnltion as calling leaf cells except for thelr, names. For example,
consider the primitive "Driver8” and the leaf cell "drlver8”. In this case,

{ ’
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Initlal . placement and routing 1s not required. The flle x.pdes
-functlona\ly orresponds to a data flle, named modl.dat, generated by
the router for other primitives. We will Introduce flle modi.dat in

sectlon 6.5. n ‘ >

(4) A KIC flle named *.kic shows the primitive floor plan generated.

(6) A text flle called x.deb which gives Information as the files leafdescr,
leafindex and prldescr are accessed; The flles *,klc' and *.deb are used

41:01' hebugglng purposes only. , -

5.3.3 Primitive Description File "\ .

-

A primltive descrlptlon_ file, called "pridescr”, contalns Information about all

K ) the primitive operabor:z. It 1s defined as follows:

< primitlve name> <# of leaf cells used >
<leaf cell 1>
<leaf cell 2> -

S <lear'celi"';1> o l ’ '

.

. <primitive name> <# of leaf cells used >

. t . -
= : .

-
( ° } 4
- . !
°
.
, '

" _ .Leaf cells under each primltive name are those which are predeflned to con:s_tnicp .

————

> -

Ea
[

the primitive operator. The sequence of leafce'll names listed In each primlitive

"+ description segment Implles the sequence of Initlal placement to be done In the

W




corresponding composltion routlne.

. ' . /*r—.\
5.3.4 Expandability Of The Llbrarles ' ) .

The primitive and leaf cell librarles are extensible. We leave both of them
open and allow new members to be added. To extend the leaf cell library,
complete'lnrormatlon about 't:he cell belng added should be glven at t.he‘ end of
the léar cell description file, leafdescr. Then a system routine, LEAFINDEX.GEN,
Is called to aut‘omatlcally find out the posltion of the new cell in flle leafdescr,

modify the corresponding index flle and sort the flle by cell name.

4 The primitive llbrary actually 1s a set of composition routines as we
mentioned In the previlous sectlon. To ex};end the primitive llprary l§ to design
the primitive operators to be added, write corresponding composition programs,
append to the fl]e "composition” and flnally add the requlred 1nrormablpn into

‘the files " prideser™ and " *.net”.

Each leaf cell or primitlve operator in the system has a unlque name. Leaf
cells and primitive operators are dlstlngulshed\ by the first character of thelr
naxPe. The first character of a I;rlmltlve celi‘name Is a capital letter and a name
of leaf cell ls‘ all in lower case. Some primitlve cells, for example, Drlver, may
have exactly the same deflnitlon with the corresponding leaf cell, driver, since the
leaf cell 'driver’ might be hsed to construct some primltive operators and the’
primitive 'Driver’ may be called to bulld z; function block of a target system.
Some leaf cells have more than one verslon of layout geometry. for example, a

bit-delay (dlatch) may work at clock phase 1 or 2 depending on the high level

description. In each case, the corresponding layout 1s fixed. We append a postflx,

_¢l .or ¢2, to the name of the leaf cell In order_to distipgulsh the two. Each verslon .-

. N
of the layout has 1ts own leaf cell description.

1

’
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.5.4 The Logic Compil;ar

¢ . B -t

¥ : ,“.. °
The loglc .compller 1s a layout .program which deals with intermediate code,”.
e

3

of boolean type and generates corresponding layout geometry. It services both the
primitlve and the leaf cell llbrarles. A combinational loglc module may be a leaf

cell used In.constructing a certaln primitlve operator or a primitive operator with_ - ‘

" In a function block. 1 = ’ .

5.4.1 Assumptions

In, order to simplify our problem, a rew system assumptions are established.

. B - ‘
They are:

-
(1) The boolean equatlons provided by the user are optimlzed. This

assumption could be removed later, If an optlmizer becomes avallable.

o

(2)" The size of the boolean equations could be:

e Q

(a) any number of products, but not more than 9 varlables, or
(b) any number of varlables but not more than 9 products.

The value of 9 Is determined by the leaf cell conventions of section

5.2.2.
-

(3) Three typés of speed factors can be used. They are fast, slow, and.

medium. If‘or each layout of a comblpatlonal logic module, only'one

;
4.

~.  Speed factor Is supported. -

A

5.4.2 Dom!no Loglic Structure . o

Domino logic 1s chosen as the logic strtig:ture of Implementation. It allows a

- slngle” clock-to prechargeﬂé,nd evaluate g cascaded set of- dynamic logic blocks.--~ - — -

"This Involves Incorporating a static CMOS buffer Into each logic gate as shown in .

Fig. 5.4.1. Durlng the precharge time, the output node of the dynamic gate Is

o

» - N . “ -
- .



w
/
.
’ e i > W .
] . . o ’ e —— r ’ .
’ ‘ Clock . o ) ‘ ] S ;
s y , . ¥ . N Y . ’ L
. : 4 - - ] - F * - .‘:
¢ [ “ . ', ) 4( s :
Co " |. -N-function v ' ?
. - . B . ¢ . - o - '
. . Block L . .
" " L] [ . * “w - ' . b
. Y , . D - . B té R
. - y 4 - : ) . . s
’ ' N \«‘ & . . - : . C o
, . ~ Clock : : “ : ‘ o
' . ) . .. R ! & . ,.:
¢ V N Gnd - - P
' ‘I ’ ) ) ’ ) k“ - ' ! .‘— - ~ IS
- ; i ¥ * : . ' o ;
R . Fig.5.4.1. CMOS Domino Logic Basic Gate. : e 5
‘ N ' ¥ ~ . l _ ,/
- - ’ ' A
‘ ¢ . \, .
o TR T
< I L = ‘v’.l?"; iy }."‘r" 5 ‘,':,‘(. - :'

5 A
+ ‘. Al P

¢ - et Y e YL e s, AR ¢
B N N RPN TR L Yon Gh S WP R ST A g A Y ]



- 80 -

precharged high and output of the buffer s low. As the.subseguent logle stages

are fed from this buffer, transistors In subsequent logic blocks will be turﬁed oﬁl

durlng the precharge phase. When the gate 1Is ev\aluated, the output will

L4 conditionally discharge, causlng the output of the buffer to conditlonally go to

high. The limitations of the structure are (a) only non-inverting structures are

°

possible; (b) each gate must be buffered. However, these limitations,dbuld be

k" compensated. For example, by cascading a Inverted- loglc block to remove
restriction (a). Comparing with complementary ‘CMOS logic implementation,
domino logic has lower power disslpation. Area cost can be estimated to a first

order by the number of transistors. For an M Input gate, a complementary

CMOS gate uses (2 * M) translstors whereas only (M + 4) translstors are required.

for domino Implementation. S ,

by N Y

5:4.3 'Loglc Compllation .. R

" The loglc compller Is called when boolean type of intermedlate code Is
- encountered. Let's look at an example:'Assu}e we have a boolean type of

A

Intermedlate code as shown below;
[Fboolean74131axb+csxd+exf+g].

In the low level translatlon process, first of all lexlc;al analysls Is applled to the
S lntermedla&e form. If a boolean type of data lé detected, a procedyre named
"boolgen” Is Invoked. It converts the ln,termedlai'e form Into a two-dimenslonal
.table, callgd the v/i(rlai)le/product table. The rows In this table.represent the
varlables and columns represent the products. If a varlable appears in a product.:

1" should be set In the corresponding row and column. For the above example,
- F1g. 5.4.2 shows the corresponding 'varlable/;—iro&uct. table. Then, the table Is
mapped Into a n-logle block of domino loglc lmplementation. The vertical device

wells represent the products and the hori‘zontal,poly‘ wires are corresponding to

-
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the varlables. Fig. 5.4.3 shows the layout of the n-logle blocf: for the example.

We can see that the layout In Flg. 5.4.3 1s not optimal. If we let metal - wires

N

cross the cell and put contact cuts at the left/right sides, and then connect them

together, some redundant contact cuts (one with a circle) could be removed. A
- Il )

layout optimization procedure removes redundant contact cuts and the sp'ace

orliginally occupled by redundant contact cuts are saved. Filnally, a compact

. v
. layout geometry 1s generated. Flg. 5.4.4 presents the block dlagram of the logic

compller.

- 5.6 Placement, Routing and CIK File Generation

» P

. This sectlon Is organlzed In three parts. In sectlon 5.5.1, we dlscuss the baslc

- assumptions made for the placementv and routing algorithms. Then, a general
channel router ‘[90] Is Introduced. Next, In sectlon 5.5.2, we present a global

picture of the routl\ng envlrox‘lment. In éectlon 5.5.3, we show how'a. composition

A ]

process Is ended by generating mask geometry of a function block.

~

5.5.1 Placement And Routing |

B * Routing l:s, éne of the classlcél problems related to deslgn automation. Many

. routing. algorithms have been proposed and lmplemented. Due to the properties

. ' 4
the -SASC environment Is much simpler. The routlng scheme used Is baslcally a

4

general channel ;ouiﬁng method [91),[92]). The router was designed for .use 1n all
the three levels (primltive cell, function block and the final floor plan) of a chip.
It can handle cells with varlable helghts-and width. I/O ports are allowed to

appear on all the four sides.

