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P r e f a c e

Th i s  pape r  p r e s e n t s  an i n v e s t i g a t i o n  i n to  t h e  s t r i n g

p a t t e r n  m a t c h i n g  p roces s  and  in p a r t i c u l a r, t h e  r e a l i z a t i o n

of the  p rocess  t h r o u g h  use  of v a r i o u s  da t a  s t r u c t u r e s  and

a l g o r i t h m s  on t h e  CDC CYBER 7~ c o m p u t e r .  The p r e s e n t a t i o n

pre sumes  the  reader  is f a m i l i a r  w i t h  s t a n d a r d  compu te r

t e r m i n o l o g y  and has a bas ic  u n d e r s t a n d i n g  of compu te r

o p e r a t i o n .  A k n o w l e d g e  of f i n i t e  s t a t e  m a ch in e s  would  be

h e l p f u l  d u r i n g  the  d i s c u s s i o n  of a l t e r n a t e / s u c c e s s o r  l i n k e d

list and f i n i t e  s t a t e  a u t o m a t a  da ta  s t r u c t u r e s  bu t  is not a

p r e r e q u i s i t e  to t h e i r  u n d e r s t a n d i n g .

As r e su l t  of t h i s  work  much bas ic  i n s i g h t  in to  the

p a t t e r n  m a t c h i n g  p rocess  has been deve loped  and some inter-

e s t ing  conc lu s ions  have been r e a c h e d .  The  work  done in

e v a l u a t i o n  of t he  va r ious  i m p l e m e n t a t i o n s  was t ime  c o n s u m i n g

but  e n j o y a b l e  and f o r c e d  a m e t h o d i c a l  a p p r o a c h  in cons t ruc-

t i ng  and compar ing  t he  m a n y  t e s t  p r o g r am s .  Th i s  approach

I wi l l  be able to apply  in f u t u r e  work  and is s o m e t h i n g

t h a t  only e x p e r i e n c e  can t e a c h .  To t h i s  end I w i s h  to

acknowledge  t he  g u i d a n c e  and i n t e r e s t  of my t h e s i s  adv i so r ,

Cap ta in  George  O rr .

I would  also l ike to express  my g r a t i t u d e  fo r  the  
_____

• - . .a s s i s t a n c e  and p a t i e n c e  of my w i f e , Ka ren , during  t h e  
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Abs trac t

A description of the discrete-pattern matching process

is presented with the key elements described. Six data

structur e approaches  and rela ted search a lgor ithm s ar e

presen ted. These include a simple list , an i n d e x e d  si mple

list , a l ink ed l i s t , a b inary  tr ee , an al terna te/succ essor

l i n k e d  list, and a finite state automata .

Twelve programs were coded to implement five out of the

six da ta structures /algor ithms (l inked list no t used)  using

pack ed and unpacked appioaches on a CYBER 74. Runs were

ma de wi th twelve  d i f f er ent da ta fi l e s  u s i n g  For tran , E n g l i sh ,

and random text. The effect of the number of patterns in

the data structure and the expected incidence in the text

were included. Results indicate a “bes t” data structure!

algor i thm may be chosen f ro m three implem en tat ions : an

unpa cked f i nite state au toma ta appr oach , an unpacked alter-

na te/successor  linke d list approa ch , and a p a c k e d  ve r s ion

of the latter.
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DISCRETE-PATTERN MATCHING ALGORITHMS AND

DATA STRUCTURE S FOR CYBER 74

I. Introduction

This thesis will investigate several different algo-

rithms and data structures used to implement the pattern

matching process with discrete-patterns. These algorithms

and data structures were implemented on a Control Data

Corpora tion (CDC) CYBER 74 computer .

A “discrete-pattern ” is , in the context of this paper ,

a finite string of characters. For example , a sin g le word ,

th i s  lin e of tex t , or for that matter , this entire page may

be - considere d a discrete-pattern since each is a finite

string of characters. But , for  the r ema inde r  of this  pap er ,

ra ther than r ef e r r i n g  to a “discrete-pattern ” each tim e , the

term “pattern ” will be used instead.

The Pa ttern Ma tch in g Process

The concep t of the pattern matching process is illustra-

ted in figure 1. The two key elements which will be studied

in this paper are the matching algorithm and the data struc-

ture. Also of some interest will be the type of input string

and wha t influence it may have on the overallprocess.

B r i e f l y , the pa tt ern ma tching  process  is p er fo rmed  by

the ma tching (or search) algorithm . This algorithm “searches ”

the inpu t subject string foi- occurrences of pattern s which

are stored in the data structure . The results of the search

1
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SUBJECT 
~~~~TS

DATA -

• STRUCTURE
(1 or more
patterns )

Figure 1. The Pa ttern Ma tching Process

are output as the end product of the match process.

The exact organization of the data structure- can vary

from one application to another , and so , w i t h  it , the  ma tch

algorithm varies also. This thesis will attempt to identify

e f f i c i e n t  comb i n a t i o n s  of da ta s t ructure /ma tch ing  alg ori thm

for use on the CYBER 74.

Pa ttern Ma tchin g A p p l i c a tions

Pattern matching is an integral concept in many different

computer applica tions programs. En fact , for  some uses  the

ma tching algorithm is the speed limi t i n g ,  and hence , e f f i c i e n c y

determining portioi~ of the application. For example , a

- 
- language compiler during its lexical analysis is essentially

a pattern matching algorithm ; it searches an input subject

string (source program) for occurrences of specific patterns

(such as keywords and variable names), and outputs an

analyzed program for subsequent use in the remaining phases.

2
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The pa ttern matching process is applied in the latter phases

also but to a lesser degree. In any e-ient , t h e  speed of the

language compiler is closely related to the speed of its

pat tern matching portion .

Macro-processors (or preprocessors as they are often

called)  a lso r e ly on th~ • attern matching process. A macro-

proc essor all ow s a us er to spec i f y h i s  ow n syn tax f or a

stanth.rd language , say , like Fortran . That is , the user

“tel ls ” the macro-processor what syntax constructs to look

for (patterns) and what is to be done as the result of a

pattern match. As a very simple example , suppose the user

would l ik e the occ urr enc e of the str i n g  “QUIT” in the source

coding to mean halt processing and close all files. He would

therefore identify to the macro-processor the pattern “QUIT”

and the coding necessary to perform the stop and close files

operations. (This is done within the language of the macro-

proc essor.) Thus , when a source program is submitted to the

macro-p rocessor , it is searched for occurrences of the pattern

“QUIT” and at each such occurrence the associated coding would

replace the string “QUIT” . This updated (preprocessed) code

is the n sent to the regular  languag e compile r which  genera tes

the final object code.

Howe ver , the pr evio us exampl e has pe rhaps  over s i m p l i f i e d

the som et imes complex  prob lem of pa ttern d e f i n i tion and

ma tching. For instance , what if the user would like a pattern

“IF#THEN” to ma tch all occurrences of an “IF” foliwed by a

“THEN” where  “#“  repres ents an arbitrary number of interceding

3
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charac ters. How is this pattern stored in the data structure?

And how is the match algorithm to determine a success or

f a i l ure ?

Iden tical situations exist in the string and list

m a n i p u lat in g lang uages l ik e SN O BOL and L I S P .  Much work ha s

• been done in the study of such patterns and their represen-

tations (Ref 6). Even faster versions of SNOBOL (such as

S P I T B O L )  hav e b een d evelop ed , al l  of whi ch ow e much of th e i r

sp eedi er op era tion to the des i gn of the pattern data struc-

ture and associated matching algorithm .

Ano ther use r  of the pa ttern m atch ing  pro cess is th e

familiar text editor. Its use of the matching process is

ob v iou s . For example , when using the text editor , one is

often scanning text (e.g. source code for a program ) for

occur renc e of a str ing  of charact ers and th en replac in g this

string with another or even deleting it.

Bibliographic search is an amplified text editor scan-

ning problem . In this case , a large amount of input text ,

p erhaps  an en tire book , is searched  f or oc cu r renc es of k ey

words (stored in a data structure) in order to identify

- • references to these keywords.

Thus , the pa ttern ma tching process can be seen as an

essen tial part of several computer applications programs:

1. Compilers

2. Macro-processors

3. String and list mani pula t ing l a n g u a g e s

4. Text editors

‘4 
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But , there are other , p erhap s no t so obv io us , uses.

Th ese are within the operating system of the computer. For

exampl e , core allocation can use pattern matching to match

a reques t ed amoun t of memory  ( inpu t sub j e ct s t r ing ) aga ins t

ava i l a b l e  b locks  (p a ttern s ) in a l ist of ava i l ab le mem ory

(data structure). Another example , f i l e  manag emen t alg or i t hms

can loca te f i l e s  by ma tc h i n g  the quer ied  n a m e  ( s u b j e c t str i n g )

against th e names of curren t f i l e s  (pa tt e rns ) in the list of

f ile name s ( data struc tu r e ) .

So , it is ev iden t tha t th e pa ttern ma tc h i n g  proc es s is

an im por tan t func tio n of comp uter opera tions , both from the

user ’s viewpoint (applications programs ) and from the analyst ’s

viewpoin t (operating system).

Thes i s  Objec tive

The purpo se of this thesis is to investigate the perfor-

mance of various data structures and associated pattern match-

ing algor ithms wi thin the ha rdwar e  cons tra in ts of the CDC

CYSER 74 computer. Specifically , the inves tiga tion has be en

limi ted to pa tt ern ma tching as des cr ibed for  b ib l i og r a p h i c

search and text editing. That is , the discrete—pattern is

• simply a str ing of characters , and there fo r e , the e f f e ct of

substitution characters (such as the “#“  men tioned b e f o r e)

and other advanced concepts will not be evaluated. Such

topics cannot adequately be studied until the simpler cases

are well understood. Thus , this  thes i s  wi l l  provide  a f i r m

founda tion for future studies into the implementation of such

complex pattern representations on the CYBER 74. (See the

recommenda tions chapter.)

-

~~~~~~~~~~~~~~ 5 

- — - --
~

-
~~

- - ~~~~~~~~~ 
- -
~ 

p - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ .



Th esis A p p r o a c h

Th er e f ore , with this focus established , the thesis

must first identify the various data structures available

for use in the pattern matching process and the effect these

structures have on the matching algorithm . Then , these data

structures and algorithms must be implemented on the CYBER 74

and their relative performances evaluated. Key features of

the CYB ER 74 ha rdware will b e iden ti f i ed  and used dur in g th i s

evaluation , hop efully providing insigh t in to more complex

future implementations.

Da ta Struc tu res and Assoc iated Algo rit hms

There are many different data structures which may be

used in the pattern matching process. With each unique data

structure there is a corresponding match algorithm which

interfaces with the structure . Some data structure designs

wil l  store one ch arac ter p er word of comp uter storag e ; othe rs

wil l  store mul tiple characters. Each requires different

hand l ing  by the  ma tch al gori thm .

