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A SYNTACTIC APPROACH TO TEXTURE ANALYSIS

S. V. Lu and K. S. Fu
School of Electrica l Engineering

Purdue Un i versity
West Lafayette , Indiana 1e7907

Abstract

A syntactic model for the generation of structured textures and for the

discrimination of textures is proposed . A texture pattern is first divided into

fixed-size windows . Windows be l ong ing to the same texture pattern are then characterized

by a tree grammar. This tree grammar is used for synthesis as well as discrimination .

If it is considered necessary , distortion or noise is introduced by us ing stochastic

t ree grammars. Fina l ly, a set of error-correcting tree automata is used as a texture

discriminator. Illustrative examples for texture synthesis and discriminat ion are

presented.

~This work was supported by the AFOSR Grant 7k-2661.
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1. Introduction

Research on texture analysis--modeling, synthesis , classification , and d iscrir ’ii-

nation--has rece i ved increasing attention in recent years [1]. Texture is a term for

the quality of a surface . The feature that dominates a texture scene is the repetitive

or quasi-repe titive pa tterr~. Texture information is valuable in scene segmentation ,

especially in those cases irs whi ch the contrast between the object to be observed and

the background is poor. A survey of research in this area can be found in Zucke r [2].

Applications of texture analysis include terrain classification [3, 1+ ] ,  radiographic

image interpretation [5, 6], microscop ic cell image analysis [7-9], and many others.

Most of the previous research has concentra ted on the statistical approach [3-12].

In this approach , statistica l properties are calculated from a set of local measurements

taken from the pattern. Weszka , Dyer , and Rosenfeld [Li] g ive a compa rative stud y of

several frequentl y used features for texture classification .

An alternative approach to the stat istical one for texture analysis is the

structura l approach (I]. A texture is considered to be defined by subpatterri s wh i ch

occur repeated’y according to a set of well-defined placement rules within the overall

pattern . Furthermore , the subpattern itself s made of structured elements. Compared

with the statistica l approach , the structura l approach appears to be easier to interpret.

Zucke r [2] proposed the idea of texture model ing in terms of an idea l texture and

its transforma tions. According to Zucker , an idea l texture is a deep, unobservable ,

hi ghl y-structured prefect pattern in which local primitives (fundamental bu ilding blocks)

are extended into a global structure such as regular tesselation. He believes that

transformation rules can be defined from a representation of an ideal texture to that

of a natura l texture . In our work , we shall propose a tree gramma r which defines such

rules.

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



Carlucc i [13] has formulated a system called “texture language ” for the descript ion

of some simple repetitive subpatterns such as polygons or open polygonals. Texture

patterns are treated as graphs with the basic elements in the texture language re-

presentation being lines and vertices. The structure of a subpattern is then represented

as a tree . From a practica l point of view , Car iucc i ’s system may encounter dif ficulties

during preprocessin g, such as difficulty in the extraction of lines and vertices in a

texture region .

We shall propose a texture model based on the structura l approach. In this model ,

a texture pattern is divided into fixed-size windows . Repetition of subpatterns or a

portion of a subpattern may appear in a window . For all cases , we shall treat a windowed

pattern as a subpattern. A tree grammar is then used to characterize windowed patte rns

of the same class. This model can be used for texture synthesis as well as discrimination .

Since the windowed patterns are also a part of the g loba l structure of the texture , a

hi gher leve l of syntax rules can also be constructed for the arrangement of windowed

patterns.

Definitions and notations that appear in  the subsequent sections are those used

in the literature [lL +-l7] and are brie fly reviewed here .

Definition !.~ 
A gramma r Gt 

= (V , r , P, 5) over <~~ , r> is a tree gramma r in expans ive

form

where V is a set of termina l and nontermina l symbols ,

~ is a set of terminal symbols ,

r: ~ 
-
~ N where N is the set of non-negative integers , is the rank associated

w ith symbols in ~~,

S is the start symbo l ,

and P is a set of production rules in the form of

or X0 -~ x whe re x c E

and X0, X 1t ...~ X ( )  ~ V E

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 
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Definition 2. A stochastic tree gramma r G
s 

= (V, r , P, S) over <~~ , r> is expansive

if and only if each rule in P is of the form

pOi 
x p

Oix0_ >  / \ or x~~......... .> x
X 1

...X ( )

where x C E , X , X ,. . . ,X C V~~.0 1 r(x)

Definition 3. Let T~ be the set of all trees of the same structure D with nodes

labe l ed by symbols in E. A mapp ing S: T~ 
+ T~ is called substitution transformation.