- i - —— .. - - — - — —

Basic assumptions: - b

. . ‘' We assume that (a) inltlal placement of routing cells Is done before the

e g e '
S S .

of systollc array and the hlerarchical layout methodology, the routing problems In
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router is called. The composition procedures give the Initlal placefnent of
primitive operators snd-a—plaeeristo be-used .ror the two top level placement; (b)
‘there are two separate layers (one metal and one poly) avallable for making wire
Interconnectlons. In a routlng channel, wires In the two layers should run
orthogonally. The leaf cell conventions we mentioned In section 5.2.2 are the
basic rules In-layout generatlon and are a,lso"ro-llow)ved by the router.

Rou“tz'ng grid: .

Each functional block to be ‘rouned may be regarded as a set of black boxes
placed on a grld each With the orlgin In the left-bottom corner. The grid is
separated by equal spaces 'ln both x and y coordinates. (leaf cell convention 3).
Grids are uped to deflne tracks In which wires can run. ~All~I/O ports must slt on
the grid llnes. Palecula}rly,- the left and rlghﬂt hand slde 1/O ports should be
loéated on horizontal gird llnes while the top and bottoin slde I/O ports should

be on vertical grids. - ‘ CT
The important znteger hr: . - W

" For cells havlng different helghts, there( exlsts some value, hr, such that the
~ {
heights of the cells are roughly equa‘l‘,to some Integer multiple of hr. For example,

96 might b.e chosen as-the-valreof-hr for the leaf cells In the library so that

L

1H = 185 mlcronL ~* 2% hr
1.5H = 251 micron =~ 3« hr
i 2H = 341_ g.ncron ¢« 4% hr .
By ﬁslng this ass?{lmptlon, cells can \be i)la'ced rows of height hr. A cell may
,occupy 2, 3, Or 4 rows auccordlng to Its heléht. en a channel between two
acUacent cells ;s to be routed, cells ol t,h(; right or top will he relocate‘d to make

room ror the wires and contact cuts. Each channel could be regarded to have

infinlte number or\tracks to house all the wires passing through n
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The routing scheme: ~ K

The routing algorlthm used could be dlvlded iInta twe parts: path asslgnmem,

~

and track assignment. Let's look at an example Assume Itis deslred to connect

two polnts A and B. There may be m()re than one path to connect the two. The

ob]ectlve of path assignment 1§ to ﬁnd out a path havlng minimum number of

turns and a:m}nlmum wire'length. We assumed before that all cells are la\d

-

down In rows. Accordlng to the) nitlal placement Information jgliren. the -
‘horlzo‘ntal adlacency relatlonship betwpeen the cells can be derlved and described
v by an ”gdjacency graph”. The location of the‘ cells are adjusted after allgning
each cell. Channels are modeled by a channel —graph where a node represents the
Intersection of a horlzontal and a vertical channels. An edge répresth,s t,he .

channel between Intersecmons The nodes ln the channel graph are labeled and by

using an algorlmm—s%mllar to Lee s algorithm, the best path 1s selected. Flna]ly.

a path Is represented by lntroduolng dummy ports at the lmersect,!on of channels.’

2

Fhe algorithm used to do the track asslgnment 1s baslcally the left-edge
. algorlthxﬂ. In this pass, the channel graph 1s broken down into lndlvldqal Q%}lcal
and l;or!zomal channels. These channels are réuted one after another.

4

assigning a wire to a track, we take Into account the constraints lmposed on it by

hen N

all.other wires of the-channel.

. $.5.2 The Routing Environment , ) '
: . . . Ly

A 1 .
The router.1s called In each level of composltion. It accepts a placement file . _'

\ - - N i

(x.pla), & netlist file (*.net), an index flle and a description flle as Inputs for l'ea'f.

cells or function blocks used. Theee are four 6ucp~ut files produced by the router:

(1) Tﬁe file mod1.dat contalﬂs the description.of the block generated. It
"~ has the same format as the flle "leafindex” defined In sectlon 5,2 and 1s

used as an Input when higher level eomposlt:lon_ Is carrled out.

‘| . N . 8
v

-

o
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(2)

(3)
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The flle mod2.dat glves the. placement information of each cell 1nslde

the block after the wire routing is done. It has the same format as the

file "*.pla™ defingd . In section 5.3.

The ﬁie wire.dat descrlbés all the wire connectlions In the block, such as
. ‘ \
the ortgln and the relatlve positlon of each wire In the channel, the

. physlcal attributes of each wire (the name of the layer that a wire Is

going to run, the length, width and contact %ts), etc. The r(;rmat,’ of

) the flle 1s:

<# of channel >

channel <channel #> <X,y coordinate>

¥ net <net #>

LA

o

<\layer/conbact—cut> <length> <wldth> <> <>

bl

(4) The file "result” 1s Intended for debugging. It records all Intermedlate

5.5.3 Generatlng Layout Geometry

———

~

Information generated when the router s run. Fig. 5.5.1 shows the

touting environment.

o -

The CIF generator Is a program-module to produce the CIF file of a routed

\
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4
o

primitive or fumction block. Data generated by the router iln file wlre.d‘at) 1 local

: +
-- specifylng the relative position of wires in the channel. Transformation from

1

e

the local information to a global flodr plan Is coﬁducted. Th¢ b 5 tomponents,

are converted Into the CIF format. Fig. 5.5.2 shows the block dlagram of the CIF

generator.

v
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5.6 Generation Of The Layout From The ,Intermediate'Code:'

>

I'd

. - EY
low level translanon process and shown how the compllatlon -proceeds In each

’ them. We now glve .a brilef discusslon on t,he.‘d\e'slgn and lmplementatlon of the\.

lnterpreter ﬂrsb Then we. will show how these modules are 1ntegrated and how a

-

layout Is generate%m the Intermedlate form

. ] ’ ’ . .
As we mentioned in chapter 4, there are seven Kinds .of data types In the

7 ~
4

lmermedlate rorm They are: signal, port temporary, register, boolean, library

and event. Also. there are two types of statements: asslgnment statement and -

[}

‘IIbrary/funciion call. An asslgnment statement- s a,slmple statement whlch may
5 ‘ . . ) ‘ &
apply to signal, port, temporary, register and boolean data types. A function call

ls a set pr statements whlch may "’ contaln both asslgnment statement and

‘

llbrary/runctlonfvcans The maln oblectlve of the lnterpreter is to map logle

descrlptlony of c;ata, lhte corresponglng physital ones. For all meanlngrul

o

combinations of ‘the data types,' corresponding translatlbn‘ 'proéedures are
designed and lmplemented The formats or a. set of data flles are. deflned. Flg

5 6.1 Is the llst of procedures deslgned for t.he uﬂerpretatlon of the assignment

I ]
statement. There aré seven data files to be created durlng an lnterpretgtlon

' e

’

process. They are:
C 2

(1), Fg -callprl contalns all calling pHmitives In the functlon block of the
’ 5

current level. It }s used as an lnput data flle accessed by the
- ‘ ' ~ / ! o -
composition routines as we deflned in sectlon 5.3.2.
. , ‘ ‘ - )

- 12) File frecord ‘Keeps -a record ,of all data files generated durlng the

‘e
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& ) * — . )
v Interpretation. It Is deslgned for the low level managément and has tie
following format: g o ,
3 . - %, .
% . N X S - .
< flle-name 1 > -
. s ) 7 (\.
v, < flle-name 2 >
y:

X ﬂle—name'n >

. ' - -
I - .
‘

. (3) F!]e connectout) 1s one ‘of the prime data filés to be used to generate the -

i netlist flle of a function bloek. It conslsts of the 1nt,ernal connectlions off

cells In the block except the comman défault ,slgnal Vdd. Gnd snd

Clocks. -1t 15-of the R)llowlng form: \
Y . . . Mo

P

. ¢ <cell-#S: Lport-#> t ... t <cell-¢> <port-#>

c <"c'él'l-#> <port-#>t ...t <+ /->

¢ <‘ce'll-#$ KDPOTt-#>t ... t.<var-name > slgnal/port

‘¢ <var-name 13> signal/ port t <var-name 2> signal/port
o o
[Note]: + -- connected to 'Vdd ’ .
' - 4 5 ] ’ b
« — tonnected to Gnd . ’

(11)‘ Flle priports féuanother prime data file deslgned for tie 'geheratlom of

t,he Tetlist file of runct,lon blocks. The information cantalned in this m’le

c-
e

descrlbes the statues ot the calllng cells except, the common defamlt
~ - [-4

ones. The rormat deﬂnltlon of this ﬁle ls'

3o "
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.—d

<cell #> <cell name> <port 13> <state> < port 14> <state> .

% - \ . N
. . . L . )

Ly

<@ - ]
o ! ’ Y
. | 4 '
[Note]: <state> :!-- not used; ] .
- . - <stateS : 4 - connected tb Vdd; ‘ |
N o §staie$ : - -- connected to Gnd.

(5) File databook Is an Intermedlate data bookkeeping flle and contalns
' * .variable names, types, primitive/function names and their cell numbers.
‘ . - * 0

L Consldey for example, the following asslénment statement f)

ﬁ,[ yout port r | = [ R3 register 74 2n8 ng { n10 ! |
- It implies the following! . a
(a) The output of register R3Is connected to an output port ,@lled

"yout” which s located at the riéht, hand slde of the function

< 4
block.
P
» (b) Register R3 Is a 4-bit shift register (shifts to the right and,works
’ under- clock phase 2) and the storage devices used are D-flipflop
Vs : .
: with set and reset functlons. T
{ .