Simple List. Perhaps the least complicated data struc-

tur e to work wi th is shown in f i gure 2. In this example ,

four patterns are stored in the data structure. Notice that

each charac ter of each pa ttern occupies  a s ingle  word of

storage . But , also notice the other entries in the data

structure . These integers are the values of pattern le~~-~th

(LEt) and pattern number (PNi) associated with each pattern ,

i , in the structure . This structure is a simple list .

6
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Pa ttern # Pattern

1 HE

2 SHE

3 HAT

4 THEY

Data S truc ture
Loca tion # 1 2 LE 1

- 2 H
3 E
4 1
5 3 LE 2
6 S
7 H

- 8  E

9 2 PM 2
10 3 LE 3
11 H
12 A
13 1
14 3 PM 3

- 
- 15 4 LE 4

16 1
17 H
18 E
19 Y
20 4 P M 4

LE- Length in characters -

PM— Pattern number

Figure 2. SIm pl e List Data Structure

-

- 
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The pattern number represents that piece of information

which is uniquely associated with each pattern. It could

easily be a pointer to an associated routine or other

f u n c tion .  The pa tt ern leng th , however , m ay be co ns ide r ed

an unnecessary but nice to have piece of data. Its value

is included since i t  is known at the time the pattern is

stored and therefore requires no overhead in calculation.

I ts conven ience  l ies in its use as a “stepp ing ” va lue  so tha t

one may search the structure by adding lengths. (This is

oppo sed to a search mad e by exa m in ing each storage  wo rd fo r

occurrence of a pattern number (stored in distinctive form

such as a nega t iv e valu e ) w h i c h  would then indica te the

beginning or end of a pattern.)

Th ese two pieces  of i n f o r m at ion , pa ttern n umber  and

pattern length , will b e associa ted wi th each pa tt ern in all

of th e fo l low ing exampl es .

The pattern matching algorithm associated with this

simple l ist will be equal ly  s imple , th o u g h  no t te r r i b l y

effici ent . That is , the a lgor i thm beg ins its search with the

f i rst cha rac ter of an i n p u t s u b j e c t str i n g  and doe s not move

to the next character until all pattern s in the data struc-

ture are compared against all possible matches beginning

with that character. It is easier shown than said , as is

illustrated in figure 3.

Indexed Simpl e List. A modification to the simple list

is to incorporate an index to point to (hash into) the loca-

tion of the first occurrence of a pattern based on some index

_________-  
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Subject String

Al gorithm S H E P Results

1. Beg ins search with -    A
2. Tries H no match
3. Tries S match
4. Con tinues H match
5. Con tinues E match , P M 2
6. Tr ies  H no ma tc h
7. Tr ies I no ma tc h
8. Reaches end of data

str u c t u r e  -

9. Moves to next input char  A
10. Tries H match
11 . Con tinues E match , PNi
12. Tries S no match
13. Tr i es H ma tc h
14. Cont inues A no match
15. Tries T no match
16. Reac hes end of data

s t ruc ture -

17. Moves to next input char  A
18. Tries H no match
19. Tr ies S no match
20. Tries H no match
21. Tr ies I no match
22. Reaches end of data

s t ruc ture

23. Moves to nex t i npu t cha r   A
24. Tries H no matc h
25. Tr i es S no ma tch

• 
- •  26. Tries H no match

27. Tries I no match
28. Reaches end of data

s t ruc ture1: 29. Moves to next input char - A DONE

Figure 3. Search with Simple List Data Structure

9
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value. A possible choice for index value might be to use

first character lexical values. Figure 4 shows such a data

structure and associated index. Note in the figure that the

sec ond pattern beg inn ing with “H” is not indexed.

A match algorithm using this structure will , one would

th i n k , req ui re fe we r compar i so ns than  the a lgor i th m us ing  a

simple list. This assumption is borne out when figure 5 is

compared  to f i gure 3. Figure 5 represents the search steps

using an indexed simple list for the same input subject

string as figure 3. Notice that in the example the total

number of steps has decreased from twenty-nine to twenty .

This is a result of using an index to enter the data struc-

ture . Specifically , in figure 5 , the construct “INDEX( )“

r ef ers to the search  algori thm c h e c k i n g  th e ind ex val ue of a

particular character. For example , in step 2 , the index

va lue  of 5, I N D E X ( S ) ,  is equa l  to 5 as shown in f i g u r e  4.

(This use of INDEX( ) will be consistent for the remainder

of this paper.)

However , though the number of steps in the search has

decre ased , da ta struc tur e s iz e has be en inc reased  by the

• addition of the index table. It should also be noted that

• in the worst case , when all patterns begin with the same

charac ter , this  struc ture w ill be no bet ter than a s imple

list. In such a case , a be tter  cho ice  of i n d e x i n g value

migh t be to hash into the list based on the first two or

three charac ters. In any event , the choice of a hash func-

tion is often very data dependent , and ex te nsive studies

• 10
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DATA STRUCT !JRE

Index Table Pattern Storaae Area

H 

2 L E 1

4 1 PN~
3 LE 2

\ - 9 2 P M 2

• \ 
10 - 3 LE 3

_ _ _ _ _ _ _ _ _ _ _ _ _  \ 11 H

\ 12 A

\ 13

14 3 PM 3

15 4 LE4

16 T

17 H 
-

18 E
• 19 Y

20 4 PM 4

LE- Leng th of pattern in characters
PN— Pattern number

Figure 4. Indexed Simp1e List Data Structure . 
-
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Subject String

Al gor it hm S H E P R e s u l t s

1. Beg ins search with -  - — A
2. INDEX(S)=5 , Tr i es S ma tch
3. Cont inues H match
4. Con tinues E match , PM2 I
5. Tries -  H no match
6. Tri es T no match
7. R e a c h e s  en d o f da ta

struc ture

8. Moves to nex t  i n p u t char  -  A
9. INDEX(H)= l , Tr i es H ma tch

10. Con tinues E match , P M 1
11. Tries S no match
12. Tr i es H ma tch
13. Con tinues A no match
14. Tries T no match
15. Reaches end of data

struc ture -

16. Moves to next input char - A
17. INDEX(E)=O, Fa ils on index

18. Moves to next input char - A
19. INDEX(P)= 0, F a i l s  on i ndex

20. Moves to next input char - A DONE

Figure 5. Searc h with Indexed Simple List 
- 

-
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in-t o optimum selections have been documented by others , so this

paper will not become involved in this area (Ref 10: 315-358).

Indexed Linked List. As the next logical “improvement ”

to the indexed list one might choose to link patterns of the

same index value . Figur e 6 shows how this data structure

• would appear ; with each pattern , i , there is an associated

li nk ( L I i).

Now , the search us ing  this  da ta struc ture is impr oved

since only patterns with the sam e index value will be compared.

Figure 7 shows this relationship when compared to the last

exa mple in f i gure 5 (seventeen steps to twenty steps).

Aga in , as in the ind exed simple list , if all pa tterns

were to have the same index value , then the search would be

no better than a simple list. On the other hand , gi ven a

larg er and m or e d i spe r sed se t of patte rns th e l i nk ed list

approach would show an even more significant improvement.

Index ed Binary Tree. With the choice of a better index

(h as h )  value , pa tterns  be gi n n i n g wi th the sa m e charac ter

could be fo und u n iqu ely ,  or wi th few shar ing the sa me ind ex

value . How ever , with this approach the index table could

grow d ispropor tiona tely large when compared  to the pa tt ern

storage ar ea , or the hash ing  fun ct i on  could become overly

complex. An alternative improvement to the indexed linked

list is an indexed  sor ted linked list , of wh ich  the b inary

tree is a possible choice.

In th e b ina ry  tree , there  are two l i n k s  associated wi th

each pat tern , a high link and a low link. As each new

13
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DATA S T R U C T U R E

In dex Table Pattern Storage Area

H 

: 2::i

5 1 3 LI 1

______
3 L E 2

\ 
10 2 PM 2

\ 11 
_ _ _ _ _ _ _ _ _ _ _ _ _ _\ 12 3 L E 3

\ 13 H

\ 14 
_ _ _ _ _ _ _ _ _  

A

\ 15 T
\ 16 

_ _ _ _ _ _ _ _ _ _ _ _ _

0 LI~
18 4 L E 4
19 T
20 H
21 E
22 V
23 4 P M 4
24 0 LI 4

LE- Lengt h of pattern in characters -

PM- Pa ttern number
LI— L ink to next pattern with same index value

Figure 6. In dexed Linked List Data Structure 
-
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Subject String

Al gor ith m S H E P R e s u l ts

1. Beg i ns searc h w it h - —  - A
2. I N D E X ( S ) 6, Tr i es S ma tch
3. Con tinues H match
4. Con tinues E match , PN 25. LI~ =O , Fa i l s  on l i n k

6. Moves to next input char  A
7. INDEX( H)=1 , Tr i es H ma tch
8. Continues E match , PN1
9. L I1= 13 , F o l l o w  l i nk

10. Tries H match
11. Continues A no match
12. L13=O , Fails on link

13. Moves to next input char - A
14. INDEX(E)= 0, Fa ils on index

15. Moves to nex t i n p u t c har A
16. INDEX(P)= 0, Fa ils on ind ex

17. Moves to next input char - A DONE

• Fi gure 7. Search w ith Indexed Linked List.

15
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pattern is added to the data structure , its index value is

first calculated. If no pattern exists with that index value ,

then the new pattern is entered immediately into the data

structure . However , if a pattern already exists with that

index value , then the new pattern and existing pattern are

compared to see if the new pattern should be added out the

high or low link of the old pattern . This comparison may be

based on secon d charac ter s , or some combinaticn of characters.

As in all indexed files , any attempt to optimize this hash

function can be very data dependent.

Fi gure 8 shows a binary tree data structure for the same

patterns as in previous examples. Because only two patterns

sha re the same i n d e x  va lue , “HE” and “HAT” , the true wort h

of the binary tree is not clearly demonstrated. Its value

will become more evident in later work . Note the additional

link for each pattern for a total of two per pattern , a low

link ( L L i ) and a h i g h  link ( H L ~~).

A search using an indexed binary tree will require a

lit tle extra work to determine which link to follow . This

overhead , on the average , should not cause the matching

algorithm to perform less efficiently , and , as can br seen

• in the example in figure 9, required one less step than in

the indexed linked list. However , the se comparative results

are hard ly  conc lus ive , bu t on the ave rage , they can be

expec ted.
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In dex Ta b l e  Pa ttern Stora ge Area
1 2 LE 1

/2 H

/3  
_ _ _ _ _

4 1~~PN 1

H 

• 

/ 

5 14
1

LL 1

S 7 
— 

2 PN2
1 21 1 2 0 LL 2

\ 
13 O HL 2
14 3 L E ~

\ 18 3 PN 3

\ 
19 0 LL3

\20 0 HL3

21 4 LE4
22 T
23 H
24 E
25 V
26 4 PN 4
27 0 1L4
28 O HL4

LE- Leng th of pattern in characters
PM— Pa ttern number
LL- Low link
HL— Hig h link

Figure 8. Indexed Binary Tree Data Structure 
-

17

::T;:-

~

..

