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Chapter 1 

Introduction

1. The motivation of the thesis

1 .1 . G e o g ra p h ic  m a p  im a g e  a n a ly s is

T he  m a in  ob jec tives  o f document image analysis ([28 ,135 ]) are to  ob ta in  a succin t descrip
t io n  o f th e  in fo rm a tio n  con ten t in  paper documents, and to  create a digital representation 
th a t  w o u ld  fa c il ita te  e ffic ien t storage, re tr ie va l, transm iss ion and up da ting . T he  dom i
na n t com ponent o f m any docum ents such as engineering draw ings, e lec trica l schematics, 
f low  charts , u t i l i t y  com pany draw ings, and d iffe re n t maps, is graphics, th a t  means d iffe r
en t lines, sym bols, regions. Textual elements are used o n ly  to  augm ent the  in fo rm a tio n  
g iven by  g ra p h ica l elem ents in  these docum ents.

Document image analysis as any o th e r im age analysis process ([133]), consists o f three 
m a in  levels o f ab s tra c tion . In  the  low level, processing is pe rfo rm ed on the  in p u t, raw 
docum ent im age acquired by scanning, and includes: noise red uc tio n , s igna l enhancement, 
b in a r iz a tio n , and segm enta tion  w h ich  usu a lly  includes separa tion  o f te x t  fro m  graphics 
com ponent to  enable easier subsequent de tection  o f p e rtin e n t features, and ob ject o f 
in te rest. In  the  intermediate level, te x t and the p r im it iv e  graph ics ob jects  like  lines w ith  
d iffe re n t styles, po lygons, circles, etc. are recognized. In  the  high level, know n as image 
understanding, by  in te rre la t in g  the  recognized graphics ob jects  w ith  te x tu a l ones, using a 
domain dependent knowledge, a descrip tion  (sem antics) is ex trac te d  fro m  the  docum ent. 
Techniques used in  th is  level are s tro n g ly  app lica tion -dependen t.

In  the  in d u s tr ia liz e d  w o rld  there  is an urgen t need fo r so lu tions in  conversion o f 
d iffe re n t docum ents fro m  paper to  a d ig ita l fo rm a t. E ffic ien t a lg o rith m s  fo r docum ent 
im age analysis have m any im m ed ia te  app lica tions. For exam ple, the y  p rov ide  a mecha
n ism  fo r a rch iv in g  docum ents such as jo u rn a ls  and news magazines, p e rm it a conversion 
o f paper-based engineering draw ings in to  a C A D  (C o m p u te r A id e d  Design) com patib le  
fo rm , o r enable a conversion o f paper-based maps o f d iffe re n t types in to  a database o f 
G e o g ra p h ic /L a n d  In fo rm a tio n  System (G IS /L IS )  (see fo r exam ple [99] fo r an overview  o f 
G IS  techno logy).

A m o n g  m any branches o f docum ent im age analysis, the  m ost im p o rta n t we find  geo

11



12 CHAPTER 1. INTRODUCTION

g ra p h ic  m ap  im age analys is , and engineering d ra w in g  im age analysis. T h e  conversion o f 
paper m aps in to  G IS , w h ich  is the  sub ject o f research o f geograph ic m ap  im age analysis, 
due to  spec ia l n a tu re  o f  m aps, has n o t been achieved a m a tu re d  leve l ye t. T here  are 
s t i l l  lo ts  o f  p ro b lem s w a it in g  fo r  so lu tions ([320, 342, 24]). T h is  is th e  m a in  reason fo r 
choosing conversion o f paper m aps as a sub ject o f o u r research.

T h e  ra p id  g ro w th  in  the  vo lum e and co m p le x ity  o f the  geograph ic m aps, n a tu ra lly  
led  to  th e  deve lopm en t o f  com pu te rized  geographic in fo rm a tio n  system s to  fa c il ita te  the 
in fo rm a tio n  m anagem ent. T h e  m a in  a p p lic a tio n  o f G IS  is a cartographic modeling, o r 
spatial analysis, fo r  so lv in g  com pound sp a tia l p rob lem s ([99]). For e ffic ien t m anagem ent 
o f m any com panies such as p u b lic  u t i l i ty ,  the  in fo rm a tio n  in  d iffe re n t paper m aps has to  
be ava ilab le  in  G IS , even a t th e  h ig h  expense in  investm en ts  in  th e  conversion process. 
T he  m o tiv a tio n  o f  th is  process is th ree fo ld . F irs t,  the re  is a need fo r  e ffic ien t re tr ie va l o f 
sym bo lic , num eric , and s p a tia l in fo rm a tio n . M anua l re tr ie v a l o f  in fo rm a tio n  fro m  maps 
is a t least t im e  consum ing. A  second reason fo r conversion is the  e ffic ien t m aintenance 
o f th e  in fo rm a tio n  in  maps. T h e  in fra s tru c tu re  d ra w n  on th e  m aps is n o t s ta tic , i t  is 
the re fo re  necessary to  up da te  the  paper m aps on a reg u la r basis. M o d e lin g  and  s im u la tio n  
o f  d iffe re n t events, o p tim iz a tio n  o f  sp a tia l processes (fo r exam ple rou tes), is the  th ird  
im p o r ta n t  advan tage o f  a d ig ita l descrip tion .

C ons ide ring  the  enorm ous am oun t o f paper in fo rm a tio n  and its  im p o rta n ce  to  a va rie ty  
o f in d u s tr ia l branches, e ffic ien t conversion o f m aps is a to p ic  o f g reat in te rest.

T h e  a c q u is it io n  o f  th e  re levan t in fo rm a tio n  to  f i l l  G IS  is m ore  cost-in tens ive  th a n  the  
in ves tm en t in to  G IS  system . C om pared to  ph o tog ram m etry , o r  su rvey ing , e x is tin g  paper 
m aps are ra th e r  low -cost source o f the  in p u t da ta . A c q u ir in g  th e  re levant geographic 
in fo rm a tio n  fro m  e x is tin g  paper m aps in to  G IS  by  m an ua l d ig it iz a t io n , us ing overlay o f 
scanned m ap  in  an in te ra c tiv e  e d ito r, is  a ve ry  ted ious, expensive and lo n g -tim e  process. 
M oreover, as i t  requires the  use o f the  expertise o f the  hum an op e ra to r, th e  tim e , cost and 
e rro r ra te  o f  th e  acq u is tion  ra te  depends on the  s k il l and care o f th e  op e ra to r, and the 
q u a lity  in spe c tion . T hus, th e  a v a ila b ility  o f  system s fo r  a u to m a tic  conversion o f paper 
m aps to  adequate geograph ica l d a ta  standards w o u ld  be ve ry  welcome.

W e have id e n tifie d  th e  fo llo w in g  prob lem s in  m ap im age analysis, w h ich  have n o t yet 
been tre a te d  successfully: 1) reasoning w ith  incom p le te  in fo rm a tio n , 2) co n tro l strategy, 
3) c o n te x tu a l laye r separa tion , 4) re lia b le  analysis. W e w i l l  discuss th e m  brie fly .

P r o b le m  1. Reasoning with incomplete inform ation

T h e  p ro b le m  o f  m ap  im age un de rs tand ing  is underconstrained, th a t  means the ob
served in fo rm a tio n  is incom p le te , as the  new im age features and o b je c t instances 
m ay be in se rted  a t any t im e  d u r in g  the  m ap analysis process, w h ich  affects the  in te r
p re ta tio n . S ince m ap im age ana lys is  system s in  p r in c ip le  can no t recover th is  in t r in 
sic insu ffic iency, the  best possib le so lu tio n  is to  con s tru c t p laus ib le  descrip tions o f 
the  m ap  based on th e  ava ilab le  in fo rm a tio n . Since the  am o un t o f in p u t  in fo rm a tio n  
is l im ite d , m u lt ip le  descrip tions  shou ld  be constructed . In  optim ization  approach 
to  cope w ith  in com p le te  in fo rm a tio n  (see fo r exam ple [154]), th e  in fo rm a tio n  ob
ta in e d  fro m  an in p u t  im age is considered as con s tra in ts , and the  eva lu a tion  fu n c tio n  
w h ic h  m easures th e  goodness o f  m a tch  between im age features and  o b je c t m odels
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is  op tim ize d . Beside th e  p ro b lem  o f co rrect fo rm u la tio n  o f  eva lu a tion  func tions , 
o p t im iz a tio n  m ethods o ften  pe rfo rm  u n ifo rm  processing, w h ile  the  im age s truc tu re , 
and c o m p le x ity  o f the  m ap vary depend ing on locations. A m on g  various m ethods in  
p ro b a b ilis t ic  reasoning, the  evidential reasoning ([130, 255, 128, 70, 289]) is useful 
to  cope w ith  incom p le te  in fo rm a tio n . Each piece o f in fo rm a tio n  is associated w ith  
a p ro b a b ility  representing its  re lia b ility . W hen  new in fo rm a tio n  is ob ta ined , the  
p ro b a b il ity  is  m o d ifie d  depend ing on w hethe r o r n o t the  new in fo rm a tio n  is consis
te n t w ith  it .  T he  kernel c o m p u ta tio n  in  ev ide n tia l reasoning is how to  m o d ify  the 
p ro b a b il ity  to  accom odate the  new in fo rm a tio n . A lth o u g h  p ro b a b ilis tic  reasoning 
is usefu l to  cope w ith  incom p le te  in fo rm a tio n , i t  is  passive. N o  active  reasoning 
m echanism  to  generate hypotheses fo r m iss ing in fo rm a tio n  is inc luded . In  image 
analysis system s we need active  reasoning mechanisms to  com plem ent the  in tr in s ic  
in su ffic ie ncy  o f  th e  in p u t  in fo rm a tio n . M ap  analysis process should be constructive , 
th a t  means i t  shou ld  actively generate new in fo rm a tio n  based on the  m odel to  cope 
w ith  the  insu ffic iency  o f the  in p u t in fo rm a tio n . Reasoning m ethods in  classic A I  
system s are based on o rd in a ry  deductive  reasoning. O rd in a ry  deductive reasoning 
based on classical fo rm a l log ic  does n o t w ork  w e ll in  im age analysis, as i t  proves 
the  v a l id i ty  o f theorem s in  the  lig h t o f  th e  given (fixed ) in fo rm a tio n , w h ile  m ap 
im age ana lys is  system s need to  con s tru c t the  descrip tion  o f the  m ap by  dyn am i
c a lly  genera ting  new in fo rm a tio n . In  A I,  several m ethods have been proposed to 
fo rm u la te  reasoning w ith  incom p le te  knowledge, so-called non-monotonic reasoning 
([281, 225, 226, 223, 224, 266, 267, 301]), and the  m ap im age analysis should be 
based on such non -m ono ton ic  reasoning scheme to  be able to  pe rfo rm  deductions 

o f new facts  fro m  sets o f axiom s.

P r o b le m  2. Control strategy
For o p tim a l in te rp re ta tio n  resu lts, an effective m ap im age analysis strategy is re
q u ire d  to  co n tro l the  analysis. N e ith e r o f  th e  co n tro l strateg ies: top -dow n or 
b o tto m -u p , y ie lds a com ple te  so lu tio n  to  the  m ap im age analysis. In  bottom-up 
strategy a lg o rith m s  are pe rfo rm ed in  a fixed sequence: low -leve l basic p rim itive s  
(lines, po lygons, sym bols, characters, tex tu res, c ircles, dashed-lines, e tc .) are ex
tra c te d  by specia lized operators. H ighe r level graph ics en tities  (houses, parcels, 
e tc .) are constructed  fro m  low -level ones, gu ided by some a p r io r i knowledge. I f  
the  im age d a ta  is no isy  o r am bigous, the  resu lts  o f a  processing step m ay con ta in  
errors. Due to  the  s ta tic  na tu re  o f the  b o tto m  up  approach, subsequent steps m ay 
n o t be able to  de tect and handle these errors, thus causing the  errors to  propagate 
upw ards a long th e  processing p a th  to  the  fin a l unde rs tand ing  step. For m ore com 
p le x  a p p lica tio ns , a s ing le  a lg o rith m  w ith in  each processing s tep m ay be insu ffic ien t, 
b u t in  a b o tto m -u p  approach, no m odel is ava ilab le  to  de te rm ine  when a specific 
a lg o r ith m  shou ld  be used. T h e  top-down s tra teg y  is based on hypothesize-and-test 
concept. T h e  in te rn a l m odel guides the  analysis process in  p ro m is in g  d irec tions 
th ro u g h  the  genera tion  o f the  proper hypotheses. A  com p lex hypothesis m ay be 
s p lit  in to  sub-hypotheses, wh ich in  tu rn  can be d iv id e d  fu r th e r  u n t il a hypothesis
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can be e ith e r accepted, o r  re jected using o n ly  the  im age processing fo r its  verifica 
tio n . T h e  analys is , o n ly  y ie lds  good results i f  the  im age con ta ins w h a t the  m odel 
describes. T op -d ow n  co n tro l alone is never su ffic ien t fo r  im age in te rp re ta tio n , and 
some b o tto m -u p  processing w i l l  a lways be required. T here fore , i t  is a need fo r 
deve lop ing  a  s tra te g y  w h ich  in tegra tes b o th  to  get b e tte r  resu lts .

P r o b le m  3 . Contextual layer separation

C o m p le x  m aps co n ta in  several layers o f in fo rm a tio n  th a t  overlap  su b s tan tia lly , m ak
in g  i t  im poss ib le  to  g e o m e trica lly  segment the  m ap  d a ta  in to  d is t in c t regions con
ta in in g  a  s ing le  class o f  g raph ics ob je c t. T y p ic a l s itu a tio n s  w h ich  cause problem s 
in  m ap  im age segm en ta tion  are: ove rlapp ing  elem ents (g raph ics-graph ics, te x t- 
g ra ph ics), d e fo rm a tio n  o f sym bols, errorneous shapes: open po lygons, m iss ing ele
m en ts  o f  o b je c ts  ( te x t  de sc rip tio n ), n o t b ro u g h t u p  to  da te  m aps w ith  false ob jects 
( fo r  exam ple  som ebody has fo rg o tte n  to  remove th e  scarp a long a r iv e r a fte r the 
road  has been b u ilt ) .  A n  approach th a t  applies the  same processing u n ifo rm ly  to  
fea tu res in  a l l layers, b y  is o la tio n  each o f  th e  graph ics  e n t ity  types, a p p lic a tio n  o f 
e n tity -sp e c ific  re co gn ition , and m erg ing  the  resu lts in to  an in te g ra te d  in te rp re ta tio n  
by  a p p ly in g  some co n te x tu a l know ledge m ay fa il, because an e rro r in  the  iso la tion  
w i l l  p rec lude  success in  th e  subsequent processing steps. For exam ple, the  param e
te r  values th a t  are a p ro p ria te  fo r  co n tro lin g  a ve c to riz a tio n  and lin k in g  process fo r 
one ty p e  o f lin e a r fea tu re  (e.g. roads), m ay n o t works w e ll on an o the r type  o f linea r 
fea tu re  (e.g. s tream s). T he  im p e rfe c tio n  o f  segm enta tion  leads to  the  fo llo w in g  two 
p rob lem s:

1. In tro d u c t io n  o f errorneous in fo rm a tio n  (errorneous im age features.

2. L a ck  o f  m e a n in g fu l in fo rm a tio n  (i.e. m iss ing im age fea tures).
Since these p rob lem s are in e v ita b le , im age analysis system s shou ld  in co rp o ra te  ver
sa tile  m echanism s to  cope w ith  them : id e n tific a tio n  and e lim in a tio n  o f errorneous 
in fo rm a tio n , and  in v e s tig a tio n  and e x tra c tio n  o f  m iss ing in fo rm a tio n .

P r o b le m  4 . Reliable analysis

T h e  a u to m a tic  conversion o f m aps shou ld  be ve ry  re lia b le  as e rro rs  in  the  ana ly
sis m ay  serious ly  a ffect la te r processing. T o  o b ta in  a re lia b le  in te rp re ta tio n  i t  is 
necesary to  u t il iz e  a ll th e  ava ilab le  know ledge a b o u t the  a p p lic a tio n . T here  is rich  
a  p r io r i know ledge associated w ith  m ost maps: in fo rm a tio n  fro m  legends, d raw 
in g  ru les, m ap  specifica tions. A  p r io r i know ledge can be used a t various levels to  
d r iv e  the  ana lys is  process. A  s trong  ve rifica tio n  o f the  resu lts  w ith  a m odel, as well 
as p a r t ia l resu lts  is needed. As in p u t in fo rm a tio n  is in com p le te , co n s tru c tio n  o f 
m u lt ip le  d e sc rip tio n  can increase the  re l ia b il ity  o f the  analysis.

D esp ite  th e  research e ffo rts  in  m ap im age analysis, m ost o f  the  research in  th is  area 
s t i l l  concen tra tes on the  design o f specific, app lica tio n -d epe nd en t a lg o rith m s  ra th e r tha n  
on the  ove ra ll process o f m ap im age analysis. O n ly  4 described in  the  lite ra tu re  systems, 
nam e ly  (222, 306, 252 ,151 ] can be regarded as m ap im age analysis systems. None o f these 
approaches, however, propose reasoning m e tho d  w ith  in com p le te  in fo rm a tio n . O n ly  in
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[151], the  do m a in  m ode l is used, b u t no m u ltip le  ob je c t descrip tions are generated to  
con s tru c t p lau s ib le  in te rp re ta tio n . T h e  requ ired  m ixed  co n tro l s tra teg y  in  m ap analysis 
systems has d iffe re n t degree o f f le x ib il ity . In  the  s im p lest one, a top>-down analysis is 
used o n ly  to  o b ta in  a d d itio n a l resu lts when b o tto m -u p  processing is in co rrec t. T he  m ixed 
co n tro l s tra te g y  in  the  D u tc h  u t i l i t y  maps ([151]) is m ore m a tu re d , b u t i t  is based on 
fixed  a lte rn a tio n  o f a top -d ow n  process w ith  a b o tto m -u p  one and inconsistency detection . 
T he re  is s t i l l  a  lo ng  w ay to  go before hav ing  a good co n te x tu a l layer separa tion  process 
fo r techn ica l d raw ings ([342]). A  com m on disadvantage o f a ll the  m entioned systems is 

th e  lack  o f su ffic ien t re l ia b il ity  and accuracy ([321]).
F rom  th is  overv iew  i t  m ay be concluded th a t m ost o f the  m entioned problem s in  

geographic m ap  im age analysis s t i l l  need so lu tions to  o b ta in  a level o f  re l ia b il ity  a llow ing  

fo r  p ra c tic a l a p p lica tio n .
Some so lu tio ns  to  p rob lem  1 and 3 were proposed in  aeria l im age in te rp re ta tio n . A  

p ro p o s it io n  to  cope w ith  insu ffic iency o f  in p u t  in fo rm a tio n  was proposed in  [221] fo r 
in te rp re ta tio n  o f b u ild in g s  and roads in  s im p le  aeria l images. A lso, in  [227, 362], being 
th e  systems fo r  ae ria l im age unde rs tand ing , some resegm entation technique to  cope w ith  

im p e rfe c t segm en ta tion  have been used.

1 .2 . S t r u c t u r a l  p a t t e r n  r e c o g n it io n  in  g e o g ra p h ic  m a p  im a g e  a n a ly s is

D ocum en t im age analysis is a dom a in  where the  structural pattern recognition m ethods 
([120, 51, 331, 285, 52, 132, 233, 235, 107, 253, 193]) are w e ll su ited. Exam ples are char
acter recognition  ([91, 302, 365, 314, 317]) and symbol reco gn ition  ([141, 103, 201, 48] in  
d iffe re n t docum ents and d raw ings (e lec trica l, m echanical, m aps), line texture e x trac tio n  
by means o f syn ta c tic  ru les in  engineering draw ings ([2, 318]), mathematical notation 
reco gn ition  ([14, 33]) w h ich  is ty p ic a lly  organized acco rd ing  to  s tr ic t  syn ta c tic  rules, 
printed documents reco gn ition  ([140, 246, 356]) and music scores reco gn ition  ([32, 65]) in  
w h ich  syn ta c tic  m ethods  have been used to  recognize th e ir  lo g ica l s tru c tu re . In  m echani
ca l engineering d raw ings i t  has been proved th a t  the  d im ens ion ing  ru les can be described 
by a g ra m m ar, thus  enab ling  syn ta c tic  recogn ition  ([77, 78, 79, 80, 64]). S tru c tu ra l p ro to 
types have been used to  represent the  syn tax  o f engineering draw ings, and to  to  pe rfo rm  
various in te rp re ta tio n  tasks based on th is  representa tion  ([156, 163, 164, 111]).

G eograph ic m ap  images have specia l p rope rties  w h ich  w ou ld  make s tru c tu ra l pa tte rn  
reco gn ition  techniques p a r t ic u la r ly  a ttra c tiv e  fo r  recogn ition . A  m ap is composed o f 
several layers o f  in fo rm a tio n . Each m ap layer is composed o f several groups o f geographic 
ob jects , and can be described by  means o f a p ro to ty p e  s tru c tu re , o r a g ram m ar. These 
fo rm a l p a tte rn  representa tions can be used to  v e r ify  and  organize the  da ta . Classes o f 
geograph ic ob jec ts  also fo llo w  some k in d  o f s tru c tu re  w h ich  can be represented by strings, 
trees o r graphs - the  basic k in ds  o f representation m ethods used in  s tru c tu ra l pa tte rn  
recogn ition . M oreover, in  each layer, the re  ex is t m any d iffe re n t sp a tia l re la tions  between 
geograph ic ob jec ts  in  a dom ain , w h ich  make s tru c tu ra l p a tte rn  reco gn ition  p a rtic u la r ly  
su itab le . Some classes o f geographic ob jects m ay be spec ia liza tions o f m ore general ones. 
Instances o f some classes m ay be composed o f pa rts  be ing the  instances o f o th e r classes.
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A s th e  " la y o u t"  o f  each m ap  layer is essentia lly  s tru c tu re d , and can be described by a 
tree, g ra ph  o r a g ra m m a r, its  analysis can be done th ro u g h  s tru c tu ra l p a tte rn  recogn ition  
techniques.

B u t  i t  has been ours, as w e ll as o th e r a u th o r ’s experience (see fo r exam ple [282, 342, 
337]), th a t  w hen des ign ing  la rge r d ra w in g  analysis systems in  general, and m ap  im age 
analysis ones in  p a r tic u la r ,  we come to  a num ber o f w h a t can be ca lled  border problems. 
T h e  fo llo w in g  tw o  are connected w ith  usage a g ram m ar: l im ite d  de scrip tive  power o f a 
g ra m m a r and  e rro rneous pa tte rns . A lso , when using s tru c tu ra l p ro to types , we encounter 
the  fo llo w in g  p rob lem : h igh  num be r o f p ro to types  and h igh  d iv e rs ity  o f docum ents s truc
tures. Beside the  above prob lem s w h ich  are intrinsic  to  a m e thod , the  com m on prob lem  
is th e  h ig h  s e n s it iv ity  to  noise and e rro rs  o f  s tru c tu ra l p a tte rn  re co g n itio n  m ethods.

W e w i l l  discuss a ll th e  m en tioned  prob lem s brie fly .

P r o b le m  5 . L im ited  descriptive power o f a gram m ar

T h e  de scrip tive  pow er o f  the  s tr in g  and  tree  g ram m ars are lim ite d . T h is  im p lie s  th a t  
some com p lex p a tte rn s  can n o t be generated, and in  others i t  is n o t t r iv ia l  to  find  
the  g ra m m ar. In  some cases i t  is also d if f ic u lt  to  m o d ify  a g ra m m ar to  inc lude  new 
p a tte rn s  w h ic h  s tru c tu re  d iffe rs  s lig h t ly  fro m  th e  basic, ty p ic a l s tru c tu re  ([282]).

P r o b le m  6 . Errorneous patterns

T h e  use o f  th e  g ra m m a r w h ich  generates an in f in ite  language can becom e a  p roblem , 
since i t  can de rive  s tru c tu re s  w h ich  do n o t be long to  th e  p a tte rn  class ([337].

P r o b le m  7. High number o f prototypes per class and diversity o f document’s structures 
T h e  design o f  p a tte rn  analysis system  im p lie s  genera tion  o f a ll th e  p ro to types  p a t
te rns  w h ic h  m ust be used to  analyze the  p a tte rn  class. D o cum en t images have no t 
a fixe d  s tru c tu re , b u t  co n ta in  subs truc tu res  w h ich  d iffe r  s lig h t ly  in  in fo rm a tio n , 
p o s it io n  and o r ie n ta tio n . I f  the  num ber o f p a tte rn s  is h igh , w h ich  is n o t ra re  in  
do cum e n t analys is , i t  is n o t possib le to  generate a l l  possib le p a tte rn s  ([282]).

P ars ing , as w e ll as s tru c tu ra l p ro to ty p e  m a tch in g  m ethods tend  to  be ve ry  sensitive 
to noise and errors in  the  in p u t  da ta . M an y  m ethods have been proposed to  deal w ith  
th is : in e xa c t g ra p h  m a tc h in g  us ing some k in d  o f  d istance ([291]), e rro r-co rre c tin g  parsing 
([334]) o r  p ro b a b ilis t ic  re la x a tio n  ([47]). T hus, in  p r in c ip le , e rro r-co rre c tin g  m ethods are 
ava ilab le  i f  we consider th e  p a tte rn  reco gn ition  p rob lem  as a s tanda lone m odule . However, 
rea l life  a p p lica tio n s  are m ore com plex th a n  th a t,  and th a t ’s where we come to  another 
l im its  o f  th e  e x is tin g  m ethods.

P r o b le m  8 . Interaction  between segmentation and recognition
In  do cum e n t im ages in  general, and m ap d raw ings in  p a r tic u la r , despite  a noise 
associated w ith  scanning, d isc re tiza tio n , and im age processing, we have to  deal 
w i th  in fo rm a tio n  w h ich  is represented c le a rly  enough, b u t w h ich  consists o f several 
in fo rm a tio n  layers w h ich  are superim posed in  docum ent ( fo r  exam ple te x t overlaps 
g raph ics). A s  b o tto m -u p  m ethods usu a lly  pe rfo rm  some s tr in g  segm en ta tion  based
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on  th e  ana lys is  o f  connected com ponents, tou ch in g  characters tend  to  be consider as 
m ere noise. In  th is  case i t  is no t possible to  o n ly  re ly  on the  robustness to  noise o f 
th e  p a tte rn  reco gn ition  m ethod. W e need to  a c tu a lly  re trieve  th e  lo s t in fo rm a tio n  
th ro u g h  a some k in d  o f in te ra c tio n  between segm enta tion  and recogn ition .

P r o b le m  9 . Selection a region o f interest
W hen  an a lyz ing  a com plex docum ent, we need an e ffic ien t m e thod  fo r selection 
o f region o f interest, th a t  means to  e x tra c t p o te n tia l cand ida te  s truc tu re s  (graphs, 
tre e s ), o r p r im it iv e  p a tte rn  cons tituen ts  to  be m atched w ith  the  m odels, o r used in  
co n s tru c tio n  o f a d e riva tio n  by a parser. W ith o u t such a m e tho d  the  system  would 
waste its  t im e  t r y in g  to  m a tch  w h a t is a c tu a lly  in te rsections between lines, too  large 
areas o f th e  d iag ram , o r even subgraphs con ta in ing  o n ly  a p a r t o f a candidate.

T h e  g raph ics  ob jec ts , as w e ll as te x t elem ents in  m ost e x is ting  m ap analysis systems 
are recognized by s ta tis t ic a l classifiers ([264, 372, 237, 16, 98, 261, 242, 219, 380, 280]) or 
by  s im p le  te m p la te  m a tch in g  techn ique ([151, 222]). N o s tru c tu ra l de tectors have been 
used in  m ap  im age analysis, a few in  o th e r docum ents analysis systems (fo r exam ple [35]).

T h e  m a in  d raw back o f a ll the  e x is ting  a lgo rithm s  is th a t  the y  re ly  on perfect e n tity  
is o la tio n  p r io r  re co g n itio n  w h ich  m ay n o t be successful because due to  ob jects overlap
p ing , an e rro r in  is o la tio n  w i l l  preclude success in  the  subsequent processing steps. To 
cope w ith  p rob lem s 1 and  2 o f  s tru c tu ra l p a tte rn  recogn ition , an approach based on a t
t r ib u te d  p rog ram m ed graph g ra m m ar app lied  to  schem atic d iagram s in te rp re ta tio n  has 
been proposed in  [48]. A t tr ib u te d  g ram m ar has also been used in  character recogn ition 
([348 ]). A n  approach augm en ting  lim it iv e  descip tive power o f a s tr in g  g ram m ar, by using 
specia l opera to rs  describ ing  tw o -d im e n s io n a lity  has been proposed in  [232], fo r sketches 
reco gn ition , b u t  a parser has n o n -p o lyn o m ia l com p lex ity . To decrease a h ig h  num ber o f 
s tru c tu ra l p ro to types , an in te res tin g  approach based on inexac t g raph  m a tch in g  has been 
proposed in  [270] fo r  character recogn ition , b u t as i t  relies on lo ca l con d itions  d u rin g  

m a tch in g , i t  fa ils  in  m ore com p lica ted  s itua tions .
F rom  th is  ove rv iew  i t  m ay be concluded th a t  re la tiv e ly  l i t t le  research on the  problem s 

o f s tru c tu ra l p a tte rn  reco gn ition  in  m ap im age analysis has been reported .

2. The aims of the thesis

T he  goal o f  the  research described in  th is  thesis is the  design, and developm ent o f effic ient 
techniques w h ich  are capable o f (sem i-) a u to m a tic  m ap d ra w in g  conversion. Because o f 
th e  m u lt i tu d e  o f m ap  ap p lica tions , the  f le x ib il ity  o f these techniques is a ve ry  im p o rta n t 
aspect o f o u r research. M oreover, as s tru c tu ra l p a tte rn  reco gn ition  is p a r t ic u la r ly  su itab le  
in  m ap  im age analysis, m ethods to  overcome its  bo rde r prob lem s m en tioned above, should 
also be developed, in  o rder to  enable its  successful a p p lic a tio n  in  m ap im age analysis.

In  sum m ary, th e  fo llo w in g  are the  tw o  m a in  a im s o f  th e  presented thesis:
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•  T h e  f ir s t  a im  is th e  deve lopm ent o f a genera lly  ap p licab le  reasoning fram ework  fo r 
geograph ic m ap  im age analysis w h ich allows to  solve a ll the  m en tioned  prob lem s o f 
m ap  im age analys is . T h is  means th a t  we should p rov ide  in  th is  w o rk  a knowledge 
rep rese n ta tio n  m echan ism , tog e the r w ith  su ita b le  in ference procedures, and con tro l 
s tra teg ies w h ich  a llo w  fo r the  in te g ra tio n  o f a v a rie ty  o f pieces o f know ledge, each 
represented by  m eans o f  a d iffe re n t fo rm a lism  in to  one cons is ten t fram ew ork.

•  T h e  second a im  is to  augm ent the  proposed fram ew ork  w ith  p ro p e r ly  devised struc
tural de tec to rs  o f  g raph ics  and te x t  com ponents o f  m ap im age, so as to  overcome 
th e  m en tioned  bo rd e r prob lem s o f s tru c tu ra l p a tte rn  reco gn ition . T h is  means th a t  
we shou ld  devise in  th is  w o rk  s tru c tu ra l classifiers in  w h ich  the  in tr in s ic  lim ita t io n s  
o f  s tru c tu ra l p a tte rn  reco gn ition  are solved by p ro pe r au g m e n ta tio n  o f  a g ram m ar, 
o r p ro to ty p e  s tru c tu re . A lso , the  devised classifiers shou ld  be p ro p e r ly  inserted  in  
the  w ho le  analysis process, so as to  enable to  solve th e  re m a in in g  bo rde r problem s 
o f  s t ru c tu ra l p a tte rn  recogn ition .

3. The overall structure of the thesis

A s one o f th e  a im s o f the  thesis is to  develop su ita b le  s tru c tu ra l de tectors  fo r  geographic 
o b je c t re co g n itio n , C h a p te r 2 describes basic no tion s  re la ted  to  th e  s tru c tu ra l p a tte rn  
reco g n itio n . I t  s h o r tly  presents the  rep resenta tion  and reco gn ition  m ethods  used in  tw o 
basic approaches in  s tru c tu ra l p a tte rn  recogn ition : syn ta c tic  and p ro to ty p e  s tru c tu re  one.

A s  i t  has been discussed in  the  prev ious section, the re  is m uch d o m a in  knowledge 
connected w ith  each ty p e  o f a m ap  w h ich  shou ld  be represent and used to  gu ide the 
ana lys is  process. T h e  know ledge rep resen ta tion  fo rm a t shou ld , the re fore , p rov ide  fo r 
s im p le  b u t e ffective  means to  m ode l and m a n ip u la te  the  know ledge. Basic knowledge 
rep resen ta tion  fo rm a lism s, as w e ll as the  reasoning m ethods are s h o r tly  characterized in  
C h a p te r 3.

C h a p te r 4 ou tlin e s  the  s ta te -o f-th e -a rt in  geograph ic m ap  im age analysis, th a t  means 
i t  presents th e  e x is tin g  a lgo rihm s  used in  th e  th ree  levels o f  im age analysis.

T h e  re m a in in g  chapters (5-12) describe the  proposed, general reason ing fram ew ork  
fo r  geograph ic m ap  im age analysis. C h ap te r 5 describes the  ove ra ll s tru c tu re  o f the  p ro
posed fram ew ork . C hap te rs  6 describes the  co n s tru c tio n  o f th e  g ra ph  rep resen ta tion  o f 
a scanned m ap  im age. C hap te rs  7 and 8 are descrip tions o f the  proposed m ap m odel 
and  im age ana lys is  flo w  scheme. C hap te rs  9-11 characterize th e  th ree  s tru c tu ra l detec
to rs  (c lassifiers) fo r  geograph ic ob jec ts  developed w ith in  the  proposed fram ew ork . These 
de tectors  p e rfo rm  th e  m odel-based o b je c t reco gn ition  based on a p p ro p ria te  shape m od
els. E x p e rim e n ta l resu lts  o f p e rfo rm in g  m ap im age analysis acco rd ing  to  th e  proposed 
m e tho do log y  are g iven in  a p p ro p ria te  chapters describ ing  p a r tic u la r  aspect o f the  ana l
ysis. C h a p te r 12 discusses the  concepts developed d u r in g  th is  research, th e  m e rits  and 
lim ita t io n s  o f these concepts, and gives d irec tio ns  fo r  fu tu re  research. F in a lly , A p p e n d ix  
A  shows exam ples o f  fragm ents  o f  m aps fro m  the  P o lish  F undam enta l L a nd  M ap.

Chapter 2 

Structural pattern recognition

1. Introduction

T h e  a im  o f  th e  p a tte rn  reco gn ition  science ([60, 331, 285]) is to  p rov ide  m ethods fo r 
classification ( statistical p a tte rn  recogn ition ) o r description and classification (structural 
p a tte rn  re co g n itio n ) o f  en titie s /eve n ts  ca lled  patterns.

S ta t is t ic a l ,  o r dec is ion-theore tic  m ethods ([195, 123, 90, 74, 189, 67, 169, 196, 197, 
198]) a t te m p t to  classify pa tte rns  based on a set o f ex trac ted  features and an underly ing  
s ta t is t ic a l (perhaps ad hoc) m odel fo r  the  generation o f these pa tte rns. In  a s ta tis tica l 
c lassifier, samples are represented by a coefficients o f a decision fu n c tio n , param eters o f 
a  p ro b a b il ity  d is tr ib u tio n , o r  po in ts  in  a fea tu re  space, and the  concept o f s im ila r ity  is 
based on th e  d istance, o r decision func tions  in  the  n-d im ens iona l space o f rea l numbers.

M a n y  p a tte rn s  co n ta in  s tru c tu ra l,  o r m ore genera lly  re la tio n a l in fo rm a tio n , th a t is 
d if f ic u lt ,  o r im poss ib le  to  q u a n tify  in  fea tu re  vector fo rm . S ta tis tic a l approach works well 
w hen th e  p ro b lem  involves m odels th a t  do n o t inc lude cons tra in ts  re la tin g  d iffe re n t parts  

o f  a m odel.
S t r u c t u r a l  p a t t e r n  r e c o g n it io n  ([331, 285, 120, 51, 52, 132, 233, 235, 107, 253, 

191, 192, 193]) (s p r )  m ethods, on  th e  o th e r hand, are based on e x p lic it  o r im p lic i t  repre
sen ta tions o f a s tru c tu re  o f a class, where structure concep tua lly  means the  cha racteris tic  
w ay in  w h ich  th e  sub pa tte rns  (com ponents) o f a p a tte rn  are re la ted , o r configured to 
gether. S tru c tu ra l in fo rm a tio n  is used here fo r m od e llin g  the  h ie ra rch ica l com pos ition  o f a 
com p lex  p a tte rn  fro m  s im p le r subpa tterns, and the  various re la tio ns  w h ich  m ay exist be
tween d iffe re n t subpa tte rns  a n d /o r  cha rac te ris tic  features. T he  tw o  m a jo r subcategories 

o f s tru c tu ra l p a tte rn  reco gn ition  are:

•  S y n ta c t ic  m ethods

•  P r o t o t y p e  m a tc h in g  m ethods.

In  s y n ta c tic  approach, the  s tru c tu re  o f classes o f p a tte rn s  is represented by form al 
grammars , w h ile  in  th e  p ro to ty p e  m a tch ing  approach, by  structural prototypes, th a t 
means d iffe re n t sym bo lic  d a ta  s tructu res like  s trings, trees, graphs, etc., instead o f vector

19
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o f num bers th a t  are used in  the  s ta tis tic a l approach. P a tte rn s  are u s u a lly  d iv id e d  in to  
tw o  sets: th e  sam ple  set o f  p a tte rn s  th a t  are used fo r system  design (so ca lled  model, or 
prototype patterns), and th e  unknow n pa tte rns  to  be recognized in  th e  a c tu a l a p p lica tio n  
phase o f  a  p a tte rn  re c o g n itio n  system. T y p ic a lly , the  same k in d  o f  d a ta  s tru c tu re s  is used 
fo r  the  un kno w n  p a tte rn s  and the  samples.

In  spr, th e  recognition o f  an unknow n p a tte rn  is u su a lly  accom plished by  com paring  
its  sym b o lic  rep resen ta tion  w ith  a num ber o f predefined m ode l pa tte rns . T he  process o f 
com parison  is based on syntactic parsing ( in  syn ta c tic  m ethods) o r symbolic matching  ( in  
p ro to ty p e  m a tch in g ).

T he  use o f  fo rm a l grammars  is based on a very w e ll estab lished fo rm a l language and 
a u to m a ta  th e o ry  ([11, 156]). E ve ry  p a tte rn  class C  is defined by a language L  generated 
by a g ra m m a r G  de fin in g  th is  class, i.e. C  =  L (G ).  S tru c tu ra l re la tio n s  are defined 
im plicitly, th a t  is th e  re la tio n s  sa tis fied  by  every elem ent in  the  language are im p lie d  by 
th e  syn ta c tic  and sem antic  ru les o f the  g ram m ar. G ram m ars  can be used fo r genera ting  
th e  docum en t images and fo r  accepting  the m  by  means o f pa rs ing  (i.e. to  know  i f  a 
do cum e n t s tru c tu re  be longs to  a g ra m m ar). G ram m ars  are classified acco rd ing  to  the  
typ e  o f s tru c tu re  th e y  generate: string  g ram m ars ([11, 156]) (gene ra ting  s tring s  over an 
a lp h a b e t), m atrix  and  array  g ram m ars ([274]) (genera ting  tw o  d im en s ion a l arrays, tree 
([274, 30, 76, 31]) and graph ([245, 95, 96, 97, 108]) g ram m ars (gene ra ting  trees and 
graphs). T h e re  are o th e r specia l typ e  o f  g ra m m ar w h ich  are a c tu a lly  g ra ph  gram m ars, 
b u t th a t  are ge ne ra lly  know n as higher-dimensional extensions o f  s tr in g  g ram m ars, fo r 
exam ple  P D L  ([297]) o r  P le x  g ra m m a r ([105]). I f  th e  la rge  nu m ber o f  p a tte rn  samples is 
in vo lved , p a tte rn  class rep resen ta tion  is m ore e ffic ien t i f  a g ra m m a r is used. In  the  case 
where to o  few  sam ple p a tte rn s  are ava ilab le  fo r  the  inference ([117, 118]) o f  an abs trac t 
class d e sc rip tio n  in  te rm s o f a g ram m ar, s tru c tu ra l p ro to ty p e  m a tc h in g  is th e  m e tho d  to  
be pre fe rred .

Prototype structures are based on d iscrete m a th e m a tica l m odels ([308, 218, 240]) like  
strings, trees, graphs, arrays  o r  relational structures as a de ta iled  d e sc rip tio n  o f a  s truc
tu re . W ords o f sym bo ls, o r strings are the  m ost fun dam e n ta l d a ta  s tru c tu re  fo r  p a tte rn  
rep resen ta tion . T h e  in d iv id u a l sym bo ls in  a  s tr in g  usu a lly  represent a to m ic  p a tte rn  com 
ponents. M ore  p o w e rfu l s tru c tu re  fo r  2- and 3-d im ensiona l p a tte rn  rep resen ta tion  is a 
graph con s is tin g  o f a set o f nodes w h ich  u su a lly  represent s im p le r subpa tte rns , and the  
edges w h ich  in d ica te  re la tio n s  o f any k in d  between those subpa tte rns. Trees are special 
subclass o f graphs ha v in g  th ree  types o f nodes: exa c tly  one ro o t ha v in g  o n ly  ou tgo ing  
edges, several in te r io r  nodes ha v in g  e xa c tly  one in com in g  and a t least one ou tcom ing  
edge, and  several leave nodes hav ing  o n ly  in com in g  edges. A n  array  is a specia l type  
o f g raph  in  w h ich  nodes and edges are arranged in  a reg u la r fo rm  ([361]), fo r  exam ple 
re c ta n g u la r arrays w ith  4- o r 8 -ne ighborhood. P ro to ty p e  s tru c tu re s  a llo w  th e  explicit 
d e sc rip tio n  o f  re la tio n s  between e lem entary  p a tte rn  com ponents. A n  exam ple  is a perfect 
p ro to ty p e  in  w h ich  a ll de ta ils  o f  the  re la tio ns  am ong subpa tte rns  are fu l ly  lis te d , say, in  
th e  e x p lic it  fo rm  o f  a  d ire c te d  g ra ph  w ith  nodes labe led  as sub pa tte rn s  and arcs labeled 
as re la tio ns .
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2. Prototype matching methods

prototype
pattern P; i  =  1,..., N

unknown
D (P „x )pattern x

SYMBOLIC
MATCHING

F ig . 2 .1 . B lo ck  d ia g ra m  o f  s t r u c tu r a l  m a tc h in g  

R y s . 2 .1 . S c h e m a t b lo k o w y  u z g a d n ia n ia  s t ru k tu ra ln e g o

In  p ro to ty p e  m a tc h in g  approach ([57 ]), the  task  o f p a tte rn  c lass ifica tion  can be solved 
by th e  re co g n itio n  procedure  shown schem atica lly  in  F ig . 2.1. G iven an unknow n in p u t 
p a tte rn  x, and N  p ro to ty p e  s truc tu re s  Pi, each o f w h ich  be ing  a s tru c tu ra l specifica tion 
o f a class C i, the  reco gn ition  task involves the  sym bo lic  match (dep icted as rectangle in  
F ig . 2 .1), th a t  com putes s tru c tu ra l d is tance between an unknow n in p u t p a tte rn  x, and 
a num ber o f p ro to ty p e  m odels Pi, in  o rder to  fin d  the  p ro to ty p e  P j, w h ich  is the  most 
sim ilar to  an unknow n in p u t p a tte rn  x. In  rea l w o rld  environm ents, in  w h ich  a candidate 
x  m ay be deform ed by  noise, o r m ay have n a tu ra l va ria tio ns  no t com p le te ly  defined in  a 
rep resenta tion  o f a class Ci, inexact, o r error-correcting com parison based on similarity  

o r distance measures is in ev ita b le .
A n  approach used successfuly in  m any app lica tions  is to  define a f in ite  set o f s truc tu re - 

m o d ify in g  edit operations as "e rro rs ", o r  "m u ta tio n s " th a t can occur in  cand ida te  pa tte rns, 
and to  com pute  q u a n tita tiv e  measures th a t take the  costs o f these opera tions in to  account.

2.1. Strings

2.1.1. S tring sim ilarity  measures

A n  alphabet is  a f in ite  set o f  sym bols. A  word, o r string x  over an a lphabe t T ,  is a 
sequence o f sym bols x — X iX 2--.xn, where X{ 6  T \ i  =  1, ... ,n . T he  em p ty  w ord  e is the 
sequence w ith  no  sym bols. T h e  length  o f  a  w ord , denoted |x | is equal to  th e  num ber o f 
sym bo ls con ta ined  in  it .  T h e  set o f a ll words over an a lphabe t is denoted by T * .

T h e  distance between tw o  s trings  x =  x \ , . . . , x n and y =  y \ , . . . ,y m 6  T * ,n ,m  >  0, is 
de fined in  te rm s o f e lem entary  edit operations w h ich  are requ ired  in  o rder to  trans fo rm  x  

in to  y  ([205, 9 ]), nam ely:

•  s u b s titu t io n  o f a sym bo l a €  T  in  x  by a sym bo l b €  T  in  y, a  ^  b (a  —► b).

•  in se rtio n  o f a sym bo l a G T  in  y  (e —>■ a ) .

•  de le tio n  o f  a  sym bo l a  €  T  in  x  (o  —> e)

T h e  e d it opera tions  are used fo r m od e llin g  va ria tio ns  w h ich  m ay change an idea l p ro to typ e  
s tr in g  in to  its  ac tua l, no isy  version. D epend ing  on the  p a r tic u la r  a p p lica tio n , ce rta in
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d is to rtio n s , i.e. e d it opera tions , m ay be m ore lik e ly  th a n  others. In  o rder to  take account 
o f  th is  obse rva tion , each e lem enta ry  op e ra tion  e* is assigned a cost c(e<).

D e f in i t io n  2 .1  L e t s — e j , . . .e „  be any sequence o f e d it ope ra tions  fo r tra n s fo rm in g  a 
s tr in g  x  — x i , . . . , x n in to  ano the r s tr in g  y =  yu ..., ym, n ,m  >  0. G iven  the  cost o f 
any e d it  o p e ra tio n  e,, the  cost c(s) o f th is  sequence is g iven by: c (s) =  £ " =1 c(e,), 
and th e  distance d (x, y) between s trings  x  and y  is  defined by  ([205, 9 ]):

d (x ,y ) =  7m n5{c (s ) }

2.1.2. Error-correcting string m atching

T h e  a lg o r ith m  to  com pute  the  d is tance between tw o  s tr ing s  x  — x l , . . . ,x n and y =  
2 / i,—, Vm 6  T * ,n ,m  >  0, ([358, 284, 143]), know n as weighted Levenshtein distance, 
com putes th e  elem ents o f  the  (n  +  1) x  (m  +  1) m a tr ix  D ( i , j ) ,  row  by  row  fro m  le ft to  
r ig h t.  T h e  basic idea o f the  a lg o r ith m  is to  f in d  th e  m in im u m  cost p a th  fro m  £>(0,0) 
to  D ( n ,m ) .  T h is  p a th  corresponds to  th e  m in im u m  cost sequence o f e d it  opera tions  fo r 
tra n s fo rm in g  x  in to  y. In  each elem ent D ( i ,  j )  o f the  p a th , th e  m in im u m  accum ula tive  
costs are s to red  fo r  tra n s fo rm in g  x ' =  x ...x x in to  y' =  y.-.ijj, i.e. D ( i , j )  — d (x ',y ') . 
F o r any p a th  e lem ent D ( i , j ) ,  go ing fro m  its  predecessor D { i , j  — 1), corresponds to  the  
in s e rtio n  o f  yj, go ing  fro m  predecessor D ( i  — l , j  — 1) represents th e  s u b s titu t io n  o f x, by 
y j , and  f in a lly , a  t ra n s it io n  fro m  predecessor D ( i  — l , j ) ,  corresponds to  th e  d e le tion  o f x t . 
A  sequence o f e d it ope ra tions  ob ta ined  as a resu lt o f  th is  a lg o r ith m  can be in te rp re te d  as 
a  s tru c tu ra l d e sc rip tio n  o f  th e  in p u t  p a tte rn  y w ith  respect to  th e  m ost s im ila r  p a tte rn  
x. T h e  t im e  c o m p le x ity  o f the  a lg o r ith m  is 0 { n m )  where n  and m  are leng ths o f s trings 
x  and  y.

Im p ro v in g  th e  t im e  and space c o m p le x ity  o f  th e  basic a lg o r ith m  resu lted  in  
m any v a ria tio n s  o f the  basic a lg o r ith m  [358], fo r exam ple, [155] ( 0 ( m m ( m ,n ) ) ) ,  
[220] (0 (n m /m in (m ,lo g n ) ) ) ,  [160] (0 (n lo g n ) ) ) .  A n o th e r exam ples o f  in exa c t s tr in g  
m a tch in g  a lg o rith m s  can be found  in  [351, 66, 1, 338, 190, 10]. C on text-dependent 
costs have been s tud ied  in  [338]. A n  open p ro b lem  in  s tr in g  m a tch in g  is th e  p rope r 
a d ju s tm e n t o f  th e  cost o f  th e  e lem enta ry  e d it opera tions. T h e  d is tance o f  tw o  s trings 
depends c r it ic a l ly  o f  these tw o  costs. A  novel approach to  the  ad jus tm en ts  o f e d it costs 
has been proposed in  [53]. T h e  idea is to  consider the  e d it  costs as param eters, and to  
com pu te  in  th e  t ra in in g  phase s tr in g  distances as a fu n c tio n  o f  these param eters. Then, 
g iven some o p t im iz a tio n  c r ite r io n , ce rta in  in te rva ls  o f th e  param eters, i.e. e d it costs can 
be fo u n d  w here  th e  o p t im iz a tio n  c r ite r io n  does n o t change.

2 .2 . G ra p h s

S tring s  are lim ite d  in  th e ir  rep resen ta tiona l power, because th e y  are in tr in s ic a lly  1- 
d im ens iona l. T o  overcom e th is  p rob lem , graphs have been used as a m ore  general m ethod  
o f p a tte rn  rep resen ta tion . In  th is  section we in tro d u ce  sim ilarity  measures on graphs, 
an d  procedures fo r th e ir  c o m p u ta tio n .
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2.2.1. Graph sim ila rity  measures

2.2.1.1. Subgraph isomorphism
D e f in i t io n  2 .2  A  labeled graph G  is a 4 -tup le  G  =  (V , E , f , g ) ([148]), where: 1) V  is 

th e  set o f  vertices, 2) E  C V  x  V  is th e  set o f edges, 3) /  : V  —¥ L y  is  a fun c tio n  
assign ing labe ls to  the  vertices, 4) g : E  L e  is a fu n c tio n  assign ing labels to  the 
edges (L y ,  L e  are th e  set o f labe ls o f vertices and  edges o f  th e  g raph , respective ly).

D e f in i t io n  2 .3  G iven  a graph G  =  ( V , E , f , g ) ,  a subgraph o f  G  is a g raph  S =
( V „ E „ f s,g , )  such th a t  1) Vs C  V ,  2) E ,  =  E  D (V,, x  V ,), 3) / „  gs are the 
re s tr ic tio n s  o f  /  and  g to  V„ and E s, respective ly.

D e f in i t io n  2 .4  A  b ije c tiv e  fu n c tio n  F  : V  -»  V j is  a graph isom orphism  fro m  a graph 
G  =  ( V , E , f , g ) to  a g raph  G i =  (V u E i , f l , g l )  i f  ([148]):

1)  f ( v ) =  / l ( / ( v ) )  f ° r  v  £  V,
2) fo r  any edge e =  (« i,  1*2) €  E  the re  exists an edge e' =  ( / ( t> i) ,  / ( ^ 2)) €  E \  
such th a t  g(e) — gl ( e ') ,  and fo r  any e' =  (v [, v'2) £  E \  the re  exists an edge e =  

( / - 1 (wi ) > / - 1 (w2))  e  E  such th a t 5 1(e')  =  5(e)-

D e f in i t io n  2 .5  A n  in je c tive  fu n c tio n  /  : V  -»  V i is a subgraph isom orphism  fro m  G  to  
G 1 i f  the re  exists a subgraph S  C  G 1 such th a t  /  is  a g raph  isom orph ism  fro m  G  

to  S.

S ubgraph isom orph ism  de tec tion  is an N P -com ple te  p rob lem  ([127]), i.e. the  num ber 
o f co m p u ta tio n a l steps requ ired  to  de tect a ll subgraph isom orph ism s fro m  one graph to  
an o the r is exp on en tia l in  the  size o f the  u n d e rly in g  graphs. T he  m ost com m on technique 
to  estab lish  a subgraph isom orph ism  is based on a ba ck track ing  in  a search tree. In  order 
to  p reven t the  search tree fro m  g row ing  unnecessarily large, d iffe re n t re finem ent proce
dures such as the  one by  U llm a n  ([352]), fo rw a rd  checking and look ing-ahead ([147]), or 
d iscre te  re la x a tio n  ([184]) have been proposed. These techniques are fa ir ly  s tab le  and 
pe rfo rm  w e ll in  m ost cases. A n o th e r approaches are based on m a x im a l c lique de tection  
[104, 241], o r p a r t i t io n  the  graphs accord ing to  la tt ic e  th e o ry  [37]. A l l  these m ethods 
p rov ide  an o p tim a l so lu tio n  to  the  graph m a tch ing  p rob lem , b u t m ay in  the  w orst case 
become c o m p u ta tio n a lly  in tra c ta b le . C ontinuous o p tim iz a tio n  m ethods (s im u la ted  an
ne a ling  ([152 ]), genetic a lg o rith m s  ([178, 46]) and p ro b a ilis tic  re la x a tio n  ([63 ])) a im  at 
p ro v id in g  a s o lu tio n  w ith in  reasonable tim e , however, the y  m ay n o t always fin d  the op
t im a l so lu tio n , i.e. th e  m ap p in g  o f  m ode l g raph  vertices to  in p u t g raph  vertices found, 

no t necessarily represents a subgraph isom orph ism .

2.2.1.2. Measures allowing deformations
In  m ost p ra c tic a l p rob lem s, isom orph ism  is to o  rigorous, as its  d e te rm in a tio n  procedures 
a llow  o n ly  exact matching. Real w o rld  ob jects w h ich  are represented by graphs m ay be 
affected b y  noise, s tru c tu ra l de fo rm ations and d is to rtio n s  in  sym bo lic  a ttr ib u te s . In  order 
to  com pare the  u n d is to rte d  m odel graphs to  such a d is to rte d  in p u t  g raph, and decide 
w h ich  o f the  m odels is m ost s im ila r  to  the  in p u t,  num erous distance measures have been
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defined ([283, 290]). In  th is  section we describe a subgraph e d it d is tance measure ([49]) 
w h ich  is based on th e  idea  o f  com pensating  th e  d is to r tio n  in  the  in p u t  g raph  by means 
o f  e d it op e ra tio n s  th a t  are app lied  to  the  m odel graph, i.e. the  g raph  e d it opera tions 
are used to  a lte r  th e  m od e l graphs u n t i l  the re  ex is t subgraph isom orph ism  to  the  in p u t 
graph.

D e fin itio n  2.6 Given a  graph G =  (V ,E ,f ,g ), a  graph edit opration 6 on G is any of 
the following ([49]):

•  f ( v ) —► I, v € V, I e Ly \ substituting the label f(v )  of vertex v by I ( correction 
of vertex label distortions)

•  g(e) —> l',e  € E, I1 €  L e '- substituting the label g(e) of edge e by I' (correction 
of edge label distortions)

•  v —► e, v e V: deleting the vertex v from G (correction of missing vertices)
•  e —>• e, e £ E: deleting the edge e from G (correction of missing edges)
•  e —► e =  («x, V2), Vi, V2 €  V  : inserting an edge between two existing vertices 

V\,V2 of G (correction of extraneous edges)

In order to  model the fact th a t certain distortions are more likely than others, each 
graph edit operation 5 is assigned a  certain cost C(6).

D e fin itio n  2.7 Given a graph G =  (V ,E ,f ,g ), and an edit operation 6, the edited
graph ([49], 6(G), is a graph 6(G) =  (VS,E S, f s,gs) with:

v  _  I  V ~  M  i f  6 =  ( v - ¥ e )
|  F  otherwise

( E  U {e} i f  6 =  (e —» e)
E{ -  < E  -  {e} i f  6 =  (e -> t)

\  E  n  (Vs x  Vs) otherwise

f  =  /  1 i f  6 =  ( f(v ) -> 0
\  f(v )  otherwise

95 (e )  =  |
Given a graph G =  (V ,E ,f,g ),  and a sequence of edit operations
A =  (<5i, 62, ..., (St), the edited graph A(G) is a graph A(G) =  Jt(...<52 (<5i(G)))...). 
The to tal cost of the transform ation of G into A(G) is given by C (A ) =  C(6t).

D e fin itio n  2 .7  Given two graphs G and G', an error-correcting (ec) subgraph isomor
phism f  from G to G ' ([49, 230]) is a 2-tuple /  =  (A , / a ) ,  where A is a sequence
of edit operations such th a t there exists a subgraph isomorphism from A(G) to  G',
and / a  is a subgraph isomorphism from A(G) to  G'. The cost of an ec subgraph 
isomorphism /  =  (A , / a )  is the cost of the edit operations A, i.e. C (f)  =  C (A).

I i f  6 =  (g(e) —> I) 
g(e) otherw ise
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D e f in i t io n  2 .8  L e t G  and G ' be tw o  graphs. T he  subgraph distance fro m  G  to  G ' 
([49, 230]), d (G ,G ') ,  is given by  the  m in im u m  cost taken  over a ll e rro r-co rrec ting  
subgraph  isom orph ism s /  fro m  G  to  G ':

d (G ,G ‘) — M I N a { C (& )  I the re  is an ec subgraph isom orph ism  
/  =  (A ,  / A ) fro m  G  to  G '}

D e f in i t io n  2 .9  T h e  subgraph isom orph ism  /  associated w ith  d (G , G ') is ca lled the  op
tim al error-correcting  subgraph isom orph ism  fro m  G  to  G '.

2 .2 .2 .  E r r o r  co rre c tin g  subgraph is o m o rp h is m  d e tec tio n  by A*

G iven  a g raph  G  =  ( V , E , f , g ) ,  an in p u t graph G / =  (V j, E r , f i ,g i )  and a set o f graph 
e d it ope ra tions  fo r  w h ich  a cost fu n c tio n  is defined, we w an t to  f in d  an o p tim a l erro r- 
co rre c tin g  subgraph isom orph ism  (A , / )  such th a t  there exists a subgraph isom orph ism  
/  fro m  A (G )  to  G j,  and the  costs o f A ,  C ( A )  are m in im a l.

For convenience, we in tro du ce  the  fo llo w in g  n o ta tio n . L e t p be a m app ing  from  the 
vertices o f G  to  the  vertices o f G j,  and p  consists o f tup les  (v ,w ) ,v  €  V ,w  e  (V / U {e }). 
T he  sym bo l £ is used to  denote m issing vertices in  the  in p u t graph.

L e t V p — {w |(t;, w) €  p} and V f  =  {u ;|( ii,  w) €  p }  denote subsets o f vertices o f G 
and G /,  respective ly. A  m app ing  p  im p lies  a set o f e d it opera tions A p on the  subgraph 
Sp o f  G  induced  by the  vertices V p, and also the  subgraph isom orph ism  /  th a t matches 
A P(S P) to G j.  For each tu p le  (v ,w ) in  p:

1. i f  w ^  e and f (v )  ^  f i(w )  then ( f (v )  -> f i (w ))  £ A p

2. i f  w =  e then (v —> e €  A p).

A lso , A p m ay con ta in  e d it opera tions, i.e. fo r each p a ir o f tup les (v ,w ), (v ',w ') e p:

1. i f  there exists an edge e =  (v ,v ') G E  and an edge e/ =  (w ,w r) 6  E i  then (<?(e) -+ 

9 i (e ,) )  e A p.

2. i f  there exists an edge e =  (v, v') 6  E  and there is no edge (w, w ') 6  E i  then (e -> e) e  A p.

3. i f  there exists an edge e =  (v, v ') 6  E  but there is an edge e/ =  (w, w ') 6 E i  then 

(« -> (u, v')) € A p.

