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Systems of Sequence Equations

Rami G. Melhem

N ABSTRACT

‘AThe main objective of this paper is to supplement a model
that was previously suggested for the verification of systoiic
networks. A simple language is presented to express the sys-
tem of sequence equations that modeis the operation of the
network. Then a syntax directed Interpreter is developed to
soive this system for specific forms of the inputs and to pro-
duce the corresponding outputs. This technique for the verifi-
cation of a certain computation on a systolic network Is
equivaient with the simulation of its execution.
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1. introduction

v
".

N
~ An abstract mathematical model for the specification and verification of sys-
. tolic networks (1] was introduced in [2] and extended in (3). The basic idea of
this model is the representation of the data appearing on any one communication
link of the systolic network by a data sequence. Here the " element of the
sequence associated with some link is the data item that appeared on that link at
” time t. where as usual, one time unit is the period of the clock that synchronizes
T the network.
ke
S The computation performed by esch computational cell in the network Is
then modeled using causal operators on data sequences. More specifically. the
i sequences on the output links of a certain cell are described as a function of the

v sequences on the input links to that ceil. with the condition that the l’ 4 element

' ‘.3;: of any output sequence cannot depend On some (H-I)"' element in any Iinput

X

| | sequence for /20. In other words. the output cannot depend on future Iinputs.

LT This Is called the causality condition.

J

L

SR in order to model the computation of a systolic network. we establish for
:'. each node in the network the sequence equations describing its operation. The
b

solution of the resuiting system of equations i§ cailed the network /O description
i and gives the output sequences of the network in terms of its Input sequences.
~:\ In the remainder of this report, we will use the term sequence equation in a res-
trictive manner to indicate an equation in which the left side Is a sequence iden-
E‘ tifler and the right side a sequence expression. This is the only type of equa-

tions that is needed for modeling the operation of systolic networks.
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- ’ It is clear that the I/O description of a systolic network specifies the global
behavior of the network by providing a means of obtaining the network output for
any given inputs. However. we do not need to find explicitly the 170 description

of a certain network in order to verify its operation for specific inputs. In fact, it

suffices to substitute the known Iinput sequences into the system of equations

modeling the network. and then, by sequence manipulation. determine the descrip-

o’
>

tion of the output sequences.

" A

Unfortunately. our tools for manipulating sequences are still limited and in

many cases. we are not able to obtain analytically the description of the output

sequences. In order to alleviate this problem. we describe in this report a com-

I..\'_ ;'_'v‘. A,

puter system that was developed to solve Iiteratively any system of consistent
causal sequence equations for spacifically given input sequences. In this context,
2 an input sequence is simply defined as a sequence that does not appear on the

left side of any equation of the system.

The system of causal equations is provided to the solver in terms of a very
simpie language called SCE (Systems of Causal Equations) that we describe In
Section 2. The equation solver then repfesents a syntax directed interpreter that
executes any correct SCE program. Such an interpreter is outlined in Section 3;
it reads the elements of the Input sequences from an input file, and caiculates
the elements of the sequences on the left side of the equations specitied by the

A program.

It shouid be noted that. by definition. data sequences have Infinite length.
However, for practical reasons. an upper bound MAXT is given by the user for the
number of data items of ail sequences. Eiements beyond MAXT in any sequence

are considered to be the don’t care element defined in [2].
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Although the solver defined in this report is quite general. its immediate

[ W Wy
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-

application is to the verification of computations on systolic networks. More

descriptively. in order to verity a computation on a systolic network, we first write

an SCE program containing the equations for the operation of the network. and

P

':‘ create an input file containing the elements of the input data sequences. Then a
- run of the SCE Iinterpreter provides the elements of the output data sequences.
a '

- The verification of a systolic network by this method is equivalent with the simula-
:. tion of its e#ecution. However this approach to simulation seems to be more
v structured and separates the internal details of the simulator from the concern of
& the user. It aiso has the advantage of allowing the user to solve partially the sys-
E tem of equations modeling the network and then to use the SCE interpreter on

the portion of the system that could not be soived anaiyticallyy. As an example.
we show in Section 4 how the operation of a network designed for the LU

decomposition of a symmetric banded matrix is simulated by means of the SCE

interpreter.

T
el

[
s

It should be mentioned here that the model in (2] and another model

(38

’ developed independently by Chen and Mead [4.5] are based on the same idea of
” separating the formal specification of the operation of the network from the data
_‘;5 for specific computations. However, in {4] the operation of each celi is defined
. by a functionali approach. while we follow an algebraic approach to define rela-
et tively few sequence operators that are used to model computational cells.
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2. The SCE tanguage for specifying Systems of Causal Equations

The SCE language is a simple expression language augmented with some E:
Input/output facilities and looping capabilities that provide for efficiency in the writ- '
ting of programs. In its current form., SCE may be used to mode! the operation -u
of a special class of systolic networks in which the units of information are real
numbers. However. by the addition of new rules to the grammar, it is possible to

model other types of systolic networks at higher or lower levels of architectures. .

By the first rule in the grammar given in Appendix A, It is readily seen
that an SCE program consists of the foliowing four parts: 1) The declarations., 2)

the input part, 3) the programs body. and 4) the output part. In the rest of this

1128

section. we will clarify the semantics of the language assuming familiarity with the

data sequence operators defined in [2] and [3).

LY

Terminal symbols in the SCE language (see Appendix A} can be classified

.
M 49 ¥

“into four categories, namely, special symboils (e.g. + -, =* ..). reserved words

“—pe
PR
. e
.

(e.g. FOR, OUT, ..). identiflers and constants, where a constant is either a positive

4]

integer or a positive real number written in floating point format.

¥ v
L""."'

In order to ensure a ciear distinction between Identifiers and reserved words -

$rr‘r
PR
AR

in SCE. we have chosen all the reserved words in the language to start with cap-

7

ital letters. On the other hand. any string of alphanumeric characters starting with

e -
r..'i
FLA

a small letter can be used as an identifier, with the understanding that only the

|

first six characters are significant. Identifiers in SCE should be declared in the
declaration part of the program to be of one of the following types:

1 Parameter (rules 3-7): A parameter is assigned an Integer vaiue at the time of
its declaration and this value is substituted textuaily whenever the identifier appears =
in the program.

2 Index (ruies 8-11). An index in SCE Is an integer variable used in |oop control

................
....................................
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and in selecting elements of sequence arrays.

3) Sequence (rules 12-19): Sequences are rep}esented on the machine by vectors.
An identifier of type “sequence” may be associated with either a single sequence
(rule 16) or with an array of sequences (rule 15). For arrays of sequences, the
dimension and the lower and upper bounds are also specified in the declaration
by enclosing these bounds in curly brackets. For example. the following SCE

statement deciares s as an n dimensional sequence array

n‘"n}

. SEQN styw, . -+
where I, and u,, i=1,---.n are the lower and upper bounds for the I"’ dimen-
sion. Bounds may be negative but should of course satisfy the restriction that

| -t ul>l,. We aiso note that there is no limit on the dimensionality of an array.

After the declaration of an array of sequences. its elements may be identi-

- fled (rules 38-41) by using the usual seifection notation s(p] . e, pn). where

each P, falls Into its corresponding range. that is ll ‘pl“l'

In the context of the abstract systolic model, a data sequence is associated
n with a communication link which Iis identifled by its color and the label of the

node at which it terminates. In order to simplity the SCE specification of a sys-

o
5
b

tolic network. we label the nodes In the network by n-tuples of integers
(v'.---.vn) for some n. This enables us to group in an n-dimensional array all
the sequences associated with the links that have the same color. and naturally
use the color of the links to identify the array. With this. the sequence associ-

ated with any link y

vi..vn Is simply the element (v

l"""’n) of the array of

sequences y(0.

L Although this usually leads to a very clear SCE specification of systolic net-
works, it is sometimes Inefficient because some of the elements in the array may

o not be used. For example In the LU network described in section 4, a trianguiar
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array of sequences would be more space efficient than the rectangular array

allowed by SCE. In such cases. more efficient storage couid be obtained by

applying any one of the techniques wused for storing triangular and sparse

matrices.

In addition to arrays of sequences, the language allows the user to declare
single sequences. Three standard single sequences are predefined by the
language. namely the don‘t care sequence d. the zero sequence 0 and the unity
sequence u. As their names imply. the eiements in the d. 0o and u sequences
are all 0-elements., zeroes or ones. respectivelyy The user however may re-

declare the identifiers d. 0 or u if he wishes to changa their definitions.