~ 

- ~~~ _ - - - - -~-_ -~~. ---



Subject Stri ng

Al gori thm S H E P Resu l t s

1. Begins search w i th  - - - - A
2. I NDEX(S ) = 7 , T r i e s  - - - - S m a t c h
3. Cont inues H match
4. Cont inues E match , P M 2
5. Compares second characters check high - 

-

l i n k
6. HL 2 =O, F a i l s  on l i n k

7. Moves to next input char  A
8. IN DEX(H)= l , T r i e s  - - -  H m a t c h
9. Cont inues E match , P M 1 -

10. Compares second charac ters  check high
11 nk

11. HL 1=0, Fa i ls  on l ink

12. Moves to next input char - A
13. INDEX(E)= 0, Fa i ls  on i ndex

14. Moves to next Input char - A
15. INDEX(P)=0 , F a i l s  on i n d e x

16. Moves to next input char - A DONE

Figure 9. Search w i t h  Binary Tree
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Indexed Alterna te/Successor Linked List. In the

preceding data structures each pattern has been stored in its

en ti re ty ;  there  has be en no w ay f or s i m i l a r  patte rns to share

storage of duplicate characters. For example , if the patterns

“HE ” and ‘HAT” were stored , a minimum of five words were

required. But if the “H” of the two words could share the

sam e storage loca tion , then the characters of the two

patterns could be stored in four words. This is the concept

behind the alternate/successor linked list. The study of

this data structure was motivated by the similar structure

used within SNOBOL (Ref 6).

However , in building such a structure there is consider-

able overhead involved in maintaining character relationships ,

e.g. ,. in the la st example , the “H” belongs to two patterns ,

“HE” and “HAT” . This overhead is diminished as the propor-

tion of duplicate leading characters is increased-.

Spec if i cal ly , ass ocia ted overhead  can be se en in

figure 10. With each character there is an alternate and

successor field to identif y the character relationshi p s .

There is also the necessity to include a pattern number

f i e ld  for  each charac ter s ince  at any charac ter there m ay be

a possible pattern number. Therefore , the size of the data

structure has increased quite a bit when compared to the

previous examples.

However , wi th increase in size , the search a lgor i thm

for the pattern matching process has become less complicated.

Figure 11 shows how the algorithm procedes. When compared

19 
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INDEX PATTERN
TABLE CHARACTER SUCCESSOR ALTERNATE NUMBER

H 1A S 4

_ _

S 3 6 A 7 0 0
T 7 _ ~

____~~~7 T 0 
— 

0 3

8 T 9 0 - 0

9 H 10 0 0

10 E 11 
_______ ________

Figure 10. rndexed Alternate/Successor Linked List Data Structure

- 
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to the b inary sear ch, there are fewer steps in the processing

of the same input subject string.

Therefore , of the f ive struc tures thu s far d iscusse d ,

the alternate/successor approach appears to allow the most

rapid pat tern matching search . But , is there room for

improvement? The answer is yes. -

Finite State Automata Linked List. Refer to figure 11.

In  steps 3 and L4. , an “H” and an “E” are ma tch ed to f i n d  the

pa ttern “SHE” in “SHE?” . Then in steps 7 and 8, an “H” and

an “E” are again matched to find “HE” in “SHE?” . A more

eff icient sear ch would be to find not only “SHE” but “HE”

at the same time ; in effect the search would become “no back-

up ” . Tha t is , as the a lgor i thm exa mi nes  ea ch cha rac te r of

the input subject string it never backs up. Such a search

can be achieved through the design and construction of the

data structure.

The data structure herein described which allows a no

back- up search will be called a finite state automata (f.s.a.)

linked list. Its concept is taken from an article by

Alfred Aho and Margare t Corasick (Ref 1). Briefly , in a

finite state automata , at any g iven  t ime , one is awar e of

• only two things: (1) the current state , and ( 2 ) the current

input character. -

An actual implementation of an f.s.a. data structure

will be~~il lus tra t~~d later. But in figure 12 there is an

example of the three “func tions ” required to realize the

f.s.a. approach in the pattern matching algorithm . These

--
-
~~~~~~~~~~~~~~
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Subject String

Algor i thm S H E P Resu l ts

I. Begins-  search w i t h  - — — - A -

2. I NDEX(S)=3 , Tr ies  S match
3. S I JCCESS O R(3 ) = 4 , T r i e s  -  - H match
4. SUCCESSOR(4 )=5 , T r i e s  -  - E match , PN 25. SUCCESSOR(5)= 0, Fa i l s  on

successor  li n k -

6. Moves to next input char  A
7. INDEX(H)=l , Tr i es H ma tc h
8. SUCCESSOR( 1)=2 , Tr i es E ma tc h , PN 1
9. SUCCESSOR(2)=O , Fa il s on

successo r l i nk

10. Moves to next input char - A
11. INDEX(E)=O , Fa i l s  on i n d ex

12. Moves to next input char - A
13. INDEX(P)=O , Fa ils on index

14. Moves to next input char -

~ 

A DONE

Figure 11. Sear ch w i t h  A l t e rna te / Successor  L inked List

____________________________ _____ 
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functions are the GOTO , F A I L , and OUPTUT functions.

The GOTO function determines which state to “go to”

given a current state and input character. For example , in

figure 12 (a), G O T O ( 0,H) equals 1; that is , given state 0

and input character “H” , th~ next state to enter is 1.

The second f u n c tion , FAIL , is used to determine which

V 

st~ite to enter , given that the GOTO function has failed.

(Th e GOTO function fails when it is not defined for a given

character and state.) For example , GOTO (4,X )  fails , and

FAIL(4) equals 1; therefore , state 1 is the state to enter

from state 4 if the input character is “X” . (Notice that

this is also the case for any input character other than

an “E” in state Li .)

The OUTPUT func tion is ref e ren ced as each state is

entered to determine if a pattern match has occurred. As

shown in figure 12 (c), OUTPUT m ay signal that one or more ,

or no pa tterns  hav e been ma tched given a current state. For

example , OUTPUT ( 6) is the null se t , but O1JTPUT(5) is the

set containing both “SHE” and “HE” . Therefore , wh en state 6

is en tere d there is no pa ttern ma tch , but when state 5 is

• entered both patterns “SHE” and “HE” have been matched.

Figure 13 shows the rela tive ly  s imple  search us ing  the

sam e input subject string and patterns as in previous examples.

Howe ver , p repa r ing  the da ta struc ture and det er m i n i n g  the

three f~ nctions is much more compl ica ted and cost ly as will

be shown latter.

Thus , it appears that the pattern matching algorithms

23
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0 - R e p r e s e n t s S ta te i

(‘~~~ ot H ,S,T

A
T

6 7

H E

> 0 H E >.® v

(a) GOTO function

State 0 1 2 3 4 5 6 7 8 9 10 11

FAIL(State) 0 0 0 0 1 0 0 8 0 1 0 0

(b) FAIL func tion

State  OUTPUT ( S ta te)
2 ~{HE}

5 {SHE,HE}

7 {HA1~

10 <HE).

11 ~T HEY).

( c )  OUTPUT funct ion
Figure 12. Functions to Impl ement Finite State Automata Algori thm

2 4

-V -- - ,  - -~~
V
~-~-•-- ~

V 

— 
H ~~~~~~~~~~ 

- 
r .- ft .- -..- ~~~~~~~~~~~ 

—



Subjec t String

A l g or i thm S H E P Resu l ts

1. Begins search w i th  — — — — A
2. I NDEX(S)=3  OUTPUT(3)=

null
3. Moves to next character  - - A
4. GO TO(3 ,H)=4 OUTPUT(4)=

null

5. Moves to next character  - - A
6. GOTO(4 ,E)= 5 OUTPUT(5)=

SHE ,HE
7. Moves to next character - - A
8. GOTO(5 ,P)= fail

9. FA I L(5) = O

10. Moves to next character  - - A DONE

Figure 13. Search with Finite State Automata Data Structure
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associated with the data structures so far discussed may be

ranked from fastest to slowest:

1. Search using finite state automata linked list.

2. Search using indexed alternate/successor linked list.

3. Search using indexed binary tree.

4- . Search using indexed linked list.

5. Search using indexed simple list .

6. Search using simple list .

However , the ranking of the size of the data structures

is also in the same order , from largest to smallest. At first ,

one might suggest packing the patterns (placing more than one

character per computer word of storage) as a solution to this

problem . And as shown in figure 14- , a pack ed simple list

does ind ee d save space over the u n p a c k e d  ve rs ion , eight words

compared to twenty . (Recall figure 2.) But now each packed

chara cter must b e unpa ck ed in order  to p er f o r m  co mpar i sons

during the matching process.

The qu est ion , then, is can a savings in s pace be ma de

without an unacceptable sacrifice in speed? In fact , can the

speed of the matching algorithm actually be improved by

• taking advantage of the fewer accesses which must be m’tde

to the  data  struc ture? For example , only two words mus t be

re tr ieved to ob tain the pa ttern “HAT” and related values in

the packed example of figure 14, whereas , f i ve  word s mus t be

retrieved in the unpacked version of figure 2. Another

thought , perhap s the match algotithm can perform multi—

charac ter compar i so ns wi thou t u n p a c k i n g  the pa ttern and

- - - - - - - 
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Pattern # Pattern

1 HE

2 SHE

3 HAT

4 THEY
LE 1 PN i

1 ‘2 1
L
~

8 T H E Y

LE- Length of pattern

L PM— Pattern number

Figure 14. Packed SImpl e List Data Structure
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thereby , too , increase speed.

It is in the interest of resolving these questions and

ideas that the thesis work was conducted. In the following

chapter the various approaches used during the thesis will

be discussed. In particular , machine dependent (CYBER 74)

features will be identified and an attempt to quantif y

expected results will be made. In Chapter III the test

procedures will be explained, and in Chap ter IV , a discuss ion

of the results and their implications will be made.
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II. CYBER 74 Implementations

In this chapter , the many programs that were actually

implemented on the CDC CYBER 74 will be presented. There

were a total of twelve different configurations based on type

of data structure , type of subject input (packed or unpacked) ,

and whether the data structure itself was packed or unpacked.

Test Program Design

The first step in constructing the programs was to

develop a desi gn around which all programs could be built .

It was necessary that this design allow each matching

algorithm (that portion of the program which searched the

• subject s.tring for pattern matches) to be timed separately

from input and output constraints. It was also decided that

the data structure should be able to be modified indepen-

d en tly of th e search  ro ut ine , and that the data structure

should be “hidden ” from the search routine as much as

possible. The “bubble chart ” (Ref 4)  of the resulting desi gn

is shown in f i gure 15.

The afferent (input ) portion of the program consists of

the modules which access the input file and present to the

central transforms (processing modules) an input record.