T h e  subgraph  isom orph ism  / p fro m  A P(S P) to  G / th a t  is  im p lie d  b y  p is  defined as:

tp /v \  =  I  w ^  ( v , w ) £ p , w ^  e
1 u nd efin ed  otherwise

fo r  a l l v  in  A P(G ).
T hus, g iven the  graphs G  and G / and a set o f e d it opera tions, we w an t to  find  a 

m a p p in g  p  such th a t  V p =  V  and C (p ) is m in im a l over a ll m app ings. T h e  search fo r 
such a m ap p ing  is pe rfo rm ed by an a lg o rith m  shown in  F ig . 2.2 th a t  is s im ila r  to  A* 
a lg o r ith m  [250], and has been p re v io us ly  described fo r graph m a tch in g  by  various authors 

(fo r exam ple, [49, 291, 347, 230]).
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(1) in it ia l iz e  O P E N :

fo r  each ve rte x  w  6  V} U {e }  create a m app ing  p =  { ( « i ,  to ) }  
Set C (p ) =  C ( f ( v i )  f t (w ))
O P E N  =  O P E N  U {p }

(2) i f  O P E N  e m p ty  the n  e x it
(3) select p  e  O P E N  such th a t  C (p ) is m in im a l 

rem ove p  fro m  O P E N
(4) i f  C (p ) >  acceptThreshold  the n  e x it

(5) i f  p represents com p le te  m ap p ing  fro m  G  to  G / then  o u tp u t p 
Set acceptThreshold  =  C (p )
go to  (2)

(6) L e t p =  { {v u w i) , ..., {vk,W j)} ,  V f  =  {iu|(t>,u>) e p ,w  €  V ,}
(7) fo r a l l w e  { V i -  V f )  U {e }

set p' =  { { v i ,w i ) , . . . , ( v k,w j ) , ( v k + u w )} ,  com pu te  C (p ')
O P E N  =  O P E N  U [p '}

(8) go to  (2)

F ig . 2 .2 . A lg o r i th m  fo r  e r r o r  c o r re c t in g  s u b g ra p h  is o m o rp h is m  d e te c t io n  b y  A *

R y s . 2 .2 . A lg o ry tm  z  k o re k c ją  b łę d ó w  d la  d e te k c ji iz o m o rfizm u  g ra fó w  w y k o rz y s tu ją c y  a lg o ry tm  A *

G iven  L  m odels, each o f  w h ich  w ith  n  vertices and an in p u t  g ra ph  w ith  m  vertices, the 
c o m p u ta tio n a l c o m p le x ity  o f  the  a lg o r ith m  shown in  F ig . 2.2 is  bounded b y  0 ( L n 2m ) 
in  the  best case, w h ile  in  the  w ors t case 0 ( L n 2m n). T he  pe rfo rm ance  can be g re a tly  
im p ro ve d  i f  also th e  fu tu re  e d it costs o f p are estim etaed and taken in to  accoun t ([366]). 
T h e  search space o f  A *  a lg o r ith m  can be g re a tly  reduced b y  a p p ly in g  h e u ris tic  e rro r- 
e s tim a tio n  fu n c tio n s  ([291, 100, 347]). A l l  o f  these m ethods are guaranteed to  fin d  the  
o p tim a l s o lu tio n  b u t requ ire  exp on en tia l t im e  in  the  w ors t case. C on tinuous  o p tim iz a 
t io n  m e thods  ( fo r  exam ple based on a p ro b a b ilis tic  re la xa tio n  [185, 63], n e u ra l ne tw orks 
[106, 378], lin e a r p ro g ra m m in g  [12], e igen-decom position  [353]), on  th e  o th e r hand  are 
p o ly n o m ia ly  bounded in  the  num be r o f c o m p u ta tio n  steps, b u t m ay fa il to  f in d  the  o p t i
m a l s o lu tio n . In  o rd e r to  overcom e ano the r p rob lem  o f com p a rin g  an in p u t  g raph  w ith  
a  la rge  n u m b e r o f  m odels, some au tho rs  proposed to  organ ize th e  database o f  graphs 
such th a t  the  nu m be r o f e rro r-co rre c tin g  subgraph isom orph ism  searches can be reduced 
([286, 55]).

2 .3 . R e la t io n a l  s t r u c tu r e s

2.3.1. R e la tiona l descrip tion

L e t O a be an o b je c t, and A  be the  set o f its  pa rts  o r im p o r ta n t features. A n  N -ary  
relation R  over A  is  a subset o f  a C artes ian  p ro d u c t: R  c  A N =  A  x  ... x  A.

D e f in i t io n  2 .1 0  A  relational description ([292, 293]) D A is a set o f  relations D A =  
{ i ï i , R /} ,  w here  fo r  each i  =  1 , t her e exists a  p o s it iv e  in tege r n , w ith
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R i  C  A n' . T h e  re la tio ns  R i in d ica te  various re la tionsh ips  am ong the pa rts  o f O a

Graphs are a  specia l case o f re la tio n a l s truc tu res fo r n  =  2, th a t  means in  graphs on ly  

b in a ry  (2 -a ry ) re la tio ns  between nodes are allowed.

2.3.2. S im ila r ity  measures fo r  re la tiona l structures

L e t A , B  be th e  p a r t  sets o f an ob je c t 0 A and O g, respective ly. L e t R  Ç  A N and S  Ç B N 
be the  tw o  TV-ary re la tio ns  defined over p a r t sets A  and B , respective ly, and /  : A  -»  B  

be a  fu n c tio n  th a t  m aps elem ents o f set A  in to  set B.

D e f in i t io n  2 .1 1  T h e  composition R  o f  o f  R  w ith  /  is  defined by:

R o  f  =  {(& !, . . . ,6 # )  €  B  | there exists (a \ , . . . ,a n ) 6  R  w ith  / ( a * )  =  b i,i — 1 ,...,TV }

D e f in i t io n  2 .1 2  A  relational homomorphism  fro m  an TV-ary re la tio n  R  to  an TV-ary 
re la t io n  S  is a m ap p in g  /  : A  —» B  th a t  satisfies R o  f  Ç S  (e.g. see F ig. 2.3). 
A  relational monomorphism  fro m  an TV-ary re la tio n  R  to  an TV-ary re la tio n  S  is 
a re la t io n a l ho m om orph ism  th a t  is one-one. A  relational isomorphism f  from  an 
TV-ary re la t io n  R  to  an TV-ary re la tio n  5  is a one-one re la tio n a l hom om orphism  

fro m  R  to  S, and / -1 is a re la tio n a l hom om orph ism  fro m  S  to  R.

2 —»b
3 - »  c R ° h c S
4 — d
5 —» e

F ig .  2 .3 . R e la t io n a l  h o m o m o rp h ism  h  f ro m  b in a ry  re la t io n  R  t o  b in a ry  r e la t io n  5  (ref. [292])

R y s . 2 .3 . H o m o m o rf iz m  re la c y jn y  h  z b in a rn e j re la c ji R  d o  re la c ji S  (ref. [292])

L e t D a  =  {J? i, •••, R j }  and D B — { S i ,  S i}  be tw o  re la tio n a l descrip tions o f objects 
O a and O b  w ith  p a r t  sets A  and B , respective ly. I t  is assumed th a t |/1| =  |£?| ( i f  th is  is
n o t the  case, enough d u m m y  pa rts  are added to  the  sm a lle r set). L e t /  be any one-one,

on to  m ap p in g  fro m  A  to  B.

D e f in i t io n  2 .1 3  T h e  structural error o f /  fo r the  i- th  p a ir  o f  co rrespond ing  re la tions 

(R i and Si) in  D a and D b , is given by ([292, 293]):

E i3( f )  =  \R 1o f - S i \  +  \ S i o f - ' - R i \
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D e f in i t io n  2 .1 4  T h e  to ta l e rro r o f /  w ith  respect to  D A and D b  is th e  sum  o f  the  
s tru c tu ra l e rro rs  fo r  each p a ir  o f  correspond ing re la tions:

E ( f )  =  T L i E i ( f )

D e f in i t io n  2 .1 5  T h e  relational distance ([292, 293]) between D A and D B is  th e n  given

by ; G D ( D A, D B) =  m in f .A^ B E ( f )
w here /  is  one-one, on to  m a p p in g  fro m  A  to  B .

T h a t  is, th e  re la t io n a l d is tance  is the  m in im a l to ta l e rro r ob ta in e d  fo r  any one-one, on to
m ap p in g  /  fro m  A  to  B . A  m ap p in g  /  th a t  m in im izes to ta l e rro r is ca lled  a best mapping 
fro m  D a to  D B -

2.3.3. A lgo rithm s fo r  re la tiona l m atching

Relational matching  is th e  process o f  com p a rin g  tw o  re la tio n a l de scrip tions  to  de term ine 
correspondence between th e ir  p a r t  sets, and to  decide based on th is  correspondence, 
how s im ila r  th e y  are. T he  purpose o f ob je c t reco gn ition  us ing re la t io n a l descrip tions is 
to  f in d  the  best m a tch  between an unknow n re la tio n a l d e sc rip tio n  and a set o f  stored 
re la t io n a l m odels. In  th is  case, th e  stored m ode l th a t  has th e  least re la t io n a l d istance to  
th e  un kno w n  d e sc rip tio n  is th e  best m atch . T h e  o n ly  know n  a lg o r ith m s  th a t  can solve 
a rb it ra ry  re la t io n a l m a tch in g  prob lem s em ploy a backtracking tree search ([292]). Such 
a tree  search a lg o r ith m  has been im proved  upon  by  ad d ing  no nh eu ris tic  m ethods fo r 
p ru n in g  th e  tree  (fo r exam ple [145, 146, 291, 294, 273]).

3. Syntactic m ethods

In  sy n ta c tic  approach ([57 ]), the  reco gn ition  procedure  is based on th e  concept o f fo rm a l 
language parsing, i.e. g iven an unknow n in p u t p a tte rn  x, and N  g ram m ars  G u ..., G n , 
each de sc rib ing  a p a tte rn  class, th e  task  o f  p a tte rn  c lass ifica tion  can be solved by  a 
re c o g n itio n  p rocedure  acco rd ing  to  F ig . 2.4a. A  parser sym bo lized  b y  a rectang le  in  
F ig . 2.4a tr ies , g iven a s tr in g  x  rep resenting an unknow n  in p u t p a tte rn , to  con s tru c t a 
derivation tree o f  x  acco rd ing  to  G*, fo r  i  =  1 ,.., N .  T h a t is, a parser checks w hethe r an 
unkno w n  in p u t p a tte rn  x  is in  accordance w ith  th e  ru les o f g ra m m a r G , th a t  describe 
a ll m em bers o f a p a tte rn  class. I f  does n o t ex is t any G< such th a t  x  6  G j, then  the 
in p u t  p a tte rn  is re jected . T he  derivation tree o f  an unknow n  in p u t p a tte rn  x  provides 
n o t o n ly  a  decis ion a b o u t its  class, b u t also s tru c tu ra l in fo rm a tio n  de scrib ing  how  x  is 
h ie ra rc h ic a lly  b u i l t  up  fro m  its  p r im it iv e  constituen ts .

T he re  are p rob lem s w ith  syn ta c tic  approach when pa tte rns  w h ich  are c o rru p te d  by 
noise and d is to rtio n s  are invo lved . T he  "pu re "concep ts  fro m  th e  th e o ry  o f  fo rm a l la n 
guages and a b s tra c t a u to m a ta  are n o t pow erfu l enough to  hand le  the  m a jo r ity  o f "rea l- 
w o r ld  "a p p lic a tio n s , where d is to rte d  pa tte rns  w ith  a grea te r degree o f c o m p le x ity  occur. 
A n  approach used successfuly in  m any ap p lica tio ns , is an  error-correcting parsing (ec
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parsing) [333]. T h e  re su ltin g  approaches, however, do  n o t fa l l  in to  the  categories o f 
fo rm a l language th e o ry  any longer, and lack, the re fore, a  s tro n g  th e o re tica l basis. A  
reco gn ition  procedure  based on e rro r-co rrec tin g  pa rs ing  is shown in  F ig . 2.4b.

gram m ar Gj I i = l  N

unknow n 
pattern x

derivation tree 
o f  x according 
to  Ą  i= l,...,N

PARSING
or reject

a)

gram m ar G j l  i =  1 ,.... N

unknow n 
pattern  x

errom eous derivation 
tree o f  x according 
to Gj i= l  N

EC PARSING
D (L (G i),x )

b)

F ig . 2 .4 . B lo c k  d ia g ra m  o f  s y n ta c t ic  (a ) ,  a n d  ec  s y n ta c t ic  p a rs in g  (b )

R y s. 2 .4 . S c h e m a t b lo k o w y  a n a l iz y  s y n ta k ty c z n e j (a ) , o ra z  a n a lizy  sy n ta k ty c z n e j z k o re k c ją  b łędów  (b)

3 .1 . S t r in g  g r a m m a r

3.1.1. Fundam ental concepts

A l l  th e  fo rm a lism s  presented in  th is  section can be fou nd  in  th e  reference lite ra tu re  (fo r 

exam ple [11]).
A n  alphabet A  is  a f in ite  set o f sym bols. A  word x  over A  is a sequence o f sym bols 

x  =  a \ . . .a n ,a i  €  A ; i  =  1 , . . . ,  n . T h e  e m p ty  w o rd  e is  the  sequence w ith  no sym bols. T he  
length |rr| o f  a sym bo l x  is equal to  the  num ber o f sym bols con ta ined in  it .  T he  set o f a ll 

words over an a lph abe t is denoted by  A *, and A + =  A *  — {e } .

D e f in i t io n  2 .1 6  A  string gram m ar is a fou r-tu p le :
G — (N ,T ,P ,S )

where AT is a f in ite  set o f nonterm inal sym bols, T  is a f in ite  set o f  term inal sym bols 
(N  (~l T  — 0), P  is a f in ite  set o f productions, S E N  is  th e  s ta r t in g  sym bol. T he  
u n io n  V  =  N  U T  is ca lled a vocabulary. Each p ro d u c tio n  p  €  P  is o f the  fo rm  
a  - *  /?, where a  €  V + is the  left-hand side, and 0  g  V * , the  right-hand side o f a 

ru le , respective ly.

D e f in i t io n  2 .1 7  L e t G  be a g ram m ar and a  ->  0  be a p ro d u c tio n  in  P. A n y  word 
v  =  x a y  w i th  x , y  €  V *  can be derived  in to  the  w o rd  w  =  x/3y. W e w r ite  v w in  
th is  case, and v A  w  i f  the re  ex is t words v =  vq, Vi, ..., v„ =  w  such th a t  Vi —> ul+ i,  

fo r  i  =  0 ,1 , . . . ,n  — 1.
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D e fin itio n  2 .1 8  T h e  language  generated by  a g ra m m ar G  is  g iven by  L (G ) =  {x \x  €  
r . S A i } .

F o rm a l g ra m m ars  in  syn ta c tic  p a tte rn  reco gn ition  are used fo r  the  genera tion  o f s truc
tu ra l rep resen ta tions  o f  images. T h e  terminals o f the  g ra m m ar correspond to  the  p r im it iv e  
p a tte rn  c o n s titu e n ts  (p r im it iv e s )  w h ich  can be d ire c tly  ex tra c te d  fro m  an in p u t  p a tte rn  
by  m eans o f  s u ita b le  preprocessing and segm enta tion  m ethods. T he  set o f g ra m m ar non
term inals  co rrespond to  su b p a tte rn  o f greater com p lex ity , w h ich  are h ie ra rch ica lly  b u ilt  
up  fro m  p r im it iv e  e lem ents acco rd ing  to  th e  descrip tion  rules, th a t  means productions o f 
the  g ra m m ar. F in a lly , the  language generated by the  g ra m m ar represents a whole class 
o f  pa tte rns .

A cco rd in g  to  the  fo rm  o f the  p ro d u c tio n , d iffe re n t types o f g ram m ars can be d is tin 
guished.

D e fin itio n  2 .19
•  A  g ra m m a r acco rd ing  to  Def. 2.16 is ca lled unrestricted ( type 0).
•  A  g ra m m a r is ca lled  context-sensitive ( type 1), i f f  any p ro d u c tio n  is o f the  fo rm  

x A y  —> xzy , w here  x ,y  6  V * , A  €  N ,z  6  V + .

•  A  g ra m m a r is ca lled  context-free ( type 2) i f f  any p ro d u c tio n  is o f the  fo rm  
A  —> 2 , where A  6  N , z  €  V + .

•  A  g ra m m a r is ca lled  reg u la r ( type 3), i f f  any p ro d u c tio n  is o f  th e  fo rm  A  - *  aB  
o r  A  —► a, where A , B  €  N ,a  G T .

D e f in i t io n  2 .2 0  A  con tex t-free  g ra m m ar is in  Chomsky norm al fo rm  (C N R ) i f  each o f 
its  p ro d u c tio n s  is e ith e r o f the  fo rm  A  —> B C , w hereA , B , C  €  N ,  o r o f the  fo rm  
A  —)• o, u iith A  Ç. N , a e T .

D e f in i t io n  2 .2 1  L e t G  =  (N , T , P, S )  be a con tex t-free  g ram m ar. A  derivation tree is a 
tree where:

1. each node is labe led  w ith  a sym bo l z Ç V  such th a t:  1) each le a f is labeled 
w ith  a sym bo l a  €  T ,  2) each no n -lea f is labe led w ith  a sym bo l A  e  N ,  3) the  
ro o t is labe led w ith  the  in i t ia l  sym bo l 5 ;

2. i f  the re  ex is ts  a node w ith  labe l A  €  N  such th a t  its  successor nodes are labeled 
w ith  x i,  . . . ,x n €  V ,  the n  the re  exists a p ro d u c tio n  A  —> x \ ...xn in  P .

T h e  task  o f  d ec id ing  i f  x  €  L (G )  is equ iva len t to  th e  c o n s tru c tio n  o f  a d e riv a tio n  tree. 
T h is  p ro b le m  is also ca lled  parsing o f  x  acco rd ing  to  G . T here  are tw o  p r in c ip a l classes o f 
pa rs in g  a lg o rith m s . In  top-down parsing, th e  d e r iv a tio n  tree  is con s tru c ted  fro m  the  ro o t 
tow ards th e  leaves. S ta r t in g  w ith  the  in ita l sym bo l o f the  g ram m ar, successive a p p lica tio n  
o f  p ro d u c tio n s  is tr ie d  u n t i l  x  is generated. In  bottom-up pa rs ing , th e  d e riv a tio n  tree is 
b u i l t  fro m  th e  b o t to m  tow a rds  th e  ro o t b y  ru le  a p p lic a tio n  in  reverse o rd e r ([11]).

A n  automaton  is a fo rm a l to o l a llow in g  one, to  analyze (recognize), w h e the r a s tr in g  
be longs to  a language generated by  a g iven g ram m ar.

D e fin itio n  2 .19  A  fin ite  state automaton with output A  is a s ix -tu p le :
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A  =  ( Q ,A i ,A i ,6 ,q o ,F )

where:
Q  is  a  f in ite  set o f  states,
A i  is  a f in ite  no ne m pty  set o f in p u t sym bols (an input alphabet),
A 2 is a f in ite  no ne m pty  set o f o u tp u t sym bols (an output alphabet),
S : Q  x  A t  —> Q  x  A 2 is th e  t ra n s it io n  fu n c tio n ,

<7o €  Q  is the  in i t ia l  sta te ,
F  C Q  is the  set o f f in a l states.

T he  tra n s it io n  fu n c tio n  6 describes how  the  au tom a ton  changes fro m  one s ta te  to  another. 
L e t us assume th a t  fo r  some in p u t sym bo l a and some s ta te  q : S (q ,a ) — (q1, x ). I t  means 
th a t, i f  the  a u to m a to n  is in  s ta te  q and i t  receives the  in p u t a, then  the  au tom a ton  goes 
to  th e  s ta te  q' and w rite s  a sym bo l x  to  its  o u tp u t. T h e  a u to m a to n  s ta rts  its  w o rk  in  the 

s ta te  go, and i t  stops a fte r reaching a s ta te  fro m  the  set F .
In  a s yn ta c tic  p a tte rn  recogn ition , form al automaton is a fo rm a l m odel o f image 

analysis. I f  we c o n s tru c t an a u to m a to n  accepting  a language representing a set o f images 
o f ou r in te rests, we are able to  check w hethe r a given im age belongs to  th is  set or no t. A n  
a u to m a to n  is a th e o re tica l fo rm a lism , in  fa c t, a m a the m a tica l s truc tu re . Im p lem en ta tions  
o f  a u to m a ta  defined fo r  c e rta in  classes o f g ram m ars gives us a lgo rith m s /p ro g ra m s  called 
syntax analyzers, o r parsers, recogn iz ing languages generated by these gram m ars.

In  m any rea l ap p lica tio ns , however, the re  are noise and d is to rtio n s  c o rru p tin g  the 
pa tte rns  under cons idera tion . I f  the re  is ne ithe r knowledge abou t re la tive  frequencies, nor 
ab ou t possib le d is to r tio n s  ava ilable, we can estab lish some general im p lic i t  assum ptions 
a b o u t possib le erro rs in  pa tte rns , and use error-correcting parsing algorithm  [56]. The 
basic idea is to  find , g iven a g ra m m ar G , and a w ord  x  n o t in  L (G t), the  distance, or 
sim ilarity  D ( L ( G i) ,x )  between a w ord  x  and L (G t) ( th a t means to  f in d  th a t  s tr in g  y e  
L (G i)  w h ich  m ost resembles x ), and con s tru c t its  ( erromeous) derivation tree according

to  G j.

3.1.2. D istance measure fro m  a language to a s tring

C onsider a tw o  class case. I f  an in p u t s tr in g  x  is deform ed, o r ga rb led by noise (erro r- 
neous), the  pa rs ing  technique canno t decide w hethe r x  belongs to  th e  class 1 o r 2. In  th is  
case, we have to  know  w hethe r x  is closer to  L [G \) ,  o r L (G 2). T o  rea lize th is , a distance 
D (L (G ))  fro m  L (G )  to  x  have been defined. A n  a lg o r itm  to  com pute  D (L (G ))  is called 

an error-correcting parser o r recognizer.

D e f in i t io n  2 .2 2  L e t I  be an in p u t s tr ing , J  - a s tr in g  in  L (G )  closest to  I .  A n  error- 
correcting parsing problem  ([334, 333]) is a p rob lem  o f f in d in g  the  closest s tring (s) 
J  to  I ,  to  make syn ta c tic  tree(s) o f J , and to  de te rm ine  the  distance, o r s im ila r ity  

between I  and  J.

L e t X  =  x i . . .x m and Y  =  y \...y n, m , n  >  0 be the  tw o  f in ite  s tr in g s  o f  sym bols from  
a given a lphabe t and define M s, a m app ing  fro m  X  to  Y  w h ich  p ro h ib it  one-to-m any, 
m any-to -one  and cross-m appings. L e t us be the  num ber o f elements ( i , j )  in  M s such
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th a t  Xi 7̂  iij. L e t v„ =  n — \M a\ and ws =  m — \M S\, where \M „\ denotes th e  num ber 
o f e lem ents in  M a (ua, va, wa are considered as the  num be r o f su b s titu tio n s , insertions o f 
e x tra  sym bo ls  an d  o f  de le tions to  tra n s fo rm  X  to  Y, respective ly).

D e f in i t io n  2 .2 3  T h e  one-dimensional weighted Levenshtein distance (1 W L D ) fro m  X  
to  Y, deno ted  by  D (X ,Y ),  is  defined by  ([334, 333]):

D (X ,Y ) =  m ins{ p * u a +  q * v a + r  *u;s} 
where p, q, r  are non-nega tive  w e ights assigned to  a s u b s titu t io n , an in se rtio n , and 
a  d e le tion , respective ly . D (X , F )  can be com puted  in  th e  fo llo w in g  way:

d ( i, j)  =  m in {d (i -  l , j )  +  r, d(i -  l , j  -  1 ) +  p ( i, j) ,  d ( i , j - l ) + q }
where:
d (i, 0 ) =  i  * r, 
d (0 ,j)  =  j * q

v(i i )  =  I P  ^  x< +  Vi
|  0 otherw ise

D (X , Y) =  d(m, n)

T h e  c o m p u ta tio n a l c o m p le x ity  o f  c o m p u tin g  D (X , Y) is p ro p o rtio n a l to  mn.

D e f in i t io n  2 .2 4  T h e  1W L D  fro m  a language L(G) to  a s tr in g  I  (D (L(G ), / ) )  is defined 
as fo llow s  ([334, 333]):

D (L (G ),I)  =  m in { D ( t ,m e L ( G ) }

3.1.3. E rro r-co rrec ting  parser fo r  context-free languages

Parsers can be classified in to  fo llo w in g  fo u r categories:

1 . Parsers w i th  pushdow n lis ts  ([11])

2 . D ire c t parsers ([336])

3. T ra n s it io n  d ia g ra m  parsers ([125])

4. T a b u la r parsers ([11])-

Parsers w ith  pushdow n lis ts  ("b a c k tra c k in g  p a rs in g "[11]) are the  reduced versions o f 
d ire c t parsers. T h e  t im e  and  space com p le x ities  o f  b o th  parsers are 0(cn) and O (n ), 
respective ly , fo r  a  s tr in g  o f le n g th  n , where c is a constant. T ra n s it io n  d iag ram  parsers are 
u s u a lly  used fo r  a d e te rm in is tic  con text-free  language w ith o u t cycles and le ft-recu rs ion . 
Those th ree  k in ds  o f  parsers are h a rd  to  ex tend  to  e rro r-co rre c tin g  parsers. O n ly  tabular 
parsers have e rro r-c o rre c tin g  versions. Here we w i l l  concen tra te  on ta b u la r  parsers o f 
a general con tex t-fre e  language, because e rro r-co rre c tio n  is ind ispensab le to  syn ta c tic  
p a tte rn  reco gn ition .

T h e  b o tto m -u p  co rre c tin g  parsers fo r  a con tex t-free  languages were proposed in  [125, 
334, 373], w h ile  a to p -d o w n  e rro r-co rre c tin g  parsers (based on E a rley  parser ([93 ])) were 
proposed in  [9, 217]. In  [335] the  e rro r-co rre c tin g  parser w h ich  is an extension o f  the  parser
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fo r general con tex t-fre e  languages ([138]) has been proposed. T h is  parser un ifies bo th  
the top -d ow n  and b o tto m -u p  e rro r-co rrec tin g  parsers proposed in  [217] and [334, 373], 
respective ly. E c parsers take m uch co m p u tin g  tim e  and m em ory, so a tte m p ts  are made

to  con s tru c t a h igh  speed ec parser.
T h e  bottom-up error-correcting parser fo r  a con text-free  languages w h ich  is an exten

sion o f  C K Y  (C ocke-K asam i-Y ounger) parser [11], is  shown in  F ig . 2.5 ([334]). T he  in p u t 
to  the  a lg o r ith m  are: G  — (N , T ,P , S ) in  C N R , in p u t s tr in g  I  — a \...a n, and weights 
p ,q ,r ,  the  o u tp u t  is the  parse tab le  T a . T he  space and t im e  com p lex ities  to  cons truc t a 

parse ta b le  T a  are 0 ( n 2) and 0 ( n 3), respectively.
Define h (A ) =  m in { \a \  *  r \A  A - a , a  €  T * } ,  where |a | is the  le ng th  o f one o f the 

sho rtest s tr in g s  de rived  fro m  no n te rm in a l A. L e t W max be a p rede te rm ined  threshold. 

Define the  o p e ra tio n  t [ i , j ]  U { (A , w )}  as follows:

1. I f  (A ,w ' )  €  t [ i , j ]  and w 1 <  w  do no th ing .

2. I f  (A ,w ')  S t [ i , j ]  and  w' >  w , replace (A , w ') w ith  (A ,w ).

3. O th e rw ise , i f  w  <  W max, add (A , w ) to  t [ i , j } .

T h e  o p e ra tio n  described in  lines 3-7 in  F ig . 2.5 trea ts  s u b s titu t io n  errors. I f  b =  a, 
and A  —> b is in  P , (A , 0) is added to  t \i, 1]. T h is  corresponds to  tree T \ in  F ig . 2.5a. I f  
b /  cij, (A ,p ) is c reated in  t[i, 1]. T h is  is the  hypothesis th a t  a, is su b s titu te d  fo r b (F ig . 
2 .5b). D e le tio n  e rro rs  are trea te d  by  the  opera tions fro m  lines 6-11 and 24-29. I f  A  —> B C  
in  P  and ( B ,w B) is in  t [ i , j ] ,  (A,Wb +  h (C )) is created in  t [ i , j ] .  T h is  is the  hypothesis 
th a t  a  is  de le ted. Here a  is one o f  th e  shortest s trings  such th a t  C  A  a ( a  €  T * )  and 
h (C ) — |q | *  r  (F ig . 2.5c). A n o th e r case is il lu s tra te d  in  F ig . 2.5d. T he  ope ra tion  from  
lines 30-33 tre a ts  in se rtio n  errors. I f  (A ,w a ) is in  t [ i , j ] ,  (A , wa  +  ?] is added to  t\i, j  +  1] 
and t[i — 1 , j  + 1]. T h is  means th a t  ai+ j+1 and a ,_ j are assumed to  be inserted (F ig . 2.5e

and f ) .

3.2 . G e n e ra liz a tio n s  o f  s tr in g  g ra m m a r

3.2.1. A ttr ib u te d  gram m ar

Attributed gram m ar ([11, 375]), be ing  an extension o f  a s tr in g  g ra m m ar, p rov ide  a so lu tio n  
to  the  p ro b lem  o f representing q u a n tita tiv e  in fo rm a tio n  such as leng th , o r o rien ta tion . 
T he  idea is to  augm ent each g ram m ar sym bo l Y  €  V  by  a vecto r o f  a t tr ib u te  values:

m (Y )  =  (x i ,  ...,x *)>  where an a t t r ib u te  a  is a  fu n c tio n  a  : Y  —► D y  m ap p in g  a sym bol
Y  €  V  in to  a do m a in  D y  o f  num erica l values. A n  a t t r ib u te  vecto r can be in te rp re ted  
as a n u m erica l fea tu re  vecto r in  the  sense o f s ta t is t ic a l p a tte rn  recogn ition . C onsidering  
a p ro d u c tio n  A y...A n —y B \. . .B m, A i, B j £  V ,  the re  is usu a lly  a re la tio n sh ip  between the 

a ttr ib u te s  o f th e  sym bols in  the  le ft-  and rig h t-h a n d  sides:

a {A i)  =  f i { a ( B i ) , ..., a (B m)); i =  1 ,..., n  (1) o r 
a (B i)  =  g i(a (A i) , ..., a (A n); i  =  1 ,..., m  (2)
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In  b o tto m -u p  re co g n itio n , one s ta rts  w ith  the  segmented p a tte rn  w ith  a l l th e  p r im itiv e s  
e x tra c te d  in  such a way th a t  the  a ttr ib u te s  o f the  n o n -te rm in a l sym bo ls can successively 
be com p u ted  d u r in g  ana lys is  accord ing to  equa tion  (1). Conversely, in  top -d ow n  recogni
t io n , a t t r ib u te  values fo r  the  g ra m m ar s ta rt sym bo l m ust be know n, and are successively 
in h e r ite d  to  o th e r g ra m m a r sym bo ls accord ing to  equa tion  (2).

3.2.2. Programmed gram m ars

A  programmed gram m ar d iffe rs  fro m  th e  conven tiona l one in  th a t  each p ro d u c tio n  ru le
has associated tw o  fie lds: a success fie ld  S (U ) ,  and a fa ilu re  f ie ld  F ( U ) ,  te ll in g  us w h ich
p ro d u c tio n  ru le  is to  be ap p lied  next.

D e f in i t io n  2 .2 5  A  programmed gram m ar ([278]) is a five -tup le :

G  =  ( N , T ,J ,P , S )
where:

N , T ,  S  have th e  same m ean ing  as in  th e  Def. 2.16,
J  is a set o f p ro d u c tio n s  labels,

P  is a f in ite  set o f  p ro d u c tio n s  o f th e  fo rm  ( r )  a  0  S (U ) F ( W )  in  w h ich:
a  e  V * N V * , (5  €  V * , ( r )  e  J  is th e  p ro d u c tio n  labe l,
U  C  J  is th e  success field, W  C  J  is  th e  fa ilure field.

D e f in i t io n  2 .2 6  T he  derivation  w ith  a p rogram m ed g ra m m a r is defined in  the  fo llow ing  
w ay ([278]). A  p ro d u c tio n  la be lle d  w ith  (1) is app lied  firs t.  I f  i t  is possib le to  app ly  
a p ro d u c tio n  ( r ) ,  the n  th is  p ro d u c tio n  is app lied , and the  ne x t p ro d u c tio n  is chosen 
fro m  th e  success fie ld  U  o f  th e  r - t h  p ro d u c tio n . O therw ise , the  n e x t p ro d u c tio n  
fro m  th e  fa ilu re  fie ld  W  o f  the  r - t h  p ro d u c tio n  is chosen.

A  con tex t-free  p rog ram m ed g ra m m ar a llow s one to  generate m uch w id e r class o f 
languages th a n  a "p u re "c o n te x t-fre e  g ra m m ar ([336]). However, parsers proposed fo r th is  
k in d  o f  g ra m m a r are o f  n o n -p o ly n o m ia l com p lex ity , since th e y  are based on a ba ck track ing  
d e riv a tio n  ([336]).

3.2.3. H igher-d im ensiona l extensions

Since the  o n ly  possib le  re la tio n  between th e  sym bols in  a  s tr in g  is a conca tena tion  re
la tio n , s tr in g  g ra m m a r is a very res tr ic te d  scheme fo r tw o-d im en s io na l, o r even h igher
d im en s ion a l pa tte rns . T here  are tw o posib le  extensions lead ing  to  m ore  effective repre
sen ta tion  o f  h igh e r-d im ens ion a l pa tte rns. T h e  firs t,  is the  rep resen ta tion  fo rm a lism  w hich 
is in tr in s ic a lly  m ore  d im ens iona l, lik e  arrays, trees o r graphs. T h e  second possib le exten
sion is to  in c o rp o ra te  in to  a s tr in g  rep resen ta tion  re la tio ns  w h ich  are m ore  general tha n  
conca tena tion .

In  Picture Description Language (P D L ) ([297]) a set o f p r im it iv e s  ( te rm in a l sym bols) 
is n o t de te rm in ed . T h e  o n ly  assum ption  concern ing a p r im it iv e  is th a t  i t  has a " ta i l" a n d  a 
"h ea d ". T h e re  are fo u r  ways o f  jo in in g  a p a ir  o f  p r im itiv e s . These fo u r b in a ry  opera tions
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are deno ted by  "+ " (h e a d  o f  one p r im it iv e  lin ked  to  ta i l  o f  the  second p r im it iv e ) ,  " -  
" (p r im it iv e s  lin k e d  a t th e ir  heads), "x " (p r im it iv e s  lin ked  a t th e ir  ta ils ) , and " * " (p r im itive s  
linked  a t th e ir  ta ils  and heads). Each e n tity  resu ltin g  fro m  lin k in g  o f tw o  p rim itiv e s  has 
a ta i l  and a head, thus b in a ry  opera tions can be extended to  h igh e r level s truc tu res, i.e. 
m ore com p le x  P D L  expressions can be used as argum ents o f  th e  opera tors. T he  language 
generated by a g ra m m a r G  consists o f a num ber o f P D L  expressions, each describ ing  an 
in d iv id u a l p a tte rn . A  w ho le  p a tte rn  class is represented by one g ram m ar.

T h e  m a in  draw back  o f  P D L  is its  l im ita t io n  to  o n ly  tw o  conca tena tion  po in ts  o f subex
pressions in c lu d in g  p r im itiv e s . T h is  lim ita t io n  is overcome by  plex structures ([105]). A  
sym bo l w ith  n  a tta c h in g  po in ts  is called an n-attaching point entity o r nape. S tructures 
fo rm ed  b y  jo in in g  napes are called plex structures. F o rm a lly , a  nape is represented by an 
id e n tifie r  and  a  l is t  o f  i ts  a tta c h in g  po in ts . A  p lex  s tru c tu re  is described by  three compo
nents, a l is t  o f  napes, l is t  o f in te rn a l connections between napes, and a lis t  o f a ttach ing  
po in ts , where th e  p lex  s tru c tu re  can be jo in e d  w ith  o th e r napes, o r p lex  structures. A  
s tr in g  g ra m m a r gene ra ting  a set o f  p lex  s truc tu re s  is ca lled  a plex grammar. In  such a 

g ra m m ar, the  napes correspond to  the  te rm ina ls .
T h e  m a in  fea tu re  o f Jakubowski shape feature language ([163, 166, 168]) is its  h ier

a rch ica l, m u lti le v e l s tru c tu re . T h e  shape p rim itiv e s  detected in  a con tou r on the  lowest 
level, are tra n s fo rm e d  b y  a sequentia l transducer in to  h igher-leve l descrip tions ( biquads, 
regions, grooves) w h ich  can be used fo r recogn ition  o f ce rta in  com plex p roperties o f con
tou rs . C o n tou rs  described in  such a way are swept in  3D  space de fin ing  3D  objects 
re la t in g  to  p a rts  m odeled in  C A D  systems, and recognized in  C A M  systems ([165, 167]).

3.3 . G ra p h  g ra m m a r

A m o n g  a l l g ram m ars, the  graph grammars are the  m ost general de sc rip tion  fo rm a lism  for 
rep resenting  im age s truc tu res . T he  theo ry  o f graph gram m ars de livers a va rie ty  o f types o f 
g raph  re w r it in g  fo rm a lism s ([95, 96, 97]). However, fo r o n ly  few classes o f g raph gram m ars 
e ffic ien t a u to m a ta  and  parsers have been defined. T h is  fa c t resu lts  fro m  th e  N P -com ple te, 
o r even NP-space m em bersh ip  p rob lem  fo r m ost n o n - tr iv ia l graph languages. Therefore, 
c o n s tru c tin g  e ffic ien t syn ta x  analysis (pars ing) a lgo rithm s is a key research prob lem  in  th is  
fie ld . T he re  are tw o  prob lem s w h ich  make a con s tru c tion  o f a syn ta x  ana lyzer d iff ic u lt. 
T h e  f irs t  is  in  de fin in g  an unambiguous g raph  representation. T he  second is connected 
w ith  th e  specific  fo rm  o f p ro d u c tio n  o f a graph g ram m ar, especia lly w ith  the  embedding 
transformation. Some suggestions fo r so lv ing  th is  p rob lem  concerns graphs in  a p a rtic u la r 

fo rm  ([298, 108]).
T h e  f irs t  m a th e m a tic a l m odel fo r graph au to m a ta  has been proposed in  [40], another 

pa rs ing  a lg o rith m s  fo r  g raph  g ram m ar have been described in  [277, 45, 298, 50, 256]. A  
series o f e ffic ien t parsers fo r  th e  edge-labelled d irec ted  Node La be l C o n tro lle d  graph gram 
m a r ( edNLC) w h ic h  generates E D G -graphs (a d irec ted  node edge-labelled graph) have 
been pub lished  in  [108, 109, 110]. B o th  a pars ing a lg o r ith m  ([108]), and an e rro r-corecting  
pa rs ing  a lg o r ith m  ([109]) have been proposed fo r  the  E T L ( l ) ,  em bedding tra n s fo rm a tio n - 
preserved lin e a r s u b fa m ily  o f  ed N L C  graph gram m ars (o (n 2)). O n  the  o th e r hand , E T L /1
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gra m m ars  have to o  weak generative power to  define languages rep resenting  p ic tu res, in 
w h ich  some c o n te x t re la tio n s  am ong p rim itiv e s  have to  be expressed. T here fo re  a re
s tr ic te d  s u b fa m ily  o f e d N L C  g raph  g ram m ars, an em bedding trans fo rm a tion -p rese rved  
p ro d u c tio n -o rd e re d  fc-left nodes unam biguous (E T P L (k ))  g raph  g ram m ars, w h ich  gener
ates a  w id e r class o f  languages have been proposed in  [110].

D e fin itio n  2.27 A n  edge-labelled d irec ted  node-labe l con tro lle d , edN LC  graph gram mar 
is  a q u in tu p le  ([171]):

G  — (£ ,  A ,  T, P, Z )
£  is a  f in ite ,  n o n -e m p ty  set o f node labels,
T  is a f in ite  no n -e m p ty  set o f  edge labels,

P  is a f in ite  set o f  p ro d u c tio n s  o f the  fo rm  (I, D , C ) ,  in  w h ich :
I e £,
D  is a g ra ph  ha v in g  la be lle d  nodes and edges th a t  are b o th  labe led and d irected ,
C  : T  x  { in , o u t}  —> 2E x E x rx <m,tmtJ is the  em bedd ing tra n s fo rm a tio n ,
Z  is th e  s ta r t in g  g raph , ca lled  ax iom .

D e fin itio n  2.28 T h e  d e fin it io n  o f the  embedding transform ation  fo r  some p ro d u c tio n  in  
th e  fo lo w in g  way ([172]):

C (x , in )  =  { ( a ,c ,y ,o u t ) }
means th a t:

•  (1 ) each edge labe led  b y  x  and  com ing  in to  th e  node o f  th e  le ft-h a n d  side o f 
th e  p ro d u c tio n  ough t to  be replaced by:

•  (2 ) th e  edge;

•  (a) connecting  th e  node o f  th e  g raph  o f th e  r ig h t-h a n d  side o f th e  p ro d u c tio n  
and labe led by  a w ith  th e  node o f the  rest-g raph , i.e. the  de rived  g raph  w ith o u t 
th e  rem oved node correspond ing  to  th e  le ft-h a n d  side o f  the  p ro d u c tio n , and 
labe led by  c,

•  (b ) labe led by  y,

•  (c) and go ing  o u t fro m  th e  node a.

A  fo rm a l d e fin it io n  o f  a derivation  fo r  e d N L C  g ra m m ar is presented in  [171], we in tro d u ce  
i t  in  an in tu it iv e  way. A  d ire c t derivation step cons is ting  o f a p p ly in g  a p ro d u c tio n  o f the  
fo rm  (l, D ,  C ) is d iv id e d  in to  2 steps:

1. A  node labe led  by I o f  a derived g raph  is rep laced by a g raph  D .

2. T h e  g raph  D  is em bedded in  the  rest o f th e  g raph  acco rd ing  to  the  tra n s fo rm a tio n  
C .

L e t us consider fo r  exam ple  a p ro d u c tio n  whose le ft-  (1) and  r ig h t-h a n d  (D ) sides are 
dep ic ted  in  F ig . 2 .7a), and the  em bedding tra n s fo rm a tio n  is o f  th e  fo rm  ([111]):

C (a ,.in )  =  {(6 , o, a , in ) }
C ( 7 , out) =  { (d ,  E , a ,  in ) }
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A p p ly in g  th is  p ro d u c tio n  to  th e  g raph  g shown in  F ig . 2 .7b), f ir s t ly  a node labe led by  A  
is rep laced by  a g raph  D .  A t  the  second step, we use the  tra n s fo rm a tio n  C  to  embed D  

in  a w ay described above (see F ig . 2.7c)).
In  [109] an error-correcting parser (o (n2))  fo r  E T L / l- g r a p h  g ra m m ar based on the 

distance measure between tw o  graphs generated by  th is  g ra m m a r has been defined. T he  
d is tance m easure between tw o  graphs has been defined based on node and edge d is to r
tion s . B efo re  co n s tru c tin g  an a lg o r ith m  o f  e rro r-co rre c tin g  syn ta x  analysis, a  considered 
g ra m m ar is m od ifie d . T h e  g ra m m ar is n o t m od ified  as in  m ost e rro r-co rrec tin g  parsing 
a lg o rith m s , b y  a d d ing  e rro r tra n s fo rm a tio n s  in  the  fo rm  o f  p ro d u c tio n  rules. Instead, i t  
is m od ifie d  by jo in in g  a de scrip tion  o f a ll the  acceptable distortions o f  a r ig h t hand graph 

to  each p ro d u c tio n  ([109]).

4. Pattern recognition using structural distances

In  th is  section i t  w i l l  be shown how the  s tru c tu ra l distances described in  the  previous 
sections o f th is  chap te r (s tr in g , g raph, re la tio n a l distances, o r d istance fro m  a language 
to  a s tr in g ) can be ap p lied  in  p a tte rn  recogn ition . We describe i t  fo r the  case o f strings, 
b u t th e  concepts can be app lied  to  graphs o r re la tio n a l s truc tu res i f  we use graph or 

re la t io n a l d is tance ins tead  o f s tr in g  distance.
L e t P i =  { i } ,  . . . ,1 ^ }  and P2 be sets o f p ro to typ e  s trings representing

p a tte rn  classes C \ and C 2, respective ly, and x  be a s tr in g  representing an unknown 

p a tte rn .
A  decision procedure fo r the  c lass ifica tion  o f x  can be based fo r exam ple on the  nearest 

neighbor classification (N N )  ([67]). L e t D l (x ) and D 2(x) be the  distances between x  and 

th a t  elem ents in  C \  and C 2, respective ly, w h ich  are closest to  x:

D i ( x )  =  m in {d (x \ ,x )  : i  =  1 , N }
D 2(x )  =  m in {d (x \ , x )  : i =  1 ,..., M }

A n  N N  decision rule (m od ified  by in tro d u c in g  a th resho ld  t fo r re jec tio n ) is given by:

(  C i i f f  D i ( x )  <  D 2{x ) A  D x(x ) <  t 
x  €  < C 2(x ) i f f  D 2(x ) <  D i ( x )  A D 2{x ) <  t 

[  re je c t otherw ise
A  s tra ig h tfo rw a rd  extension o f the  above decision ru le  is the  k -N N  classification rule 

([74, 122, 295, 115]).
Besides c lass ifica tion , the  defined s tr in g  d istance can also be app lied  to  the  clustering 

o f  s tr in g s  ([119, 162, 149, 13, 19, 176]).
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1 begin
2 fo r i — 1 to  n  do begin

*  m atch  o r s u b s titu tio n  *
3 fo r each A  —► b £  P  do
4 i f  b =  a.i then t[i, 1] :=  [i, 1] U { (A ,  0 )}
5 else f [ i ,  1] :=  t[i, 1] U { ( j4 ,p ) }
6 repeat *  de le tion  *
7 fo r each A  —► B C  €  P  do begin
8 i f  ( (B , w ) €  t[i, 1]) *  C is deleted *

then t [ i ,  1] :=  i [ t ,  1] U { {A ,w  +  h (C ))}
9 i f  (C , to) 6  t[i, 1]) *  B is deleted*

then t[i, 1] :=  t[i, 1] U {(A , w  +  h (B ))}
10 end
11 u n t il * no new item s has been generated from  lines 7-10 *

* insertion  *
12 fo r each (A ,w ) 6  t[i, 1] do begin
13 i f  i >  1 then t[i — 1, 2] :=  t[i — 1, 2] U {(>1, w  +  g )}
14 i f  i  <  n  then t[i, 2] :=  t[i, 2] U {(^4, w  +  <7) }
15 end
16 end * fo r  i  *
17 fo r j  =  2 to  n  do begin
18 fo r i  =  1 to  n — j  +  1 do begin
19 fo r k =  1 to  j  — 1 do begin * com plete *
20 fo r each A  —> B C  6  P  do
21 i f  ( ( £ ,  wB) 6  t[i, A;] and ((C , wc) £  t[i +  k , j  — k]
22 then t [ i , j ]  :=  t [ i , j ]  U { (A ,w B +  wc )}
23 end
24 repeat *  de le tion  *
25 fo r each A  —> B C  €  P  do begin
26 i f  ( (B , to) G t [ i , j ] )  * C is deleted *

then t{i, j ]  :=  t [ i , j ]  U { (A ,w  +  h (C ))}
27 i f  ( (C ,w ) 6  t [ i , j ] )  *  B is deleted *

then t[i, j ]  :=  t [ i , j ]  U {(>1, to +  h (B ))}
28 end
29 u n t il *  no new item s has been generated from  lines 25 -28 *

*  inse rtion  *
30 fo r each (A ,w ) €  t [ i , j ]  do begin
31 i f  i >  1 and j  <  n  then t[i — 1 , j  +  1] :=  t[i -  1 , j  +  1] U { (A ,  to +  q)}
32 i f  i  <  n  and j  <  n then t [ i , j  +  1] :=  t [ i , j  +  1] U { (A ,  w +  g )}
33 end
34 end
35 end
36 i f  (S ,w )  e  T [ l , n ]  then I  is accepted w ith  w e ight w
37 else I  is rejected
38 end

F ig . 2 .5 . A n  a lg o rith m  for b o tto m -u p  e rro r correcting parsing

R ys. 2 .5 . A lg o ry tm  an a lizy  syn taktyczne j z korekcją  b łędów  ty p u  z do łu  -  do góry
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b =  a, 
T1 
a)

Of ai - l

deleted inserted

T4
d)

T5
e)

T6
f)

aj+i
inserted

F ig . 2 .6 . S u b -syn tactic  trees corresponding to  th e  operations in a  b o tto m -u p  error-correcting parser 

R ys. 2 .6 . D rz e w a  syn taktyczne  odpow iada jące  operacjom  w  ana liz ie  syntaktycznej ty p u  z góry -  na dó ł, 

z korekc ją  b łędów

1= A  --------► = D

a)

b)

F ig . 2 .7 . T h e  il lu s tra tio n  o f the  deriva tion  in  e d N L C  g ram m ar: a ) le ft- (1) and  rig h t-h a n d  (D )  sides o f 
a  p rod uc tion  o f e d N L C  gra m m a r, b ) an  in p u t g raph , c) th e  resu lt o f using a  tran sfo rm ation

C (re f. [108])
Rys. 2 .7 . Ilu s tra c ja  w yprow ad zen ia  w gram atyce ty p u  e d N L C : a ) lew a i p raw a  strona p rod ukcji w  

g ram atyce  e d N L C , b ) g ra f wejściowy, c) w y n ik  zastosow ania tran sfo rm ac ji C (ref. [108])



Chapter 3 

Knowledge representation and 
inference

1. Introduction

Knowledge is a sym bo lic  representa tion  (a m odel) o f aspects o f some nam ed universe 
o f discourse [116]. In  o rder to  achieve a u to m a tic  descrip tion  o f pa tte rns , generally two 
k in ds  o f know ledge are d is tingu ished : declarative knowledge and procedural knowledge. 
Declarative knowledge is a p rob lem -specific  knowledge, th a t  means a knowledge about 
ob jects, events w h ich  shou ld  be m odelled. A  knowledge ab ou t a use o f such declarative 
m odels b u ild  up  an inference process. T h is  is a procedural knowledge. Each o f these types 
o f know ledge has advantages and lim ita t io n s , b u t in  general, i t  is agreed th a t  b o th  types 
are needed and m ost systems, there fore, em p loy a com b in a tion  o f bo th .

K now ledge rep resen ta tion  and inference are m a in  concerns in  b u ild in g  systems w ith  
a r t if ic ia l in te lligence . T o  be able to  unders tand and to  reason, v is ion  systems needs p rio r 
know ledge a b o u t a p ro b lem  dom ain , th a t  means p r io r  in fo rm a tio n  o f ob jects  to  be seen. 
Since do cum e n t im age analysis systems in  general, and geographic m ap im age analysis 
system s in  p a r tic u la r , are in te llig e n t systems, knowledge rep resen ta tion  then  plays an 
im p o r ta n t ro le  in  its  successful developm ent. A  knowledge representation fo rm a lism  con
sists o f a s tru c tu re  to  express dom ain  knowledge, the  knowledge representation language, 
and th e  inference mechanism. T he  p r in c ip a l approaches to  know ledge representa tion  are 
based on: 1) fo rm a l log ic , 2) rules, 3) sem antic networks, 4) fram es, and 5) ob ject-o rien ted  
p a ra d ig m  ([250, 268, 325]).

2. Classical first-order logic

F orm a l log ic  is a classical a r t if ic ia l in te lligence approach to  know ledge representa tion  and 
inference. T he re  are several log ic  ca lcu li in  a r t if ic ia l in te lligence . Presently, first-order
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predicate calculus p lays  the  m ost p ro m in e n t role. The  use o f p re d ica te  ca lcu lus fo r kno w l
edge rep rese n ta tio n  is based on th e  idea o f  expressing know ledge a b o u t th e  ac tu a l p rob lem  
do m a in  by  m eans o f form ulas  w h ich  are constructed  accord ing  to  a p a r t ic u la r  syntax. In  
p re d ica te  ca lcu lus, lo g ica l conclusions can be in fe rred  fro m  fo rm u las  by  means o f infer
ence rules, o f  w h ich  the  m ost im p o r ta n t is the  resolution rule. G iven  a set o f form ulas, 
the  ax iom s, and an o the r fo rm u la , the  theorem , the  re so lu tion  ru le  can successively be 
ap p lied  in  o rd e r to  f in d  o u t i f  the  theorem  logically follows fro m  th e  axiom s.

2 .1 . S y n ta x

A l l  th e  fo rm a lism s  presented in  th is  section can be fou nd  in  th e  reference lite ra tu re  
([213, 130, 209]).

A n  alphabet o f classical first-order logic consists o f  p r im it iv e  sym bo ls fro m  the  fo llow 
in g  pa irw ise  d is jo in t classes:

•  A  denum erab le  set V  o f  individual variables { x \ , x 2, ■ ■■}■

•  O ne tru th -c o n s ta n t: ’T ru e ’ .

•  S en ten tia l connectives: (nega tion) and ( im p lic a tio n ).

•  One q u a n tifie r: V  (un ive rsa l q u a n tifie r);

•  P u n c tu a tio n  m arks: ’ ( ’ , ’ ) ’ , and

•  A  coun tab le  set P  o f  predicate constants, each o f w h ich  has u n iq u e ly  assigned non
nega tive in teger, ca lled  a r i ty  o f P \  0 -a ry  p red ica te  constants are ca lled  proposition 
constants.

•  A  coun tab le  set F  o f function constants each o f w h ich  has u n iq u e ly  assigned non
nega tive  in tege r, ca lled  a r i ty  o f  / ;  0 -a ry  fu n c tio n  constants are ca lled  individual 
constants.

E ve ry  a lp h a b e t AL  o f  f irs t-o rd e r log ic  un iq u e ly  de term ines th ree  classes o f expressions: 
terms, atom ic form ulae  and formulae.

D e f in i t io n  3 .1

• T h e  set T M a l  o f terms over A L  is the  sm allest set such th a t:  1) a ll in d iv id u a l 
va riab les  and  constants fro m  A L  are m em bers o f T M a l , 2) I f  ..., a n £  

Т М а ь {п  >  1) and /  is n -a ry  fu n c tio n  constan t fro m  A L , the n  f ( a \ ,  . . . ,q „ )  £  
TM AL.

•  T h e  set AFORM al o f atomic form ula over AL is th e  sm a lles t set such th a t:
1) ’T ru e ’ and a ll p ro p o s it io n  constants fro m  AL  be long to  AFORMal', 2) I f  
а ц , . . . ,а п £  Т М а ь {п  >  1) and P  is  n -a ry  p red ica te  cons tan t fro m  AL, then  
P ( a i , ..., a n) £  AFO RM al■
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•  T he  set L al  o f form ulae over A L  (ca lled also the  first-order language over 
A L )  is the  sm allest set such th a t: 1) I f  A  £  A F O R M a l , then  A  £  L a l ', 2)
I f  A, B  £  L al and x  is a variab le , then  ( - 'A )  £ L a l , (A  -+  B ) £  L Al ) and

(V x (A ))  €  L a l -

F or convenience, a d d itio n a l sen ten tia l connectives: disjunction  V , conjunction A,
equivalence = ,  and existential quantifier 3, as w e ll as a tru th -c o n s ta n t F a lse  — -'T ru e
are in tro d u ce d :

1. (A  V B ) = d f  ( ( - |A ) -► B )

2. (.4 A B ) = DF ((-■((-’A ) V (-'£)))

3. A =  B  = DF ((A  ->  B )  A (B  ->  A ))

4. 3x = DF H V z H ^ l ) ) ) )

2.2 . S e m a n tic s

D e fin itio n  3 .2  A  fram e fo r  a first-order language L a l  is a  p a ir  M  —<  D , m  > ,  where: 
D  is a no n -e m p ty  set, called the  domain o f M , m  is a fu n c tio n  w h ich  assigns to  
each n -a ry  p re d ica te  constan t fro m  A L , an n -a ry  re la tio n  on D ,  and to  each n-a ry  
fu n c tio n  sym bo l fro m  A L ,  an n -a ry  fu n c tio n  fro m  D n in to  D .

D e fin itio n  3.3 L e t M  be a firs t-o rd e r fram e fo r L a l , \M\ denotes the  dom ain  o f M, 
M \ K \  s tands fo r m (K ) ,  A" is a pred ica te  o r fu n c tio n  constant in  A L , A s (M )  denotes 
a set of assignments over M , i.e. the  set o f a ll fun c tions  fro m  the  set o f variables 
in to  \M \,  [a]x =  {a ' : a' £  A s (M )  A a '(y ) =  a (y ) ,\ /y  ^  x } .  T he  value V ^ ( a )  of 
a te rm  a  £  T M a l  M  w rt a £  A s (M )  is an elem ent fro m  \M \  defined by the 

fo llo w in g  recurs ion on a:
1. v/(x) =  a (x )
2. VaM (a ) =  M \a \
3. VaM ( f ( a u . . . ,a n))  =  M \ f \ ( V aM ( a 1) , . . . ,V aM (a n)).

D e fin itio n  3 .4  T h e  truth-value V j^ (A )  o f  a fo rm u la  A  £  L a l  in  M  w r t  a  £  A s (M )  is 

an e lem ent o f { 0 ,1 }  defined as fo llows:
1. VaM (T ru e ) =  1
2. VaM (p) =  M \p \
3. VaM ( P ( a u . . . ,a n))  =  M \P \(V aM ( a 1) , . . . ,V aM ( a n))
4. VaM (B  ->  C )  =  1 i f f  VaM (B )  =  0 V VaM (C ) =  1
5. VaM (^ B )  =  1 -  VaM (B )
6. VaM (V x B ) =  1 i f f  V £ *(B ) — 1 fo r every o' 6  [a]x .

D e fin itio n  3.5 A  fo rm u la  A  is said to  be satisfied in a fram e M  by an assignment 
a £  A s (M )  i f f  V ^1(A )  =  1. A  is satisfiable i f  V ™ (A ) — 1, fo r some fram e M  and 
some a £  A s (M ) \  o therw ise A  is called unsatisfiable. A  is true in  M  i f f  V ^ ( A )  =  1, 
fo r  any a £  A s (M ) .  I f  A  is tru e  in  M ,  then  M  is ca lled  a model o f A. A  is logically 

valid  i f f  A  is tru e  in  every fram e M .
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2 .3 . F i r s t -o rd e r  th e o ry  as a  d e d u c tio n  sy s te m

D e fin itio n  3 .6  A  first-order theory is a p a ir T  —<  L ,S  > ,  where L  is a firs t-o rd e r 
language, and  S  is  a  com p u tab le  set o f  sentences fro m  L  ( axioms ). I f  S  =  { } ,  then  
T  is ca lled  th e  predicate calculus over L. A  fram e M  is a model o f a theory T  i f f  
a l l ax iom s o f T  are tru e  in  M .

D e fin itio n  3 .7  A  fo rm u la  A  is a semantic consequence of a theory T , w r it te n  T  \= A, 
i f f  A  is  tru e  in  every m ode l o f  T .  I f  T  (= A , the n  we say th a t  A  (logically) follows 
from  T ,  o r A is entailed by T. In  p a rtic u la r, A  is a sem antic  consequence o f the 
p re d ica te  ca lcu lus (over L ), w r it te n  }= A  i f f  A  is tru e  in  every fram e ( fo r  L ).

D e fin itio n  3.8 A  deduction system fo r firs t-o rd e r log ic  is a t r ip le  D S  = <  L , S, R >, 
w here L  is  a  f irs t-o rd e r language, 5  is a  com p u tab le  subset o f  L  ( lo g ica l ax iom s), 
R  =  { R i , ..., R n }  is a f in ite  set o f  inference rules. Each R i is a p a r t ia l fu n c tio n  
fro m  L h in to  L  (k  >  1). I f  A i , ..., A *  are in  the  do m a in  o f R ,, th e n  we say th a t  Ri 
is ap p licab le  to  A i , ..., Ak, and R i(A i, ..., A * )  is the n  ca lled  a direct consequence o f 
A i , ..., An by  v ir tu e  o f Ri.

D e fin itio n  3 .9  A  fo rm u la  A  is provable from  T  in  D S  —<  L ,S ,R  >  o r is a syntactic 
consequence o f T  in  D S  (a lte rn a tive ly , A  is a theorem  o f T  in  D S ) ,  w r i t te n  T \~DSA, 
i f f  the re  is a sequence A i , . . . , A m o f fo rm u lae  fro m  L  such th a t  A  is A m and, fo r 
each 1 <  i <  m , e ith e r A,- €  S  U T  o r A* is a d ire c t consequence o f some preceding 
fo rm u lae  by  v ir tu e  o f  some ru le  fro m  R. Such a  sequence is ca lled  proof o f A from  
T  in  DS.

D e fin itio n  3 .10  A  d e du c tion  system  D S  is sound, i f f  h f l S A  im p lie s  th a t  A  is va lid . D S  
is complete i f f  every v a lid  fo rm u la  fro m  L  is provab le in  D S .