The input part of an SCE program takes the form of a single INPUT state-
ment (rules 68-73). It serves two purposes. First it assigns an integer value to
MAXT, which specifies the number of elements to be considered in any seguence,
ang second. it specifies the sequences t0 be read from the Input file. Nested
FOR loops can be used. to any level, in specitying the Iinput sequences. For

exampie, in the program presented in Section 4, the statement

INPUT (MAXT 18 , FOR 1=0.3 r(1.1) ).
specifies that MAXT=18 and that the Iinput sequences are r(0.1). r(}.,1). r(2.1) and

r(3.1).

Similarly, the output part of the program takes the form of a single state-
ment (rules 74-78) that specifies the sequences to be printed on the output file.

FOR loops are aiso allowed.

The body of the SCE program is the part that contains the specification of
the system of sequence equations. It consists of a list of statements., where a

statement may be either a sequence equation or a FOR loop that encloses a list
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of statements. Each equation has the form

sequence Sspecification = sequence expression

where the left side Identifies a particular sequence and the right side is an
exprassion composed from sequence identifiers and‘ sequence operators. Square
brackets may be used in sequence expressions to override the precedence rules
defined by the grammar. Basically, in the evaluation of expressions. the grammar
associates the highest priority with the operators defined directly on sequences.
Next in priority is the scalar muitiplication operator ‘.’, foliowed by the operators
‘=’ and ‘/’. Finally, the operators '+’ and ‘-’ are evaluated with the lowest priority.
With these precedence ruies the sequence expressions are evaluated from left to

write.

Alithough many other sequence operators may be Incorporated into the
language. we only considered the operators that were formally defined in (2] and

(3], namely:

The positive shift operator 0. written in SCE as Ofr).

)

P n The zero shift operator ng. written in SCE as Z{r).
The spread operator e’. written in SCE as Tir).

The expansion operator E'r' written in SCE as E(r.kl.

- The accumulator operator A" K 3. written In SCE as Alr.k.s) and

‘~ The muitiplexing operator M:'L""" writtan in SCE as M({riwl,- - wnl

{Z; Frequently, the shift, zero shift and spread operators are used with r=1,

For this. the short hand notation O. 2. and T may be used Instead of O(1). 2(1) £3]
o el
- and T(1). respectively. o
X P
E-*l The two element-wise operators Ul and U2 of rules 47 and 48 have the

ol same priority as the operators * and / but their semantics are not defined by the :.":l:Z

DO
B )

- .n. .. e e T v e et e T m T e 4% \ ;- -




language. As indicated in Section 3. Ul and U2 may be defined by the user.

Finally, we note that rule 55 restricts the operands of the 'accumulator
operator to single sequences rather than sequence factors as is the case with the
other operators. This restriction is not necessary and was only imposed because
it leads to a more efficient implementation of the SCE Interpfeter. However, it
should be noted that this does not affect the expressive power of the language
because we can alviays define intermediate sequences to get around tﬁls restric-

tion. For example. the sequence equation

x(i} = 02 x(i-N + AQ3V [ ylit) * T x(i-1 ]

which is not permitted in SCE can be split into the two SCE legal equations

vii)

yl+1 = T x(i=-V

x(i) 02 x(I-1} + AN1,3.1) v(i).
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3. Overview of the SCE interpreter o

| n As is the case with most language interpreters. the SCE solver has two E;'

distinct phases, namely, the syntax analysis phase which. using a parse tree of ::g:f
the program, produces an intermediate language program. and the actual interpre-
- tation phase which executes the intermediate program. ;
) ' N
For the syntax analysis phase. we used the automatic parser generator e

~ YACC [6] existing on the UNIX operating system to generate an LR(1) bottom-up
- parser that a~cepts any syntactically correct SCE program and generates an inter- "'
€ mediate program Iin the form of a sequence of tuples. It is basically a finite :;-'.ij
r\ state machine with a stack. It scans the input program from left to right and is u‘
= -

capable of reading and remembering the next input token (terminal symbol) which
is called the look-ahead token. Depending on the look-ahead token and the con-
tent of the stack. the parser takes one of the following actions:

1) Shift The current look-ahead token is pushed Into the stack and the next token
is read in. Also a tuple describing the action is generated. |f the token being
shifted is a special symbol. an identifier, or a reserved word, the tuple generated
has the form (Shift.n), where n is a number identifying the token. On the other

hand, if the token Iis an integer or a real constant, then the tuple generated has

the form (Shift-integer.c) or (Shift-real,r). respectively. where ¢ or r is the value i

et
.
i
a s

A
.l“. SR

of the constant.

N

2 Reduce: This action is taken when the parser recognizes that the stack con-
;.::: tains the right hand side of a grammar ruie, say rule n, and that this rule should ;:';-':

be applied at this point. It then pops from the stack the tokens forming the right

side of rule n and pushes onto the stack the token on its left side. [t also gen-
;~: erates a tuple (Reduce.n).

3) Accept This action is taken when the parsing process is successfully com-

pieted. The tuple generated in this case is (Accept.0).

N PRI . - PRI R S e et PR . PR L. . . e R - ’ T o - R B
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4) Error: It the parser discovers that the program is syntactically incorrect. it sim-
ply gives a warning and halts. Of course. more elaborate error handling actions
could have been taken if our goal was to produce a more sophisticated parser.

For the details and internal forms of LR parsers. we refer to [(7].

The second phase of ‘the interpreter reads the intermediate program
(sequence of tuples) and reproduces the actions taken by the parser on an action
stack. Simultaneously. an adjoint value stack is used to store temporary values
needed in the interpretation. (n Appendix B. we give the compiete listing ot a C
program for the second phase. of our SCE solver, and in the rest of this section

we will outline the main features of this solver/interpreter.

The program uses a location counter “location® to indicate the intermediate
tuple being interpreted. Starting with location =1, the Interpreter reads the tuple
pointed to Dby ‘“location®, takes a certain action. Increases location by one and
then repeats the above cycle. The actlon taken Iin each cycle depends on the
type of the tupie being interpreted. namely
1) it the tuple is of the type (Shift.n) or (Shift~integer.n), then n s pushed into
the action stack.

2) It the tuple is of the type (Shift-reai.r), then r is pushed into the value stack
and a zero Is pushed into the action stack.

3) It the tupie is of the type (Accept.0). then the interpretation is termvinated.

4) If the tuple is of the type (Reduce.n). where grammar rule n has the form
b -~ a, a, °-- &8, then the Interpreter pops the k top locations of the stack,
which should contain the symbols a,. --- .a, and pushes b. It aiso may exe-
cute a semantic routine if any is associated with this grammer rule. These rou-
tines manipulate the data on the value stack to reflect the semantics of the gram-

mar rule.

. L. . . . - P . . . . . . - G s T D R T R
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At this point we note that we do not actually have to push or pop the

grammar symbols in the action stack, and that a sufficient action will be to keep

track of the top of the stack. Then at the time of a reduction, the grammar rule
and the top of the stack determine uniquely the location that each symbol would
occupy on the stack. With this. we can transmit information from one semantic
routine to another by pushing this information into the stack in the place of the
grammar symbol. For example. the semantic routine associated with rule 36 uses
the location of the FOR symbol on the stack to store the starting address of the
first statement in the FOR loop body. Then. when the execution of the FOR body

is terminated, the routine for rule 35 retrieves this address from the stack to re-

initiate the execution of the FOR body if the final value of the index of the loop

Is not yet reached.

In order to reduce the storage required for holding the Intermediate tuples.

the program in appendix B reads and executes the tuples in four stages: in the
first and the second stage, the declaration and the input part of the program are
processed, respectively. In the third stage. the system of equations is solved. and
-] finally in the fourth stage the output is printed. We briefly comment on each

stage.

The declarations: The main objective of this stage l; to construct the symbol table
and to allocate storage for the deciared sequences. The symbol table °‘sym_tabD"®
is an array of records with three fieids. The first field contains a character that
k indicates the type given to the identifier. namely P. | or S for parameters, indices
or sequences, respectively. The interpretation of the integers in the second and
o thirg ftieids. calied entryl and entry2, depends on the type of the Iidentifler. For
E parameters, entryl contains the value of the parameter and entry2 is immaterial.
For index variables, entryl hoids the value of the Iindex, initialized to zero, and

entry2 is set during the execution of a FOR lcop to the final value of the loop

......................
.....................
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ingex.