We shall write cx l 
S
1 

~ i f f  a , ~ c T~ , a is a node in D and ~ is the result of

replacing the labe l on node a of tree cx by terminal symbol x.

Defini t ion Li . The distance between two trees a, ~ in T~ , d (ci , ~
) is defined as the

smallest numbe r of transformations required to derive ~ from cx. Let L be a tree

language. The distance between a tree ~ and 1, d(L , ~) is defined as

d(L , ~
) = 

m m 
{d(cc, ~

) a c i}

2. A Syntactic Model for Texture Anal ys i s

We propose the follow i ng syntactic model for texture analysis: its primitive ,

window , tree representation , and tree gramma r being described here .

2 .1. The Primitive

We choose a single pixe l with different gray levels to be the pattern pri mitive .

For a picture of 9~ g ray l eve l s , we have 2. different primitives .

2.2. The Window

From the structura l point of view , texture is the placement of structured subpatterns .

(See Fi g. 1 (b)). However , in a natural scene, the exact boundary of a subpattern is usually

vague and unidentifiable. Often , subpatterns of the same texture appear in various sizes ,

shapes , or br i ghtness. In some cases , there even exists a situation in which there are

no well-defined subpatterns. For examples of this see Fi gs. 1(c) and 1 (d). In addition , 

M~
s 4 
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the placement of subpa tterns can be irregular and distorted such as shown in Fi g. 1 (a).

Nevertheless , a small subframe of the overal l texture pattern does maintain some of the

characteristics of the texture . To make the syntactic approach practicall y feasible ,

pictures are divided into fixed—size windows . A gramma r is then used to characterize

the windowed pattern of the g i ven texture. Assum i ng that the window is of size k x k,
2

there are Qk possible patterns. The set of all the windowed patterns of a part icular

k2
texture is a subset of the ~ patterns. Consequently, a hi gh-dimensional regular

gramma r , for example , a tree grammar [ 1 5 ] ,  is suitable for the characterization of

texture patterns.

2.3. The Tree Representation

Before we infer the tree gramma r for a texture pattern , each windowed pattern is

first transformed into a tree representation . Each node on the tree representation

corresponds to a p ixe l in the k x k window . Hence , a pattern primitive becomes the

assi gned labe l to its corresponding node . For implementation , a tree structure can

be arbitrarily chosen , but is then fixed for all windows during the process. That is .

for all tree representations , the tree structure is the same , but node labe ls are

different. Two conven i ent tree structures are suggested in Fi gs. 2(a) and 2(b) where

the window size is 9 x 9. We shall refer to them as Structure A and Structure B ,

respectively. Clearly, a different cho i ce of tree structure will result in a di fferent

tree representation for the same window . This cho i ce will influence the complex i ty

as well as the effectiveness of the inferred tree grammar.

Examp le 2 .1. The pattern shown in Fig. 3(a) has the tree representat ion shown in

rig. 3(b) if Structure A is used.

3 2ii. The Tree Gramma r

Examp le 2.2. The following tree grammar G
1 

will generate the tree representation showi

in Fig.  3 ( b ) :
I

5.-. -.
~

- (- . — 
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= (V 1, r , P 1,  A 1
) over <~~ , r>