This input record , in theory , can consis t of any numb er of

c h a r a c ters , either packed or unpacked. Now , this record m ay

be a pa ttern which is to be added to or de leted for m the data

struc ture , or it may be a subject string (text ) which is to

29
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be searched for pattern matches. It is the function of the

central transform “BUILD INF O RECORD” to determine which of

these possibilities the input record fills and modif y the

record as necessary to produce “Pattern Info” or “Text Info ”

as appropriate. If the record is a pattern , it is sent to

the efferent (output) module which handles modifications to

the data structure along with the associated command

indicating the pattern is to be added to or deleted from

the data structure . On the other hand , if the input record

is text , then it is passed to the other central transform

“SEARCH FOR MATCH” which does just that , i.e., processes

the input record looking for pattern matches. Match

information is then relayed to the “OUTPUT MATCH INF O” module

which will identif y the results of the matching algorithm:

The corresponding structure chart is shown in figure 16.

Her e, the actual program elements and the data that flow

between them are pictured. As implied in this chart , the

executive module controls the overall sequencing and hence

execution of the other modules.

The module “GETREC” and subordinate modules represent

the s i ng l e  aff erent branch  of the b ubb l e char t , inp utting

• information to the executive. The two central transform s

are repr esen ted by “BINFO” and “SEARCH” . Their functions

are tho se as descr ibed  for  the cor r e spond i ng “bubbles ” .

Notice that “SEARCH” access es the da ta structure through

the module “GETPAT” . In this manner the data structure is

e f f e c tive ly  h i d d e n  and the coding  fo r  “SEARCH” will not

31
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become involved in actual data structure manipulation.

(Albeit , the search module is highly related to the design

of the data structure.)

The remaining effereri t branches of the bubble chart are

fulfill ed by the modules “MODDS” and “PUTOUT” . The subo r-

dinate modules to ~‘MODOS” represent those functions that may

be necessary when modifying the data structure--initialize ,

add , or dele te. Again , the data structur e is hidden from

‘tMODDS” also , through “GETPAT” plus the module “PUTPAT” . (It

sould be mentioned that within the context of this thesis ,

a dele ted pa ttern w ill no t ne ces sar i ly  free any storage space.

In any eve nt , pattern deletions and associated “garbage col-

lect ion ” procedures will not be considered during perf orma nce

evaluation.)

Thus , the initial design criteria are established by

the structure chart in figure 16. All program s were coded

wi thin this design using CDC Fortran IV Extended. Some

depar ture s from the g enera l  des ign  did occ ur and w i l l  b e

m en tioned dur ing the des cri ption of the implementation.

Essen tial ly , only the modules “SEARCH” , “GETPAT” , and

• “PUTPAT” varied from one program to another.

• 
In the r ema inde r  of this  chap te r , each program will b e

uni quely  iden ti f i e d  by its six charac ter nam e, e.g., EXEC 1A.

The f i f t h  charac ter w i l l  a lways  be a number  and r e fe r s  to the

type of data structure implemented. The sixth character will

be the letter “A” , “B” , or “C” r e f e r r i n g  to the type of inpu t

and data structure used. Figure 17 lists these program names

33
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Program Type of Input Data
Name Da ta Struc ture Tex t Struc ture

EXEC1A Simple List Unpacked Unpacked

EXEC 2A Indexed Simple List Unpacked Unpacked

EXEC3A Indexed Binary Tree Unpacked Unpacked

EXEC4A Alternate/Successor Linked List Unpacked Unpacked

EXEC6A Finite State Automata Unpacked Unpacked

EXEC1B Simple List Unpacked Packed

EXEC2B Indexed Simple List Unpacked Packed

EXEC3B Indexed Binary Tree Unpacked Packed

EXEC4B Alternate/Successor Linked List Unpacked Packed

EXEC5B* Alternate/Successor Linked List Unpacked Packed

EXEC3C Indexed Binary Tree Packed Packed

EXEC4C Alternate/Successor Linked List Packed Packed

*_ Data structure for EXEC5B is same as EXEC4B ; however, the two
differ in method of search . (See text.)

Figure 17. Programs Developed to Test Pattern Matchi~ng Algori thms
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an d iden t i f i e s  th eir char ac t e r i sti cs.

Unpacked Approaches

EXEC1 A (Simple List ). The fi:st program developed ,

EXEC1A , used a simple list data structure, and both the input

subject text and the data structur e were unpacked. This

app roach was chosen as the first implementation for several

V reasons:

1. It was simple ,

2. A simple program was needed to validate the initial

software design ,

3~ I t would  pr ovid e a b ase  up on w h i c h  oth er p rogram s

could be built and compared , and

L4. • Its searching logic closely approximates an

intuitive approach.

The resulting data structure of EXEC1A was identical to

the one pictured in figure 2 of the last chapter . Each

pattern was entered into the data structure , on e cha rac ter

p er word , right justified , wi th zero fill. Thus , each six

bit character was essentially an integer value (0 - 63).

(Appendix A shows the CDC display code for legal characters.)

Wi th each pa tt ern there  were also two wo rds stor ing  the

• values for pattern number and pattern length.

The search algori thm was coded to pe rfo r m the ma tchin g

func t ion as shown in f i gure 3. Since the input text was also

u n p a c k e d  ( r i g h t j u s tif ie d , zero fill) charac ter comparisons

we re s impl e checks  for  in teger  eq ual ity .  Due to the s impl ic i ty

of this method , there were no difficulties in implementation.
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EXE C2A (Indexed Simple List). As an improvement to the

simple list , EXEC 2A , with its indexed list , was the logical

choice to implement next. The index value for a given pattern

was chosen to be the display code value of the first character

plus one. Thus , the index values ranged from one to sixty-

fo ur , and so , the index table was established as sixty-four

words long. Its function then , was as illustrated in

figure 4- , to point to the first occurrence of a pattern with

a given first character.

Th e search  a lgor ithm c o d i n g  for EXEC2A was almost iden-

tical to EXEC1A . The only change was to reference the index

tabl e whe n looki n g for a possible first character match for

each new input character .

EXEC3A (Indexed Binary Tree). Referring to Chapter I,

an indexed linked list followed an indexed list in order of

expec ted efficiency. However , EXEC3A implements an indexed

b inary  tre e , skippin g the linked list. This choice was an

arbitrary omission based on an interest in other implementa-

tions. Due to time constraints , one implementation was chosen

to be omitted from the thesis ; the indexed linked list was

• the one eliminated.

• The indexed binary tree data structure of EXEC3A was

s imi l a r  to the one p ic tured in figure 8. As in the other

implementations , each p a t t e r n  charac ter was stored r i g h t

jus t i f i e d , zero f i l l e d , in a word of storage. High and low

poin ter value s were established based on comparison of second

charac ter display code values. That is , if a new p attern w e r e
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entered in the data structure and its second character were

greater than or equal to the second character of an existing

pattern , then the new pattern would be added out the high

pointer - . Otherwise , it would be added out the low pointer. 
-

If the new pattern were only a single character , then it was

placed at the head of the tree and tied to the index table

rega rdle ss of exis ting patte r n s .  Fi gure 18 shows a set of

patterns and the binary tree that would result if the data

structure building algorithm of EXEC3A were applied. (A note

to the reader--the figure is not meant to imply a packed data

structure , just that with each pattern there are associated

h i g h  and  low po in ters .)

The choice of second character to determine high or low

orde r was perhap s no t th e b es t , since , if th er e were  many

patterns all with the same first and second character , then

the binary tree would become merely a linked list. However ,

V the expected input during the test was not to be of this form

and th e r e f ore , wo u ld no t r e q u i r e  a “be tter” hash function.

The se arch  al gorithm for EXEC3A was coded to perform

the pa ttern ma tch ing  a lgor i thm u s ing  the un p acke d b inary  tre e

da ta struc ture and unpacked  inpu t text .

• EXEC4-A (Alternate/Successor Linked List). EXEC4-A was

developed to use the alternate/successor linked list data

structure described in Chapter I. As mentioned then , this

structure is much more complex than the others so far devel-

oped; two pointer words and one pattern number word are needed

for each charac ter stored in the data structure. Because of
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Patterns and the order entered into data structure are:

1. HIGH

2. HOT

3. HEM

4. HIDE

5. HAM

6. HOPE

7. HAT

INDEX(H)=

I HIGH J -~

LLOPTR IHIPTR]

HEM 
V 

HOT
LOPTR IHIPIR LOPTR I HIPTR

_  

/ \r HAM HIDE 1 HOPE~• 
I LOPTR ~ 

HIPIR [[OPTR 
~ 

HIPTR LOPTR HIP TR J 
-

r~ HAT~
~LOPTR HIPTR

LOPTR- Low Pointer
HIPTR- High Pointer

Fi gure 18. Binary Tree as Would be Constructed by EXEC3A .
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this  “extra” informa tion , slight departures were made from

the initial program design of figure 16.

In  p a r t i c u l a r, t h e  m o d u l e  ‘ A D D P A T ”  was  g iven d i r e c t

access  to t h e  da ta  s t r u c t u r e  r a t h e r  t h a n  w o r k i n g  solely

t h r o u g h  the  da ta  h i d i n g  m o d u l e s  “ G E T P A T ”  and  “ P U T P A T ” . As

• a m a t t e r  of f a c t , “ G E T P A T ”  and “ P U T P A T ”  too , were  c h a n g e d

for  E X E C 4 A .  T h e i r  new f u n c t i o n s  were  to m a n i p u l a t e  e n t r i e s

c o r r e s p o n d i n g  to s i n g l e  characters rather than to work with

entire patterns.

The search routine , howev er , presented no departures

f rom the original des ign . In fa ct , the complexity of

c o n s t r u c t i n g  t h e  da t a  structure actually had an inverse

e f f e c t  on t he  search  m o d u l e , decreasing the difficulty of

i t s  c o d i n g .

P a c k e d  A p p r o a c h e s

A f t e r  E X E C 4 -A  was i m p l e m e n t e d , r a t h e r  t h a n  p r o c e e d i n g  to

the  more  complex  f i n i t e  s t a t e  a u t o m a t a  da ta  s t r u c t u r e , it

was  d e c i d e d  t h a t  mor e ad van tage shou ld  be ma de of th e CDC

h a r d w a r e  g i v e n  the  t hen  c o m p l e t e d  p r o g r a m s , E X E C 1A , E X E C 2 A ,

E X E C 3 A , and E X E C 4 A .  The obvi ou s ide a was to  mak e us e o f th e

large ( s i x t y  b i t)  CD C compu ter word , that is , to pack infor-

• 
- mat ion . In t h i s  way , up to  t en  c h a r a c t e r s  cou ld  be p l aced

in a s i n g l e  word , t h e r e b y  re duc ing  d-ata structure storage

r equ i r emen ts plus , it was hoped , d e c r e a s e  s e a r c h  time through

f ewer  access es to the da ta struc tu re .

Another hardware concept identified as nice to test ,

would be to make more efficient use of the CPU registers
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during the search process. However , this would most certainly

requ ire m a c h ine level coding  ( CO M P A S S ) , and it was decided

that this avenue would not be pursued at this time .

EXE C1B (Simple List) . In making use of a packed data

structure , EXEC1A was the first program to be modified pro-

ducing the new program , EXEC1B. Figure 19 is the resulting

data structure produced by EXEC1B . When this is compared to

the unpacked version in figure 2 , one can see that indeed ,

much space can be saved , especially when dealing with long

patterns such as number five , “LON GER THAN TEN” . Notice also ,

that the length of the pattern in both words (LW ~~) and

characters (LC~~) along with the pattern number are packed

into a single word.