Finally. it the ld'emmer i's declared as a sequence variable, then it may :

denote a single sequence or an array of 4sequences. Single sequences are dis- ~

tinguished by setting entry2=-1, with entryl pointing to the {ocation where the

sequence is stored. For arrays of sequences. entry2 holds a pointer t0 a bound -

table that indicates the dimension and the bounds of each array. and entryl w

points to the location where the first sequence In the array is stored. The first ;‘;_

three locations in the symbol table are reserved for the identiflers d. 0 and u. ~

respectively that are preset to the don’t care, the zero and the unity sequences, \1

respectively. However, if any of these Identifiers are declared in the program, .

then the corresponding entry in the symbol table is overwritten by the semantics -

routine corresponding to the new declaration. 0

The sequencés are stored in a two dimensional array seq_storell]. Each ‘ -

row in the array has a length at least equal to MAXT and is used to store the h

elements of a sequence. Arrays of sequences are stored in consecutive rows :Efj

such that any index changes siower than the one to its right, if any. In order to a

keep track of don‘t care elements., an array d-table{]l of bits Is used such that ':;

for each eiement In seq_store(lll. there is a corresponding bit in d-table]. This N

bit is set to one. it the element in seq_storellll is a don‘'t care. and to zero. -
otherwise. Consequently, any part of the program that reads an eilement from i
seq_store(l{] shouid aiso inspect the corresponding entry in d-tadle(. ) E
E;:- = !

F The impilementation of the SCE solver listed In Appendix B allows for full

causality in the sense that an output may depend on any previous input. Conse- :.-'

quently, storage is provided for the retention of at least MAXT elements from any

sequence. A more space-efficient impiementation would be to retain only the last

C elements from each sequence In a circular buffer, where C is given. This

- - -
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allows only for C-order causality in the sense that the output of a certain cell at
any given time t may only depend on the inputs to that celi during the time

period from t-C to t-1.

The input part: The INPUT statement specifies the sequences to be read from the
input file as well as the number MAXT of elements in each sequence. The inter-
preter reads. as a stream. the MAXT elements of the first specified sequence tol-
lowed by those of the second sequence.... etC. provided that the elemenis are
separated by at least one space. NO special characters are required to separate
the elements of the different sequences. Each element in the Input fila may be
gither a floating point number or the letter “d" representing a don’t care element.
The interpreter aiso recognizes the string “---° in the input file as an Indication

that the remaining elements in that sequence are don’'t cares.

The equation solver: The sequence of tuples in the body of the program are exe-
cuted iteratively MAXT times. A gilobal clock "TIME® is initialized to 1 and incre-
mented at every step of the iteration. At every step. the expression on the right
side of each equation is evaluated at time TIME and assigned to the correspond-

ing element of the sequence on the left side of the equation.

The value stack is used during the evaluation of sequence expressions t0
store temporary resuits. For example. the semantic routine associated with the
grammar rule 52 (seq_factor - seq_spec) reads the vaiue of the element TIME In
the specified sequence from seq_store(l]. and pushes it onto the value stack.
The resuit of any subsequent sequence operation Is stored on the stack until rule

37 is executed and the final resuit is stored back into seq._store(ll.

The sequence operators O. Z. T and E operate on sequence factors and
have the eftfect of changing the globali clock during the evaluation of the

corresponding factor. The old clock vaiue is stored In the action stack for

......................
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retrieval after the evaiuation of the factor is compiete (ruie $3). |If the result of 'a
any operation invoiving the above operators is the don‘t care element. then the
flag °skip® is set which causes the execution of the semantic -routlnos to be
skipped until the corresponding tupie (Reduce.S53) is encountered. Of course pro- o

visions are made to deal with arbitrary degrees of nesting.

B0 |

i/
[

in a similar way. the flag "Mskip®" is used to chose the appropriate operand

in the multiplexer operator. Finally, we note that by restricting the operands of

b

the accumulator operator to sequences [nstead of sequence factors, we simpiified

C
MR |
P

greatly the action associated with that operator. For a detailed description of the

R

different semantics routines. we refer to the complete listing of the program in

| 4 o

Appendix B.
w
it Is important to note that the SCE interpreter detects any inconsistency In N
the given equations or any attempt for solving equations which are not causal or -
weakly causal. It does sO by associating with each sequence an entry in the
array last_computed(] to keep track of the last element that has been computed in .
the sequence so far. Any attempt to overwrite an aiready caiculated element or =
to read an element that has not yet been caiculated is then easily detected and
reported as a run time error. The interpreter also detects other types of run—time I
errors that are listed In the function run_error in the Appendix. ~
The output part After completing tho Interpretation of the body of the program.
the sequences specified by the user are printed on the standard output file. :
Finally, we note that a possible optimization of the implementation of the o 1
interpreter could be achieved by replacing the single vaiue stack by k stacks, for |
some optimal k. This would reduce the total number of iterations through the L‘.

body of the program Dy considering at each step the eiements TIME, TIME+1, ---.

TIME+k of the sequences (nstead of only one element at a time. However. it S
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the system contains any recursion. then only few of these k elements (and In

many cases only one) can be considered at each step. and this requires more
. complicated book keeping to update the array last_computed and the global clock.
- We decided not to implement this optimization because we Intended the soiver to
be used in cases where analytical soiutions of the system of equations are not

possible. and hence where recursivity is usually present.

<
)
. - - - - . . o - - . .
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4. Example: An LU factorization network 7
in this section the SCE interpreter is applied to the simuiation of the com- ;
putations of a network for the LU or the UrDU factorization of a symmetric -

banded matrix A and the solution of the linear system of equations Ax=y with a

given vector y. It will be shown also that, with slight modifications. the same -
network can be used to compute the Cholesky decomposition LLT of the matrix A. ;'-:
The first systolic network for factoring a banded matrix into the product of a __
lower triangular matrix and an upper triangular matrix was suggested by Kung and -
Leiserson [8]. Later, Brent and LuAk {91 modified the‘Kung and Leiserson network :
to compute the Cholesky decomposition of symmetric matrices. The network :
described in this section is aiso designed for symmetric matrices but is different .
in its operation principle from the one in (9]. Both networks use aimost the same ':
number of computational cells and achieve approximately the same speed-up over E
serial execution. They differ however in the type of computational cells and in -
their interconnections. :
Consider the system of linear equations -
Ax =y 4.0 &
where A is an nXxn matrix and x and y are n dimensional vectors. The solution =
x of (4.1) may be obtained by finding a lower triangular matrix L and an upper ‘
triangular matrix U such that A = L U. and then solving the two trianguiar sys- -
tems L z =y and U x = 2. More specifically, assuming that A (s symmetric :.

and banded with band width 2k+1, and denoting the elements of the matrices A, L - :

and U by 'l,/’ 'I,/ and "I.I' respectively, we can use the following aigorithm to 5

compute the LU decomposition of A. Note that only the eiements e, with i : i

are used and that only the non zero eiements of L and U are computed. E

o

|

!

........................................................
..................
.
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ALGY : LU factorization.
FOR i=1, -+ .n DO
1 FOR j=i. --- ., min(n. i+k} DO

1AL,

14

o, e,

f't'

e
i1.]
1.2’ u B amree
i e,

2) FOR g=i+), -+ .min(n. +x) DO
FOR j=q, -+ .min(n. i+x} DO

= g -1

' q./

q.l q. V1.1

At this point we note that the matrix L obtained by the above aigorithm

satisties L=U'D. where D is the diagonal matrix defined by d

4™y Mso. by

replacing steps 1.1 and 1.2 in ALG1 by

I.J
ha =%, *®
8.
T

we obtain an aigorithm for the Cholesky decomposition of A into LL .

After having performed the LU decomposition of A, we may compute the
vector z=L"'y by the following algorithm

ALG2 : Basck substitution.

FOR i=1, --- .n DO

Yy
2 =
Y
FOR g=i+1, -+ .min(n, I+k} DO

y

q-y-l zl

q q.