T h e o re m  3.1 h  A  i f f  |= A .

D e fin itio n  3 .11 A  th e o ry  T  over L  is  consistent i f f  the re  is a  fo rm u la  A  £  L  such th a t  
- i ( T  h  A ).

2.4. C la u sa l fo rm

T h e  re s o lu tio n  m e th o d  app lies  o n ly  to  fo rm u la  in  a specia l fo rm , ca lled  th e  clausal form.

D e fin itio n  3 .1 2  A  fo rm u la  A  is said to  be in  prenex conjunctive norm al fo rm  i f f  i t  is o f 

t h 6 f ° rm : Q 1x 1...Q nx n[ ^ 13 kj ^ A ij ] ^

where fo r  each 1 <  i  <  n , Q i 6  {V , 3 } ,  x i t ..., x n are d is t in c t  va riab les  occu ring

in  [V™ A y ] ;  each A  i j  is e ith e r an a to m ic  fo rm u la  o r its  nega tion . T he  p a rt

Q \X \...Q nx n is ca lled  th e  prefix  o f  A , w h ile  th e  p a r t  [V ^.13 * ^ 1A 1J] is ca lled  the  
m atrix  of A.
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D e f in i t io n  3 .1 3  A  fo rm u la  A  is said to  be in  prenex norm al fo rm  i f f  i t  is o f the  fo rm  
Q \X \. ..Q nx nB ,  where fo r  each 1 <  i  <  n , Q t €  {V , 3 } ;  x x, ..., x„  are d is tin c t variables 
occu rr in g  in  B , B  con ta ins no quan tifie rs .

E ve ry  fo rm u la  A  can be e ffec tive ly  trans fo rm ed  in to  its  prenex con ju n c tive  no rm a l 
fo rm  by  successively rep lac ing  subform ulae o f A  by th e ir  equivalents us ing the  fo llow ing  
steps: 1) E lim in a tio n  redundan t quan tifie rs , 2) renam ing variab les, 3) e lim in a tio n  —> and 
= ,  4) m ovem ent -> inw ard , 5) m ovem ent quan tifie rs  to  the  le ft,  6) d is tr ib u tio n  A over V.

Literals  are a to m ic  fo rm u lae  (positive literals), o r th e ir  negations ( negative literals). 
T h e  sym bo l \l\ s tands fo r  th e  a to m ic  fo rm u la  o f  a li te ra l I.

D e f in i t io n  3 .1 4  A  clause is a fo rm u la  C  o f  the  fo rm : l i  V ... V ln, n  >  0, where / i , ..., / „  
are lite ra ls . I f  n  =  0, then  C  is the  empty clause, w r it te n  q

D e f in i t io n  3 .1 5  A  fo rm u la  is said to  be in  a clausal fo rm  i f f  i t  is o f the  fo rm :
V C i A . . . A V C „ , n >  1

where C \ , ..., C n are clauses.

A n y  un ive rsa l sentence (whose prenex no rm a l fo rm  con ta ins no ex is te n tia l quan tifiers) 
can be e ffec tive ly  trans fo rm ed  in to  an equiva lent sentence in  the  c lausal fo rm . A  clausal 
fo rm  o f  a fo rm u la  A  can be ob ta ined  fro m  A  by  the  fo llo w in g  cons truc tion :

1 . Take the  e x is te n tia l closure o f A , p u t A i  — 3A .

2. A p p ly  steps 1-4 fro m  fro m  the con s tru c tion  o f prenex co n ju nc tive  no rm a l fo rm  

( fo rm u la  A 2).

3. M ove qu an tifie rs  to  the  r ig h t ( fo rm u la  A 3).

4. E lim in a te  e x is te n tia l qu an tifie rs  by repea ting  the  fo llo w in g  process, ca lled Skolem- 
ization: take any sub fo rm u la  o f the  fo rm  3 y B (y ). Suppose th a t  X \ , ..., x n are a ll d is
t in c t  free variab les o f 3 y B (y )  w h ich  are un ive rsa lly  qu a n tifie d  to  the  le ft  o f 3 y B (y ). 
I f  n  =  0, the n  replace 3 y B (y )  by by B (a ), where a is a new in d iv id u a l constant. I f  
n  >  0, the n  rep lace 3 y B (y )  by  B ( f ( x i , . . . , x n), where /  is any new n -a ry  fun c tio n  
constant. T he  in tro du ced  sym bols a, f  are Skolem functions, (fo rm u la  A 4).

5. D e lete q u an tifie rs  fro m  A 4 (fo rm u la  A 5).

6. D is tr ib u te  A over V (fo rm u la  A 6).

7. E lim in a te  T ru e  and F a lse  (fo rm u la  A 7 ) .

8. A d d  un ive rsa l qu an tifie rs  A 7 =  C j A ... A C „  , p u t Ag =  V C j A ... A  V C „, w h ich  is a 

desired clausa l fo rm .
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2.5. Resolution rule

Since { A i , A n }  (= B  i f  A \  V ... V  A n —> B , the  p ro b lem  o f d e te rm in in g  w hethe r 
th e  fo rm u la  B  fo llow s  fro m  th e o ry  { A i , A n},  reduces to  th e  task  o f d e te rm in g  w hethe r 
th e  fo rm u la  (A \  V  ..., V A n —► B )  is va lid . Since th e  fo rm u la  is v a lid  i f  its  nega tion  is 
un sa tis fia b le , one w ay to  show v a lid ity  o f a fo rm u la  A  is to  show u n s a tis f ia b il ity  o f - iA. 
T h is  is th e  approach taken  by th e  reso lu tion  ru le . I f  ->A is  un sa tis fia b le  (i.e. A  is  va lid ), 
th e  procedure  w i l l  de tec t i t  and stop. O therw ise, the  c o m p u ta tio n  process m ay fa il to  
te rm in a te .

2.5.1. U n ifica tion  

D e f in i t io n  3 .1 6

•  A  substitution (o f terms fo r  variables) is  any set o f  th e  fo rm  { x x <— a i ,  . . . ,x n <— 
£ *„}, where X i , ..., x n are d is t in c t variab les, and each a , is a te rm  d iffe ren t 
fro m  i , .  G ive n  a  s im p le  expression E  ( l i te ra l o r  te rm ), and a s u b s titu t io n  
d =  { x i  «— ati, 4— «„}, we w r ite  Ed  to  denote th e  expression ob ta ined 
fro m  E  by  s im u ltan eou s ly  rep lac ing  each occurrence o f  x , by  c*j, 1 <  i  <  n.

•  T h e  composition o f  i? =  { x \  « -  0 ! i, . .. ,X n  + -  < *„}, and r  =  {y x «—
(h i Dm Pm} is th e  s u b s titu t io n  ob ta in ed  fro m  the  set { x i  <— a xr , ..., xn <— 
«n t , 2/1 P i , . . . ,y m < -  Pm ), by  de le ting  any elem ent x , « -  a {T fo r wh ich
Xi =  a , r ,  an d  de le tin g  any e lem ent y, <— /9 such th a t  y, €  { x j ,  . . . , x „ } .

•  G iven  a n o n -e m p ty  set E X  =  { E i ,  . . . ,E „ }  o f s im p le  expressions, a unifier x) o f 
E X  is any s u b s titu t io n  fo r w h ich  E r f  ~  ... — End. I f  E X  has a un ifie r, then 
we say E X  is unifiable. A  u n if ie r  t? o f E X  is ca lled  a  most general unifier o f 
E X  i f f  fo r  each u n if ie r  r  o f  E X  the re  is a s u b s titu t io n  X such th a t  r  =  $  A.

2.5.2. Basic reso lution

D e f in i t io n  3 .1 7  L e t C i,  C 2 be the  clauses such th a t  no va riab le  is com m on 

to  b o th  C i and C 2, h , —, l n €  C i,  l i , . . . , l k  6  C 2. Assum e th a t
l i , . . . , l n are a ll p o s itive , and l \ , . . . , / * ' negative, o r v ice  versa. I f  d 
is a m ost genera l u n if ie r  o f  { | l i | , ..., |Z„|, | / i ' | , ..., |/* , | } ,  the n  the  clause 
[C \d  — { / i$ ,  V [C 2i? — {h 'f l,  ... j/ jt 'i? } ] is ca lled a binary resolvent o f  C \ and
C 2.

A  clause C \ is sa id  to  be a variant o f C  i f f  C i =  Ci?, where $  is a ren am in g  s u b s titu tio n  
fo r C . A  renaming substitution fo r  a clause C  is any s u b s titu t io n  { x !  <— y x, . . . , x „  <— yn}  
sa tis fy in g  th e  fo llo w in g  con d itions : 1) { x i , . . . , x n C V }  (V  is th e  set o f  a ll variables 
o c c u rr in g  in  C ) ,  2) y x, . .. ,y n are d is t in c t variab les, 3) ( V  — { x i , ..., x n} ) f l { y i ,  . . . ,2/n}  =  { } .

D e f in i t io n  3 .1 8  A  resolvent of clauses C i and C 2, w r i t te n  R E S ( C i ,C 2), is  any b in a ry  
reso lvent o f  a v a r ia n t o f  C i and a v a ria n t o f  C 2.

D e f in i t io n  3 .1 9  T h e  resolution rule is th e  fo llo w in g  in ference ru le . For any clauses C i 
and C 2, R E S  (C i,  C 2) is a d ire c t consequence o f C i and C 2.
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D e f in i t io n  3 .2 0  L e t C L  be a set o f clauses. A  refutation  fro m  C L  is a sequence C i , ..., C „  
o f clauses such th a t  Cn — q  and, fo r each 1 <  i  <  n, e ith e r C j 6  C L  o r C , is a 

reso lvent o f C j and C k, where j , k  <  i.

D e f in i t io n  3 .2 1  A  refutation tree fo r  a set C L  o f clauses is a b in a ry  ’upw ard o rien ted ’ 

tree  D  s a tis fy in g  th e  fo llo w in g  cond itions:
1. A l l  nodes o f D  are labe lled  by clauses.
2. Each le a f node o f D  is la be lled  b y  a clause fro m  C L .

3. T h e  ro o t node o f D  is labe lled  by q
4. I f  C  labe ls a no n -lea f node, the n  C  is a resolvent o f th e  clauses w h ich  labe l 

th e  successors o f n.

D e f in i t io n  3 .2 2  A  resolution proof o f  a fo rm u la  A  fro m  a th e o ry  T  is any re fu ta tio n  
fro m  C L A U S E S (T )  U C L A U S E S ( ^ A ) ,  where C L A U S E S (T )  denotes the  set o f 
clauses correspond ing  to  an a r b i t r a r i ly  chosen clausal fo rm  o f T .

T h e o r e m  3 .2  T  (= A  i f f  the re  is a reso lu tion  p ro o f o f A  fro m  T .

2.5.3. L inea r resolution

A u to m a t ic  reason ing w ith  th e  reso lu tion  requires a  s tra teg y  o f  choosing clauses to  be 
resolved. T h e  m ost s tra ig h tfo rw a rd  m ethod , the  basic resolution, am ounts to  system at
ic a lly  gene ra ting  a l l  possib le resolvents. B u t  us ing th e  re so lu tion  in  an unconstra ined 
m anner leads to  m any useless inferences, m ak in g  the  basic reso lu tion  to o  ineffective to  be 
o f  p ra c tic a l use. I t  can be s u b s ta n tia lly  im p roved  b y  p u t t in g  various cons tra in ts  on the 
clauses w h ich  are to  be resolved a t a g iven p o in t o f tim e . Some exam ples o f such strategies 
are: unit, input, linear, set o f support, ordered, directed resolutions, etc. ([130, 268, 59]).

O ne o f these refinem ents, the  linea r reso lu tion  m e tho d  ([213, 268]) is sketched below.

F ig . 3 .1 . L inear re fu ta tio n

R ys. 3 .1 . W y w ó d  k lau zu li pustej w  rezo lucji lin iow ej

D e f in i t io n  3 .2 3  A  linear refutation from  a set o f clauses C L  has the  fo rm  o f F ig . 3.1, 

where:
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1. Co 6  C L ]  (Co is th e  top clause o f the refutation);

2. fo r  0 <  i  <  n, B i €  CL o r B t is Cj, fo r  some j  <  i;

3. fo r  1 <  i  <  n , C i is a reso lvent o f  C j_ i and B ,_ i;

4. C n =  □

2.5.4■ R esolution  with equality

T h e  re fu ta tio n  com pleteness o f reso lu tion  does n o t h o ld  fo r  databases in v o lv in g  the  re
la t io n  con s ta n t " ^ " in te n d e d  to  be in te rp re te d  as the  equality relation. T he re  is s im p ly  
no m echan ism  fo r  s u b s t itu t in g  nonva riab le  te rm s th a t  are know n to  be equal, so i t  is 
im poss ib le  to  prove some resu lts  even tho ugh  the y  are lo g ic a lly  im p lie d  by th e  premises. 
T h e  s im p le s t w ay to  c ircu m ven t th is  d if f ic u lty  is to  axiomatize the equality relation, and 
to  su p p ly  a p p ro p ria te  s u b s titu t io n  axiom s. T h e  set o f e q u a lity  clauses fo r C L , a given 
set o f  clauses in  w h ic h  " = "o ccu r, is th e  set cons is ting  o f the  fo llo w in g  clauses:

1. x  =  x

2. x  ±  y \ t  y  =  x

3. x  ^  y \ /  y  ^  z \ /  x  =  z

4. X i /  i / i  V  ... V  x n ±  yn V ~ '(P {x  i , . . . , x „ ) )  V  P (y u  . . . ,y „ ) ,  fo r  each n -a ry  pred ica te  
con s tan t P  o c cu rrin g  in  C L

5. X \ ^  j ( i V . . . V i n ^  yn V  f ( x  1, . .. ,x „ )  =  / ( 3/1, . . . ,2/n)i fo r  each n -a ry  fu n c tio n  constant 
/  o c c u rr in g  in  C L

O f course, fo r  th is  approach to  w o rk , we need to  su p p ly  s u b s t itu t io n  ax iom s fo r every 
fu n c tio n  and  re la t io n  w ith in  w h ich  we w an t s u b s titu tio n s  to  occur, w h ich  is tedious. 
T here fo re , specia l ru les have been proposed, like  fo r  exam ple paramodulation ([269]), 
resolution by unification and equality ([75]), E-resolution  ([239]), demodulation ([367]). 

F or exam ple , paramodulation  is  the  fo llo w in g  inference ru le .

D e f in i t io n  3 .2 4  F o r any tw o  clauses A  o f  the  fo rm  (a  =  b) V C  o r (b =  a) V C ), and 
B  o f  th e  fo rm  L (...a ...)  V D, where L (...a ...)  denotes a li te ra l L  and th e  occurrence 
o f  a te rm  a  as an  a rgum en t, C,D  are any clauses, th e  clause L(...b ...) V  C  V  D
is a paramodulant o f  clauses A  and B , and the  process o f its  genera tion  is called
paramodulation from  A into B:

[(a  -  b) V  C , L ( .. .a ...)  V  D ]/[L { ...b ...)  V C V D ]

P a ra m o d u la tio n  ru le , when added to  th e  reso lu tion  p rin c ip le , guarantees re fu ta tio n  
com pleteness, even in  th e  face o f  sentence in v o lv in g  equa lity .
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3. Rules

Each rule  ([268, 204]) has the  fo rm :

( I F  p re con d itio n  T H E N  conclus ion )

w ith  th e  IF -p a r t ,  th e  le ft-hand -s ide  (L H S ), be ing  the  antecedent com p ris in g  th e  precondi
tion s  w h ich  de te rm in e  a p p lic a b ility  o f the  ru le , and the  T H E N -p a rt,  the  righ t-hand-s ide  
(R H S ), be ing  th e  consequent cons is ting  o f the  conclusion w h ich  describes th e  opera tion  

to  be pe rfo rm ed  i f  the  ru le  is applied.
A  system  c o n ta in in g  an ordered set o f  IF -T H E N  ru les is ca lled  a  production system. 

I t  consists o f working memory  w h ich  stores te m p o ra ry  in fo rm a tio n  ( user-supplied facts, 
o r  in te rm e d ia te  conclusions generated by  th e  system ), a rule base w h ich  stores perm anent 
in fo rm a tio n  in  th e  fo rm  o f IF -T H E N  rules necessary fo r so lv ing  a ll p rob lem s in  a dom ain, 
and an interpreter, as basic com ponents. C o n tro l o f  inference is hand led by the  in te rp re te r 
w h ich  m atches facts w ith  the  antecedent o f a ru le , and executes the  consequent o f a rule.

C C

a) b)

F ig . 3.2. a) A N D  tree, b) O R  tree 

Rys. 3.2. a) A N D -drzew o, b) O R-drzewo

A  decision tree is a  means o f s tru c tu r in g  knowledge so th a t  facts and rules can be 
d y n a m ic a lly  com bined in  an in fe re n tia l process. T he  A N D -O R  tree is a tree whose roo t 
represents th e  goal, and whose leaves represent the  fac ts  o f  an inference. T h e  nodes o f  a 
A N D -O R  tree  are clauses o f the  rules, and the  arcs are arrows connecting  the  clauses. I f  
a ll nodes are connected by  the  A N D  arcs, then we have an A N D -tree  (g ra p h ic a lly  depicted 
b y  a con ne cting  arc - see F ig . 3.2a). S im ila rly , when a ll nodes are connected by the  O R  
arcs, we have a OR-tree  (g ra p h ica lly  depicted by an unconnected arc - see F ig . 3.2b). A  
tree  whose nodes are connected b y  the  A N D  and O R  arcs is a A N D -O R  tree.

To m anage in fe re n tia l process, effective co n tro l mechanism s are necessary. Backward 
chaining  is  a go a l-d rive n  process w h ich  bu ild s  a tree o f a move sequences fro m  goal to  
subgoal. T h e  R H S  o f ru les are m atched against the  cu rre n t node (le a f o r in te rm ed ia te  
nodes), and the  LH S  are used to  generate new nodes representing new goal states to  be 
accom plished. T h e  process continues u n t i l  one o f  the  goal states m atches an in it ia l state.

Forward chaining  is a da ta -d riven  process w h ich  bu ild s  a tree o f move sequences from  
in i t ia l  c o n fig u ra tio n  to  goal. T h e  LH S  o f ru les are m atched aga inst the  c u rre n t s tate 
(ro o t o r in te rm e d ia te  nodes), and the RHS are used to  generate new nodes u n t il the  goal 

is reached.
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4. Semantic networks

A s opposed to  lo g ic  and  ru les, a semantic network ([268, 204]) is a a labe led , d irected 
g raph , th a t  means a h ig h ly  in te rconnected  h ie ra rch ica l rep resen ta tion  o f  know ledge, con
s is tin g  o f  a set o f  nodes connected to  each o th e r by a set o f  d irec ted  labe led links . T he  
nodes represent o b je c ts  w h ich  can be facts, sets, in d iv id u a ls , p ro po s ition s , procedures, 
etc. T h e  lin k s  represent d ife re n t re la tionsh ips  between th e  ob jects.

Some nodes in  the  sem antic  ne tw ork  can be regarded as general objects hav ing  de
sc rip tio n s  ap p licab le  to  m any in d iv id u a ls , w h ile  some nodes can be regarded as specific 
objects w ith  desc rip tions  app licab le  to  a s ingle in d iv id u a l.

For rep resen ting  th e  hierarchical structure o f  ob jects  and th e ir  p rope rties , the  IS -A , 
H A S -A , and IS -P A R T -O F  lin k s  have been defined.

•  T h e  IS -A  link  is a ta xo n o m ic  l in k  w h ich  can be used fo r  h ie rach ica l c lass ifica tion  
o f  ob jects. I t  creates a p a r t ia l o rd e rin g  o f  ob jects  and fa c ilita te s  th e  in he ritance  o f 
p ro p e rtie s  a long  the  h ierarchy. T he  use o f the  IS -A  lin k s  has been classified in to  
th e  rep resen ta tions o f  tw o  m a jo r  classes o f  re la tions:

— Generic-generic re la tio ns  where th e  l in k  connects node w h ich  is m ore general 
to  those w h ich  are less general ( fo r exam ple, superset-subset, genera liza tion - 
spe c ia liza tion , " A  k in d  o f" (A K O ) ,  set and its  c h a ra c te ris tic  type.

— Generic-individual re la tions  ( in s ta n tia tio n ), where th e  l in k  is used to  connect 
an  in d iv id u a l to  a  general o b je c t ( fo r  exam ple set m em bersh ip ).

•  T h e  H A S -A  link  is  em ployed to  assign a ttr ib u te s  and values to  ob jects.

•  T he  l in k  IS -P A R T -O F  ind ica tes th a t  an ob je c t consists o f  d iffe re n t pa rts .

S em antic ne tw o rk  can also be used to  represent o th e r non -h ie ra rch ica l re la tions : fo r 
exam ple s p a tia l, te m p o ra l, etc.

A  va rie ty  o f in fe re n tia l schemes fo r sem antic ne tw orks have been proposed. Spreading 
activations and  inheritance are the  tw o  basic ones. Spreading activation  is an in te rsection  
search techn ique  ([268, 204]) w h ich  seeks re la tionsh ips  am ong ob jec ts  by spread ing a c ti
va tions  o u t fro m  each o f  tw o  nodes and decides on where the  a c tiv a tio n  m eet. Inheritance, 
w h ich  is a m ore  com m on m echanism  o f m ak ing  inference in  sem antic  ne tw orks, make use 
o f  th e  IS -A  an d  H A S -A  lin ks  to  de te rm ine  in he ritance  o f  a ttr ib u te s  fro m  superclasses.

5. Frames

A n o th e r h ie ra rch ica l rep resen ta tion  o f know ledge is a fram e  ([268, 204]). A  fram e  rep
resents an e n t ity  in  th e  do m a in  w o rld . I t  is  a  co lle c tio n  o f  attributes (slots) and th e ir  
associated values. A  s lo t can be v iewed as a re la t io n  w h ich  m aps a class (a set) to  its
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range (s lo t values). Aspect o f  an ob je c t im pose ways and means by w h ich  a s lo t can take 
its  values. T h e  range is d e lim ite d  by  the  s lo t aspect w h ich  m ay specify:

•  V a lue  o f  a t tr ib u te .

•  Classes to  w h ich  the  a t t r ib u te  can be attached.

•  V a lue  re s tr ic tio n s  like : cons tra in ts  on e ith e r the  typ e  o r the  value o f the  a ttr ib u te .

•  F u nc tio ns  o r log ica l constra in ts .

•  N u m b e r o f  values th e  s lo t m ay be fille d  w ith .

•  P rocedures fo r o b ta in in g  values, fo r exam ple: ro u tin e  to  derive value whenever the 
s lo t va lue is m od ifie d , demons, rules fo r value inhe ritance , etc.

T w o  k in d s  o f  fram es ex is t: class fram e  th a t  represents a  class o f  ob jects, and instance 
fram e  w h ich  represents a specific ob ject. Class frames possess general characteristics from  
w h ich  a ll ins tance ob jec ts  (fram es) be long ing  to  the  class in h e rit. O n  the  even higher 
level, we can have superclasses (fram es) whose elements are in d iv id u a l classes.

T h e  m ost s tra ig h tfo rw a rd  in he ritance  in  fram es is the  value inheritance. I t  relies on 
checking fram es fo r s lo t value when a p a rtic u la r value o f a s lo t is queried. I f  the value 
canno t be fou nd  in  a ce rta in  fram e, and i f  the  fram e is a class fram e, the  process w ill 
check the  superclass up  the  hierarchy. In  the  depth-first approach, one pa th  is searched 
firs t, and an o the r o n ly  when the  f irs t p a th  is n o t successful. Forward chaining inheritance 
can be pe rfo rm ed  b y  passing s lo ts  and values down the  h ie ra rchy to  f in d  instance o f a 

general c ircum stance .
A n o th e r  m e th o d  o f  in ference is th ro u g h  the  process o f matching. T he  s lo t-by-s lo t 

m a tch in g  serves as a basis o f th is  inference. W hen a query (a fram e w ith  specific s lo t 
values) comes in , th e  system  w i l l  m a tch  i t  w ith  e x is tin g  fram es in  th e  know ledge base, and 
select one o r m ore  fram es w h ich  have the  closest m atch  w ith  the  query. W hen  a com plete 
m a tch  canno t be found , a th resho ld  can be used to  decide under the  w h a t s itu a tio n  we 

can c la im  a m atch.

6. Object-oriented approach

A cco rd in g  to  th e  object-oriented pa rad igm  ([231, 204]), th e  re a l-w o rld  is represented as 
a h ie ra rch ica l set o f  objects linked  by some protocols of communication am ong them . A n  
object is  an independent e n t ity  consis ting  o f its  own attributes w h ich  de p ic t the  state o f 
an o b je c t, and methods (p riva te  procedures) th a t w ork  on them , and are used fo r in tra 
ob je c t con tro ls  and com m unica tions. T he  o n ly  way to  reach the  d a ta  in  an ob je c t is to  
use th e  m ethods to  w h ich  the  ob jects respond. In  th is  way d a ta  are encapsulated inside 
ob jec ts  w ith  m ethods  requ ired  to  use them . M ethods o f an ob je c t are used th rough  
protocols, be ing  sets o f messages to  w h ich  an ob je c t responds. Messages are used to
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a c tiva te  an o b je c t, i.e. to  invoke a m ethod, w h ich  is accom plished b y  a s tan da rd  fu n c tio n  
c a ll- re tu rn  m echan ism . A  message consists o f the  fo llo w in g  com ponents: 1) the  sender,
2) th e  rece iver, 3) th e  se lector(s) (m ethod(s) w h ich  is to  be invoked  b y  th e  message, 4) 
the  a rg um e n t(s ) (pa ram e te r(s ) to  be passed to  the  m e tho d ). Message passing is hand led 
b y  th e  message m anager.

T o  s tru c tu re  know ledge in  e ffic ien t way, ob jects are grouped in to  classes and organized 
in to  a  h ie ra rch y  o r a  system  o f  hierarch ies by  in s ta n tia tio n . A  subclass in h e r its  m ethods 
and a ttr ib u te s  fro m  its  superclass (es) (pa ren t class (es)). A  class is  a p ro to ty p ic a l repre
s en ta tion  o f  o b je c ts  in  w h ich  a ll ob jec ts  share th e  same set o f a t tr ib u te s  and respond to  
the  same set o f m ethods. A n  object is an instance o f the  class i t  belongs to .

Generalization, aggregation, and associations are th e  th ree m os t com m on m ethods 
o f re la tio n s  between ob jec ts  in  ob je c t-o rien te d  pa rad igm . O b je c ts  re la ted  by generaliza
tion  are s tru c tu re d  h ie ra rch ica lly , w i th  ob je ts  a t th e  low er level (subclasses) in h e r it in g  
a ttr ib u te s  and m ethods fro m  ob jects  a t h igher level (superclasses). A n  aggregation re la 
t io n s h ip  a rrange  o b je c ts  in  a  h ie ra rch y  w ith  lower leve l ob jec ts  fo rm in g  parts o f  a com 
pos ite  h ighe r leve l ob je c t. R e la tio nsh ip  by  association arranges ob jec ts  in  one-to-one, 
o n e -to -m any o r m a n y -to -m a n y  associa tion.

7. Non-monotonic logic

7 .1 . N o n - m o n o to n ic  re a s o n in g

A l l  the  fo rm a lism s  presented in  th is  section can be found  in  th e  reference lite ra tu re  
([213, 130, 268]).

D e f in i t io n  3 .2 5  C lassica l f irs t-o rd e r p red ica te  ca lcu lus is monotonie th a t  means its  
p ro v a b ility  re la tio n , I-, enjoys the  fo llo w in g  p ro p e rty : F o r any sets o f premisses 
S  and S'

S  Ç  S ' im p lie s  {A  : S  I- A } Ç  {A  : S ' (- A}

T h is  m eans th a t  ad d ing  new axiom s w i l l  never in va lid a te  o ld  conclusions (theorem s), or, 
equ iva len tly , th e  set o f  conclusions increases monotonically w ith  th e  set o f  axiom s.

In  a ty p ic a l A I  system  based on firs t-o rd e r p red ica te  log ic , in fo rm a tio n  ab ou t its  
d o m a in  is expressed as a f in ite  set A  o f  f irs t-o rd e r fo rm u las  ( base set o f beliefs o f  the  
system ). T o  take  a p p ro p ria te  actions, the  system  ty p ic a lly  w i l l  have to  decide w he the r or 
n o t some fo rm u la  <j> is lo g ic a lly  en ta iled  by its  beliefs. T h e  system  w i l l  m ake th is  decision 
by p e rfo rm in g  lo g ica l deductions on A ,  perhaps by us ing  re so lu tio n  on the  clause fo rm  
o f A  A  - i<{>■

T h is  m ode l has some lim ita t io n s . D eductions  fro m  a base set o f  be lie fs  never produce 
new  know ledge a b o u t the  w o rld . I f  cj) lo g ic a lly  fo llow s fro m  A ,  the n  a ll the  m odels o f A  
are also m odels o f <j>. D e r iv in g  4> in  no way e lim in a tes  any o f the  m odels, and thus  <t> te lls  
us n o th in g  a b o u t the  w o r ld  th a t  was n o t a lready  described by  A .

7. NON-MONOTONIC LOGIC 53

M a n y  m ethods th a t  v io la tes  the  p ro p e rty  o f m o n o to n ic ity  have been proposed. They 
have been p r im a r ily  s tud ied  in  the  con tex t o f hum an common-sense reasoning. W h a t 
characterizes hum an reasoning, is its  a b il i ty  to  deal w ith  incomplete information. In  
everyday life  we are co n s ta n tly  faced w ith  s itua tion s  where n o t a l l re levant evidence is 
know n. In  o rder to  act, we m ust be able to  d raw  conclusions even i f  the  ava ilab le  evidence 
is in su ffic ie n t to  guarantee th e ir  correctness. Such conclusions m ay be in va lid a te d  in  the 

lig h t o f  new, m ore accurate in fo rm a tio n .

D e f in i t io n  3 .2 6  Non-monotonic reasoning ([213]) means the  d ra w in g  conclusions w h ich 
m ay be in v a lid a te d  in  th e  lig h t  o f new in fo rm a tio n . A  log ica l system  is called non
m o n o to n ic  i f f  its  p ro v a b ility  re la tio n  v io la tes the  p ro p e rty  o f m on o ton ic ity .

N o n -m o n o to n ic  reason ing has been given b o th  p ra c tica l and the o re tica l considerations in 
A I  research. T he  m ost im p o rta n t fo rm a l approaches to  non-m onoton ic  reasoning are: 
Sandew all’s fo rm a lism  ([281]), m oda l non-m onoton ic  logics ([225, 226]), de fau lt logic 
([266]), c irc u m s c rip tio n  ([223, 224]), reasoning under closed-world assum ption ([267]), 

m od e l-th eo re tic  approach ([301]).

7 .2 . P o o le ’ s a p p ro a c h

P oo le ’s ([258]) approach is a  ve ry  s im p le  non -m ono ton ic  fo rm a lism , in  w h ich  knowledge 
is represented as a p a ir  (F , A ) ,  where F  is a consistent set o f firs t-o rd e r sentences, rep
resenting  facts  th a t  are know n to  be true , and A  is a  set o f  hypotheses w h ich  represent 
non-monotonic rules. F o rm a lly , a hypothesis is any expression o f the  fo rm :

( x i ,  ...,a:n) A S S U M E  A (x x, . . . ,£ „ )

where A  is  a f irs t-o rd e r fo rm u la  whose free variab les are precise ly  x \ , . . . , x n. W e are 
to  read th is  as " fo r  a ll in d iv id u a ls  x i , . . . , x n, represented by g round  te rm s a i, . . . ,c * n , i f  
A ( q i ,  . . . ,a „ )  can be cons is ten tly  assumed, th e n  assume i t " .  T h e  sentence A ( a x, ..., a n) is 

ca lled  an instance o f  the  hypothesis.
G iven  a p a ir  (F , A ) ,  th e  o rd in a ry  f irs t-o rd e r theories o f  the  fo rm  F l ) D ,  called theories 

fo r  (F , A )  are cons truc ted , where D  is any set o f instances o f m em bers o f A  such th a t 

F  U  D  is  consistent.

D e f in i t io n  3 .2 7  A  sentence A  (know n as observation) is said to  be explainable in  {F , A )  
i f f  the re  is a th e o ry  F  U D  fo r  (F , A )  (ca lled  the  theory that explains A ) such th a t 

F L l D h A .

A  set 5  o f sentences is exp la inab le  in  (F , A )  i f f  the re  is a the o ry  fo r  (F , A )  th a t  exp la ins 
a ll m em bers o f S. In  P oo le ’s log ic , any set o f sentences exp la inab le  in  (F , A )  m ay be 
viewed as the  set o f be lie fs ab ou t the  w o rld  represented by  (F , A ) .



Chapter 4 

Geographic map image analysis

D espite  the  research e ffo rts  in  geographic m ap im age analysis, m ost o f the  research in  
th is  area s t i l l  concentra tes on the  design o f specific a lgo rithm s  ra th e r tha n  on image 
unde rs tand ing . A  com m on approach to  convert a rasterized m ap d raw ing  in to  an ob jec t 
d e sc rip tio n  is to  develop application specific algorithms to  e x tra c t the  ob jects from  the 
im age, and a p p ly  these a lg o rith m s  in  a s ta tic , bottom-up sequence ([42, 71 ,161, 327, 94 ,17, 
18]. A n  o ften  encountered f irs t  step in  such a sequence is separa ting  the  te x t sym bols from  
the  graph ics us ing features like  the  size and c o llin e a rity  o f the  te x t, fo r fu r th e r recogn ition  
by O C R  m odu le  ([181, 244]). F o llow ing  th is  step, the  te x t can be classified by O C R  
m odule , and the  rem a in ing  graph ics are approx im ated  by using vec to riza tion . G raph ica l 
ob jec ts  can the n  be ex trac te d  by g roup ing  ap pro p ria te  vectors ([2 5 ,1 3 4 ,1 6 1 ,1 8 1 ]). Some 
knowledge-based approaches to  g roup  vectors in to  ob jects using a rule-based system have 
been described in  the  lite ra tu re  ([327, 134]). O n ly  4 approaches have been described in  
the  lite ra tu re  ([222, 306, 252, 151] in  w h ich  dom ain  knowledge is e x p lic it ly  used, thus 
a llo w in g  fo r  some un de rs tand ing  processes.

In  th is  section the  a lg o rith m s  and approaches w h ich  were used in  the  ex is ting  geo
graph ic  m ap im age analysis systems w i l l  be o u tlin ed . T he  a lg o rith m s  are presented in  
a sequence th e y  are pe rfo rm ed in  a tra d it io n a l,  b o tto m -u p  approach to  im age analysis 
([133]): f irs t,  th e  a lg o rith m s  used in  low level p ix e l processing, then , those used in  fea
tu re  level analysis ( intermediate level), and fin a lly , a lg o rith m s  app lied  in  h igh  level v is ion  
tasks, th a t  means image understanding.

1. Low level

1 .1 . B in a r iz a t io n

B u ilt - in  b in a r iz a tio n  m ethods o f m ost scanners are su ffic ien t fo r  clean maps. B u t, when 
dea ling  w ith  la rge m ap draw ings w h ich  have been fo lded and stored away fo r a long 
pe riod , we m ay have to  use some adaptive binarization  m ethods ([133, 320]). Such a

55
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m e th o d  is c o m p u ta t io n a lly  cos tlie r th a n  the  b u ilt - in  too ls , b u t i t  is necessary to  avoid 
false o b je c ts  due to  fo lds, o r to  the  m erg ing  o f lines close to  each o th e r on a p o o r-q u a lity  
m ap. Bear in  m in d  the  specia l na tu re  o f maps, the  contour-based approach, th a t  means 
f in d in g  con tours , and f i l l in g  the  con tours o f b lack ob jects, y ie lds  the  best resu lts. A m ong 
a lg o r ith m  in  th is  g roup , the  im p roved  integrated function algorithm  [344] w h ich  is a lo ca lly  
ad ap tive  m e tho d , is espec ia lly  in te res ting . T h is  m e thod  applies a g ra d ie n t-like  a c t iv ity  
o p e ra to r on the  im age. P ixe ls  w ith  a c t iv i ty  be low  a m a n u a lly  set th resh o ld  are labe ld  
’O’ . T h e  re m a in in g  p ixe ls  are labe led ’+ ’ i f  the  Lap lac ia n  edge o p e ra to r o f the  p ixe l is 
p o s itive , o therw ise  A l l  ’+ ’-m arked  regions are labe led ob je c t, and ’- ’-m arked regions 
are labe led  background . A  ’O’-m arked  reg ion is labe led ob je c t, i f  ’ -(-’-m arked  p ixe ls  th a t 
are 8-connected to  i t  are in  m a jo r ity , o therw ise i t  is labe led background. T he  special 
post-p rocess ing  step ([374 ]), based on th e  average g rad ien t, is used to  im p rove  the b ina ry  
im age b y  rem o v ing  "g h o s t"o b je c ts .

1 .2. Text/Graphics segmentation

M a n y  a lg o r ith m s  have been developed fo r te x t/g ra p h ic s  segm enta tion , w h ich  are e ither 
ras te r ([359, 38, 248, 112, 370]), vector-based ([199, 212]), o r m ixe d  ([5 ]), b u t o n ly  few 
m ethods are ab le to  e x tra c t and recognize characters and sym bols overlapping graphics 
w ith  sa tis fied  rate.

Recen tly , an e ffic ien t a lg o r ith m  fo r separa tion  o f characters fro m  m a p /g ra p h ics  based 
on directional morphological operations ([371]) has been described ([214, 215, 216]). In  
th e  f irs t  step, d ire c tio n a l edge line  im age is generated in  w h ich  a ll o f  the  edge-lines are 
decom posed in to  groups correspond ing to  e igh t d irec tions . As the  edge segments o f 
cha racte r edges are sho rte r th a n  those o f line  edges, cha racter edges are deleted using 
recu rs ive ly  directional open ope ra tion . T he  num ber o f ite ra tio n s  is de te rm ined  based on 
le ng th  h is to g ra m  fro m  w h ich  a le ng th  th resho ld  separa ting  cha racte r fro m  line  edges is 
com puted . C h ara c te r im age is generated by s u b tra c tin g  the  lin e  im age fro m  the  o rig in a l 
im age. M iss ing , o r d is to rte d  characters (due to  connection  between the m  and lines), are 
restored by  directional close operation pe rfo rm ed in  fo u r d irec tio ns  on character image. 
Each cha racte r s tr in g  fo rm s a connected com ponent in  a t least one o f such ob ta ined 
fo u r images. A  m in im a l enclosing rectangle is com puted  fo r each connected com ponent 
in  those images. T hen , the  regions fro m  the  o r ig in a l im age th a t  correspond to  those 
rectangles in  fo u r images are copied to  cha racter im age, and the  characters are restored.

Besides th is  com m on approach, the re  is an oppos ite  one (fo r exam ple [72]), in  which 
characters are e x p lic it ly  recognized in  maps.

1 .3 . T h in n in g

W ith  the  te x t  and so lid  reg ions ex trac ted , the  g ra ph ica l elem ents le ft  are composed 
p u re ly  b y  lines. These lines are u su a lly  reduced to  graphs, w h ich  m ay be accom plished 
by o b ta in in g  a skeletons o f these lines v ia  a thinning  a lg o rith m . T he  skeleton o f a region 
m ay be de fined v ia  the  medial axis transformation  (M A T )  proposed in  [39].
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D e f in i t io n  4 .1  . T h e  M A T  o f a reg ion R  w ith  border B  is defined as follows. For each 
p o in t p in  R , we fin d  its  closest ( in  a given distance m e tric ) ne ighbor in  B . I f  p has 
m ore th a n  one such ne ighbor, i t  is said to  be long to  the  medial axis ( skeleton) o f R.

As d ire c t im p le m e n ta tio n  o f the  above d e fin itio n  is ty p ic a lly  c o m p u ta tio n a lly  p ro h ib itive , 
num erous a lg o rith m s  have been proposed fo r im p ro v in g  c o m p u ta tio n a l e ffic iency w h ile  
a t the  same t im e  a tte m p tin g  to  produce a m ed ia l axis representa tion  o f a region. These 
a lg o rith m s  fo r  th in n in g  a d ig ita l p a tte rn  can be d iv ide d  in  tw o  m a in  groups:

•  P ix e lw is e  m ethods, fu r th e r d iv ide d  in to :

-  Iterative  th in n in g  m ethods w h ich  ite ra tiv e ly  execute m any passes over the 
p a tte rn , de le ting  edge pixels. These are d iv ide d  in to :

*  Sequential m ethods in  w h ich  the  de le tion  o f p ixe l in  the  n -th  ite ra tio n  
depends on a ll the  opera tions th a t have been perfo rm ed so far. These 
a lg o rith m s  can be based on con tour tra c in g  (fo r exam ple [21, 363]), or 

ras te r scanning (fo r exam ple [153, 243]).

*  P arallel m ethods in  w h ich  the  de le tion  o f p ixe l in  the  n - th  ite ra tio n  would 
depend o n ly  on the  resu lt th a t rem ains a fte r the  ( n - l ) th  ite ra tio n , therefore 
a ll p ixe ls  can be exam ined independently  in  a pa ra lle l m anner in  each 
ite ra tio n . A m on g  ex is ting  pa ra lle l a lgo rithm s, m any use several passes in  
each ite ra tio n , each o f w h ich  removes bounda ry  p ixe ls fro m  a single given 
d ire c tio n , so the y  are p a r t ia l ly  serialized (e.g see [324, 142, 381, 170]).

-  Distance-transform based th in n in g  m ethods in  w h ich  skeleta l p ixe ls are iden
t if ie d  on a distance transform  o f the  im age (fo r exam ple, [23, 22, 89]).

•  N o n - p ix e lw is e  m ethods. P roduce a m ed ia l axis o f a p a tte rn  d ire c tly , in  one pass, 

w ith o u t exa m in ing  a ll the  in d iv id u a l p ixe ls  ([254, 304, 328].

T he  m a jo r  disadvantages o f th in n in g  are h igh  tim e  com p lex ities  (cub ic  fo r ite ra tive  
th in n in g ) ,  loss o f shape in fo rm a tio n  (e.g. line  w id th  fo r ite ra tiv e  th in in g ) ,  d is to rtio n  at 
ju n c tio n s  and false and spurious branches (a t line  ends and corners).

O ne o f the  best th in n in g  a lgo rithm s  w h ich  is used in  m any geographic m ap conversion 
systems is the  (3 ,4 )-distance transform driven thinning algorithm  ([29]).

D e f in i t io n  4 .2  L e t P  and P  de term ines the  sets o f the  b lack and w h ite  p ixe ls in  a b i
n a ry  p ic tu re . T he  {wodd, weven)-distance transform  o f a p a tte rn  P  w ith  respect to  P  
(re ferred  to  as [w 0dd, w even) -D T )  is a m u ltiva lu e d  rep lica  o f P , where each p ixe l p 
is labe led w ith  its  (w0dd, u w n )-d is ta n c e  fro m  P . T he  tw o  weights (w 0dd, weven) are 
used to  w e igh t the  h o r iz o n ta l/v e rt ic a l and d iagona l u n it  moves in  leng th  com puta 

t io n , respective ly.

M an y  a lg o rith m s  fo r (w 0dd,w even) - D T  co m p u ta tio n  are ava ilab le  (fo r exam ple [43]). The 

a lg o r ith m  [29] is com posed o f the  fo llow ing  steps:

•  C o m p u ta tio n  (3 ,4)-d is tance trans fo rm  o f the  p a tte rn  P .
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•  E x tra c t io n  o f  a ske le ta l p ixe ls  fro m  the  (3 ,4 ) - D T  o f  the  p a tte rn  P  w h ich  is composed 
of:

— p a ra lle l e x tra c tio n  o f p ixe ls  d ire c t ly  id en tified  on d is tance trans fo rm ,

— sequentia l e x tra c tio n  o f  p ixe ls  (id e n tifie d  by  g ro w in g  increas ing  p a th  a long the 
d ire c tio n  o f the  steepest g ra d ien t in  d istance tra n s fo rm , necessary to  l in k  the  
com ponents o f  pa ra lle lw ise  de tectab le  skeleta l p ixe ls ).

•  P ru n n in g , b e a u tify in g .

1 .4 . V e c to r iz a t io n

Vectorization , be ing  a ra s te r-to -ve c to r conversion process, is one o f th e  m a in  com ponents 
o f th e  m ap  ana lys is  system . A  ty p ic a l v e c to riza tio n  process includes:

•  F in d in g  th e  lines (m e d ia l axis p o in t sam p ling).

•  L in e  tra c k in g , w h ich  cap tures the  m ed ia l axis p o in ts  fou nd  in to  chains o f po in ts  
m a k in g  u p  th e  lines.

•  Featu re  d e tec tion  on lines by means o f polygonal approximation  o r dominant point 
detection w h ich  rem ove n o n -c r it ic a l p o in ts  fro m  the  p o in t chains.

•  Post-processing, to  f in d  b e tte r pos itions  fo r the  ju n c t io n  p o in ts , to  m erge some 
vectors and remove some others.

T he  f irs t  step in  ve c to riza tio n  is to  process a raste r im age, supposed to  con ta in  graphics 
in  o rder to  extract a set of lines, i.e. o f  chains o f p ixe ls . T he  m ost in tu it iv e  d e fin itio n  fo r  
these lines is th a t  th e y  represent the  set of significant medial axes o f  the  o r ig in a l image, 
considered as a  shape. T h is  set m ust be linked, to  e x tra c t th e  chains m a k in g  up  th e  lines. 
T he  lines ex trac te d  fro m  the  previous step are to  be represented by  a set o f segments. 
T h is  is accom plished by  polygonal approximation  (and h igh e r o rd e r curves f i t t in g )  based 
a lg o rith m s  (see fo r exam ple [305, 262, 228, 194, 203, 360]), o r dom inant points detection 
based a lg o rith m s  (see fo r exam ple [275, 263, 341, 15, 114, 159, 126]).

T h e  o b je c tive  o f polygonal approximation  is to  a p p ro x im a te  a g iven curve w ith  con
nected s tra ig h t lines such th a t  the  resu lt is close to  the  o r ig in a l curve b u t the  descrip tion  
is m ore succinct. T h e  po pu la r, iterative e n d p o in t-f it  a lg o r ith m  ([262 ]), whose e rro r mea
sure is the  d is tance between the  o r ig in a l curve and its  p o lyg ona l a p p ro x im a tio n , begins 
by connecting  a s tra ig h t lin e  segm ent between end p o in ts  o f  th e  da ta . I f  any pe rpen
d ic u la r  d is tance fro m  th e  segment to  each p o in t on the  curve is g rea te r th a n  a chosen 
th resh o ld , th e  segm ent is rep laced by  tw o  segments fro m  th e  o r ig in a l segm ent end po in ts  
to  the  curve p o in t where the  d is tance to  the  segment is the  greatest. T he  processing 
repea ts in  th is  way, and the  ite ra tio n s  are stopped when a ll segments are w ith in  the  e rro r 
th re sh o ld  o f the  curve. Ins tead  th is  ove ra ll approach, an approach can be used in  w h ich  
segments can be f i t  s ta r t in g  a t an en dp o in t, the n  f i t  sequen tia lly  fo r  p o in ts  a long the  line
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([305]). In  an o the r class o f po lyg o n a liza tio n  techniques, area e rro r (between the o rig in a l 
line  and th e  a p p ro x im a tio n ) is used as a measure o f goodness o f f i t  ([360]). I f  a closer 
po lyg ona l a p p ro x im a tio n  is required, one m e thod  is to  use a m in im a x  m easurem ent o f 
e rro r ([194]). One p o te n tia l draw back o f po lygona l a p p ro x im a tio n  is th a t  the  resu lt is not 
usu a lly  un ique. O ne approach to  reducing th is  p rob lem  is to  f in d  a s ta r t in g  p o in t along 
the  curve th a t  w i l l  always y ie ld  s im ila r  resu lts ([203]). Beside po lygona l ap p ro x im a tio n  
m ethods, the re  are h ighe r-o rde r curve- and s p lin e -f it t in g  m ethods ([228]) th a t  achieve 

closer f its , b u t  are co m p u ta tio n a ly  m ore expensive.

A s  opposed to  a po lyg ona l ap p ro x im a tio n , the  ob jective  o f the  dominant point detec
tion  is to  prec ise ly  loca te  the  b reakpo in ts , o r so-called dominant o r critical points ( th a t 
m eans v e rte x  o f  an angle, o r a corner w h ich  is an in te rsec tion  o f a line  segment and an 
arc, o r  an in te rsec tio n  o f tw o  arcs). One approach is based on a curva tu re  estim a tion  
([275, 15]). T h e  concep t o f c r it ic a l po in ts  derives from  the observation th a t humans rec
ognize shape in  la rge p a rt by curva tu re  m ax im a  in  the shape o u tlin e  ([27]). To locate 
corners, th e  cu rv a tu re  p lo t  is th resho lded to  fin d  a ll the  cu rva tu re  po in ts  above a chosen 
th resh o ld  value, w h ich  correspond to  corners. T he  user m ust choose one m ethod param 
eter: th e  le n g th  o f  th e  lin e  segments to  be f i t  a long the  d a ta  to  de te rm ine  the  curvature. 
T he  le n g th  shou ld  be chosen as the  m in im u m  arc leng th  between c r it ic a l po in ts. T h is  
le ng th  is ca lled  th e  region o f support because i t  relates to  the  arc le ng th  on the  curve th a t 
affects th e  cu rva tu re  m easurem ent a t any single p o in t. The  drawback o f these m ethods 
th a t  th e  user m us t have an idea o f the  noise and fea tu re  cha racteris tics  to  set th e  leng th  o f 
the  line  f it .  A d a p tiv e  m ethods have been proposed w h ich  does n o t require  any threshold 

([263]).
T h e  ve c to riz a tio n  ve ry  o ften  leads to  the  resu lts w h ich  are co n tra ry  to  w h a t the 

d ra fts m a n  expects. T h is  is because i t  is ’b l in d ’ , th a t  means i t  does n o t assume about 
w h a t a g iven curve is supposed to  represent. Several au thors  propose a set o f sim ple 
heu ris tics  to  co rrect th e  resu lt, se ttin g  ju n c t io n  s tra ig h t, m erg ing  those w h ich  are close 
to  each o th e r, etc. (see fo r exam ple [61]). A n  in te res tin g  approach is to  add geom etric 
con s tra in ts  de scrib ing  th e  idea l geom etry o f th e  resu lt, to  th e  v e c to riza tio n  process its e lf  
([174, 271, 272]) o r a fte r, as pos t-ve c to riza tion  (fo r exam ple [157]). T he  post-processing 
m e tho d  fo r  b u ild in g  vec to riza tio n  proposed in  [157] is based on a generic building model, 
w h ich  states th a t  a re la tio n  between the sides o f a b u ild in g  po lygon  is pa ra lle l, or per
pe nd icu la r. I f  the  b u id in g  has a desirable shape, the  h is tog ram  o f vecto r o rie n ta tio n  vice 
th e  frequence (b o th  w e igh ted by  the  vecto r leng th ) should have tw o  sharp peaks whose 
d is tance a long the  v e rtic a l axis is 90 degrees. In  the  p o s t-ve c to riza tion  stage, th e  vector 
sequence ob ta in e d  fro m  the p re -vec to riza tion  is m od ifie d  (by s h ift in g  k n o t po in ts ) ite ra 
t iv e ly  by th e  re la x a tio n  m e tho d  so th a t the  cost fu n c tio n  (the  variance fo r the  h is togram ) 

de rived fro m  the  generic m odel is m in im ized .
M an y  v e c to riz a tio n  m ethods a c tu a lly  pe rfo rm  the  above 4 steps o f vec to riza tio n  in  a 

d iffe re n t o rde r, o r m erge several o f them  in to  a s ingle step, fo r exam ple fin d in g  the lines 

(the  f irs t  tw o  s tep s), and a p p ro x im a tin g  them  sim ultaneously.

A cco rd in g  to  the  m e tho d  o f  fin d in g  the  lines, the  ve c to riza tio n  a lg o rith m s  are d iv ided  

in to  tw o  classes:
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•  Thinning based m ethods.

•  N on-th inning based m ethods:

-  H ough  tra n s fo rm  based.

-  C ontour-based.

-  R u n  graph-based.

-  M esh-pa ttern -based.

-  Sparse p ix e l based.

1.4.1. Thinning-based methods

In  th is  g ro up  o f m ethods, lines are found  by thinning  op e ra tion . O ne o f the  best m ethods 
in  th is  g ro up  is th a t  proposed in  [279]. I t  is a recursive a lg o r ith m  in  w h ich  a lis t  o f edge 
p ixe ls  is segm ented recu rs ive ly  in to  the  tw o  lis ts  a t the  p o in t o f a m a x im u m  de v ia tion , 
u n t i l  a lin e  segm ent is sm a lle r th a n  fo u r p ixe ls  long , o r the  d e v ia tio n  is less th a n  three 
pixe ls . T h e  m easure o f  goodness o f f i t ,  th e  significance, is  defined as the  ra t io  o f m ax im um  
d e v ia tio n  d iv id e  b y  the  lin e  segment leng th . As the  recurs ion unw inds, the  resu lted 
m u ltile v e l tree is traversed back to  the  ro o t. A t  each level, i f  any o f the  line  segments 
th a t  passed up fro m  the low er level are m ore s ig n ifica n t th a t  th e  lin e  segm ent a t the 
cu rre n t level, th e y  are re ta ined  and passed up to  the  ne x t h igher level as cand ida te  line  
segments. O the rw ise , th e  lin e  segment a t the  cu rre n t leve l is passed up. A s  opposed to  
o th e r e x is tin g  a lg o rith m s , in  w h ich  a th resho ld  have to  be m a n u a lly  set, th is  m e thod  does 
n o t requ ire  any th resho ld . Instead, the  m ost ap p ro p ria te  values are chosen d y n a m ic a lly  
th ro u g h o u t the  procedure.

Sequences o f lin e  segments ob ta ined  fro m  the  po lyg ona l a p p ro x im a tio n  are then  hy
pothesize as c irc le  segments, and refined by  s u b d iv id in g  a t the  p o in t o f  m ax im um  de
v ia tio n . F in d in g  the  o p tim u m  arc is accom plished by m in im iz in g  the  e rro r fo r three 
param eters: the  rad ius, and coord inates o f the  centre o f the  c irc le  d u r in g  a search along 
the  line  th a t  is n o rm a l to  the  line  jo in in g  the  tw o  arc endpo in ts. T h e  m easure o f m atch, 
the  to ta l e rro r between the  da ta  and the arc is de te rm ined  us ing  a least square e rro r c r i
te rio n . T h e  e rro r fo r each vertex  is the shortest d istance to  th e  c irc le . A  recursive b ina ry  
s p l it t in g  a lg o r ith m  ra p id ly  searches fo r the  m in im u m  e rro r us ing the  g ra d ien t descent 
m ethod .

1.4-2. N o n -th in n in g  based methods

Hough transform  based m ethods ([85, 144]) are used in  case o f  iso la ted  p o in ts , wheras in  
m aps we have d ig ita l lines, so th e y  have n o t been app lied  in  lin e  d ra w in g  analysis.

T h e  m a in  idea o f  contour based m ethods ([177]) is to  f in d  the  edges o f the  line  ob jec t, 
and the n  ca lcu la te  th e  m id d le  po in ts  o f the  p a ir  o f  p o in ts  on tw o  oppos ite  p a ra lle l edges. 
These a lg o r ith m s  sam ple and tra c k  the  m ed ia l axis po in ts  s im u ltaneous ly . T he  prob lem  
o f a l l a lg o r ith m s  o f  th is  type  is how to  deal w ith  ju n c tio n s . T he  f irs t  one is the  m erg ing 
ju n c t io n  fo rm ed  b y  in te rsec tio n  a t a sm a ll angle, w h ich  is m ost lik e ly  to  be m issed d u rin g
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track in g . T he  second p rob lem  is the  cross in te rsec tion  where how to  jo in  up the lines is 
p ro b le m a tic . T h is  g roup  o f vec to riza tio n  a lg o rith m s  have qu ad ric  t im e  c o m p le x ity  and 
are m uch faste r th a n  th in n in g  based m ethods.

Run graph based m ethods ([42, 236]) are s im ila r  to  contour-based m ethods, b u t the 
c o n s tru c tio n  o f  in te rm e d ia te  representa tion  is d iffe ren t. D isadvantages inc lude  inaccurate 
in te rsec tion  po in ts  due to  coarse lo ca tio n  o f ju n c t io n  areas, and false ju n c t io n  areas.

T h e  basic idea o f mesh pattern  based m ethods ([206, 354, 355]) is to  d iv id e  entire  
im age using meshes, so as each side o f a u n it  mesh bo rde r in tersects m o s tly  one line 
segment o f the  im age. U n it  mesh is analyzed accord ing to  the  p ixe ls  on the  1 p ixe l wide 
bo rde r o f a mesh. I t  is then  labe led accord ing to  its  cha rac te ris tic  p a tte rn . A n  im age is 
represented by a control map in  w h ich  each u n it  mesh is replaced w ith  its  cha racteris tic  
p a tte rn  labe l. T he  lines are recovered and tracked from  mesh to  mesh in  the con tro l 
m ap by  an a lyz ing  the  cha rac te ris tic  pa tte rns  o f the  meshes. C om p lica ted  meshes w ith  
unknow n  labe l are fu r th e r  s p lit  in to  several sm alle r b u t know n mesh pa tte rns  whose shape 
m ay n o t be square. A  m e tho d  is fas t due to  sparse p ixe l access. However, the  mesh size 
is h a rd  to  co n tro l. T h e  m e thod  is n o t su itab le  fo r the  de tection  o f m ore com plex line 
pa tte rns  (fo r exam ple dashed line ).

tra c k  in  the  opposite  
d irec tion

^    tracking stops
tra ck in g  s tep  s tops  h e re  \  w h en  v io la tin g

w h en  en co u n ters  w h ite  \  J  co n tin u ity  co n d itio n

 medial axis —► width run
• medial axis point — » tracking step

F ig . 4 .1 . Il lu s tra tio n  o f  th e  m ain  procedure o f  S P V  

R ys. 4 .1 . Ilu s tra c ja  głównej procedury a lg o ry tm u  S P V

In  th is  g roup  o f m ethods ([81 ]), o n ly  the  selected subset o f  m ed ia l axis po in ts  is v is ited , 
so th e y  are t im e  e ffic ien t due to  sparse sam pling . One o f the  best a lg o rith m s  from  th is  
g ro up  is th e  Sparse P ixel Vectorization (S P V ) ([81]) a lg o rith m . T o  s ta r t  S P V , the  re liab le  
starting medial axis point and a tracking direction are found  firs t. The  s ta rt in g  p o in t 
is a p p ro x im a te ly  a m id d le  p o in t o f b o th  h o rizo n ta l and v e rtic a l runs passing i t ,  w h ile  
tra c k in g  d ire c tio n  is de te rm ined  by the  longest run  a t s ta r t in g  p o in t. G o ing  from  the 
s ta r t in g  p o in t P 3 in  the  tra c k in g  d ire c tio n  w h ich  is ve rtica l, (F ig . 4.1) p o in t PA is reached. 
F rom  p o in t P 4 the  tw o  opposite  d irec ted  w id th  runs are made, fro m  w h ich  the  w id th  
ru n  is ob ta ined , and its  m id d le  ru n  p o in t P 5 th a t  serves as the  new m ed ia l axis po in t.
T h is  is th e  end o f th e  tra c k in g  th is  cycle. T h e  tra c k in g  cycle is repeated as long as some
continuation conditions are satisfied (w id th  preserva tion , le n g th  d ire c tio n  consistency). 
A t  ju n c t io n  some o f these c r ite r ia  are v io la te d , and a junction recovery procedure is 
invoked. I t  is a 3-step procedure consis ting of: 1) re tre a tin g  the  las t m ed ia l axis p o in t, 2)
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a d ju s tin g  th e  tra c k in g  step le n g th  by ha lf-s iz in g  the  le ng th  o f the  cu rre n t tra c k in g  step,
3) te s tin g  th e  c o n d itio n s  a t the  new p o s itio n . A f te r  po lyg ona l a p p ro x im a tio n , o p tio n a l 
refinement processes are pe rfo rm ed  like  lin k in g  co llin ea r line  segments in to  one, co rrec ting  
defects a t ju n c t io n s  (th e  rea l corner is recovered by co m p u tin g  the  in te rsec tio n ), re fin ing  
the  vec to r endpo in ts , co n ve rtin g  po ly line s  w ith  low  enough cu rva tu re  to  s tra ig h t line 
segments.

