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This paper deals with how rssociative algorithms can be eesily formulated end expressed in
a flerible associative language, Pascal/A, which is an ertension of stanalaral Pascal. The power
of essociative processing is delineateil with the help of a few examples. Further, the simula-
tion of an essociative machine using Pascal/A is also iliscussed, with a broad overview of the
issues involved in the efff ciency of such an implementation.
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DRESENT day computers are limited to
I location-addressable memories. Here the
access philosophy is the selection of memory
words by indexes in a storage space viewed as
a one-dimensional array of these words. A
significant departure from this concept
but moving closer to the human memory
mechanism is the idea of associative
memories or content-addressable memories
(CAMs)[1,2]. In this case, the stored data
items can be retrieved using their content or
part of their content.

It is readily obvious that CAMs allow us to
work with actual values as in mathematics,
rather than with the locations of those values.
The better performance of CAMs is due to the
fact that searches for data items can be done
in parallel.

The application of associative concepts to
database management systems will result in
a significant speedup in query processing.
Another point of note is that associative alogri-
rithms to various problems can be easily
formulated, as shall be seen later, making use
of database concepts. However, the data
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manipulation languages (DMLs) that are in
existence are somewhat removed from the
general structure of higher level languages
(HLLO and are devoid of the control structures
that the latter provide. Attempts to remove
this drawback and to make the manipulation of
databases available from HLLs, while incor-
porating parallelism, have resulted in the
development of associative extensions to these
HLLs. This parallelism will, of course, have
to be reflected in the hardware of the CAMs
and the appropriate mapping from software
to hardware will have to be effectivelv done for
good performance.

It should be mentioned at this stage that
much headway has not been made unti l now
in tcrms of associative memories due to their
prohibitive costs with semiconductor technology.
However, with recent research discoveries such
as the usage of holographic techniques and
optical phase conjugation [3] for implementing
CAMs, interest has been rekindled in this area.
The relevance of associative processing features
in a HLL background is now established so that
a marriage of the po\ver of content-address-
abil ity and the HLLs may be done.

Attention is dralvn in this paper to an ex-
tended version of standard Pascal, Pascal/A [4],
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which provides flexible i 'rssociative progl'al

iog tunluug.  fcr l tures '  Thc d isct lss io l l  is  carr ied

i"i".-,fr. J"t. of irt" 'plernenting associative

"ir". i i fr*t 
in Pascal/A at"' 'd how a testbed l 'or

l i io.itr,n'tt, simulating the content address-

utlt i,.u, rnay be constrLrcted' The varrous types

of implementatlons possible are then rclatively

evaluated.

PASCAL/A AND ITS FEATURES

Essentialiy, this language provides.features

that may be used to deiise new algorithrns and

;;;;"i;;.t that exploit contcnt addressabil itv

and the latent parallelisrr in problems' An

ou"rui.nu of the constructs ofPascal/A is given

below.

The table

The table is the only data structure adopted

for the extension. This is a dynamic collection

o"f an erbitrary nttmber of ide nticatly structured

p"t . - f  records.  each havi r rg thc values of  the

ui,riUur., of the table Thus a table is nothing

but a relation, howcver withotrt the set property

of  unique e lenlents '  This  var iable s ize data

J.nni,ion feature is a sigi-rit icant ste p, ahe ad rvith

; ; ; . ; ,  to  both LEAP [5]  and PFOR [6] '  two

other prominent associative langr'rages' PFOR

pt""iA.t only static parailel variables whereas

in f-fAp, the entries are constri-tcts named

lur*.iotions' rvhich are rcstricted to ordered

tript", of (attribr-rte, objcct' value)' How the

tuUf. fu.if i tutes the implementation of. associa-

tive algorithms is seen later' Parallel opera-

iiot, ni the differe nt rows of a table are possible

th rough  gene r i c  i ns t r t l c t i ons '

The syntax tbr the declaration t--f a table in

BNF i s

.itable-tYPe; : : '-t lrble of '::tYPe:'