The pa ttern is p a c k e d lef t jus ti f i ed , and  th e f i l l  is

unimportant . In this way a particular character may be

selected by a s imp le lef t c i rc u lar sh if t an d m a s k  ope ra tion

based on a desired character position. For example , in

p a t t e r n  number  f o u r , if one  w i s h e d  to  e x a m i n e  c h a r a c t e r

p o s i t i o n  th ree , t h e  Fortran Extended statement would be:

C H A R S H I F T ( P A T T E R N , C H A R P O S * 6 ) . A N D . ( . N O T . M A S K ( 5 4 - ) )

where  P A T T E R N  is the  pa t t e rn  “ T H E Y ” , and C H A R P O S  has t h e

value  t h r e e .  A f t e r  e x e c u t i on  of t h i s  s t a t e m e n t , “ C H A R ”

would  c o n t a i n  the  s i n g l e  va lue  r e p re s e n t i n g  the  l e t t e r  “E” ,

w h i c h  is the  d e s i r e d  a n s w e r ,

The sea rch  a lgor i thm then , was wri tten to pe r fo rm this

un pa c k i n g  opera tion as each cha rac ter of a pa ttern was
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Pat tern # Pa t te rn

1 HE

2 SHE

3 HAT

4 THEY

5 LONGER THAN TEN

/
LW.i 

/~LC i

1 / l~ 7 2 ~ / 1

2 H E

3 1, 3 2

4 S H E

5 l~ 
- 

3~ 3

6 H  A T

7 ii 4 1 4

8 T  H E V

9 2~ 15~ 5

10 L 
• 

0 N G E R ~ I H A

11 N~~~~~~~T E N

LW- Length of pat tern in words
LC- Length of pattern in charac te rs
PM- Pat tern number

Figure 19. Packed Simple L is t  Data Structure o-f EXEC 1B .
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needed. Otherwise , it s operation was identical to that of

the algorithm in EXEC1A .

EXEC 2B (Indexed Simple List) . The next program to incor-

porate a packed data structure was EXEC2B. Like EXEC1B , E XE C 2B

was a redesign of its unpacked counterpart . The resulting

data structure was identical to that of EXEC1B with the

ad dit ion , of course , of the index table. The index table

could itself have been packed , sa y ,  by p l a c i ng fo ur ind ex

values per word. However , it was decided not to do this

since the overhead in obtaining a packed index value would

not be worth the minimal savings in space.

The re were no problems in implementing EXEC2B .

EXE C 3B (Binary Tree). EXEC3B is the packed data struc-

ture version of EXEC3A . As in EXEC2B , the index table was

not packed , and each pattern had its related information

packed into a single word. Figure 20 shows the packed

structure of EXEC3B. One can see that each pattern is stored

left u9tified as in the other packed implementations.

Therefore , the resulting change to the search module

of E~L: 3A in order to work for EXEC3B was the same shift and

mask operation described for EXEC1B.

EXEC4B (Alternate/Successor Linked List) . The changes

thus  f a r  d e s c r i b e d  to a c h i e v e  pack ed da ta struc tur e s have

been re la tive ly  easy to imp lemen t , though not trivial.

Howe ver , achieving a packed version of the alternate/suc-

cessor linked list was not nearly so simple . The first

ques tion that caine to mind was just what do you pack , or
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1
I n d e x  Ta bl e LW~ LC~ PNj HP~ LPj

H 
_ _ _  

_ _ _ _ _ _ _ _ _ _ _

)/4 S H E

~~~~~~~~~~~~~~~~ : H A ~~~~~~~ 

- ‘
O~ 

‘ 

0

I ~~~~~~~~ 1~ 4 ’  
- 

4’ 

a

8 T , H E Y , , . -

PM— Pattern number
LW— Length of pattern in words
LC- Length of pattern in characters
HP— Hi gh pointer V

LP— Low pointer

Figure 20. Packed Binary Tree Data Structure of EXEC3B
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more appropriately , what can be packed?

The answer to this question was an involved approach

that allowed as much of a pattern to be packed as possible.

Specifically, shared leading characters of two or more

patterns were packed in a word and the remaining unique

characters of each pattern packed in separate words. The

packe d portions were linked by successor and alternate links

as in EXEC4A . Figure 21 shows step by step how the data

structure would be built by EXEC4B for the given patterns.

One can see that the data structure can quickly becom e

complicated. Nonetheless , the extra time spent in building

the data structure was expected to provide decreased time

in the actual pattern matching algorithm .

So , at this time all unpacked pattern matching programs

had been converted to packed operation . However , the packed

patterns , once retrieved from the data structure were still

be ing unpacked for comparisons during the pattern matching

search. With up to ten characters available for a single

comparison , it was reasoned that perhaps multi-character

comparisons could be achieved using packed input text and

thereb y ,  speed up the search. This was the motivation behind

creating EXEC3C and EXEC4C .

EXEC 3C (Binary Tree, Packed Input). The data structure

bu i l d i n g  an d a cc es s ing  mod u les f or EXEC 3C were used as

coded from EXEC3B . (Figure 20 shows the data structure.)

Ho wever , the search module was very much changed . 
a

In EXEC 3C the concept was to bring packed text into the
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____________ _______________________________________________
ACTION RES ULTIN G DA TA STRUCTURE

Start EMPTY DATA STRUCTURE

NC PN SL AL
Add: “PATTERN” 

-

INDEX(P)= ~~~1 7j l~ 0 0

2~~ A T T E R N

Add: “PAST”

INDEX (P)= 

~~~~~ I T E R N 

:~

4 P  A

5 2 ~2~ 0 1
6 S 1

Add: “PRINT”