2. Intermediate level

In  th is  level, the  tw o  processing, text recognition and graphics recognition are perfo rm ed. 
E xam p les o f  g raph ics  reco gn ition  in  m aps are:

•  sym bo l re co gn ition ,

•  lin e  te x tu re  o b je c t d e tec tion  (e.g. iso lines, dash-, dash -do tted  lines, e tc .),

•  2D  te x tu re  reco gn ition ,

•  ha tched  area de tec tion , arrows de tection ,

•  po lyg o n  de tec tion ,

•  arc segm enta tion .

Several papers were appeared th a t  describe various s ta tis t ic a l geographic symbol clas
sifiers ([264, 372, 237, 16, 98, 261, 242, 219, 380, 280]). However, the  s ta t is t ic a l classifiers, 
w h ich  lea rn  th e  shape differences o f d is to rte d  sym bols in  ha nd -d raw n  'm aps are usua lly  
im p ra c tic a l because o f the  danger o f e ith e r u n d e rtra in in g  o r ove rtra in in g .

A  h y b r id  (s tru c tu ra l/s ta t is t ic a l)  approach fo r scale- and ro ta t io n - in v a r ia n t recogni
t io n  o f m u lti-c o m p o n e n t geograph ic sym bols have been proposed in  [35]. Each m u lt i-  
com ponent sym bo l is represented by a h ie ra rch ica l connected-com ponent representation 
(a  com ponent tree). A  set o f shape features like  circularity, number o f holes, sides, lids, 
side-torsion, lid-torsion  (see [35]), com puted  on convex-hu ll o f  a shape are used to  iden
t i f y  each in d iv id u a l com ponent in  the  com ponent tree. A  decision-tree classifier is used 
to  id e n tify  the  shapes o f  the in d iv id u a l com ponents o f a sym bo l. S tru c tu ra l m atch ing , 
based on exact tree  m a tch in g  o f a cand ida te  com ponent tree w ith  a series o f p ro to typ e  
trees is the n  used to  de te rm ine  the  class o f a sym bo l. A ga in , a classifier relies on learn ing , 
as w e ll as a num ber o f p ro to typ e s  per class to  cap tu re  a v a r ia b il i ty  o f  shapes.

T h e  p ro b lem  o f dashed line  de tec tion  is a com m on p rob lem  in  m any com puterized 
do cum e n t ana lys is  a p p lica tio ns , such as the  analysis o f engineering d raw ings and maps. 
Several a lg o r ith m s  have been proposed to  solve th is  p ro b lem  (m a in ly  fo r  engineering 
d ra w in gs), w h ich  are e ith e r vecto r- ([86, 81, 244]) o r raster-based ([8 ]).

In  [86, 81] a vector-based dashed-line de tec tion  a lg o r ith m  w h ich  is a spe c ia liza tion  o f 
the  un ifie d  Generic Object Recognition Methodology (G O R M ) developed fo r  engineering
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draw ings  ([83]) have been proposed. T he  dashed line detecion algorithm, as each G O R M  
a lg o rith m , consists o f tw o  m a in  phases: 1) hypothesis generation, in  w h ich  the  first-key 
component, be ing  a dash is detected, and 2) hypothesis test, in  w h ich  the  detected dash 
is extended in  tw o  extension d irec tio ns  fro m  its  tw o  endpo in ts  to  th e  m a x im u m  possible 
ex te n t in  o rder to  fin d  a ll the  o th e r com ponents w h ich  is accom plished by an extension 
process. T h e  candidates are found gradua lly , in  the  square s tre tch in g  fro m  the  curren t 
ex tend ing  p o in t ou tw a rd , a long th e  d ire c tio n  tan gen t to  a  dash a t th is  p o in t,  and sorted 
by th e ir  nearest d is tance to  the  f irs t dash. I f  a cand ida te  pass the  candidacy test, as well 
as the  extendibility test, i t  is accepted, o therw ise i t  is rejected. Candidacy test consists 
o f th ickness, c o llin e a r ity  and p ro x im ity  tests. T he  extendibility test consists o f shape test 
w h ich  requires the  sa tis fa c tion  of: gap, leng th  and p a tte rn  s im ila r ity , and s ty le  test which 
requires th a t  d istances o f b o th  endpo in ts o f the  cand idate  dash from  the lin e ’s m ed ia l axis 
be less th a n  h a lf  the  c u rre n t line  w id th . T he  fina l credebility test prevents the  inc lus ion  
o f false pos itives due to  accum ula tive  error.

In  [8] a raster-based a lg o r ith m  fo r  dashed line detection have been proposed. T h is  
a lg o r ith m  uses adaptive directional morphological operators w ith  m orpho log ica l kernels 
be ing no n -iso trop ic . T he  a d a p ta tio n  is based on the  loca l characteris tics o f the data. 
F irs t ,  th e  dashes im age is trans fo rm ed  in to  fo u r d ire c tio n a l edge planes, and dashes in  
each d ire c tio n a l edge plane are associated w ith  dashed lines by using the  new ly defined 

tube-directional morphological operators.
T he  m a in  d isadvantage o f b o th  ou tlin e d  a lgo rithm s  is th a t the y  canno t cope w ith  

s itu a tio n  when ove rlap ing  occur.

M ap -d raw ings  o ften  consists o f 2D  texture areas w h ich  are fo rm ed b y  a re p e tit io n  o f 
some te x tu re  elem ents, fo r exam ple grass, bush o r tree geographic sym bols. A  general task 
o f  such te x tu re  ob jects  processing, includes recogn ition  o f te x tu re  type , and e x trac tio n  
o f  te x tu re  reg ion bo rde r. O ne technique fo r  th e  te x tu re  bo rde r e x tra c tio n  is described 
in  [309], and is based on a d istance trans fo rm . T he  d istance m ap con ta ins a set o f 
"w aves"and some o f the m  cou ld  be d ire c tly  chosen as a te x tu re  border.

A ccu ra te  arc segmentation, th a t  means recogn iz ing arcs fro m  scanned lin e  draw ings, 
essential fo r  h igh -leve l engineering d ra w in g  in te rp re ta tio n  is very  d if f ic u lt  due to  noise, 
c lu tte r ,  tangency, and in te rsec tion  w ith  o th e r geom etry ob jects. Hough Transform  was 
th e  f irs t  technique to  be em ployed in  arc segm enta tion ([144 ]), b u t  its  requ irem en t in  

„ t im e  and space is ve ry  h igh . A n o th e r g roup  o f arc segm enta tion  m ethods (e.g. [26]) is 
based on curvature estimation, whose a im  is to  e x tra c t m ea n ing fu l features fro m  objects 
by  e s tim a tin g  th e ir  edge cu rva tu re , b u t th is  requires heavy p ixe l level preprocessing. A n  
in te re s tin g  a lg o r ith m  fo r  segm enting curves in to  a com b in a tion  od arcs and s tra ig h t lines 
has been proposed in  [279] and described in  th is  chapter. T he  Perpendicular Bisector 
Tracing (P B T ) ([84 ]), be ing  a vector-based arc segm enta tion  m e tho d  developed fo r engi
neering draw ings, w h ich  takes an in p u t the  vecto r pieces o f the  im age generated by the 
ve c to riz a tio n  p rocedure  ([364 ]), u tilize s  th e  fa c t th a t  th ree  d iffe re n t p o in ts  de te rm ine  an 
un ique  c irc le , and the  c irc le  center is the  in te rsec tion  o f th ree pe rpe nd icu la r bisectors o f 
the  tr ia n g le  fo rm ed  by the  th ree  po in ts . A n  im proved  version o f  P B T  is Increm ental Arc 

Segmentation algorithm  (IA S ).
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E xam p les o f  re co g n itio n  o f hatching areas can be found  in  [18, 208].

3. High level

A t  th is  level, th e  ex tra c te d  g raph ics ob jects  toge the r w ith  the  te x tu a l in fo rm a tio n  from  
in te rm e d ia te  leve l, are assembled in to  e n titie s  hav ing  a p p lic a tio n  dependent m eaning, for 
exam ple parcels, roads, b u ild in g s , etc.

M os t o f th e  e x is tin g  m ap analysis systems ((42, 71, 161, 327, 94, 17, 18]) are based 
on t ra d it io n a l b o tto m -u p  approach, and a p r io r i know ledge is im plicit and hidden in  the 
source code, w h ich  makes im poss ib le  its  u t i l iz a t io n  to  co n tro l th e  analysis process, and 
fo r  im age un de rs ta nd ing . O n ly  in  4 m ap im age analysis system s ([222, 306, 252, 151]), 
the  e x p lic i t ly  represented do m a in  know ledge a llow s to  pe rfo rm  some unders tand ing .

In  a system  fo r B ava rian  cadastra l m ap  in te rp re ta tio n  [222], the  know ledge is rep
resented by  a sem antic  ne tw o rk  w h ich  u tilize s  o n ly  h ierarch ies. T op-dow n processing is 
s ta rte d  w ith  a goal defined by  the  user, a ll necessary concepts to  achieve th is  goal are 
com p u ted  and p u t in to  an o rd e r based on a sem antic  ne tw ork , and th e  b o tto m p -u p  in 
s ta n tia t io n  process is s ta rte d  to  in s ta n tia te  a goal. T h e  m a in  d isadvantage is the  fac t th a t 
no  v e r ific a tio n  w ith  a m ode l, o r p re v io us ly  ob ta ined  resu lts  is proposed, w h ich  im p lies 
ra th e r low  re l ia b il i ty  o f the  ob ta ined  results.

In  [306] a s e m i-a u to m a tic  system  fo r  D u tc h  u t i l i t y  m ap  conversion is described in  
w h ich  a p r io r i know ledge is represented by  a sem antic  ne tw ork . T h is  m echanism  sta rts  
fro m  in i t ia l  segm en ta tion  o f a ll le a f ob jects  in  a sem antic ne tw ork  in  a s t r ic t ly  b o tto m -u p  
m anner, and the n  the  in te rp re ta tio n  is accom plished by  ite ra tio n  o f the  a cycle composed 
o f hypothesis  genera tion , selection and ve rifica tio n .

In  a system  fo r F rench cadastra l m ap in te rp re ta tio n  [252] a s t r ic t ly  b o tto m -u p  process
in g  is fo llow ed by a feedback cycles between h igh  - and low -leve l processings to  reconsile 
several possib le inconsistencies.

T h e  m a in  d isadvantage o f the  above tw o  approaches is th a t  th y  re ly  on a con flic t 
reso lu tion  s tra teg y  w h ich  requires spec ifica tion  o f  a ll possib le c o n flic tin g  s itu a tio n s  th a t 
m ay appear. T h o u g h  in  [252], th is  s tra teg y  offers a m e m o riza tio n  p o ss ib ility , b u t very 
com p lica ted  a d m in is tra t io n  o f  remedies w ith  user in te rv e n tio n  is requ ired . M oreover, in  
th is  approach none o f the  knowledge representa tion  fo rm a lism s is used.

T he  m ost in te re s tin g  c o n tr ib u tio n  is the  approach presented by  J. den H a rto g  [151] 
fo r  D u tc h  u t i l i t y  m aps conversion. T he  system  decomposes the  b in a ry  u t i l i t y  m ap image 
in to  p r im it iv e s  (n o t vectors !) represented as nodes o f a sem antic  ne tw ork . T he  contextual 
reasoning is pe rfo rm ed  based on a loop  th a t  includes:

•  search ac tio n  genera tion  in  a sm a ll reg ion o f in te rest,

•  p r im it iv e  reco gn ition ,

•  incons is tency de tection .
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T he  m echanism  to  generate new search actions is based on the  pe rcep tion  th a t each 
ob je c t ty p e  is re la ted  to  o th e r ob je c t types. T he  in te rp re ta tio n  flow  is gu ided by a 
sem antic  ne tw o rk  th ro u g h  p r io r it ie s  assigned to  lin ks  w h ich  de te rm ine  the  execution order 
o f b o tto m -u p  p r im it iv e  reco gn ition  by tem p la te  m atch ing . D e te c tion  o f inconsistencies 
is based on th ree types o f spa tia l re la tionsh ips: op tio n a l, essential ( i f  the  f irs t  ob jec t is 
found, the  re la ted  ob je c t m ust also be found), and negative (oppos ite  o f essential).

T h e  serious d raw back o f [151] is th a t its  m odel o n ly  describes b in a ry  sp a tia l re la tio n 
ships between s im p le  ob jects  (p r im itiv e s , n o t vectors), and its  is the re fore n o t possible to  
o b ta in  an u n de rs ta nd ing  o f the  s tru c tu re  o f the m ap a t a h igh  level. In  the  case o f more 
com plex m aps, th is  k in d  o f system  is penalized because o f the  d ra s tic a lly  increasing num 
ber o f re la tio ns . M oreover, the  knowledge representation does n o t in teg ra te  h ierarch ica l 

re la tions.
A  com m on disadvantage o f a ll the  above m entioned systems and m ethods is the lack 

o f re l ia b il ity  and accuracy.



Chapter 5 

The proposed framework

B ea ring  in  m in d  the  tw o  m a in  a im s o f the presented thesis, and to  cope w ith  the men
tio n e d  prob lem s in  chap te r one, we have developed the  general reasoning framework  fo r 
knowledge-based geograph ic m ap im age analysis. T he  p r im a ry  ob jec tive  o f the  developed 
fram ew ork , is to  con s tru c t a sym bo lic  descrip tion  o f the  m ap depicted in  an image to  be 
d ig ita lly  s to red  in  a database o f G eographic In fo rm a tio n  System.

A  geographic map is a spa tia l representation o f geographic ob jects w h ich  are sym
bo lized  us ing th e  legend o f the  m ap and some draw ing  rules. Some ob jects (e.g. roads, 
pavem ents) are n o t sym bo lized in  the  legend, b u t can be recognized th ro u g h  th e ir  func
t io n a l ity  ([124, 320]). M aps are p re d o m in a n tly  composed o f graphics com ponents: d iffe r
ent lines, sym bo ls and regions, te x tu a l elements are used o n ly  to  augm ent the  in fo rm a tio n  
given by  the  g raph ics ones.

T h e  conversion o f the  paper large-scale maps, th a t means maps w ith  a scale ranging 
fro m  1:500 to  1:5000 in  general, and o f the  s itu a tio n a l layer o f a Po lish  Fundam enta l 
La nd  M a p  (P F L M ) [124] in  p a rtic u la r, have been chosen as the  a p p lica tio n  to  test the 
new techniques and m ethodo log ies developed w ith in  the  con tex t o f ou r research.

G eograph ic ob jec ts  o f a P F L M  are classified in to  13 groups (e.g see F ig . 5.1 fo r some 
exam ples) and m a in ta ined  in  4 layers:

•  (E ) la nd  reg ister,

•  (S) s itu a tio n a l ob jects,

•  (U ) ne tw orks (e lec tr ic ity , te lecom , gas, w ate r, e tc.),

•  (W ) iso lines and geodesic base (d iffe ren t a lt itu d e  po in ts ).

T he  exam ples o f m ap  fragm ents from  the s itu a tio n a l layer o f a P F L M  are shown in 
A p p e n d ix  A . P F L M  provides a com plete, to p o g ra p h ic a lly  correct m ap  w h ich  can be used 
as a basis fo r m ak in g  ano the r maps.

G IS  represents geograph ic ob jects by means o f so-called spatial data models o f w h ich 
th e  vector m ode l is the  m ost im p o rta n t. Vector rep resenta tion  is ty p ic a lly  based on two 
types o f da ta : 1) geometric data (represented by po in ts , lines, o r areas), and 2) textual
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data. T y p ic a l G IS  software, such as E n v iro n m e n ta l Research In s t itu te ’s A R C /IN F O  
([99]), is com posed o f software tools w h ich  con ta in  com ponents to  in p u t,  code, analyze, 
and d isp la y  geograph ic ob jects, and a relational database w h ich  stores geom etric  and 
te x tu a l descrip tions o f  these ob jects (see F ig . 5.2). A m on g  the  m ost im p o rta n t m odules 
o f softw are too ls  are in de x ing  m ethods, enab ling  to  pe rfo rm  sp a tia l analysis in  an effic ient 
way (see fo r  exam ple ([312, 313])).

T h e  proposed knowledge-based approach to  m ap im age analysis has been app lied  in  
the  sem i-a u to m a tic  m ap  conversion m odule  M A P IN  w h ich  rep laced the  m anua l in p u t 
in to  the  Integrated Spatial Organization System S IT  ([260]). S IT  is b u i l t  on a to p  o f a 
p o p u la r G IS  softw are ’A rc In fo /A rc V ie w ’ ([99]) (see F ig . 5.2).
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F ig . 5 .2 . T h e  sch em e  o f  th e  p ro p o s e d  te c h n o lo g y  fo r s e m i-a u to m a tic  m a p  co n v ers io n  w ith  th e  d e v e lo p ed  
fra m e w o rk  M A P IN

R y s. 5 .2 . S c h e m a t z ap ro p o n o w a n e j te c h n o lo g ii p ó ła u to m a ty c z n e j  k o n w ers ji m a p  w ra z  ze  s t r u k tu r ą  w n io 
s k u ją c ą  M A P I N

1. General characteristics of the framework

1.1. The components of the framework

In  th is  thesis we prove th a t  to  o b ta in  the o p tim a l m ap analysis resu lts , the  knowledge- 
based approach w ith  m ixe d  co n tro l s tra tegy y ie lds the  best so lu tio n . T hus, the  developed 
fram ew ork  (pub lished  in  [321]) is characterized by the  fo llo w in g  features:

•  A l l  a p r io r i do m a in  knowledge is e x p lic it ly  described us ing some general-purpose 
know ledge rep resenta tion  fo rm a lism , and is stored as the  m ode l (representation 

based on a model).
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•  T h e  ana lys is  process uses the  m odel to  correct, im p rove  th e  analysis resu lts, and to  
overcom e th e  in su ffic ie ncy  o f in p u t in fo rm a tio n  ( analysis method based on a model).

•  T h e  c o n tro l s tra te g y  is m ixed.

T h e  proposed fra m e w o rk  fo r  knowledge-based geographic m ap im age analysis is composed 
o f th ree  schemas called:

•  M a p  m o d e l ( a de c la ra tive -p roce du ra l rep resenta tion  o f do m a in  know ledge).

•  O b je c t  d e te c t io n  m e th o d s  ( d e te c to r s )  (a m o s tly  p ro ced u ra l know ledge fo r 
specific  o b je c t d e tec tion  in  th e  im age).

•  Im a g e  a n a ly s is  f lo w  sche m e .

M a p  ana lys is  system , as any in te llig e n t system  shou ld  possess a know ledge base con
ta in in g  fac ts  and concepts re la ted  to  a p rob lem  dom ain , and th e ir  re la tio ns . T here  should 
also be an in ference m echanism  w h ich  can process sym bols in  the  know ledge base, and 
de rive  im p lic i t  know ledge fro m  e x p lic it ly  expressed know ledge. T h is  requires a choice o f 
fo rm a lis m  in  w h ich  to  express th is  know ledge, as w e ll as the  in ference m ethod.

T h e  map model is represented in  the  fo rm  o f a developed hybrid semantic network 
w h ich  is a c o m b in a tio n  o f d iffe re n t know ledge rep resen ta tion  fo rm a lism s: semantic net
work, rules, fram e  system  ([204, 268]) and the  object-oriented c o m p u ta tio n  pa rad igm  
([231]). Rules are in te g ra te d  in to  a sem antic  ne tw ork  by  a tta c h in g  the m  to  the  slo ts o f 
a fram e. T h is  ne tw o rk  represents in  an e x p lic it  way a ll the  know ledge necessary fo r m ap 
descrip tion .

Each object detection method, specifies features o f an ob je c t, and p rovides recogn ition  
a lg o rith m s  fo r  correspondence de tec tion  between im age and ob je c t features. These de
tec to rs  are integrated in to  a w ho le  analysis process by  th e  developed, su itab le  analysis 
s tra te g y  described by image analysis flow  scheme. T he  image analysis flow  scheme is 
com posed o f tw o  s tructu res:

1. C o n tro l m echanism .

2. Reasoning m ethod .

T h e  control mechanism  is com posed o f the  in itia l recognition step fo llow ed by the  ite ra tio n  
o f the  interpretation cycle cons is ting  of:

1. H ypotheses generation .

2. C o m p a tib il ity  exa m in a tion .

3. Scenario selection.

4. Scenario ve rifica tio n .
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In  the  proposed fram ew ork , the  b o tto m -u p  and top -dow n co n tro l s trateg ies are in te 
g ra ted in to  a un ifie d , mixed co n tro l m echanism  in  w h ich  the  low -leve l process is con tro lled  
by a con tex t in fo rm a tio n  fro m  h igh  level m odel.

T he  proposed reasoning method, ca lled the  complementary reasoning, is a 
no n -m o no to n ic  reasoning m e thod  exp lo ring  d iffe re n t types o f re la tio ns  between 
geographic ob jec ts  in  a dom ain . T he  log ica l fram ew ork  o f the  proposed com plem entary 
reasoning is based on a m od ifie d  Poo le ’s approach to  no n -m ono ton ic  reasoning ([258]).

W hen  m ap  o b je c t is recognized, the  corresponding ob je c t class is in s ta n tia te d  to  
produce an o b je c t instance, representing the  recognized ob jec t. Each ob je c t instance 
uses its  ow n know ledge (the  set o f rules stored in  an ob je c t class) to  generate hypotheses 
ab ou t its  re la ted  ob jects, and to  pe rfo rm  reasoning depend ing w hethe r the  hypotheses 
are ve rified  o r no t. T h e  fram ew ork  coord inates such loca l reasoning by  the  reasoning 
ob je c t instances to  con s tru c t a g lo b a lly  consistent descrip tion  o f a m ap. T he  reasoning 
process a c tiv e ly  generates new in fo rm a tio n  (i.e. hypotheses) based on ob je c t models 
w h ich  com plem ents the  insu ffic iency o f the  in fo rm a tio n  ob ta ined  fro m  the  image. As a 
resu lt, m u lt ip le  descrip tions deno ting  the  same ob je c t are generated and accum ulated. 
Such a ccu m u la tion  o f ob je c t instances and hypotheses generated fro m  a m odel by d iffe rent 
ob je c t instances, is used to  estab lish re la tions between ob je c t instances, o r to  activa te 
a p p ro p ria te  de tectors  to  e x tra c t new im age features corresponding to  the  m issing objects.

1.2. The level structure

W e have proposed the  fo llo w in g  4-level structure o f geographic m ap im age analysis process 

(F ig . 5.3):

•  T h e  Pre-processing level w h ich  is perfo rm ed on the  in p u t, scanned m ap, includes:

— B inarization

— Filled region extraction

— Thinning.

•  Vector Graph Construction  level is composed o f the  fo llo w in g  processings:

— Line structure tracking,

— Vector Graph Segmentation

— Sm all Graph vectorization.

— Big Graph vectorization.

•  Graphics and Text Recognition level. These tw o  k in d  o f processing are perfo rm ed 
by  specia lized s tru c tu ra l detectors, each o f w h ich  is based on ap p ro p ria te  m odel o f 
a shape. T e x t reco gn ition  is pe rfo rm ed on a S m a ll G raph , w h ile  G raph ics Recog
n it io n , except fo r  sym bols, on a B ig  G raph . G raph ics  reco gn ition  com prises geo
g raph ic  sym bo l recogn ition , line  te x tu re  e x tra c tio n , 2 D -te x tu re  recogn ition , po lygon 

de tec tion  and classification.
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•  In  Understanding  level, a m eaning is g iven to  the  im age, th a t  means an im age is 
ana lyzed to  interpret the  m ap in  te rm s o f the  dom ain  geograph ic o b je c t m odels given 
to  th e  fram ew ork  as know ledge a b o u t the  dom ain . T h e  ex tra c te d  graph ics ob jects, 
tog e the r w ith  te x tu a l in fo rm a tio n  are assembled in to  en titie s  ha v in g  a p p lica tio n  
dependent m eaning, fo r  exam ple parcels, roads, b u ild in gs , etc. In  th is  process a ll 
a p ro r i knowledge a b o u t a p rob lem  dom a in  is used. T he  interpretation  refers to  
th e  mapping  between th e  description of the map, (i.e . interpretation network), 
and the  s tru c tu re  o f an im age ( F ig .5 .4 ). I t  associates ob jects  in  the  m ap (house, 
roa d ) w ith  im age features in  the  im age (lines, po lygons, po in ts , e tc .). H a v ing  such 
in te rp re ta tio n  ne tw o rk  com p u te r system  can answer various queries ab ou t a m ap 
(fo r  exam ple, "h o w  m any trees grow  in  a g iven pavem en t"). Thus, in  th is  sense, i t  
unde rs tands th e  m ap.

T h e  process o f  m ap  im age analysis should be fo llow ed by  the  reconstruction. 
T he  in te rp re te d  m ap  suffers fro m  scale, tra n s la tio n  and ro ta t io n  d is to rtion s . 
T h e  goal o f  th e  reconstruction is to  c o rre c tly  p o s itio n  the  m ap  elem ents o f the 
in te rp re te d  m ap  in  th e  coo rd ina te  system  o f the  base m ap, w h ich  is ge om e trica lly  correct.

T h e  proposed levels correspond to  the  t ra d it io n a l th ree levels o f  m ap im age analysis: 
low  level, in te rm e d ia te  level and h igh  level ([133]). T he  diffe rence is a m ore de ta iled  
rep resen ta tion  o f  th e  in te rm e d ia te  level, th a t  means in  the  fo rm  o f tw o  levels: Vector 
Graph and  Graphics and Text levels, w h ich  is usefu l fo r lin e  d raw ings like  m ap. T h is  
separa tion  in  tw o  levels is done because in  maps, classified and sym bo lized in fo rm a tio n  
( Graphics and Text) can be separated fro m  s im p le  to p o lo g ic  vec to r d a ta  w ith  no g raph ica l 
m ean ing ( Vector Graph).

1 .3 . T h e  m o d u la r  s t r u c tu r e

T h e  fo llo w in g  m odules: Reasoning Eng ine {R E ),  D e tectors M anager ( D M )  D etectors 
(D e ), V ec to r G raph  C o n s tru c tio n  m odu le  (V G C ),  R esegm enta tion  m od u le  (R eSe ) and 
Evidence P oo l ( E P )  compose the  m o d u la r s tru c tu re  o f the  proposed fram ew ork. These 
m odules and th e ir  connections are dep icted in  F ig . 5.5.

T h e  m odules: R E , D M  and each o f the  Detectors, are the  reasoning m odules to  con
s tru c t the  de sc rip tio n  o f the  m ap. These m odules are loose ly coupled and com m unica te  
w ith  the  o thers  v ia  s im p le  question  and answer p ro toco l.

E v id e n c e  P o o l (E P )  is a database where a ccu m u la tion  o f o b je c t instances and 
hypotheses (ca lled  e v id e n c e , o r database en titie s  ( D E ) )  is pe rfo rm ed  d u r in g  analysis. 
Each piece o f evidence is represented in  tw o  form s: 1) the  geometric fo rm  rep resenting its  
s p a tia l lo c a tio n , 2) th e  symbolic fo rm  rep resenting its  a ttr ib u te s  and re la tio ns  to  others.

R e a s o n in g  E n g in e  (R E )  is a g lob a l c o o rd in a to r o f reason ing pe rfo rm ed  by inde
pendent o b je c t instances. I t  exam ines the  c o m p a tib ility  am ong a ll pieces o f evidence in  
the  database to  fo rm  scenarios w h ich  represents a lo ca l en v iro nm en t con tex t, and se
lects th e  m ost re lia b le  scenario. T hen , i t  ac tiva tes e ith e r the  data-driven  o r model-driven 
reasoning, depend ing  on the  n a tu re  o f the  selected lo ca l env ironm en t.
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F ig . 5 .3 . T h e  p ro p o s e d  fo u r  levels o f g e o g ra p h ic  m a p  im ag e  a n a ly s is

R y s. 5 .3 . Z a p ro p o n o w a n a  4 -p o z io m o w a  s t r u k tu r a  p ó ła u to m a ty c z n e j  a n a l iz y  m a p  g eo g ra ficzn y ch
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F ig . 5.4. I n te r p r e t a t io n  in  m a p  im a g e  u n d e rs ta n d in g .  R o s y l ,  R o l ,  P a v l ,  G t r l ,  T r l ,  T r2  a re  la b e ls  o f 
re c o g n iz e d  o b je c ts  b e in g  in s ta n c e s  o f  c o rre s p o n d in g  c la sses  o f  g e o g ra p h ic  o b je c ts  fro m  m a p  
m o d e l

Rys. 5.4. Interpretacja w automatycznym rozumieniu mapy. Rosyl, Rol, Pavl, Gtrl, Tri, T r2-etykiety 
rozpoznanych obiektów z klas tworzących model mapy

F ig . 5 .5 . T h e  m o d u la r  s t r u c tu r e  o f  th e  p ro p o s e d  fra m e w o rk  

R y s. 5 .5 . M o d u ły  z ap ro p o n o w a n e j s t r u k tu r y  w n io sk u jąc e j
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D e te c to r s  M a n a g e r  ( D M )  is ac tiva ted  by R E  to  search fo r  the  m ost p rom is ing  
appearance o f the  o b je c t to  be detected in  a m ode l-d riven  reasoning. A fte r  de te rm in ing  
the  a p p ro p ria te  o b je c t m odel, D M  activa tes an ap p ro p ria te  D e te c to r to  e x tra c t the 
graph ics o b je c t (as the  instance o f the  selected appearance m odel) fro m  a V ecto r G raph 
o f an im age.

Each o f the  D e te c to r s  (D e ) perfo rm s analysis o n ly  in  a loca l area specified by D M .  
S pecia lized D e tec to rs  based on d iffe ren t p a tte rn  reco gn ition  techniques, use in tr in s ic  prop
erties o f ob je c ts  fo r  model-based, recognition o f  graphics ob jects. I f  a ll these processes are 
com p le ted  successfully, D M  generates an ob je c t instance representing the  ta rg e t ob ject, 
and re tu rn s  i t  to  R E  as the  answer to  the  request.

I f  the  hypothesized fea tu re  cannot be found in  the specified area (because o f poor 
q u a lity  o f g lob a l segm enta tion , de fo rm a tio n  o f g raph ic ob jects  and te x t/s y m b o l/g ra p h ic  
ove rla pp ing ), f irs t,  the  alternative detector is app lied  to  im prove  the  classification. I f  i t  
is n o t successful, p a r t ia l re-runs o f the  segm entation and vec to riza tion , w ith  tuned pa
ram eters ta ilo re d  to  an o p tim a l segm enta tion o f specific g raph ic  ob jec t, o r ob ject-specific  
post-processing (fo r exam ple c losing po lygons), are pe rfo rm ed by the  R e s e g m e n ta t io n  
m odu le  (R e S e ). T h is  usu a lly  happens a t locations where te x t and graphics itersect. Such 
refining matches by resegmentation technique effective ly  recovers m issing ob jec t features 
when the  im age is in i t ia l ly  undersegmented. D om a in  knowledge and im age da ta  are com
b ined to  resegment the  im age, th a t means make a new version o f the  segmented image. 
T h is  techn ique exp lo its  the  fac t th a t ob jects features g iv in g  weak suppo rtive  evidence 
m ay be discovered by  sem a n tica lly  associa ting them  w ith  s trong  features. ReSe m odule 
uses a p r io r i know ledge encoded in  a m ap m odel, thus i t  is n o t ’b l in d ’ and can con tro l 
the  p ro p e r pa ram e te r se ttings fo r resegm entation, o r revecto riza tion .

I f  resegm enta tion  does n o t resu lt in  the recogn ition , the  op e ra to r assistance is invoked.
T h e  V e c to r G raph  o f  an im age, be ing its  effic ient vecto r representa tion , is created 

in  Vector Graph Construction m odu le  in  several steps in c lu d in g  line  s tru c tu re  track in g , 
segm en ta tion  in to  sho rt and long lines, w h ich  is in  fa c t ( te x t,s y m b o l)/g ra p h ic s  separation, 
fo llow ed by  a p p ro p ria te  vec to riza tio n  schemes fo r  long lines ([167, 168]), and sho rt ones 
([315 ]), w h ich  resu lts  in  B ig  and S m all G raphs, respectively.

T h e  Pre-processing m odu le  operates on in p u t m ap image, and includes lo c a lly  adap
tiv e  b in a r iz a tio n  us ing the  im proved in te g ra te d  fu n c tio n  a lg o r ith m  ([344]), f ille d  region 
e x tra c tio n  and (3 ,4 )-d is tance  trans fo rm  based th in n in g  a lg o r ith m  [43]) w h ich  is used to  
f in d  the  lines. F ille d  regions (arrowheads, circles) are ex trac te d  by erosion and d ila t io n  
opera tions. T h e  im age is eroded by a prede te rm ined num ber o f p ixe ls  to  com p le te ly  re
move a ll o f  th e  lines. T he  eroded im age is then  d ila te d  back to  its  o r ig in a l d im ension, 
and a lo g ica l A N D  op e ra tio n  is perfo rm ed to  recover the  so lid  sym bols. T h e  boundaries 
o f these sym bo ls are then  found  and used in  sym bo l recogn ition .

1 .4 . M o d e l-b a s e d  o b je c t  r e c o g n it io n

Model-based object recognition p rob lem  is essentia lly  th is : g iven models o f ob jects (some 
know ledge o f  how  c e rta in  ob jects m ay appear), p lus an im age o f  a scene possib ly  con-
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ta in in g  those ob jec ts , re p o r t w h ich  ob jects are present in  the  scene and where. T yp ica lly , 
a m od e l inc ludes shape, te x tu re  and con tex t know ledge a b o u t th e  occurrence o f such 
ob jects  in  a scene.

Recognition is accom plished by f in d in g  a correspondence between c e rta in  features o f 
the  im age and  com parab le  features o f the  m odel. T he  tw o  m ost im p o r ta n t issues th a t a 
m odel-based re co g n itio n  m e tho d  m ust address are:

•  w h a t c o n s titu te  a feature  (shape prim itive ) ,

•  how  is th e  correspondence found  between im age features and m ode l features.

Selection o f feature extraction  m e tho d  is p ro b a b ly  the  sing le  m ost im p o r ta n t fa c to r in  
ach iev ing  h ig h  re co g n itio n  perfo rm ance. D e v ijve r and K it t le r  [74] define fea tu re  extrac
t io n  as th e  p ro b lem  o f  "e x tra c tin g  fro m  the  raw  d a ta  the  in fo rm a tio n  w h ich  is m ost 
re levant fo r  c la ss ifica tio n  purposes, in  the  sense o f m in im iz in g  the  w ith in -c la ss  p a tte rn  
v a r ia b ility ,  w h ile  enhancing the  between-class p a tte rn  v a r ia b il i ty " .

T h e  2D  shape rep resen ta tion  m ethods loosely fa ll in to  five  classes: 1) g lob a l features,
2) lo ca l features, 3) b o u n d a ry  de scrip tion , 4) skeleton, 5) tw o -d im en s io na l pa rts  ([36, 44, 
234]).

Global features, such as area, pe rim e te r, c irc u la r ity , e longa tion , F o u rie r descrip to rs 
([379, 139, 257, 69 ]), and m om ents ([339, 340, 158, 183, 34, 207])) are n o t su ffic ien t fo r 
d is tin g u is h in g  a ll shapes, th e y  can be very  sensitive to  noise, and th e ir  values d ra s tic a lly  
change w ith  occ lus ion. A  2 -d im ensiona l ob je c t can be characterized by  its  local features 
like  comers (s ig n ifica n t changes o f cu rva tu re ), th e ir  a ttr ib u te s  and re la tio ns . Loca l fea
tu res m ust be organ ized in to  some type  o f s tru c tu re  fo r m a tch in g  ([36, 234]). T he  m ost 
com m on typ e  o f s tru c tu re  is a graph whose nodes represent lo ca l fea tures and th e ir  p ro p 
erties, and whose edges represent re la tions am ong the  features. T he re  have been tw o 
com m on m ethods fo r o rgan iz ing  shape p r im itiv e s  in to  some s o rt o f  s tru c tu re . T he  firs t 
is to  arrange the m  h ie ra rch ica lly  accord ing to  p a r t/w h o le  re la tio ns . T h e  second, is to  
arrange the m  accord ing to  ad jacency re la tio ns  so th a t  each p r im it iv e  is re la ted  to  others 
nearby. A n  adavantage o f these organ iza tions is th a t  th e y  p ro v id e  a conven ient way to  
organize a d d itio n a l in fo rm a tio n  abou t the  re la tive  geom etry  o f p r im itiv e s .

T he  th ree  m a in  ways to  represent the  boundary o f an ob je c t: as a sequence o f po in ts , by 
its  cha in code ([113]) and as a sequence o f line  segments, a lth ou gh , g ive fu l l  in fo rm a tio n  on 
the  shape o f  an ob je c t, m ay n o t be the  m ost su itab le  in fo rm a tio n  fo r m a tch in g  p a r tic u la r ly  
fo r  lin e  like  ob jects.

A n  exam ple o f skeleton de sc rip tion  o f an ob je c t is its  s ym m e tr ic  axis ([41]) (the  locus 
o f the  centres o f these m a x im a l disks) p lus the  set o f distances o f these centres to  the 
b o u n d a ry  o f th e  ob jec t.

One e a rly  approach to  ob je c t rep resen ta tion  by two-dimensional parts was the  decom
p o s itio n  o f  shapes in to  p r im a ry  convex subsets ([296]).

T h e  typ e  o r fo rm a t o f th e  ex trac te d  features m ust m a tch  th e  requ irem en ts  o f the  
chosen classifier. Graph descriptions, o r grammar-based descriptions o f  the  ob jec ts  are 
w e ll su ite d  fo r  structural classifiers, where correspondence is fou nd  by  g raph  (p ro to typ e )
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m a tch in g  o r syn ta c tic  parsing, respectively. O n the  o th e r hand, d iscrete features th a t 
m ay assume on ly, say, tw o  o r th ree  d is tin c t values, are idea l fo r  decision trees, w h ile  real 
valued fea tu re  vectors are idea l fo r s ta tis tic a l classifiers.

In  th is  fram ew ork , the  m odels used are based o n ly  on o b je c t shape. Shape w i l l  mean 
the  geom etry  o f a locus po in ts , w h ich  w i l l  be the  po in ts  on an in te n s ity  edge o r reg ion in  
an im age. Shape representation is a language fo r describ ing  shape o r some aspects o f a 
shape. I t  inc ludes a set o f shape descriptions, and a m app ing  between shape descrip tions 

and shapes.
For the  d iffe re n t g ra p h ic s /te x t com ponents o f m ap d ra w in g  we have developed w ith in  

the  fram ew ork  detectors (c lassifiers), each o f w h ich  is an a lg o rith m s  fo r the  de tection  
o f a specific g ra p h ic s /te x t ob jec t, based on the  a p p ro p ria te  graphic/text object model. 
These are th e  po lygon  classifier, and three s tru c tu ra l classifiers: the  classifier based on 
the  com bined g loba l, qu as i-topo log ica l and geom etric representations o f a 2D -curve, the 
c lassifier based on inexac t g raph  m atch ing , and the syn ta c tic  de tec to r th a t relies on 

e rro r-co rre c tin g  parsing.

•  T h e  po lygon  de tec to r is a s im p le  polygon detection and classification procedure 
based on a p p ro p ria te  polygon model. I t  is used fo r the  recogn ition  o f po lygona l- 
typ e  ob jec ts  like  road, house, parcel, each o f w h ich  is a po lygon  o f d iffe ren t type. 
P olygons are detected in  V ecto r G raph  representation o f an im age by lo ca tin g  o f 
a ll m in im a l cycles using a lg o rith m  from  [363]. P o lygon classifier uses such c r ite r ia  
like  S /L 2 (S ,L  - po lygon  area and pe rim e te r), l /d  (l ,d  are po lygon  axis le ng th  and 
b re a th ), o r the  c r ité r iu m  o f p a ra lle lity  o f opposite  po lygon  sides. P o lygon classifier 
is m a in ly  used d u r in g  in itia l recognition procedure.

•  T he  developed second de tecto r fo r d iffe ren t geographic symbols, as w e ll as text 
([314, 317]), described in  chapter 9, relies on relational model of a general 2D  curve. 
T h is  m ode l is described in  te rm s of: g loba l, q u a lita tiv e , quas i-topo log ica l features 
w h ich  have been derived based on loca l features us ing  system atic  rules, as well 
as a geom e trica l s tru c tu re  o f each multiple (branch) point. T h is  q u a lita t iv e  and 
g loba l ob je c t de scrip tion  is robust against shape deformations. A tta che d  to  s truc
tu ra l com ponents is the  quantitative in fo rm a tio n  (geom etrica l param eters such as 
size and p o s it io n ). T he  recogn ition  m e thod  app lied  in  th is  de tec to r consists of: 
hybrid matching, th a t means m a tch ing  relational structures, fo llow ed by distance 

calculation in  a pa ram ete r space.

•  T h e  th ir d  developed de tecto r ([323]), fo r reco gn ition  o f geographical symbols and 
text, described in  chapter 10, does n o t requ ire  le a rn ing  phase as the  previous one, 
and, can also cope w ith  topological deformations caused by sym bo l connections 
and b reak ing. O b jec ts  recognized by th is  de tec to r are represented by  attributed 
graphs. T h e  reco gn ition  m ethod  relies on error-tolerant graph matching procedure 
between tw o  graphs representing a cand idate , and a p ro to ty p e , and is an exam ple 
o f multiple-to-one graphs homomorphism. Noise and shape va ria tio n s  are m odelled 
as a series o f graph transformations fro m  group o f features in  the  da ta  to  features 

in  each p ro to typ e .
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•  T h e  m ost general de tec to r is the  fo u rth  one ([318]), described in  chap te r 11, w h ich 
is a s y n ta c tic  de tec to r especia lly designed fo r line objects ( like  scarps, borders, iso
lines) b u t  can also be app lied  to  a ll o th e r geograph ic ob jec ts  w h ich  fo llo w  character
is t ic  p a tte rn  (fo r exam ple a ll geographic sym bols, some so rt o f b u ild in g s ). O b jects 
are represented by the  programmed, higher-dimensional extension o f a string gram
mar. T h e  re co g n itio n  is pe rfo rm ed by error-correcting (m ixe d  to p -d o w n /b o tto m - 
u p ) parsing  to  hand le  specific k in ds  o f erro rs in  no isy  and d is to rte d  ob jects  in  
ha n d -d ra w n  maps.

A s  the  geograph ic ob jects  are ha nd p rin te d , d iffe re n t shape de fo rm a tio ns  are in ev itab le , 
the  developed structural detectors are e rro r-co rre c tin g  ones.

A l l  de tecto rs  are tra n s la t io n a l and ro ta tio n a l in v a ria n t. R o ta tio n  invariance in  the 
firs t  th ree  de tectors  is achieved by a p re lim in a ry  c o m p u ta tio n  o f the  shape’s o rie n ta tio n , 
and then , th ro u g h  a n o rm a lis a tio n  and a ro ta t io n  step a p a tte rn  is ob ta in ed  in  a reference 
p o s it io n . T h e  c o m p u ta tio n  o f th e  o rie n ta tio n  can be easily done, because sym bols as well 
as te x t  are d ra w n  p a ra lle l o r  pe rp e n d icu la r to  the  axis o f the  geograph ic ob je c t they 
sym bo lized , and  these axis are know n before reco gn ition  due to  th e  analysis s tra tegy  
described in  cha p te r 8. T he  fo u r th  syn ta c tic  classifier is based on ro ta t io n  in va ria n t 
o b je c t de sc rip tion .

W e have proposed th e  s tra teg y  fo r reco gn ition  o f o v e r la p p in g  sha pe s . Due to  
specia l p o s t-v e c to riz a tio n  technique, lin k in g  n e ighbo ring  p r im itiv e s , the  s yn ta c tic  de tector 
([318]) to g e th e r w ith  the  in te llig e n t m ap analysis s tra teg y  enables co rrec t reco gn ition  o f 
ove rla pp ing  ob je c ts  in  m ap draw ings.

Chapter 6 

Vector Graph construction module
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F ig . 6 .1 . T h e  o u t l in e  o f  th e  V e c to r  G ra p h  c o n s tru c t io n  p ro c e ss . D a sh e d  b o x  d e n o te s  o p tio n a l p ro cess .
P ro c e s s  10 is  p e rfo rm e d  o n ly  in  a  l im ite d  re g io n  sp ec ified  b y  a  h y p o th e s is  

R y s. 6 .1 . S c h e m a t k o n s tru k c ji  g ra fu  w ek to ro w eg o . P r o s to k ą t  z az n a c zo n y  l in ią  p rz e ry w a n ą  o z n a c z a  p ro 
ces  o p c jo n a ln y . P ro c e s  10 j e s t  w y k o n y w an y  ty lk o  w  o g ra n ic z o n y m  re g io n ie  w y sp ecy fik o w an y m  

p o p rz e z  h ip o te z ę

We have proposed the  e ffic ien t vecto r representa tion  o f an im age in  the  fo rm  o f the 
V ec to r G ra p h  ([319]), w h ich  is constructed in  the  model-based vectorization  scheme. The  
o u tlin e  o f the  ove ra ll V ec to r G raph  con s tru c tion  process is dep icted  in  F ig . 6.1. A fte r  
(3 ,4 )-D T  th in in g  a lg o r ith m  ([23]) finds the lines (skeletons o f ob jects) (m odu le  0 in  F ig . 
6 .1), the  procedure fo r detection of multiple points (m odu le  1) is pe rfo rm ed by  h it-o r-m iss

79
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tra n s fo rm  ([287 ]). N e x t, p ixe ls  com posing the  found  lines are tracked between detected 
m u lt ip le  p o in ts  by  th e  line following algorithm  (m odu le  2) whose o u tlin e  is dep icted  in  
F ig . 6.14). T h is  lin e  fo llo w in g  a lg o r ith m  is based on th a t  presented in  [343], and takes 
advantage o f to p o lo g ic a l p ro pe rties  o f the  skeleton. I t  s ta rts  a fte r de le tin g  iso la ted  pixels, 
and m a rk in g  a ll p ixe ls  o f degree /  2, o r o f  degree =  2 when 4 p ixe ls  m ake up a square. 
T h e  n e x t step is segm en ta tion  o f the  detected lines by le ng th , in to  short lines representing 
characters and sym bo ls, and long lines rep resenting rea l geograph ic ob je c t edges (m odule
3). A s  each o f these tw o  types o f lines has d iffe re n t cha racte ris tics , i t  requires separate 
processing. W e have proposed the  fo llo w in g  tw o  d iffe re n t processing schemes, each o f 
w h ich  is a p p ro p ria te  fo r  specific  line.

•  F o r short lines, rep resenting  sym bols and te x t  we proposed vectorized thinning (pub
lished in  [315]) (m odu le  4), w h ich  s ta rts  again fro m  th ic k  lines. D ue to  special 
m e th o d  o f  fea tu re  e x tra c tio n  based on decomposition approach, the  m a jo r d isad
vantage o f a ll th in n in g  based ve c to riza tio n  m ethods: d is to r tio n  a t ju n c tio n s , is 
avo ided. F in d in g  correct p o s itio n  o f a ju n c t io n  is accom plished by f i t t in g  to  the 
model de scrib ing  the  " id e a l"g e o m e try  o f a ju n c t io n , here, by m in im iz in g  the  sum  o f 
a n g u la r d e v ia tio n s  o f lines converg ing in  a ju n c tio n .

•  For long lines, rep resenting  geograph ic ob je c t edges, we have proposed tw o  varian ts  
o f mixed vectorization: the  f irs t  (be ing  a m o d ific a tio n  o f [166, 168]) is used when 
rep resen ta tion  by h igher o rder curves is requ ired  (m odu les 5-8), the  second is a 
specia l case o f the  firs t, w ith o u t f i t t in g  to  a con ic curve (m odules 5 and 8). T h is  
fu l l  v a r ia n t is based on f irs t lo c a tin g  precise ly  a ll d o m in a n t p o in ts  (m odu le  5), 
de tec tion  o f p o te n tia l curve segments (m odu le  6), then  f i t t in g  the  detected curve 
segments to  con ic curves (here, be ing  a model fo r  curve lines) (m odu le  7), and 
p o lyg ona l a p p ro x im a tio n  (m odu le  8) o f the  re m a in in g  p o r t io n  o f a curve. As the 
fu l l  v a r ia n t is co m p u ta tio n a ly  expensive, i t  shou ld  be used on ly, i f  h igh  q u a lity  o f 
resu lts  is requ ired. W e also suggest us ing the  post-processing (m od u le  9) based on 
a model of ideal result to  im prove  the  q u a lity  o f th e  con s tru c ted  lin e  ob jects, fo r 
exam ple post-processing based on a general b u ild in g  m ode l ([157]), described in  
chap te r 4.

Process 10 in  F ig . 6.1, the  linking neighboring prim itives, be ing  a k in d  o f post- 
ve c to riz a tio n  procedure, is requ ired by the  syn ta c tic  de tec to r described in  chapter 11. I t  is 
p e rfo rm ed  n o t on  w hole im age, b u t o n ly  on vectors in  a l im ite d  regions precise ly  specified 
by hypotheses a b o u t given, sought ob je c t, accord ing to  the  ana lys is  s tra teg y  described in  
chap te r 8. T h is  p o s t-ve c to riza tio n  procedure is pe rfo rm ed  each t im e  a syn ta c tic  de tector 
is ca lled  to  de tect a c e rta in  lin e  o b je c t, o r sym bo l in  a specified area ( i f  n o t ye t perfo rm ed).

C haracte rs  and sym bols m ay overlap graph ics (lines), o r themselves. W e do no t 
use the  ex is tin g , ’b l in d ’ procedures fo r te x t/s y m b o ls /g ra p h ic s  segm en ta tion , described in  
cha p te r 4. Ins tead , in  the  proposed fram ew ork  th is  segm en ta tion  is pe rfo rm ed  by the 
proposed, in te llig e n t analysis s tra teg y  described in  chap te r 8, tog e the r w ith  the  syn tac tic  
d e te c to r described in  chap te r 11, capable o f overlapped ob jec ts  recogn ition .
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T h e  fo llo w in g  tw o  sections describe the  above tw o  processings o f segmented long and 

sho rt elements.

2. B ig  G ra p h  v e c to r iz a t io n  p roced u re

For processing long  lines representing geographic ob je c t edges, we have proposed the 
fo llo w in g  scheme (be ing a m o d ific a tio n  o f [166, 168]) by d iffe re n t c r it ic a l p o in t de tection  

procedure).

1. C r i t ic a l p o in t de tection .

2. P o te n tia l curve segments de tection .

3. F i t t in g  curve segments to  a conic section by the  least square technique.

4. P o lygo na l a p p ro x im a tio n  o f the  rem a in ing  po rtion s  o f a curve.

5. Post-processing.

T he  above fu l l  v a r ia n t, w ith  f i t t in g  to  a conic curves is som ewhat specialized, and 
c o m p u ta tio n a ly  expensive. I t  should be used o n ly  when the resu lts need to  be o f high 
q u a lity . In  the  rem a in in g  cases, the  lim ite d  va rian t, w ith o u t steps 2 and 3 (m odules 5 
and 8), is su ffic ien t.

2 .1 . T h e  a lg o r i t h m

C ritica l points on a curve are detected by an adap tive  a lg o r ith m  [263], s h o rtly  o u tlin ed  

here.

★

T he  region o f support D (p i)  o f a p o in t Pi(%i, Vi), th a t means the  set o f po in ts : D (p t) — 
{ p i -k, . . . ,p i - i ,p i ,p i+ 1, ■ p1+fc}, is de te rm ined  based on &-cosine value:

Cosik =  aik obik/ \a ik\\bik\

where:

& ik  — {.X i *£i—k iV i  V i+ k )> 

b ik  =  { X i  ~  X i - k , y i  ~  V i - k )
T he  value o f k th a t  de term ines the  rad ius o f a reg ion o f su p p o rt o f  a p o in t p„  is the  firs t 
value fo r w h ich  |C o s ,^+ i |  >  \Cosik\, o r i f  Cosik -  Cosi<k+ i, the  greatest k fo r  w h ich  th is  
re la tio n  ho lds, o r i f  \Cosik\ =  |C osiifc+i| b u t are o f opposite  signs, the n  the  least value o f 
k fo r  w h ich  i t  happens gives the  rad ius k o f  a reg ion o f su p p o rt o f a p o in t p,.

T o  de tect s ig n ifica n t po in ts , as a measure o f significance, the  fo llo w in g  smooth cosine 

value is used:
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Cosi =  l / k i  Cosi:j

w here k, is  a fo u n d  rad iu s  o f a reg ion o f s u p p o rt o f  a p o in t p*. T he  procedure  fo r c r it ic a l 
p o in ts  de te c tio n  is pe rfo rm ed  in  tw o  passes. In  the  1-st pass o n ly  those po in ts  p , are 
re ta ine d  w h ic h  are e ith e r cu rva tu re  m ax im a  po in ts :

Cost >  Cosj fo r a ll j  sa tis fy ing :

I* -  i |  <  k i / 2, ki >  1 
I * -  i \  <  ki, ki =  1

o r cu rv a tu re  m in im a  po in ts :

Cosi <  Cosj fo r a ll j  sa tis fy ing :
I* ~ j \  <  k i / 2 , kt >  1 

\i — i \ <  ki, ki — 1

In  the  2-nd pass, i f  a c u rva tu re  m in im u m  p o in t fa lls  w ith in  th e  reg ion  o f su p p o rt o f  a 
c u rva tu re  m a x im u m  p o in t, the n  o n ly  the  m a x im u m  p o in t is re ta ined .

★

T h e  procedure  w h ich  detects the potential curve segments exam ines a ll de tected c r it ic a l 
po in ts , and fo rm s  a p p ro p ria te  groups, w h ich  cou ld  c o n s titu te  a curve. A t  each c r it ic a l 
p o in t R k, th e  p o in ts  R k - i,  Rk, Rk+1 are la be lled  as be long ing  to  curve segm ent, i f  the 
fo llo w in g  co n d itio n s  are satisfied:

•  T he  angle between line  segments R k -iR k  and R kRk+i is g rea te r th a n  a prescribed 
va lue 9, ( in  the  presented m e thod  9 — 135° has been chosen). T h is  co n d itio n  
iden tifies  sharp  corners and te rm ina tes  co n tin u in g  arcs a t th is  p o in t (F ig .6 .2a)).

•  T he  ra t io  o f the  le n g th  o f these segments does n o t exeed w, where w  is th e  fu n c tio n  
o f the  lo ca l cu rva tu re  ( in  the  presented m e thod  w  between 2 and 3 has been chosen). 
T h is  c o n d itio n  te rm in a tes  co n tin u in g  arcs a t tan gen t p o in ts  (F ig .6 .2b )).

•  T h e  sign o f the  angle R k~iR kR k+i is the  same as th a t  o f R k- iR k - \R k • T h is  con
d it io n  ensures th a t  as the  c r it ic a l po in ts  are traversed, the  c u rva tu re  o f  the  arc has 
the  same sign (F ig . 6.2c)).

As a resu lt o f  a p p ly in g  the  above cond itions , the  c r it ic a l p o in ts  c o n s t itu t in g  a given 
curve are p a r tit io n e d  in to  tw o  groups: those th a t  cou ld  be long to  a  curve segments (po
te n tia l curve segm ents), and the  rem a in ing  w h ich  are ap p ro x im a te d  w ith  lin e  segments.

Each de tected p o te n tia l curve segment I is fitted to a conic section, (be ing  a model o f 
a curve) w h ich  can be m a th e m a tic a lly  represented by  the  second degree p o lyn o m ia l:

F (x ,  y) — ax 2 +  bxy +  cy2 +  dx +  ey +  f

T h e  coe ffic ien ts a th ro u g h  /  o f the  a p p ro x im a tin g  con ic section  I, w ith  its  end po in ts  
Cbl and C e l , and in te rm e d ia te  po in ts : R[ : i  =  u , . . . , v ;  Ru =  CbL, R̂ , =  C e ‘ (e.g. see 
F ig . 6 .3a)) are ob ta in e d  by m in im iz in g  the  sum  o f squares:
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a) b)

k-1 y■ k+1

c)

F ig . 6 .2 . E x a m p le s  o f  c u rv e s  w ith  d e te c te d  c r itic a l p o in ts  w h ich  a re  g ra y : a )-c )  i l lu s t r a te  th e  co n d itio n s  
n e c e s s a ry  t o  p a r t i t io n  a  c u rv e  in to  p o te n t ia l  c u rv e d  s e g m e n ts  

R y s. 6 .2 . P r z y k ła d y  k rz y w y c h  w ra z  z p u n k ta m i k ry ty c z n y m i (z a zn a c z o n e  n a  s za ro ) . a )-c )  i lu s tra c ja  
w a ru n k ó w  p o d z ia łu  k rz y w e j n a  seg m e n ty

£?=« * * ( * « ,  f t )

I f  the  curve segm ent is n o t a closed one, tw o  a d d itio n a l constra in ts  are in troduced , since 
the  curve is req u ire d  to  pass th ro u g h  the  end po in ts  Cbl and C el :

F { x u,y u) =  F ( x v,y v) =  0

T h e  con ic section ob ta ined  using the  least square technique is then  com pared against the 
ac tu a l d a ta  p o in ts  to  de te rm ine  the  a cce p ta b ility  o f the  f i t  us ing an e rro r norm :

N  =  m a x ,(m in (D I i, D yi)) i =  1, . . . ,n

where:
D Xi is th e  h o riz o n ta l d istance fro m  the  d a ta  p o in t i  to  the  conic,
Dyi is the  v e rtic a l d is tance fro m  p o in t i to  the  conic (e.g. see F ig . 6.3a)).

I f  th e  com pu ted  value N  is less th a n  the  specified e rro r to le rance T m , the  f i t  is 
considered to  be acceptable, o therw ise such curved segment I is f it te d  to  a s tra ig h t line  

segments in  p o lyg ona l a p p ro x im a tio n .
T h e  a lg o r ith m  o f  polygonal approximation searches fo r a subset {1 , . . . ,n }  o f a given 

set o f  d a ta  p o in ts  { 1 , N }  (n  <  N )  such th a t the  po lyg ona l curve fo rm ed by jo in in g  
every p a ir  o f successive po in ts  fro m  a found  subset {1 ,. . . ,  n }  by a s tra ig h t line  segment, 
lies w ith in  d is tance Tp (where Tp is a specified tresho ld ) fro m  a ll the  po in ts  N } .
F ig . 6.3b) shows an exam ple o f the  po lygona l a p p ro x im a tio n  o f d a ta  po in ts  {1 ,2 , . . . ,9 } .  
For each p o in t i  ( i  <  8) a ll its  preceding po in ts  j  (j  <  i )  lie  w ith in  a specified d istance 
Tp fro m  a lin e  segm ent 1-i (fro m  1 to  i) . F ig . 6.3b) shows the  s itu a tio n  a fte r successful 
e xa m in ing  o f th e  th resh o ld  co n d itio n  fo r line  segment 1 - 8  (circles d ra w n  w ith  continuous 
lin e ), and a t the  m om ent o f tes tin g  fo r line  segment 1-9, in  w h ich  the  case threshold 
con d itions  are v io la te d  (fo r instance fo r a p o in t i =  8 the  d istance fro m  the segment 1-9 
exceeds Tp). So, a t the  p o in t i  =  8 a  new line  segment shou ld  begin and as a resu lt 
the  po lyg o n a l curve 1-8-9  (fro m  1 th ro u g h  8 to  9) approx im ates a given set o f po in ts  

{ 1 ,2 , . . . , 9 } .
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• data point  approximating line:
•  end-point

*) b)

F ig . 6 .3 . V e c to r iz a tio n . a ) F i t t in g  t h e  d a t a  p o in ts  w ith  tw o  co n ic  c u rv e s  11, 12 a n d  tw o  lin e  s e g m e n ts  
13, 14. b )  T h e  id e a  o f  th e  a lg o r i th m  fo r p o ly g o n a l a p p ro x im a tio n .  D a ta  p o in ts  1, ... , 9 a re  
f i t te d  w ith  a  p ie cew ise  l in e a r  c u rv e  1-8-9

R y s. 6 .3 . W e k to ry z a c ja .  a )  D o p a so w a n ie  p u n k tó w  d o  k rz y w y c h  s to żk o w y c h  11,12 o ra z  d w ó ch  o d c in k ó w  
p ro s ty c h  13, 14

T h e  proposed, m ixe d  v e c to riza tio n  scheme is based on a co m b in a tio n  o f b o th  fea tu re  
d e tec tion  m ethods: f irs t  d o m in a n t po in ts  de tection , w h ich  are su ffic ien t to  describe a 
shape o f an o b je c t, then  po lyg ona l ap p ro x im a tio n . T h is  a llow s to  avo id the  m a in  dis
advantage o f p o lyg ona l a p p ro x im a tio n  th a t  some fea tu re  po in ts  m ay be missed, o r sh ift. 
F i t t in g  procedure  enables accurate de sc rip tion  o f  curve segments.