<typo> : :- <-standarcl-Pascal-type:t i
' , :. t irblc--rlPc)'

Thcrcforc a ty 'p i ' : : r l  t l r l "L :  dcc latat lcn Ior  o

st t ldcnt  l l lc  rvoLr ld look i ik ' :

tYPe student-tYp:table of record
" 

,t"nl" : packc<l array [l '  '20] of char;

agc : iutegcr;
g r a d e :  r e a l ;

end ;

var student : student-tYP;

Nanre, age and grade are the attributes of

the table student'

Similar to fi les, tables may also exist outside

th.;;;;; and tl.ris bolsters the concept of

i i l . i t"t iptration of external databases' Such

.*i.rltut iables will have to appear as a program

puro*.t., in the program heading as tn

program grading (input' output' student);

Interfacing associative data structures

Every declaration of a table variable impli-

. it l ; ' ; ;h;;s a buffer for it and rows €an be

il;tt tJinto utto out of the table through

the buffer. The I/O semantics of table variables

ir itt,t, . i*ifar to tlrat of seqtrential f i les'

I n general, the definit ion of a statement tn

Pascal erpands now, so that w-e-r'vi l l  take the

precaut ion o l  expressing i t  in  BNF-

.<statement> : : '- (starrdard-.Pascal-

stmt> i <extension-stmt>

<extension-stmt> : : : <insert-stmt> i

<retrieve-stmt> i

<readout-stmt> I <delete-stmt> 
'

<qualif-stmt> I <where-stmt> i

<foreach-stmt>
<table-id> : : :<identif ier>

<f ie l i l - ic i> :  : ' ' -  < ident i f ier> '

Four primary functions allow query or

maniPulation of the table--

( i )  I r tser t :Trausfers the content  of  <table-
\ ' / , 6=n ( thcbu f f c r ' f t r r t he  

t ab le  < tab le - i d>

as in  f i le  not l t io l . r )  in to thc table '  the buf fer

being Lrnn-iodifrcd b1' t lte operattot.t '

< inscr t -s tmt> :  : ' " i l1set ' t (<table- ' id)>) I

a a

I
t 4
a l
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( i i ) R e t r i e v c . . R e a d s a s p e c . i f i e d ^ r o w n o n - H e r e o n e m a y g i v e a q u a l i f i c a t i o n e x p r e s s i o n
destructively frorn thc table. Appropriui" forselectionofrowsinthetable,asforexample-

semant icsmay bedef inedincase mul t ip le s tudent  [grade < 4.0] .  grade :  :

matches for the spccification occLrr' student [grade a 4.0].grade +0'05;

:  L I I

> - e !

' . .  - h

: _ . :  r .

: :  a i l -

.r. be
t'r [h
ab l  es

, - '  i r r

:  l h e

1 : , , b l e -
' l :  

id>
^ lr ffer

. t ) >  ) ;

< retrieve-stmt2 : :: retrteve

(  <select ion> ) :

<select ion ) :  i :  < table- id> [  <cxten-
' 

rn-bool-exPr> ]
1  i  s l c

(extension-bool-exPr2 I ::( e-b-

eXPr;' i
' r <e b-expr> 4logical-op) (exten-

sion-bool-expr> I not <exten-

sion-bool-exPr>

The qualif ication expression on either side

of the assignment should be the same'

(ii) IVhere statement

.<where-stmt> : ::where {selection> do

<statement> [otherwise<statement> ]

This combines the effects of a standard with

statemt-nt and the content addressing feature-

<e-b-exPr>: :  : ( f ie ld - id>

op> <identifier>
(logical-oP> : : : and I or
( r e l - oP ;  

" i : : ' l  
<  |  < :  I  >

(i i i) Readout . '  Reads the data and also

the row from which reading has

place.