V
1 — {A 1, A2, A 3, A4, A5, A6, N0, v0, 1 , o}

r = ~0, 1 , 2 , 3}

P
1
: I
A l 

~ / i\N0 
A
2 

N
0

N0 A
3 

N0

N0 A 4 N0

A 4~~ / I\
N0 A

5 N0

~~~~ / i\
V
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A
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V
0

1 1
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A
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N
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N0

0
NO I ; 0
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~0 ; I

V
0

I
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Examp le 2.3. Gramma r C
1 

in Example 2.2 will  only accept patterns of a cross in the

m i ddle of the 9 x 9 window such as the texture pattern shown in Fi g. Li . In a

natu ra l t ex tu re , we will most likely have some distortions of the prefect pattern

such as the pattern shown in Fi g. 5. Gramma r C 2 w i l l  generate p a t t e r n s  having a

shifting of the cross in Fig . 3(a) anywhere within the window .

C2 
= (V

2
, r , I’2, 

~~ 
over <E , r>

V 2 = {A 1, A2, C 1, C 2 , D 1, D2, E 1, E2 , F1, F2 , C 1, C2 , I1
~
, H2, I~~, ~

2, ~~ ~~

N0, N 1, t
~
l2~ 

N3, ~~ V0, 1 , O}

= ~A 1, C 1, D 1, E 1, F 1, C 1, I
~
$ l~ 

I~~, J 1
}

P :2
A

l~~ /~\ /~\N
0 

A
1 

N0 
V
0 A2 

V
0

/ \
N0 

A2 N0 
N
0 

N0

C~~~~~
/

~~
\ /~\N 1 C 1 N0 V 0 C 2 V 0

C2~~ /~\ /°\
N 1 C2 N0 

N
1 N0

0
Di ÷/ ,\  / ‘\N2 D 1 N0 ~O ~2 ~O

0 0
D2~~ / l\  / \

‘
~2 

D2 
N
0 

; u2 N0

I
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N
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V
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N
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The distorted pattern shown in Fi g. 5 can be accepted by C2.

3. Illustrative Examp les of Texture Synthesis

In Section 2, a syntactic model is presented for describ ing windowed patterns. - 
I

The global structure of the o v e r al l  t e x t u r e  p a t t e r n  depends on the arrangement of

-...‘ indowed pa t t e r n s .  In Example 2.3, we constructed the grammar C2 for the acceptance

I

~

ie ’

~

P

~ 
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of the texture pattern shown in Fig. 5. However , when C2 i s  used for genera t ion ,

numerous patterns mi ght be produced , one of wh i c h  is show n in Fig. 6. Therefore ,

in order to preserve the coherence between windows , a set of hi gher leve l syntax

rules is necessary in which the windowed pattern is treated as a primitive , and

the overall texture can be represented as a tree which decides the placement of

windowed patterns.

In this section , we will illustrate the synthesis of patterns D22 , D314 , 038,

and D68 from Brodatz ’s Textures [18]. Figs. 1(a), (b), (c), and (d) are di g itized

p i c t u r e s  w i t h  reso lutions of LiOOp , LiOOp , lOOu , and LiOOp , r e s p e c t i v e l y ,  of the above

four patterns. For simplicity, we use only two pr imi t ives : black as p r im i t i ve  1 1 , 11

and wh i te as primitive tl o .II By setting a threshold for gray levels in Fi g. 1 , we

obtain four b inary pictures , Fi g. 7 (a ) ,  (b) , (c ),  and (d) for pa t t e rns  D22, 034,

038 , and 068, respectively.

3.1. Re9ular Tesselation

The texture pattern D34 is a hexagonally tesselated pattern which is nearl y

what Zucke r cal led “ideal texture .”

Examp le 3 .1 . A synthesis of hexagona l tesselation is as follows : Assume tha t we have

two windowed patterns; namely, A 1 and C 1 show n in Fi g. 8(a) and (b), respective l y,

w i t h  window-s ize 9 x 9. Tree gramma r C2 generates the tree represent ations , A 1 and C
-a

using Structure A described in 2.3. Tree gramma r C
3 

generates the placement rule for

A 1 and C 1. The placement rule is g iven in Structure B. C
3 and C 3 

are g iven as fo l lows :

C
3 

= (V 3. r , P3, (A 1 , c 1
}) over <E , r>

V
3 

= (A 1, A 2, A 3, A4 , A5, A 6, A7, C 1, C 2, C 3, C 4 , C5, C6, C 7, N 1, N2 , N3,

N4 , N0 , I, o}

I 

it - 
.. - - !,-~.;* ~~~ 
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C
3 

= (v3 ,  r , P3 ,  X) ove r <~~~~, r >

V
3 

= {x , Y , Z, A 1 , c 1 }

= 
~ l ’ 

c 1 } , r = (o , 1 , 2}

P
3

: A A
x - ~ ;

Z~~* ; A
1

The generating procedure using the two-leve l syntax rules , C
3 

and C
3 

is

illustrated in Fig. 9. The generated pattern is shown in Fig. 10.

Examp le 3.2. In Examp le 3.1 , we assumed that the window size matched the size of the

hexagona l subpattern. Howeve r , the 9 x 9 window in Examp le 3.1 does not perfectly

match the pattern D34 in Fi g. 7(b). An improvement is shown in Fig. 11 (b) where

the hexagons have a similar size to that of pattern D34. In Fig . 11 (b) , window

frame s have been drawn in so that the windowed patterns and their repetit ive order