(c) The input, out,putf’and the reset slgnhl\th‘e primitive are named
P ‘ t T K , ) ) .. Co - .

T n8, n8 and n10 respectively. . , L )
e . ) ‘ § .
— When the lxiterpreter Is called, 1t andlyzes the grammar of the statement and

‘o

‘mvokes a procedure calied slgnal-reg to pursue the Interpretation. The type or

e

, storage device "drs” "and correspondlng prlmmve llbrary operator "Shiftdrsc2” 1s

'S
-selected. The mapping between the logic description of R3 to the physlcal
- description or primitive Shlftrcgdrsc2 1s performed. The I/O ports of R3 are the
-‘f 'r
i I -~ - / ,~ )
% ‘ . ’ sy T
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lnterx)@l nodes connecting to other ﬁrlmft,lve cells or signal wires l)n. the cell

, .
4 A A
4

" composition level. The I/O parts of Shlnregdrgc2 are predefined. The first 12

ports are reserved for Vdd, Gnd and system clocks. Ports 13 to 21 are,.asslg.ned to

*

the gignal n8, n9, and n10 of R3 accordingly.

“a ¢

The data generated Iln ﬁle.grlpc}rtg is: t
w

Shiftregdrsc2_R3 5 13 08 14 n9 151 16 n9 17 n8 18 + 19 + 20 nl0 21 n10

It says that the primitive ‘Shiftregdrsc2 1s (t.a_be called to generate‘cell R3. The

cell nufiber of R3 Isis. Port 15 (q- (representing 'q'))}m%) and 19 (set) are Jot ,

used. The unused pprts 18 and 19 have to be connected to Vdd since the terminal

"set” of a D-flip-flop Is not allowed to be 1n‘uncert,a1n st,atu?

o —

~-The data generated In flle connectout describes the I/‘Ohslgnals to go to

-

outside of the block, In the present example, 1t should be: -

¢ 5 15t out portr.

We Interpret 1t as the following: connecting ghe port 15 of cell 5 to the port "out”

which Is on the right hand side of the block. g

- The content of flle cgllprt ‘declares the 4-bit shlf"i register and to be used by

-
s

the composition routines later.on:

.
#
- - -

4 ., -

! ) 5 Shlftregc{rs_Rs 1. ‘ -

I

The netlist flle of primitive R3 will be generated when ‘the corresponding

composition routines called. .

1

.In conclu?ﬁon, the Interpreter 1s capable of doing:

~

(a) Lexlcabanaiys]s of the Intermedlate form.
* - - \
(b) -Generatlon of a complete set of data for

F
a
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the current levpl:
- -— . '\ N A —
- - ) * netllst

A

-

* calllng primitives

the higher level: ' ' . IRERCIDEN
* cell Integration
* logle description of p;)rts

the lower level: | ) \

* physlcal deseription of ports. s

e D \

5.6.2 Generation Of Layout From ’i‘he SASCIL

Generation .c;f a fayout from the Intermedlate form Is a c;)mpllcated
automatlon process. A/ number of ppé’gfram modules are Involved. The central
database I1s accessed and the mterrﬁedlate data flles are generated. This
tra}nslat\Ion process may be viewed In different ways. From Lhe'vlew of data
representation, 1t car'{ be partitioned into Lhre;: layers: logical representation, .
physical description of the data, and the layout geometry. Flg. 5.6.2 shows the

three levels.

——

a __We glve the flowchart of Flg. 5.6.3 as an alternat:lye of the profile of the low

level compllation: It shows the main functionalities of the program modules to be
-

used. In order to glve a clear explanation, we would like to partition 1t Into three
parts: the compllation of the primitive operators, function block/final chip floor

plan and combinational logic. .

l(l) Compiling the primitive opergtors: A printitive ope;'ator s generated by
golng through the solld line of the fliowchart. Invocation of a primitive operator,
for example the primitlve "Adder”, Is avalléxble in the SASCIL file. The =  *
!n‘terpret,elr first of all‘ accesses the SASCIL~ﬂ"le, conducts the lexical analysis of

o the code and produces*a set of lnterinedlate data files (file callpri, pri;;ons, étc. -

- ‘ _—
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Introduced In previous sectlon). Thelx, the prlmltlvg -composltion , module s
’ invoked. By accessing the central datdbase, two lear‘ cells, "fba"-and "drsc2” are
used to cor\npose the primltive "Adder”. It reads the file "callpr!” and invokes the ‘
corresponding subroutine to generate the: Initlal placement data of the primitive,
Further placement apd rouLlné In turn are carrted out by the router. The
descriptions of the primitive lncludlng the replacement of leaf cells, the wiring
“and the block descriptions are glven In ﬁlest mqdl.dat, wire.dat and the mod2.dat,
respectively. The mod.\.u,g"é)fgen" converts these flles Into the CIF rgrman. We
assume that the p‘rlmltlve‘Adder Is golng to be used as a cell In a function bloc‘k.
In other words? a KIC format of the primltive lIs requlred for higher level
composition (a layout onlsc at the topmost level sho‘uld be presented in the CIF
form). So, thé program "ciftoklc” Is invoked, t,;e primitive Adder In KIC rorﬁai

Is generated. Now, we coine to the end of the primitive composition. -

¢

(2) Compiling function blocks/chips: As we. menplonerfsecplon 5.08.1, the

composltion of functlon blocks/chips Is from bottom to t SASC goes to the
lowest level of the deslgn hlerarchy where there Is no user defined functins to be

Involved. By golng to the left branch of the dashed line (see Flg. 5.6.3), and *

switching t,\& the solid.llne se\;eral times, tht translatloh proéess for all primitive
operat.oré at this level can be ﬁnlsl;ed. The corresponding KIC and data
description ﬂlés are génerated. They will be used by the higher level compqsitlon.
Then, SASC gbes up: one level of the ‘hlerarchy, travel; along the right branch of -
thé dashed Ilne, and swltches to solld llne agaln. The procejss 1s repeated untll the

topmost level lai'out 1s generated.”

(3) Compiling combinational modules. The process is same as that we

— discussed In sect,loﬁ; 5.4.3 and shown by the dot-dashed line of the flowchart. T
Y ‘ PN .

— - - s

- v -
<3 M
.
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SASCIL .

Lexical o
e .

Analysis

- b dAEm. & Swme o wm.

'r-—-——-o—[—.
Combinational
‘Logic Gen.
o
! ————— - — - —
— e e
i
|
' “
i Primitive
. Composition »
DRI : “
[ |
| N |
N — : | '
i . ' : . Replacenient | - '
! . , * ) & Routing " Placemént |
| |
|
CIF to KIC . * . ' |
Transformation ] —_— == |
CIF |
- Generation
|
n |
e e |
|
|
- J
i
""{‘-—"—-—'

\,

Fig.5.6.3:Block'Di§gr§m of Low,Level'Cbmpilatioﬁ Process.
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5.7 Generatin\g Layout For the Example Algorithm ‘ -

" In this sectlon, we .demonstrate the low,le'vel translation process with an »
" example. The Intermediate form 'of the function pe in the FIR algorithm (given in.

chapters 3) Is shown in the end of chapter 4.
. ’Jl‘he interpreter generates the following data flles: a

(1) Flle callpri contalns eleven primitlve calls:

; 1 Dlatche2_p3 1
2 Rotateshiftdcl_pl 4 | S
3 Shiftregdc2_p8 4 ) - "
4 Shiftregdc2_p7 4.-
"5 Shiftregdc2_p9 & ' 7 ° ‘ g
6 Dlaichcl__p«i 1 0 , L .
7 Shiftregdcl.p2 2 p ‘
/ 8 Adder~c2_p5 1
.9 Multlplle;'c2_p? 1 . ' : ’ -
10 Clockgt’:n30c1v_3)10‘1 o | . ' h

.11 Cloclggen30c2 _Dp11 1

_(2) Flle priports:

1 QlatcthJé 13 nl 1456 15!

2 Rotateshiftdel_p1 13 s1-14 01 15’
3 Shll’tr'e.gdc2_‘_.p‘8 13 n6 1485 154 : ‘ o R
4 Shiftregdc2_p7 13 n5 14 n6 15 ! |
5 Shiftregdc2_po 13 n3 14 54 15 1 ? _ - ~ .
6 Distch¢1_pd 13 53 14163151 " 1_ _
s’Adqé}cz_ps i?. n2.14 04 15 1 16 n5 17 + 18 +:10'n2 20 04 21 ! 22 +23 + L ‘

%
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" @ Multipllerc2 13 n1 14 n3 15! 16.+ 17'+ 18 n1

18 320 ! 21 + 22+ 23 n3 24!