<readout-st ln t> :  :  : l -eadot l t

(< . se lec t i on>  ) ;

ln  both rc t r ievc and readout ,  the

takes Place into the buffer'

(iv\ Delete : deletes specified rows from the Qii\ ordered selection statement

Tili;[::i1:.f::1':1'1T:in:;ilJlil roreacr':-stmtz :;: roreach <serection>
[<order ing> ]

grade:0.0.  [< l imi tat ion> ]  do <statement>

<de le te -s tm t> : : : de le te (<se lec t i on> , )  <o rde r i ng l  
' 1 : ( c l esc  rasc )  < f i e l d - i d>

<l imi tat ion> :  :  :a tmost  4 integer-ex-

Generic instructions for associative processing presslon>

<reL
where student [grade a 4'0] do

grade : :grade *0 '05;

i >: 
It is noteworthy that during the execution of

deletes the where statement, attributes that are part of

taken ihe qualif ication expression can be changed'

Relevarrt to this point of observation is the

presencc of t ln associative if-then-else construct-

where student [grade <4'0]

read ing  
do  g rade  : : g rade  10 '05

otherrvise grade ::grade -i 0'025:

: : : '  o r
t
".t ,
a t

Here a conter-rt-addressing feature selects

the rows which may be manipulate d with these

instruct ions.  The inf luence of  PFOR is  ev ident

in these control structures' Basically there are

three ways of addressing by content-

$) Qualif ied statentent

<qua. l i f -s tmt> :  : - ' ' :se lect ionl r '< f ie ld-

id> : :  <select ion> t .  ' ' : - f ie1d- id>

< opera1 '.1! ) <- l \ ili '> l

The selection is a qr'ralif ied table' The order-

ing determines the ascending or descending

or?"ting on a particular f ield' The limitation is

the num-ber of interations' During each iterati on

exactly one row is set to active and at the same

timc coPred to the table buffer'

Procetlures and functions

Associative l 'ariablc-s may be used as pro-

cedLirc  or  funct ion parametcrs just  as any other
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type. However, tables will have to be passed graph. Various applications of this problemas variable rather than value parameters to instance,suchasin telephone networksorasineschew excessive copying. Furthermore, semantic networks of Artificial lntelligence,functions may not be of type table. render this problem important. NumerousThe execution of parallel functions is possi_ algorithms have been put forward to solve thisble by including the function call within u *h.r" i"1 ,.qr."tial fashion but the elegance of thestatement or within a qualifying statement. associative solution, along with its efficiency,Obviously, global variables may be accessed but i, ,.uJify .niO.nt.
notchangedbyparallelproceduresorfunctions. The rotuiion to the shortest weighted path
predefined functions 

(length) problem is as follows. The idea is to
traverse edges in the graph in parallel at the same

In addition to the interfacing runctions, four ;ffi:,f,tXl:?:i:tJ:,lTri:H?,XiJJff:f
more functions are defined' anode(thenearestto the source). At the other
(t) The boolean function match determines t-d9.t, we have still not reached a node so that

whetherthesetof active rows(selectedby the. effective distance to cover now is the re-
a qualification) is empty and evaluates maining length. We set the distance between
to false if empty, otherwise to true. the source and the other nodes as this length.

Now we resume the traversal from two points,(ii) The boolean function empty indicates the source and the node that we had reached.
whether the table variable has any rows at This goes on til l the specified destination isall ' obtained and the path ihat leads to it in this

(iii) The integer function counts the number fashio.n is the shortest path. Thus at any stage,
of active rows satisfying a qualification. we take one daughter source at a time and

trayerse rts adjacent edges (coming from it)(fr') size returns the size of the table (the in parallel. TLe entire 
-algorithm 

has beennumber of rows). implemented in pascal/A in the Appendix.
The crux lies in the traversal of all the edges,APPLICATIoNS AND EXAMPLES in parallel, with a particular source and this is
seen rn content-addressability as the retrieval