IN D E X ( P ) = \ 1 5~ 1 0 0

\ 
2 T T E R N

3 1 O ~ 5’ 0

0 1

~~~~ ~ : 0
8P

94[4~ 0 3
10 R I N T

NC- Number of characters in next word
PM— Pattern number V

SL— Successor l ink (used if match occurs)
AL— Al ternate link (used If no match )

Figure 21. Sample Data Structure Construction Steps for EXEC4B

45

-~~ ~~~~~~~~~~~~~ — 

- _ ? _t j, F-V V _ _ _ I - ~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~



search module and search for pattern matches using direct

comparisons between the text and packed patterns; there was

to be no unpacking . In this way, up to ten characters could

be tested for equality by a single comparison . Also , 10 ,000

characters of input text in previous implementations required

a 10 ,000 word buffer if brought in all at once , but in EXEC3C

• (an d EXEC4-C) the sam e number of characters could be brought

in in a 1,000 word buffer--a ten to one savings in space.

Equivalently , given the same size buffer area , E X E C 3C ne ed

refill it only a tenth as often as for the other programs ,

another possible increase in search performance.

The search module was coded with these ideas in mind--

multi-character comparisons with packed input text and pat-

terns. Th•e approach works fine when the pattern occurs

within the text in the same relative position as it is stored

in the data structure , i.e., left justified within a word of

storage. Figure 22 (a) shows this concept. However, if the

pattern occurs across word boundaries , then either the text

mus t be unpa cked and r e p a c k e d  to fo r m an occurre nc e as in ( a )

or the pa ttern mus t b e “broken-up ” like in the text , and

the re fo re , two comparisons must be made. This latter alter-

na tive was chose n for  EXEC 3C and  is shown concep tual ly  in

f i gure 22 (b).

Sp ec i f i c a l l y, the search module for EXEC3C was implomen—

ted req ui r i ng  three t imes  as much cod e as th e longe st search

module of the previous programs.
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Packe d Text: IHERE IS A [PATTERN INJ A STR ING. 1

Step 1. Get packed pattern from data structure . IPATTERN I
Step 2. MASK word two of input text to get. . . . [PATTERN 

I

Step 3. Compa re the two to get complete match

(a) Occurrence at Beginning of Text Word

Pakcked Text: IHERE A PATITERN CROSS JE S A WORD .!

Step 1. SHIFT and MASK word one of text to get.   [PAT

Step 2. MASK pattern to get [PAT

Step 3. Compare the two to get partial pattern match -

Step 4. MASK (no SHIFT ) word two of text to get   [1ERN 1

Step 5. SHIFT and MASK pattern to get JTERN I

Step 6. Compare the two to complete pattern match

(b) Occurrence Across Word Boundary 
-

Figure 22. Pattern Matching as done in EXEC3C and EXEC4C .
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EXE C4 C (Alt/Sue Linked List, Packed Input) . EXEC4C was

implem ented essentially be taking EXEC4B and replacing its

search module with one coded similarly to EXEC3C. There fore ,

the data structure of EXEC4C is identical to that shown in

figure 21 , and its search algorithm performed as described

for EXEC3C and as illustrated in figure 22.

Sp ec ia l  A p p r o a c h e s

So , with the completion of EXEC4C there were ten programs

with which to enter testing. However , pr elim ina ry ana l y s i s

of the check-out runs of these programs suggested another

appr oach m ight be taken resulting in a new program , E X E C 5B .

EXEC5B (Special Alt/Sue ). EXEC5B was a modification to

EXEC4B . It was the result of two observations made during

the debug runs of the previously completed programs :

1. EXEC4B appeared to be producing satisfactory search

times cespite its possibly complex dat a structure .

2. EXEC3C and EXEC4C did not seem to be doing so well

w ith the packed input text and multi-character comparisons .

So , EXEC5B was designed making use of the data structure

of EXEC4B (same as EXEC4C) and combining the unpacked text

approach wi th the ability to perform multi-character compar-

isons which motivated the creation of EXEC3C and EXEC4C in

the first place. The concept of this approach is shown in

figure 23. The unpacked input text is packed into a single

word , and patterns are compared against this packed word. If

the pattern match continues beyond the ten packed characters ,

the comparisons are then made character by character ns in
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\ 2~J, A [

\ \ 3 ~~~~~~~~~~[~~ --V \ \ \ ~~~~~Un packed 5 E
Inpu t
Text 6 R

7 N

8 $

9

10 N

Pack in Temporary word. . . PATTER N~~IN

Now comparisons may be made against this packed word.

• Step 1. Get pattern from data structure . . .  IPATTE RN I

• Step 2. MASK temporary word to get PA T T ERN 1

Step 3. Compare to get complete pattern match .

Figure 23. Concept of Search as Used in EXEC5B
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EVEC14B . On the other hand , if there are no pattern matches ,

then ,ew input characters are shifted into the temporary

word from the ri ght and comparisons are made against this

new temporary word.

With the completion of EXEC5B there were eleven machine

dependent pattern matching programs implemented. The final

program to be built was designed using the algorithmic

description of the finite state automata approach presented

by Aho and Corasick (Ref 1).

EXEC 6A (f.s.a.). The finite state automata approach of

EXEC6A was achieved using a modified version of the data

structure in EXEC4A-- -the linke d list. And the search algo-

rithm was coded to perform the three functions , GOTO , F A I L ,

and OUTPUT as descr ibed in Cha pte r I .

Construction of the data structure , from a simplistic

viewpoint , was a two step process. First , patterns were

entered into the data structure using slightly modified

routines from EXEC4A . Then , a spec ial module  was invok ed

which calculated the remaining values to be stored in the

data structure; these were the FAIL and OUTPUT values for

each state .

Figure 214 shows the finite state automata data structure

that would be constructed using the algorithm of EXECSA .

( T h i s  may be compared  to f i g u r e 10 w h i c h  shows the eq u i va l en t

alternate/successor linked list data structure.) In figure 214

V 

each row corresponds to a state. The character associated

with that row is the character which , if matched , woul d ca use
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the search algorithm to GOTO the state in SUCCESSOR of that

row . For example , if the search algorithm is in state (row)

five and it has an “H” then , it would GOTO to state six

since SUCCESSOR(5) equals six. Then , while in state six , i f

t he  s ea r ch  a l g o r i t h m  d id  not  have  an “ E ”  t h e n , it  w o u l d  F A I L

to state two where it would look for “E” a ga in , which it does

no t ha ve , and would finally FAIL to state zero. In this last

example a weakness in EXEC6A is illustrated; the data struc-

ture does not eliminate possible redundant failure transi-

tions. Authors Aho and Corasick , ho w ev er , discuss in their

article (Ref 1) how such a “d eterministic ” finite state

automata may be generated. However , it was believed that

this refinement would net minor benefits in search time , so

its implementation is offered as a recommendation for further

study .

The OUTPUT funtt ion of the search algorithm operated by

signalling a match had occurred if a state were entered and

the corresponding pattern number was not zero. Thus , if

state seven were entered , then pattern number two would be

signalle d as matched. Also , CONCURRENT OUTPUTS (figur e 2L4 ,too)

iden ti f i e s if an other pa ttern is ma tched a t the sa me tim e as

a n o t h e r .  For exampl e , if the pattern “SHE” is ma tched so ,

also , is the pattern “HE” . Tha t is why the C O N C U R R E N T  OUTPUTS

en try for pattern number two is equal to one. Thus , when

pa tter n number  two is si gna l l ed as fo und , so is pa ttern

number one.
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INDEX PATTERN
TABLE CHARACTER SUCCESSOR ALTERNATE FAIL NUMBER

H 1/3

_ _  _

12

’

•

COI~ICU RRE N T
OUTPUTS

1 0

2 1

3 0

4 0 -

*_ The negative value indicates that this state has no character
which may cause a GOTO transition .

Figure 24. Sample of Finite State Automata Data Structure of EXEC6A

- 
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So , with implementation of EXEC6A the twelve mach ine

dependent pattern matching programs listed in figure 17

were complete and ready for evaluation testing .

But before proceeding to the next chapter , it s h o u l d  be

mentioned that during the research for this thesis another

algorithm was found (Ref 2). Its design revolves around a

data structure that is built specifically for a single

pattern . Hence , it could not easily accommodate the multi-

pattern data structures of this thesis. However , as will be

reiterated in the recommendations chapter , this algorithm

should be investigated and compared to the results of this

w o r k .
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III. Testing Procedures

— In this chapter the criteria used to evaluate the per-

formnance of the pattern matching programs will be discussed ,

and how the statistics were gathered will be described.

Firs t, one should recall the pattern matching problem .

I t is , given a set of patterns (in a data structure ) to find

all occurrences of these patterns in a given input subject

string. For all practical purposes this input stri~ g may be

considered text , but this “text ” could well be sourc’~ -d e

and the pattern matcher a compiler , as described in Chapter I.

H owever , the efficiency of the pattern matching program

can become very data dependent. That is , if the input text

w ere For tra n source  cod e , one mi ght expect a higher incidence

of patterns beginning with a particular character than say ,

migh t be found in regular English text . (As an example ,

many programmers tend to choose variable names that begin

with the same letter , e.g., I N A N E , IADD?., I S S A N , etc.) Such

a si tuation would  lessen th e valu e of an inde xe d da ta

struc ture based on f i r st char ac ters as has been don e in all

the programs of this thesis. Another thought , how do es the

number of pa tterns  a f f e c t  the speed of the search  f r om on e

approach to another? Also , does the expec ted f r e q uency of

occurrence  ( i n c i d e n c e)  have any e f f e c t? Wi th thes e ideas  in

m i n d , a test plan was developed.
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It was decided that test data should include both

English text and some programming language code--Fortran

was chosen. And in order to minimize inherent peculiarities

attributable to construction of English or Fortran text , it

was also decided that a text of random combinations of char-

acters should be used also. Therefore , three text files were

chosen to be used during testing: English text , Fortran

source  code , and random text.

Next , suitable choices for patterns had to be made . It

was decided that the following pattern combinations should

be made:

1. Large number of patterns occurring often in the

input text . (LH- large number , h igh i n c i d ence )

2 . Smal l  nu mbe r of patterns occurring often in the

input text . (SH- small number , high incidence)

3. Large number of patterns occurring rarely in the

input text . (LL- large number , low incidence)

14 . Small  numb er of patterns occurring rarely in the

inp ut text . (SL- small number , low incidence)

Therefore , the three input texts were analyzed and

f r equency  coun ts m ade on occur rences  of i n d i v i d u a l  wo rds and

particular combinations of characters. From the results of

this wo rk , the twelve pattern files to be used were con-

struc ted. During testing each of these pattern files was

comb in ed wit h the a p p r o p r i a te tex t f i l e , E n g l i s h , For tran , or

rando m , to fo rm twel ve dis t inc t tes t f i l e s .  The o r i g i n a l

f i f teen f i l es ( three  tex t and tw elv e pa tte r n )  are des c r ibed
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in figure 25.

At this time it was necessary to identif y the performance

measures that would be needed in later evaluation . The

single obvious measure was the time required for the search

module to complete the pattern matching process. After all ,

this is what was to actually determine the “fastest ” algori thm.

H owever , it would be equally important to have some idea as

to why one algorithm was faster than another. So , other

measures were identified. These included the number of times

the data structure was accessed during the search and the

number of words returned. These measures would indicate the

amount of work involved in communicating with the data

structure. Also included were the total number of equality

• checks made and the number of successful ones which determined

a pattern match. These measures would provide a relative

eff ic ien cy for the various search algorithms.

Another proposed measure was the total number of compar-

isons ma de du r ing  the sea rch  w h i c h  would give an idea of the

general “overhead” processing. (This last measure was chosen

because of the relatively large amount of CPU time required

for a comparison operation.) Two other measures chosen were

the amount of time spent in constructing the data structure

and the size of the completed structure . These last two

would  be an e s p e c i a l l y  impor tan t fac tor in a dynamic  pa ttern

struc ture as will be discussed later.

In all , n i n e  d i f f e r e n t pe rf o r m a n c e  eva lua t ion measu re s

were chosen and the appropriate statistics gathering state-
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TEXT FILES

Fi le
Name

FORTRAN- 237 lines of Fortran sourcecode totalling 22,201 char-
acters. (Trailing blanks at end of line not counted.)

ENGLISH- 266 lines of English text totalling 15 ,015 cha rac ters .
(Trailing blanks at end of each line not counted.)

RANDOM— 200 lines of random text totalling 15,762 characters,
made up of 22 unique characters.

PATTERN FILES

File Number of Total Number Number of Unique
Name Pa tterns of Charac ters Fi rst Charac ters

_________  __________  
In Patterns In Patterns

LHFOR 50 297 20

SHFOR 10 34 10

LLFOR 50 361 19

SIFOR 10 72 6

LHENG 50 312 19

SHE N G 10 26 7

LLENG 50 373 20

SLENG 10 101 9

LHRAN 50 182 21
V SHRA N 10 14 8

LLRAN 50 199 - 21

SLRA N 10 31 9

LH— Large High incidence LL- Large Low incidence
SH— Small High incidence SL- Small Low Incidence

Figure 25. Files Created for Eva l uation Testing 
-
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ments were placed in each of the twelve programs. These nine

measures are described in figure 26. Also listed in f i g u r e  26

are two calculable measures. One provides an average number

of match comparisons made to find a pattern . The other gives

an indication of the average amount of space require d to

store a pattern . Both these measures were expected to vary

widely depending on type of input text and pattern choice.

The final test plan then , was to execute each of the

twelve programs with each of the twelve different data files

resulting in a total of 11414 executions. In the next chapter

the results of these runs will be discussed.

58

— ._,-. -V V — — -V

- ~— - •~—.•-. -- •1-
~~~~ 

- _ 5 •—*_ -. _- _ _  ~~~~~~~~~~~~~~



Search Time- That amount of time spent searching input text
for pattern matches.*

Construct Time— That amount of time spen t building the data
structur e.*

Structure Size- Minim ’im number of words to contain data struc-
ture .

Words Returned— Total number of words obtained form data struc-
ture during search.

Match Checks- Total number of equality checks made while
V compari ng patterns to text. (Can be character

or word comparisons depending on program)

Check Successes- Total number of successful equality checks
which is by no means equal to number of
patterns found.

Patterns Found- Total number of patterns found during search .

Search Compar 4sons- Total number of comparisons made duri ng the
search exclusive of tho~e made implici tly
wi thin iterative DO LOOP ’s and intrinsic
func tions suc h as MINO.

Other Calcu 1 ab l e Measures

Match Checks — Patterns Found- Average number of comparisons to
find a pattern .

Structure Size ÷ Number of Patterns- Average number of words
required per pattern .

*_ Accordi ng to CDC these times are accurate to .01 seconds .

FIgure 26. Performance Measures
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IV . Results and Conclusions

Results

The numerical results of the testing are presented in

Appendix B. The tables there show the actual figures returned

from each execution of the twelve programs using the twelve

data files. They are presented in the appendix since a rela-

tive evaluation is more importan t than actual comparison of

hundreds of numbers . In fact , Tab les I , I I , I I I , IV , an d V

present just such rank ~gs of the results . In these tables

a “1” identifies the algorithm(s) which returned the “best”

values for a given test , an d a “12” identifies the algorithm

which returned the worst results. Algorithms which returned

identical values are given identicaj. rankings.