car be shown clearly. There are 20 different windowed patterns within each heavily-

lined area in a 4 x 5 arrangement . The larger pattern , made up of the 20 windows ,

also repeats itself. The gramma r C4 that generates the 20 windowed patterns , is given

on the left-hand side of A ppendix A-U Fig. 11 (a) shows the placemen t rule in Struct ur e

3 ~or the pattern in F; 9. 11(b) . The symbo l in each cell of Fi g. 11 (a) belongs to the

set of starting symbols in gramma r G4. From each starting symbo l , the corresponding

~ ind~~~~d nattern of b i g. 11(b) can be generated . The gramma r that generates the

p dcerncn t rule ~s also g iven in Appendix A-l as gramma r C
4 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~-~~- -~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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Examp le 3.3. The uneven bri ghtness in pattern D34, e.g., darke r for horizontal lines

and li ghter for diagona l lines , can be simulated by using a stochastic grammar. Fft. 12

is the resulting pattern from using stochastic grammar Cs in the generation of the

“noisy version .” The gramma r Cs is g iven on the ri ght-hand side in Appendix A -I.

In this subsection , three examp les were g iven: (1) to illustrate the synthesis

of an ideal texture for a matching sized window and subpattern , (2) for an unmatched

size window and subpattern , and (3) for a noisy version . However , the noisy versio n

described in Example 3.3 is the result of loca l noise. In the following subsection ,

we shall describe the synthesis of a globa l structure—dis torted texture pattern.

3.2. Irregular Tesselation

Let us examine pattern D22 in Fig. 7(a). We may consider that pattern D22 is

the result of twisting the regular tesselation of an ideal texture such as the patt ern

shown in Fi g. 13 . From a sing le window , the trend of distortion cannot be full y

detected. For texture synthesis , such a g l oba l distortion can be treated as a ; r r , h l , m

of the placemen t of windowed patterns.

Examp le 3.4. The regular tesselated pattern shown in Fi g. 13 is composed of two

basic patterns shown in Fig. 14(a) and (b). A distorted tesselation can result

from shifting a series of basic patterns in one direction. Let us use the ~et ~.f

,~rterns resulting from shifting a basic pattern as the set of p riHt ives. Thure

. i l ~ be 81 such windowed pattern primitives . We shall refer to them simpl y as

primitives in this examp le. Fi g. 15 shows severa l of them. Each primitive is given

a name of two symbols. ‘‘XV ,’’ whe re X C (A , B, C , 0, E , F, C , H , I i r {l , 2 “U

‘;t a rti n q fr~ ri X~ , the pattern resulting from shifting one column to the left w i l l  ‘~e

~ ur.ed X .~~, dnd t~~e pattern resulting from shif ting one row up w i l l  be rar~~ V ..

Gramma r C r in Appendix A-2 is constructed for the generation of the 81 p r i m i t i~~r~~.

1 ’  

_  j

~ 

:~ z~~’ -~~~-



Several s y n t h e s i s  r e s u l t s  are g iven in Fig. 16(a), (b), and (c). Tree r epre-

sentations using Structure B that decide the pla cement of windowed patterns ar~ shr,wn

at the left-hand side of each pattern.

Us ing the same idea as that in Example 3.3, a stochastic gramma r can be used

to add local distortions. We can also construct a gramma r for the placement of windowed

patterns for certain types of structure distortion. For examp le , a twisted upwa rd or

downward pattern , or an insertion of an extraneous row of subpatterns , e t c .

3.3. Random Pattern

The texture pattern D38 and D68 in Fig. 7(c) and (d) show a higher degree of

randomness than 022 and 034. No clear tesselation or subpattern exists in the r,~Itt ~~rn.

Example 3.5. The water waves in pattern D38 can be described as a belt e x t e u l n g  in

the horizontal direction , varyinq in width and twisting upward or downward . Assumin g

that , at most , one belt can appear in a window , we shall use Structure A for tree

representation and a stochastic t ree grammar C
6 

to describe such patterns. E ach

production rule in C6, the left-hand side nontermina l , is the present state and the

ri ght—hand side generates the width and the position of the belt that the present

stare represented , as well as the next state. Fig . 17 illustrates this generation

process. The gramma r C6 is g iven in A ppendix B-l. C
6 

is also the discrimination

gr amma r fo,- pattern 038 which will be discussed in Section 4. The production ru lc- ~

associated with zero probability are unused rules during pattern generation . They

are added for pattern discrimination . The probabilities associated with the pro-

duct ion rules in C
6 

are arbitrarily assi gned. By vary ing the assi gnment of p ro-

b j b ’ l ; t i e s , patterns with a diffe rent degree of bri ghtness and fluctuation can