Finally. the solution of Uxsz may be obtained by an algorithm similar to

ALG2. or alternatively by using ALG2 itself for the soiution of U x = z. where

+

v e

LT POPS T

X,_147 @nd T s a banded lower triangular matrix given by

[ Al 0 1
PR
) l" l'l.

g
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As an example. let n=5 , k=2 and : L
2 &4 6 0 O 4 ' ]
4 11 15 -3 0 14
A={6 15 20 2 -2 and y = |15 , 4.2) e
o -3 2 -19 1 0 -
0 0 -2 1 14 -6 -
By ALG1 we obtain
2 0 0 0 0 1 2 3 0 0 £
4 3 0 0 0 o 1 1 -1 o =
L=1]6 3 -1 0 0 and U =10 0 1 -5 2 4.3)
0 -3 5§ 3 0 o 0o o 1 -3 -
0 0 -2 -9 -9 6o 0 0 0 e
and by ALG2
.
2 " g
2 -19
z=\|3 and x = 27 “.8 =
-s ’ g
3 3

The graph of the systolic network that executes ALG1 and ALG2 simuitane-

ously is shown Iin figure 4.1. It is composed of lﬂ—gﬁ'ﬂ interior nodes. Each
node is labeled by a pair (.), where | and | are the coordinates of the node
with respect to the two axes shown in the figure. The color of each edge Iis f
determined by its direction, namely edges directed to the east. south and south "
west are given the colors s. b and C. respectively. and those directed north are 2
assigned the colors r or p depending on their relative position. ‘
The part of the graph that s formed Dy nodes (.. i=),--« k¢l
i=1.-+ - k=i+2 represents a subnetwork that executes ALG1. It consists of three :-
types of nodes whose operation is described Dby the following causal equations:
(note that the sequence_ ;;;bciatod ;vit;lﬁo;”l}-r;; Y l Is denoted by 7n, . where 7 is .
the greek ietter corresponding to the color of the link y). &=
oo
i
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C Figure 4.1
" For node (k+1.1)
i %1 = g [T 7 Pgyr1,1 = Va1 ol | “.5)
g ' where T is the unity sequence defined by 7()=1.0 for any t
o For nodes G.1). =1, --- .k
- Pi2 = Mg 0,4 = 7 4] “s.a
N
T2a=Mloy " o,y =731 =050 ,"p, “4.0.0)
. %11 = Ny 9 4 4.6.0
_ For nodes G.p. [=2.- - -.k+1, =1, - - ke2—
o %1y = 0 9, “4.7.0
:-.:. ”I,,*‘ = no l,l (‘.7-”
‘4
p/-lﬂ = no p‘.l (4.7.0)
Visry-1 =0 O, t P, " 9 @19 :
-l
—_ il
o On the other hand. the part of the graph composed from the nodes (0.)). .j
L ;
j=1,+++.k+] corresponds to & subnetwork that executes ALG2. The operations ot -
the cells in this subnetwork are described by :j
'._’.3
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For node (0.1)
Po.2 = Mg lPgy = By 4] “.8.2)
Boo = 9 1997 " g,y = Bg 01 = Ny G54 " Po2 “8.0
For nodes (0.p. =2, -+ .k+1
Po.;+1 = fg Po,; 4.9.0)
Bo.j-1 * ": By, * 9 * Pg. ! (4.9.b)

Note that the nodes (.1). i=0,---.k correspond to subtract/muitiply cells.
while the nodes (./). [=2,¢--,k+1, I=1,++ k+2-], are multlply/add celis. Only
the node (k+1,1) is a subtract/divide ceil. In other words. the network is com-

posed of three basic types of simple computational celis.

For proper operation of the network. the input sequences 7, / /31,00 k]
and Bo k+) 3re set to the zero sequence ( defined by ((t)=0.0 for all t. and the

input links s /=1.+--.k+]1, are connected to the links Pk v2-i.| (ses fig-

k+2-f.j’
ure). that Is

"‘-/ = TEARKRN 23 (4.10.8

ﬁo k41 = ¢ (4.10.b)

aku—I'I = Weso-i.] [=2,+ - k+1 (4.10.0)

The elements of the matrix A and the vector y are fed into the network

through the links r, ..

specification is given by

j=1,-++.k+1 and r, .. respectively. The precise input

P, = akt1- 2 qa Ja1.e ookt @.11.8
oy * n’{,” o2 7 4.11.0)

where T(a,)-n-(kﬂ-l), T(M=n and

...................................
........

)

Lo, it
'l\

Fy

A |

. AL

2

al
P

Y e

‘ v‘f,'.'..'. (XL "

‘ A b R TR B 43
h s g

"‘—.T v "'.,'

a

e 5 T

.3
«




|
|
»
\
i
|
\'
‘

V
|
|
»
]

. C et . v : L4 . - . . v'. . T - -, - .." IR . - Ct T "~ N - - . -
LI SNPARPAIINE WU WK PRS0, 1V PG AT T ™ [ IS PRI Y. D PGS S ST T I S PO PR S SRS A W Y et tiatatata

@) = 8 k1~

"0 =y,

that is. a contains the n-q elements of the qm off diagonal of A, and 7

k+1-q
the n elements of the right hand side vector y.

In order to understand the principie of operation of the network. we first

th -

note that at iteration step | of algorithm ALG1., the row of U and the l”'

colomn of L are computed from the Im row of A (steps 1.1 and 1.2). However,
the elements of the matrix A are continuously modified. In particular. at the exe-
cution of step i. the elements in row | of A had been modified py subtracting
from them ditferent contributions (step 2) during the steps /-k.---./-1. In the
systolic network of figure 4.1, the elements of the unmodified ™ row of A arrive
at the cells (g.1). g=1,---.k+1, on the r colored links. At the same time. the
sum of the contributions from the previous Iterations i-k.---./-1 arrive at the
same cells on the ¢ colored links. The subtraction is then pérformed and the

eilements of the corresponding colomn and row of L and U are computed and

sent out on the r and p colored links., respectively. These eiements propagate
upward in the network allowing the cells (g./). /=2,-++k+1, q@=1,-+-.k+2-] t0

compute and sum the contributions for the modification of the subsequent rows of

A. These contributions are sent downward on the c colored links. Finally, the

e

-

LS

subnetwork formed by the cells (0./), j=1,---:.k+1 operate in a similar way.

v 9
MOSARS
X

AR

A careful study of the behavior of the network shows that the significant

r'e

elements of the matrix U are sampled from the links pq 1 q=1,-++.k. and the

elements of the partiai soiution vector z from bOO’ These resuilts are sufficient

for the computation of the soiution x=U-Iz. However, the elements of the diago-

nal matrix D, where L=UTD. are ailso availabie on the link Sk 1.. More precisely.

1@ output sequences are expected to have the following description:

............
PR T "

.....
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k+2-q 2 :.:‘ [
Ty ® n - ke q=l,c "k 4.12.a I
By o * n**2 o2 ¢ 4.12.0) o
5 ¥
Oy = Nne A 4.12.0) - }
where T(u )=n-k+1-q). T()=T(\)=n and o
T
bo® = Uy roner1-g ' = |
\Q) = d,, *
Cy) = 2, SO
After the computation of U and z terminates. we may use the network for a 4
d
second time to soive Ux=z and obtain the vector x. Of course only few cells will :
be doing useful work during this second run. At this point we note that we can _“
[
add to the network any number of columns of celis identical to the column (0./).
[=1,>++.k+1. This enabies us to use the network to soive (4.1) for more than :';1
one right hand side vector y simuitaneousiy. S
Finally, we note that the network described in this section can be modified .
\';-__ b
to perform the Cholesky decomposition LLT instead of the UTDU decompaosition. LA
For this. equation (4.5) that describes the operation of node (k+1.1) in the network - ‘
have to be replaced by )
9,1 =M L 1 ] Ty
‘ Pkﬂ,l ’kﬂ.'l
and the data on the links p, ,, /=1,--+k have to be set equal to the data on R
M, 5. I=1.-<<k. This has the effect of modifying 4.7.d) to SO
Visvy1 TR Uyt W, 7 0 ) )
it is clear that in this case. the links L /=2,+ ¢+ .k, =1, k+2~]/ carry redun- )
dant information and hence can be removed from the network. -t ;
= |
3
L
et
Sy
j
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.....
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After this description of the network. we turn our attention to the task of
simuiating its operation. First, we write the SCE program that describes the net-
work and contains the equations that model its nodes. In the following program.

the parameter k which determines the size of the network is set to 2.