Perhaps the most important measure of performance of a

pattern matching algorithm is the amount of time it requires

to search through the input text . Table I presents the

rankings of the search times for the twelve programs and

twelve input files (actual times in Appendix B). It is

interesting to note that no one algorithm performed best for

all input cases . For example , EXE C6A (f.s.a.) did “best ”

during the searches involving a large number of patterns

(there were fifty patterns) in the data structure , but fo r  a

small number of patterns (ten) EXEC 14B (alt/suc linked list)

was bes t . Also  in teres tin g , it appea r s  tha t the i n c i d e n c e

of pa tterns had little influence on the comparative rankings .
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TABLE I

Search Time Rankings

~LARGE NUF1BR1LARGE NL’F-IflRlSFIALL N Uf1 BR~S~’ALL NUM3R~
~OF PATTERNS OF PATTERNS~CF PP~VTTE RNS ~OF PAl ~ ER N S

PROGRAM ~W~TH H IGH WITH LOW ~WITH HIG:-! ;WITH LOW
NAME ir~c:DE~cE IN CIDE N CE ~rN c IDEr1 cE ~IN C tDE~1CE

(Lu) (LL) (SH). (SL)

__________  
FOR EN S RAN FOR EN S RA N FOR EN G RAN FOR EN G - RAN

EXEC1A 12 12 11 1 12 12 11 11 :i i 11 112 12 U

~~

— —

~~

—J— 
—

~~~— — —: — — —
EXEC2A ‘10 10 9 ~lO 10 9 9 9 9 10 10 9

EXEC3A 6 6 4 6  5 1 3  3 3 4~~~3 5~~~3

EXEc4A l~~~~ 2 ± I ±~ ~~ ~~±1 I ñ
EXEC 6A 1 1 1 1 l i i 6 5 7~~ 5 4 6 ..~~~

EXEC 1B___ — —- 

~

- tt— — — —V

EX~C2S 9 \ 9 10 ~~~ 1 0 9  9

— I I - I
EXEC3 B 7 1 7 ! 6  7 7~~~5 7 7 6 6 7 7

EXEC IB 1 2  3 ! 3 ~~~2~~~2~~~4 1 1 2 1 1

I EXEC5B 7 T7 7~7 7~;~ T 7 7~7f7
EXEC 3C ~ 8~~~8 J 8 8 1 8  7 8 8 8 7 8 8-__ - _i_  _ ___ i_  

~~~~~~1~~~~~~ 

- —-

~~

- -

~

EXEC4C 5 5~~~7 5 1 6  8 1 4  6 5~~~4 ,6 5~
__ I ~~~~~~~~~~~~~~~~ — _ •,__~~~~~~~

_ —
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How ever , no matter the number of patterns or incidence ,

several algorithms are clearly just plain slow. EXEC1A (sim-

ple list) and EXEC1B (packed simple list) were the “winners ”

in this category , chalking up times like seventy seconds

compared to less than two seconds for the fastest algorithm

given the sam e input. EXEC2A and EXEC2B did somewhat better

using an indexed simple list data structure , turning in times

one-third to one-half those of EXEC1A and EXEC1B .

Of the other eight algorithms/data structures , the

times were all very close; the difference between number “1”

and number “8” not quite a factor of 2. And in all cases ,

the difference between number “1” and number “2” was never

greater than two •to three , and often less.

Th eref ore , the job of choosing a single “best” algorithm

based on search time alone is difficult to do. However ,

look i n g  at Tab le I , the choice would probably be made between

EXEC 14A (alt/suc), EXE C6A (f.s.a.), and EXEC14B (packed alt/suc).

Close toge ther , but not in contention for first place , are

E X E C 3A ( b i na ry  tr ee) , EXE C5B (alt/suc , sp eci al sear ch ) , and

EXEC4C (alt/suc , packed input). And it appears that EXEC3B

(packed binary tree) and EXEC3C (binary tree , packed input)

are out of th e run n i n g  (a long  w it h EXEC 1A , EX E C 2A , E X E C 1B ,

and EXEC2B).

Another measure which may influence the final choice is

the size of the data structure . Table II presents the rela-

tive rankings for the various algorithms. An interesting

comparison may be made betw een these and the rankings for
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TABLE II

Size of Data Structure Rankings

JLARGE NIJMBR LARGE NUMBRtS~~LL NUMBR!SMALL NUMBR
IOF PATTERNS OF PAUERNS~OF PATTERNS ~OF PATTERNS

PROGRAM W ITS HIGH WITH LOW WITH u G H  ~W ITH LOW
NAME INCIDENCE INCIDENCE INCIDENCE IINCIDENCE

______ 

(LL) 
— 

(S H )  ( SL )

________ 

FOR ENG RAN FOR ENG RAN FOR ENG:RAN - FOR ENG :RA N~
r —: — _ _ _

EXEC 1A 8 8~~ 8 8 8 8 2 1 2 2  5 1 8  2~
-4—  —-i—

‘ EXEC2A 9 9~~ 9 9~~ 9 9 9~~ 9 9 9 1 9  ~ I
_______ — —  —— ~

EXEC3A 10 , 10 10 10 10 10 10 10 ) l l  11 11 11

EXEC4A 11 11 11 11 11 11 11 11 10 11 I ii I ll I
EXEC5A 12 12 12 12 12 12 12 12 12 12 12

EXECIB 1 1 1 1 1 1 1 1 1 1 1
1 1 1

EXEC2B 2 2 2 2 2 2 3 2 2 3~— I— — 1— — — — — - . .
~
.—— —— .— ——..

I
EXEC 3B 2~~ 2 2 2 2  2 3  3 ’ 3  2 2 3 1

—1— -— _i_ — —— I — —— —~~

EXEC4B 5 5 5 5~~~5 5 3 6~~ 3 6 5 6 1

EXEC5B ~~5 5 5  5~~ 5 5 3 6 3 6  5~~ 6

EXEC3C ‘ 2 [ 2 1 2  2~~~~ 2 1±4 1 111~

EXEC4C 5~~~5 ! 5  5 5 5 3 6 3 6 - 5  6
_ _ _ _ _ _  . _~~

L____ — — -— — 
i __) —i
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for search time. That is , the algorithm with the faster time

has the larger data structure (as was predicted). for example ,

one of the slowest programs , EXEC1B (packed simple list) had

the smallest data structure , wh i l e  EX E C 6A ( f . - s . a . ) , one of the

fastest , had the largest data structure.

Figur e 27 illustrates this relationship of search time

to da ta struc ture s iz e . In pr epar i ng th i s  cha rt on ly f i g ures

for the top six programs were used , and the ac tu al va lues

show n are av era ge s .  Tha t is , each time and size “bar ” rep-

resents the average of six executions-- low and high incidence

Duns for each Fortran , E n g l i s h , and random text file. There-

fo re ,the relative relationships illustrated reflect typical

expect ed values. In any event , it is clear that for EXEC3A ,

EXECL~A , and EXE C6A as the size of the structure increased

the search time decreased. This , on the ave rage , is true fo r

all cases-—the larger the structure , the faster the search.

Howeve r , n ot ic e some of th e packed  ve rs ions req u i red less

storag e space and wer e still fas te r than unpacked  p r o g r a m s ;

th i s  is an impor tant , almost contrary to anticipated , obser-

va tion . For example , EXECL~B (packed alt/suc) and EXEC3A (bi-

nary tree) fit such a situation . EXEC’4B was alway s faster

than EXEC3A and always required less storage . But this speed

di f f e r e n c e  is att r i b u table to the d i f f erenc e in the desi gn

of the algorithms/dat3 structures not the packed/unpacked

approach . In fact , com a r in g aga in  Table  I and Table II , one

can see tha t b etween  p r o g r a m s  of the same des ign  ( E X E C 1A and

EXEC 1B , EXE C2A and E X E C2 B , etc.) packing had little effect
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on the overall rankings for search time . (Figure 27 shows

this limited difference between programs EXE CL~A and EXEC~4B.)

However , it is important to note that packing did not always

in crea se search t im e and , in some cases , even allowed a

decrease in time .

The idea of design brings up another measure which may

be used  to eva lu ate ov era l l  ef f icie ncy of a given program .

This is the measure reflecting the number of equality checks

required to find patterns in the input text . The relative

rankings of this measure are shown in Table III. (A “1” ,

the best , required fewest checks.) One would expect these

rankings to consistent with those of search time ; that is ,

the algorithm making the fewer checks should be faster than

ano ther making more. However , with the exception of EXEC1A ,

EX E C 2A , EXEC 1B , and EX E C 2B , this is not necessarily the

situation.

For exa mple , EXEC 3B an d EXEC 3C , w h i c h  pre tty muc h he ld

down positions seven and eight in search time , rank well in

th e number of match checks made . And of the orig i n a l  fas t

trio (EXEC4A , E X E C 6A , and EXEC14B ) only EXEC6A (f.s.a.) shows

a consistently high ranking. - Why then , this  d ispar i ty

• be tween search time and the number of match checks? That is ,

why do th e fas ter progra ms n ot n e c e s s a r i l y  make the f e w e r

match checks? Table IV may give some idea of the answer to

• this question .
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TABLE I I I

Rankings- Number of Match Checks
Made to Find Patterns In Text

LARGE NUMBRILARGE NUMBR!SMALL NUMBR1SMALL NUt•IBR
,OF PATTERNS OF PATTERNS IOF PATTEF:NS 0F PATTERNS

PROGRAM !W ITH HIGH WITH LOW WITH H IGH ~W ITH LOW
NAME t INC IDENC E INCIDENCE INCIDENCE INCIDENCE

(LII) (LL) (s H)  (SL)

________  

FOR : ENG P.P,N FOR ENG;RA N FOR ENG- RA N FOR ENG RAN

EXEC1A H n n n n [ n  n n~~n

::::: ~~~~

EXEC4A 2 3 4 3 3 5 3 4 1 5 5 1 4

I EXEC6A ~~1~~~1 3 1~~~1 4 1 1 1 4 2 3

EXEC1B [ 11  11 11 11 11 11 11 11 11 11 11 11

EXEC2B 9 9 j 9  9 9 9 9 9 9 9 9~~ 9

EXEC 3B ~~ T 7j 7
EXEC4B ~~~~77~~777777
EXEC5 B S 7~~ 6 5 7 6 2 6 5 3 8 6

EXEC3 C 2 2 5 2 2 3 3 F 7 2 1 5

EXEC4C ~~~~6 ± I ~ ± ~I~! ~~ 1
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Ta ble IV g ives the rankings for the total number of

comparisons made during the search. Recall that this measure

was chosen to provide some indication of the overall amount

of processing involved in the search process. And as can be

se en in Table  t V , EXEC 3B (packed binary tree) does appear to

have the highest amount of equality testing of the eight

fastest programs . On the other hand , E X E C 3C (b i nary tree ,

packed input ) does not fair as badly, es pe c i a l l y  in the lar ge

pattern structures. This is a contraindicative result when

compared to search time ranking for EXEC3C which places it

a solid “8” . The observation of this result caused this

author to restudy the coding f or E X E C 3~~. It was found that

three comp arisons were not being counted as they should.

Ther ef ore , because of the close agreement with search time

rank ings f o r th e other  pr ograms , it will be assumed that had

these comp aris ons been coun te d the co r rect r e la tion sh i p s

would be reflected. Another reason for this claim is that

the p r o c e s s i n g  f o r  E X E C 3C was ac tu a l l y  m or e i n v o l v e d  than

EXEC 4C and shou ld  com par e si m ila rly as E X E C 3B comp ares to

EXECL4B , a ratio of almost two to one.

One final measure which must be discussed before pre-

senting the conclusions reflects the amount of time spent

building the data structure . It is true that this time is

trivial when compared to search time (numbers in Appendix B).