The likely applications of associative pro- of all edges with source:a particular node. Itgramming languagesarein problemsofmulti- should be noted that thi, extremely naivekey information retrieval, studies on the approach is effcient in the associative case.semantic associations of words, text searching Yet another example is in finding out whetherand so on, where essentially we detect the anundirected graph is bipartite or not. A graphrequirement of quasi-simultaneous operations is bipartite iiall its vertices can be dividedon large data sets. However, we can also utilise into two disjoint sets, such that there is no edgecontent-addressability to solve problems of a betweentwo membersof thesameset. wetakemuch more rigorous nature as in parallel com- an arbitrary vertex as the starting point andpilation, numerical analysis and graph theory. give it a label 0. Then all edges starting fromWe will highlight the ease of formulating this vertex are traversed and the vertrces at theassociative algorithms- with a few examples and other end labelled with a I. Starting from thesehow we may express them in Pascal/A. vertices with a label l, we traverse the adjacentConsider the well known shortest path edges (fol one label-l vertex at a time) and labelproblem. Here we are required to find the the veitices at the other end with a 0. Thus weshortestpathbetween twoverticesofadirected proceed alternately labelling vertices with 0s
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and 1s. If a-t any stage, there is an already
labelled vertex and it does not match the label
which it rvouldhave gotnow, thenthe graph
is not bipartite. The order of time complexity
is linea; in the number of vertices in the graph.

The absence of any complex algorithmic
tricks in the above algorithms reveals the power

and efficiency of an associative solution and
enhances the need for easy expressibility in a
flexible language such as Pascal/A. As seen
in the Appendix, the presence of the named
table as a dynamic structure imparts the flexi-
bility to the language, for it directly corres-
ponds to theconceptof largesets ofdatawith
the same attributes being put under a superset.
Database systems can thus be effciently imple-
mented using this facilitY.

IMPLEMENTATION BY SIMULATTON

Now that we have seen the relatively simple
nature of associative algorithms, we would like
to verify them as well. In the sequential environ-
ment, one would have to simulate the parallelism
in the associativity. Considering the fact that

the extension is minor compared to the exten-
sive standard Pascal, it is better that a translator
from Pascal/A to sequential Pascal be construc-
ted, to avail of the full power of a good Pascal
compiler. This translator would insert code
for manipulation of an efficient data structure
implementing the table.

It is true that the performance in storing,
modifying and retirieving information depends
on the representation in, and the topological
structure of, the associativememory. In general,

we should realisethatif the problemis tofind
entries in a database by given identifiers, then
hash codingis preferred. But if the searching
conditions are specified by giving the values or
ranges of certain attributes, then traditional
sorting and tree searching methods may be
used. The reader is referred to [7] for an
excellent overview of such methods.

The concept of inverted file systems, where
the roles of records and attributes are reversed,

is prominent. Here, we list the records with a
given attribute, instead of the attributes of a
given record. The implementation of LEAP [5 ]
uses inverted list structures to store its triples
of (attribute [A],object [O],value [V])' How-
ever, since a-triple must be retrievable on the
basis of one, two or all three of the elements in
the triple, the hash coding is somewhat complex
and six hash tables are organized for the com-
binations of (A,O), (A,V), (O,V), A alone, O
alone and V alone. In our case though, we
are not restricted to such triples so that the
complexity of our implementation increases
manifold. It is to be noted that the efrciency
of any of the methods used in multi-key retrieval
is extremely dependent on the type of queries

expected.
Here, we put forward a naive implementa-

tion ofthe preprocessor, used to do the transla-
tion, for the sake of completeness and to act

as an introduction to the manner of imple-
mentation expected.

The preprocessor did a proper syntax'ana-
lysis of the extension constructs, as well as a
partial semantic check. The vital part however

is in the actual translation to standard Pascal.

This was accomplished in three phases-

Processing of tyPe declarations

All lines in the Pascal/A program with type

declarations were held temporarily in a linked

list of lines, before being written on to the new

file (which serves as input to the standard

Pascal compiler). This was done to keep track

of the various type identifiers and their types,

along with associated information, such as the

field names of the record and the like. When
a type declaration of table-as described earlier

in the introduction to Pascal/A-was met with,
the record was traced and a new record type

created. This new record type had two more

fields-a 'prev' pointer and a 'next' pointer.