The SCE program for the network of figure 4.1

ERXRZRXXRXRXXXXAXXXRXEZXXARAXXRXIRX X

PAR k=2 :

INDEX i.j :

SEQN s(0:k.1:k+1) ,
r(0:k+1,1:k+2) .
p(1:k.1:k+2) ,
cll:k+1,1:k+1} .,
b{(0:0.0:k+1)

INPUT( MAXT 18, For I=0.k+1 r(.1} ) : /* input statement */
FOR j=1.k+1 DO cf1.;) = o END : /* equation (4.10.a) */
b{0.k+1} = o : ' /* equation (4.10.b) */
stk.1) = Z ( u / [rk+1.7} - ck+1.131 ] /* equation (4.5 */
FOR i=1.k DO

ri,2y = Z [ ri.,7} - c(i.1} ] : /* equation (4.6.a) */

p(i.2) = Z s(.1)} * r(i.2) : /* equation (4.6.b) */

s(i-1.1}= Z s(i.1} /* equation (4.6.0) */
END ;

FOR j=2.k+1 DO
FOR =1.k+2-j DO

s{i-1.j} = Z s(i.j} . /* equation (4.7.a) */
p(Lj+1} = Z pl.}} . /* equation (4.7.b) */
r(hj+1) = Z r(l.}} : /* equation (4.7.c) */
cli+l.j=1) = Z [ cli.)) + r(ij} * s(i.j) 1 /* equation (4.7.d) */
END ;
sk+2-L.j} = plk+2-|.}} /* equation (4.10.c) */
END :
r0.2) = 2 [ r(0.1} - b(0.7} ] : /* equation (4.8.2) */
b(0.0) = r(0.2) * Z s(0.1) ; /* equation (4.8.b) */
FOR j=2.k+1 DO
r{0.j+1} = Z r(0.)) : /* equation (4.9.a) */
0(0.j-1) = Z(2} [ b(0.j} + s(0.) * r(0.j} ] /* equation (4.9.0) */

END

OUT( b(0.0) , FOR i=1.k p{i.2} . s(k.1) ) : /* output statement */



Next, we will use the above program to simuilate the computation of the
matrices L. ‘U and the vector z for the matrix A given in (4.2). In order to
specity the input for this- computation. we note that The INPUT statement in the
above program limits the length of the sequences to 18 elements. It aiso deter-
mines the order in which the input sequences are read from the Input file,
namely Po.1- P11 p2'] and p3,1, respectively. Accordingly. we follow the pattern
specified by (4.11.a/b). and use the data from (4.1), to construct the following

input file

Input file:

0.0 00 00 40 d d 140 d d 150 09 d 00 da d -6.0
d d 6.0 d d -30 d d =20 d d

d 40 d d 150 d d 20 d d 1.0

2.0 d d4 110 d d 200 g d =190 d d 140 ..

Finally. we use the SCE interpreter to run the above program with the given

Input. this produces the following output file

xxx2 QUTPUT SEQUENCES ***=
0.00 0.00 0.00 000 200 d d 200 d d 300 d d-300 d
¢ 300 d

RAXXXXXRXXAXARRXAXRRRKX X

0.00 d d 3.00 d a -1.00 d d 2.00 d d d d d
d d d

AXZARRXXXARXRAXXAKXARXXARRKAR
0.00 d 200 d d 1.00 d d -5.00 d d -3.00 d d d
d d d

AXXXRXXXXRXARERNRRXXXRXXAXRX S

0.00 0.50 d d 033 d d -1.00 d d 033 d d -0.1 d
d d d

AXEXXNXXXRTXXXXRIAXRXXRAXX X

where as specified by the OUT statement, the sequences are printed in the order

b0.0‘ M5 My, 8&nd 0O, ;. respectivelly. It is easy to verify that this output

agrees with the resuits in (4.3) and (4.4), and the formuias (4.12.a/b/cC).

.......................
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$. Conclusion

In this paper., we presented an equation soiver to suppliement the formal
systolic model discussed in [2]. This solver Is intended to be used in particular
for the verification of systolic networks in the cases whsre the resulting system of

equations modeling the network cannot be solved anailytically.

The - application of this solver to the verification of a computation of a sys-
tolic network is equivalent with the simulation of its operation for specific input
data. More specifically. the user specifies the architecture of the network to the
soilver/simulator in the form of an SCE program that consists in essence of the
system of equations modeling the network in a computer readable form. This
program is then interpreted by the solver and the output data are computed for

specific inputs.

It should be cilear that the solver/simulator can only be used to verify
specific instances of computations on networks: that is the input data have to be
given specific values during the simulation. This limitation épplles to any simulator
or numeric soiver. and the only way to allow for a more general simulation wouid
be to consider symbolic manipulation and to obtain a symbolic description of the

outputs in terms of the inputs.

The potential application of the SCE language presented in this paper is not
limited to the solver/simulator. Namely, the SCE l'anguage may be used to specity
precisely any systols network that can be described in terms of the abstract
model. In fact, for a given network. one may write an SCE program in which the
causal equations and the sequence declarations describe completely the graph of
the network as well as the operation of each of its cells. This SCE specification
may be used, for example, as an Input to an automatic lay-out program or to a

transiator that generates specifications in other languages used in computer aided
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design of VLS| devices.

The syntax directed approach wused Iin the implementation of the
solver/simulator led to a very modular program. This simplifies the task of modi-
fying the solver to incorporate new SCE grammar rules that need to be added
when new types of sequence operators are introduced. Actually. the addition of a
new sequence operator to the grammar requires only the implementation of a

corresponding semantics routine that describes the effect of the operator.

Finally. we note that the soiver was extensively tested in the soiution of
many systenis of equations. Including those resulting from the networks verified
analytically in Melhem Rheinboidt and . Meihem Stiffness In this paper. we
applied the soiver only to the verification of a network which we designed for the
LU factorization of symmetric banded matrices and the solution of the correspond-
ing system of linear equations. This example shows the simplicity and effective-

ness of our approach for the simuilation of systolic networks.
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Appendix A: The grammar for the SCE language. Ij:'_;
b
Terminal symbols
PAR  INDEX SEQN FOR DO END MAXTIME INPUT OUT -
Comma Semi Colon Equal Plus Minus Muit Div -
Lbrak  Rbrak Lcurl Rcurl Lpar Rpar Period < -
0 2 T A E M n v2
identifier Positive_integer Positive_real
:;
Grammar rules R
i
1) <prog> i= <geclare> <in_part <body> <out_parp .
2) <declare> = <par_dech <ndex_decl> <seqn_dech [
]
/* PARAMETER OECLARATIONS =/
3) <par_dech = PAR <par_lisp Semi f
4) }
S) c<par_lisp = <par_lisb Comma <par_stmp 2.
L) | <par_stmp ’ E
7 <par_stmv i= (dentifier Equal Positive_integer -

-
A
DA

/* INDEX DECLARATIONS */

8) <index_dech = INDEX <i_lisd Semi

v

-
LI A

9 ! .
10) «_lisp = <_lisv» Comma identifier
M | Identifier e

/* SEQUENCE DECLARATIONS */ .

N

12) «seqn_dech = SEQN <dim_lisp Semi =)
13) <«dim_lisp = «dim_lis Comma <seqn_dim> . 3‘
14) ! <eqn_dim» O
15) <seqn_dim> »= |dentifier Lcurl <range_list> Rcurl [ A
16) | identifier
17) <range_lisp i= <range_lisv Comma <range> &
18) | <range> e

19) <range> = <_expr> Colon <_expr )




T AT TR T AT T T s T T TR T AT TN . PRJERAY RO AC R R O R A A R

.
(]

5
i - 29 -
s /* INDEX EXPRESSIONS */
20) «<i_expr i= C_expr> Plus <i_term>
. 21 | <_expr> Minus <i_term>
h 22) I <_term»
23) <_term uE C_term> Mult «_factor
. 24) ! «_factor
,:r 25) «d_factor = <simple_factor
- 26) i  Minus <simpie_factor
2n I Lpar <_expr> Rpar
' 28) <simple_factor> ::= identifier
29) ! Positive_integer
o /* THE BODY OF THE PROGRAM */
30) <body u= «atmt_lisd Semi
30 <simt_lisv i= «stmt_lis Semi <stmp
32) t  <stmb
33) <stmp u= <ogqn
. 34 { <lor_stmp
= 35) «or_stmp 2= FOR <or_spec> <stmt_lisb END
36) <for_spec> := |dentifier Equal <i_expr> Comma <_expr> DO
e 37) <eqn> = <seq_spec> Equal <seq_expr

/* SEQUENCE SPECIFICATIONS */

. 38) <seq_spec> »= (dentifier Lcur! <indicat_lisp Rcur!