Howe ver , if one i s s p e a k i n g  of a dynamic  da ta struc ture this

can become an important consideration . The rankings of this

measur e are shown in Table V. -
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TABLE IV

Rankings- Number of Comparisons
Made Duri ng Search

- ILARGE NUMB R LARGE NUMBRkMALL N!~MBRISMALL NUMBR~-IOF PATTERNS OF PATTERNS OF PATTERNS ~OF P.A1TERNS
PROGRAM ~W ITH HIGH WITH LOW ~W ITH HIGH ‘W ITH LOW
NAME 1 INCIDENCE INCIDENCE INCIDENCE INCIDENCE

(LII) (LL) (SH)  ( S L )
— 

-

_______ 

FOR ENG RAM FOR EN G RA N FOR ENG~RAN FOR ENG-RA N

EXEC1A I ii ii ii 11 ‘ ii i ii 11 11 11 11 11 ‘ 11
-- I-

EXEC2A 9 9 9 9 9 9 9 9 9 9 9 9
- - - - - - - V-- -

I EXEC3A 7 , 7 7 7 7 7 5 4 3 6 5 6

F EXEC4A ~~~ 7 1

EXEC6A 2 3 5  1 [ 3  4 8 8

EXEC 1B 1~ 2 1 2  12 12 12 12 ~12 12

EXEC2B 10 10 10 10 10 10 10 10- 10 10 10 10

EXEC3B 8 8 8 8 8 8 7 6 - 5 7 7 7

EXEC4B 4 4~~~3 4  4 3  2~~~3 4  2 2 2

EXEC5B 5 6 6 6 6 6 1 1  2 1 1 1

EXEC3C 3 2 2 2 1  1 6 5 6 5 - 6 5

EXEC4C f l 5 4  5 5 5  3 t 7~~~7 4 4 4 ~

69

~~~~ 
J~~~~~~~ -•-~~~~~~~ ’~~ ~~~~~~~~ 

- 
-~~ 

- - ~~~~~ ~~~~~~. ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



From Table V one can see that there does not appear to

be a clear-cur “winner ” . However , it appears there are some

clear—cut “losers ” . For example , E X E C 1A , EXEC1B , E X E C 2A ,

E X E C 2B , and EXEC6A seem to fill up the last five rankings;

though admittedly , there are some exceptions for EXEC2A and

EXEC2B. These exceptions are due to the small number of

patterns in the data structure and the limited conflicts in

index value . That is , for all programs (except EXEC6A) the

time required to build the data structure is basically a

combination of first , ve r i f ying that a pattern does not already

exist in the structure , and then , second , adding the new

pattern to the structure . Therefore , because EXEC2A and

EXEC2B are so uncomplicated (using an indexed simple list),

they were able to s-tore a small number of pattern s very

quickly . (Note , this advantage disappears if several

patterns share the same index value.)

Now , EXEC 6A was just mentioned as a special case in its

construction of the data structure. This is because after

all patterns have been stored in the data structure , then

the fail values for each state must be calculated. (Recall

the f i n i te state au toma ta da ta struc ture disc ussed in

Chapters I and II.) This “extra ” time is approximately the

time difference for EXECL~A and EXEC 6A to construct the same

data structure . On the average , EXE C 6A r equ i r ed  three  times

as much time ; and sometimes as much as six or seven times.

Then , in  l i g h t of a d y n a m i c  da ta struc tu re , EXEC 6A wi ll

no t f a i r  wel l  in cons truc t ion t ime when compared to the other
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TABLE V

Rankings- Time Requi red To
Construct Data Structure

I -V

- LARGE N1!MBR LARGE NUMB R~SMALL NL!MBR~SMALL NUMBR~OF PATTERNS OF PATT ERNS~OF PATT ERNS ~OF PATTERNS
PROGRAM WITH HIGH WITH LOW WI TH HIGH WITH LOW
NAME INCIDENCE INCIDENCE INCIDENC E INCIDENCE

(LII ) (LL)  (SH ) (SL)

_ _ _ _ _ _  
FOR ENG RA M FOR E~G RAN FOR~ENG~~~N~

EXEC 1A 12~ 12 12 12 12 12 10 -7 8 11 12 10

I EXEC2A 9 1O~~1O 11 9 10 4 10 11 2 6 8

EXEC 3A 
±I

~~~~~

!

~~
T
±±

~~~~~~~~~~~~

±

1

± ±t~IIEXEC4A 5 1 1 2 4 3 2 6 4 5 11 2

EXEC 6A ~1O 9 8 9 11 9 12 12 12 12 10 12

EXEC 1~ 11 11 11 10 10 ~11 8 7 10 7 6 11
__________ — — — — ~~~~~~1~~~~~~~ — —~~~~

— —
I — —

EXEC2B 8 8 9 8  8 ! 8 1 1
~~~

2 • 2  1 2 1 4

EXEC3B 3 2 4 5 2  5 4 1 2 4 9 8 6

EXEC4B 6 3 6 3 1 1 8 4 8 2 1 6

EXEC5B 4~~~3 5 6
~~~6 1 2  2 5 1 6  9 9 1 1 .

EXEC3C 2 6 2 1 2 4 1 11 6 7 3 8

EXEC4C 6 6 7 7 4 6 4 7 1 2 4 2

7 _i.

_______________ — 
— -V —-V— -V
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methods , excluding, of course , the slowest programs.

Conclus ions

It is difficult , if not impossible , to pick a single

overall “best ” algorithm . But the choice does point to a

group of three , EXE CL~A , EXEC6A , and EXECLI.B . Not surprisingly ,

all three are based on the alternate/successor linked list

and hence , limit “back-up ” . EXECL~A uses a straight-forward

unpacke d approach; EXECL~B uses a packed version of the same ,

cutting space requirements by a factor up to four and more;

and EXEC6A uses an unpacked and more complicated finite state

automata version requiring the largest data structure and

most time to construct.

From these three programs the final choice can be based

on expected input and answers somewhat , the questions pre-

sented in Chapter III. That is , if the input is to involve

a large static pattern structure , then EXEC6A is the best

choice. However , if the pattern structure is small , or

esp ecially if it is dynamic , then the best choice is EXEC’4A

or EXECL~B , and the choice between them should be based on

the space avai lable for the data structure .

Equally impor tan t to iden ti fy are the wors t prog rams .

Clea rl y ,  the simple list and even th e i n d e x e d  s imple  li st

(E XEC 1A , E X E C 2 A , E X E C 1B , and E X E C 2 B )  are  u n a c c e p tab le,

V regardless of their relative simplicity. The binary tree

may have given better results if a better indexing method

were used (ExEC 3A , E XEC 3B , and E X E C 3C ) , but a subjective

e v a l u a tion p o i n ts to an i n d e x ed l i n k ed l ist (n o t imp le m ent e d)
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as a probable better choice.

A “do uble-sided” conclusion can be made regarding those

programs designed to take advantage of the CYBER 74 large

storage word. On one hand , it has been shown that shrinking

the size of the data structure by packing does not adversely

affect the speed of the search algorithm , and in some cases ,

the search can be faster. On the other hand , attempting to

use packed input and a packed data structure to perform

packed (up to ten character) comparisons did not fare so well.

There are several reasons why this packed comparison

approach did not perform as was hoped. For one , the overhead

in keeping track of search position in -the input text and

within each pattern overshadowed the benefits given by

multi-character comparisons. However , these results can in

par t , be blamed on the inefficiency of using the high leve l

language , Fortran . In the following recommendations chapter

a proposal to further investigate multi -character comparisons

will be presented.
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V. Recommendations

It is in the spirit of resolving the many questions

raised during this thesis that the following recommendations

are made .

1. As mentioned earlier in Chapter I , one user of the

pattern matching algorithm is the preprocessor. Mortran is

one such example , and it is recommended that one of the

“best ” versions should be implemented within the Mortran

processor. It should be a packed design since space is

critical. The probable choice is EXEC4B (packed alternate!

successor data structure).

2. A possibility for improving the relative worth of

an indexed  simp le lis t ( EX E C 2A an d E X E C 2 B ) mi ght be to

investigate better hashing (indexing) techniques rather than

first character as was used.

3. Also in this idea of a better hash technique , perhap s

a linked list data structure should be implemented , which , as

~o~ ed before , this author feels would serve as well or 
V

~ os s~~b L ,  bez~~er than a binary tree , es p e c i a l l y  f or a small

~ f pe~~~.r~~s in the structure.

~~~ pe ”.r- ~~~~:nin ~ a gorithm (Ref 2) was men—

- Cr I .  ~~~~ L e ’ e s i n g  ~c se e how w e l l

- I - ‘ . ~ • , . . r ~~~hii ~~~~~~~~~~~~~~ fair when

• - - - V - , - ‘ V- - V . . ~~~~ ~~~~~~~~ as

V 
~ C ‘ 

-V a ’S “~~~~ (h



the input text with a single pattern.

5. EXEC6A might be modified to achieve the “determin-

istic ” finite state automata as described by authors Aho and

Corasick (Ref 1). At the same time a packed version mi ght

be considered. This approach might make EXEC6A look better

both from a search time viewpoint and from the amount of

storage space required.

6. Other improvements to search time should be con-

sidered. For example , heuristic futility checks , such as

“is there enough text left to match this pattern?” might be

implemented. In this line of thought , an article by Malcolm

Harrison (Ref 8) may be used to investigate an interesting

p rocess wh ich uses  “hashing si gnatures ” to identif y patterns

and subject strings. In a way , this hashing technique applies

a probabilistic futility check , i.e., “what is the chance

that this pattern is contained in this line of text?”

7. Better advantage may be taken of the CYBEP. 74 hard-

war e thro ugh use of Co mpass  ( C D C  ass emb ly ) l a n g u a g e  cod i n g .

Perhaps this is easier said than done , but some ideas that

come to min d ar e , one , use a single register to hold ten

characters of input text during the search to eliminate

• r epea ted memory r e f e r ence s , and , two , use a s i ng l e  reg is ter

f ro m w h i c h  to unpa ck a s i ng l e  mem ory loca ti on ra the r than

referencing the same repeatedly.

So , th ese above sev en reco mmenda ti on s ar e o f f e r e d  as

con tinuation to the work begun in this thesis. :n particular ,
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Compass coding may offer unique data structures and algorithms

for the CDC machine which will outperform some of the very

sophisticated general purpose approaches. And from the

be g i n n i ng,  the purpose of this thesis has been to provide a

foundation up on which such future investi gation may be built .
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APPENDIX A

CYBER 74 Character Set With Display Codes

Character Display Character Display
__________ Code __________ Code

00 5 40
A 01 6 41
B 02 7 42
C 03 8 43
o 04 9 44
E 05 + 45
F 06 - 46
G 07 * 47
H 10 / 50
I 11 ( 51
J 12 ) 52
K 13 $ 53
L 14 54
M 15 $ ( b l a n k )  55
N 16 , 56
o ii . 57
P 20 60
Q 21 [ 61
R 22 62
S 23 S 63
5 24 “ 64
U 25 65
V 26 T 66
W 27 & 67
X 30 ‘ 70
V 31 ? 71
Z 32 c 72
0 33 73
1 34 74
2 35 75
3 - 3 6  A 76
4 37 ; 77
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APPENDIX B

Numer ical Resul ts of Tes t Program Execu tions

Using Data Files Descri bed in Figure 25
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