The simple implementation of the table as a

doubly-linked list was adopted, hence the two

extra flelds. Thus the declaration ofthe student

i '': t;
I  i t
-  l r l
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table wouid now look l ike-

type

student-tyP: record
nan- lc  :  p lLckcci  arra l '  I l  .  '20]

c l rar l  o f
; , 9 ' . '  :  ! l r 1 ( ' c '  l ' :

g t ' t t t l .  :  r e l , l :

c l l ( l  ;

st udent-typptr=: n str rdetrt-tr '  pcxtn ;

{noin t 'c L}

student-tvpextn - record
rec : student-type ;

Prev, next : student-tYPPtr;
cnd I

Processing of variable declarations

Here the external tables were scparated from

the external f i les-notc that both appear in the

program heading-by looking up the symbol

table for type declarations. Ali re ferences in the

variable declarations to type declarations of

tables have to appended with thc suffix extn.

The restriction is of cotlrse that a variablc namc

starting with a tablc name mtlst n01 bc rtsed to

denote some other t-vpe, to avoid confusion.

lf there is a direct table declarationan.rongthc

variable (var) declarations, the declaration ts

transferred to the type declaratiotrs and appro-

priate adjustments made.

Thus at the end of the first two phases,

(0 A11 table declarations occnr in the typc

declarations and variable dcclarations

refero to thcsc tvPes.

(tt) The external tables havc becn declared

as fi les of t lte sanlc namc.

(ttt) A s;,mbol tablc' of ertcrttal arrctr intcrnal

tablc  names has becn constructcd to a id

in syntax and scmant ic  chccks ou the

extension statenlcnls.

Processing of Pascal/A program block

In this phase, statenlents need to bc intro-

duced to read in the external tables (from fi les

of the same name), since the extt 'rnfl l  tables
have to be ready before the program starts

execut i t rg.  The associat ive constructs are then

to bo ri:cognizcd, their syntax cltecked and

corresponding s, , :qrrcnl ia l  s taten"rcnts subst i -

t i i t t r l  f r , r ' thgn.  At  th is  f ic in t .  i t  is  notervor th l '
'1 i . r ' '  1r  r i i  l l  c r , i i : : r r t rc is  ' " r ' i t l ' r  a  sc loct io l l  s t tch z,s

11, , .  ' i ,  l ' ,  i , : ' ,  thc sc lcct io t i  t lucc i  t i t : t  t r i :  r i -pcatcel

lol e iLel: {lr: ld name trsercl . For the casc of ttrre

inplcnic t i ta t ion of  suci i  dcta i ls ,  the Fascal

",vith' statemerlt comes in handy. for thc entire

block need only be enclosed within such a
'with' statement.

A point  of  conside rat ion is  the implcn. icnta-

tion of ther ordeling in the foreach statenlctrt"

Here it was decided to tlse inset't ion sort since

b1, implententation. the entire tablc u'or-rld be

sortcd on that f icld and iI '  ancthcr sort were

required on thc same f ie ld in  the same ordet ing

(qui te of ten the case in loop programs).  then

i t  would be in  best  case complexi t l ' .  Other

schemes such as quicksort would have had more

chances of worst case complexity table sorting.

That some othet' schemes may be much better

is entircil '  t luc, which poses another area of

iml l rovcmett t  in  the overal l  sequent ia l  execut ion

t in te.
Get t ing back to thc actual  t ranslat ion.  the

cxternal  tables wi l l  havc to be wr i t ten

back to the fi les of the same nLnle at the

end of cxecitt iotl and statements arc tc be

int rodLiccd to accomPl ish th is .