39) | identifier

s 40) dndicat_lisp = <indicat_lis® Comma <_expr>

T 41) I d_expr

[ ]

- /* ELEMENT WISE OPERATORS ON SEQUENCES */

o 42) <seq_expnr u= <seq_expr> Plus <seq_term>

.j', 43) ! <seq_expr> Minus <seq_term>
44) 1 <seq_term>

- 45) <seq_term> = <seq_term> Mult <s_factor

. 46) ! <seq_term> Div <s_factor

T 4N 1 <seq_term> U1 <s_factor

) 48) | <seq_term> U2 <s_factor

N 49) ! «<s_factor

(8 50) <s_factor »= Positive_real Period <seq_factor
51 | <seq_factor
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:;"_Ij ) /* OPERATORS DEFINED DIRECTLY ON SEQUENCES %/

r $2) <seq_factor = (seq_spec L

£ $3) { <«simple_op> <seq_tactor

o 54) ! <muitiplex_op> Lpar <choice_lisp Rpar

0~ D)) ! A Leurl <i_expr» Comma <i_expr» Comma e

N <_expr> Rcurl <seq_spec’ 3

e 56) ! Lbrak <seq_expr> Rbrak '

$7) «muitipiex_op> := M Lcurl <i_expr> Semi <ratio_list Rcurl =

- 58) <simple_op> u= O <op_powenr

3 5 59) | Z <op_powen "

< 60) ! T <op_powenr -
2} i E Leurt <_expr> Comma <i_expr> Rcurl

% 62) <op_power> = Leurl <_expr» Rcurl o
- 63) ! 24
v 64) <«choice_lisb := cchoice_lisp Comma <seq_expr "
; 65 ! <seq_expr
68) «ratio_list = «<ratio_lisb Comma <_expr E
en I d_expn b
o
3 3
N /* INPUT SPECIFICATIONS */ £
¢-\
23 68) <in_part = INPUT Lpar <np_lisb Rpar Semi :
69) <np_list 2= dnp_lisd Comma <lnp_spec> E
. 70) ! MAXT Positive_integer
N 71) <inp_spec> = <36Q_spec>
e 72) { FOR do_for <dnp_spec> e
- 73) do_for u= identifier Equal <d_expr» Comma <i_expr -
e i
- /* OUTPUT SPECIFICATIONS =/ e
]
-7 74) <out_parv = OUT Lpar <out_list Rpar Semi Co
w: 75) <out_list 2= cout_lisb Comma <out_spec r,;-j
76) | <out_spec>
:‘ 77 <out_spec’ i= <seq_spec> £
i 78 i FOR <lo_for <out_spec> X
S
:": ARRNRABRBRARARRRARRARRRRRAARR ) E
’i';: . . Ei:
s b3
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> kg".
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Apendix B: The listing of the SCE interpreter program.
/%% GLOBAL DECLARATIONS £x/

tinclddo {stdio.h:
ddefine Pros_lengtn 4350

tdefine N.rules 78 /% number of rulas in the Fraamar X/
$detine N_Jums 24 /% ryles not reauiring any action %/
$define N_swabol 20 /% size of the swymbol table 2/
$define N_bound 20 /% size -of the bound table 2/
define N_sean 129 /% aax. nuaber of seauences used X/
$define Maxtime 30 /% usper limit on sisulation time %/
sdefine stack.lendth 40 /% lensth of uorkzns stack 74
$define N_words ((Mautine + 1) / 16 )

tdefine N.ratios b1 /3% na3t. & of arsunonts in M oserators X/
$define N_real ] /% aa%, § of real constants used x/
int overflowl3] = { Prod_lensthy stack_lendths N_syabol, N_bound:

N_sean, Maxtine + 1 » N_ratioss N_real } s}

FILE xfaosan() » Rfp

/X 3n 3rray to store the srodraa trirlas X/

struct < char action
ind value

. int tos i > srodCProd_lensthl i

int location $ /% mainter to »rog arraw X/

/% adiusili] contains the lensth of the R.H.S. of srammar rule
i minus oner which is the adJustaent in the tor of the stack %/

int  adJustiN_rules] = {<3y =2y =2 1§y =2y 0y =2y -2» 1; -2
Qr =2» =29 0y =3» 0Q» =25 Qy =2y =2y

=2y 09 =2y 0y Oy =15 =29 OQ» Oy -1y

<2y Qr O» Oy =3 -5 -2 -3r Oy -2y

Qs =23 =2y Qs =2y =2y =2y =2y Oy -2y

0y Or =1y =3» =89 =2y =3» =1y =1y =1y

<%y =29 1y <2y O =2y Oy -4y -2, -1y

Os =29 <4y =4y =29y 0y Oy -2

/% dumsl] contains the number of the drammar rules not reauiring
__ans action X/
int dums(N_duas] 2 {3y 4 Sy &r 8 9 125 132 14y 22y
- 24, 2%, 29y I1» 32, 33y 34y 44, 39, S1,
.}é9v 74y 759 76 .

int stacklstack_lenatihl /% denamic working stack X/
float fstackLstack.lengthl /% 3 matching value.stack %/

i
= ' /% SYMBOL TABLE ; tume= Sy P or 1 for sean.s sarameter or indexrs resrectively. ¥/

struct € char ture ™

int entryli S

int entry2} > sym_tab(N.symboll } kY

int 1boundCN_bound] § /% lower bound table &/ ]
s int uboundCN.boundl i /% upser bound table X/ Y
int ran.sir = -1 i /% sointer to bound table %/ ._;

o /% SEQUENCE STORAGE %/ n
) float sea.storelN_seanll{Maxtime+l] i /% seauences storase %/ Y
i unsidned d_tablelN.seanlCN_woris] } /% keers tracks of don’t caresx/ -
int sea.stir =2 0 } . /% mointer t0 seauence store ¥/ B

- int sea_size i /% actuyal sice of the tadle %/ L
{: int last.comsutediN.seanl i /% for consistancy checks X/ 4

float r_store(N.resll storage for redl constants %/
int rootr = -} the corressonding sointer %/

int ratio.tensCN._ratios] 3 to store aultislexer ratios %X/
int ratio.str & raointer to ratio_temes X/

int not_done } 8 loor control variable %/
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/3 THE MAIN PROGRAM 3/
.’Jlﬂ()

\

char action

int  value

int top = -|
int J» looking
int stase

int and_stadelS]

end_stase(1)=2 } end_stase(2]s48 i o
end_st3se(31=30 § end_stase(s]st ; )

/% osen the file that contains the »rogran turles %/ -~
s = foron('out.parsc' ‘ro) e
for(sea_rtrad } son-rtr { N.saan i sea._rtr++t) -
for(is0 3 J < N_words i J++)
d-bable(soa-ptrltal s Q3
saa_rtr 2 Q §

/T Ryild standard entries in swyabol tabler thew can ve
ovaruritien by sroser declaration X/ .-
Por(is0 3 J < 3 % Jt+) :
{ syn_tablJil.ture = 'S’ 3}
sya.tablil.entryl s sea_str } .

last_comrutedlseastrit] = Maxtine § )
sum_tadlil.enteyl 2 -1 /% indicating a3 sindle seauence %/

/% current tos of stack %/ )
.