10 Clockgen30c1_pl10 13 IN1 14 C1 15 C1-

‘11 Clockgen30c2_pl1l 13 IN2 14 C2 15 C2-

(3) File connectout:

¢ 114t 56 signal c -
. 214t 113

¢ 213 t,’sl signal

¢ 314 t55signal

c 414t 313
"¢ 514%s4 signal

| ¢ 614t 513

c. 713 t s2 signal

c 7 133 t s3 signal

¢ 10 13 t port . -
¢ 10 14 t port ‘
¢c 1015 ¢ porc.
¢ 11 13 t port
¢ 11 14 % port

¢ 11 15t port’

(4) Flle frecord:

data/intermed/callprl
data/ lnterme}d/ connectout
xdat'%/ Intermed/priports

., data/intermed/databook

Qatéllqurhed/pe;o.pdeg . -

IS

£

&~
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~ . 3 ) ) n !
da.ta/lntermedfrecord ) ) ) b
‘ (5) Flle databook:
'p3 reglster Dlatchc2_p3 s8 1
pl reglster Rotateshiftdc1_p1 n1, 2 o / ’

s5 slgnal

ok ] reglstér Shiftregdc2_p8 s5 3

84 s'lgﬁal . ‘ . ) . - - :
p9 register Shiftr&gdc? ;pg s4 5 . T : ’

) .
p2 reglster Shiftregdcl.p2 n2 . 7 et ‘ ’ t ) s

p4 register Dlatchcl_p4 n3 7

p5 1b Adderc28011211 . .
) &

po6 Ii1b Multipller 9011 2 12 . )

pl10 lI1b Clockgen30¢c1 1001113 .

- pil Iib-Clockgen30¢2 11 0 1 1 28 )

(8) Flle pe.predescr: v
.o . -" “- ‘ ~
. p1 910 181 15 ; ’ .
1e1- 0 176 : ‘ - d , B
2 o 1, 176 v o~ v
3 c2- 0 ,180
"4 co- 1 160, )
3 5 vdd 0 144 .
- 6 vad 1 144 e )
7 gnd 0 48 .
8 ,gn-d 1 48, ' o il }
9" c2 0 32 L
10 c2 1 82 o

+ ?. “Aa
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L1l ell 0 16 , ' T
12-¢ct- ~ 1 16 -
13 d 0. 64 )

14 -q 1 112

15 g "1, 128 - . ,

p2 430 165 15

1 el 0 160 = i L .
2 ¢l 1 160 T
c2- 0 144

pl1 320 . 341 15 . , 3 ’ : N

T 0 338 . j} - o

1 cl 1 338

.
-
!

SR A : ®
_ - -

The composlcio_n modute aéceé‘Ses the ﬂlé callpr! and, autbmatlcally generates

- ¢ e

the Inltial placement files for- all the,prlmltlves'except, the multlpller_(wm‘ch 1S not
ava;liable In 'fhe ll-brarsr at the présent tt‘lme. The "multipller” used -Is deslgned
Jonly for the demonstrp,t.lon. It conslst:s of a rull  binary adder and a D ﬂlpﬂop)
'Here are the +.pla files. '

o ‘ N o J

» ¢ 4

p2.plg:

-0




-

06
2 /

dlatchqx/ 100
*" .
dlatchel 2 208 O

pQ.pla: /

/

They are part of the prl

' PS5 2

"/ 96

2
fbal 100

drsc2 2 144 0 ™

The *.net files automatically generated by the composition roydnes are for

¢

(Adderc2).

s

1611§ cl-:
169‘c2
167'g1'f1d~
166vdd
163c2- +
l161cl

: A%
re12cl-
r6 10 c2
r 6 8gnd .

r66vdd

i

o

-
1t

2

oy

Ve

L]

primltives pl, p4, p7, p8 and p9. Routing_1s not required for p2 and p3 since they -
. ’ - .,
contaln one leaf cell only. File p4.net, plO.net ard pll.net are given manually.

mitive llbrary. The following shows the .net file fdr pbd

Y

i




r'6'4c£-
re2ct
b813a- I s
b-614 b

b 615 cout = .-

< b 616 sum

. -

b 8 17 set’

A

b 8 18 reset

t510a s

R

®520Db
»

t 5 21 cout ~

4

t 522 set

t 5 23 reset-

" ci20t213¢

cC117t 2

cll4tet191
c118tet202n.
v c218tet224n

c220tet235n

cil3teb131in. S

.

-c115tebl4a2nm !
‘c119teb'153n
+¢cl121teblB64n

.. ¢219teb1756n

c22 tebisbn . .

‘ o =

“y

S




-

“ ' . .
- '3

c12121n , - J S -

~ v ’ e s
, €14t23n & ‘ ' ..

/ €¢18t25n ’ A
- . ) »

c18t27n

¢c110t29n

c112t211m -

. _ .
. ¢lltellén : . , , N

’ cl.’3t,el:'35n
- . c1{;.,t8154n ] - B . )
c17tel73n
-1 9telo2n

cl1lltelllln

c22ter26n o

c24ter45n ‘ S | o
i c26ter64n ,

228tex_~83n

¢c210ter102n 4

([ c212terizin | o

The data for p2 and p3 In flle *.pdés Is produced autoniaj,}cally when the

‘comppsltlon routineg Is called. Flle p2.pdes Is a part of the cell de_s?frlptlon file and

the source flle for higher level composition and'i"outlng.' ' “
. ¥ . " ! . ‘ S N , - -
- P2 430 165 15 S p
. 15 ©
1 c1 0 ‘6o
‘. , ’ ' - R < .
2 ¢l 1 160 .
3 c2 0 144 ) "

Vv o

>,
"
.




a3

0

f .. M X ' L ]07 ‘- ’ '. ’ ' :'\;. ’

’ NG ]' )
| o
- . P - Vo
4 c2- 1 144 e
5 vdd 0 128 )
i \ .I_/ ° "
6 vdd - 17128 = ‘
% \ s . -
7" gnd 0 32 .
'8 gnd 1 3z
9 c2 "0 18 (
10 ¢2 .1 16
11.¢1- .  0-.0 L, .
12 ¢1- - 1 0
c ‘, 1
13 d 0 96
14 q - "1 98 °
15 g~ 1 112

{4 ( . '
\ o ‘
___The debugglng ﬂle d *.deb, are shown In Flg§.7.1.

\ . .
Now, let’ # $ee an example of replacement and routing for prlmltlve pl. The

router cakes t,he above data ﬂles angd generates the flles mod1. dat (replacement)

wire.dat (wmng) and/mod2 dat (block description) shown below: %

] LY
1

a 0

" Flle mod1.dat:

e ’ v

N \' ' - ? ) -~
p1 4 7

dlitehel 16 16 E ‘

-dlatchel” 1136 16 -

diatchel . 2256 16 - ‘ -
| diatehel s318 18 . SR | .

\

channel 1 O 18 length ¥60 width : 1

channel -# 1136

Ve

16 Jength 160 width O "o
0~ / L




' g ‘ -
. | S, - 108 - "

‘4

e
. -~ ‘
fs_."'/‘"
"
! . .
i "\1 7 t
'/// ) ,4,
{ . -
wed — )
A o - . . 4
- N - 1

' e . .

. o .

5

/‘\ Ld 9
LY °
/ . ©
. P Auil
H~ "‘:"Q"?‘ 4
' -
ot
A u -
¢ 4 ’» N 4 P
A 7
)

- v T ".
L :r’ ‘ ) - -~ y J\x“‘ \—*,\:\ )
o Primitive name: Shiftregdcl_pl wordlength 4 . .
*** T,ooking for primitive = Shiftregdcl 4 *nx ,
v e —— - ———————— . — - — — U VR N Vo ™
t’ [4 s% 1."1’
_ ) .
, dlatchcl 206 165 15 . *
. to dlatchcl 206 165 15 ' ~ )
p— . . * t

- ‘dlatchcl 206 165 15

»
. v
A
>~ » .
- T

- S " v - — - —— A . G G i G A e S G G D o - oo
N

éf - . dlatchcl 206 165 15 ) . ' ~

o

(b) ml.deb

v " ,/ N i * : -.\ ’ 9
. . Fig.5.7.1 Fili?s pl.Xic and pl.deb. —
. . o _ ~ .
‘ ‘e L e . . ‘ .
A ) N \ . »
- ‘ Q/‘ e - \ —(
<




« channel

‘channel

3 2256 18 length

4 3376 16 length

-109 -

160 width

{60 width

160 width

channel 5 4496 16 length

" ".%hannel. 8 0

O length 4496 width 1

" chanmel 7 O 192 length 4406 widih 0O

Q

Fi® wire.dat:

© . % omet 1 xx

p 0 O 5

i %k net 2 k.

x . ’ m -18 112 -2

w %k net 3 xx

phannel 3 -

A kx o pet 1 4k
& -~ )

"m. -18 0 O

r

- kk net 2 kx

"~

101

101

{,k

117




m -18

*x net

m - -18

f

m 0

c 0
C 449086
p 0.
%
® D 44966

A}

v .
.