The preploccssor  abovc has bc i : r r  rmple-

metltecl on an IBM-PC in tl- 'e C languagc in

around 200{J l incs of ccde . Thc scopr.' for cx-

pansion antl ittt lr ining h,:tt '  i '  accsss tinre s u'ith

cliffcr.i:nt data str' ' .rcture-s isr currenti l '  [ 'reing

1 'g rg ; i 19  hcd  "

CONCi-TTSION

Thc at tempt.  in  th is  paper '  has been to

discuss assoeiativc a-lgorithrlrs and tlrc langr":age

Pasci,f iA in an integlated cnvironmcllt. The

examplcs have been given with an idea to show

the elegance and dearth of complexity in

R.E

. l
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assoclat ive algori thms, and to give their repre-

sentation in Pascal/A The translator to sequen-

t ial Pascal is seen as a useful tool to veri fy such

algorithms as ntay be formulated. Thus we

have seen that Pascal/A provides a means to

write elegant associat ive programs to solve

problems for which sequential solut ions are

highly complex, and the scope for develop-

ment of many more algori thms is very large
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APPBNDIX

graph : table of edge;
nodefile : file of node;
source : node; {Source node of Path.}
destination : node: {Destination node of path.}

i  :  steps;
I : integer;
min : integer; {Minimum length edge at each step.}

current :  steps; {Current step indicator}
progress : boolein; {Search still progressing}

founcl : boolean {Search successful?}

begit't

{ Init ial ize everyth ing.}
cur ren t :  :0 ;

found: :  false ;
PrOgreSS : :  true;

{Read in the source and destination nodes.)

writeln ( ' Input the source and destination nodes' ') ;
readln (source, destinat ion) ;

{Input of graph edges}
writeln (' Input the number of edges.');
readln ( i) ;

W;'itel;r (' InPut the start',
' and end points of the edges arci the le tgths'');

graph^. step ::current; { Init ial ise step of each edge to 0'}

f o r y : : l t o i d o
begin

readln (graph ̂ . src, graph ̂ . dest. graph ̂ . length);

insert (graph)1 {Construct the tabte.}

cnd;

{Prepare first steP.}
current : : 1;

{Mark al l  edges originating in source in paral lel ' }

where graph [src:source] do step : :  current:

{Now do the searching.}
ihi l"  (ptogr.ts) and [not found] do

begin

{Store all nodes reached in the last step tfuougtt

idge of minimum length and nodes which-have been

reached until norv with untraversed edges' )

min : : plusinf;
forcach graPh [steP : current] do

if (graPh ̂ . length { min)

then min ' :  graphn. length; {Find minimum

edge length.)

program weighted-path (input, output, nodefile);

{This program finds the shortest weightedpathbetween

two vertices in a digraPh.)

const
z : 1 0 0 ;
plusinf:10000;

tYPe
node:1 . .2 ;
stePs:0. 'n;
edge:record

src: node; {Start Pt '  ofthe edge.}
dest: node; {End Pt. ofthe edge'}
step: steps;
length: integer; {Length of edge.}

cnd;
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rewrite (nodefile);
foreach graph [step 

: currirt] do
begin

if  (graph o. length ; min)
then

begin
nodefi le^. :  graph ̂ .  src;
graph ̂ .  step: :  0; {The edge is st i l l  to be

traversed.)

end
el se

nodefile I ; : graph ̂ . dest;
graph n. tength: : graph ̂ . length-min; {Update
length.) put (nodefile);

end;

if (match) graph [ (step : current) and
(dest : destination)])

t h e n f o u n d : : t r u e ;
if not found

then
begin

current : :current+ 1; {for next step}
reset (nodefile);
while not eof (nodefile) do

begin

{All edges originating in the samc node
are)

{marked in parallel in 0(l) time. }
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where graph [ (step : 0 ) and
(src : nodefile) A. 

] do
step : : current;

if not eof (nodeflle) then get (nodefrle);
end;

if not (match (graph [step : currentl)
t h e n p r o g r e s s : : f a l s e ;

{No edge marked on previous step.}
end

end; {while}
{Output section}
if found

then
begin

writeln (' The path in reverse is as follows:') ;
wri teln;
write (destination);
i : : current;
while (destination() soulce) do

begin
retr ieve lgraph'[(sten : i )  and

(dest : destination )] );
write (graph ̂ . src);

destination ; : graph ̂ . src;
i :  :  i - l  ;

end;
cnd

else writeln ('There is no such path in this graph. ) ;
end. {main}
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