.
y
.
14
i
'y
y
3
Y
y

.
K

(LA

>
for(j=3 3 N-ss-bols P oddd)
ssn-tabCJJ. gpe = '
for(iel 3 J £ Maxtine 7 J+t) -
{ sea_storell1lJ] = 0 0 T
saa-storet2]£;] = 1,0 7 ) S
for(ia0 3 J < N_words 5 J++) .
d.table(03CJ4l s 0177777 _—

for(js3 i J < N_sean 5 Jt+) ]
last_comsrutadlJl) = 0 } o

/% END OF INITIALIZATION AND BEGINNIG OF MAIN LOOP %/ e

/% Qutar for loor: stase=l -> declarations, A
stases? - insut mart,

stase=l - rrogram bodu» F'

"-

stage=4 -> outsut part. X/
2or(staso-1 i stade <= 4 } +istade)

location = 0

not_done = 1 3 , oy
/% inner loor 1: read the tusles for the corressonding stase o,
from files keer track of the tos of the stack and save in =
4o rrosl] only those trirles that reauire 3 certain action %/
< o
fscanf( P» » *7c* » Saction ) § o
it{sction != ‘L’) fscanf( f» » *%d\n* » %value )
else { check(7y ++r.atpr) i} e
fscanf( f» » *Zf\n* » tr_storelr.rtrl ) i 2> I
zuitch (action) e
case 'R’ ¢ € looking =21 } Jj =03 /% REDUCE x/ ,
while(looking :: 4 _< Nodums) -
if(vslue 2= dums(J++]) looking = 0 j -
if(looking) sush.trisle(actiory value, toe) s
check(l, (tor += adJjustlvalue-11) )i
{f(value == end_staselstagel) not-donclo } -
}brcak i;
21 case ‘C’ ! { check(ly ++tom) ¥ /% SHIFT IDENTIFIER %/
- sysh. trisle(sctions valuer tos )} /% OR INTEGER CONSTANT 2/ .-
1y break ; o
‘\' Ve
3
ahy ‘e

[N
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k:

case ‘L’ ! { check(lytttom) /% SHIFT REAL CONSTANT x/

sush_trisle(actions r.ptr» tos)
N oreak i

case ‘S’ ! { check(l,++tos) } /X SHIFT x/
| Brask ; :

case ‘A i ¢ chack(ly ++tos) 3 /% ACCEPT &/ 2
- aush. trxrlo(actxon, valuey toa ), L
= . break i .
. }} ¢ ’ ":
' while(not_.done) 3

location = -1 §
not.done =2 1
/% inner loos 2: execute the action routines for that stage %/

iﬁ 2hxlo(not -done)

++location i ’

value = arcgllocation).value i
- tos = srogClocationl.tos
o 2uitch( srosllocationl.action )

case ‘C’ ¢ { stack{tor) = value i break i ) '
. case ‘L’ ¢ { fstack(tor] = r_store(valuel i break i )
:ﬁ case ‘'R’ ! { semantic(valuer toe) 7 Dreak i >
y case ‘A’ | nat_done = Q

>
Ry hJ
-0 }fclosn(fp) H
) /2 END OF THE MAIN PROGRAM x/
~ ;xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxz::xxxxxxxxxxx/
p
.t ;/routino to store 2 trisle in the array rrosl]
n z&th-trirlc(a r vo L) char @ 7 int vet

»rogllocationl].action = 3
srodllocationl.value =

. rros{locationl.tor =
' check(Q» ++location)

= roturn(0)

>
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/X THE SEMANTICS ROUTINES
R avibeeibec e s et et bbb bbb bbb VIR TR b RS SLEE Y

int declaring = 1 /% a2l anly during declaration X/ o
int skis = 9 /% to skia calculation in case of don’'t cares X/ v
int Mskia= 9 /% L0 chose the arsument in M oserator x/

flost getfloat()
Pilost tfloat

int TINS = ¢
int d.7i3d

samantia(rular to2) ini rulestos

/% temporary variable X/ T
/% 3lobal system tinme £/ b

W ws WSS wp W W

Y
int 20r L2y redding » J

i?(Mskis)
< switch{rule)
{ case 54 | break
c33@ 34 ¢ --stackttor-43
c3se 85 . --Mskip
y default : return(Q) i

-b mo wo

%
<

iPlskip) e
{ suitchirule s
{ case 33
e3s@ 94
case 37
case 38
case 39
casa &0
-case al
default

{ -=ski» } return(0) >

| %)
gt
| § P

{ skirt+ 7 return(0) i >
return(Q) }

vocccssetssett oo e
Ly e
‘iv 3.

L

>
%uitch(rulo)

It

' retyrn(0) i 2 /X signal end of stage 4 %/

case 2 ¢ { declaring= 0 /X signal end of declarations %/
not_done = 0 /% that is stage 1 3/

sea.size = sea.atr - 1 i return(0) i 3

/% PARAMETER DECLARATION x/

case 7 ¢ { t2 = stack[tor-2] i check(2,t2) =
P02 > 2) 318 (swm_tablt2l.tuee '= ' /)) run.error(id) o
sun.tadli2l.antryl = stackttor] 3 <
sua.t30lt2]. Lyse = 'P’ } 1
return{0) & > N

/* INDEX DECLARATIONS s/ - N

case 10:
case 11

c3se | § { not_done = 0

- we "ue

RO

{Ws= st kLtorl i check(2,t0)
irC(t0 > 2) 83 (sun.tab(tO0l.tyre != 7 ‘)) run.error(ll) 5
sym_.tadltol.entryl = 0 }
sua_tablt0l.entryd = 0 ’
syn.tabltO).tyre = '1’ i
return(0) 5 )

2 | SEQUENCE DECLARATIONS t 74

case 135! { check(, t+ran.str)
lboundCran_pter) = 0 )
uboundlran.strl 2 0
s@a.str = gea.str + stackLtor=1]
check(4) seartr) 3 : o

, return(0) ) > k N

case 15 € t0 = stackltord ) "
it((to » 2) 8% (sva-tagttO].turo s+ 7)) ryn.error(ld) 1
syn.tablt0l],.tyre ‘g’ .
sya_tablt0l.entryl = seamtr -
syn.tadltol.entryl = - } -
check (4r++sea_mtr) } .
return(d) 5 > X
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97=3] i t0 = stackltoe-1l

) {skis=] ; ‘ 8
stackltor-5] =1 ; :
fstackCtor-S1 = 0 § return(0) 5 >

td = (TIME - £2) % 40 )

for(J=0 i t2 = ratio_teme(Jl i Jt+) ) )

stackltor-31 = ratiorte 5 /% cardinalits of listx/

Mskip = J i /% chosen element X/

return(0) § >

c3se S8% { 40 = stacklitorl
It(TIME <= £0) € skis=l 3
stackltor-11
f3tackltor-13
stackltomr-1] = TIME H
TIME = TIME - t0 3
raturn(Q) >
case 39. { t0 = stackltoel 5
IT(TIME <= 40) { skiz = { 3

A I
. faat .'-.<'.. L e

1]
[y
-

i return(Q) ;>

1]
<o
-

stackLtom-1] =0

fstackltor-11 = 0 i return(®) ; >
stackltae~11 = TIME 3
TIME = TIME -t0 i

return(0) § )
case 30! { L0 = stackltos]

t2 = (TIME + ¢0) Z {1 + t0)

i?(L2) { skir =t i /% don’t care %/
stackltor-1] =1
fstack[tor~1] = 0 return(Q) >

t2 = (TIME + t0) / (1 ¢+ t0)
stackltor-11 = TIME

TIME = t2

return(d) § >

L IR TRPVE T

case &1: ¢ t0 = stack[tor=1] § t2 = stack[tor-3] ;
if(TIME < t2) € skia = 1 3}
stackltos=-S] =1
fstackCtor=51 = Q0 3 return(0) ;5 >
stackltor~S] = TIME H
TIME = TIME - ({TIME ~ t2) % t0) H
return(0) § >
case 827 { stackltor-2] = stack{tor=13 } return(0) ; }
case a3: { stack{tosr+i]l = 1 i return(0) 5 >
case 34! { --stack[toms-4] ; -
stackCtor-2] = stackCtor] ;
y Pstackltop=2] = fstackltoer]
case a9 (. --Mskis

1]
return(Q) 3 ¥
case 86! { check(ér ++ratio_ate)
stackCtor-2] += stackltoe]
ratio_temmslratio_rtrl = stackltos-21 ;
return(0) 3 >
case &7¢ { ratio_mtr = 0
. ratio.teme(0] = stackltom] ;
return{(0) § >

/X INPUT SPECIFICATIONS %/

c3se 68: ( not_done = 0 i /% end of stase 2 %/
return(Q) 5 >
- case 703 { stackll) = stackltoeld
- check (S, stackltor)) ;
i~ return(0) 4§ )
case 71 ( t0 = stackltorl i reading = 1 ;
for(J=l i J <= stack[1l } J++)
. ift(reading) .
: { sea_store(t01(J] = getfloat(d_flag) ;
b if(d_flag == 1) write_d(t0sJ) i
if(d.flas == -1) { reading = 0 ;
write_d(t0sd) 7 >