~~~~ yercrated. Some resulting patterns are shown in Fi g. 18.

~x~~’ul~ 3 1 . The texture pattern of 068, the wood grain pattern , consists of long

vertica l l i nes , It is particularly convenient for syntactic descri pt on when

~
_
._1 _ _ _ _ _ _ _ _  
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Structure A is used for tree representation . The subpattern (vertical line) and its

repetition can be full y characterized by the stochastic gramma r C
7
. Therefore , the rt

is no need to generate the overall pattern window by window . The gramma r C
7 

is i i v &r

as follows :

C
7 

= (V7, r , P7, A 1 ) over <~~ , r>

V
7 

= (A 1 , N0, N 1, 0, l}

r = {o, 1 , 2, 3}

~ = C o , l}

P
7
:

A
1 N~~ A N 

0.5 ; , 0.05

0 1 0 0 0

0

I \ , 0.09
N 1 A

1 
No

/ I\  , 0.09 ;
N 1 A

1 
N0

/~\ , 0.09
N 1 

A 1 N 1
I¶ 1

/ N
/ , 0.09

11 1 A 1 N0
3

0

/ i  \\, , o.o~N 1 A 1 N0

_ _ _

~~~~ 

______ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~



0
N -

~~0 I , 0.90

N0

0

I , 0.05
N 1

0 , 0.05

o.8~
N 1

I , 0.10
N0

, 0.05

The density of grains (vertica l lines) depends on the probabilities associated •1
~.‘ith produc t io n  r u l e s .  Pictures in Fi g. 19 are generated from C

7 
using different

probab i lity assi gnments.

4. Texture Discriminat ion

The proposed texture model can also be used for texture discrimination . In

Sect i ; r  3, we illustrated how a texture pattern was generated window-by-window . The

construct ion of a gramma r in modeling the variation of size , shape , and bri ghtness ,

as wel l as no i se and distortion was illustrated by examples. We also discussed in

S.~ct ion 2 that a pattern in a small subframe (window) maintains some of the

characteristics of the overall texture. Under this assumption , we shall restrict t h e

r~~b i e  (,f texture discrimination to the recogn ition of windowed patterns only. L~ ch

~ ic j jr  i~ processed window-by-window .

I
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4 .1 . Data Preparation

The pattern shown in Fi g. 20 consists of patterns D22 , 034, D38 , and D68.

There are 180 x 180 p ixels with 128 gray levels. We shall use two primitives

(t~/o ~ r 4 p levels) for discrimination . The picture shown in Fi g. 21 is obtained

by s ttt ing a threshold at gray leve l 44. Window frames are drawn in in Fig . 21 .

The ~/ndow size is 9 x 9.

4.2. Discrimination Grammars

The texture modeling grammars described in Section 3 are used for d i scrirninat i n n

here. Let the grammar for pattern D22 , D34, D38 , and D68 be C~2, C34, C38, and C68,

respectively. From the viewpoint of discrimination , we would like to rod if y the granna r

so that overlaps between L (G92), L(G 34 ), L(G38), and L(G68) (languages generated from

C22, C34, C38, and G68, respectively) will be as small as possible. Whereas , each

language itself needs to b~ as genera l in characterizing each class of texture as pos siLl e.

Gramma r C22, C34, and G68 are given in Appendix B—2 , 8-3, and 8-4, respective ly. Gramma r

G38 is the nonstochastic version of gramma r C6 
i n  A ppendix B-l.

4.3. Error-Correct in9 Parsin g

The conventiona l parser usuall y fa l ls to recogn i ze a “noisy ” pattern. Although 
I

S

we have tried to construct the discrimination grammars to include as large a varie~ v

• nr p a t t ~-rns as possible , the uncertainty existing in a patte rn is i mpossible to ht

f.~l l v characterized and predicted. An error-correcting parser can be used to ir~~rove

t~.e classification accuracy [19-22]. In particular , in this application , we shall

L:;e the ‘‘ structure-preserved error—correcting tree automata (ECTA)’’ as the textu r ,~

d i scr ~Hn,i . or . The al gorithm for ECTA is presented in [22].