A s i t  was said in  chap te r 4, the  vec to riza tio n  very o ften  leads to  the  resu lts  w h ich  are 
c o n tra ry  to  w h a t the  d ra ftsm a n  expects, m a in ly  due to  its  blindness. In  o rd e r n o t to  lose 
the  q u a lity  o f th e  vecto r d a ta  w h ile  co n s tru c tin g  p r im itiv e s  in to  lin e  ob jec ts , and to  sa tis fy  
the  user’s requ irem ents, i t  is o ften  necessary to  add some co n te x tu a l know ledge as pos t
processing step. Exam ples o f such cons tra in ts  are geom etric  con s tra in ts  like  re q u irin g  
segments to  be p a ra lle l, o r pe rpend icu la r, c irc u la r  arcs to  be concen tric , tangen ts o f 
the  p r im it iv e s  to  be equal a t th e ir  connection  p o in t, etc. W e suggest to  use the  post
processing based on a model of ideal result like  fo r  exam ple p o s t-v e c to riz a tio n  based on 
general b u ild in g  m ode l ([157]), described in  chap te r 4.

3. S m a ll G rap h  v e c to r iz a t io n  p ro ced u re

S hort lines representing  sym bols and characters are recognized by  s tru c tu ra l classifiers 
w h ich  requ ire  skeletons n o t d is to rte d  by fea tu re  e x tra c tio n  process. T he  classical 
th in n ing -b ase d  v e c to riza tio n  a lg o rith m s  (based on p ixe lw ise  th in n in g )  have the  in tr in s ic  
l im ita t io n  due to  lo ca l processing. T h e ir  o u tp u t is ha rd  to  be used fo r s tru c tu ra l 
ana lys is  o f curves because th e  figures o f b ranch  p o in ts  and corners are d is to rte d  and 
c o u n te r in tu it iv e . T here fore , fo r  sh o rt lines we have developed the  v e c to riz a tio n  m ethod  
based on no n -p ixe lw ise  th in n in g , be ing  the  exam ple o f con tour-based vec to riza tio n ,
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called vectorized thinning  (pub lished in  [315]). I t  is based on decomposition approach 
to  fea tu re  de tec tion  ([303, 328]). T he  m a in  principle  o f  th is  approach is: "F irs t
f ind  th e  regions o f regular features, and then  s u b tra c t these regions fro m  the  icon ic 
rep resenta tion . W h a t rem ains, are regions o f singular features".

D e f in i t io n  6 .1  T h e  regular class ([303]) is made up o f features o f w h ich  icon ic  represen

ta t io n  is p e rio d ic  o r quas i-period ic  such as lines.

D e f in i t io n  6 .2  T he  singular class ([303]) is made up o f features w h ich  are the  com
p lem ents o f the  features o f the  regu la r class. These are ’accidents’ o f  the  regu lar 
features: e x trem ities , crossings, forks, endpoin ts.

T hus, th e  proposed vectorized th in n in g  is based on decom position  o f an im age according 
to  th e  suggestion fro m  [303], in to  regular parts (lines), and singular parts (branch ing, 
crossing, e n d -p o in t). F irs t ,  the  regu la r p a rts  are analyzed and described as th in  lines. 
N e x t, the  res idua l p a rts  (s ingu la r pa rts ), are analyzed in  con ju nc tion  w ith  th e ir  neigh
b o r in g  reg u la r pa rts , and the y  are described as ju n c tio n s  o f lines, o r endpo in ts  ( multiple 
points). T h e  o u tp u t fro m  the  vecto rized th in n in g  a lg o rith m  is a piecewise linea r curve 
expressed in  te rm s o f the  und irec ted  graph G  =  (J, F ) ,  where J  is a set o f nodes, and F  
is the  set o f edges. Nodes o f a graph represent m u ltip le  po in ts , w h ile  edges correspond 

to  to  s im p le , o r closed curves.
T h e  m a in  advantages o f the  proposed vec to riza tio n  a lg o r ith m  lie  m a in ly  in  the  b e t

te r  e x tra c tio n  o f m u ltip le  po in ts  representing corners, branch o r crossing regions o f 2D 
ob jects, and less s e n s it iv ity  to  a bo unda ry  noise w h ich  are th e  m a in  problem s in  the 
th in n ing -b ase d  v e c to riza tio n  a lgo rithm s.

3 .1 . T h e  a lg o r i t h m

T he  vecto rized skeleton o f a 2D -curve produced by the  proposed vecto rized th in n in g  
a lg o r ith m  consists o f m edial lines  and m ultip le  points  cons truc ted  fro m  tw o  k inds  o f 
regions: sim ple regions  (e.g. see F ig . 6.6a) and complex regions  (e.g. see F ig . 6.7), 
respective ly. Each sim ple region  corresponds to  a s tra ig h t o r curve lin e  segment, w h ile  
each complex region  is  a representa tion  o f an en d -p o in t reg ion, a corner, a branch, o r 
a crossing reg ion o f lin e -lik e  2D -ob jects. T he  a lg o rith m  fo r co n s tru c tio n  o f a vectorized 
skeleton o f  an o b je c t consists o f the  fo llo w in g  three steps:

1. L in k s  f in d in g  and s im p le  reg ion e x trac tio n .

2. C o m p le x  reg ion e x tra c tio n  and m u ltip le  p o in t find in g .

3. T ra n s fo rm a tio n  in to  vectorized skeleton.

3.1.1. L inks fin d in g  and simple region extraction

T he  ove ra ll flow  o f th is  step is as fo llows. B ou nd a ry  p ixe ls  o f a given 2D -ob jec t are 
ex trac te d  d u r in g  c o n to u r-fo llo w in g  a lg o rith m  ([254]). A  3x3 Sobel o p e ra to r is used to



86 CHAPTER 6. VECTOR GRAPH CONSTRUCTION MODULE

f in d  g ra d ie n t o f  edges w h ich  resu lts  in  a pe rpe nd icu la r to  an edge d ire c tio n  a t each 
b o u n d a ry  p ix e l. Each b o u n d a ry  p ix e l P  has assigned a labe l, L a b e l(P ), and in i t ia l ly  the 
labe ls o f  a l l the  b o u n d a ry  p ixe ls  are set to  0 w h ich  means th a t  th e y  be long to  no simple 
region. F o r each b o u n d a ry  p ixe l, its  possib le lin ks  are ca lcu la ted , and d u rin g  simple 
region  c o n s tru c tio n  described in  d e ta il below , o n ly  one is selected.

B efo re  we describe th e  lin k s  ca lcu la tio n , some needed d e fin itio n s  are in tro du ced . I t  
is assumed th a t  a set o f  b o u n d a ry  p ixe ls  in  a raste r im age is 8-connected, an im age has 
N  con tours , and each c o n to u r is traced in  such a way th a t  the  in te r io r  lies on the  le ft 
side o f  th e  trace. O n the  j - t h  con tou r bo u n d a ry  p ixe ls  are indexed c y c lic a lly  from  a 
specified s ta r t in g  p ix e l as P j( i) ,  fo r  i  =  0, . . . , r i j_ ,, and P3 ( i)  =  P j( i  mod n3), fo r i >  n ,, 
where n} is th e  nu m be r o f p ixe ls  on the  j - t h  con tour. T h e  p ix e l P j( i  +  1) is called the 
afte r-n e ig h b o u r  o f  the  p ix e l P j( i ) ,  and denoted a f t ( P j ( i ) ) .  S im ila r ly , the  p ixe l P j( i  -  1) 
is ca lled  before-neighbour o f the  p ixe l P j( i) ,  and denoted b e f(P j( i) ) .

L e t P  be a b o u n d a ry  p ixe l. T he  line  is d raw n  by  B resenham ’s a lg o r ith m  from  a p ixe l 
P ,  a long  a d ire c tio n  p e rp e n d icu la r to  th e  edge d ire c tio n  a t a p ix e l P  (found  by Sobel 
o p e ra to r) u n t i l  a b o u n d a ry  p ix e l R , ly in g  on the  oppos ite  side is found , w h ich  we ca ll 
an orthogonal neighbour o f  a g iven b o un da ry  p ix e l P , and denote i t  o rt (P )  (e.g. see 
F ig . 6 .4a)). I f  a background  p ix e l R ', n o t be long ing  to  a b o u n d a ry  is fou nd  (e.g. see 
F ig . 6 .4 b )), th e  orthogonal neighbour is the  nearest b o u n d a ry  p ix e l R  be long ing  to  a 
bo un da ry , w h ich  is a 4 -ne ighbou r o f R '.

ort(P>-

H  boundary ■  „  t  ,iiü-ü * w &  Brescnnam s algorithm orthogonal direction

F ig . 6 .4 . Il lu s tra tio n  o f an  orthogonal neighbour o f a  given b o u n d ary  p ixe l, a ) T h e  case in  which a 

b o u n d ary  p ixe l is found in  the  orthogonal traversa l, b ) the  case in  w h ich a  background pixel 
is found in  the  orthogonal traversal

Rys. 6 .4 . Ilu s tra c ja  p o jęc ia  ortogonalnego sąsiada p u n k tu  brzegowego, a ) P rzyp a d e k , w  k tó rym  z n a j
dow any jes t p u n k t brzegowy, b ) p rzypadek , w  k tó ry m  zna jd ow any  je s t p u n k t t ła

T h e  l in k  between bo u n d a ry  p ixe ls  P  and R , denoted L (P ,R ) ,  is an ordered p a ir o f 
the  b o u n d a ry  p ixe ls  P , R , such th a t a t least one o f the  fo llo w in g  co n d itio n s  is satisfied:

1. P  — o rt(R )  and a d is tance d (R ,o r t (P ) )  <  1,

2. R  — o r t (P )  and a d is tance d (P ,o r t (R ) )  <  1,

where d (P i, P2) denotes a d is tance (num ber o f b o u n d a ry  p ixe ls) between tw o  bo unda ry  
p ixe ls  P i, P2. F igu res  6.5a), b) il lu s tra te  the  above con d itio n s  fo r  e x tra c tio n  o f a lin k  
between tw o  b o u n d a ry  p ixe ls . F rom  the  above d e fin it io n  i t  fo llow s th a t  the  d ire c tio n  o f 
each l in k  L (P , R )  is  a lm os t pe rp e n d icu la r to  the  d ire c tio n  o f a line .
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a) b)

— i . j m  line drawn by — ►
(-?. 1 houIKii<t y E H  Bresenham’s algorithm orthogonal direction

Fig . 6 .5 . Il lu s tra tio n  o f an extra c tio n  o f a  lin k  between a  p a ir  o f tw o  boundary  pixels P, R . a) T h e  case 
in  w h ich p a ir  o f pixels P, R  could create a  lin k , b ) the  case in  which p a ir  o f pixels P, R  could 

no t create  a  lin k

Rys. 6 .5 . Ilu s tra c ja  procedury  ekstrakcji p rzekro ju  pom iędzy parą  dwóch punktów  brzegowych P, R . a) 
P rzyp a d e k , w  k tó ry m  p a ra  pu nktów  P, R  m oże tw orzyć p rze kró j, b ) przypadek , w  k tó rym  

p a ra  p u nktów  P, R  nie m oże tw orzyć przekro ju

Before we describe the  a lg o r ith m  fo r con s tru c tion  o f a simple region, each o f wh ich is 
created fro m  the  ca lcu la ted  as described above links , we firs t give some needed de fin itions. 
Le t L I  -  L (P , R ) and L 2  =  L (P ',  R ')  be the  two, d iffe ren t links. A  lin k  L 2  =  L (P ',  R '), 
is defined as the  next lin k  o f a l in k  L I  =  L (P , R )  and denoted n e x t(L l)  i f  the  fo llow ing  

c o n d itio n  is satisfied:

•  (P ' =  a f t ( P )  o r P 1 =  P )  and (R! =  b e f(R )  o r R ' =  R ) (e.g. see F ig . 6.4a)

S im ila r ly , a l in k  L I  =  L (P ,R )  is defined as the  previous lin k  o f a l in k  L2  =  L (P ',R ')  
and denoted p rev (L 2 )  i f  the  fo llo w in g  co n d itio n  is satisfied:

•  (P  =  b e f(P ')  o r P  =  P ')  and (R  =  a f t (R ')  o r R  =  R ')  (e.g. see F ig . 6.4a) 

F o rm a lly , a sim ple region S R  is defined as a l is t  o f  k lin ks  (k  >  0):

S R  — (Lo, L i , ..., Lk~ i )

such th a t  fo r any p a ir  o f lin ks : (L u L i+ i )  (fo r 0 <  i  <  k -  2) the  fo llo w in g  co n d itio n  is 

satisied:

•  L i+1 — n e x t(L i) (L{ =  p re v (L i+ i ) )  and n e x t(L k -1) 6  {-^o, 0 }  and prev(Lo) €

{ L k- 1 ,0 }.

L in k s  L 0 and L jt_ i are defined as ta il and head o f  a g iven s im p le  reg ion S R  and denoted 
as ta il(S R )  and head (S R ), respective ly  (e.g. see F ig . 6.6a).

Now , we describe the  a lg o r ith m  fo r co n s tru c tio n  o f a s im p le  reg ion accord ing to  the 
d e fin it io n  g iven above. A  s im p le  region is constructed  by  repea ting  the  procedure th a t 
selects the  n e x t l in k  (to  the  cu rre n t lin k ) ,  and concatenates i t  to  the  cu rre n t lin k , thus 
fo rm in g  a g ro w in g  reg ion. L e t L (P , R )  be the  c u rre n t l in k  created fro m  p ixe ls P  and R, 
and P ' =  a f t ( P ) ,  R! =  b e f(R )  be the  tw o b o un da ry  p ixe ls  w h ich  are the  a fte r-ne ighbour
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F ig . 6 .6 . a ) Il lu s tra tio n  o f th e  basic notions in sim ple region de fin itio n , b ) , c) d ) illu s tra tio n  o f conditions  
fo r s im ple region e x tra c tio n . L inks are depicted as segments connecting a  p a ir  o f creating it  
pixels

R ys. 6 .6 . a ) Ilu s tra c ja  po ję c ia  regionu prostego, b ) , c ), d ) ilu s tra c ja  w arunków  eks trakc ji regionu pro 
stego. P rz e k ró j je s t zaznaczony ja k o  p a ra  tw orzących  go p ikseli

and be fo re -ne ighbou r o f th e  p ix e l P and R, respective ly  (e.g. see F ig . 6 .6 b )-d )). A t  each 
e lem en ta ry  s tep  o f the  conca tena tion  process, o n ly  one o f the  fo llo w in g  ad jacent links: 
L ( P ',R ! ) ,  L (P ,R ! ) ,  L ( P ',R )  o r none is selected as the  ne x t lin k , and then  concatenated 
to  th e  c u rre n t lin k .  T h e  ru les  fo r  se lection o f one, n e x t l in k  are th e  fo llow ing .

1. T h e  l in k  L ( P ',R ' )  is selected as the  ne x t to  th e  cu rre n t l in k  L ( P ,R )  if :  1) p ixels 
P ' , R ' co u ld  crea te  a  lin k , and 2) b o th  do n o t be long  to  any s im p le  reg ion ye t ( th e ir  
labe ls are set to  0) (e.g. see F ig . 6 .6b)). I f  l in k  (P ' ,R ') cou ld  n o t be selected 
because one o r b o th  o f the  above tw o  con d itions  are v io la te d , th e  tw o  rem a in ing  
ad jacen t lin k s  are considered: L ( P ',R )  and L (P ,R !) .

2. T ry in g  th e  p o te n tia l l in k  L (P , R '), i t  is selected as a  n e x t ad jacent l in k  i f  p ixe ls  P , 
R! co u ld  create a lin k , and p ix e l R! does n o t be long  to  any s im p le  reg ion ye t (e.g. 
see F ig . 6.6c)).

3. T ry in g  th e  p o te n tia l l in k  L ( P ' , R ) ,  i t  is  selected as th e  n e x t l in k  i f  p ixe ls  P ', R  cou ld 
create a lin k , and p ix e l P '  does n o t be long to  any s im p le  reg ion ye t (e.g. see F ig . 
6 .6d)).

In  the  case o f  a s itu a tio n  when b o th  re m a in in g  lin ks : L (P , R ')  and L (P ',  R ) are 
possib le, we choose the  lin k  L (P ',  R ')  as the  ne x t lin k .

Each s im p le  reg ion  has its  own, un ique  labe l. I f  a  l in k  has been chosen d u r in g  con
s tru c t io n  o f th e  g iven s im p le  reg ion, its  tw o  fo rm in g  p ixe ls  are assigned labe ls equal to  
th e  la b e l o f th e  g iven s im p le  reg ion, in d ic a tin g  the  fa c t th a t  th e y  be long to  it .

I f  the  ad ja cen t l in k  is selected in  one o f the  above cases, i t  extends th e  cu rre n t s im ple 
reg ion  a fte r  th e  m o d if ic a tio n  o f the  labels o f p ixe ls  P ' and R ', and the  concatenation  
process continues. O the rw ise  the  conca tena tion  process is te rm in a te d  and the cu rre n t
l in k  is regarded as th e  head o f the  c u rre n t s im p le  reg ion.
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N e x t, each such cons truc ted  s im p le  reg ion is exam ined w h e the r i t  is necessary or no t 
in  te rm s o f  its  le ng th  (be ing the  num ber o f c rea ting  i t  lin k s ) and its  th ickness (measured 
as an average le n g th  o f lin k s  in  a given s im p le  reg ion). I f  the  le n g th  o f a s im p le region 
is sm a lle r th a n  its  thickness, such s im p le  reg ion is removed (e.g. see F ig . 6 .8b), and th is  

process is ca lled  cleaning  o f  s im p le  regions.
S am p lin g  several lin k s  fro m  each s im p le  reg ion every T  (where T  is a chosen tresho ld ), 

in c lu d in g  its  head and ta il ,  the  a lg o r ith m  creates vertices on th e ir  center po in ts  and 
connects th e m  w ith  a lin e  ap p ro p ria te ly , w h ich  resu lts in  the  m edial lin e  o f  s im p le  region, 
(e.g. see F ig . 6.8c) fo r  exam ple o f m ed ia l lines o f s im p le  reg ion S R I,  S R 2, S R 3).

3.1.2. Complex region extraction and m ultip le  points fin d in g

A  complex region  is  ex trac te d  fro m  2D ob ject as a reg ion rem a in ing  a fte r s im ple region 
e x tra c tio n . T h e  a lg o r ith m  fo r  e x tra c tio n  o f a com plex reg ion traces the  bo un da ry  pixels 
no t be long ing  to  any s im p le  reg ion (those w ith  labels equal to  0). I f  i t  meets the  boundary 
p ix e l p  w ith  la be l g rea te r th a n  0, i t  searches fo r the  head (o r ta i l )  o f  the  sim ple region 
co n ta in in g  p, and p icks o u t the  o th e r bo un da ry  p ixe l in  it ,  to  continue trac in g . The search 
is te rm in a te d  when i t  re tu rn s  to  the  s ta rtin g  p ixe l, and a reg ion w h ich  is surrounded 
by  such pe rfo rm ed  tra c in g  is ex trac ted  as a com plex region. In  th e  above tra c in g  the 
b o u n d in g  bo x  o f a com p lex reg ion is ca lcu la ted w h ich  w i l l  be used to  exam ine the  com plex 

reg ion.
Each com p lex  reg ion is the n  represented by the  p ixe l, ca lled m ultip le  point, ly in g  

ins ide  a g iven com p lex  reg ion, so as th is  p o in t jo in s  up  sm oo th ly  lines, be ing m edia l lines 
o f s im p le  reg ions su rro un d in g  a given com plex region. T h e  c o m p u ta tio n  o f a m u ltip le  
p o in t is as fo llow s. (F ig . 6.7 is an il lu s tra t io n  o f o b ta in in g  a m u ltip le  p o in t in  a given 

com p lex reg ion).
L e t Lk (k =  k \ , . . . ,k n,n  >  0) be the  s im p le  regions su rro un d in g  a g iven com plex 

reg ion C R ,  where n  is the  degree o f connections o f C R  (the  num ber o f s im ple regions 
converg ing a t a g iven com plex reg ion). L e t vLk be the  vecto r hav ing  the  d ire c tio n  equal 
to  the  d ire c tio n  o f m ed ia l line  o f the  k-th  s im ple reg ion near a given com plex region. ( I t  
represents th e  d ire c tio n  o f L k near a g iven com plex reg ion C R ).  L e t Wk be th e  vector 
(x  — Xk,y  — yk) where (x ,y )  are the  coord ina tes o f an o b je c t p ix e l X  inside C R ,  and 
(xk, Vk) are the  coo rd ina tes o f the  center o f the  head(Lk) (o r ta i l (L k))- To  fin d  a pos ition  
o f a m u lt ip le  p o in t o f  a g iven com plex region, the  fo llo w in g  value A  is ca lcu la ted fo r each 

p ix e l X  in  a com p lex region:

A  =  E *= jt, an g le (vL k,w k)

where a n g le (vL k,Wk) is the  absolute value o f an angle between vectors: v L k and w*.
T h e  closer th e  p o in t X  is to  the  vectors w h ich  show the  d irec tio ns  o f the  ad jacent to  

a g iven com p lex  reg ion s im p le  regions, the lower the  eva luated value A  is. T he  p ixe l X  
w h ich  m in im ize s  th e  evaluated value A  is selected as a p roper, m u ltip le  p o in t (in  F ig . 6.7 

p ix e l M l  is selected).
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Fig. 6.7. Illustration of finding a multiple point Ml in a complex region C1...C9. Links are depicted as 
segments connecting a pair of creating it pixels

Rys. 6.7. Ilustracja procedury detekcji punktu wielokrotnego Ml w regionie złożonym C1...C9. Przekrój 
zaznaczono jako parę tworzących go pikseli

Fig. 6.8. Illustration of the stages of an algorithm for finding a vectorized skeleton of an T-shaped 
object: a) links finding and simple region extraction, b) intermediate structure after cleaning: 
three simple regions: SRI, SR2, SR3 and one complex region CR1, c) medial lines of simple 
regions found, d) multiple points found in a complex region, as well as in end-point regions, 
e) the resulting skeleton

Rys. 6.8. Ilustracja kolejnych kroków algorytmu wyznaczania szkieletu wektorowego litery T: a) znaj
dowanie przekrojów i ekstrakcja regionów prostych, b) struktura pośrednia po operacji czysz
czenia: trzy regiony proste: SR1, SR2, SR3 oraz jeden region złożony CR1, c) linie środkowe 
regionów prostych, d) punkty wielokrotne w regionie złożonym oraz regionie punktu końco
wego, e) uzyskany szkielet wektorowy
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3.1.3. T ransform ing an interm ediate structure in to  vectorized skeleton

F rom  cleaned, in te rm e d ia te  representation, consis ting  o f m ed ia l lines and m u ltip le  po in ts, 
a vecto rized  skeleton o f an ob je c t is constructed. In  o rder to  o b ta in  a connected skeleton 
o f a g iven ob je c t, the  m ed ia l lines o f a ll the  s im p le  regions converg ing a t a given com 
p lex reg ion  m ust be connected to  each o th e r in  a m u ltip le  p o in t representing it .  Each 
m u ltip le  p o in t is used as a vertex  and connected to  the  m id p o in ts  o f heads or ta ils  o f 
ad jacent s im p le  regions. F igu re  6.8 shows the  steps in  c rea ting  a vectorized skeleton for 
the  T -shaped  ob je c t: lin k s  f in d in g  and s im p le reg ion e x tra c tio n  (a), com plex reg ion ex
tra c tio n , c lean ing (b ), m ed ia l lines o f s im p le regions fin d in g  (c), m u ltip le  po in ts  find ing  
(d ), connecting  m ed ia l lines w ith  m u ltip le  po in ts  in to  skeleton o f an ob je c t (e).

3.2. Experimental results

In  o rd e r to  exam ine th e  p roperties  o f the  skeletons produced by the  presented, vectorized 
th in n in g  a lg o r ith m , we com pare them  w ith  skeletons ob ta ined  fro m  H ild i th  a lg o rith m  
[284], be ing  the  p ix e l wise a lg o rith m . T he  H ild itc h  a lg o rith m  has been chosen as the 
representa tive  am ong o the r, p ixe lw ise th in n in g  a lgo rithm s tested (P av lid is  [254], SPTA 
[243], G u o /H a ll [142], Z hang/S uen [381], W ang /Z h ang  [363], O P P T A  [170]), because o f 
its  re la t iv e ly  good p rope rties  in  m ost s itua tions .

T he  exam ples o f skeletons o f the  selected ca rtog raph ic  sym bols and characters resu lt
in g  fro m  th e  presented a lg o rith m , and from  H ild itc h  a lg o rith m , are shown in  F igures: 
6.10, 6.11, 6.12, 6.13. These figures show the ty p ic a l exam ples o f differences between 
the p ixe lw ise  a lg o rith m s  and the  presented one. M u lt ip le  po in ts  are extrac ted  correctly  
by the  proposed th in n in g  a lg o rith m , w h ile  i t  is one o f the  m a in  problem s o f p ixelw ise 
m ethods. A  p ro pe r e x tra c tio n  o f m u ltip le  po in ts  is due to  a fa c t th a t  a com plex region 

can be analysed fro m  the  ad jacent s im ple regions.
F ig u re  6.12a) is an exam ple o f a no isy version o f a character H , to  il lu s tra te  the ro 

bustness aga inst noise. V is u a l inspection  ind ica tes th a t the  proposed vecto rized th in n in g  
a lg o r ith m  is less sensitive to  a bo un da ry  noise tha n  H ild itc h  a lg o rith m . T h is  is due the 

fa c t th a t  th e  line  im age d a ta  are observed globaly.
A lth o u g h  the re  is no exact d e fin itio n  o f a d ig ita l skeleton, i t  has been genera lly  ac

cepted th a t  a good  th in n in g  a lg o rith m  should possess a num ber o f fun dam e n ta l properties: 
p reserv ing c o n n e c tiv ity  o f skeleton, converg ing to  skeleton o f u n it  w id th , closely approx
im a tin g  the  m ed ia l axis, possessing in s e n s it iv ity  to  a bo un da ry  noise. P reserving con
n e c t iv ity  o f connected com ponent is essential fo r shape analysis, because the  topo log ica l 
fea tures o f an 8-connected com ponent m ay change com ple te ly , i f  i t  becomes diconnected.

T h e  described th in n in g  a lg o rith m  preserves c o n n e c tiv ity  and produces skeletons o f 
u n it  w id th ,  th a t  means 8-connected, w h ich  resu lts d ire c t ly  fro m  a co n s tru c tio n  m ethod 
in  the  presented a lg o r ith m  (w ith  one exception, in  m u ltip le  po in ts  where i t  is m ore im 
p o r ta n t to  preserve n o t d is to rte d  im age o f such regions). C o n n e c tiv ity  is based on the 
c o n n e c tiv ity  in  the  vecto rized skeleton w h ich  preserves the  c o n n e c tiv ity  o f the  bounda ry  
p ixe ls . Convergence to  m ed ia l axis is good, and fo llow s d ire c t ly  fro m  the d e fin itio n  o f the
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m ed ia l lines o f s im p le  regions.
T h e  m a in  advantages o f the  proposed vectorized th in n in g  a lg o r ith m  are: correc t ex

t ra c t io n  o f m u lt ip le  p o in ts  representing  corners, b ranch o r crossing reg ions o f ob jects, 
less s e n s it iv ity  to  a b o u n d a ry  noise w h ich  is p a r t ic u la r ly  su ita b le  fo r  a fu r th e r ,  s tru c tu ra l 
reco gn ition .

4. V e c to r  G ra p h  r e p r ese n ta tio n

V ec to r G ra p h  ([319]) o f an im age, be ing the  rep resen ta tion  o f s p a tia l d a ta  in  vecto r fo rm , 
is a set o f  a t t r ib u te d  un d irec ted  graphs. Each single g raph  o f a V ec to r G ra p h  o f an im age 
corresponds to  one connected com ponent (C C ) in  the  im age, and represents its  topology. 
Nodes o f  th e  g raph  corresponds to  line  crossings, arcs to  lines. T he  V ecto r G raph  o f an 
im age is encoded in  a designed, e ffic ien t s tru c tu re  stored in  tw o  tab les. T h e  f irs t  tab le , 
the  node table, stores in fo rm a tio n  ab ou t end-po in ts  and m u lt ip le  po in ts . For each p o in t 
its  (x ,y )  coo rd ina tes  are stored, as w e ll as an ordered lis t  o f  lines converg ing in  th is  po in t. 
T h e  second tab le , the  line table, stores in fo rm a tio n  a b o u t each lin e  in  th e  graph: its  
beg in  and end po in ts , a l l in te rm e d ia te  po in ts , as w e ll as its  w id th . In  case o f  conic curve 
segm ent, s ix  coe ffic ien t are sto red  in  a tab le . T he  exam ple  o f a V ec to r G raph  and its  
ta b u la r  rep rese n ta tio n  are shown in  F ig . 6.9 and Tables 6.1, 6.2, respective ly.

S p a tia l analys is , be ing  th e  m a in  fu n c tio n  o f each G IS  ([99 ]), needs e ffic ien t inde x ing  
m ethods to  be able to  answer spa tia l queries in  reasonable tim e . T h o u g h  the o u tp u t 
fro m  M A P  I N  is sto red in  a com m erc ia l G IS  system , we also developed o u r own, effic ient 
a lg o rith m s  fo r sp a tia l d a ta  in de x ing  ([310, 311]) w h ich  cou ld  be used in  each G IS  engine.

4. VECTOR GRAPH REPRESENTATION 93

Fig. 6.9. An example of the Vector Graph (for one CC) 
Rys. 6.9. Przykład grafu wektorowgo (dla jednego CC)

m u ltip le  p o in t x , y line  lis t

P0 3.2 L I ,  L3, L2

P I 1.1 L I

P2 4.5 L3

P3 5.0 L2

T ab le  6.1. T he  s tru c tu re  o f V ecto r G raph  in  F ig . 6.13: m u ltip le  po in ts  representation 

(node tab le )

line w id th in te rm ed ia te  po in ts begin end

L I 0.18 P I ,  P4, P0 P I P0

L2 0.18 P0, P6, P3 P0 P3

L3 0.18 P0, P5, P2 P0 P2

T able  6.2. T he  s tru c tu re  o f V ecto r G raph  in  F ig . 6.13: line  rep resen ta tion  (line  tab le )
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Fig. 6.10. Examples of skeletons produced by the Hilditch algorithm (1-st row) and the presented one 
(2-nd row) for the selected geographic symbols: a) fountain, b) river arrow

Rys. 6.10. Przykłady szkieletów uzyskanych za pomocą algorytmu Hilditch (1-szy rząd) oraz ścieniania 
wektorowego (2-gi rząd) dla wybranych symboli geograficznych: a) fontanna, b) strzałka
rwoH
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Fig. 6.11. Further examples of skeletons produced by the Hilditch algorithm (1-st row) and the presen
ted one (2-nd row) for the selected geoographic symbols: a) leafy tree, b) coniferous tree, c) 
blind tripod on water supply 

Rys. 6.11. Dalsze przykłady szkieletów uzyskanych za pomocą algorytmu Hilditch (1-szy rząd) i ście
niania wektorowego (2-gi rząd) dla wybranych symboli geograficznych: a) drzewo liściaste, 
b) drzewo iglaste, c) trójnik zaślepiony na przewodzie



96 CHAPTER 6. VECTOR GRAPH CONSTRUCTION MODULE

H i i i M iü n i Ü i iÜ H n Ü r * '

a)

F ig . 6 .1 2 . E x a m p le s  o f  s k e le to n s  p ro d u c e d  b y  th e  H ild itc h  a lg o r i th m  (1 - s t  ro w ) a n d  th e  p re s e n te d  o n e  
(2 -n d  ro w ) fo r  t h e  se le c te d  c h a ra c te r s :  a )  H , b ) L , c) 4

R y s. 6 .1 2 . P r z y k ła d y  szk ie le tó w  u z y sk a n y c h  z a  p o m o c ą  a lg o ry tm u  H ild itc h  (1 -sz y  rz ą d )  i ś c ie n ia n ia  
w e k to ro w e g o  (2 -g i rz ą d )  d la  w y b ra n y c h  l ite r : a )  H , b ) L , c ) 4

■

F ig . 6 .1 3 . E x a m p le  o f  sk e le to n  o f  n o isy  c h a r a c te r  H  p ro d u c e d  b y  th e  H ild itc h  a lg o r i th m  (a )  a n d  th e  
p re s e n te d  o n e  (b )

R y s. 6 .1 3 . P r z y k ła d  s z k ie le tu  z a s z u m io n e j l i te ry  H  u z y sk a n y  z a  p o m o c ą  a lg o ry tm u  H ild itc h  (a ) o ra z  
ś c ie n ia n ia  w e k to ro w e g o  (b )
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w h ile  there are m arked points le ft do 
choose a m arked p o in t p 
create lis t lp o f a ll non-nu ll neighbors o f p 
w h ile  lv 0 do

choose a p o in t q from  lp
set p te m p o ra rily  to  0 to  prevent loop ing
create a new chain c as \p,q\
i f  q is m arked then

continueChain :=  fa lse  
else
continueC hain  :=  true  

set g to  0 
end i f
w h ile  continueC hain  =  true  do 

q :=  getNonMarked4Neighbor(q) 
i f  none is found then

q :=  getMarkedneighbor(q) 
i f  none is found then

q :=  getNonMarked8 Neighbor(q) 
i f  none is found then

q :=  getMarked8 Neighbor(q) 
i f  none is found then 
q: =getAnyNeighbor(q)

end i f
continueC hain  :=  fa lse  

end i f  
else

continueC hain  :=  fa lse  
end i f  

end i f
append q to  c
i f  continueC hain  =  true  then 

set q to  0 
else i f  we are on a loop then 

add p to  c again to  fin ish the loop 
end i f  

end w h ile
add c to  the lis t o f chains 
restore m ark  on p 

end w hile 
set p to  0 

end w h ile
w h ile  there are pixels s t i l l  unprocessed do 

s ta rt over again b y  m ark ing  a non-null p ixe l 
end w hile

F ig . 6 .14 . L ine  fo llow ing  a lg o r ith m  

R y s. 6 .14 . A lg o ry tm  ś le d z e n ia  lin ii



Chapter 7 

The map model

1. S y n ta x

T he  proposed map model is represented in  the  fo rm  o f a hybrid semantic network which 
is a c o m b in a tio n  o f the  d iffe re n t knowledge representation fo rm alism s: semantic network, 
rules, fram e  system  ([204, 268]), and the  object-oriented c o m p u ta tio n  pa rad igm  ([231]). 
T h is  can c o n tr ib u te  to  a great im provem ent w ith  respect to  expressive power. S im ila ritie s  
o f va rious know ledge representa tion  fo rm a lism s have c o n s titu te  a basis to  fo rm u la te  hy
b r id  know ledge rep resen ta tion  w h ich  takes adavantage o f the sa lien t features o f in d iv id u a l 
ones.

S em antic  ne tw o rk  is su itab le  fo r the representation o f com plex ob jects, p a rtic u la r ly  
fo r describ ing  how an ob je c t is b u ilt  up  fro m  the  s im p le r parts , and how i t  is related 
w ith  th e  o th e r ob jects. W hen regard ing  m ap analysis, the  na tu re  o f the  knowledge to  
be represented, i.e. a ne tw ork  o f ob jects and th e ir  sp a tia l re la tionsh ips , seems to  be 
re flected m ost adequa te ly  by the  sem antic ne tw ork. Rule-based approach is m ost suited 
fo r  a d o m a in  w ith  m any independent states, when the  con tro l flow  consists o f a sequence o f 
independent actions and the knowledge can be represented as a co llec tio n  o f independent 
chunks o f know ledge.

A s opposed to  rules, where we find  f ix  inference strateg ies based on fo rw a rd - o r back
w a rd  cha in ing , an in ference in  sem antic ne tw ork  is app lica tion -dependen t, and is to  be 
p ro v id ed  by the  user w h ich  resu lts in  a great num ber o f d iffe re n t reasoning procedures. 
Thus, in  th is  sense sem antic  ne tw ork  has m ore expressive power th a n  rules.

F ram e rep resen ta tion  obey a m a jo r weakness o f sem antic ne tw orks, i.e. the  d iff ic u lty  
to  represent p ro ced u ra l knowledge. Rules are in teg ra ted  in to  a sem antic  ne tw ork  by 
a tta c h in g  th e m  to  the  s lo ts  o f a fram e, w h ich  p lay  also a ro le  o f a p rocedura l com ponent.

A  weakness com m on to  sem antic netw orks and fram es is th a t  know ledge representa
t io n  lacks a w e ll-de fined  s tru c tu re . Know ledge ab s tra c tion , encapsu la tion , and m o d u la r ity  
w h ich  are considered as sa lien t features o f knowledge rep resenta tion , are n o t e ffic ien tly  
rea lized in  th e  sem antic  ne tw orks and frames. These cha racteris tics , however, can be cap
tu re d  by th e  o b je c t-o rien te d  approach. T h ro u g h  encapsu la tion , i t  im proves the  consis
tency, u n d e rs ta n d a b ility , and m a in ta in a b ility  o f a know ledge base. I t  suppo rts  knowledge

99
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ab s tra c tio n , th ro u g h  th e  process o f inheritance .

In  the  proposed fram ew ork , each ob je c t instance uses its  ow n know ledge (a set o f 
sto red ru les  sp e c ify in g  its  be ha v iou r) to  generate hypotheses a b o u t its  re la ted  ob jects, 
and  to  p e rfo rm  lo c a l reason ing based on w he the r th e  hypotheses are ve rifie d  o r no t. T h is  
makes th e  presented scheme an object-oriented one.

T h e  proposed h y b r id  sem antic  ne tw o rk  is organized in  fo u r levels: Im age (level I ) ,  
V ec to r G ra p h  (leve l I I ) ,  G ra p h ic s /T e x t (leve l I I I ) ,  D o m a in  M o d e l (leve l IV ) .  T h e  Image 
leve l represents th e  ras te r im age supp lied  by the  scanning process. T h e  Vector Graph 
level stores an im age in  an e ffic ien t vecto r representa tion . T h e  G raphics/Text level de
scribes th e  ta xo n o m y  o f 2D  basic and com posite  graph ics and te x t  p r im itiv e s . In  the 
D om ain  Model level (also ca lled  the  Geographic Objects leve l), the  know ledge a b o u t the  
in ves tig a ted  types o f  m aps is represented.

F igu res 7.1, 7.2 show tw o  fragm ents  o f a h y b r id  sem antic  ne tw o rk  fo r  s itu a tio n a l layer 
o f a P F L M . T h is  ne tw o rk  consists o f nodes describ ing  p ro p e rtie s  and s tru c tu re  o f  a class 
o f ob jec ts , and the  fo llo w in g  fo u r types o f relations:

•  Hierarchies:

— P a rt  ( P O ): connects a class w ith  o th e r classes w h ich  represents its  com ponents, 
o r  pa rts .

-  Specialization (S): connects a general class w ith  its  specia lized class.

•  Geometric ( GE) re la tio n : connects a p a ir  o f classes and p u ts  some geom etrica l 
con s tra in ts  on instances o f b o th  classes, like  adjacency, in te rsec tio n , pa ra lle lism , 
in c lus ion , co lin e a rity , etc.

•  Reverse ( R V) re la tio n : each p a ir  o f classes w h ich  do n o t sa tis fy  some G E  re la tio n  
specified in  a  m odel, are connected b y  a p p ro p ria te  R V  re la t io n  (n o t e x p lic it ly  shown 
in  a m od e l). T h is  is a G E  re la tio n  w h ich  canno t ex is t in  the  dom a in , fo r  exam ple 
the  re la t io n  IN S ID E  between a H O U S E  and a R O A D  instances.

T he  te rm  relation  is used in  th is  paper to  denote a l in k  between tw o  classes, as w e ll as 
between tw o  o b je c t instances o f th e  correspond ing classes.

T h e  G E  and R V  re la tio ns  are a llow ed o n ly  a t th e  D o m a in  level. M oreover, w ith  each 
G E  and P O  re la t io n  in  a D o m a in  level a weight is assigned (n o t shown in  F ig . 7.1), and 
b o th  re la tio n  types are used fo r  hypothesis  generation .

A s the  d a ta  s tru c tu re  de fin ing  the  nodes o f ne tw ork  we use fram e  w h ich  is a com plex 
d a ta  s tru c tu re  com posed o f th ree groups o f s lo ts: Attributes, Relations and Control:

object-class name;
A t t r ib u te s :
R e la tio n s :

GE: rule 
PO: rule 
S: rule
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C o n tro l:
Kemel-list: lis t o f classes
PO-strategy: lis t o f classes
S-strategy: lis t o f classes 

end-object-class

S lo ts in  Attributes  section are used to  record p ro p e rty  values o f  ob jects. Relations 
section describe the  know ledge ab ou t G E, P O  and S re la tions  in  w h ich  an ob je c t p a r tic i
pa te  b y  m eans o f rules w h ich  are a ttached  to  th e  s lo ts  o f a fram e. In  th is  way, rules p lay  
the  ro le  o f p ro ced u ra l com ponent in  a sem antic ne tw ork. T h e y  define the  sem antcis o f 
re la tio ns  in  a sem antic  ne tw ork . T he  Control section describes a co n tro l knowledge by 
means o f rules and by th ree  slots: S-strategy, PO-strategy, and Kem el-list. The  S-strategy 
s lo t defines th e  spe c ia liza tion  stra tegy, th a t means an ordered lis t  con ta in ing  the  set o f 
a ll its  specia lized classes. S im ila r ly , the  PO-strategy defines an ordered lis t  o f  its  parts. 
A  K em el-lis t s lo t specifies a subset composed o f those pa rts  o f g iven class w h ich  m ust be 
in s ta n tia te d  to  regard an instance o f a given class fu lly  instantiated. O therw ise , i t  is on ly  
partia lly  instantiated. Each rule is composed o f tw o parts:

I  P re -c o n d it io n :
I I  A c t iv i t y

Hypothesis: procedure 
Function: procedure 
Task: procedure

In  the  in te rp re ta tio n  process, f irs t  the  Pre-condition  o f  each ru le  is exam ined and, i f  
i t  eva luates to  True, th e  procedure in  th e  Hypothesis fie ld  o f  Activity  p a r t  is  executed to  
generate and in se rt a hypothesis (i.e. an expected descrip tion  e n tity )  in to  the database. A  
ru le  w h ich  generated a hypothesis is recorded in  the  Task list. A f te r  co m p u tin g  a so lu tion  
fo r a hypothesis  by the  reasoning engine, the  procedure in  the  Task p a r t is executed again 
us ing  now  the  com pu ted  so lu tio n , a llow in g  fo r add ing  facts to , o r de le ting  the m  fro m  a 
database. T he  Function  fie ld  (used o n ly  in  case o f P O  and S re la tio ns) refers a procedure 
w h ich  converts a de scrip tion  o f a general (whole) ob je c t in to  its  specia lized one ( its  p a rt) . 
I t  is used d u r in g  the  search fo r  an ob je c t appearance in  th e  m od e l-d rive n  reasoning, o r

b o tto m -u p  in s ta n tia tio n .
T h e  proposed h y b r id  sem antic  ne tw ork , tog e the r w ith  th e  proposed im age analysis 

flow  scheme described in  chapter 8, provides a general reasoning fram ew ork  w h ich  al
lows th e  integration  o f  a va rie ty  o f  pieces o f  know ledge and reasoning m ethods in to  one 

consistent fram ew ork.

2. S e m a n tic s

F igures 7.1 and 7.2 show tw o  fragm ents o f the  m ap m odel fo r  s itu a tio n a l layer o f a P F L M . 
F o r s im p lic ity , n o t a ll re la tions  between objects in  a D o m a in  leve l are depicted.
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F ig . 7.1 . 

R y s . 7 .1 .

house ro-nam e

lavemenl

'occluded
^ro-piecg.

■Risible
ro-p iece.

ra p )  (ro e p p

Ç tree sym bol

po lygon; characters

vector
graph

T h e  f r a g m e n t  o f  t h e  m a p  m o d e l fo r s i tu a t io n a l  la y e r  o f  a  P F L M . F o r  s im p lic ity , n o t  a ll o b je c ts  
a n d  r e la t io n s  in  a  D o m a in  leve l Eire d e p ic te d

F V agm en t m o d e lu  m a p y  d la  w a rs tw y  s y tu a c y jn e j M a p y  Z a sad n icz e j K ra ju .  D la  u p ro sz cz e n ia , 
n ie  w sz y s tk ie  o b ie k ty  o ra z  zw iązk i p o z io m u  d z ie d z in y  p rz e d m io to w e j z o s ta ły  z az n a c zo n e
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 ► PO
— » s
  G E

F ig . 7 .2 . T h e  f r a g m e n t  o f  t h e  m a p  m o d e l (levels I I I ,  IV ) fo r s i tu a t io n a l  la y e r  o f  a  P F L M . F o r s im p lic ity , 
n o t  a ll  o b je c ts  a n d  re la tio n s  in  a  D o m a in  leve l a re  d e p ic te d

R y s. 7.2 . F r a g m e n t  m o d e lu  m a p y  d la  w a rs tw y  sy tu a c y jn e j (p o z io m y  I I I ,  IV ) M ap y  Z asad n icze j K ra ju .
D la  u p ro s z c z e n ia , n ie  w sz y s tk ie  o b ie k ty  o ra z  zw iązk i p o z io m u  d z ied z in y  p rzed m io to w e j z o s ta ły  
z a z n a c z o n e

T h e  D o m a in  level represents such geographic ob jects like  R O A D  composed o f RO- 
P IE C E  pa rts , P A V E M E N T , H O U S E  (composed o f H P O L  (house po lyg on), H N R  (house 
n u m b e r)), R O -N A M E  (road nam e), R IV E R , SCA RP, B R ID G E , T R E E  and some others. 
Some o f these ob jec ts  are spec ia liza tion  o f m ore general ones (fo r exam ple R O A D  is a spe
c ia liz a tio n  o f R O A D -S Y S T E M ), o r are fu r th e r specia lized (fo r exam ple R O -P IE C E  in to  
O C C L U D E D -  and V IS IB L E -R O -P IE C E ). A d d it io n a l to  weights, the  G E  re la tions  are 
labeled, fo r exam ple the  labe l A L O N G  denotes the  re la tio n  between R O A D  and HO USE. 
T he  G ra p h ic s /T e x t level inc lude  the S T R IN G  class composed o f C H A R A C T E R S , geo
g raph ic  sym bo ls (fo r exam ple T R E E  S Y M B O L , B R ID G E  S Y M B O L ), p r im it iv e  elements 
o f line  ob jects  (fo r exam ple S C A R P -E L E M E N T ), and d iffe re n t spec ia liza tions o f P O L Y 
G O N  class: S P  - sho rt, E P  - e longated, G R A P  - general rig h t-an g le d , H R A P  - general 
r ig h t  angled d ra w n  w ith  th ic k  lines, G E P  - general e longated, G E P P  - general elongated 
w ith  pa irs  o f p a ra lle l opposite  sides, fu r th e r specia lized in to  th ic k  R O E P P  (road elongated 
pa ra lle l po lyg on ) and th in  T E P P  ( th in  e longated pa ra lle l po lygon).

T he  g raph ic  ob jec ts  H R A P , R A P , R O E P P , R O -T E R M , T E P P , C H A R A C T E R S , 
T R E E -S Y M B O L , S C A R P -E L E M E N T , S C A R P -T E R M  fro m  the  3 -rd  level o f the  m ap 
m ode l shown in  F ig . 7.1 define the  apearance model o f a p p ro p ria te  geographic ob jects 
fro m  the  4 -th  level.

T he  nodes o f the  V ec to r G raph  w h ich  is on the  2nd level o f h y b r id  sem antic  ne tw ork, 
corresponds to  im age line  crossings (class V -N O D E ), w h ile  the  edges to  the  im age lines 
(class V -L IN E ). V ec to r G raph  is fu r th e r specialized based on a vecto r le n g th  in to  B IG -  
G R A P H  rep resenting  long line  elements o f graphics and S M A L L -G R A P H  representing



104 CHAPTER 7. THE M AP MODEL

te x t  and  sym bols.

T h e  exam ple  o f  a fram e  s tru c tu re  describ ing  H O U S E  class is shown below:

object-class HOUSE;
A ttr ibu te s : Centroid, D irection, W id th , Front-Road;
Relations:

GE. R-HouseRoad')
S:

C ontrol: Rlcontrol 
Kemel-list: HOUSE

end-object-class

T h e  H O U S E  class d e fin itio n  includes 4 s lo ts, where the  Front-Road  s lo t is used to  store 
the  s ym b o lic  re la tio n  between given instance and the  fro n t road ins tance (i.e. ID  num ber 
o f) ,  w h ile  the  re m a in in g  th ree  slo ts describe a ttr ib u te s . T he  fo llo w in g  ru le  R H<m,eRoad 
encodes the  G E  re la t io n  A L O N G (R O A D , H O U S E )  fro m  th e  m ap  m ode l shown in  F ig.

Pre-condition: True 
A c tiv ity :
Hypothesis: H = P Hm, eRoad 
Function:
Task: S e lf .Front-Road  =  H

T h e  s im ila r  ru le  (RRoadHouse) is stored in  R O A D  class, by w h ich  an instance o f R O A D  
generates a hypo thes is  fo r H O U SE . T he  ru le  R HmseRoad specifies the  fo llo w in g  know l
edge. Each ins tance house0 o f  H O U S E  class pe rfo rm s reason ing us ing  th is  ru le  to  de tect 
the  R O A D  ins tance sa tis fy in g  the  re la tio n  A L O N G , since Pre-condition  is set to  T ru e. 
PHmseRoad represents a procedure w h ich  generates a hypothesis  fo r  an unknow n R O A D  
ins tance roadx. T h e  procedure PiiouscRoad uses the  p ro pe rties  o f houses to  generate the  
fo llo w in g  R O A D  hypothesis:

P r  ou seR oad  ( h o u s e  o )

houseo-direction — 20° <  direction d <  houses.direction +  20° 
houseg.width x  0.6 <  width w <  houseg.width x  0.8 
centroid c resides w ith in  R E G IO N (ho u se 0.centroid,d,w)
cc Region is a function tha t generates an expected location of the target object cc

T h e  values o f constants in  the  hypothesis  have been e x p e rim e n ta lly  de te rm ined  on 
several sam ples o f rea l maps. S e lf  is a specia l va riab le , w h ich  is bo un d  to  an ob je c t 
ins tance  to  w h ich  a ru le  is app lied . I f  the  ta rg e t R O A D  instance roadx is detected, i t  is 
id e n tifie d  by  a va riab le  H .  T h e  Task fie ld  ind ica tes th a t  the  Front-Road  s lo t should be 
fille d  w ith  th e  va ria b le  H  rep resenting  the  com puted  so lu tio n , the  roadx instance.

T h e  m e ta ru le  R l COntroi in  Control section is used to  re tra c t an a lte rn a tiv e  hypothesis 
H I  o r H 2  a b o u t R O A D  generated by H O U S E  instance a fte r one o f them  has been verified:
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Rlcontrol-
Pre-condition: Not-null(verified(Hl,H2))
A c tiv ity :
Hypothesis: N IL  
Function:
Task: Remove(verified(Hl, H2))

T h e  fu n c tio n  v e r if ie d  re tu rn s  H I  i f  H 2 has been verified , H 2 i f  H I  has been verified 

o r N IL  o therw ise.
Rules encod ing  the  P O  (S) re la tions  between parent (generalized) class and its  pa rt 

(specia lized) class are encoded in  s im ila r w ay as fo r  G E  re la tions, w h ile  the  "o pp os ite "P O
(S) re la tio n s  between p a r t (specia lized class) and its  pa ren t (generalized class), are not. 
For exam ple, a P O  re la tio n  between R O -P IE C E  and its  paren t R O A D  is encoded by the 
fo llo w in g  ru le  R p o (R O A D )  fo r  bottom-up instantiation  stored in  a class R O -P IE C E :

P re -c o n d it io n :  True  
A c t iv i t y :

Hypothesis: N IL  
Function: F (R O A D ))
Task: Make-instance (RO AD ,F(RO AD ))

In  th is  case a Hypothesis p a r t is equal to  N IL  w h ich  means the  im m e d ia te  in s ta n tia tio n  
o f a pa ren t o b je c t R O A D  w ith o u t hypothesis generation. In  general, every ru le  w ith  
hypothesis  s lo t equal to  N IL  is n o t p u t in to  the  Task list, b u t is eva luated im m edia te ly . 
P rocedure  F (R O A D )  is  used to  com pute a pa ram ete r ob je c t based on the  cu rren t values 

o f R O -P IE C E  instance.



Chapter 8 

The image analysis flow scheme

T he  proposed image analysis flow  scheme is composed of:

•  C o n tro l m echanism .

•  Reasoning m ethod .

T he  im age analysis flow  scheme is based on the  proposed intelligent analysis strategy. 
T he  m a in  p r in c ip le  o f th is  s tra tegy  is th a t: Objects and their relations can be recognized 
much more successfuly i f  algorithms know what to look for, and do so in a constrained 
search. T h is  s tra te g y  uses contextual knowledge and constraints to  fo rm u la te  and then 
v e r ify  in te rp re ta tio n  hypotheses.

T h e  in te llig e n t analysis s tra teg y  is accom plished in  the  proposed fram ew ork by hav
in g  the  in itia l recognition o f features (seed objects) based on a " c rud e "ve c to riza tio n  and 
c h a ra c te r/s y m b o l separa tion , fo llow ed by progressively accom plished e x tra c tio n  o f the 
re m a in in g  layers o f geographic ob jects. Based on a m ap m odel, seed ob jects produce 
fea tu re  hypotheses w h ich  d rive  the  search fo r p a rtic u la r (m iss ing) p a r t o f ob jec t in  a 
restricted area, prec ise ly  de term ined based on properties  o f the  ob je c t w h ich  generated a 
hypothesis. I f  the  hypothesized fea tu re  cannot be found in  the  specified area, an a lte r
n a tive  de tec to r is called, and i f  i t  fa ils , p a r tia l re-runs o f segm enta tion  and vecto riza tion  
m odules w ith  tun ed  param eters are necessary to  recover m iss ing ob je c t features. T h is  
usu a lly  happens a t lo ca tions  where te x t and graphics ite rsect.

1. T h e  co n tro l m ech a n ism

F ig . 8.1 illu s tra te s  ove ra ll con tro l mechanism  o f the  im age analysis scheme. I t  s ta rts  
w ith  th e  in itia l recognition o f  the  seed object instances fro m  w h ich  the  in te rp re ta tio n  o f 
the  en tire  m ap  is cons truc ted  gradually . A fte r  the seed ob je c t instances are stored in 
evidence po o l, co n tro l is passed to  reasoning engine (R E )  w h ich  s ta rts  co n s tru c tin g  the 
in te rp re ta tio n  based on th e  in fo rm a tio n  stored in  evidence poo l. T he  goal o f the  analysis 
(i.e. te rm in a t io n  co n d itio n ) is defined as follows: "d e tec t fro m  the im age a ll possible
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o b je c t instances w h ich  m a tch  the  m ap m od e l". R E  ite ra tes the  fo llo w in g  interpretation  
cycle (de p ic te d  in  F ig . 8.1):

•  H y p o th e s e s  g e n e r a t io n

•  C o m p a t ib i l i t y  e x a m in a t io n

•  S c e n a r io  s e le c t io n

•  S c e n a r io  v e r i f ic a t io n .
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F ig . 8 .1 . T h e  in te r p r e ta t io n  cycle. T M a n , S M a n , D b M a n  - T a sk - , S c e n a r io - , D a ta b a s e -  M a n a g e rs

R y s. 8 .1 . C y k l in te rp r e ta c j i .  T M a n ,  S M a n , D b M a n  - m o d u ły  z a r z ą d z a n ia  z a d a n ia m i,  s c e n a r iu s z a m i, 
b a z ą  d a n y ch

T he  in te rp re ta tio n  cycle is te rm in a te d  when no m ore  hypotheses can be generated, and 
every hypothesis  has been ve rified  o r re fu ted . T o  avo id in f in ite  genera tion  o f hypothesis, 
we p ro h ib it  hypothesis fro m  genera ting  a new hypothesis. A t  each in te rp re ta tio n  cycle, 
one, the  m ost re liab le  scenario is selected and verified , and evidence p o o l is m od ified  
based on the  s o lu tio n  o f the  selected scenario. T h e  m o d ific a tio n  o f evidence p o o l enables 
new rules to  be a c tiva te d  and new hypothesis as w e ll as scenarios to  be generated.

M a n y  hypotheses are a c tiv e ly  generated to  com plem ent the  in su ffic ie n t in p u t in fo rm a 
t io n . F rom  a c o m p u ta tio n a l p o in t o f  v iew , genera tion  o f such m u lt ip le  descrip tions  need 
large m em o ry  space and m uch c o m p u ta tio n  tim e . W e used several m echanism s to  reduce 
the  a m o u n t o f evidence in  the  database, fo r  exam ple hypothesis genera tion  by  hypothesis 
is p ro h ib ite d , v e r if ie d /re fu te d  hypothesis  are im m e d ia te ly  rem oved. T h e  g lob a l selection
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m etho d  in  in te rp re ta tio n  cycle also helps to  increase the effic iency by rem oving  as early 
as possib le c o n flic tin g  ob jects. Thus, the  co m p u ta tio n a l co m p le x ity  its e lf  is n o t great.

T o  increase the  re l ia b il ity  and accuracy o f the  ex is ting  m ethods in  geographic m ap 
im age analysis, in  o u r con tro l m echanism  the  hypotheses generated fro m  d iffe ren t sources 
are accum ula ted  accord ing to  an idea taken fro m  a system  S igm a [49] - a s im p le  system 
fo r in te rp re ta tio n  o f b u ild in g s  and roads in  aeria l images. T he  proposed con tro l mecha
n ism  adapts the  S igm a co n tro l a lg o r ith m  fo r scanned m ap in te rp re ta tio n , and increases 
its  re lia b il ity .  O u r m a jo r m od ifica tions  are: (1) the  m ore pow erfu l com p le tion  o f insu ffi
ciency o f in p u t  in fo rm a tio n  th ro u g h  the  usage o f m odel re la tio ns  to  co n tro l q u a n tita tiv e ly  
each step o f a cycle, (2) c o m p a tib ility  e xa m in a tion  in  each step to  detect con tex tua l in 
consistences as e a rly  as possible, and (3) a g loba l selection m e thod  in  w h ich  the  con text 
know ledge con tro ls  q u a n t ita t iv ly  the  choice am ong the hypothesis.

1 .1 . H y p o th e s e s  g e n e ra t io n

A t  the  be g inn ing , several im p o rta n t tasks like  the  b o tto m -u p  in s ta n tia tio n  process based 
on P O  re la tio ns , the  re tra c tio n  o f a lte rn a tive  hypotheses, u n if ic a tio n  o f dup lica ted  in 
stances are pe rfo rm ed  by  D b M a n . Then , fo r each ex is ting  ob je c t instance D b M a n  eval
uates Pre-condition  o f  each ru le  in  Relations section o f its  class. I f  th is  eva luation  result 
is T ru e , D b M a n  generates a hypothesis based on properties  o f the  ob je c t instance and 
inserts  i t  in to  evidence poo l. I t  also inserts Task p a rt o f a ru le  in to  the  Task list (delayed 
tasks). O n ly  instances are allowed to  generate hypotheses abou t re la ted  objects.

1 .2 . C o m p a t ib i l i t y  e x a m in a t io n

T he  c o m p a t ib il i ty  tes t is pe rfo rm ed fo r  every p a ir o f pieces of evidence (ob ject instances 
o r hypotheses) whose geom etric  descrip tions overlap. A  p a ir  o f such pieces o f evidence 
are regarded as compatible i f  the  fo llow ing  cond itions  are satisfied:

1. th e ir  geom etric  descrip tions sa tis fy  some requirem ents on the  size and shape o f the 

in te rsec tin g  area,

2. th e ir  o b je c t classes m ust be com p a tib le  (the  same or lin ked  by G /S  o r P O  lin k , or 

a sequence o f th e m ),

3. the  in te rsec tio n  o f sets o f linea r inequa litie s  associated w ith  b o th  pieces o f evi
dence, w h ich  con s tra in  perm iss ib le  values o f the  denoted ob je c t a ttr ib u te s  m ust be 

nonem pty.

A  g roup  o f com p a tib le  pieces o f evidence are com bined in to  scenario w h ich  represents 
a lo ca l e n v iro nm en t con text. A  p a ir o f pieces o f evidence fo rm s a 2-compatible scenario 
i f  th e y  are com p a tib le . A  set o f n  pieces o f evidence is n-compatible i f  a ll possible (n- 
1 )  pieces o f evidence in  the  scenario are (n-l)-com patible. A  p a r t ia l o rd e rin g  is defined 
on scenarios in  the  fo llo w in g  way. One scenario is less than o th e r i f  the  set o f pieces o f 
evidence p a r t ic ip a t in g  in  i t  is a subset o f the  other. T he  maximum compatible scenario are
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those scenarios w h ich  are n o t less th a n  any o the r scenarios. T he  c o m p a t ib il i ty  re la tions  
am ong pieces o f  evidence are represented by means o f a scenario tree in  w h ich  leaves 
represent s ing le  piece o f evidence, and a ro o t node a m a x im u m  co m p a tib le  scenario. The 
scenario tree  is up da te d  a fte r  a new piece o f evidence is inserted in to  th e  database. The 
space and t im e  com p le x itie s  o f a lg o r ith m  fo r tree u p d a tin g  are b o th  o f 0 ( N 2) ( N  be ing 
th e  nu m ber o f pieces o f  evidence in  a database), b u t N ,  usua lly , does n o t increase very 
m uch d u r in g  th e  in te rp re ta tio n  process.