16 0o 21

3 *x
2

20 o 39

0 4498

0

0 5 16

0 4501
d

Flle mod2.dsat:

pl 4494 181 15

1\ cl1
2 cl
3 c¢2-
4 c2-
5 vdd
8 vdd
7 gnd
8 gnd
9 c2

10 ¢2
4

0 176
1 176
0 160
1 160
0 144
1 144
0 48
1 48
0 32
1 32

5

16

110 -

wf




¢

A

-

o .
11 cl- 0 16‘ s o
12 cl- K 16 -
13 d 0 64 =
14 q 1 112 - . ‘ °
215 g 1 128 ' ‘
e : .
The first two flles assoclated with KIC flles used In the leaf cell llbrary are
called by the module "cifgen” and the corresponding CIF flle, pl.clf, Is generated N
in the. following format.-
1/l s
pl.cif:
(CIF file of symbal hLiterarchy rooted at p1); s
DS21 ,15 \
 diatchel; - v
3
. \
L CNG; '
\ /
B 18600 5600 10300 4500; 8
L CPG; o J’ -
B 10000 5000 10300 4500; ¥
L CPWI .
. B 18000 4000 10300 4500;" —
3 - . N ’ ‘ - O - \
L CNP; - ’ ‘ .
' . - . . .
B 2300 1500 8050 3150; - - . S X
#® - : )
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1

A KIC representation of primitive p1is réqulred since 1t s an operator In the

- function "pe”. The file p1 Is generatgd after the ” ciftokic” transformation. , F-lg. ]

03

5.7.2 shows the layout.of pl.(rotated shift register). Bj?\.“\r;gpeat,lng the above

process 11 tlmes, all the 11 primitives are created and feady to be used.

B
Before the function bloqk compositlon can proceed further, the followling -

data flles should bé properly prep‘aredf ' . ~

A

(1) The data description file which Is a collection of file mod2.dat glven by |

——

. the router and the flle x.pdes produced by the composition rout;ln%.

‘ Each time mod2.dat or *.pdes file Is generated, append them to the end )
. .

2

af theexisting file. ) SN L
\ ) (2) The index fle 1s‘generat;ed.. by calllng a -program LEAFINPEX.GEN:
N « v The LEAFINDEX.G@N a-ccesses the data  description ﬁle, glves ;the
J - physlcél position of each cell In the data descrlptloh ﬂl‘e andﬁ p\;t them-

L

In sorted order In the Index file. - ‘
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. ‘
(3) Al prlmmve operatoi% to be used must be composed and preseht.ed In

Fi3

-
'

the KIC tormat

Now, we are ready to go to the higher level of the - layout generation

hierarchy -- to generate the function block "pe”. At preseflt,‘ there are two black

boxes in t.he fanction block layout generatan: the design and lmplement.amon of

block generator, therefore, are very stralght forward: (a) keep track of Lhe layout

generatlon hleragchy. (b) access the data files produced ln the lower level

*e?

composmon and (c) generat,e a netlist ﬁle for Lhe router. In .the glven exaniple,

3
S

we provlde the flie pe.pla and pe.net manually». Then, t.he router: and the C[f

v

5.7.3._Rebeatmg the runct,ion" block generatlon process, thg final chip floor pian of

the glven.example can be 6bta}qed and 1s demonstrated in Fig. 5.'7.21. .

bt .
3

. \ N v

. ~

. , )

e

L a fully au,t,oma,t,lc placer might not be an easy task and the works mvolved in the

-generator Is called to generate the layout of runctlgq "pe” which Is sho'Wn' In Fig.




Fig. 5.7.3 Layout Or‘ Functidn "pe".
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Fig. 5.7.4 Layout.0f The FIR 'Systolic Array. S
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A - v

Thq SASC Is "an automatic deslgn synthesls program speclally designed
to réduce englneer'lné efforts on lnvestigation and Implementation of systollc
architectures and algorithms. It accepts systolic systeins described In a hlgh level

]

‘data flow language called SASCL. SASCL 1s spectally deslgned for SASC and 1t '

allows systolle deslgns to be described ‘at an algorithm level. It produces 1) .

beh&vioral Simulatlon results to help vvalldate the algorithms and (2)‘the,
correspondl‘n\g VLSI layout for fabrication In Northern TeleCom _CMOSlB )
qplcron) process. TI}e target architecture 'supportéd by SASC Is the bit-serial -
systolic arrays. However, it accepts other typ\es of algorlthms’ gllke blt-‘parallgl,
word-serlal, and word-parallel) ‘and Is-capable of transforming them Into a bit-

serlal equivalent ones automatically. In or‘der to Improve the system thro¥ghput,

~

an automatic two-level plpellned implemenitation iz 1t is posslble) Is carrled out

. wlchouc user, knowledge - and lnteract;on. SASC .also keeps all timing
synchronlzation user transpzirent. In additlon, other features of SASC such as

automatic chip foor plan genagatlon, use of deraulty./_r,or power,‘ ground and

system clocks; 9tc. add lnp'elllgence and flexibllitles to },hé compllei'.

Many of the déscr!ptloa lang'uages of exlstl—ng sllicon compillers could be used

\ v
to describe systollc deslgns Unrortunabely, some’ common reatures or these
languages (for example, machlne and technology dependency, the generallty of

\
dat,\“ types, data structures and language constructs) make'them no‘t 1deal ror this
: ' , N .,

purpose. On the other hand, the novelties of our compller, for example,
aut,omatlc algomhm transrormatlon -and separate behavioral slmulatipn and -

layout generatlon may require speclal language copstructs. Slnce none of the
N

exlstlﬂg languages meets\all our re:iglrements, a new languagg, nampd SASCL, Is

BRI b A . N
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SASCL reflects the propertl'es of systollc archll:ecture at a high level of data -

abstraction. It provldes a slmple and hlerarchlcal manner of descrlblng a systollc

deslgn It support%pllclt concurrency and lmpllclb/expllclt .loglcal

synchronlzat;lon Belng a data ﬁow language, SASCL rollo'ws the basle principles -

s

of data flow model of computatlon' Single Asslgnment Rule (SAR) and atlowing a

htgher order runctlon take another: functlon as argument. User frlendllness Is on€

. of the maln goals or SASCL deslgn, and it Is achleved by speclal on seléction of

. data types, dat,a structures, language .consbructs and bextual form of the program.
1
etc. The responsibllity of ‘a usér ls restrlcted to the algorlthm level and the

o probablllt,y of.design errors s reduced

In tlie con}pllat,lon process, alg’orlt,hms or behavloral descrlpt,lons are
L I3

. translated lnLo slllcon or simulation results respect,lvely It 18 accompllshed in two

~

devels or t,ranslatlon which. lnyolve three levels or deslgn: )

1

(1) Algorltﬁmlc descrlptlon\(SASCL),. ' K SR

" (2) Loglc description (SASCIL)

* (3) Geometry descrlptlon (CIF). -

"

The high level translatlon process (from SASCL to SASCIL) ‘may be vlewed as an

‘ »
. ordered sequence of lnterpretatlons Each st,ep reﬁnes t,he deslgn by addlng more

detalls: syntax analysls o&a systollc algorlthm (a set, of 1nstructlon In SASCL) is
) perrOrmed and ' a mapplng ~from non-blt-sertal archltecture to a blt-serlal

equlvalent ls conducted 1r a non—blt;-serlal design Is glven. Then, a declslon is

made on whether two—level pipelined lmplementatlon cquid be applled to the .

r

deslgn The output, of thls pass Is a set of lntTmedlate code (SASCIL)
v SASC s support,ed‘"by a central dat,abasé‘ syst,em whlch contatns two levels of

" library cells (prlmltlves and lear cells). a technolegy ﬂle (whlch lves t,neacurrent,.

- . et - .
. ' . . .. \
. - 1

RN
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L}

)rabrlcatlon“technology pararfxeters) and a set or data‘dwcrlptlon files (for
,example, the descrlptlon of physlcal characterlstlcs or leaf cells). Prlmltlve
oper’ators are composed by leaf. cells and can be parameterlzed according to the

- mgh level algorlthm*descrlptlon The low level transldtion process (rrom'SASClL

~

to layout descrlptlon) ls an ordered sequence of lnterpretatlons with some loops

~—

because or the merarchlcal way or buudlng 3 V“LSI deslgn It, first or all,

translates the Intermediate cod,e Into ’prlmmve lnvocat.wns and ‘loglcal

~

connectlons of wires; Then, the composition program . accesses the. central

dapébase, invokes corres'pondlng' composition, routhes, convérts logle description

~ oy

.

of . the "deslign Into physical ones. Physleal informatlon such as the inltial
) . % X

placement and ne’tlist flles are pa.ss%d to .the ‘router:which performs further’

}))agement'and routirg.'A module, called clfgen(erator), In turn,'takes' the router’s

¥

"qutput and produces corresponding la,ygdt, geometry, (In CIF format).

L.

' For tfxls thgsls, th'é _'déslgn of SASC, the deﬁnltioqs of SASpL s.nd SASCIL,
: and :éASCH.. to layout genefatlod‘ﬁsrt oI'SAéC are finished. The .deslgn and
'lmoleme*ntatlon of the leaf cells a}xd primitive llorarle; are ‘a.ccomp'l'lshed. The lea%
cells 1In CIF fomiaft' are reédy io bo used and s set of composmon routines are
’ ‘capable of generatlng requh‘ed pﬂml’ﬁlves The’ philosophles and translatlon rules
"followed by the SASC;L to SASCIL translatlon process are proposed The low
level translator are deslgned and Implemented: A complete example of a fourth
order FIR flitering algorithm Is used to Hlustr_ate the two levels of compliation.

The lmplegnent.it.lon of behavioral simulator Is left for future work.

\ c, : : \

It
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BNF NOTATIONS -

- B

4
. #= means "Is deflped as”.

X

n

{ } means "any sequence of O or more 'or the items enclosed™.

.[] means "elther O or one concurrence of the items enclosed”.

P

| means “or” In exclusive sense. ) . (

< > means ”non—t,erm,lnaﬁzymbol 1s énclpsed”. \

" ”

means "terminal symbol is enclosed”.