~~~. ‘• . ~~ u t ~~t ion R e s u l t

in ~ ~CT1~ r~~ s u re s the distance between the input t ree representat ion and t hc

n .~~~j r c  , n i : ’ i ; ~ ; es , L(G . ), L(C , ) ,  L(G~~), and L(G~
.
~ ) one hy one. Then , the input

L2  3 )

L.d ’ t e r r ,  i s  c l a s s i ’ i e d  to the texture class which has the mini m um distance.

___________ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~t .~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
—
~
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The result of texture discrimination for the picture in Fi g. 21 is g iven in

Fi g. 22. There are 400 windows . Thirty of them are misrecognized . The niis

recognition usually results from the unavoidable overlap be tween two languages or

from the reduction of one language to decrease the overlap.

5. Remarks

In this paper , a syntactic approach for texture modeling is presented . The

proposed approac h appea rs to be attractive from the practical point of view. The

pre orocessi ng involves p i cture di g itization only. The window operation stores a sna l

subfran ie of the pattern in the main memory. Thus , the p rocess is manageable by a s r al l

S memory computer.

The most d i f f i c u l t  part come s from the construct ion of an e f f e c t i v e  gra mmar. S ince

no sophisticated preprocessing is used , the linguistic representations are very  ‘-,e n’ - J t ve

to noise. In constructing a gramma r , we would like to consider as many variations ~

texture pattern as possible. On the other hand , we also need to keep the gra~rrn r w’~

si r .ulc (as few nonter niinals and production rules) as possible to save storane S p c ~

Such a compromise often results in a gramma r that generates some excessive sentences ,

but excludes some possible distortions. That is one reason for the necessity of usir n

~in error-corre cting parser for picture parsing in texture d iscrim i nation. The o t h~~

re.~s3n is the uncertainty existing in the ;iicture making the construction of a gr~n urI r

d i t c ,cu l t in order to fit all the pos sibilities of a texture class.

,
~l 1 ~bo computational examples are programmed in Fortran IV on a PDP- 1l/’/~

c s p r r  with a 32K core memory . The ECTA we desi gned pro rrsses a l l t ’~e hranch,~ nf

from ‘He frontiers to the root in pa rallel , but it shoul~ be pro (:ra-I~ -d in

( r I  a ~e oral purpose computer. The process can certainl y be sneejeo ,~~ ~ ,
~

~. u c ,,ll., J e s H r 2d  processor .

1 1 ( 1 ,  - t ic ‘;r~Ir rin t i cal i nfererc e procedures have h~ en recent l v  studied [2 ~1 . hs

Com b r i r ~q - r ’ i ri t e r . rice al gor ith m w i t h  the proposed d i s c r r i ’~nt ion p cniu r ~~, an a u t c - -

m.~i~~~n o’ r~ e ~- ‘r’re t rai ri ir ’-~ and testin g process is p o ss ib le [2l’~

- — — — - - ‘- ~~~ ‘~-E~’ ~~ ~~

-

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~1 ~
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Appendix 8. D i s c r i m i n a t i o n  Grammars for Pa t te rn  D22, 034, 038, and D68

• B- i .  Gramma r for the Synthesis and Discriminati on of Water Pattern (D38)
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B-2. Disc rimination Grammar for Pattern D22
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= (V22, r, P22, S22

) over <~~, r>
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8-3 . C iscr im ina ti on Gramma r for Pattern 034

634 = (V 34,, r , P34, S314) ove <E , r>

V 34 = S U ~ U 
110 1 6.

S34 = ~A 1 8 ~ B0 1 9, C0 1 9, D0 1 9, E0 1 9, F0 1 9
}
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B-L i . Discrimination Gramma r for Pattern 068
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(a) (b)

Fi g. 1~+.  Basic pattern of Fig. 13.
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generated
pattern next state

present
state
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2
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Fig. 17. The syntactic generation of water waves. 
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