T h e  R V  re la t io n  provides a genera lly  app licab le  m echanism  to  de tect contextual incon
sistences d u r in g  c o m p a t ib il i ty  checking (2-nd step) in  the  fo llo w in g  way. Each tim e  two 
o b je c t instances w ith  ove rlapp ing  areas are found , th a t means some s o rt o f G E  re la tio n  
R el between these tw o  ob je c t instances ex is t, th e ir  classes are n o t com p a tib le , and they 
share reverse re la t io n  (the  detected re la tio n  Rel in  the  im age is n o t specified in  the  m ap 
m od e l), a m isc lass ifica tion  has been occured. Such ob je c t instances are ca lled conflicting 
object instances. In  th is  case the  he lp o f an o p e ra to r is invoked.

1 .3 . S c e n a r io  s e le c t io n

F irs t ,  a set o f  m a x im u m  com p a tib le  scenarios fro m  the  scenario tree  is selected, the n  fo r 
each selected scenario its  ove ra ll cost is com puted , and the  scenario w ith  the  greatest 
cost is chosen. T h e  overall scenario cost is a sum  o f cost values associated w ith  pieces o f 
evidence p a r t ic ip a t in g  in  a scenario. Each ob je c t instance p a r t ic ip a t in g  in  the  scenario is 
assigned a u n it  cost, w h ile  each hypothesis a w e igh t value assigned to  a re la t io n  by  w h ich  
the  hypo thes is  has been generated.

1 .4 . S c e n a r io  v e r i f ic a t io n

A fte r  co n s tru c tin g  a com posite  hypothesis fro m  those con ta ined  in  the  selected scenario, 
the  da ta - o r m od e l-d rive n  co n s tru c tio n  o f re la tio ns  th ro u g h  com p le m e n ta ry  reasoning is 
pe rfo rm ed , depend ing on the  fac t w he the r o r n o t the  selected scenario con ta ins a piece o f 
evidence rep resen ting  an ob je c t instance. In  th is  way, the  co n tro l s tra te g y  does n o t requ ire  
ad hoc co n tro l know ledge ab ou t when to  ac tiva te  one analysis o r the  o the r. Instead, the  
top -d ow n  analysis is ac tiva ted  dyn am ica lly , depend ing on the  con tents o f the  curren t 
scenario under analysis.

2. C o m p le m e n ta r y  rea so n in g

A s i t  was sa id  in  chap te r 1, the  m ap im age analysis process shou ld  be based on non
m on o to n ic  reason ing scheme. I t  shou ld  a c tive ly  generate new in fo rm a tio n  (hypotheses) 
based on th e  m ode l, to  cope w ith  the  insu ffic iency  o f the  in p u t  in fo rm a tio n . T he  log ica l 
fram ew ork  o f  the  proposed reasoning m ethod , ca lled complementary reasoning, is based 
on a m o d ifie d  P oo le ’s approach ([258]) to  no n -m o no to n ic  reasoning. T he  P oo le ’s approach
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cou ld  be su ita b le , as its  goal is to  find  the  set o f log ica l hypothesis w h ich  com plem ent the  
incom pleteness o f the  knowledge, th a t  means to  con s tru c t exp lana tions o f  the  observations 
in  te rm s o f  b o th  the  g iven knowledge, and the  found, log ica l hypotheses.

T h e  com p lem en ta ry  reasoning is based on the  assum ption  th a t  the  ob jec ts  share clear 
re la tio ns  (G E , P O ). D u r in g  th is  reasoning the re la tions  fro m  the  m ode l are u tiliz e d  to  
complement the  m en tioned insuffic iency o f in p u t in fo rm a tio n  and im p e rfe c t segm entation, 
th a t  means are used to  generate new in fo rm a tio n  (hypotheses). A ccum u la ted  hypo the
ses and o b je c t instances (evidence) o r ig in a tin g  fro m  d iffe re n t sources are then  used by 
reasoning engine to  construct relations in  m ode l- o r da ta -d rive n  way. Because o f th e ir 
d iffe re n t sem antics, the  G E  and P O  re la tio ns  are used d iffe re n tly  in  the  com p lem entary  
reasoning.

T h e  com p le m e n ta ry  reasoning can be in it ia te d  a t any tim e  based on the  incom ple te  
in fo rm a tio n  thus fa r ob ta ined , and the  accum ula tion  o f m u ltip le  pieces o f evidence from  
d iffe re n t sources increases the  re lia b il ity  o f the  analysis. T he  descrip tion  o f the  m ap can 
be cons truc ted  even i f  some pieces o f evidence are m issing. T he  redundancy o f the  system 
com plem ents the  insu ffic iency o f the  in p u t in fo rm a tio n .

2 .1 . C o n s t r u c t io n  o f  G E  r e la t io n s

In  the  data-driven  reasoning a G E  re la tio n  between given tw o  ob je c t instances is con
s tru c te d  as a resu lt o f  (successful) c o m p a tib ility  exa m in a tion  o f the  scenario composed 
o f a t least tw o  pieces o f evidence: one o f the  tw o  ob je c t instances, and the  hypothesis 
ab ou t th is  ob je c t instance generated fro m  the  m odel by the  second ob je c t instance. F ig. 
8.2b) ilu s tra te s  the  da ta -d rive n  reasoning based on the  re la tio n  R E L ( 0 \ ,  0%) from  the 
m ap m ode l shown in  F ig . 8.2a). Suppose the instance o b jl o f ob je c t class 0 \  generates 
a hypothesis H R E L(o b jl) fo r ob je c t class 0 2 based on re la tio n  R E L ( 0 \ , O 2), and the 
reg ion associated w ith  H REL{pbj 1) overlapes w ith  an instance o f class O i, obj2. I f  the 
tw o  pieces o f evidence H REL(o b jl)  and obj2 fo rm  2-com pa tib le  scenario, the y  are un ified  
by  R E  w h ich  rep o rts  th a t  resu lt to  b o th  obj 1 and o b jl. T hen , each ob je c t instance ex
am ines th e  re tu rn ed  by R E  resu lt, and perfo rm s the  procedure specified in  Task fie ld  o f 
a ru le  w h ich  was used to  generate the  hypothesis H Re l , th a t  means records the  sym bo lic  
re la tio n  R E L ,  re tra c ts  the  re la ted hypothesis and eventua lly, generates o th e r hypotheses 
based on s tored rules.

In  model-driven reasoning the  hypotheses generated fo r a m iss ing ob je c t are un ified  
in to  a com posite  hypothesis  (by A N D - in g  the sets o f inequa litie s  associated w ith  each 
hypothes is), the  ap p ro p ria te  de tec to r is ca lled to  e x tra c t the  instance denoted by the 
com posite  hypothesis , and i f  its  is successfuly detected, the  re la tio ns  between the  new 
instance and the  source instances w h ich  generated the  hypotheses are established. F ig . 
8.2d) ilu s tra te s  the  m od e l-d rive n  reasoning based on G E  re la tions  R E L 1 ( 0 \ ,  O 3) and 
R E L 2 {O i, O 3 ) fro m  the  m ap m ode l shown in  F ig . 8.2c). Suppose the  instances obj 1 
and obj2 o f o b je c t class O i and 0 2, respectively, generate hypotheses H REL \{o b jl)  and 
HREL2 {obj2 ) fo r  o b je c t instance o f class 0 3, and the  regions associated w ith  H REL} (o b jl)  
and H REL2 {°b j2 ) overlap. I f  the  approp ria te  de tecto r ex trac ts  succesfully the  instance
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denoted by  th e  com pos ite  hypothesis  H REi i ( o b j l ) n H REL2 {obj2), th e y  are un ified  by  R E  
in to  th e  ins tance  obj3 o f class O 3 , w h ich  reports  the  new instance to  b o th  obj 1 and obj2 . 
T hen , s im ila r ly  as in  d a ta -d riv e n  reasoning each ob je c t instance records the  ap pro p ria te  
s ym bo lic  re la t io n  ( objl the  re la tio n  R E L l,  obj2 the  re la tio n  R E L 2), and re trac ts  the  
re la ted  hypothesis . I f  pieces o f evidence in  a scenario are n o t com p a tib le , o r the  required 
o b je c t ins tance canno t be found , a fa ilu re  is rep o rted  to  a ll source instances w h ich  m ay 
in  tu rn  a c tiva te  ru les to  respond to  such fa ilu re  in  the  ne x t in te rp re ta tio n  cycle.

O
d

a) b)

F ig . 8 .2 . A n  i l lu s t r a t io n  o f  c o m p le m e n ta ry  re a s o n in g  b a se d  o n  G E  re la tio n s :  a ) ,  c ) f ra g m e n ts  o f  a  m a p  
m o d e l,  b )  th e  d a ta -d r iv e n  re a so n in g , d ) th e  m o d e l-d r iv e n  re a s o n in g

R y s. 8 .2 . I lu s t r a c ja  w n io sk o w a n ia  u z u p e łn ia ją c e g o  o p a r te g o  n a  zw iązk a ch  G E  (g e o m e try c z n y ch ) : a ) , 
c) f r a g m e n t  m o d e lu  m a p y , b ) w n io sk o w an ie  o p a r te  n a  d a n y c h , d ) w n io sk o w a n ie  o p a r te  n a  
m o d e lu

2 .2 . C o n s t r u c t io n  o f  P O  r e la t io n s

In  the  data-driven  reasoning, a P O  re la tio n  between an ob je c t instance and its  parent 
o b je c t is cons truc ted  by d ire c tly  in s ta n tia tin g  a pa ren t ob je c t th ro u g h  a P O  re la tio n  from  
a m ode l (w ith o u t genera ting  a hypothesis). O n ly  a fu l ly  in s ta n tia te d  o b je c t instance can 
in s ta n tia te  its  pa ren t ob je c t th ro u g h  a P O  re la tio n .

C o n s tru c tio n  o f P O  re la tio ns  in  model-driven reasoning is pe rfo rm ed  s im ila r ly  as fo r 
G E  re la tio ns , irre spec tive ly  o f the  sta te  o f an instance: p a r t ia l ly  in s ta n tia te d  o r fu lly  
in s ta n tia te d .

Each instance o f a le a f ob je c t in  the  P O  h ie ra rchy in s ta n tia te s  its  pa ren t ob je c t and 
cons truc ts  a p a r t ia l ly  in s ta n tia te d  P O  h ie ra rchy in d e pen de n tly  o f th e  others. T h is  causes 
m u lt ip le  descrip tions  o f the  same pa ren t ob je c t, w h ich  in  tu rn  calls unification  o f such 
m u lt ip le  instances in to  one (e.g. see F ig . 8.3 fo r  i lu s tra tiv e  exam ple). A n  instance obj 1 
(class O i)  in s ta n tia te s  its  pa ren t ob je c t obj31 (class O 3), w h ich  generates a hypothesis 
H PO(obj31) fo r  its  m iss ing  p a r t o b je c t o f class 0 2 (F ig . 8 .3b )). Suppose an instance obj2 1  

(class 0 2), co rrespond ing  to  the  m iss ing p a rt has a lready been de tected. Since obj2 \  is 
an ins tance o f  0 2, i t  has also in s ta n tia te d  its  pa ren t ob je c t obj32 (class O3). A fte r  
c o m p a t ib il i ty  checking between H PO(obj31) and obj21, the y  are un ifie d  in to  obj2  and 
P O  re la tio n s  between obj2 and obj31, as w e ll as between obj2 and obj32 are established 
(F ig .8 .3 c )), w h ich  causes obj2 to  have tw o  pa ren t instances: obj31 and obj32, a t the  same

HRELi(°hjl) H REL2(obj2)

; : q m —  obj3

HREL2
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o b jT ) , 'H P O (o b j3 1 ^ ' —  

~ " b )

F ig . 8 .3 . R e a s o n in g  b a se d  o n  P O  re la tio n s : a ) P O  h ie ra rc h y , b ) d a ta -d r iv e n  in s ta n t ia t io n  a n d  m ode l- 
d r iv e n  h y p o th e s is  g e n e ra t io n , c) a n  o b je c t  objS  h a s  tw o  p a re n ts ,  d ) u n ified  P O  h ie ra rc h y

R y s . 8 .3 . W n io sk o w a n ie  o p a r te  n a  zw iązk ac h  P O  (b y ć  częścią): a )  h ie ra rc h ia  zw iązk ó w  P O , b ) o p a r te  
n a  d a n y c h  u k o n k re tn ie n ie  o ra z  g e n e ra c ja  h ip o te z  n a  p o d s ta w ie  m o d e lu , c ) o b ie k t obS p o s ia d a  
d w ó c h  ro d z ic ó w , d ) zu n ifik o w a n a  h ie ra rc h ia  zw iązków  P O

t im e . A f te r  c o m p a t ib il i ty  checks fo r obj31 and obj32 by R E ,  they are un ified  in to  a new 

instance obj3 o f  class 0 3 (see F ig . 8 .3d)).

2 .3 . F o r m a l iz a t io n  o f  c o m p le m e n ta r y  re a s o n in g

2.3.1. M od ifica tions o f Poole’s non-m onotonic reasoning

T h e  m a jo r  purpose o f th is  section is to  present the  log ica l fo u n d a tio n  o f the  proposed 
com p le m e n ta ry  reasoning in  te rm s o f the  firs t-o rd e r p red ica te  calculus. F orm a l logic 
a llow s us to  precise ly  describe the  knowledge and reasoning m echanisms requ ired in  image 

unde rs tand ing .

k n o w le d g e  
a b o u t a m ap u

o2=f(ol)

o i= g (o 2 ;

O B JE C T l(o l)

O BJE CT 2(o2)

P H

lo g ica l
h y p o th eses

f ( 0 l ) g(o2)
evidence pool

R E

D M

Detectors

01
02

b - R ela tio n s

F ig . 8 .4 . T h e  lo g ica l f ram e w o rk  o f  th e  c o m p le m e n ta ry  re a s o n in g  

R y s . 8 .4 . S t r u k tu r a  lo g iczn a  w n io sk o w an ia  u z u p e łn ia ją c e g o

A s i t  was m en tioned , a log ica l fram ew ork o f the  com p lem en ta ry  reasoning in  M A P IN  
( shown in  F ig . 8.4) is based on a m od ified  P oo le ’s nonm o no to n ic  reasoning m ethod 
([258]). T h e  P oo le ’s approach has been p rev ious ly  used in  the  m en tioned  system  Sigm a
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([221]) fo r  ae ria l im age u n de rs ta nd ing  w ith  the  fo rw a rd  (d a ta -d riv e n ) reason ing m ethod . 
A s  opposed to  [221] we use goa l-d irec ted  reasoning, w ith  a re la t io n  be ing  a goal.

Knowledge about a map w h ich  represents Poo le ’s facts , describes the  know ledge abou t 
the  d o m a in  ( in  te rm s o f  a f in ite  set o f  ax iom s). Relations R  between o b je c t instances 
in  a m ap  im age to  be proved (co n s tru c t) correspond to  P oo le ’s observations. Logical 
hypotheses H  in  M A P IN , co rrespond ing  to  P oo le ’s hypotheses, are described b y  tw o  types 
o f fo rm ulas:

1. e q u a lity  re la tio n s  between g round  te rm s like  obj2 =  f (o b j  1) (generated by  R E )

2. u n a ry  g ro u n d  pred ica tes lik e  O B J E C T l ( o b j l )  (generated b y  D M ) .

Since th e  g iven know ledge is incom p le te , the  re la tions  canno t be de rived  (proved) 
based on th e  know ledge a b o u t a m ap alone. Thus, i t  is searched fo r a set o f  log ica l 
hypotheses w h ich  com p lem ent the  incom pleteness o f the  know ledge, so as the  fo llo w in g  
c o n d itio n s  are satis fied:

•  know ledge a b o u t a m ap  U lo g ica l hypotheses I- re la tio ns

•  know ledge a b o u t a m ap U lo g ica l hypotheses are com p a tib le .

T h e  com p le m e n ta ry  reason ing s tra teg y  a tte m p ts  to  accum ula te  co m p a tib le  sets o f  pieces 
o f evidence as exp lana tions  fo r w h ich  the  re la tio ns  are log ica l consequences. T h a t is, the  
e xp la na tio ns  o f  th e  re la tio n s  are cons truc ted  in  te rm s o f  b o th  th e  g iven know ledge, and 
the  selected lo g ica l hypotheses.

T h is  reason ing scheme is d iffe re n t fro m  o rd in a ry  deductive  reason ing ([129, 213, 130]), 
in  w h ich  given axiom s and inference rules, the  set o f de rivab le  theorem s is fixed. O rd i
n a ry  deductive  reason ing does n o t generate new in fo rm a tio n , (i.e. lo g ica l hypotheses) to  
e xp la in  th e  observations. Tw o m a jo r m od ifica tions  in  the  P oo le ’s m e th o d  [258] have been 
in tro du ce  in  com p lem en ta ry  reasoning.

1. A s the re  is n o t possib le to  v e rify  the  log ica l consistency am ong an a rb itra ry  set 
o f log ica l fo rm u las  o f f irs t  o rder p red ica te  calculus, we canno t c o n s tru c t a general 
a lg o r ith m  to  v e rify  the  consistency. F rom  a p ra c tic a l p o in t o f  v iew , however, the re  
ex is t various con s tra in ts  th a t  canno t be v io la te d  in  a specific a p p lic a tio n  dom ain . 
T hus, th e  lo g ica l consistency fro m  [258], m ean ing  th a t  no  c o n tra d ic tio n  is derived 
fro m  { fa c ts  U log ica l hypotheses} is rep laced by  domain-specific procedures to  ex
am ine  the  consistency. T h a t is, we consider knowledge about a map model U logical 
hypotheses co m p a tib le  unless i t  v io la tes  the  dom ain -spec ific  cons tra in ts .

2. Facts are dynamically crea ted d u r in g  th e  reasoning. R,E exam ines the  c o m p a tib ility  
am ong f in ite  set o f  g round  te rm s (i.e. constants and in s ta n tia te d  fu n c tio n s  like  a and 
/ ( a ) )  to  f in d  a g ro u p  o f  g ro un d  te rm s de n o tin g  the  same o b je c t and  generates new 
facts  de scrib ing  e q u a lity  re la tio ns  between such g ro un d  te rm s  lik e  obj2  =  f ( o b j l ) .  
A lso , D M  generates new constants obj 1 and facts a b o u t th e ir  o b je c t classes like  
O B J E C T l{ o b j l ) .
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2 .3 .2 .  C o m p le m e n ta ry  re as o n in g  as th eo rem  p ro v in g

In  th is  section  we show the  p ro o f o f relation  (m a k in g  the  exp la n a tio n ) in  f irs t-o rd e r pred
ica te  ca lcu lus in  com p lem en ta ry  reasoning, pe rfo rm ed in  the  m od ifie d  P oo le ’s fram ew ork. 
T h e  know ledge o f  a m ap  m ode l can be described in  te rm s o f th e  f irs t-o rd e r pred ica te  cal
culus w ith  eq ua lity , th a t  means by us ing un a ry  predicates spec ify ing  ob je c t classes and 
n -a ry  pred ica tes spec ify ing  re la tions. Consider fo r exam ple a fragm en t o f a m ap m odel 
shown in  F ig . 8.5a) w h ich  specifies th a t  th e  re la tio n  R E L 1  between th e  tw o  ob je c t classes 
O bjec t1 and O bject2  ho lds in  a dom ain . T he  re la tio n  R E L l ( O B J E C T \ ,O B J E C T 2 )  
fro m  a fra g m e n t o f a m ap  m odel shown in  F ig .8.5a) can be described by  means o f the 
fo llo w in g  lo g ica l fo rm ulas:

Vx[OB J E C T \(x )  ->  3y {O B J E C T 2(y ) A R E L l{x ,  y ) } ]  (8 .1)

'ix [O B J E C T 2 (x )  ->  3 y {O B J E C T l(y )  A R E L l(y ,x ) } \  (8 .2)

w h ich  spec ify  th a t  fo r every O B J E C T 1 instance, there  exists an O B J E C T 2  instance 
w h ich  satisfies the  re la tio n  R E  L I  to  i t  and vice versa. T he  de ta iled  knowledge abou t each 
o b je c t and re la t io n  fro m  a ftiap  m ode l can also be precise ly described by  th e  appropria te  
axiom s, fo r  exam ple the  fo llo w in g  2 axiom s specify some p rope rties  o f O B J E C T 2  and 

R E L Y .

V x[O B J E C T 2{x ) -4 G R E  A T  E R (w id th (x ),M  inW idth)
A  L E S S (w id th [x ),M axW id th ))] (8 .3)

'1 x ,y [R E L \(x , y) —> P A R A L LE L (d irectio n (x ), direction(y))

A  D IS T A N C E (cen tro id (x ),c en tro id (y ),M in D is t)\ (8 .4)

w here width, direction, centroid denote func tions  to  com pute  a ttr ib u te s  o f ob jects, and 
th e ir  sem antics are defined by a ttached procedures. T he  axiom s like  those above are 
sto red  in  o b je c t classes based on w h ich  hypotheses and con s tra in ts  d u r in g  reasoning are 

derived.
T h e  know ledge ab ou t a (fragm en t) o f a m ap m odel shown in  F ig . 8.5a) is composed 

o f th e  fo llo w in g  ax iom s (ob ta ined  fro m  (1) and (2) by sko lem iza tion ):

O B J E C T 2 (x ) V  O B J E C T \{g (x )) ,
-.(O B J E C T 2 (x ) V R E L l(g (x ),x ),
-^ O B JE C T l(x )  V O B J E C T 2 (f(x )) ,
- iO B J E C T l(x )  V  R E L l(x , f (x ) ) ,

P red ica te  sym bo ls are described in  ca p ita l le tte rs , variab les and fu n c tio n  sym bols in  
lowercase le tte rs . A l l  variab les in  d iffe ren t clauses are independent, u n ive rsa lly  quan tified , 
and a ll clauses are lo g ic a lly  connected by A (depicted as ’ ,’ ). F unc tions  f ( x ) ,g ( x )  are 
Skolem  fun c tions . f ( x )  denotes the  ce rta in  ob je c t w h ich  satisfies th e  re la tio n  R E L \  to  
o b je c t x  (clause 4) (i.e. R E L l ( x ,  f { x ) )  is T ru e  i f  O B J E C T l ( x )  ho lds), and the  m eaning 
o f the  fu n c tio n  is to  m ap ob je c t x  to  such an ob ject. In  o rder to  avo id in f in ite  generation 
o f  in s ta n tia te d  Skolem  fu n c tio n s  (..g (f(a ))..)  we p ro h ib it  a  hypo thes is  fro m  genera ting  a 

new hypothesis .

S =  I
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c)

F ig . 8 .5 . a )  T h e  f r a g m e n t  o f  th e  m a p  m o d e l, b ) t h e  f r a g m e n t  o f  e v id e n c e  p o o l  d u r in g  d a ta -d r iv e n  
re a s o n in g  b a s e d  o n  r e la t io n  R E  L I ,  c )  th e  c o n s tr u c te d  re la t io n

R y s . 8 .5 . a )  F r a g m e n t  m o d e lu  m a p y , b )  f r a g m e n t b a z y  fa k tó w  p o d c z a s  o p a r te g o  n a  d a n y c h  w n io sk o w a
n ia  n a  p o d s ta w ie  z w ią z k u  R E  L I ,  c )  s k o n s tru o w a n y  z w iąze k

Suppose, th a t  O B J E C T  1 instance o l  and O B J E C T 2  ins tance o2 are recognized 
( th a t  means, th e  pred icates O B J E C T l ( o l )  and O B J E C T 2 (o 2 )  are b o th  T ru e ).  D M  
tra n s fo rm s  th e  req u ire d  im age features ex trac te d  by  p ro p e r de tecto rs  o f  O B J E C T 2  
and O B J E C T 1 to  constants representing ob je c t instances, say o l  and o2, based on 
th e  know ledge fro m  th e  m ap  m odel. Then , D M  inserts  constan ts  o l  and o2 in to  the  
evidence p o o l and generates a log ica l hypothesis O B J E C T \ ( o \ )  and O B J E C T 2 (o2 ). 
W hen  O B J E C T 2 (o2 ) as w e ll as O B J E C T l ( o l )  are g iven as facts, th e y  generate the  
hypotheses / ( o l )  and g(o2). T he  evidence p o o l stores a ll the  g ro un d  te rm s generated so 
fa r: constants generated by  D M  and g round  fun c tions  in s ta n tia te d  by  R E .

T he  fo llo w in g  describes th e  tw o  steps in  reasoning acco rd ing  to  th e  m od ifie d  Poo le ’s 
m ethod :

1. C o m p a tib il ity  checking: ( / ( o l )  =  o2) o r (g{o2 ) — o l ) .

2. P roo f: S U H  b  R E L \ ( o \ ,o 2 ), 
where:

O B J E C T l(o l)  '
O B J E C T 2 ( o 2 )

/ ( o l )  =  o2,
[ g (o 2 )  =  o l 

is the  set o f lo g ica l hypotheses.

In  th e  f irs t  step, the  c o m p a tib ili ty  between o2 and / ( o l )  (o r o l  and g(o2)) is checked 
by  R E . Suppose th a t  o l  =  g(o2) ho lds, w h ich  means th a t  R E  regards o l  and g(o2) 
as d e n o tin g  the  same o b je c t ( th e y  augm ent the  set H  o f  lo g ica l hypotheses). Thus, 
c o m p a t ib ilty  e x a m in a tio n  b y  R E  in troduces  th e  e q u a lity  re la tio n s  between g ro un d  term s. 
R E  re p o rts  th is  fa c t to  o b je c t instance o2, w h ich  derives R E L l ( o l ,  o2) by an o rd in a ry  
p ro v in g  p rocedure  (shown in  see F ig . 8 .6), th a t  means us ing  re so lu tio n  p r in c ip le  w ith  
p a ra m o d u la tio n . T h e n  the  o b je c t instance o2 rep o rts  R E L (o l ,o 2 ) to  o l ,  w h ich  in  tu rn  
derives o2 =  / ( o l )  based on its  ow n loca l know ledge in  the  s im ila r  way. N o te  th a t  even
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i f  we f irs t  v e r ify  o2 — / ( o l )  ra th e r th a n  o l  =  g(o2 ), we can derive the  same conclusions. 

T he  reasoning can be in it ia te d  from  e ith e r o l  o r o2.

S u  H  b  R E L l(o l ,o 2 )

F ig . 8 .6 . L in e a r  re s o lu tio n  p ro o f  w ith  p a ra m o d u la t io n  fo r R E L l( o l ,o 2 )

R y s . 8 .6 . W y w ó d  z a  p o m o c ą  re z o lu c ji lin iow ej z  p a ra m o d u la c ją  z w iąz k u  R E L l( o l ,o 2 )

T he  fo rm a lly  s ta ted  reasoning process is exa c tly  the same as the  com plem entary 
reason ing described in  th e  prev ious section. The  ob jec t instance corresponds to  a constant 
in  log ic , w h ich  generates a hypothesis fo r its  re la ted ob je c t by a p p ly ing  a fu n c tio n  to  itself. 
T h e  generated hypothesis coresponds to  an in s ta n tia te d  Skolem fu n c tio n  (i.e. / ( o l ) )  in  
the  log ic , w ith  w h ich  a set o f constra in ts  is associated (fo r exam ple R E L l ( o l , / ( o l ) ) ,  

spec ify ing  th a t  / ( o l )  m ust sa tis fy  re la tio n  R E L l  to  o l) .
T h e  reason ing fo r  the  hypothesis  generation is loca l. G iven  a constant, the  reasoning 

can be pe rfo rm ed  in de pen de n tly  w ith o u t us ing the  o th e r constants. T h is  corresponds 
to  an idea o f cons idering  ob je c t instances as active reasoning agents; the y  can generate 

hypothese based on th e ir  ow n knowledge.

3. E x a m p le s  o f  c o n str u c tin g  in te r p r e ta tio n s

T h is  section illu s tra te s  by exam ples the  com p lem enta ry  reasoning pe rfo rm ed in  s itua 
t io n a l layer o f a P F L M . F ig . 8.7 shows the  fragm en t o f such m ap  w ith  a road and 
pavem ent co n ta in in g  a g roup  o f trees, 3 houses, a r iv e r w ith  tw o  scarps and a bridge 
loca ted  a t a crossing o f a road and a r ive r. F ig . 8.8a) and b ) show the  B ig  and Sm all 

G ra p h  representa tions o f the  im age shown in  F ig . 8.7.
T h e  in te rp re ta tio n  s ta rts  w ith  the  in i t ia l  reco gn ition  process w ith  H P O L , R O -P IE C E , 

P A V E M E N T  and R I-A R R O W  selected as seed ob je c t classes. Based on a m odel from  
F igu res 7.1 and 7.2 fro m  chap te r 7, D M  generates th e  appearance o f  th e  seed objects: 
H R A P  fo r  H P O L , R O E P P  fo r R O -P IE C E , T E P P  fo r  P A V E M E N T , and A R R O W  for 

R I-A R R O W .
T he  instance A rro w l o f the  A R R O W , detected by the  arrow  de tec to r (a lg o rith m  

[335]) a t th e  segm ented so lid  reg ion layer in s ta n tia te s  th e  R I-A R R O W  class, and the 
generated instance R i-a rro w l is inserted in to  evidence poo l. T he  rem a in ing  seed ob jec t 
instances are de tected by  the  polygon de tecto r w h ich  e x tra c ts  a ll po lygons in  B ig  G raph
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F ig . 8 .7 . T h e  f r a g m e n t  o f  s i tu a t io n a l  la y e r  o f  a  P F L M

R y s . 8 .7 . F r a g m e n t  w a rs tw y  s y tu a c y jn e j M a p y  Z a s ad n ic z e j K r a ju

a)

❖

X
v <
/'

>

b)

F ig . 8 .8 . a )  B ig  G r a p h ,  b ) S m a ll G r a p h  o f  th e  m a p  sh o w n  in  F ig .  8 .7 , c ) H R A P  p o ly g o n s  d e te c te d  b y  
th e  p o ly g o n  d e te c to r

R y s . 8 .8 . a )  D u ż y  g ra f , b )  m a ły  g r a f  d la  m a p y  p o k a z a n e j n a  R y s. 8 .7 , c) z n a lez io n e  w ie lo k ą ty  H R A P
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F ig . 8 .9 . P o ly g o n  c la ss if ic a tio n  d u r in g  in it ia l  re c o g n itio n  o f  m a p  sh o w n  in  F ig . 8 .7: a )  R O E P P  p o ly g o n s, 
b ) T E P P  p o ly g o n  d e te c te d  b y  th e  p o ly g o n  d e te c to r ,  c) t h e  g e o m e tric  p a r t  o f  ev id en ce  poo l 
a f te r  in i t ia l  re c o g n itio n

R y s. 8 .9 . W y n ik  k la sy fik ac ji w ie lo k ą tó w  p o d c z a s  w s tęp n e g o  ro z p o z n a w a n ia  f r a g m e n tu  m a p y  z R ys. 8.7: 
a ) w ie lo k ą ty  R O E P P , b )  w ie lo k ą ty  T E P P , c ) część g e o m e try c z n a  b a z y  fa k tó w  p o  w stęp n y m  
ro z p o z n a w a n iu

by fin d in g  m in im u m  le n g th  cycles, and classifies them  accord ing to  the  3 -rd  level o f the 
m ap m ode l shown in  F ig . 7.1, based on such c r ite r ia  like  S /L 2 (S ,L  - po lygon area 
and p e rim e te r), l /d  ( I , d po lygon  axis leng th  and b rea th ), p a ra lle lity  o f opposite  po lygon 
sides. F ig . 8.8c) il lu s tra te s  3 ex trac ted  H R A P  instances H ra p l, Hrap2, Hrap3, F ig . 8.9a) 
- 2 instances Roeppl, RoeppS o f R O E P P , and F ig . 8.9b) - 1 instance Teppl o f TEPP. 
Based on the  3 detected H R A P  instances and 1 T E P P  instance, D M  generates 3 H P O L  
instances H poll, Hpol2, Hpol3, 1 instance P a v l o f P A V E M E N T , and inserts them  in to  
evidence poo l. Based on 2 R O E P P  instances Visible-ro-piecel, Visible-ro-piece2 instances 
o f V IS IB L E -R O -P IE C E  are generated, and the  in s ta n tia tio n  rules are app lied  a t h igher 
level in  G /S  h ie ra rchy  re su ltin g  in  2 instances Ro-piecel, Ro-piece2 o f  R O -P IE C E  w h ich  
are inserted in to  evidence poo l. T he  Ro-piecel, Ro-piece2, H po ll, Hpol2, Hpol3  instances 
in  evidence po o l im m e d ia te ly  generate th e ir  paren t instances (accord ing to  the  m odel 
shown in  F ig . 7.1: R d l, Rd2 ( R O A D  class) and H o u l, Hou2, Hou3  ( H O U S E  class), 
w h ich  resu lts  in  es tab lishm en t o f P O  re la tions  between the  in s ta n tia te d  parents ob jects 
and th e ir  pa rts . F ig . 8.9c) shows the detected R d l, Rd2, H o u l, Hou2, Hou3, R i-arro w l 
instances.

T h is  is the  end o f in i t ia l  recogn ition , the  scenario tree is constructed , and the  ite ra tio n  
o f the  in te rp re ta tio n  cycle is pe rfo rm ed u n t il no m ore hypotheses can be generated, and 
every hypothesis  has been verified , o r re fu ted.

A s  a re su lt o f c o m p a tib ility  analysis o f the  scenario S I  =  {R d l ,  H o u 3 }  (F ig . 8.9c)), 
the  2 instances Hou3  and R d l are regarded as c o n flic tin g  ob jec ts  as th e ir  ob je c t classes 
are n o t co m p a tib le  and the  R V re la tio n  IN S ID E  between these tw o  instances exist. As a 
resu lt, op e ra to r assistance is invoked, and the H o u 3 instance is rem oved fro m  evidence
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po o l as w e ll as a l l th e  hypotheses generated by it .

T h e  f irs t  exam ple  shows the  co n s tru c tio n  o f P O  re la tio ns  in  m od e l-d rive n  reasoning 
d u r in g  R O A D  de te c tio n . F ig . 8.10a) show the fragm en t o f evidence p o o l (geom etric 
p a r t)  and  F ig . 8.10e) th e  correspond ing  in te rp re ta tio n  ne tw o rk  w ith  the  R O A D  instances 
R d l, Rd2 and hypotheses H I ,  H 2  fo r V IS IB L E -R O -P IE C E  generated by rules stored in 
R O A D  class. Suppose th e  scenario 51  =  { R d l ,H 2 }  is selected and R d l is re tu rn ed  as 
the  s o lu tio n  to  Rd2. A s  i t  does n o t fu l f i l l  a c o n tin u ity  c o n d itio n  requ ired  by Rd2  (checked 
by  th e  p rocedure  in  Task fie ld  o f a ru le  in  Rd2  w h ich  generated the  hypothesis  H 2), the 
proposed s o lu tio n  is re jected . D M  finds an a lte rn a tiv e  appearance m ode l, th a t  means 
i t  proceeds S  s tra te g y  in  R O -P IE C E  class, to  generate the  hypotheses H 3 and H 4 fo r 
O C C L U D E D -R O -P IE C E  (F ig . 8 .1 0 b ),f)) . Suppose the  selected scenario 5 2  =  { 7 /3 , / / 4 }  
is  c o m p a tib le , an d  th e  de tec to r a c tiva ted  by D M  finds a m iss ing  R A P  instance sa tis fy in g  
a com pos ite  hypo thes is  con s tru c ted  fro m  S2 (a fte r c losing th e  open R A P  po lygon  between 
Roeppl and Roepp2, w h ich  is pe rfo rm ed by  the  ReSe  m odu le ). Based on 5 - ty p e  re la tions 
D M  in s ta n tia te s  O C C L U D E D -R O -P IE C E , and then  R O -P IE C E  in to  instance R oP3  
(F ig . 8 .1 0 b ),f) ) .  S ince R o P 3  is connected to  R d l,  the  P O  re la tio n  between them  is 
con s tru c ted , and  th e  ve rified  hypothesis H 3 is rem oved. In  s im ila r  w ay the  P O  re la tio n  
between Rd2  and R o P 3 is constructed . Since R o P 3  has now  tw o  parents, R d l  and 
Rd2, these are m erged in to  a new instance Rd3  o f  R O A D  (F ig . 8 .10g)). A  ru le  in  
R O A D  is ap p lied  in  Rd3  to  generate new hypotheses H 5 and H 6 fo r ne ighbo ring  road 
pieces (F ig . 8 .10c),g )). A n  instance o f R O E P P ,  as w e ll as o f R A P  canno t be extracted  
as th e  hypotheses are o u t o f th e  p ic tu re  boundary , and th e y  are re fu ted . In  the  next 
in te rp re ta tio n  cycle , Rd3  generates a hypotheses a b o u t R O -T E R M ,  w h ich  are satisfied 
(R o T l, R o T 2  instances). F ig . 8.10d) shows the  ex trac te d  R O A D  instance Rd3, w h ile  
F ig . 8 .10h) the  con s tru c ted  P O  re la tions.

T h e  n e x t exam ple ilu s tra te s  a da ta -d rive n  c o n s tru c tio n  o f  G E  re la tio ns . Consider the 
fragm e n t o f evidence p o o l whose geom etric  de sc rip tion  is shown in  F ig . 8.11a). I t  consists 
o f R O A D  ins tance RdS and R O A D  hypotheses H I ,  H 2  generated by H o u l. Suppose the  
scenario 5 1  =  {R d3 , H I }  has been selected. I t  passes successfully the  c o m p a tib ility  
analysis (reg ions rep resenting  H I  and Rd3  in te rsect, th e ir  classes are com p a tib le , and 
a ll the  con s tra in ts : o r ie n ta tio n , w id th  associated w ith  b o th  Rd3  and H I  are satisfied). 
C onsequently, Rd3  is re tu rn e d  as a so lu tio n  to  H o u l, w h ich  estab lish  the  re la tio n  A L O N G  
between H O U S E  ins tance H o u l  and R O A D  instance Rd3  (F ig . 8 .11c)).

R IV E R  ins tance R i3  is cons truc ted  in  m od e l-d rive n  analysis fro m  its  3 parts ,w here 
R iP l,  R iP 2  are the  V IS IB L E -R I-P IE C E  instances (generated fro m  2 instances o f G EP), 
and R iP 3  is th e  ins tance o f O C C L U D E D -R I-P IE C E  (shown in  F ig . 8 .12a)).

F ig . 8.12 il lu s tra te s  th e  m od e l-d rive n  reason ing based on G E  re la tio n s  fo r  de tection  
th e  m iss ing  ins tance  o f B R ID G E . In  the  m ode l shown in  F ig . 7.2, R O A D  and R IV E R  
instances can generate B R ID G E  hypothesis  o n ly  a fte r its  co rrespond ing  O C C L U D E D -  
R O -P IE C E  and O C C L U D E D -R I-P IE C E in s t& n ces  are detected. W hen  the  scenario 5 2  — 
{ H I ,  H 2 }  is selected (F ig . 8 .12b)), the  com posite  hypothesis  is cons truc ted  fro m  52 , and 
the  d e te c to r o f  lin e  ob je c ts  ([108]) is a c tiva ted  to  e x tra c t B R ID G E -S Y M B O L  instance. 
T h e  b ridg e  in te rsects  w ith  a p o r tio n  o f a scarp, b u t due to  specia l p o s t-ve c to r iza tio n  used
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F ig . 8 .1 0 . T h e  i l lu s t r a t io n  o f  c o m p le m e n ta ry , m o d e l-d r iv e n  re a so n in g  b a s e d  o n  G E  re la tio n s  d u r in g  
e x t r a c t io n  o f  R O A D  in s ta n c e ,  a ) ,  b ) ,  c )  - g e o m e tric  d e sc r ip t io n s ,  e ) ,  f ) ,  g ) ,  h )  c o rre sp o n d in g  

in t e r p r e ta t io n  n e tw o rk s , d ) t h e  e x t r a c te d  ro a d  in s ta n c e  

R y s . 8 .1 0 . I lu s t r a c ja  w n io sk o w a n ia  u z u p e łn ia ją c e g o  o p a r te g o  n a  m o d e lu  n a  p o d s ta w ie  z w iąz k u  G E  p o d 
c z a s  e k s tr a k c j i  o b ie k tu  d ro g a : a ) ,  b ) ,  c )  - części g e o m e try c z n e  b azy , e ) ,  f ) ,  g ) h )  o d p o w ia d a 

j ą c e  im  s iec i in te rp r e ta c j i ,  d )  z n a lez io n y  o b ie k t d ro g a

F ig . 8 .11 . T h e  i l lu s t r a t io n  o f  c o m p le m en ta ry , d a ta -d r iv e n  re a s o n in g  b a s e d  o n  G E  re la tio n : a )  g e o m e tr ic  
d e s c r ip t io n ,  b )  in te r p r e ta t io n  n e tw o rk , c ) th e  e s ta b lis h e d  g e o m e tr ic  re la t io n  A L O N G

R y s. 8 .11 . I lu s t r a c ja  o p a r te g o  n a  d a n y c h  w n io sk o w a n ia  u z u p e łn ia ją c e g o  n a  p o d s ta w ie  zw iąz k u  G E : 
a ) c zęść  g e o m e try c z n a  b azy , b )  s ieć  in te rp r e ta c j i ,  c )  s k o n s tru o w a n y  z w iązek  g e o m e try c zn y

w zd łu ż
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F ig . 8 .1 2 . T h e  i l lu s t r a t io n  o f  c o m p le m e n ta ry , m o d e l-d r iv e n  re a s o n in g  b a s e d  o n  G E  re la tio n s :  a ) geo
m e tr ic  d e s c r ip t io n ,  b )  in te r p r e ta t io n  n e tw o rk , c) t h e  e x t r a c te d  B R I D G E  in s ta n c e  B r l ,  d ) 
t h e  e s ta b l is h e d  g e o m e tr ic  re la t io n s  A  C R O S S  a n d  O V E R .  H I ,  H 2  - B R ID G E  h y p o th e se s  

R y s. 8 .1 2 . I lu s t r a c ja  o p a r te g o  n a  m o d e lu  w n io sk o w a n ia  u z u p e łn ia ją c e g o  n a  p o d s ta w ie  z w ią z k u  G E : a) 
część  g e o m e try c z n a  b azy , b ) s ieć  in te rp r e ta c j i ,  c) z n a lez io n y  o b ie k t m o s t  B r  1, d ) s k o n s tru 
o w a n e  zw iąz k i w zd łu ż  i ponad. H I ,  H 2 - h ip o te z y  d o ty c z ą c e  o b ie k tu  m o s t

by  th is  d e te c to r ([108 ]), i t  is  c o rre c tly  ex tracted . A s a resu lt o f  5 2  scenario ve rifica tio n , 
the  G E  re la t io n  A C R O S S  between the detected B R ID G E  ins tance B r l  and Rd3, as 
w e ll as G E  re la tio n  O V E R  between B r l  and R i3  are cons truc ted  (F ig . 8 .12d)).

T h e  tw o  instances Scpl, Scp2 o f  S C A R P  a t a r iv e r  ins tance RiS  are detected by 
m o d e l-d rive n  reason ing based on a re la tio n  A T. N o te , th a t  even th e  scarp overlaps w ith  
a b ridge , due to  th e  m en tioned  specia l p o s t-ve c to riza tio n  pe rfo rm ed  in  the  line  ob jects 
d e tec to r ([108 ]), th e  tw o  scarps are c o rre c tly  ex tracted . A s  a resu lt, th e  tw o  re la tio ns  A T  
between R i3  and Scpl and Scp2 are constructed.

T h e  3 instances T r l ,  Tr2, T r3  o f  T R E E  are ex trac te d  by m o d e l-d rive n  reasoning 
based on a G E  re la tio n  IN C L U D E  between P A V E M E N T  and G T R E E .

R O -N A M E , R I-N A M E  and H N R  instances are ex trac te d  by m od e l-d rive n  reasoning 
w h ich  resu lts  in  c o n s tru c tio n  o f ap p ro p ria te  G E  re la tio ns  (F ig . 8.13).

T he  analysis te rm in a te s  w hen a ll the  hypotheses created have been ve rified  o r re fu ted. 
F ig . 8.13 shows the  fin a l in te rp re ta tio n  ne tw ork  fo r the  m ap fragm e n t shown in  F ig . 8.13.

F ig . 8 .13 . F in a l  in te r p r e ta t io n  n e tw o rk  o f  F ig . 8 .7  

R y s. 8 .13 . O s ta te c z n a  s ieć  in te rp r e ta c j i  d la  R y s. 8 .7

S um m ing  up , a ll T R E E  as w e ll as S C A R P S  and B R ID G E  instances were detected 
by  m od e l-d rive n  reasoning. O ne po lygon  (O C C L U D E D -R O -P IE C E  instance) has been
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detected in  m od e l-d rive n  reasoning d u r in g  the analysis process. One c o n flic tin g  ob ject 
(H O U S E  instance) has been removed. These results w e ll dem onstra te  the  effectiveness 

o f com bined d a ta - and m ode l-d riven  reasoning.



Chapter 9 

Classifier based on relational matching

1. T h e  o v erv iew  o f  th e  m eth o d

C artog raphe rs  use predefined sym bols, as w e ll as te x t to  convey m eanings associated 
w ith  lo g ica l s truc tu re s  represented in  maps. R ecogn ition  o f geographic symbols and text 
is, the re fore , an im p o rta n t aspect o f any m ap analysis system  ([320]). F ig . 9.1 shows 
some exam ples o f such geographic sym bols fro m  4 layers o f P o lish  Fundam enta l Land 
M a p  (P F L M ) ([124]). T h e y  are used to  sym bolize m any d iffe ren t ob jects in  a dom ain.

/ (
a)

/ N

C )
V -/

g)

b) d)

Y ~ Q
h) j )  k) 1)

F ig . 9.1. Some examples o f geographic symbols fro m  P F L M : a) cross, b) lig h t,  c) w ell, d ) fou n ta in , e) 
w in d m ill, f )  b ridge , g) leafy tree, h) coniferous tree, i)  grass, j )  gate, k ) green fence, 1) bush

Rys. 9.1. P rz y k ła d y  sym b o li geograficznych z Zasadniczej M apy K ra ju : a) k rzyż , b) la ta rn ia , c) studnia,
d ) fon tanna, e) m ły n , f )  m ost, g) drzewo liściaste, h ) drzewo ig laste , i)  tra w a , j )  bram a, k) 
żyw o p ło t, 1) krzew

T h is  chap te r presents a s tru c tu ra l m ethod  fo r reco gn ition  o f geographic symbols and 
text (pub lished  in  [314, 317]), w h ich  is based on the  relational model of a general 2D-curve.

T he  sym bo ls in  the  im age are extracted  by the  fo llo w in g  sequence o f steps (as de
scribed in  chap te r 6): (3 ,4 )-D T  th in n in g  ([23]), line  fo llow ing , segm en ta tion  in to  sho rt 
and long  lines, and vecto rized th in n in g  ([315]) o f sho rt elem ents w h ich  resu lts in  a vec
to rize d  skeleton o f a sym bol. T he  vectorized th in n in g  a lg o r ith m  decomposes im age in to  
reg u la r p a rts  (lines), and s ingu la r pa rts  ( multiple points) rep resenting  branch ings, cross
ings and end p o in ts  on a 2D -curve. T he  o u tp u t fro m  the  vecto rized th in n in g  a lg o rith m

125
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is a piecewise lin e a r curve expressed in  te rm s o f the  un d irec ted  g raph  G  =  (J, F ) ,  where 
J  is a set o f  nodes, and  F  is the  set o f edges. Nodes o f a g raph  represent m u ltip le  po in ts , 
w h ile  edges correspond to  s im p le  o r closed curves.

T h e  proposed, r e la t io n a l  m o d e l o f geographic sym bols and te x t  is a com b in a tio n  o f 
tw o  types o f discrete, global, qualitative features:

•  Quasi-topological features (convexity , concavity , lo op ) represented in  a m odel by: 
p rim itive  sequences and a lis t  o f  th e ir  connections. These g lo b a l features have 
been de rived  us ing  sys tem atic  ru les fro m  lo ca l features: prim itives  and th e ir  b in a ry  
concatenations.

•  A geometric structure o f  each m u lt ip le  p o in t (branch , crossing).

Such q u a lita t iv e  and g lo b a l s tru c tu re  is rob us t aga inst m any de fo rm a tions . T h e  above 
q u a lita t iv e  fea tu res com posing  a re la tio n a l m ode l are regarded as the  d o m in a n t in fo r
m a tio n , whereas quantitative  and continuous features (geom etric  param eters such as size 
and p o s it io n ) are used as secondary in fo rm a tio n  a ttached  to  s tru c tu ra l com ponents.

F in d in g  a m a tch  between a m ode l and an unknow n  2D -curve is pe rfo rm ed th rou gh  
th e  devised hybrid procedure cons is ting  of:

•  Structural matching  a lg o r ith m

•  Distance calculation in  a pa ram e te r space.

A  scheme fo r  o b ta in in g  a re la tio n a l de sc rip tion  o f a general 2D -curve accord ing  to  the  
presented m e tho d  is shown in  F ig . 9.2.

Nodes o f a g ra ph  ob ta in ed  fro m  vecto rized th in n in g  w h ich  represent m u lt ip le  po in ts  
are processed in  multiple point geometric structure analysis m od u le  (m odu le  2), w h ile  
q u as i-to po log ica l rep resen ta tion  o f edges o f the  graph (correspond ing  to  s im p le  o r closed 
curves ) is created in  a sequence o f steps: prim itive extraction, binary concatenation, 
linking  and prim itive  sequences connection com posing m odu le  1 (F ig . 9.2).

T he  re la tio n a l m ode l o f a general 2D -curve presented in  th is  chap te r, is based on a 
m od ified , a lgebra ic  s tru c tu re  o f a curve fro m  [251], proposed fo r rep resen ta tion  o f Japan 
characters. W e have m od ifie d  procedure fo r decom position  o f a m u lt ip le  p o in t on a curve, 
w h ich  resu lted  in  a d iffe re n t to  [251] geom etric  rep resen ta tion  o f a m u lt ip le  p o in t, m ore 
su ita b le  fo r  geograph ic sym bols. T he  n o tio n  o f a stroke  fro m  [251] has been replaced 
by  a set o f pairs o f prim itive  sequences converg ing a t a g iven m u lt ip le  p o in t. W e have 
m od ifie d  the  m a tch in g  c r ite r ia  fro m  ([251]) accord ing  to  the  in tro d u ce d  m od ifica tions  in  
a s tru c tu ra l de sc rip tion .

T h e  presented m e tho d  is tra n s la t io n  and ro ta t io n  in v a ria n t. R o ta tio n  invariance is 
achieved b y  a p re lim in a ry  c o m p u ta tio n  o f the  shape’s o r ie n ta tio n  and o b ta in in g  sym bol 
o r s tr in g  o f characters in  a reference p o s itio n . T h e  c o m p u ta tio n  o f the  o r ie n ta tio n  can be 
easily  done, because sym bo ls  as w e ll as te x t  are d ra w n  p a ra lle l o r pe rp e n d icu la r to  the  axis 
o f the  geograph ic o b je c t th e y  sym bo lized, and these axis are know n before recogn ition  
due to  th e  ana lys is  s tra te g y  described in  chap te r 8.
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R y s. 9 .2 . S c h e m a t a n a l iz y  s t r u k tu r y  k rzy w ej 2D  p o d c z a s  tw o rz e n ia  je j o p is u  re la c y jn eg o
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2. R e la t io n a l  r e p r e se n ta tio n  o f  a  g en era l 2 D -cu rv e

A  s tru c tu re  o f each general 2D -curve, is described by  q u as i-to po log ica l s tru c tu re  o f 
each s im p le  o r closed curve, and a geom etric  s tru c tu re  o f each m u lt ip le  p o in t, as m entioned 
in  f irs t  section.
2 .1 . Q u a s i- to p o lo g ic a l  s t r u c t u r e  o f  a  c u rv e

2.1.1. Local features

T h e  xy-m onotone  curve is a curve whose x  and y values are e ith e r non increasing or 
nondecreasing as one traverses a curve. L e t the  tw o  end p o in ts  o f an xy -m on o ton e  curve 
be h (x o, j/o) w h ich  is ca lled  a head and t ( x i ,  y{) ca lled  a ta il, where h and t are de term ined 
in  such a w ay th a t  x 0 <  X \ i f  x 0 < >  x x, and y0 <  y\ i f  x 0 =  x x. T h e  p rim itiv e  o f  a curve 
is defined as one o f  fo u r types o f xy -m on o ton e  curve acco rd ing  to  an o rder re la tio n  o f the 
x  and y coo rd ina tes  o f its  head and the  ta i l  po in ts :

(1 ) deno ted by  ( —) i f  x 0 <  £ i  and y0 =  yx (F ig . 9 .3a)),

(2 )  deno ted  by ( / )  i f  x 0 <  x \ and y0 <  y\ (F ig . 9 .3c)),

(3 ) deno ted  by ( |)  i f  x 0 =  X\ and y0 <  y\ (F ig . 9 .3b)),

(4 )  deno ted by ( \ )  i f  Xq <  x x and yo >  yi (F ig . 9 .3d)).

F ig . 9 .3 . F o u r  ty p e s  o f  c u rv e  p rim itiv e s , a )  ty p e  1, b ) ty p e  3, c ) ty p e  2 , d ) ty p e  4 

R y s. 9 .3 . C z te ry  ty p y  p ry m ity w ó w : a ) ty p u  1, b ) ty p u  2 , c ) ty p u  3 ) , d ) ty p u  4

F or tw o  p r im it iv e s  a and b, the  binary concatenation operation is defined as:

a {j)b

fo r  j  =  0 ,1 ,2 , 3, where j  denotes the  direction o f  convexity  fo rm ed  by th e  concatenation  
o f  tw o  p r im it iv e s  w h ich  cou ld  be dow nward, le ftw a rd , upw ard  and r ig h tw a rd  (e.g. see 
F ig . 9.5 fo r  some exam ples). T w o p r im it iv e s  a and b are concatenated in  such a way th a t 
a p a ir  o f  vectors: (P P a, P P i,) c o n s titu te  a r ig h t-h a n d  system  as shown in  F ig . 9.4. Table 
9.1 gives a d e fin it io n  o f these fo u r types o f conca tena tion .

A  sym bo l \p r m ( t i ) ,p i \p r m ( t 2 ) ,p 2] in  Tab le  9.1 denotes th e  fa c t th a t  tw o  p r im it iv e s  t x 
and t2, one o f  ty p e  p r m (t i ) and the  second o f type  p rm (t2) are concatenated a t p t o f the 
1-st p r im it iv e  and  p2 o f  the  2-nd p r im it iv e  p r m (t \ ) ,p r m ( t2) €  { —, |, \ ,  / } ,  p i,p 2 £  {h , <}, 
where h and t  denote a head and a ta i l  o f a p r im it iv e . Some exam ples o f a concatenation  
o p e ra tio n  are il lu s tra te d  in  F ig . 9.5.
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F ig . 9 .5 . 

R y s . 9 .5 .

F ig . 9 .4 . C o n c a te n a t io n  o f  tw o  p r im itiv e s  a  a n d  b a c c o rd in g  to  r ig h t -h a n d  s y s te m  

R y s . 9 .4 . K o n k a te n a c ja  d w ó ch  p ry m ity w ó w  o  i b w g s y s te m u  p ra w o sk rę tn e g o

•

(a, /,  h ; b, \ ,  t)

£

T Y P  0
b

7

(a, I, h ; b, V t) (a, /, h  ; b, I, h) (a, /, h ; b, /,  h) 

T Y P  1

(a, V h ; b, /, h) (a, h ; b, /,  h) (a, V h ; b, h)

T Y P  2

(a, \ ,  h  ; b, \, h)

PS • /
V'b

(a, /,  t ; b , \, h ) (a, I, t ; b A  h ) (a, / .  t ; b , I, t)  (a , /, t ; b , / ,  t)

T Y P  3

I l l u s t r a t io n  o f  th e  fo u r  ty p e s  o f b in a ry  c o n c a te n a tio n : a ) d o w n w ard , b ) le f tw a rd , c) u p w a rd , 

d )  r ig h tw a rd

I lu s t r a c ja  c z te re c h  ty p ó w  b in a rn e j k o n k a te n a c ji:  a )  w  d ó ł, b ) w  lew o , c) d o  gó ry , d ) w  p ra w o
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do w nw ard  convex 0 El. A; \ , * ] [/> h \\ ,h ] [ / .  / ,  h]
le ftw a rd  convex 1 [ \ ,A ; /A ] \ A \ > A
up w a rd  convex 2

r ig h tw a rd  convex 3 M ;  - , t ]

F ig . T a b l ic a  9 .1 . C o n c a te n a t io n  ru le s  o f  tw o  p r im itiv e s  

R y s . T a b l ic a  9 .1 . R e g u ły  k o n k a te n a c ji  d w ó ch  p ry m ity w ó w

2.1.2. Global features

2.1 .2 .1 . P rim itive  sequences o f curves

A  s im p le  2D -cu rve  is covered w ith  the  defined p rim itiv e s . N e x t, a defined b in a ry  concate
n a tio n  o p e ra tio n  is ap p lied  fo r each p a ir  o f the  detected p rim itiv e s . B y  lin k in g  the  b in a ry  
ope ra tions  on p r im it iv e s  the  fo llo w in g  sequence, ca lled p r im itiv e  sequence is generated:

T h e  end po in ts : a0 and an o f  a p r im it iv e  seqence are ca lled  the  h-p o in t and t-p o in t, 
respective ly . F o r each such sequence com posed o f (n  +  1) p r im it iv e s  th e  labe l ca lled  P S -  
Label (P r im it iv e  Sequence-Label) denoted: (ps, id r )  is g iven by  th e  fo llo w in g  form ulae:

ps — (n  +  1) +  L  +  M  
id r  =  j ]

where:

L  is a nu m be r o f concatenations o f the  fo rm : a i( j i+ l )a i+u  fo r  i  =  0 ,1 ,. . . ,  n  -  1, such th a t 
p rm (a i) =  p rm (a i+1),
M  is a nu m be r o f p r im it iv e s  a{ such th a t p rm (a ,)  €  { | ,  - } ,  
id r  denotes th e  in i t ia l  d ire c tio n  o f a ro ta tio n .

F ig . 9.6a) shows an exam ple o f genera ting  the  p r im it iv e  sequence: 1 (0 )2 (1 )3 (2 )4 (3 )5  
w ith  P S -L ab el Z 5 ,0). For sequence composed o f one p r im it iv e , a P S -L ab e l is g iven in  
the  fo llo w in g  way: (1 ,1 ) fo r the  p r im it iv e  o f type  (1 ,2 ) fo r typ e  and (1 ,3 ) fo r 
type  ’Y , respective ly. W hen  the  p r im it iv e  sequence is cyc lic , th e  P S -L ab e l (0 ,0 ) is given 
to  such curve.

2.1 .2 .2 . Connection of p rim itive sequences

T w o p r im it iv e  sequences: e0 =  a o ( i i ) a i( i2) . . . ( im)a m and ex =  bQ( j ]_)bl ( j 2 ) . . . ( jn)bn w ith  the 
P S -L ab els  o f  eo and ex equal to  (pso,id0) and (psx, id i )  respective ly, cou ld  be connected 
in  tw o  ways. I f  the  p r im it iv e  ao is id e n tic a l to  the  p r im it iv e  bo th e  tw o  p r im it iv e  sequences 
e0 and e i are connected to  one an o the r by sha ring  the  f irs t  p r im it iv e  o f each one. I t  is
a h-connection  and is denoted as: e0 (h )e i (e.g. see F ig . 9 .6b )). I f  the  p r im it iv e  am is
id e n tic a l to  the  p r im it iv e  bn th e  tw o  p r im it iv e  sequences e0 and ex are connected to  one 
an o the r by sha rin g  the  la s t p r im it iv e  o f each one. I t  is a t-connection  and is denoted as 
eo{t)ex (e.g. see F ig . 9 .6c)).