'

Items are elther names of classes (e.g. "ldentifler”) or single symbols of the

language's alphabet. '

or



APPENDIX II: ~ @

SYNTAX DEFINITION OF SASCL .

) K

-

: <a.ppllcatlons> n= <layout> | <slmulat,lon>

< layout> u== "layout”™ <array name> ":"

“a,  <global declaration> ' ' .

J <function deflnition>

| <maln code>
- C -

<array name> = <1dent!flef>
<global declaratlon> = {'<const, declaration>} <var declaration >
< const declaratluon> ii="const” <<const lIst> .~
<const llst> ::= <constant> {<constant>} g
<constant>‘ ;1= <const name> "=" <numerlcs> "
<const name> == <Identifler> “
<var c;eclaratlon> u= "var” <var lls?>'
<var list> ::= <varlables> {<varlables> } .
<varlables> ::= <name list> ":" <var ty;;e>\

¢
i

<name list> = <var name> {",” <var name>} -

-

<var name>q"”- <1dentifier> o
‘'<var type> = <slngle type> | <bits type> | <elements type> (N2
\<slngle types> 1= slgnal" | " reglster” | "flag”.

<Dblts type> u= "blt,s - <digit> {<digit>>} | <const name> “of”

< single type> - , ”
' \<elements type> == elements < digit> {<digit>} | <const name> "of”
| g - - 4
. ) <var name>> A . "

. . T - 134 - S o )




s
.

. <I/O palr> = <lnport name> ",” <outport name>"" v

" < ports declaratlon> == <ports name> "".\‘“<ports type>

| - - - - 435 - - T . - -
<function definition> ::= <function he%d>
< ports declaration>

<function body> '

<functlon head> :i= <functlon name> < parameter l1st >

‘<.runct,lon name> = ldentifler> : : \:'

<parameter list> == "(" <loglc directlon> {<loglc direction>} " )"

<loglc directlon> := <dlrectlon> ":" {<I/O pairs> | <lnport name> |
<outport name >} . 4

<dlrect.lof1/> 1= <maln sides> "->" | " <-" < secondary sldés>

<maln sides> = "L" | "T" | "TL" | " TR"

<secondary sldes> ::=-; "R" ["B" | "BL" | "BR"

Z1/0 palrs> ;= <I/0 pair> {<I/O palr>}

<Inport name> == <Lldentifler> ' " {

‘<outp5r-t name>. = <1dent1ﬁer>

<ports name> ::==.<port name> {<“p'ort name>}

<port name> = <lnport naim;> | <outport name>

<£>v0/rts t§pe> =< “slgnal” I <mult blts> . -
<mult bits> ;= "bits” <digit> | <const name> "of” slgnal"
<fuhiction body> ::== "begin® <functlon list> "end" ";" . :
<.&unc-tlon list > ::;—= <localbdeclara',tlog> <statement llst>

<local declﬁratlon> == {<const declaratlon>} <var declaratlox\lS

<statement Bst> = <statement> {<statement>}

. <statement> = <assl§nment statement> [ <runcclon call> "3"

~

T e ' | < comments> } . o
v ) ) : T
< asslgnment statement>> ::= <normal asslgn> | <state assign>



Ve ©

~
K

C<dight> n="0" | 717 | 2" | .. | 78" | em

- 136.- .

<normal asslgn>> u= <var name> "=" <var name> | <boglean const> |
X '

a4

s

<functlon call> .
<state asslgn> :i= <var name> "=" <symbols> . -
<symbols> =, <Idensifler> {",” <ldentifier> }
<function call> ::= <functlon names> "(* <argument llst> ") '
<function n‘%mes>" ::.= <1functlon name>> ‘l <sysfunction name> ’
< argument Hst> ::=\{<functlon call> |- <contlnued symbol> |

. <const name>> |°<digit>} \
<maln code> ::="begln"- <‘st,aten;3nt list> "end” "."
<sysfunction name> ;1= {prlmltlve function> | <library function> c
<primitlve function> ::= <arlthmetlc fun> | <loglc fun>|
‘ <comparison fun> | <other fun>

<arjthmeticfun> = "add” |"su"b" | "mul” | "diviyk"mod"

[ . e

‘ﬁ <
' <logle fun> == "and” | "ot” | “not” .

<comparison fuh> = " max" | "min” | "equal™ | "less” | "great” | "lessequal” |

“gregteqﬁal"
<other fun> ::= "delay” | "link” * -
<llbréx‘§' functlon> = <topg descriptlon> | <algo description> |

<slmu description>

7
<topo description>> ::= "linear” | "square” | <triangle>
<trlangle> ::== "tltrlangle” | "trtriangle” | "bltriangle” | "bltrlangle”
<algo description> == "fsm” | "If* | "else” | "for” - : * .

s
<slmu description> == "setnode”* | "showat” x | "actlve” | "alter"«

.

P
<identifler> = <letter> {<letter> | <digit> |"-" } .

/ 3
<letter> = "a” | "b" | o | 72" | "A | "B" | e |"2"
» : 'I A \

tS

-

. ' . “ .
<numerles> = <digit> {<digit>} | [*+” | "-"] <digit> | {<dgit>}
=>4 B .

[Note}): Functions with ¢ sign are for simulation. _
i ]

-
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<boolean const> == 'I'true" | "false” |
’<connuue}d symbol> = <digh> {<dight>} .. <digit> {< digit>} |
| <letter> -./‘<°Iet.t,er>' N

<comments> == "/¥" {<identifier> <numerles>} "*/""
A .

L
Ay
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APPENDIX III: C

n

_SYSTEM FUNCTIONS

L

1. PRIMITIVE FUNCTIONS

(a) Arithmetic Functlons

Arithmetfe functlons dpply to at least two Integers and producé g result. We

.
have : .

a

add(abec..) -——a+b+c+ \

sub (a b) --—-—-a-b .

mul (a bec..) - g % b*c X o \

dlv (2 b) @  eeeem- a/b '

mod (ab)  ---—-- a mod b g
(b) Logic Functlons >

~ —

Loglc functions allow us to comblne'ldgle-vajues. We have :

and'(@bec..) -~—--2aand b and-c and ...

or{abc..) --—i-aorborcor.. o

not (a)  =—==-m0t a
t 4

o A o .

(¢) Comparison Funetions ) ) L\ } \ ;
(‘ ' .
h N . /1 . \

"Comparison functlons could be applied to“signals, reglsters, and flags. We .

~

have: -

. max (a b c..) ——:- find the biggest.

min (abe..) S ﬂnid the smallest

- 138 - . w
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»

. 'equal'(; b) «——a=b o . e
- less(ab): --—-a <b A
/ great (ab) = ~---- a>b
! lessequal (a b) ------ a<=">
greatequal (a b) —-—- a2 >= b ’ <
) <
(d) Delay Functlons
! &
: delay .(x t): delay signal‘x bs't cycles. v, / _ .
- ) “
. (e) Mitlalizatlon and lnk Fun_ctloﬁs
-
4nit (x v): set up connectlons between I/O pads and varlableax which Is a
global vmxble, elther ag\reglsﬁexj or a flag data type. The
v represents terminals by whlcl; i';ar;‘able X to be Intialized.
| The values of v could be "r” agd "s” which corresponds to w' .
®, terminals "set” and “"reset” of a storagé reglister respecblvelby,.
The default represents terminal "d”. ,
link (x): linking an external program to the dalllﬁg program.
2. LIBRARY FUNCTJONS
NP (a) For Network"fopology: T . w =

-

N -

llnear(fname n): ’generéte a.logically llnearly connécted network (tﬁe physical

kS

- L )ayout may not be linear one) with n functloé blocks -

called rnamg\. - o ¥

L -
0

.. square(fname m n): generate a 2-D network with m * n function blocks, -

called fname. Topologles covered by this function

. : .Q Rl
- are: °,



Ly

. mesh eonnected networks
) \ .
. mesh connected networks with dlaéonal connectlons between functlon blocks -

. 2-D hexagonal array. . ‘ - )
titrlangle(fname m n): generate a top-left trlangle network with slze of m * n. - )
. N § —_
& m 7 .
/ .
~ n /
trtriangle(fname m n): generate a top-right trlangle netwérk with sluze of m * n.
- . \
~ m. -
L . . "
AT [ \ =
[}
- ' w P
\
3 3. ©
' + \
o 9 . o
s 4 ! *
- I ! B ’ X
- . L) ,
e ' -
[~}
2 \ '
2
v ~ >
- “ ° ~
. - . 5
- J - :
& ‘ ‘ . > 4 :
it R
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bitrlangle(fname m n): generate a bottom-left trlangle network with size of

m * n.

——

“l

brtriangle(fname m n): generate a bottom-right trlangle network with size of

m % n. - -

. (b) For Algorithm Description :

~ fsm(statel (condition)(action)

state2 (cdndltlon)&actlon) T | ‘

yd
»

- -

staten (conditlon)(actlon)): fsm Is used to define finite state machine.

'




.
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lf((exbresslon)(statementil)
'+ else (statement?2)) : Is used to elther make a declslon or represent a

hardware switch. ' \

1

(c) For Simulatlon:

J
setnode(fname n1 n2 ...): used to set nodes Inslde the glven function. The

states of the nodes should be listed
a after each slmulation steps:

show'ai’t,(cyclel.cyclez ...): used to set up the Interrupt points of a

X simulation.

l'oad(varname.valu“i):used to set Initlal value of the variable.

active(fname,mode): simulate the function according to the active mode.