——- e

-~x

>
L. else write_d(t0yJ)
! last_commutadCt0] = stack(i] ;

return(d) § }

t0 = stackltom~-11 } :
if(swa tablt0diantryl >= gym_tabdCt0l.entry2) return(0) ;
+tsun.tablto).entryl
location = stackltom=-2] ;
i. return(0) 3 ¥

*
.o
~
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: T30 {42 = stackltor-4] 5 check(2,t2) i

2 it(sym_tablt21,44re '= ‘1) run_arror(d) i

- sum.ta3blt2).entryl = stack[tor=21 i
: sum.t3bCtil.oantred = stackltorl

stack{tom-3] = location i

PR

return(d) § >
FE QUTPUT SPECIFICATIONS %/

N 2332 773 ¢ t0 = siackitar] ¢
- foriJd=l 5 J <= stackll] i J++)
- i%{read_d(t0+sJ)) arintf(’ q %) 4
. else printf(*75.2f *y saa_storelt03lJd)
Arintfo\n KXXEXXXKXXXXXLXXXXKLXRRNN")
return(0) 7 >
: t0 = stackllopr-11 i
. it(suma_tadlt0l.antryl = sum_tablt0l.entrw) r2turn(0)
- ttsua_tabltOl.entryl
. location = stackltor=2] i

PR

retyrndd) 7 >

.

case 783

)

/X END OF THE SEMANTICS ROUTINES X/

JR PP 2P b2 0000 PSP 02003050000 000 0Pttt tedrees ¥y - gi
I User Defined Oserators x/ B P
/xxxx:xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx/ e

'bese routines are #rovided by the user to define the ol
binars crarators Ul and U2. The ceerands are rassed in o
ol and 02 3nd tie result 1: returned in

If ans of the orerands is the don’t care swaboly t1 or t2

15 set to iy corresrondingiss otherwise thew sre set to 0. -
The return v3lue of the functions should Ue Q if the -
;gsul‘ of the orerstion is not a don’t care and | if it is. -
/ e
u-omliolrt1,025t2sr) int 1,82 5 Lok

float alro2y Xr i

f: foraulas for u.orl and r X/
s

y.0rllolrt1r02¢t2s¢) int 1,82 5
p float ols02s Xp §

/% formuias for u.oe2 and r %/
Vs
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[
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;;*X*X*!XX*X*XX*X*X*XXX!XXXXXXXXXX*XXXX**X*3XX*X*XXXXXX#XXXX**X*XX**/

The following routine reads the next item from the

inrut dats file, It sssumes that one of the fallowing
@xists on the file:

1} 3 floating zoint nuader. :

<) 3 '3’ i indicatind 3 don’t care itaemy )

3 ar ...’ 3 indicating that Lhe remaining items in

g cyrrent serauence 3re Jon’t cares.

Tne different c3ses 3re sidrnsled by the slobsl flag 3-flag

}loau Fetflioat(y
int 21 int_rart
it minus = 3
flost frsction » =_of_ 10 1

whiled{{c=getenar)) == "' 7 Il ¢ == ’'\p’ )
itic == 20F ) run.arror(9) i
if{c == 'qd’ ) { d.flag =1 i /% 3 don‘t care sumbol %/

return(Q) >
‘v’ 3% (getchar() == ’,’) % (getchar() == ',’) )
{ d_flag = -1 /% seauence termxnated X/
returni{0) )

if (e

itlc == ’'~*) { c=detchar() i mirus = -1 3}

int_sart = 9 j

while(isdigit(e)) <{ int-?art = (10 % int_rart) + (¢ - 70’)

¢ = getchar() i >
if{ c =7, run_errror(a) §
fraction = 0.0
p.0f 10 = 10,0 _
while(isdisit(c=detchar())) {fraction = fraction ¢+ (¢ - ‘0’) / s_0f_10i}
p.of_10 = p_of.10 X 10.0 i

if{{c =/ 7) 8¢ (c = ‘\n’) )} run_arror(8)
fraction = minus X ( int_rart + fraction ) #
d_.flag = 0 }

return{fraction) ;

» -e

s

z sdigit(d) int d }
if(3 <= '9’ %8 d >= ’0’) return(l)j

‘returnCO) H
2;xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxX/

The following routines keee track of the rosition of the
don’t care syadbols in the data seauencesi Each entry in
3 jeauerce Na3s 3 corresPonding bit in the arraw d.tables
write_d(s,t) sets the bit corresrondind to the element t
of the seauence s to 1 indicating a don’t care » while
read.d(sst) returns the value of the bit corresronding
Lo the element b in seauence s,

: 74
yrite di(sst) int s,b §

int words oit §
unsxsned eattern 213
word = ¢ / 18 ¢

Bit = (L % 18)
ﬁatte on = m3tbarn <7 {15~bit)

d.tablel31lwurdl = (d_tablelslCwordl) | »2attern i
‘return{O) ’

ra

gead-d(s:t) int sst

int word, Dit i

unsigned sattern =2 {

word s ¢ / 14 4

bit = ¢t 7% 18

a3ttern = zattern <L (15=-bit)
rattern = sattern ¢ ‘d_tableCsllword] ;
it{sattern) return(l) i

return(Q)

.......................................

....................
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/%%x3X ERROR ROUTINES sxxxxx/

Lo on

“ -

% L
A routine to check the bounds of working 3rr3yss the array B
§3 be checkeéd is determined by the ardument i,

ot

gheck(i» #Ler) int isebp

\
if(etr < overtlowCil) return(l)
%uitch(i)

23se O 1 < 2rintf{*IXX arodram srr3y overflow fX¥\n') j
exit(Q) i ¥ _

case 1 3 { ~rintf('22x workind stack overflow XXX\n*) ;
exit(0) j > '

case 2 ! L 2rintf (XXX sumool table overflow XXX\n') ;
exit(Q) 5

case 3 ¢ { erintf('IXX Dound table overflow  XXX\n')
axitig) & >

c3se 4 o 9rig%g§ XXX sequence store overflow *X\n') |

4 i

case 5 ¢ { ?r1n%g§ XX§ MAXT should be less than Zd\n'» Maxtime)i
axis

case & & ( Pr;g%gg‘x § temporary ratio list overflow XX\n*);
exi Pos

case 7 ¢ { 2rintf('3XX real constants storade overflow fx\n');

R exit(0) % ¥

5

exit(0) 3

PR Poo ot b oot PRbe et oot iibrio ot ibtete ettt Yl
/X
/

A rrocedure Lo erint run time error messages and stoe
axecution. The messsde to be rrinted is determined

e the ardument i.

X/

;un_error(i) int 1§

'%uitch(i) -

cssa 1 0 { 7rintf( XX seauence array out of bound \n')j}
axit(0) i ¥

case 2 ¢ { ~rintfP('XX too many array arduments \n*) i
exit(Q) 5 ¥

case 3 ¢ { Printf('XX too few arras arduments \n')
exit(Q) i+ >

case 4 ! { 9r;2%5§'x*}onls rarametars may be used in seau, declaratrion \n')i
exi §

c3se 5 < Prig%gg'*x}exﬁectins 3 P3r, o 3n index in sea. specification \n')i
axi H

case & ¢ { ?rgg%gg'xx}FDR variables must be declared as INDEX ') i
exi '

case 7 ¢ ( pr;g%sg'*x}urons number of arguments in Multirlexer list \a*)j
axi ]

case 8 ! { srintf (%X Format error in ineut file XX\n*')
exit(0) § ¥

case 7 ! ( ?rgz%sg'xx insufficient data in input file XX\n")}
exi i’

case 103 { ?rgg%gg'xx incorrect model or non c3usal eaquations XX\n®)j
a%l ; J'

case 113 { 2rintf (%X inconsistent sustem of eauatiocns \n') i/
pr;g?é;'tt}Atteart to overwrite a seauence \n') j
EY9) H

case 120 ( rr;gtgg‘xx}arras of seauences not declared \n')
exi ’

case 13! rrintf('*i seauence not declared \n')
akit(Q) 5 ¥ :

case 14} { arintf{°XX missing srsument list \n*) ;
exit(o} & >

case 15 { rrintf{'XX variable already declared \n ') ;
exit(0) 5 >

>

>

/AXXXXXX END OF FROGRAM LISTING XXXXXXXX/

......
......................