Suppose th a t  a curve consists o f n  p r im it iv e  sequences e{, i  =  1 ,2 , . .. ,n ,  and e* is
connected to  e j+1 , fo r i =  1, 2 ,... ,  n — 1, in  such a way th a t:
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F ig . 9 .6 . a )  I l l u s t r a t io n  o f  g e n e r a t in g  a  p r im itiv e  seq u en ce : h ,  t  d e n o te  t h e  h -p o in t  a n d  t -p o in t  o f th e  
p r im itiv e  se q u e n c e , b ) ,  c ) I l l u s tr a t io n  o f  c o n c a te n a tio n  o f p r im itiv e  seq u e n ces : h -c o n n e c tio n  

(b )  a n d  t -c o n n e c t io n  (c)

R y s. 9 .6 . a ) I lu s t r a c ja  g e n e ra c ji  sek w en c ji p ry m ity w ó w : h , t  o z n a c z a ją  h - p u n t  i t - p u n k t  sek w en c ji p ry 
m ity w ó w , b ) ,  c) i lu s t r a c ja  k o n k a te n a c ji sek w en c ji p ry m ity w ó w : p o łą c z e n ie  ty p u  h  (b), o raz  
p o łą c z e n ie  ty p u  t  (c)

ei(C i+ i)e i+ i  (c{ €  M )

where ci+1 =  t i f  c; =  h, and a + i  =  h i f  c,- =  i ;  ( i  =  2 ,3 , . . ,n  -  1). B y  lin k in g  the 
connections o f the  p r im it iv e  sequences, the  fo llow ing  s tr in g  w h ich  describes the quasi- 
topological structure o f  a s im p le  curve is generated:

(p s \,id r  x) (c2) (ps2, id r2) (c3) ... (c „) (psn, id rn)

where (ps*, id r t) is a P S -Labe l o f a p r im it iv e  sequence e; . In  the  case o f closed curve, the 

las t e lem ent is id e n tic a l to  the  f irs t  one.

2 .2 . G e o m e t r ic  s t r u c t u r e  o f  a  m u l t ip le  p o in t

T he  node in  a skeleton o f a 2D-curve, whose order (the  num ber o f p r im it iv e  sequences 
in c id e n t to  the  node) is equal to  o r m ore tha n  3 is a m u ltip le  point. F our possible types 
o f ad jacent s tru c tu re s  o f tw o p r im it iv e  sequences on a m u ltip le  p o in t have been used: X  
typ e  (crossing), K  typ e  (touch ) and T  and Y  types dep icted in  F ig . 9.7.

•) b) c> «

F ig . 9 .7 . F o u r s t ru c tu re s  o f  a  m u ltip le  p o in t  

R y s. 9 .7 . C z te ry  s t r u k tu r y  p u n k tu  w ie lo k ro tn e g o

T h e  s tru c tu re  o f a g iven m u ltip le  p o in t v is described by a b in a ry  re la tio n  o f p r im it iv e  
sequences (o r th e ir  connections) in c ide n t to  v, and is ob ta ined  by the  fo llo w in g  decompo
sition procedure o f  v. T h is  procedure tries  to  connect in  pairs the  in c id e n t to  v p r im it iv e  
sequences, so as the  con d itions  (based on local features a round v , angles in  the  presented 
m e th o d ), fo r  th e  fo u r types o f s truc tu res o f a m u ltip le  p o in t are satisfied. T hus, a general 
2D -curve  is decom posed in to  un icu rsa l com ponents by ta k in g  account o f the  smoothness
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a) b)

F ig . 9 .8 . D e c o m p o s itio n  o f  a  m u ltip le  p o in t  

R y s. 9 .8 . D e k o m p o z y c ja  p u n k tu  w ie lo k ro tn e g o

o f d ire c tio n a l changes a t a m u lt ip le  p o in t, th a t  means lo ca l ru les fo r  ad jacent edges. 
W h e n  lo c a l fea tu re  a ro un d  m u ltip le  p o in t is com plex, decis ion shou ld  be m ade in  te rm s 
o f g lo b a l fea tu res o f ad jacen t curves ra th e r th a n  the  lo ca l ru les fo r  ad jacen t edges. As a 
resu lt, a m u lt ip le  p o in t o f  n degree is decomposed in to  r  =  f ( n /2 ) ]  curves in c id e n t to  v. 
F ig . 9.8 ilu s tra te s  th e  decom pos ition  o f th e  m u lt ip le  p o in t w ith  n = 4  re s u lt in g  in  2 pa irs  
o f  p r im it iv e  sequences: pk =  (e .i, el2) and pi =  (e3i ,  ej2).

F o r X  and K  types, th e  re s u lt in g  s tru c tu re  o f a m u lt ip le  p o in t v is dep ic ted  in  the
fo llo w in g : [p * ](T ) b i ]  =  [(en, ei2)}(T)[(ej u ej2)], where T =  K ,X  and eiu  ei2) eju  ej2 are
the  in c id e n t to  v p r im it iv e  sequences o r th e ir  connections.

For Y  and T  types, the  re s u lt in g  s tru c tu re  o f a m u ltip le  p o in t v is  dep ic ted  in  the
fo llo w in g : [pfc]T[pi] =  [(e ;i, el2) ] (T ) [ ( e , i,  0 )], where T  =  K ,X  and o th e r n o ta tio n s  used,
are th e  same as above.

3. T h e  h y b r id  d e sc r ip t io n  o f  a  gen era l 2 D -cu rv e

T h e  proposed, hybrid, description o f a general 2D -curve is com posed of:

•  R e la tio n a l de scrip tion , w h ich  captures the  g loba l, q u a lita t iv e , and d iscrete features 
(quas i-to po log ica l s tru c tu re  o f a curve and geom etric  s tru c tu re  o f m u lt ip le  p o in t) ,

•  Q u a n tita t iv e , con tinuous features (param eters o f th e  g lob a l fea tu res) w h ich  are 
a ttached  to  com ponents o f  a re la tio n a l m odel.

3 .1 . T h e  r e la t io n a l  d e s c r ip t io n

T h e  proposed re la t io n a l d e sc rip tion  is based on the  extended n o tio n  o f re la t io n a l s tru c tu re  
proposed in  [292, 293], and described in  chap te r 1. A s opposed to  [292, 293], we a llow  an 
o b je c t to  be com posed o f  m any d iffe re n t p a r t sets.

T h e  relational description o f  a m ode l M  o f  a geograph ic sym bo l is g iven in  the  fo l
low ing :

D ( I )  { S P m , S P A m , R [ ,R l ,  N P A m , N P m , N M m , C m , L m , P m , M P m , o p m , o u i m }
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where:
SPm  and S P A M  are the  tw o  p a r t sets com posing the  o b je c t M, a set o f p r im it iv e  
sequences (part set 1 ), and a set o f pa irs  (part set 2 ), respective ly,
R { C  S P m  x  S P m  is  a re la t io n  defined on p a r t  set 1, th a t  means a set o f  p r im it iv e  

sequence connections,
Rj} C  S P A m  x  S P A m  is a re la tio n  defined on p a r t  set 2, th a t  m eans a set o f  p a ir  

connections, each o f w h ich  defines a m u ltip le  p o in t,
N P A m , N P m , N M m  are the  num bers o f  pa irs, p r im it iv e  sequences and m u ltip le  po in ts  

in  a  m od e l M , respective ly,
C m '- { 1 , - , N P m }  x  {1 ,...,A T P M } ->■ Z  C  { i ( c ) j  : 1 <  i , j  <  N P M ,c  €  { M } }  is a 

p r im it iv e  sequence connection  la b e lin g  fu n c tio n ,
L M '■ {1  , —,N P m }  —> 2 PSL, where P S L  — { ( p s ,id r) \ ps €  N ; id r  €  { 0 ,1 ,2 ,3 ,4 } }  is a 

p r im it iv e  sequence la b e lin g  fu n c tio n ,
Pm  { 1 , . . . ,  ./V P */} —> 2 m p a, where M P A  =  {1 , . . . ,  N P A M }  is a p r im it iv e  sequence

in d e x in g  fu n c tio n ,
M P M ■■ { I , - , N M m )  - *  2 MPS, where M P S  =  { [p , ] ( t ) [p j ] ;0  <  p{,p j <  N P A m ;t  =  
X ,  K , T , Y }  is a m u lt ip le  p o in t la be ling  fun c tion ,
opM : P  { 0 ,1 } ;  ornM : M  —► { 0 ,1 }  are o p t io n a lity  fun c tions  hav ing  the  fo llow ing  
m eaning: i f  opm(i) =  0 (omM(i) =  1) the n  the  i- th  p r im it iv e  sequence (m u ltip le  p o in t) 
is o p tio n a l, i f  opm {i) =  1 (o m M {i) =  1) then  i- th  p r im it iv e  sequence (m u ltip le  p o in t) is 

m anda to ry .

A cco rd in g  to  the  above sta ted  la be lin g  and inde x ing  func tions , L « ( t )  denotes the 
set o f  e lig ib le  labe ls  o f  th e  i - t h  p r im it iv e  sequence, P m (i)  th e  set o f p a ir ’s indexes to  
w h ich  i - t h  p r im it iv e  sequence belongs, C m ((*, j ) )  the  labe l o f a connection  o f i and j  
p r im it iv e  sequences, M P m (0  denotes the  set o f e lig ib le  s truc tu re s  o f a m u ltip le  p o in t i.

T h e  de sc rip tion  scheme o f an ob je c t O  is given fo rm a lly  as:

D ( 0 )  =  {SP0 , SPA0, R?, R?, N P A 0, NP0 , N M 0, C 0 , La , Po, M P0 , op0 , om0 }  

where the  same n o ta tio n s  are used as fo r  a m ode l ( M ) .

3.1.1. Example o f a re la tiona l description

F igu re  9.10 shows the  exam ple o f a re la tio n a l de scrip tion  o f a curve, whose vectorized 
skeleton is dep ic ted  in  F ig . 9.9a. I ts  skeleton has been covered w ith  p r im itiv e s : u;0, 
w l,  w 2, w 3, w 4, and w5. N e x t, a  b in a ry  conca tena tion  op e ra tio n  has been app lied , and 
such connected p r im it iv e s  have been lin ke d  to  fo rm  the  fo llo w in g  p r im it iv e  sequences: 
FI, F2, F3, and F4- A s  a resu lt o f  th e  connection  o f  tw o  p r im it iv e  sequences F 3 and 
F 4 , a connection  F5: (2, l ) ( h ) ( 3 ,3) has been generated. A n  e x is tin g  m u ltip le  p o in t v l  
has been decom posed accord ing  to  the described procedure, w h ich  reveals its  s truc tu re : 

[F1,F5J(T)[FS,0J.



134 CHAPTER 9. CLASSIFIER BASED ON RELATIONAL MATCHING

F ig . 9 .9 . a )  A  g e n e r a l  2 D -c u rv e , b ) d e c o m p o s it io n  o f  2 D -c u rv e  in to  p r im it iv e  s eq u e n c es  a n d  m u ltip le  
p o in t ,  c )  q u a s i- to p o lo g ic a l  s t r u c tu r e  o f  t h e  c u rv e  F 5  : F 3 ( / i ) F 4

R y s . 9 .9 . a )  K rz y w a  2D , b )  d e k o m p o z y c ja  k rzy w e j n a  p ry m ity w n e  sek w en c je  o ra z  p u n k t  w ie lo k ro tn y , 
c) q u a s i- to p o lo g ic z n a  s t r u k tu r a  k rzy w e j F 5  : F 3 ( / i ) F 4

SPr SPA j r }  Rj

FI : wO PI =[F1,F5] F5 = (F3,F4) vl = (PI, P2)
F3 : w2 (1) w l P2 = [F2,0]
F4 : w2(3)w3(0)w4
F2 : w5

C i L r

C I (FS)  = F3(h)F4 FI : <1,1> P l(F l)  = Pl M Pj(vl) = PI (T)P2 
F3 : <2,1> P j (F3) = P1 
F4 : <3,3> P i  (F4) = PI 
F2 : <1,1> p j (F2) = P2

F ig . 9 .1 0 . R e la t io n a l  d e s c r ip t io n  o f  a  c u rv e  f ro m  F ig . 6 .9 a ) . o p m ( F I )  — 0 , o m j f ( t ) l )  =  0 , th e  re m a in in g  
p r im it iv e  s eq u e n c es  a r e  m a n d a to ry .  F o r  s im p lif ic a tio n , p a i r s  axe id e n tif ie d  w ith  th e ir  in d ex es. 
O n ly  o n e  e lig ib le  la b e l  fo r  p r im it iv e  seq u e n c e , a n d  fo r  m u lt ip le  p o in t  a r e  d e p ic te d

R y s . 9 .1 0 . O p is  re la c y jn y  k rz y w e j z  R y s . 9 a ) . o p m { F  1) =  0 , o m jv f(u l)  =  0 , p o z o s ta łe  sek w e n c je  
p ry m ity w ó w  s ą  o b o w iązk o w e . P a r y  id e n ty fik o w a n e  s ą  z e  sw o im i in d e k sa m i. P o k a z a n o  ty lk o  
j e d n ą  d o z w o lo n ą  e ty k ie tę  d la  se k w en c ji p ry m ity w ó w  o ra z  p u n k tu  w ie lo k ro tn e g o
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3 .2 . P a r a m e te r iz a t io n  o f  a  s h a p e

Since th e  de sc rip tion  m e tho d  ignores m e tr ic  in fo rm a tio n  such as le ng th , cu rva tu re , an
gle, o r  po s itio n , p ro v id in g  th a t  ob je c t representing d iffe re n t sym bols have the  iden tica l 
s tru c tu re , p a ra m e te riza tio n  o f shapes, nam ely  p r im it iv e , p r im it iv e  sequence and m u ltip le  

p o in t has been in tro du ced .

T h e  n o rm a liz a tio n  o f a shape has been pe rfo rm ed w ith  respect to  th e  bo u n d in g  box 
(the  u p r ig h t rec tang le  ju s t  enclosing the  shape) o f the  sym bo l, b y  sca ling  th e  longest side 
o f th e  box to  u n ity  and preserv ing  the  aspect ra tio . The  center o f  the  b o un d in g  box is 
set to  be the  o r ig in  (0,0).

0.51

l

F ig . 9 .1 1 . I l lu s t r a t io n  o f  p a ra m e te r s  d e sc rib in g  p r im itiv e  P 1 P 4  

R y s . 9 .11 . I lu s t r a c ja  p a ra m e tró w  o p isu ją cy c h  sek w e n c ję  p ry m ity w ó w

T he  fo llo w in g  param eters describes the three shapes:

1. (x , y, A w , A h , Xh, yh, x t , yt) fo r  p r im it iv e  sequence w ith  P S -Labe l (ps, id r ) ,  and ps >  
0; (x ,y ) is the  center coord inates o f the bo un d in g  box o f the  p r im it iv e  sequence, 
A w , A h  are w id th  and he igh t o f the  bo un d in g  box, (x /,, y^), (x t , j/t) are the  loca tions 
o f the  h and t-p o in ts .

2. (x , y, R t ,  A w , A h )  fo r p r im it iv e  sequence w ith  P S -Labe l (0 ,0 ) ; (x , y) is the  center 
coo rd ina tes o f the  loop , A w , A h  are the  w id th  and he igh t o f the  bo u n d in g  box, R t  
is the  th inness ra t io  defined by: R t  =  A n A /P 2, where A  is an area, and P  is the  
p e rim e te r o f the  loop.

3. (x , y, conv, A w , A h )  fo r a p r im it iv e ; (x, y) is the  center coo rd inates o f the  chord, 
A w , A h  are the  le n g th  o f p ro je c tions  o f the  arc to  the  x  and y axes, conv rep
resents con vex ity  defined as: conv =  2 S /P \P n, were S  is th e  area o f the  po lygon 
( P i , ..., Pn, P i)  where P i , ..., Pn, is a p o in t sequence fo rm in g  a p r im it iv e , w ith  P i 
and Pn be ing  its  head and ta il ,  respectively.

4. (x , y) fo r  m u lt ip le  p o in t, be ing its  coord inates.
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4. H y b r id  m a tc h in g

F in d in g  a m a tch  between an unknow n  ob je c t 0  and a m ode l M  is accom plished in  a 
devised, tw o-s tage  p rocedure , cons is ting  of:

•  S tru c tu ra l m a tch in g

•  D is tance  c a lc u la tio n  in  pa ram e te r space.

I f  th e  o b je c t is  m atched  w ith  a re la t io n a l m odel, the  n o rm a lized  E uc lidean  distance 
is com p u ted  fo r  pa ram ete rs  on  s tru c tu ra l com ponents (p r im it iv e  sequences, p r im itiv e s , 
m u lt ip le  p o in ts ), and th e  f in a l decis ion is m ade on the  basis o f  th e  d istance.

4.1. Relational matching

R e la tio n a l m atch ing  o f  an o b je c t and a  m ode l is fo rm a lized  in  th e  fo llo w in g . A n  ob jec t 
O  is  m a tched  w ith  a  m od e l M  i f  su rjec tio ns  h i  and h2 :

h i  : {1 ,2 ,..., TVPm} -> {1 ,2 ,..., NP0 }  U {0} 
h2 : { 1 , 2 , N M M}  -4  {1 ,2 ,..., N M 0 }  U {0}

are fo u n d  such th a t  sa tis fy  the  fo llo w in g  c r ite r ia :

1. I f  h l ( i )  =  h l ( j )  ±  0 fo r  i , j  G { 1 ,2 , . . . ,  N P m }  the n  i  =  j

2. I f  o p m {i ) — 1 fo r  i , j  G {1 ,2 , . . . ,  N P m }  the n  the re  ex is ts  j  G { 1 ,2 , . . . ,  N P 0 )  such 
th a t  h l ( i )  =  j

3. F o r each p r im it iv e  sequence j  =  h l ( i )  in  the  o b je c t its  P S -La be l L o ( j )  m ust be 
a  m em ber o f  a  set L m (i)  o f  a  co rrespond ing  p r im it iv e  sequence i  in  th e  m odel: 
L o ( j )  =  L 0 ( h l ( t ) )  G L m \i) .

4. C onnections o f  p r im it iv e  sequence defined in  the  m o d e l are also preserved in  the 

ob je c t un de r th e  correspondence h i:  C o  =  { h l ( i ) ( c ) h l ( j )  : i ( c ) j  =  C W ( ( * , j ) ) }

5. I f  h 2 (i) — h 2 ( j)  ±  0 fo r  i , j  G {1 , 2 ,..., N M M }  then  i =  j .

6. I f  m u lt ip le  p o in t i in  the  m odel is m anda to ry , and fo r  some p r im it iv e  sequences 
fo rm in g  a m u lt ip le  p o in t i, co rrespond ing  elem ents are found  in  the  ob je c t, then 
a correspond ing  m u lt ip le  p o in t m ust ex is t in  the  ob je c t: I f  om M (i)  =  1 fo r i , j  G 
{ 1 ,2 , . . . , N M M }  and  h l(m )  ^  0 and  h l(n )  ^  0 fo r  some [m ,p m] t [7i , p n] G M P I ( i )  
th e n  th e re  ex is ts  j  G { 1 ,2 , . . . ,  N M o }  such th a t  h 2 (i) =  j .

7. F o r each m u lt ip le  p o in t j  =  h 2 (i)  in  the  ob je c t O , its  s tru c tu re  m ust be a m em ber 
o f  a  set M P M (i)  o f  a  co rrespond ing  m u lt ip le  p o in t i  in  the  m ode l: M P o (h 2 ( i) )  G 
M P m (} ) , th a t  m eans the re  exists some [p ,]t[p r ] G M P M ,p q, Pr G Pm  such th a t 
[ / i l ( p , ) ] f [ / ( p r )] G M P 0 (h 2 (i)) .
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4.1.1. Search procedure fo r  re la tiona l m atching

F in d in g  the  tw o  m app ings h i  ang h2 described in  the  prev ious section, be ing  the  re la
t io n a l hom om orph ism s, is accom plished in  the  fo llo w in g  way. T he  m ap p ing  h i,  be ing the 
re la tio n a l ho m om o rph ism  (defined in  chapter 1) fro m  a re la tio n  R [  to  a re la tio n  R f  is 
found  w ith  con s tra in ts  1 th ro u g h  4 from  the  previous section. I f  hom om orph ism  h i  is 
fou nd  o u t successfuly, then  the  hom om orph ism  h2 , fro m  a re la tio n  R^ to  a re la tio n  R% 
is fo u n d  w ith  con s tra in ts  5 th ro u g h  7 under the  m app ing  h i.

procedure  T ree S ea rc h (A , B , H , R ^ ,  R ° )
A, B: p a r t  sets in  a m ode l and ob jec t, respective ly 
H: hom om orph ism
R [,  i ? f : re la tio n  over m odel and ob je c t p a rt sets, respective ly 

a :=  f i r s t ( A )  
fo r  each b G B  do 

H ' =  H  U { {a ,b )}  
ok :=  T ru e
fo r  each TV-tuple r  G R ^1 con ta in ing  com ponent a

and whose o th e r com ponents are a ll in  dom ain  (H ) do 
i f  r  o H '  n o t in  i? f  o r constraints are no t satisfied 
the n  beg in  ok :=  False-, break en d if 

end fo r 
i f  ok the n  

begin
A! :— rem ain d er (A ) 
i f  is e m p ty (A ')  
the n  o u tp u t(H ')
else T ree S ea rc h (A ', B , H ',  R f1, R x ) 

end 
end fo r

F ig . 9 .1 2 . B a c k tr a c k in g  t r e e  s e a rc h  p ro c e d u re  fo r fin d in g  a ll re la tio n a l h o m o m o rp h ism s  fro m  R "  to

R?
R y s . 9 .12 . P r o c e d u r a  p rz e sz u k iw a n ia  d rz e w a  z p o w ro ta m i d la  z n a le z ie n ia  w sz y s tk ic h  re la c y jn y ch  h o m o - 

m o rfizm 6 w  z re la c ji R ^ 1 d o  R °

F ig . 9.12 shows the a lg o r ith m  f in d in g  a ll re la tio n a l hom om orph ism s (a ll m appings) 
H  : A  —  ̂ B  fro m  a re la tio n  R ^ ,  defined over p a rt sets A  in  a m odel, to  a re la tio n  i? f  
defined over p a r t  set B  in  an ob ject. T he  ba ck track ing  tree search begins w ith  the  firs t 
u n it  o f  A . T h is  u n it  can p o te n tia lly  m a tch  each labe l in  set B . Each o f these p o te n tia l 
assignm ents is a node a t level 1 o f the  tree. T he  a lg o r ith m  selects one o f these nodes, 
makes the  assignm ent, selects the  second u n it  o f A , and begins to  con s tru c t the  ch ild ren  
o f the  f irs t  node, w h ich  are nodes th a t m ap the  second u n it  o f  A  to  each possible labe l o f 
B . A t  th is  level some o f the  nodes m ay be ru led  o u t because th e y  v io la te  the  constra in ts .
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T he  process con tinues to  level \A\ o f the  tree. T he  pa ths fro m  th e  ro o t node to  any 
successful nodes a t leve l |^4| are the  re la tio n a l hom om orphism s.

T h e  b a c k tra c k in g  tree  search has exponen tia l t im e  com p le x ity . A s th e  shape is de
scribed by  th e  presented m e tho d  in  te rm s o f g loba l features, the  nu m be r o f elem ents is 
n o t la rge in  th e  presented de sc rip tion  technique, and there fore  c o m p u ta tio n a l co m p le x ity  
is n o t serious p rob lem .

Each o f th e  defined in  the  p rev ious section hom om orph ism s h i  and h2, is  fou nd  by a 
b a ck tra ck in g  tree  search procedure  depicted in  F ig . 9.12, d u r in g  w h ich  p r im it iv e  sequence 
and  m u lt ip le  p o in ts  labe ls are checked. Since the  sym bo l shape is described in  term s 
o f g lob a l fea tures, the  de sc rip tion  is n o t sensitive to  lo ca l de fo rm a tions . There fore , we 
em ployed n e ith e r cost fu n c tio n s , n o r e d it in g  opera tions fo r f in d in g  o p t im a l correspondence 
between tw o  s tr ing s  rep resenting  labe ls o f p r im it iv e  sequences, th e ir  connections and 
labe ls o f m u lt ip le  po in ts . T h e  exact s tr in g  m a tch in g  m e tho d  is app lied , in  w h ich  tw o 
s tring s  are m atched  aga inst one an o the r o n ly  i f  th e y  are id en tica l.

4-1-2. S truc tu ra l e rro r o f m atching

T h e  total error E ( h l ,  h2) o f  h i  and h2 w ith  respect to  D m  and D o  is, as described in
cha p te r 2, th e  sum  o f th e  structural errors fo r each o f th e  tw o  pa irs  o f co rrespond ing
re la tio ns  (R ™ ,R ° ) ,  and (Rjj?,R%):

E { h l ,h 2 )  =  E ] { h l ) E l( h 2 )

T h e  structural error o f  h i (h 2 ) fo r  the  p a ir  o f correspond ing  re la tio n s  in  D M  and D o  

( ( R f , R ? ) ,  ( ( R ^ ,R ? ) )  is g iven by:

E \ ( h l )  =  o h i  -  R ?\ +  |/E? o h i - 1 -  R * |
E ]{h 2 )  =  \R%  o h2 -  R%\ +  \R °  o h2~l -  R tf  j

T he  s tru c tu ra l e rro r ind ica tes how m any tup les in  R ^1 (R % ) are n o t m apped by h i (h2) 
to  tup les  in  R °  (R%) and how m any tup les in  i? f  {R%) are n o t m apped by  h l~ x ( / i2 _1) 
to  tup les  in  R ^  (R'!?).

5. E x p e r im e n ta l r e su lts

R e la tio n a l descrip tions  o f a ll geograph ic sym bols fro m  P o lish  Geodesic S ta n d a rd iza tio n  
([124]) were prepared acco rd ing  to  the  m e thod  presented in  th is  chapter. A n  exam ple o f 
a re la tio n a l d e sc rip tio n  (w ith  one P S -Labe l fo r  each p r im it iv e  sequence and one s tru c tu re  
fo r  each m u lt ip le  p o in t) ,  fo r  a fo u n ta in  geograph ic sym bo l is shown in  F ig . 9.15. A ll 
p r im it iv e  sequences and m u lt ip le  po in ts  are m anda to ry .

In  a le a rn in g  phase pe rfo rm ed  on a set o f samples fro m  scanned, rea l, geodetic  maps 
(scale 1:500), sets o f e lig ib le  P S-labels fo r  p r im it iv e  sequences, and e lig ib le  s truc tu re s  fo r 
m u lt ip le  p o in ts  in  each o f the  m odels o f geograph ic sym bo ls are increm ented.
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F ig . 9.13. T h e  exam ple o f the  proposed m ethod fo r a fo u n ta in  geographic sym bol: a) sim ple region 

e x tra c tio n , b ) vecto rized skeleton 

Rys. 9.13. P rz y k ła d  zastosowania zaproponowanej m etody d la  sym bolu fon tanny: a) ekstrakcja  regio

nów pros tych , b) szkielet w ektorow y

F ig . 9.14. D ecom pos ition  o f a fou n ta in  geographic sym bol in to  p r im it iv e  sequences and m u ltip le  po in ts 

Rys. 9.14. D ekom pozycja  sym bo lu  fon tanny na sekwencje p ry m ity w ó w  i  p u n k ty  w ie lokro tne
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E l
E 2
E 3

E 4
E 5
E 6

S P ,

w l  (2 ) w 2  
w 3  (2 ) w 4 
w 7  (2 ) w 8 

w 9  (2 ) w lO  
w 6  
w l l

S P A  i

P I  =  [E 3, E 4 ] P 2 =  [E 5, E 6] 
P 3 =  [E 1 .E 2 ]  P 4 =  [E 5 ,0] 
P 5 =  [E 7 .E 7 ]  P 6 =  [E 6 ,0]

R2

v l  =  ( P I ,  P 2 ) 
v 2  =  (P 3 , P 4 ) 
v3  =  (P 5 , P 6 )

E 7  : w l 2  (3 ) w l3  (0 ) w ! 4  (1 ) w l5

L I  P I  M P j

P |  (E 3 ) =  P I  v l  : P I  (X ) P 2
P j  (E 4 ) =  P I  v 2  : P 3  (Y ) P 4
P I (E 7 ) =  P5  v 3 : P 5 ( T ) P 6

E l : < 2 ,2 >
E 2 : < 2 ,2 >
E 3 : < 2 ,2 >
E 4  :: < 2 ,2 >
E 5  :: < 1 ,0 >
E 6  :: < 1 ,0 >
E 7  :: < 0 ,0 >

P j  (E 2 ) =  P 3  

P x ( E l )  =  P3  
P j  (E 5 ) =  {P 2, P4}

P j  (E 6 ) =  {P2, P 6 )

F ig . 9 .1 5 . R e la t io n a l  d e s c r ip t io n  o f  a  fo u n ta in  g e o g ra p h ic  sy m b o l. O n ly  o n e  e lig ib le  la b e ls  fo r p r im itiv e  
s e q u e n c e  a n d  fo r m u lt ip le  p o in t  a re  d e p ic te d . F o r s im p lif ic a tio n , p a ir s  a re  id e n tif ie d  w ith  
th e i r  in d e x e s

R y s. 9 .1 5 . O p is  re la c y jn y  d la  sy m b o lu  fo n ta n n y . P o k a z a n o  ty lk o  j e d n ą  d o z w o lo n ą  e ty k ie tę  d la  sek w en c ji 
p ry m ity w ó w  o ra z  p u n k tu  w ie lo k ro tn e g o . P a r y  id e n ty fik o w a n e  s ą  ze  sw o im i in d e k sa m i

M e th o d SM  +  D C
R esu lt recog. re ject. subst.

lea fy  tree 99,7 0,2 0,1
con if. tree 99,8 0,1 0,1
fo u n ta in 99,1 0,7 0,2

bush 98,3 1,4 0,3
grass 97,2 2,1 0,7
w e ll 97,8 1,5 0,7
lig h t 99,2 0,7 0,1
cross 99,3 0,5 0,2

T ab le  9.2. E x p e rim e n ta l resu lts  o f geograph ic sym bols re co g n itio n  us ing the  presented 
m e tho d ; SM  - S tru c tu ra l M a tch in g , D C  - D istance C a lc u la tio n
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Tests were m ade on samples o f the  scanned, geodetic m aps fro m  w h ich  representations 
o f geograph ic sym bo ls were prepared accord ing to  the  presented m ethod .

T he  re su lt o f  b o th  tw o  stages o f the  devised reco gn ition  ( s tru c tu ra l m a tch in g  (SM ) +  
d is tance ca lc u la tio n  (D C )) is dep icted in  Tab le  9.2, w h ile  the  m ean resu lt is the  fo llow ing :

1. T h e  reco gn ition  ra te  is 98 ,8% ,

2. T h e  re jec tio n  ra te  is 0 ,9% ,

3. T he  s u b s titu t io n  e rro r is 0 ,3% .

T he  presented m e tho d  has shown th a t m u ltip le  p o in t decom position  is a clue to  the 
com pact and flex ib le  de sc rip tion  o f general 2D-curves, and deform ed, ha nd p rin te d  geo
g ra ph ic  sym bo ls can be recognized effective ly. E xpe rim e n ta l resu lts show th a t  the p ro
posed, h y b r id  m e tho d  fo r geographic sym bo l recogn ition  is very pow erfu l in  representing 
the  shape o f these h a n d p rin te d  sym bols, and gives sa tis fy in g  reco gn ition  rate.

However, since we in te g ra te  low -leve l features in to  h igh  level ones w ith  some sim 
ple  geom etric  con d itions  in  a b o tto m -u p  sequence, the  shape descrip tion  is sensitive to  
some to p o lo g ica l de fo rm a tions  caused by stroke connection and breaking, and the global 
s tru c tu re  is changed accordingly.



Chapter 10 

Classifier based on inexact graph 
matching

1. In tr o d u c tio n

R e cogn ition  o f geographic symbols as w e ll as text w h ich  convey m eanings associated w ith  
lo g ica l s truc tu re s  represented in  maps, is an im p o rta n t aspect o f any m ap analysis system 
([320]). Some exam ples o f such geographic sym bols fro m  4 layers o f P o lish  Fundam en
ta l L a nd  M a p  (P F L M ) are shown in  F ig . 9.1 in  the  previous chapter. T h is  chapter 
presents ano the r s tru c tu ra l classifier fo r recogn ition  o f geographic symbols (pub lished in 
[323]) w h ich  relies on an error-tolerant (inexact) graph matching procedure between the 
attributed graphs rep resenting  the  unknow n ob jec t, and th e  p ro to ty p e  ob jec t.

a) b)

F ig . 10.1. a) T h e  bush geographic sym bol, b) its  d is to rte d  version 

Eys. 10.1. a) S ym bo l krzewu, b ) jego zn iekszta łcona wersja

Q - U - Q -
F ig . 10.2. T h e  examples o f the  com plex s tru c tu ra l de form ations o f  a  bush geographic sym bol 

Rys. 10.2. P rz y k ła d y  złożonych de form acji s tru k tu ra ln ych  sym bolu  krzew

T he  ex is ting , t ra d it io n a l e rro r-to le ra n t g raph m a tch ing  a lg o rith m s  (fo r exam ple [49, 
283, 291, 55, 211, 230, 316]) assume th a t the  in p u t shape is id e n tifie d  b e tte r i f  the  edges

143
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and nodes o f one g raph  are m atched one to one to  the  edges and nodes o f the  second 
g raph . However, th is  asu m p tio n  is n o t necessarily tru e . Som etim es, fo r  exam ple, the  
nodes are a r t i f ic ia l ly  added by  a presence o f a spurious, concave angle, like  th a t  between 
th e  fea tu res e2 and e3 in  F ig . 10.1b. A s a resu lt, an arc o r a stroke in  a p ro to ty p e  m ay 
need to  be m atched  in to  a p a th  o f arcs and (o r) strokes. For exam ple  the  arc ep in  F ig. 
10.1a need to  be m atched  in to  the  p a th  {e l,e 2 ,e 3 ,e 4 ,e 5 }  o f strokes and arcs.

T here fo re , the  t ra d it io n a l c o m p u ta tio n a l versions o f in exa c t g raph  m a tch ing , where 
every e ffo rt is m ade to  f in d  one-to-one m app ing , are n o t  u s e fu l fo r th e  h a nd -p rin te d  
geograph ic sym bo l reco gn ition . For the  above reasons, th e  inexac t g raph  m a tch in g  algo
r ith m  used in  the  proposed reco gn ition  m e tho d  is based on the  idea o f multiple-to-one 
mapping. T h is  idea has been p re v io us ly  used in  the  g raph  m a tch in g  a lg o r ith m  o f the 
cha rac te r re co g n itio n  m e tho d  proposed in  [270]. However, the  a lg o r ith m  presented in  
[270] resu lts  in  the  in co rre c t m a tch in g  w hen m ore com plex s tru c tu ra l de fo rm a tions  occur 
(i.e. a d d itio n a l b ranch  po in ts , loops, branches, etc. - see F ig . 10.2 fo r  some exam ples), 
as w e ll as i t  can no t cope w ith  the  to p o lo g ica l de fo rm a tions  caused by stroke  connection. 
We m o d ifie d  the  a lg o r ith m  [270] to  to  assure the  correct behav iou r in  m ore com plex s it
ua tions, and to  en rich  the  set o f the  s tru c tu ra l de fo rm a tions  to  w h ich  the  a lg o r ith m  [270] 
is to le ra n t. M oreover, as m any geograph ic sym bols are m u ltic o m p o n e n t, we in tro du ced  
the  new s tru c tu re , the  com ponent g raph , as w e ll as the  a p p ro p ria te  g raph  m a tch ing  
procedure.

T h e  proposed reco gn ition  m e tho d  diverges fro m  th e  e x is tin g  s ta t is t ic a l and s tru c tu ra l 
c lassifiers w h ich  requ ire  le a rn ing  on a large set o f samples, o r a w ide num ber o f p ro to types  
to  cap tu re  the  v a r ia b il i ty  o f  a shape. In  the  presented m e tho d  the  v a r ia b il i ty  o f the  actua l 
sym bo l shapes, as w e ll as noise, are m odeled as a series o f  graph transformations from  
groups o f fea tu res in  the  da ta , to  the  features in  each p ro to ty p e  d u r in g  reco gn ition  process. 
S ym bo l shape d e fin itio n s  are s im ple: in  m ost sym bols o n ly  one p ro to ty p e  pe r class, and 
th e  num be r o f features in  each o f the m  is sm all. C lass ifica tion  o f sym bols is defined as 
a m in im iz a tio n  p rob lem  am ong the  possib le g raph  tra n s fo rm a tio n s  th a t  m ap the  in p u t 
shape in to  the  p ro to ty p ic a l shapes.

T h e  presented m e thod  is tra n s la tio n  and ro ta t io n  in v a ria n t. R o ta tio n  invariance is 
achieved by a p re lim in a ry  co m p u ta tio n  o f o r ie n ta tio n  o f a shape and o b ta in in g  a sym bol 
in  a reference po s itio n . T he  c o m p u ta tio n  o f an o r ie n ta tio n  o f a sym bo l can be easily 
done because the  sym bols are d raw n  p a ra lle l o r p e rpe nd icu la r to  the  axis o f a geographic 
o b je c t w h ich  th e y  sym bo lize , and due to  the  in te llig e n t m ap  analysis s tra te g y  described 
in  chap te r 8 these axis are know n before recogn ition .

2. G eo g r a p h ic  sy m b o l r e p r ese n ta tio n

Each (m u ltic o m p o n e n t)  sym bo l is represented by a set o f a t t r ib u te d  graphs: the  com
ponent graph deno ted as K c  fo r  a cand ida te  sym bo l o r K p  fo r  a p ro to ty p e  sym bol, 
de sc rib ing  the  re la tiv e  lo ca tio ns  o f the  com ponents in  a g iven sym bo l (used o n ly  in  a
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case o f the  m u ltic o m p o n e n t sym bols), and a set C  (P ) o f  the  graphs c, (p,) (where 
i  =  1 ,. . . ,  N r O f  Com ponents), each o f w h ich  represents an in d iv id u a l com ponent o f a 
g iven can d ida te  (p ro to ty p e ) sym bol. T h  edges o f each g raph  in  th e  above set are the 
features o f  a sym bo l (strokes o r convex arcs (the  las t o n ly  in  a case o f a g raph  o f com po
n e n t)), and the  nodes o f a graph are ju n c tio n s  am ong the  strokes and arcs and represent 
the  singular points on a shape (a branch p o in t, end p o in t, concave node, sharp corner). 
T h e  s in g u la r po in ts  convey the  sp a tia l re la tionsh ips am ong the  s tru c tu ra l features.

A  component graph o f a m u ltico m p o n e n t sym bo l is created in  the  fo llo w in g  way. For 
each com ponent, as w e ll as fo r a whole sym bo l the  m in im u m  bo un d in g  rectangles w ith  the 
edges p a ra lle l to  the  axis o f a coo rd ina te  system  are com puted. T he  nodes o f a com ponent 
g raph  are th e  center po in ts  o f the  com puted rectangles, w h ile  each o f its  edges is defined 
by  the  cen ter p o in ts  o f the  tw o  m in im u m  bo un d in g  rectangles: one o f a whole sym bo l and 
the  second o f a com ponent. F ig . 10.3 shows the cons truc tion  o f the  com ponent graph o f 
a m u lti-c o m p o n e n t lea fy  tree sym bol.

F ig . 10.3. T h e  exam ple o f the  com ponent graph o f a m u lticom ponen t leafy tree sym bol 

Rys. 10.3. P rzyk ła d  gra fu  s tru k tu ry  d la  sym bolu drzewa liściastego

A  g raph  o f  each com ponent is ob ta ined  as a resu lt o f the  vecto rized th in n in g  a lg o rith m  
([315]). F igures 10.5 and 10.6 show the examples o f the p ro to ty p e  graphs o f com ponents
o f a fo u n ta in  and a lea fy  tree geographic sym bols, respective ly, w h ile  F igures 10.8 and
10.9 show the  exam ples o f the  cand idate  graphs o f com ponents o f these sym bols.

Each fea tu re  in  a g raph  has tw o  nodes id en tified  as fo llows:

•  Left, right fo r h o riz o n ta l strokes.

•  Down, top fo r ve rtic a l and t i l te d  strokes.

•  First, second fo r  arcs, accord ing to  an order in  w h ich  the  node is found  when the 

arc is traversed counterclockw ise.

Each stroke  has tw o  attributes: an angle a  and a length I (no rm a lized  w ith  respect to  
a he ig h t o f  a sym bo l) (F ig . 10.4a), w h ile  each arc has th ree  attributes: a beginning <p 
and an ending <}> angles in  the  counterclockw ise d ire c tio n , and a length (no rm a lized  w ith  

respect to  a he ig h t o f a sym bo l) (F ig . 10.4b).
A  fu l l  de sc rip tion  o f a fea tu re  com prises the  fo llo w in g  item s: a label, type (| fo r strokes, 

^  fo r arcs), index o f a 1 -st node, index of a 2 -nd node, 1 i f  a fea tu re  is o p tio n a l (or a 
bridge), o therw ise  0, length. F u rth e r item s, depend ing on a typ e  consist o f an angle fo r a 
stroke, o r tw o  angles: a beginning and ending, fo r  arcs.

Fo r exam ple, the  line :
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0 | 1 0 0 0.5 1.57

describes th e  fea tu re  labe led  0, be ing  the  stroke, whose le ft and r ig h t  nodes have 1 and 0 
indices, the  angle ha v in g  value 1.57.

T h e  line :

3 —  2 7 1 1.5 0.78 3.14

describes th e  fea tu re  labe led 3, be ing  the  o p tio n a l arc, whose f irs t  and second nodes have 
2 and 7 indices, respective ly , w ith  the  no rm a lized  le ng th  1.5 whose f irs t  and second angles 
have 0.17 and 3.14 values, respective ly.

F ig . 10 .4 . a ) A t t r i b u te s  o f  a  s tro k e , b ) a t t r ib u te s  o f  a n  a rc  

R y s. 10 .4 . a ) A t r y b u ty  o d c in k a , b )  a t r y b u ty  łu k u

fountain 1
1.0 1.0 2.0 0.8 1.0 
7 7
0 A 0  0  0  0 .9  1.57 1.57
I I  2  0  0  0.5  1.57

2 A 2  1 0  0 .28  0 .7 9  2 .36

3 M  2  0  0 .28  0 .7 9  2 .3 6
4  1 5  2  0  0 .1 6  1.57

5 A 5 4  0  0 .28  0 .7 9  2 .36
6 A 6  5 0  0 .28  0 .7 9  2 .36

F ig . 10 .5 . T h e  g ra p h  o f  c o m p o n e n t o f  th e  p r o to ty p e  fo u n ta in  g e o g ra p h ic  s y m b o l (le f t)  a n d  i ts  co rre 
s p o n d in g  s t r u c tu r a l  d e s c r ip t io n  (r ig h t)

R y s. 10 .5 . G r a f  k o m p o n e n tu  w zo rco w eg o  s y m b o lu  fo n ta n n y  (n a  lew o) i j e g o  o p is  s tu k tu r a ln y  ( n a  p raw o )

F ig . 10.7 shows a general fo rm a t o f a sym bo l de scrip tion . I t  consists o f  a class name, 
nu m be r o f  com ponents fo llow ed by  weights (described la te r) , fo llow ed  by  descrip tions o f 
each com ponen t, and de sc rip tion  o f a com ponent graph. A  de sc rip tion  o f each com ponent 
(p a rt 2 in  F ig . 10.7) is com posed o f the  num ber o f features and the  nodes in  a com ponent, 
and th e  de sc rip tions  o f each fea tu re  as described above. A  com ponent g ra ph  descrip tion  
(p a r t  3 in  F ig . 10.7) is f ille d  o n ly  fo r  th e  m u ltic o m p o n e n t sym bo ls, and i t  consists o f the
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v0 v 1

leafy tree 4
1.0 0 .7  1.5 0 .8  1.0
1 2
0  A 0  1 0  0 .7  0 .3 9  2 .74
1 2
0  A 0  1 0  0 .7  1.96 4 .32
1 2
0  A 0  1 0  0 .7  3 .53  5 .89
1 2
0 A 0  1 0  0 .7  5 .1 0  1.18

component graph

0  0 .4  1.57
1 0 .4  3 .14
2 0 .4  -1 .57
3 0 .4  0

F ig . 10 .6 . T h e  g ra p h s  o f c o m p o n e n ts  a n d  th e  c o m p o n e n t g ra p h  o f th e  p ro to ty p e  lea fy  t r e e  g eo g ra p h ic  
sy m b o l (le f t)  a n d  th e i r  c o rre s p o n d in g  s t r u c tu r a l  d e sc r ip t io n s  ( r ig h t)

R y s. 10 .6 . G ra fy  k o m p o n e n tó w  o ra z  g ra f  s t r u k tu r y  w zorcow ego  s y m b o lu  d rz e w a  liś c ia s te g o  (n a  lewo) 
o ra z  je g o  o p is  s t r u k tu r a ln y  (n a  p raw o)

lines de scrib ing  the  a ttr ib u te s  o f the  edges (features) o f a com ponent graph (leng th  and 
angle o n ly ). F igures 10.5, 10.6, 10.8, 10.9 ( r ig h t side) show the  examples o f the  sym bol 
de scrip tions  o f the  fo u n ta in  and the  lea fy tree geographic sym bols.

F ig . 10 .7 . A g e n e ra l fo rm a t o f a  sy m b o l d e s c r ip t io n  

R y s. 10.7. F o rm a t o p isu  sy m b o lu

3. H o m o m o r p h ism  b e tw e e n  grap h s

E xa c t m a tc h in g  o f s tru c tu ra l descrip tions is enough to  id e n tify  candidates w ith  the  p ro
to type s  i f  a noise, o r a lte ra tio n  o f features are n o t present. However, any rea l s tru c tu ra l
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fountain 
17 17

1
0 I 1
1 I 1 

t 2 
I 0 
I 4 
I 5 
I 6 
I 8 
I 9 
I 5

0 
0 
0 
0 
0 
0 
0 
0 
0 
0

101 10 4 0 
HI 10 11 0 
121 12 4 0 
131 12 13 0 
141 14 0 0 
151 14 15 0 
161 15 16 0

0.15 2.52 
0.20 0.46 
0.02 0.78 
0.09 1.57 
0.5 1.57
0.22 0.96 
0.17 2.43 
0.11 0.32 
0.13 1.29 
0.19 2.42 
0.18 0 
0.14 2.26 
0.20 2.96 
0.19 0.85 
0.16 0.62 
0.11 2.81 
0.09 2.21

F ig . 10.8. T h e  g r a p h  o f  t h e  b ro k e n  c o m p o n e n t o f  th e  c a n d id a te  fo u n ta in  g e o g ra p h ic  s y m b o l (le ft)  a n d  
i ts  c o rre s p o n d in g  s t r u c tu r a l  d e s c r ip t io n  ( r ig h t) .  F e a tu re  la b e ls  d e p ic te d  in  b o ld

R y s . 10 .8 . G r a f  k o m p o n e n tu  p o p rz e ry w a n e g o  w zo rco w eg o  sy m b o lu  f o n ta n n y  - k a n d y d a ta  ( n a  lew o) i 
je g o  o p is  s tu k tu r a ln y  ( n a  p ra w o ) . E ty k ie ty  cech  z a z n a c z o n o  p o p rz e z  w y tłu s z c z e n ie

leafy tree

10 11
0 1 1 0 0 0.2 2.35
1 1 2 1 0 0.2 3.05
2 1 2 3 0 0.2 0.78
3 1 3 4 0 0.07 1.32
4 1 0 5 0 0.34 2.24
5 1 5 6 0 0.23 1.0
6 1 6 7 0 0.12 1.57
7 1 7 8 0 0.17 0.78
8 1 8 9 0 0.27 0
9 110 9 0 0.06 2.15

4 5 
0 10 1 0 0.15 0.78
1 1 1 2 0 0.29 1.44
2 12  3 0 0.23 2.24
3 13 4 0 0.19 2.15

component graph
  0 0.12 0

1 0.37 -2.94

F ig . 10 .9 . T h e  g ra p h s  o f  c o m p o n e n ts  a n d  th e  c o m p o n e n t g ra p h  o f  th e  c a n d id a te  le a fy  t r e e  g e o g ra p h ic  
s y m b o l ( le f t)  a n d  th e i r  c o rre s p o n d in g  s t r u c tu r a l  d e s c r ip t io n  ( r ig h t) .  S o m e  c o m p o n e n ts  a re  
g lu e d . F e a tu re  la b e ls  d e p ic te d  in  b o ld

R y s. 10 .9 . G ra fy  k o m p o n e n tó w  o ra z  g r a f  s t r u k tu r y  w zo rco w eg o  s y m b o lu  d rz e w a  liś c ia s te g o  - k a n d y d a ta  
( n a  lew o) i je g o  o p is  s tu k tu r a ln y  ( n a  p ra w o ) . N ie k tó re  k o m p o n e n ty  s ą  s k le jo n e
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de scrip tion  o f h a n d -p rin te d  geographic sym bo l has random  s tru c tu ra l de fo rm a tions  (e.g. 
see F igures 10.8, 10.9, 10.10), and, there fore, inexact id e n tific a tio n  is necessary fo r real- 
w o rld  systems.

A s opposed to  the  e x is tin g  inexact graph m a tch ing  a lg o rith m s  (i.e. [49, 283, 291, 55, 
211, 230, 316]) w h ich  are based on the  one-to-one m atch ings, the  presented inexact graph 
m a tch in g  a lg o r ith m  relies on the  multiple-to-one m atch ings fro m  the  features o f the  graph 
c o f th e  unknow n cand ida te  com ponent, to  the  features o f the  g raph  p  o f  the  p ro to typ e  
com ponent.

F ig . 10 .10 . a ) ,  b )  G ra p h s  P  ( p r o to ty p e )  a n d  C  (c a n d id a te )  a re  h o m o m o rp h ic  

R y s . 10 .10 . a ) ,  b ) G ra fy  P  o ra z  C  s ą  h o m o m o rficzn e

D e f in i t io n  10 .1  A n  edge e o f a graph is subdivided by rep lac ing  i t  by a node and two 
edges such th a t  the  new edges are ad jacent to  the  new node and to  the  nodes 
ad jacent to  e.

D e f in i t io n  1 0 .2  A  g raph  c is homomorphic to  a graph p  i f  c can be ob ta ined  from  p by 
a sequence o f  subd iv is ions  o f edges.

L e t c =  G (J C,F C) and p =  G (J P, F v) be the  graphs o f a cand ida te  and a p ro to type  
com ponents, respective ly  ( J  denotes a set o f nodes and F  a set o f edges o f a graph ). Le t 
d  be a subgraph o f a  g raph  c, hom om orph ic  to  a graph p. T hen , fo r  each edge f j  £  p, fo r 
j  =  1 ,..., n , the re  is a path Oij £  c th a t is a resu lt o f the  subd iv is ions  o f f j .  For exam ple, 
in  F ig . 10.10a) and b ), the  stroke ep £  p is s p lit  in to  tw o strokes e2 and e3 to  get the 
g raph  the  c. In  F ig .10.1 the  arc ep need to  be m atched in to  the  p a th  {e l,e 2 ,e 3 ,e 4 , e5} 
o f strokes and arcs. T h e  pa ths are node d is jo in t, every edge o f  p  is on one and o n ly  one 
o f th e  pa ths  {a_, } .  However, the re  m ay be edges o f c th a t  are n o t covered by the  paths
{ a j } .

D e f in i t io n  1 0 .3  A  hom om orph ism  H  between graph p  and subgraph c' o f c is de ter
m ined  by  a set o f the  fo llo w in g  tup les, each o f w h ich  is o f th e  fo rm  ( candidate path, 
prototype feature):

H (p , c, d )  =  { ( a , ,  f j ) } ,  fo r j  =  1 ,... ,  n

D e f in i t io n  1 0 .4  A  multiple-to-one matching is a set o f tup les  th a t  define a hom om or
ph ism .
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4. G ra p h  tr a n sfo r m a tio n s  a n d  th e ir  c o s ts

A  transform ation  e lim in a tes  a de fo rm a tio n  in  an in p u t g raph  w h ich  is id e n tifie d  when 
the re  is a s in g u la r ity  (concave node, sharp angle, e tc .) in  a cand ida te  th a t  is n o t present 
in  a p a r t ic u la r  p ro to ty p e . G iven  an in p u t graph, i t  is ve ry  lik e ly  th a t  the  tra n s fo rm a 
tio n s  a llo w  i t  to  match  to  th e  d iffe re n t p ro to types . However, we expect th a t  a  cand idate  
g raph  m ust be tra n fo rm e d  less when m atched to  its  co rrect p ro to ty p e , th a n  to  any o ther 
p ro to ty p e . A s  a resu lt, an amount of a deformation (i.e. a cost) im p a rte d  by  the  tra n s fo r
m a tio n s  sho u ld  be accum u la ted  in  o rd e r to  com pare effects o f  th e  d iffe re n t tra n s fo rm a tio n  
sequences. T h e  fo llo w in g  five groups o f graph distortions are considered.

1. G e o m e tric  d is to r t io n  (d e v ia tio n  o f a  le n g th  and th e  angles between th e  strokes).

2. M o rp h o lo g ic a l d is to r t io n  (de v ia tions  o f an in i t ia l  and the  fin a l angles between arcs, 
concave angles, sharpness o f  a sm oothed angle, d e v ia tio n  o f  s tra ig h ten ed  arcs and 
lis ts  o f strokes fro m  a fin a l s troke).

3. N o nm a tched  fea tu res in  a cand idate .

4. N o nm a tched  fea tures in  a p ro to typ e .

5. N o n -to p o lo g ic a l d is to r tio n s  (broken o r g lued sym bo ls).

F ig . 10 .11 . G ra p h  t r a n s fo rm a tio n s :  a ) th e  p a th  o f s tro k e s  r e w r i t t e n  in to  th e  a rc ,  b ) s tr a ig h te n in g  of 
th e  p a th  o f  s tro k e s ,  c ) t h e  g lu e d  m u lt ic o m p o n e n t  t r e e  s y m b o l -  2  d iv is io n s  a r e  re q u ire d  to  
g e t  t h e  c o r re c t  t r e e  sy m b o l, d ) th e  u se  o f  b r id g e s  to  c o p e  w ith  th e  b re a k in g s

R y s. 10 .11 . T ra n s fo rm a c je  g ra fu : a ) ła ń c u c h  o d c in k ó w  z a m ien io n y  n a  lu k , b ) w y p ro s to w a n ie  ła ń c u c h a  
o d c in k ó w , c ) sk le jo n y  sy m b o l d rz e w a  l iś c ia s te g o  - 2 o p e ra c je  p o d z ia łu  s ą  k o n ieczn e  d la  
u z y s k a n ia  p o p ra w n e g o  s y m b o lu  d rz e w a , d ) u ży c ie  m o s tk ó w

T o co rre c t th e  above m en tioned  lo ca l d is to rtio n s  in  a cand ida te  g raph , the  fo llo w in g  s ix  
groups o f  graph transformations, w h ich  corresponds to  th e  m en tioned  above five groups 
o f  g ra p h  d is to r tio n s  have been proposed. T h e  la s t g ro up  o f  th e  tw o  n o n -top o lo g ica l 
tra n s fo rm a tio n s  has been d iv id e d  in to  tw o  separate groups.
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1. G eom etric  transform ations:

— Stroke attribute transformations
T he  cost o f m a tch ing  the  tw o strokes f  and g represents the  d istance between 
tw o  o f  th e ir  nodes w hen th e  o th e r nodes endf, endg are superim posed:

oo i f  en d /, endg incompatible
i f  f s t i f , g  |  ( i f  +  is 2 _  2 l f lgcos(ctf — otg)1̂  otherwise  

S ym bols I f  ( lg), ctf (a g) represent a leng th  and an angle o f a stroke /  (g), 
w h ile  ( a /  — a g)  represents th e  sm allest po s itive  angle between those strokes. 
T o  neglect the  sm all va ria tio ns  o f a leng th  o r angles, the  above cost fun c tio n  

is th resholded:
0 d i f f , t <  lg/4

cost A d i  f f , t ) )  -  |  J h e rw is e

where lg is  a le n g th  o f  a fea tu re  in  a  p ro to type .
2. M orphological transform ations:

-  Arc attribute transformations

M atching two arcs
A  cost o f m a tch ing  the  tw o  arcs is a sum  o f the  three thresholded functions:

!oo i f  end/ 7̂  endg
\ d i f  f arc(| ipf -  <j)g | )+

ld iffa rc (.\< P f-< P 9 \) +  COSt.t( \ l f - l g |)
otherwise

where:
0 x  <  1

d i f  fa r c { x ) ) 
v̂ 1 X >  1

ip and cj) are a s ta rt in g  and an ending angles o f an arc, costst and o ther 
variab les are defined as fo r  th e  geom etric  trans fo rm a tion s .

*  M atching an arc into a stroke 
A n  arc is trans fo rm ed  in to  its  secant, and an associated cost o f a trans 
fo rm a tio n  is a m a tch ing  cost o f a secant w ith  a p ro to ty p e  stroke, p lus a 
m a x im u m  d istance fro m  an arc to  its  secant. A n  arc in  a p ro to ty p e  is 
never m atched to  a single stroke in  a candidate .

Straightening of strokes
A  p a th  o f  strokes can be "s tra ig h te n "b y  c re a tin g  a segm ent between a begin- 
in g  and an end ing  o f a pa th , and an associated cost o f  a tra n s fo rm a tio n  is 
ca lcu la ted  as a cost o f m a tch ing  a new segment p lus  a m a x im u m  d istance d 
fro m  a p a th  to  a segment (e.g. see F ig . 10.11b)).

Rewriting of strokes into arcs
A  p a th  o f  strokes can be re w r it te n  in to  an arc. A n  angle between tw o  strokes 
is sm oothed in to  an arc w ith  an associated cost p ro p o rtio n a l to  its  cosine (F ig . 

10 .11a)).
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•  3. L eaving can d id ate  features
I f  a fea tu re  appears in  a cand ida te  graph and i t  is n o t present in  a p ro to typ e , i t  is 
de le ted, and an associated cost is equal to  a le ng th  o f a fea ture.

•  4. L eaving p ro to ty p e  features
I f  a fea tu re  appears in  th e  p ro to ty p e  b u t n o t in  a cand ida te , and i f  i t  is m anda to ry , 
a m a tc h in g  p o s s ib ility  is n o t considered any fu rth e r, unless a fea tu re  is o p tio n a l in  
w h ich  case a cost is equal to  a le n g th  o f a fea tu re  .

•  5. F illin g  breakings w ith  bridges
G aps caused by  fea tu re  breakings are id e n tifie d  on a cand ida te  g raph  a t a low  level 
us ing a n o tio n  o f re la tive  ne ighborhood . T w o p o in ts  in  a set are relative neighbors 
i f  th e y  are as close to  each o th e r as th e y  are n o t to  any o th e r p o in t in  a set. I f  tw o 
nodes in  a cand ida te  g raph  are re la tive  ne ighbors, and one o f th e m  is an ending 
p o in t,  a m arked  segm ent ca lled bridge is in tro du ced  in to  a g raph  (e.g. see F ig. 
lO . l ld  fo r  an exam ple o f a b ridge  1-2). T he  bridges id e n tify  the  gaps b u t do n o t f i l l  
the m , th e y  o n ly  fa c il ita te  an associa tion o f the  features fo r  recogn ition . However, 
th e  use o f b ridges is a sub je c t to  pena lty , the re  is a cost associated w ith  th e ir  use 
w h ich  is equa l to  th e ir  leng th .

•  6. D iv is io n  in to  separate parts o f  g lued m u ltic o m p o n e n t sym bols
O fte n , due to  a noise, o r n o t fo llo w in g  rules by  d ra ftsm en , ce rta in  com ponents o f 
th e  m u ltico m p o n e n ts  sym bo ls are connected. I f  a sum  o f the  nonm atched edges o f 
a can d ida te  g raph  is above a c e rta in  th resho ld , a cand ida te  g raph  is d iv id e d  (e.g. 
see F ig . 10.11c). A  p e n a lty  o f a d iv is io n , is a constan t, e m p ir ic a lly  set.

5. G ra p h  d is ta n c e  m ea su re

L e t H (p ,c ,c /)  =  { ( a j , f j ) }  fo r  j  =  1 , . . . ,n  be the  ho m om o rph ism  between g raph  p and 
subgraph d  o f  c.

D efin ition  10.5 Transform ation measure tra n s (a , f )  is a  rea l fu n c tio n  defined on a ll 
edge pa ths  a  on a cand ida te  graph , and edges /  on a p ro to ty p e  graph , based on 
the  a ttr ib u te s  o f the  features and the  nodes.

A  fu n c tio n  tra n s  is a q u a n tita tiv e  m easure o f an a m o un t o f  d e fo rm a tio n  th a t  the 
ho m om o rph ism  im p lie s . D epend ing  on a type  o f a second a rgum ent / ,  i t  measures a 
degree o f  s tra ig tness o f a p a th  in  a f irs t  a rgum ent, o r how  w e ll i t  f its  a s im p le  arc. A  
va lue o f a fu n c tio n  tra n s  is ca lcu la ted  in  the  fo llo w in g  tw o  stages.