»

alter&nodel mode2): alternation of model and mode2.

T




APPENDIX IV:

. .
SYNTAX DEFINITION OF. SASCIL

4

<statements> ;= { <statementl> | <statement2>>} "~ >

) .
<statementl> = <ltems> "=" <ltems> | <boolean type>
<ltems> ::= <slmple type> | <regishr type>

<simple type> = <slgnal-temp> | <port>

o )
<slgnal-temp> = "[" <Identifler> "signal” | "temp” "]

. . Y. ‘
——/%portb 1:="[" <port head> <l/o> <locatlon> "]"
L .

<port 'hegd> ::= <ldentifler> "port"

<1/°> = ”l" I “0” (o l L 4
<locatlon> == "1" | "r" | "t" | "b"
<reglst;er type> = "[" <reglster head> <short ist> | <long st >."]"

<reglster head> = <1dentlﬂer> reglster

<short list> : <reglster type1> <#blts> < phase> <d> <q> <7>

<reglster typel> u=="0" | "2" | "3" |"4" | " 5 )
z. <#bits> = <digit> {<digit>}

‘<phase>‘ n=="1" | 72" ' . , . -

<d> u= <ldentifler> | .

<q> u= <ldentlﬁer> | <not used‘>

<7 > #= <lidentlfiéer> | <not used>

<not used> u="1" - . )

 <long list> = <reglster type2> <#blts> <phase> <d> <q> <7>)

: . Ve
' <r> <s>
K | <reglster type2> u="1" | 6" [ "7~ | "8" | 9"
A VT , >,




g

s

R ) ‘{]44 -

<r> = <ldentifler> | <not used> ' .
<8> u== <ldentlﬁe;> | <not used> -
.<boolean typeS :{= " <boolean heaci> <eqﬂatlon$ "
< boolean head> = <ldentlfler> "boolean” <fvarlable> <fproduct>
< #member> <speed factor>
<dfvarlable> = <dlgit> {<diglt>}
<#product> = <diglt> {<diglt>}
<#member> = <dlgit> {<diglt>}
<speed factor> = "] tm® | "st .
<equation> = { <lidentifler> <loglc symbol> } <ldentlﬁer>
<logle symbol > -—-: "*"‘L"-%-" ) \ ‘ : ' ‘ -
< statement2> i <11.b type> | <event type>
<Iib type> = <.‘pr1mlt,1ve ll‘b>‘| <users lib>
(<,prlrnmve IIb> u="[" <lidentifler> "llb"\-:'g'-‘ <Itb parameters> "]"
.<Iib parameters> = <driver-clock > | <arlthmetlc> | <others>
<dnlw)er-clock=> = <ldentlfler> <drivers> | <clockgens> ] .<1opé,ds>
<drlvers> = "Drivers” | "Driver1s” | "Driver30” |
B "NdfiverS'f | "Ndriver15” | "Ndrlver30™ | o
":Inpad" ] "Outpad” | "Vddpad" | "Gndpad”
= ,<comx'noxi para> <in> <out,>
<common para> 1= <level> <#blts> <phase>> <#ports> @
U <level> i 0ﬁ1 ["2"[ "3" ' "
< #tports> = <diglt> {<dxgn>}‘ .
<ln> n= <ldentlﬂer> T

<out> 1= < tdentifler> 1/ “

& <clockgens> = "Clockgens ] " Clockgen15” |"Clockgen30

<common para> <in> <oun> <out>

4 ' L =

\> |
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* f
<lopad> .i:= "Inpad” | ~Outpad '<v(;omm<m pwe> <lai>
<ln1-> 1= <ldentifler> | <not used> . v
<arithmetic> 1= <add> | <multiply>
<add> u= "{&g,dg_x;" f"Substractor" <common para> <sum> <eout> - .
<'h11> <ln1>'<r> <s> |

<sum> = <ldentifler> ~ '
_ %couft> = <ldentifler> | < not uled>
<multiply > = "Multlplle’r" |”A§1d-multlply” < common Izara> < product>

, <Inl1> <Inl1> <r> <s>
<product> ::; <ldentifler> . .
<others> = <swlich-comp> | <mult> | <demult> *

. <switch-comp> ::= "Switchbox4” | "Comparator” <common para> <out>

F 4 -

<out>-<In> <In>

<mult> = "Multiplexer” <common para> <out> <ctl> <ctl> <Lctl>

<in> <In> <ln> <in>

A . .
<ctl> n== <Lldentifier> E - .
<demult> ::= "Demultiplexer” <common para> <out> <Lout> ‘<out> . . -
« <out> <ctl> <ctl> <n> <in> . .

<users Ib3 = "[" <userlib’name> "lib" "1 <ldentifier>- ° -

. <coinmon para> <—ports$ i » ‘ ’
) “{" <st.at.e"ment,s> "}

<userllb ngme> = <ldentlﬁex“>_‘ ' . \

‘,<port,s>- n={ "(" <ldentifier> <ldentifler> | <identifler> ") }

<event type> = ;'[" <event head> <event parameter> "] ’ ¥

"{" <path Iist> "} |
<event head> :ii== <[dentlﬂer> "evenp"’

<event parameter> :i= <function name> <Ievel>\<#path> <sffcycles> Q\ .
\

~— . - . . R . \
.
’

w) ' “ ‘ \




. <ldentifler> :i= <letter>

!
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<function name> = <ldentifler> ¢ J

~

<#path> u= <digit> {<digit>} |

<#hcycles> = <diglt> q<d1glt>}

<path list> ::= <path na

<letter> = “a" | "b" | ..

<digit> = "0" | "1" | ...

d .

l nzn' l”A-" I . | nzn
lngn r

me> {<simple type>}
<

{<letter> | <letter> | <digit> | "-"}

o

Ay

&
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Name:

Function:

3

e .
Leaf-Cell-Used:

7

Loglc-Symbol:

1/0O-Ports:
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Driver8 (Driver15, Driver30) j\ '
9 , - B

v
%

Invertéd driving for 8 (15 or 30) loads.

drivers (driver15, drlver30)

\
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Ndriver8 (Ndriver15, Ndriver30)

°
w

Non-Inverted driving for 8 (15 or 30) loads. .
ndriver8 (ndriver15, ndriver3o)
N oor @
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?
~
‘ ‘t‘
4 N
L “ _ X
. | 3 )
- — )
, &
"\r / .
{ ”
. ¥




Name:
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Function:

, Leaf-Cell-Used:

Logle-Symbol:
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3 - - N,
“Output: C, C ]
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Clockgen8 (Clockgenls, Clockgen30)

Generate compLeﬁlentary local cloclgow'mch can drivé 8 (15
or 30) loads.

AN g

driver8 (driveris, drulver30). ndriver8 (ndriver15, ndrlver30)
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Name:

L, ' Functlon: ' g
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Num ber—of-Bi‘Ls:
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{,eaf-Cell-Used:

~ -

. W
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Shiftregdel (Smftreé}ﬁ) -~

Shift and store data. It Is D—lat,gh type shift reglister and &

could be trlggerecf by system clock % or g

L
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Name: Shiftregdrscl (Shiftregdrsc2) - "J . \ T
’ o . . o o 3
Function: . Shift and store,data. Tt Is D-flip-flop Lype shift reglst.er and ° .

could be trlggered by syst,em clock phase 1 br 2.

\

. . ¥
.Numiber-of-Blts: n - ) ’ o - . '
. ) . ‘ .
\w ¢
Leaf-Cell-Used: drscl (drsc2) - )
Co _ ‘ Y4 . n
Logic-Symbol: | C. . : ; :
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I/O-Ports: . - o Input:. .C1(€C2),DL,R,S , . .
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i " Output: Q1, Q1, Q2, aw Qn, QOn - : .
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‘Name: . Rotateshiftdcl (Rotateshiftdc2) -
{ A v
' N Funetlon: 1 Store  data In D-latch type reglster. It could be triggered
' by system clock 1 or 2.
- . . N
oo Number-of-Bits: n S
. I"JEar-Cell-Usedf _ dlatchel (dlatche2)
. X N
| b «*
, .Logi‘c-Symb“ol: .
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‘Name: - Rotateshiftdrscl (Rot.a;.eshmdrscz) : .
Functlion: Store data In D-fllp-flop type register. It could be-triggered ’
, by system clock 1 or 2. e
Number-of-Blis: - n -
. . »
Leaf-Cell-Used: drscl (d{'scz)
W
. Logle-Symbol: - - ) .
~ : . 01 “Q1 02 Q2 On “On \
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I/O-Ports: ' . Input: C1 (C2), D1 Reset, Set ;
" Output: QI, QT, Q2, -Q-2, Qn, (-2-'1; J
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Name: ' ) Addercl (Adderc?2) “ *
Functlon: Bit addition clocked~ by system clock 1 or 2. Set and reset
' . . R . ¢

N ' functions to the Internal bit delay are provided.
Number-of-Blts: 1

" Leaf-Cell-Used: fabi, drscl (drsc2) - /

Logle-Symbol: =~ & .
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1/O-Ports: © Input: A,B,R,S, C1(C2)

Output: COUT, SUM




Name:

F‘unctlon: .

Number-of-Blts:

Leaf-Cell-Used:

‘ ~ Logle-Symbol:
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.%ubstractcl (Substractc2) S .
Blt substraction clocked by system clock 1 or 2. Set shd
,Reset:“fjunctlons to the Internal bit delay are provided. .
e P o . e » .
1 N -
fbal, drscl (drsc2), drivers -

r 5 L= T
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A — - DIPPER
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B i .’ g cour
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Input: A, B,R, S, C1(C2) .
Output: DIFFER, COUT L
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_ Name: . _ Comparator . N -
Function: - One-bit compare-exchange. The Rin and Rout act as lnput

and output reset llnes respectlvgly. Cin-and Yln are the
: corresponding bits of the two numbers compared and the
bit corresponding to the, larger pumber-ls output at H and

~ smaller number Is out/put at L. The comparator works

‘ . ol under two-phése system clock.
~ T ' .

\"
H

- .'N'umber-or-an: 1. . ' . s

b 4

Leaf-Cell-Used: . driver8, ndriver8, driver30, ndriver30, Qlatchel, dlatche2, . |

o Ky '(u R
. e

drscl, Hf*, Lfx, Cl1x%, C2%

. v
' k‘ 4 - C
- v . .

Logle-Symbol: . ' o .

S a2 A

RIN ~——bo

%= RoUT
X i o el |
- Y — L
- f ’ '
ap—— : J ) | ‘ ’ ‘. ) “‘.
I/O-Porﬁs: B -Input: RIN, X, Y, C1,"C2,

Output: R(;N, HL -

. "]t]: cells are generated by Logic Compiler.
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Name:

AN

Function:
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Leaf-Cell-Used:

Logié-Symbol:

1/O-Ports:
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-
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Switchbox4

%

The four-function switchbox performs data transfer

S, W

Independent box control:

kS

s

D1 D2 | Function
o 0] stralght
’ 0_,  1* | exchange
|1 0 | lower broadcast
1., ‘1 | upper broadcast

dlatehel, dlatche?, Hfunctlon*, Lfunctionx

L2

, Pl D2
R
-

RIN
X
Y

o

i

= ROUT
i |
v e L
¢l c2

¢

‘ N .
Input: RIN, X, ¥, D1, D2, C1,C2

Output: ROUT, H, L

L 4

[#]: cells are generated by Logic Compller.
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' Fuﬁcﬂlon:

«

Leaf-Cell-Used:

[y

Loglc-Symbot:

Al

‘e

Multiplexer : . . : .

“Two control signals (CO and C1) aré used ta selectively

connect one of the four Inputs (AO-A3)_tot _ihe_ _oulfpuqu

(Y). Signal EN enables theputput.

o

multiplexer4-1 Coe ) ’
N ) Y “ -
- . A0 Al A2 a3 ,
co s . } '
Cl mppd ’ | g
EN < ) .
T 1 -
v ~
o . 19 -
. s s . ’
X - 5
Input: CO, Cl1, EN, AG, AL, A2, A3 C
" Output: W, Y
. ] ,

~



Name:

—

»

Function:

)
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Demultiplexer

-

Perr,o,rmfng the Inverse function of a multiplexer; 1t distri-

-

Leaf-Cell-Used:

-

Loélc—Symbol:

/s

e

i/ O-Ports:

butes the Input slgnal D {o output llnés (F1-F4) designated

by the state of input A and B. Signal ST Is used to strobe

T .
L]

_ the output.

) )
Y
demultiplexeri-4
A )
. P

D i

e
-

e

B 418 SR

rlr2 or3 ore

v 1 ]
. - \ ~ .
rd N. )
N \
Input: ST D, A, B
Output: F1, F2, F3, F4 \
D £
N - ) K , ',,.—.
) i -
n\'
1] . -f ;

N
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‘Name: Inpad
* S B
,JFunction: Recelve slgn‘als from outslde of the chip.
Number-of-Bits: =~ 1
Leaf-Ce'}l-Used: Inpad _
Loglc-Symbol:
’ L Y
N . ouT
j ((/’ ~%
/\ —
.\ . 4
I/O-Ports: - Input: IN 3 .
. . w he
S Output: OUT
”» ’ - '. ’
J
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. Name: Outpad . -
; /\ ’ v
Function: Send internal slgnals to outside of the chip.
Number-of-Blts: 1
¢
X
Leaf-Cell-Used: outpad é?
o oY d
‘ Loglc-sirmbol:, .
N ouT
o - ——
Ve
- &
d - \
\
- +I/O-Parts: Input: IN .
P : Output: OUT ' ,
d
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N ‘ LY
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Num ber—or;Blts:
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Name: .
Function..
NYmber-of-Bits:
Leaf-Cell-Used:
Loglc-Symbol:
A
__Ports:
N
: L

Gndpad\
Ground pad
1
gndpad
) VDD
K‘\“
L2
VDD, GND
~

© o
)
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' « Functign: - + Chip frame. o N
. .. . \ T Ty .
4 ) T . N , {

s ) Leaf«Cell-Used: - . frameA, frameB, frameC, frameD or free slze framex.
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- Name: ‘Loglex : T L
. Function: . ) Generate boolean expression mask georﬁetry according to
\ o : ' ) - N
' " user speclfication. .
! /
Logltc-Symbol:
; v {
. ".. - ‘,’x < c . /
v , o — .
vi *—-— R «
Vn =
. ~ *
» i /4
’ ’
- - r
L . >
‘ N ¢ .
1 . ,
- . -
’ . M
A , ‘ . .
s . . ’ ) ' ' ‘ .
o I/O-Ports: ‘ Input: C, V1, V2,....Vn o 3 ¥ %
. . . 4
¢ . . Output: F . ‘
e Y ! 1]
° - e 1 Eg/:J
o L) N -
. . ‘
' @ i . : i . .- i
. -9 . y
) tr ’ . ) 4
. ’ - - * . ’\ ‘;,_:-“/
‘ ) ) ' ‘ . ' \' ) : ) 2 e ‘ ’
. [t] Limnaclons on tm number of prodects and valrable ina boolean eqnat.ion are: if P ls 4
. lnﬂnit, A" shf}ud be less than or equal to 9 and vice versa. s ‘
. i . .
A . i ” ’ ~ * - L3 A
’ ' , . . ' .y ‘ \
\ fi‘ . = \ © t
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Function: .

-

.Number—or-Blts:

Leaf-Cell-Used:

|
Logle-Symbol: .

»

’ I/0-Ports:

-
S
n
B
- ' I
.
‘
.
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\ N
»~ i .
L4
¥
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~ Multiplier
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¥

Bit multiplication:”

Prc;duct = A % B.

1 . : t

?

' o Input: A, B‘, Clock ° .

_ Output: Product .

N
N .
«
a
-~ ~
- »
> .
. .
4
v -
.
M .
s 3 .
' ’ -
.
ny P

4 | prRODUCT.

i
Y,
-
A
«
.
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L
N
-
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Name: Add-multiplier ’ . :

5 ¢ 4 ' ' N

‘ stion: ' Blt add and mult}plication.

) . \ ,

Number-of-Bits: 1 .

W ) LY , . ) . \L
Leaf-Cell-Used: ’ . ~ ’

. - ) < s 4

' N
Loglic-Symbol: . ,

R . |

Y a—
. ' .
o P L4
. A .
I .
N
B —*OUT
‘ B _.*
Yy
N, - %
- ’ ’
~ \ a
. .
W
¥
.
- .
L} ¢
; )
. .

1/0-Ports: Input: A, B, C ; - ' . -

.

» Output:. OU’i‘ 3 g . L
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2
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. Dlatch1 (Dlatch2)
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The 4-Input mult!plexer'selects one of the four Inputs  ,

to appear on the¢' output. The two bits blnary code CO,
) 4

- C1 determines which Input wlll appear on the output.
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When enable Is high, we will get the output from W /

y . re

Y.

AD _ﬁ}— P

Al : . ' 7 !\

A2 : =

A} < -5:}’_

[

- -




- 3 ) \ -
I ) ; . ,
. - 179 - ' .
’ Name: - Demultiplexeri-4
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Logie-Symbol:

Function:
Bounding-Box:
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Inpad
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p———{p= OUT
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Recelve signals from outside of a chip and pass them to

the VLSI circult.
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- Name: Outpad
Logic-Symbol: .o .
Ky
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IN =i - OUT
Functlion: Recelve slgnals from VLSI clrcult and send Lherﬁ to
’ outslde.
Bounding-Box: 306 x 258 ,
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Logle-Symbol:
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Function:

Bounding-Box:

Vddpad

VDD - .GND

Pad tb feed power for the chip.

165 X 280
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Gndpad ) f Jl

The ground pad.
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Name:

Logic-Symbol:

Functlion:

Bounding-Box:

-184-%)

- Frame

_.-"" The chlp frame.

Size A: 4510 x* 4510

¢

Size B: 4510 * 2250

¥

* Slze C: 2250 x 2250

Size D: 1490 % 2250

Free size: program generated
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Function:
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Generate boolean expression mask geometrles of Hf, Lf,
C1, C2, Hfunctlon and Lfunction which are the control

parts of primitlive " Comparator” and " Switchbox4”.
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On—llng generaied.