1. A  cost o f  tra n s fo rm in g  a p a th  in to  a p ro to ty p e  fea tu re  (a s troke o r an arc).

2. A  cost re s u lt in g  fro m  a diffe rence o f a t t r ib u te  values between an ob ta in ed  stroke or 
an a rc  and  an a p p ro p ria te  p ro to ty p e  fea tu re  (as defined in  the  p rev ious section).
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D efin ition  10.6 T h e  cost C H o f  the  hom om orph ism  H ( p ,c ,d ) =  { ( % , / > ) } ,  fo r j  =
1 ,..., TV between g raph  p and subgraph c' o f c consists o f the  fo llo w in g  three com 

ponents:

C „  =  E " = i tra n s (a j,  g j) +  'Eg(duB length(g) 4- £ " =1 T ,g€ajnB length(g).

T h e  f irs t  com ponent is a cost fo r a tra n s fo rm a tio n  o f pa ths, the  second is a cost for 
the  fea tures nonm atched in  a cand idate  and the  th ird  is a cost fo r the  use o f bridges.

D efin ition  10.7 T he  optimal homomorphism H ’ {p, c) between graphs p  and c is the one 
th a t  m in im ize s  a cost am ong subgraphs o f c th a t are hom om orph ic  to  p:

H ’ (p, c) — m in H{c o s t(H (p , c, d ) }

Thus, th e  effect o f com paring  tra n s fo rm a tio n  costs when m a tch ing  a graph o f a par
t ic u la r  can d ida te  com ponent c< to  a graph o f a p ro to typ e  com ponent p, is a m in im iz a tio n  
o f the  tra n s fo rm a tio n s  requ ired fo r an id e n tifica tio n  w ith  a p ro to typ e  p*.

D efin ition  10.8 A  distance o f a candidate graph C  composed o f a set o f graphs c, o f its  
in d iv id u a l com ponents to  a p ro to typ e  graph P ( l)  (representing a given class I)  is 

defined as:
D{1) =  E j = i  w ijc t j +  r  x w D

where c ij  represents a value o f a cost type  j ,  fo r j  — 1 ,..., 5 in  the  o p tim a l hom om orphism s 
o f g raphs o f a l l cand ida te  com ponents c, w ith  respect to  the  p ro to ty p e  com ponents p,(Z), 
r  is a nu m ber o f d iv is io n  trans fo rm a tion s , u)d  is a constant equal to  a cost o f a single 
d iv is io n  o p e ra tio n  (e m p ir ic a lly  set). Each cost type  j  describes a cost in  one o f the  five 
groups o f g raph  tra n s fo rm a tio n  described above (i.e. geom etric, m orho log ica l, leaving 
cand ida te  and p ro to ty p e  features, in tro d u c in g  bridges), w j j  is a w e igh t constant which 
represents the  re la tive  im p o rtan ce  o f a tra n s fo rm a tio n  type  j  in  a class I. T he  weights 
were set m anua lly . T h e  o rder o f im p o rtan ce  o f the  cost types fo r a ll the  classes is the same 
as the  o rd e r in  w h ich  th e y  were presented above. T he  least im p o rta n t is the  geom etrica l 
cost and th e  m ost im p o r ta n t one is the  size o f the  nonm atched features in  the  p ro to type .

I f  TV is a num be r o f p ro to types , an unknow n graph C  o f  a cand ida te  is classified as 
be long ing  to  a class k represeted by a p ro to ty p e  P (k )  i f  its  d istance D (k )  to  a p ro to typ e  
g raph  P (k )  is a m in im u m  am ong a set { D ( l ) ,  I — 1 ,..., TV} o f distances to  a ll p ro to types 

P ( l ) .

6. In e x a c t  g ra p h  m a tch in g  a lg o r ith m

A  procedure  fo r reco gn ition  o f an unknow n cand idate  sym bo l is com posed of:

•  M a tc h in g  com ponent graph o f an unknow n cand ida te  sym bo l w ith  com ponent 

graphs o f th e  p ro to ty p e  sym bols.
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•  M a tc h in g  g ra ph  o f each cand ida te  com ponent w ith  graphs o f the  p ro to ty p e  com po
nents, i.e. search ing fo r  o p tim a l m any-to -one hom om orph ism s between th e  appro
p r ia te  pa irs  o f graphs.

6.1 . M atch in g  com p on en t graphs

T he  p rocedure  M atchS ym bol (shown in  F ig . 10.12) realizes the  in e xa c t m a tch in g  be
tween th e  com ponen t graphs K P and K c  o f  the  p ro to ty p e  and the  cand ida te  sym bols, 
respective ly , as w e ll as between the  g raph  P  o f  the  p ro to ty p e  and g raph  C  o f the  can
d id a te  sym bols. G ra p h  P  (C ) is composed o f graphs p, (c*) o f in d iv id u a l p ro to ty p e  
(can d ida te ) com ponents. Each g raph  f t  G P  o f the  p ro to ty p e  com ponent is m atched 
w ith  those unm atched  graphs c, €  C  o f  the  cand ida te  com ponents fo r  w h ich  th e  corre
spond ing  fea tu res in  com ponent graphs can be m atched (i.e. a d iffrence  between th e ir  
a ttr ib u te s  is be low  c e rta in  th resho ld  T ) ,  and then  the cand ida te  com ponent w ith  the 
lowest cost is chosen. M a tc h in g  between the  graphs p* and c, is ca lcu la ted  using the 
procedure  M a tc h G ra p h O f Com ponent (described in  the  ne x t subsection). I f  the  leng th  
o f  the  un m atched  can d ida te  com ponent features is greater th a n  the  to ta l com ponent 
le ng th  tim es  th e  c e rta in  th resh o ld  P  (10% ), then  i t  is suspected th a t  th e  cand ida te  com 
ponent is g lued w ith  an o the r one, and i t  is tr ie d  to  reconnect th e m  ( in  the  procedure 
C o m p o n e n tD iv is io n ). T he  procedure Com ponentD iv is ion  searches fo r a ll unm atched 
can d ida te  fea tu res and creates new graphs fo r  a ll sets o f the  connected unm atched can
d id a te  features.

6.2. M atch in g  graphs o f  com ponents

T h e  a lg o r itm  MatchGraphOfCom ponent shown in  F ig . 10.13 ca lcu la tes th e  o p tim a l ho
m om o rph ism  between tw o  graphs: d  o f  the  cand ida te  com ponent and p, o f the  p ro to ty p e  
com ponent. T h e  search fo r th is  o p tim a l m any-to -one  ho m om o rph ism  can be fo rm a lized  
as a m in im iz a tio n  o f the  possib le g raph  tra n s fo rm a tio n s  fro m  a pe rfec t m a tch ing . T he  
cand ida te  fea tures are grouped in  a ve ry  dynamic way, i.e. th e y  are v ir tu a l ly  trans fo rm ed  
in  a con tex t o f  each p ro to typ e .

A l l  states in  the  he u ris tic  search fo r the  o p tim a l ho m om o rph ism  except the  goal s tate 
are the  p a r t ia l m atch ings  between the  graphs c* and pi. A  s ta te  is considered a goal state 
i f  its  co rrespond ing  m a tch in g  canno t be expanded. T h e  h e u ris tic  search is initialized  
w ith  th e  m a tch in g  o f a ll possib le features fro m  th e  g raph  Cj o f the  cand ida te  to  the 
predefined and requ ired  fea tu re  fro m  th e  g raph  pi o f  th e  p ro to ty p e , and as a resu lt an 
in itia l state co rrespond ing  to  the  lowest cost m a tch in g  is chosen. D u r in g  in it ia l iz a tio n  
features are m atched  w ith o u t ta k in g  in to  cons idera tion  specific endings, as i t  is im possib le  
to  de te rm in e  nodes correspondence a t the  beg inn ing . N o rm a lly , fea tu re  is always m atched 
w ith  respect to  one o f its  nodes.

G en e ra tio n  o f new states fro m  the  given s ta te  is pe rfo rm ed  by cons idering  paths 
o f d iffe re n t le n g th  (the  possib le extensions) in  a procedure F in d E x te n s io n s  (shown in 
F ig . 10.14), s ta r t in g  w ith  the  fea tu re  and the  node suggested by  th e  extension rule, and
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M atch S ym b o l(C , K c , P, K p ).
Input: C a nd ida te  (p ro to ty p e ) graphs C  (P )

can d ida te  (p ro to ty p e ) com ponent graphs K c  (K p )
Output: M atch ings : K C- K P and C -P .  
fo r a ll com ponent pi €  P  do

fo r a l l unm atched  com ponent c* £  C  do 
(*co m po nen t graphs m a tc h in g *)

i f  the  d ifference between a ttr ib u te s  o f the  corresponding 

fea tures f Ci €  K c  and gPi €  K P <  T  
( *  graphs o f com ponent m a tch in g *)

M a tc h G ra p h O  f  Com ponent (ci, p ; )
Costi =  T o ta lC o s t(c i,p i)
i f  the re  are unm atched p ro to ty p e  com ponents and 
le ng th (u n m a tch e d  c, features) >  P x  leng th (c, features) 

Com ponentD iv is ion (c i) 
end i f  

end i f  
end fo r
assign pi a cand ida te  com ponent c* w ith  the  lowest cost Costi 

end fo r

Fig . 10.12. T h e  procedure fo r m a tch ing  com ponent graphs o f the candidate and the  p ro to typ e  symbols 
and graphs o f th e ir  com ponents 

Rys. 10.12. P rocedura  po rów nyw an ia  grafów  kandydata  oraz wzorca

m a tch in g  the  node o f each p a th  and its  ad jacent features w ith  the  correspond ing node and 
its  ad jacent features in  the  p ro to typ e , in  a procedure MatchNode (shown in  F ig . 10.17). 
T he  fu n c tio n  W rite S ta te  w rite s  them  to  the  lis t  o f a ll considered states. T he  heu ris tic  
fu n c tio n  N e x tS ta te  chooses the  cheapest s ta te  (p a r tia l m a tch ing ) fro m  the set o f a ll the 
ca lcu la ted  ( in  the  procedure F in d E xten s io n s ) possible next states , thus the  a lg o rith m  
uses a cheapest-first strategy th a t  selects fo r processing the  s ta te  w ith  the  lowest p a rtia l 

m a tch in g  cost.

6.2.1. Extension o f a p a rtia l so lution

T h e  procedure  F in d E xten s io n s  depicted in  F ig . 10.14 ca lcu la tes the  lis t  o f possible 
extensions (i.e. the  possib le nex t states) o f the p a r tia l m a tch ing  between the  graph Ci o f 
the  cand ida te  com ponent and the graph pi o f  the  p ro to ty p e  com ponent. The  fun c tion  
Trans(path, feature) in  the  procedure F in d E xten s io n s  ca lcu la tes a cost o f trans fo rm ing  
a lis t  o f  fea tu res in  a p a th  in to  the  p ro to typ e  fea ture, each o f w h ich  has an associated 
cost. T h e  m a x im u m  le ng th  o f a p a th  is bounded by a predefined th resho ld  tim es the 

expected size o f th e  m atched feature.
T o  extend  a p a r t ia l m a tch in g  o f nodes and features w ith  a new p a ir o f m atched nodes,
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M atchG raphO fCom ponent (Ci,Pi)
Input: T w o  graphs o f  com ponents: cand ida te  c* and p ro to ty p e  p,.
Output: T h e  o p t im a l ho m om o rph ism  between the graphs c* and Pi.

/ *  In it ia l iz a t io n  * /
L e t g €  F Pi be a n o n -o p tio n a l feature, 
fo r  each fea tu re  /  6  F Ci 

TotalCost =  t r a n s ( { f } ,  g) 
le t  a  €  JCi be  one o f  th e  nodes ad jacent to  /  
le t b ,c £  JVi be th e  nodes ad jacent to  g 
H  =  M atc h N o d e(a , b, f ,  g)
W r ite S ta te (H )
H  =  M atc h N o d e(a , c, / ,  g)
W r ite S ta te (H )  

end fo r
/ *  E nd  o f in it ia l iz a t io n  * /  
repeat

H *  =  N e x tS ta te Q  
F in d E x te n s io n s (H *)  

u n t il goal state is found  
re tu r n ( / / * )

F ig . 10 .13 . T h e  c a lc u la t io n  o f  th e  o p t im a l  h o m o m o rp h ism  H *  b e tw e e n  th e  g ra p h s  o f  t h e  c a n d id a te  a n d  
th e  p ro to ty p e  c o m p o n e n ts

R y s. 10 .13 . O b lic z en ie  o p ty m a ln e g o  h o m o m o rfiz m u  H *  p o m ię d z y  g ra fa m i k a n d y d a ta  o ra z  w z o rc a

a set o f a lready  m atched cand ida te  features, b u t whose one node is n o t m atched ye t is 
considered. T h e  a lg o r ith m  considers pa ths o f d iffe re n t leng ths s ta r t in g  fro m  1-element 
pa th . In  general, a ne x t fea tu re  to  expand a p a th  is found  using the  extension rule when 
a branch p o in t creates m ore th a n  one a lte rn a tive  to  con tinue  a pa th . A n  extension is 
done in  a c o n te x t o f  a fea tu re  in  a p ro to typ e , so the re  is always a know ledge o f  a  d ire c tio n  
th a t  a p a th  shou ld  fo llow .

E xten sion  rule. I f  i t  is know n th a t  a p a th  in  the  can d ida te  th a t  ends in  a node
B[ (see F ig . 10.15 fo r an il lu s tra t io n )  w ith  the  degree g rea te r th a n  one m ust be 
extended w ith  a fea tu re  / ;+ 1 ad jacent to  Ą ,  to  im p rove  the  m a tc h in g  w ith  fea tu re  g 
in  the  p ro to ty p e , th a n  i t  is possib le to  f in d  o p t im a lly  the  n e x t fea tu re  f i+ i ad jacent 
to  Bi th a t  is also be ing m atched to  g, us ing a ttr ib u te s  o f th e  fea tu res o f  a whole 
path f i , ..., ft , f i+ i ,  and the  a ttr ib u te s  o f g.

6.2.2. Node m atching

T h e  p rocedure  M a tc h N o d e (n Ci,n Pi, f Pi) shown in  F ig . 10.17 ca lcu la tes the  best inex
ac t m a tc h in g  between the  features ad jacent to  tw o  nodes nCi £  J a ,n Pi E JPi be long ing  to
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F in d E x te n s io n s (H *).
Input: A  p a r t ia l m a tch in g  H * .
Output: A  l is t  o f  possib le extensions o f H *.  

le t FL. be a set o f  cand ida te  com ponent features w ith  one n o t m atched node, 

i f  F'_ =  0 
the n  re tu rn  (^so lu tio n  is fo u n d *)

le t  f i  e  F r'_ be th e  fea tu re  a lready m atched w ith  g e  F k

le t B \  e  J Ci is a non-m atched node o f f \ .
le t D  €  JPi be the  correspond ing node to  B x ad jacent to  g.
T o ta lC o s t — t r a n s ( { f i } ,  g) 
m  =  M a tc h N o d e (B i,D , f i ,g )
W r ite S ta te (H *  U m U  { ( { / i } , # ) } , Tota lC ost)
I =  0 
repea t 

1 =  1 +  1 
TotalCost =  0
fo r a ll c o n tin u a tio n  p a th  / if+1 in  Bi do ( *  1 <  k <  d egree(B i)*)

C ostP athk  =  t r a n s { { fu / / ,  hf+ i ) ,  g)
C o s tP a th k. =  m in k (C o stP a th k) ( *  k* is the  m in im u m  cost p a th * )

f i+ i  =  ft*+ i
T o ta lC o s t =  T o ta lC o s t +  C ostPathk« 
m  =  M atc h N o d e(B [+ i,  D , f i+ i ,g )
W r ite S ta te (H *  U m U  { ( { / i , f i+ i} ,  <?)},T ota lC ost) 

u n t i l  le n g th ({ f \ ,  . . . , / i+ i } )  >  K  *  length(g)

F ig . 10 .14 . C a lc u la tio n  o f th e  lis t  o f th e  p o ss ib le  e x te n s io n s  o f th e  p a r t i a l  m a tc h in g  

R y s. 10 .14 . O b lic z en ie  l is ty  m o ż liw y ch  ro z sz e rz e ń  częściow ego  d o p a so w a n ia

a g raph  C{ o f  a cand ida te  com ponent and graph p, o f a p ro to ty p e  com ponent, respectively, 
g iven th a t  tw o  o f those features / Cj 6  F Ci, f Pi €  F Pi are a lready m atched. T h is  procedure 
relies on th e  fa c t, th a t  a m a tch in g  should preserve the  re la tive  o rder o f  o r ie n ta tio n  o f 
the  features a round  tw o  m atched nodes, and the  overa ll o r ie n ta tio n  o f the  features, since 
ro ta t io n  near 90 degree are very  un like ly . A f te r  s o rtin g  b o th  l is t  o f  features adjacent 
to  nodes n Ci and nPi, counterclockw ise a fte r f Ci and f Pi, respective ly  (by  the  procedure 
sort), th e  a lg o r ith m  uses th e  procedure M a tc h S tr in g s  (shown in  F ig . 10.18), w h ich  is the 
inexac t s tr in g  m a tch in g  procedure, to  find  the  best m a tch in g  between these tw o  sorted 
lis ts  o f features, lCl and lPi. T h e  fu n c tio n  C o st(lCillPi)  ca lcu la tes th e  cost o f  m a tch ing  
the  features, and is based on the  difference o f fea tu re  d irec tio ns  in  m atched nodes. To 
ca lcu la te  th is  d ire c tio n  we use tangent to  a fea tu re  in  a node be ing  m atched instead o f a 
secant as in  [270]. T h e  fun c tions  L eav eP ro t , LeaveC and  ca lcu la te  the  p e n a lty  fo r leaving 

the  p ro to ty p e  and cand ida te  fea ture, respectively.
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F ig . 1 0 .15 . T h e  i l lu s t r a t io n  o f  t h e  p ro p o s e d  e x te n s io n  ru le  u s e d  in  t h e  b r a n c h  p o in t  B 3 ( th e  m a tc h e d  
n o d e s  a r e  filled  b la c k ) .  T h e  c o r re c t  fe a tu re  h \  is ch o se n  a s  t h e  p o s s ib le  c o n t in u a t io n  d u r in g  
m a tc h in g  to  t h e  p ro to ty p e  f e a tu re  g. T h e  lo c a l c o n d itio n  fro m  ref. 27 0  fa ils  c h o o sin g  fe a tu re
hi

R y s . 10 .15 . I lu s t r a c ja  z a p ro p o n o w a n e j re g u ły  ro z s z e rz a n ia  w  p u n k c ie  w ie lo k ro tn y m  B 3 , w  w y n ik u  k tó re j 
z o s ta je  p ra w id ło w o  w y b ra n a  c ec h a  h \  ja k o  m o ż liw e  ro z s z e rz e n ie  śc ieżk i d o p a so w a n e j do  
c ec h y  p r o to ty p u  g. U z g o d n io n e  w ę z ły  s ą  p rz e d s ta w io n e  n a  c z a rn o . Z a s to so w a n ie  lo ka lnego  
k r y te r iu m  z  re f. 27 0  p o w o d u je  n ie p ra w id ło w y  w y b ó r  cech y  /i§

F ig . 10 .16 . T h e  i l lu s t r a t io n  o f  t h e  p ro p o s e d  c o s t  fu n c tio n  u s e d  d u r in g  n o d e s  m a tc h in g  r e s u lt in g  in  th e  
c o r r e c t  m a tc h in g  o f  t h e  c a n d id a te  f e a tu re  a  i n to  t h e  p r o to ty p e  f e a tu re  g . U s in g  th e  c o s t 
fu n c t io n  fro m  ref. 270  r e s u lts  in  th e  in c o r re c t  m a tc h in g  to  th e  c a n d id a te  f e a tu re  b  ( th e  
m a tc h e d  n o d e s  a re  filled  b lac k )

R y s. 10 .16 . I lu s t r a c ja  now ej fu n k c ji k o sz tó w  p o d c z a s  u z g a d n ia n ia  w ęzłó w , w  w y n ik u  k tó re j  z o s ta ją  
p ra w id ło w o  d o p a so w a n e  c ec h a  g ra fu  p r o to ty p u  g  d o  c ec h y  g ra fu  k a n d y d a ta  o . U zg o d n io n e  
w ę z ły  s ą  p rz e d s ta w io n e  n a  c za rn o . Z a s to so w a n ie  fu n k c ji z  re f. 2 7 0  p o w o d u je  n ie p ra w id ło w e  
d o p a so w a n ie  d o  c ech y  g ra fu  k a n d y d a ta  b
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M atc h N o d e(n Ci,n Pi, fet, f Pi).
Input: nodes n c> €  JCi and nPi €  JPi, features } Ci 6  F Ci and f Pi £ F Pi.
Output: M a tc h in g  o f the  features ad jacent to  nCi and nPi, such th a t  f C( is m atched to  f Pi. 
begin

lCi =  so rt(n Ci, f Ci)
Ip , =  S O r t ( n p t , / j , t )

M a tc h S tr in g s (lCi, l Pi)
end

F ig . 10 .17 . T h e  c a lc u la tio n  o f  th e  b e s t  in e x a c t m a tc h in g  b e tw e e n  th e  tw o  n o d es  

R y s. 10 .17 . O b lic z en ie  n a jle p sz e g o  n ie d o k ła d n e g o  d o p a so w a n ia  m ięd zy  d w o m a  w ęzłam i

6.3. T h e com p lex ity

T o analyze the  co m p le x ity  o f inexact g raph m a tch ing  a lg o rith m  we have to  consider 
the  c o m p le x ity  o f a lg o r ith m  M atchN od e, and the  num ber o f tim es i t  is called by the 
search procedure. Assum e th a t  m  is the  m ax im um  between the  num ber o f features in  
the  p ro to ty p e  and in  the  candidate . L e t dG be the  largest degree o f a node in  a graph
G . A  dyn am ic  p ro g ra m m in g  s tr in g  m a tch ing  a lg o rith m  finds a m a tch ing  o f the  adjacent 
features o f the  tw o  nodes in  a t m ost dp x  da steps. However, the  search procedure can 
ca ll th is  ro u tin e  2m tim es in  the  w orst case. There fore, the  a lg o r ith m  is exponen tia l in  
th e  num be r o f features in  a graph.

I t  is  ve ry  im p o r ta n t to  no te  th a t  the  num ber o f features o r nodes in  a sym bo l graph 
is usu a lly  sm a ll. There fore , the  rea l t im e  o f execution is re la tiv e ly  sm all.

7. E x p e r im e n ta l re su lts

G raph  representa tions o f  p ro to types  o f a ll geographic sym bols fro m  P o lish  Fundam enta l 
Land  M ap  ([124]) were prepared as described in  chapter 6. A b o u t 400 samples o f ge
og raph ic  sym bo ls were used to  select the  p ro to types , and were processed repea ted ly  to  
revise the  tra n s fo rm a tio n  rules and th e ir  associated costs. Tests were made on 500 sam
ples o f the  scanned m aps fro m  w h ich  representations o f geographic sym bols were prepared 
in  the  s im ila r  way as fo r the  p ro to types. In  the  case o f m u ltico m p o n e n t sym bols, th e ir  
fu r th e r  segm enta tion  was pe rfo rm ed by in te ra c tin g  w ith  reco gn ition  a lg o rith m . S ta rtin g  
fro m  the  recognized cand ida te  com ponent, the  reg ion o f the  rem a in in g  p o te n tia l com po
nents o f a g iven sym bo l was created fro m  w h ich  the  com ponent g raph  was constructed.

T h e  c lass ifica tion  resu lts  fo r  the  selected geographic sym bols pe rfo rm ed on 500 sam
ples o f m aps are shown in  Tab le  10.1. The  m in im u m  reco gn ition  ra te  ob ta ined  when 
v a ry in g  the  w e ights was 97.5%, and the  m a x im u m  98.9%. A  s e n s it iv ity  analysis showed 
th a t  we ights can be varied  g re a tly  w ith o u t a ffec ting  s ig n if ic a n tly  the  reco gn ition  ra te  o f 
sym bols. T h e  resu lts  are very encouraging, bearing  in  m in d  th e  w ide  v a r ia b ili ty  o f shapes
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M atchStńngs ( lCt, lPi).
Input: so rted  lis ts  o f  fea tu res a round  node in  cand ida te  and p ro to ty p e  
Output: m  - th e  best in exa c t m a tch in g  between lc. and lp 

£>[0,0] : =  0
fo r  I :=  1 to  le n g th (/Pi) do

£> [i,0 ] :=  Le a ve P ro t(/Pt(Z)) +  D [l  -  1,0]; 
fo r  I :=  1 to  le n g th ( /Ci.) do

£>[0,1] :=  LeaveCand(ZCi( /) )  +  £ )[0 ,1 -  1]; 
fo r  I : =  1 to  length(ZPj) do 
beg in

m 2 :=  L e a ve P ro t(lPi( l) )  
fo r j  :=  1 to  le ng th  (Zc.) do 

beg in
m l  ~  C o s t i l ^ j ) , ^ ) )  
m 3  :=  L eaveC an d (lCi( j ) )
D [ l , j ]  :=  m in ( m l,m 2 ,m 3 )
i f  D [ l , j ]  =  m l  then  set p o in te r fro m  (/, j )  to  (/ — l , j  — 1)
i f  D [ l , j ]  =  m 2 the n  set p o in te r fro m  (/, j )  to  (Z — 1, j )
i f  D [l, j ]  =  m 3 then  set p o in te r fro m  (/, j )  to  (/, j  — 1)
end

end
m  =  D [le n g th (lCi) ,le n g th (lPi)]

F ig . 10.18. T h e  inexact m a tch ing  o f  the  tw o  lis ts  o f features ad jacent to  the  tw o  nodes 

Rys. 10.18. N iedok ładne dopasowanie dwóch lis t  cech p rzy le g łych  do dwóch w ierzchołków

and th e ir  d iffe re n t de fo rm a tions  like  broken o r tou ch in g  sym bols and com p lex s tru c tu ra l 
de fo rm ations.

7.1. T h e exam p le  o f  1-com ponent sym bol m atching

T ab le  10.2 shows the  de ta iled  resu lts  o f th e  in exa c t m a tch in g  between the  graphs o f 
com ponents o f the  cand ida te  and the p ro to ty p e  o f geograph ic sym bo l fo u n ta in , i.e. the  
f irs t  five  categories o f the  tra n s fo rm a tio n  costs (geom etric , m o rp ho log ica l, bridges, leaving 
can d ida te  and p ro to ty p e  features) o f the  o p tim a l ho m om orph ism  between those graphs. 
T he  g raph  o f  com ponent o f the  broken cand ida te  fo u n ta in  sym bo l is shown in  F igu re  10.8, 
w h ile  its  p ro to ty p e  in  F ig . 10.5. E lem ents in  each row  o f  the  f ir s t  tw o  co lum ns are the 
pa irs  (prototype feature, candidate path) fo rm in g  the  ca lcu la ted  o p t im a l hom om orph ism . 
T h e  p a th  in  the  can d ida te  (second co lum n) is specified us ing fea tu re  labe ls accord ing 
to  F ig . 10.8, and  th e ir  sequence corresponds to  the  sequence o f th e ir  m a tch in g  by the 
a lg o r ith m .

T h e  com p u ted  d is tance (i.e. a w e igh ted cost) between the  graphs o f com ponents o f 
the  ca n d id a te  and th e  p ro to ty p e  fo u n ta in  sym bols is equal to  0.571 and is the  lowest
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sym bol recog.

lea fy tree 98,5%
conif. tree 97,8%
fou n ta in 98,9%

bush 97,5%
grass 97,4%
w ell 98,1%
lig h t 97,6%
cross 98,6%

T ab le  10.1. E x p e rim e n ta l reco gn ition  results using the  presented m ethod  fo r the  selected 
geograph ic sym bols

am ong th e  distances to  a ll o th e r geographic sym bols. T he  m a in  p a rt o f costs is the  cost 
o f in tro d u c in g  the  bridges (0.2) and then the m orpho log ica l cost w h ich  is connected w ith  
a tra n s fo rm a tio n  o f a p a th  in to  an arc, and w ith  a difference between the a ttr ib u te s  o f 
the  arcs. A lso , n o t used pa rts  o f a candidate have some in fluence on the  overa ll cost.

7.2. T h e exam p le  o f  m ulti-com ponent sym bol m atching

Tab le  10.3 shows the  de ta iled  resu lts o f the  inexact m a tch ing  between the  graphs o f com
ponents o f the  cand ida te  and the  p ro to typ e  o f geographic sym bo l leavy tree, i.e. the firs t 
five  categories o f the  tra n s fo rm a tio n  costs o f the  o p tim a l hom om orph ism  between those 
graphs. T he  m eaning o f co lum ns and rows is the  same as in  the  previous exam ple. The 
com ponent graphs o f the  g lued cand idate  sym bo l are shown in  F igu re  10.9, w h ile  graphs 
o f the  p ro to ty p e  in  F ig . 10.6. The  com puted distance (i.e. a weighted cost) between the 
graphs o f com ponents o f the  cand idate  and the p ro to typ e  leavy tree sym bols is equal to  
2.320 and is the  lowest am ong the  distances to  a ll o th e r geographic sym bols. T he  cost 
o f d iv is io n  o f the  g raph  o f com ponent o f the  g lued cand idate  sym bo l in to  the  separate 
com ponents is equal to  0.08. T he  m ost s ig n ifica n t is the  cost o f unused (nonm atched) 
elem ents in  the  cand ida te . T he  m orpho log ica l cost is composed m a in ly  o f the cost o f 
tra n s fo rm a tio n  o f pa ths in to  arcs. Because o f the  fac t th a t  strokes are n o t present the 

associated geom e trica l cost is 0.
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p ro to ty p e cand ida te Cost categories
fea tu re p a th geom. m orpho. leave-cand. leave-pro t. b ridge

1 4 0.0 0.0 2.433 0.0 0.0
0 5 6 7 8 9 0.0 0.033 1.588 0.0 0.2
2 12 13 0.0 0.081 1.184 0.0 0.0
4 3 0.027 0.0 1.091 0.0 0.0
3 10 11 0.0 0.009 0.762 0.0 0.0
5 0 1 0.0 0.045 0.395 0.0 0.0
6 14 15 16 0.0 0.009 0.119 0.0 0.0

O ve ra ll cost 0.027 0.177 0.20 0.119 0.2
W eights 1.0 1.0 2.0 0.8 1.0
W eigh ted  cost 0.571

Tab le  10.2. T h e  resu lts  o f m a tch in g  between the  graphs o f com ponents o f the  cand idate  
fo u n ta in  geograph ic sym bo l shown in  F ig . 10.8 and its  p ro to ty p e  in  F ig . 10.5. 
T h e  second co lum n shows the  sequence o f m a tch in g  th e  can d ida te  features 
by  the  a lg o r ith m

p ro to ty p e
fea tu re

cand ida te
p a th

C ost categories
geom. m orpho . leave-cand. leave-pro t. b ridge

p ro to ty p e  com ponent: 0
0 0 1 2 0.0 0.018 1.333 0.0 0.0

p ro to ty p e  com p on en t:!
0 1 2 0.0 0.009 0.351 0.0 0.0

p ro to ty p e  c o m p o n e n ts
0 9 8 7 0.0 0.018 0.739 0.0 0.0

p ro to ty p e  c o m p o n e n ts

0 5 4 0.0 0.008 0.153 0.0 0.0
O ve ra ll cost 
W eights 
W eighted cost

0.0 0.143 2.576 0.0 0.0
1.0 0.7 0.8 1.0 2.0

2.320

Tab le  10.3. T h e  resu lts  o f  m a tch in g  between th e  graphs o f com ponents o f the  cand idate  
lea fy  tree  geograph ic sym bo l shown in  F ig . 10.9 and its  p ro to ty p e  in  F ig . 10.6. 
T h e  second co lum n  shows the  sequence o f m a tch in g  the  cand ida te  features 
by  th e  a lg o r ith m . T h e  cost o f the  d iv is io n  o f the  g lued com ponents is equal 
0.08

Chapter 11 

Syntactic classifier

I . In tr o d u c tio n

A m on g  m any groups o f geographic ob jects are ob jects w ith  a p e rio d ic  s truc tu re , so-called 
line objects, o r 1-dimensional texture objects. Some examples o f them  are shown in  F ig.
I I . 1 .  These lin e  ob jec ts  cou ld  be classified in to  d iffe ren t types, depend ing on th e ir  form , 
s tru c tu re , th ickness and o th e r param eters. There m ay be connected and unconnected 
line  ob jects . T h e  unconnected ones are fo rm ed by  re p e tit io n  o f one p r im it iv e  element 
th a t  cou ld  be a lin e  segment, circ le , o r any o ther sm all p r im it iv e  p a tte rn . T he  sim plest 
one is a dashed-line  (F ig . 11.1a)), consis ting o f line  segments separated by gaps w h ich are 
used to  sym bo lize  fo r  exam ple land-use borders, edges o f roads. M ore d if f ic u lt  examples 
are scarps (F ig . l l . l g - i ) )  and dams (F ig . l l . l j ) ) .  T o  recognize line  ob jects w h ich  are 
cha racterized by  a stab le  s tru c tu re , the  syn ta c tic  approach is a m ore su itab le  one.

T h is  chap te r presents a syn ta c tic  m e thod  fo r the  reco gn ition  o f line  ob jects in  m ap 
draw ings  (p re v io u s ly  pub lished  in  [318]). T he  presented m e thod  is also capable o f recog
n it io n  o f o th e r geograph ic ob jects  like  geographic sym bols, and ob jec ts  w h ich  have a 
cha rac te ris tic , s tab le  p a tte rn , fo r exam ple some sort o f bu ild ings .

T h e  proposed reco gn ition  m ethod  is based on tw o  extensions o f a s tr in g  g ram m ar. The 
f irs t  extension  is the  usage o f a programmed gram mar, w h ich  offers a fa c il ity  o f e x p lic it ly  
p ro g ra m m in g  the  a p p lic a tio n  o rder o f p roduc tions . A  class o f con text-free  gram m ars 
(C F G ), be ing  th e  strongest class th a t we can con s tru c t e ffic ien t syn ta x  analyzers fo r is too  
weak in  p ra c tic a l p a tte rn  reco gn ition  app lica tions . O n the  o th e r hand , a class o f con text- 
sensitive g ram m ars  (C S G ), w h ich  is s tronger th a n  C F G  is ha rd  to  tre a t. There fore, some 
enhanced m odels o f  con tex t-free  gram m ars have been proposed in  th e  lite ra tu re . One o f 
the  best know n m ethodo log ies used fo r th is  purpose is th e  programming approach ([278]). 
A  con tex t-free  programmed gram m ar ([278]) a llows one to  generate m uch w id e r class o f 
languages th a n  a ’p u re ’ con text-free  g ram m ar. However, the  parsers fo r  p rogram m ed 
g ra m m a r are based on a back tra ck in g  m ethod , w h ich  means th a t  th e ir  co m p u ta tio n a l 
c o m p le x ity  is exponen tia l.

T h e  second proposed extension is the  genera liza tion  o f a s tr in g  g ra m m ar in to  two 
d im ensions by in tro d u c in g  specia l relational symbols fo r  describ ing  tw o-d im ens iona lity .

163
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T here  is also a co m p le te ly  d iffe re n t approach based on the  usage o f a rep resen ta tiona l 
fo rm a lis m  th a t  is in h e re n tly  m ore  d im ensiona l, fo r exam ple graph grammar. B u t  there  
are tw o  p rob lem s w h ich  m ake a co n s tru c tio n  o f a syn tax  ana lyzer fo r  a g raph  g ram m ar 
d if f ic u lt .  T h e  f irs t  is  in  de fin in g  an unam biguous g raph  rep resen ta tion . T h e  second is 
connected w ith  the  specific  fo rm  o f p ro d u c tio n  o f a g raph  g ra m m ar, especia lly  w ith  the 
em bedd ing  tra n s fo rm a tio n . Some suggestions fo r so lv ing  th is  p ro b lem  concerns graphs 
in  a p a r t ic u la r  fo rm  ([298, 108]). For these reasons, we developed the  h ighe r-d im ens iona l 
extension  o f a s tr in g  g ra m m ar.

In  th e  presented m e tho d , a g ra m m ar is used as an extraction tool, th a t  means the 
g ra m m a r p ro d u c tio n s  fo r o b je c t fo rm  a n a tu ra l de scrip tion  o f a  s tra teg y  fo r its  ex tra c tio n .

T h e  proposed pa rs ing  a lg o r ith m  is a m o d ific a tio n  o f th a t  fro m  [232] so as to  avoid 
b a ck tra ck in g  w h ich  resu lts  in  p o ly n o m ia l c o m p le x ity  (0 ( N ) =  N 3). To hand le  specific 
k in ds  o f e rro rs  in  no isy  and d is to rte d  ob jec ts  in  ha nd -d raw n  maps, th e  error correcting 
mechanism  has been encoded in  the  pa rs ing  a lg o rith m . T he  considered corrections are 
p ro lo n g a tio n  o r sho rte n in g  o f p r im itiv e s , change o f th e ir  d irec tio ns , o r lo ca tio n . Due 
to  proposed, specia l p o s t-ve c to riza tio n  technique, the  linking neighboring prim itives, the  
developed pa rs in g  a lg o r ith m  enable to  recognize c o rre c tly  overlapped objects in  m ost s it 
ua tions.

T h e  proposed re co g n itio n  m e tho d  is tra n s la tio n , scale and ro ta t io n  in v a ria n t.

a) I I I I I I I I I g)

«  T i 1 1 1 1 .......................  »

d) T  ~1 1 T T  i)
e)
f) ZC lE EE DD Qj Hj zn j)

F ig . 11 .1 . S o m e  e x a m p le s  o f l in e  g e o g ra p h ic  o b je c ts  fro m  in s tru c t io n  K - l :  a )-c )  d iffe re n t s o r t  o f  b o rd e rs ,  
d ) ,e )  fen ces , f)  s ta i r s ,  g )- i)  d iffe ren t s o r t  o f  s c a rp s ,  j )  d a m

R y s. 11 .1 . P r z y k ła d y  o b ie k tó w  lin io w y ch  z Z a sad n icz e j M a p y  K r a ju :  a ) -c )  ró ż n e  ty p y  g ra n ic ,  d ) ,e )  - 
o g ro d z e n ia ,  f )  s ch o d y , g )- i)  ró ż n e  ro d z a je  s k a rp , j )  ta m a

2. R e c o g n it io n  o f  o v er la p p ed  o b je c ts

T he  s itu a t io n  in  w h ich  one o b je c t is superim posed on an o the r one, occurs ve ry  o ften  in  
m aps. A n  idea lized  s itu a t io n  o f  overlapped ob jects  is shown in  F ig . 11.2 in  w h ich  ob jec t 
0 1  in te rsects  o b je c t 0 2  a t edge A B . T h is  resu lts in  a d iv is io n  o f an edge A B  by tw o 
p o in ts  P I  and P 2  a fte r  v e c to riza tio n  procedure. Because p r im it iv e  A B  does n o t ex is t 
in  such s itu a tio n , subsequent pa rs ing  acco rd ing  to  a g ra m m ar describ ing  shape 0 2  fa ils , 
because o f m iss ing  the  req u ire d  p r im itiv e s .

I I  I I I I I I I I I I I
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To enable th e  co rrec t reco gn ition  o f overlapped ob jects  we proposed th e  specia l post- 
ve c to riz a tio n  procedure, the  linking neighboring line prim itives  pe rfo rm ed before recogni
t io n  procedure s ta rts . T h is  p o s t-ve c to riza tion  is app lied  to  those line  p r im it iv e s  w h ich  are 
nearly  co llin e a r (w ith  predefined to le rance), and th e ir  ap p ro p ria te  end-po in ts  are d is ta n t 
fro m  each o th e r n o t m ore th a n  a predefined value. For exam ple, in  F ig . 11.2, lin k in g  
p r im it iv e s  A P I ,  P 1 P 2 , P 2 B  in to  one p r im it iv e  A B  enables correct reco gn ition  o f bo th  

ob jects.
In  th is  way, in  m ost s itu a tio n s  w ith  overlapped ob jects, the  correct reco gn ition  by the 

proposed m e tho d  is enabled. T he  lin k in g  ne ighbo ring  line  p r im it iv e s  in to  one p r im it iv e  
enables also to  re p a ir some classical d is to rtio n s  caused by  th in n in g .

PI 02 A
PI

A

01 P2

B

P2

c B B

F ig . 11.2. I lu s t r a t io n  o f lin k in g  n e ig h b o rin g  lin e  p rim itiv e s  

R y s . 11.2. I lu s t r a c ja  z a s a d y  łą c z e n ia  są s ie d n ic h  p ry m ity w ó w

3. T h e  gram m ar

Each shape is described by its  grammar, and a d d itio n a lly  d is tingu ished  one o f its  te rm in a l 
sym bols, ca lled a starting prim itive, w h ich  m ust be a line typ e  p r im it iv e . A l l  param eters 
cha rac te riz ing  th e  te rm in a l sym bols o f a g iven g ra m m ar are then  measured w ith  respect 

to  th a t  s ta r t in g  p r im it iv e .

3.1 . P rim itiv es

C u rre n tly  in  th e  presented m e thod  three types o f p r im itiv e s  are used: 1) line p r im it iv e  
(sym bo lized  as L ),  2) break p r im it iv e  (B ), 3) included-in-line p r im it iv e  { IL). I t  is assumed 
th a t  each p r im it iv e , as w e ll as each shape, has exa c tly  tw o  po in ts  ca lled  head (sym bolized 
as H ), and ta il (sym bo lized as T) where i t  can be lin ked  to  o th e r p r im itiv e s . Thus, each 
p r im it iv e  can be represented by a d irec ted  and labe lled  edge o f a g raph  as shown in  F ig.

11.3. Each p r im it iv e  is characterized by  a set o f param eters.
T h e  line p r im it iv e  is denoted as L (len T,an g ler ,to li,to la). T he  pa ram ete r lenr (e.g. 

see F ig . 11.3a)) denotes a le ng th  o f a p r im it iv e  w h ich  is always m easured relative to  a 
le ng th  o f a s ta r t in g  p r im it iv e  o f a given shape. T he  angleT pa ram ete r denotes an angle 
between an in i t ia l  p r im it iv e  and a given one. T h is  is a d irec ted  angle, w ith  ’+ ’ values 
defined in  the  fo llo w in g  way. A  plus ha lf-ax is  y  o f a lo ca l coo rd ina te  system  w ith  its
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F ig . 1 1 .3 . T h r e e  ty p e s  o f  p r im itiv e s :  a )  lin e  (L ), b ) b re a k  (B ), c) in c lu d e d - in - l in e  ( I L ) . (s .p . d e n o te s  a  
s t a r t i n g  p r im itiv e )

R y s. 11 .3 . T rz y  ty p y  p ry m ity w ó w : a )  lin io w y  (L ), b )  p rz e rw a  (B ) ,  c ) z a w a r ty  w  lin io w y m  (I), s .p . 
o z n a c z a  p ry m ity w  p o c z ą tk o w y

o r ig in  a t a ta i l  o f  an in i t ia l  p r im it iv e , and w h ich  covers i t ,  ro ta tes, so as to  cover a given 
p r im it iv e . I f  the  angle w h ich  i t  traces is less th a n  180° th a n  the  resu lted  angle has ’+ ’ 
sign, o therw ise  T w o param eters spec ify ing  tolerances have been in tro du ced : tolt fo r 
a le n g th  to le rance , and tola fo r  an angle to lerance.

T h e  break p r im it iv e  is denoted as B (le n T,an g leT,to li,to la). T he  m ean ing o f its  pa
ram e te rs  is shown in  F ig . 11.3b). T he  existence o f the  break p r im it iv e  means th a t  in  the 
area abed in  F ig . 11.3b) the re  is no head o r ta i l  o f  any o th e r line  p r im it iv e . A  search fo r a 
b reak p r im it iv e  is rea lized by  searching the  lis t  o f  a ll e x is tin g  in  the  im age lin e  p r im itive s .

T h e  included-in-line  p r im it iv e  is denoted as I L{lenr ,an g ler ,to li ,to la) and illu s tra te d  
in  F ig . 11.3c). T h is  type  o f p r im it iv e  is a consequence o f a p p ly in g  a procedure fo r lin k in g  
n e ig hbo rin g  lin e  p r im itiv e s , w h ich  is used in  the  presented m e thod . A n  e x tra c tio n  o f th is  
p r im it iv e  is rea lized by searching the  lis t  o f  a ll e x is tin g  in  the  im age line  p r im itiv e s . We 
say th a t  in c lu d e d -in - lin e  p r im it iv e  I L exists if: 1) the re  exists a line  p r im it iv e  in  the  im age 
(fo r  exam ple A B  in  F ig . 11.3c)) w ith  the  same value o f an angler pa ram e te r (w ith  up 
to  to le rance tola), and 2) end-po in ts  o f I L p r im it iv e  are n o t m ore th a n  tol[ d is ta n t from  
th a t  e x is tin g  lin e  p r im it iv e  (c o n d itio n  c l )  in  F ig . 11.3c)). A d d it io n a lly ,  to  assure th a t a 
p r im it iv e  I L lies in  a reg ion occupied by an e x is tin g  lin e  p r im it iv e  (A B  in  F ig . 11.3c)), 
the  geom e tric  c o n s tra in t has been in tro d u ce d  (co n d itio n  c2) in  F ig . 11.3c)).

Because o f us ing the  re la tive  le ng th  and angle o f the  p r im itiv e s , such de scrip tion  w ill 
be in v a r ia n t by  sca ling  and ro ta t io n .

3.2 . R ela tio n a l sym bols

Subshapes are assembled in to  m ore  com p lex shapes by  us ing the  specia l type  o f re la 
t io n a l sym bo ls, the  jo in in g  opera to rs. These opera to rs  specify  how  tw o  o f the  specific 
p r im it iv e  p o in ts , its  head o r ta il ,  have to  be p u t in  coincidence. In  the  presented p ic 
tu re  d e s c rip tio n  language, the re  are fo u r ways o f  jo in in g  a p a ir  o f p r im it iv e s . T he  three
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F ig . 11 .4 . F o u r  ty p e  o f  r e la t io n a l  sy m b o ls : + ,  x ,  *, B es id e , s .p . d e n o te s  a  s t a r t in g  p r im itiv e  

R y s. 11 .4 . C z te r y  ty p y  sy m b o li re la c y jn y ch : + ,  x , *, B eside , s .p . o z n a c z a  p ry m ity w  p o c zą tk o w y

b in a ry  re la tio n a l sym bols w h ich  are based on P D L  ([297]), are denoted as: ’+ ’ , ’x ’ .
These re la tio n a l sym bols, and th e ir  geom etric  in te rp re ta tio n  are shown in  F ig . 11.4. Le t 
a, b, c be the  p r im it iv e s  defined in  F ig . 11.4. For exam ple, the  expression a +  b des
ignates the  shape ob ta ined  w ith  a and b having the  ta i l  o f b in  coincidence w ith  the 
head o f a. S im ila r ly  to  [232], we have defined ou r own re la tio n a l sym bo l w h ich  allows 
m ore im precise assem bly by spec ify ing  on ly  spa tia l re la tio nsh ip  on the  subshapes. T h is  
is o p e ra to r B eside(lenT,an g ler ) whose sem antics is shown in  F ig . 11.4. T he  expression 
a B eside(lenT, angler ) b denotes the  shape ob ta ined from  the p rim itiv e s  a and b in  the 
fo llo w in g  way. I f  we tra n s la te  a s ta rt in g  p r im it iv e  to  a head o f a p r im it iv e  a, as shown 
in  F ig . 11.4, the n  a ta i l  o f  a p r im it iv e  b lies a t angle angleT (re la tive  to  the  s ta rtin g  
p r im it iv e ) ,  a t a d is tance lenr . T he  ta i l  o f a p r im it iv e  b can be located in  a c irc le  o f rad ius 
specified by toll pa ram e te r o f a p r im it iv e  b.

Each shape re s u lt in g  from  lin k in g  the  tw o p rim itiv e s  by means o f the  defined re la tio na l 
sym bols, has a ta i l  and a head, too  as shown in  F ig . 11.4. A  ta i l  o f a resu ltin g  shape 
is a lways a ta i l  o f a second operand, and a head o f a f irs t. Thus, we can extend the 
fo u r opera tions  to  h igher level s truc tu res, i.e. we can use m ore com plex expressions as 

a rgum ents o f the  opera tors.
I t  is assumed th a t  a to le rance fo r a lo ca tio n  o f a head o r ta i l  o f a p r im it iv e  d u rin g  its  

e x tra c tio n  fro m  an in p u t im age, is equal to  toll. T h a t means, a head o r ta i l  o f a p r im it iv e  
(dependent o f a s o rt o f re la tio n a l sym bo l used), is searched in  a c irc le  o f a rad ius specified 

by  toll pa ram e te r o f a g iven p r im it iv e .

3.3. P ro d u ctio n  rules

T he  set P o f a ll p ro du c tions  de fin ing  a g iven g ram m ar G  (2D -shape) consists o f a un ion  
o f tw o  subsets: PB and PT (e.g. see Table 11.2 fo r an exam ple o f a g ra m m ar o f geographic 
o b je c t scarp). T he  p ro du c tions  in  PB subset define (toge the r w ith  o th e r com ponents N, 
T , S, J ) a p rog ram m ed g ram m ar. T he  p ro du c tions  in  the  PT subset define the  possible 
subshapes .S', o f  a shape S. Each such subshape S1 has its  associated subset Pst of 
p ro d u c tio n s  in  PT subset, and toge the r w ith  o th e r com ponents (N ' C N , T' C T,Si) 
defines its  L L (0 )- ty p e  g ram m ar.

We p u t several re s tr ic tio n s  on adm issib le fo rm  o f p ro du c tions . Each p ro d u c tio n  has 
the  fo llo w in g  fo rm : A —ï  B  op C , where A  €  N , op €  { + ,  x ,  * , B esidesQ }, B ,C  €
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N  L IT .  T h a t  m eans, a t m ost one re la tio n a l sym bo l is a llow ed in  each p ro d u c tio n . No 
tw o  p ro d u c tio n s  in  PT  subset cou ld  have th e ir  r ig h t-h a n d  sides d iffe re n t w h ile  having 
id e n tic a l th e ir  le ft-h a n d  sides. Each o f the  S  and F  fie ld  in  P B subset o f  p roduc tions , 
consists o f one p ro d u c tio n  labe l only. Thus, a t each d e riv a tio n  step o n ly  one p o s s ib ility  
in  d e r iv a tio n  ex is t. O n ly  in  P B p a r t a n o n te rm in a l A  in  a p ro d u c tio n  can be e ith e r le ft- 
o r rig h t-re cu rs ive . T he  f irs t  elem ent in  the  r ig h t-h a n d  side o f the  f irs t  p ro d u c tio n  in 
P B subset is a lw ays the  s ta r t in g  p r im it iv e . T he  le ft-h a n d  side o f the  la s t p ro d u c tio n  in 
P B subset is th e  s ta r t in g  sym bo l o f the  g ram m ar, and represents the  fin a l goal o f the  
re co gn ition .

T h e  set P  o f  p ro d u c tio n s  o f a g ra m m ar o f a geograph ic sym bo l scarp is given in  
T ab le  11.2, w h ile  th e  set o f its  te rm in a ls  in  Tab le  11.1. N o n te rm in a l sym bo ls are m arked 
w ith  b ig  le tte rs , w h ile  te rm in a ls  w ith  sm a ll ones. T h e  presented values o f param eters 
de scrib ing  te rm in a ls , agree w ith  K - l  in s tru c tio n  ([124]) fo r  a m ap scale 1:500.

a  c  aTtTT'T
— ► line prim itive  
-  -  -*■ b reak  prim itive

F ig . 11.5. T h e  exam ple o f the  p ro to typ e  o f scarp geographic sym bol (a  - e are the  te rm ina ls ) 

Rys. 11.5. P rz y k ła d  wzorcowego sym bo lu  skarpy (a-e oznaczają  sym bole te rm ina ln e

a 1 (1 ,0 ,0 .4 ,2 0 )  
b  / ł ( 1.8, —90 ,0 .4 ,20 ) 
c 1 (0 .4 ,0 ,0 .4 ,2 0 )  
d 4 ( 0 .4 , - 9 0 ,0 .4 ,2 0 )  
e 5 (0 .4 , —90, 0.4, 20)

T ab le  11.1. T he  set o f  te rm in a ls  o f a scarp g ra m m ar

4. T h e  r e c o g n it io n  a lg o r ith m

4 .1 . T h e  parsing algorithm

T h e  developed pa rs ing  a lg o r ith m  consists o f th ree coo pe ra ting  pa rs ing  procedures: 
Bottom -up, H ead-to -ta il and Tail-to-head.

T h e  Bottom -up  p rocedure  w h ich  is the  m a in  procedure, proceeds b o tto m -u p , ta k in g  
p ro d u c tio n s  fro m  the  P B subset, as specified by  labe ls in  the  S  and F  fie lds, and as
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P rod uc tio ns  o f P B subset:
1. P I  ->  a x  b S(2) F (0 )
2. P2 ->  P I  +  a S(3) F (0 )
3. P3 ->  P2 Beside (1, 110) c S(4) F (0 )
4. P4 ->  P3 Beside (0.9, 90) Dashed-L ine S(5) F (0 )

5. P5 ->  P4 S(6) F (0 )
6. P5 ->  P5 Beside (1, 180) Mesh S(6) F (7 )
7. Scarp —>■ P5 S(0) F (0 )

P rod u c tio n s  o f Pt  subset:
M esh —¥ b  +  P6
P6 —» a Beside (0.9, 110) P7
P 7 - > c  Beside (1, 90) Dashed-Line
D ashed-L ine —» d +  L I
L I  —̂  e -H L2
L2 —̂  d  -f* L3
L3  —̂  e +  d

T ab le  11.2. T he  set P  o f p roduc tions  o f a scarp g ram m ar

a resu lt i t  re tu rn s  a recognized shape w ith  its  ta i l  and head. T h is  procedure w h ich  is 
de ta iled  in  F ig . 11.7, has five in p u t param eters: 1) the  goal G o f the  recogn ition , for 
exam ple  Scarp, 2) the  sub pa tte rn  A a lready recognized, 3) T, 4) H, the  lo ca tio n  o f the 
ta i l  and head o f A , respective ly, 5) the  lis t  R  o f the  p r im itiv e s  in  a subim age w h ich  has 
to  be considered fo r  th is  parsing.

T h e  Tail-to-head  procedure, de ta iled  in  F ig . 11.8, proceeds in  a top -dow n  m anner. I t  
s ta rts  kno w in g  the  ta i l  o f the  p a tte rn  to  be analyzed, and re tu rn s  its  head as a resu lt. 
I t  has th ree in p u t param eters: 1) the  p a tte rn  A  to  be parsed, 2) the  lo ca tio n  T  o f its  
ta il ,  3) the  cu rre n t l is t  R  o f  p r im itiv e s  on w h ich  the  analysis is to  be perfo rm ed, and 
one o u tp u t pa ram ete r, beeing the  lo ca tio n  H  o f the  recognized shape A. T he  Head-to-tail 
procedure is "s y m m e tr ic " to  the  procedure Tail-to-head, th a t  means s ta rts  w ith  the  head 

and re tu rn s  the  ta i l  o f the  analyzed pa tte rn .

In  the  case o f scarp reco gn ition  (e.g. see Table 11.2 fo r p ro d u c tio n  set o f a scarp 
g ra m m a r), the  pa rs ing  s ta rts  w ith  a ca llin g  to  the  Bottom-up  procedure w ith  the  Scarp 
as a value o f G  pa ram ete r, a as a value o f A, T  and H  be ing  the  head and ta i l  o f a, 
respective ly , and R  beeing the  lis t  o f  a ll p r im itiv e s  ex trac te d  fro m  an in p u t im age. Parsing 
th e n  proceeds a lte rn a tiv e ly  in  a b o tto m -u p  and top -d ow n  m anner. F o r exam ple, when 
a P 3  subshape is recognized by successful a p p lica tio n  o f the  p ro d u c tio n  3, the  parsing 
a lg o r ith m  chooses p ro d u c tio n  labe l 4 fro m  S  fie ld  o f the  3 -rd  p ro d u c tio n  (the  o n ly  one). 
T h e  pa rs ing  a lg o r ith m  proceeds then  in  a top -dow n m anner in  o rder to  recognize the 
m iss ing p a r t D ash ed -L in e , in  the  rig h t-h a n d  side o f 4 -th  p ro d u c tio n , and so com plete 
the  s u b p a tte rn  PA. T h is  is accom plished by ca llin g  to  the  procedure Tail-to-head  w ith  the 
Dashed-Line  as the  value o f A  pa ram eter, the  value resu ltin g  fro m  param eters o f re la tio na l
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sym bo l Beside as a va lue o f T  param eter, and R  be ing  the  cu rre n t l is t  o f  p r im it iv e s  to  
be analyzed. As a re su lt, the  head o f the  recognized subshape Dashed-Line  is re turned . 
D u r in g  th is  to p -d o w n  pa rs ing, o n ly  p ro du c tions  fro m  the  PT subset o f p ro d u c tio n  set P  
are app lied .

4.2 . E rror-correction

O b je c ts  in  rea l h a nd -d raw n  m aps are o ften  d is to rte d  as shown in  F ig . 11.6. To be able 
to  e x p lic it ly  m anage d iffe re n t k in d  o f errors in tro d u ce d  fo r  h a n d w r it te n  m ap, the  erro r- 
co rre c tin g  pa rs ing  m echan ism  has been encoded in  the  pa rs ing  a lg o r ith m , b u t in  a m ore 
p ra g m a tic  w ay th a n  the  system atic  techniques described in  chap te r 1.

T h e  co rrec tions  we are considering, the  fo llo w in g  types o f co rrections:

•  P ro lo n g a tio n  o r sho rte n ing  o f p r im itiv e s  in  o rder to  have exact coincidence.

•  Change o f  d ire c tio n .

•  Change o f th e  lo c a tio n  o f a p r im it iv e  head o r ta il.

These co rrec tions  are accom plished by means o f the  a p p ro p ria te  values o f tolerance pa
rameters o f  p r im it iv e s . These to le rance values de te rm ine  w h a t an adm iss ib le  corrected 
in p u t is.

F ig . 11.6. T h e  resu lt o f correct recogn ition  o f a d is to rted  scarp. R aster scarp shown in  gray, scarp 
generated by  a  g ram m ar in  black 

Rys. 11.6. W y n ik  praw id łow ego rozpoznania  zdeform owanej skarpy. Skarpa ra s te r pokazana na szaro, 
wygenerowana przez g ram atykę  na  czarno

4.3 . C om p u tation a l com p lex ity

We now  assess the  t im e  c o m p le x ity  o f the  pa rs ing  a lg o r ith m . T h e  in p u t  to  th e  pars ing 
a lg o r ith m  consists o f N  p r im it iv e s  w h ich  have been ex tra c te d  fro m  the  in p u t  image. 
T h e  to ta l t im e  c o m p le x ity  o f analysis o f an in p u t cons is ting  o f N  p r im it iv e s  is equal to  
n i(7V ) x  O i( N )  x  N ,  where n i ( N )  is the  num ber o f ite ra tio n s  o f while-lo op  in  Bottom-up 
p rocedure , O i( N )  is th e  t im e  c o m p le x ity  o f Tail-to-head  ( H ead-to-ta il) p rocedure. T he  
m u lt ip lic a t io n  by  N  resu lts  fro m  the  fa c t th a t in  the  w ors t case, a l l the  N  p r im itiv e s  
m ust be checked to  f in d  the  in i t ia l  p r im it iv e .
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T h e  nu m be r r i i ( N )  o f  ite ra tio n s  o f while-loop  in  Bottom-up procedure is p ro p o rtio n a l 
to  N  (n i ( N ) N ) .  T h is  ho lds because a fte r one successful a p p lica tio n  o f a p ro du c tion ,
a t least one p r im it iv e  has to  be used ( i t  is then  th ro w  o u t fro m  the lis t  o f p r im itive s ). 
A f te r  unsuccessful a p p ly in g  o f a p ro d u c tio n , the  a lg o rith m  ends.

T h e  c o m p u ta tio n a l co m p le x ity  O i( N )  o f the  recursive Tail-to-head  procedure, is equal 
to  th e  num ber o f nodes in  a tree constructed fro m  its  calls. Each ca ll to  the  Tail-to-head 
p rocedure makes one d e riva tio n  step as i t  applies one p ro d u c tio n  fro m  Pt  subset. T h is  
num ber is fixed  fo r a g iven g ram m ar. T im e  c o m p le x ity  o f a p p lic a tio n  o f one p ro du c tion  

~  JV. T hus, O i( N )  ~  N .
T h e  to ta l t im e  c o m p le x ity  o f the  pars ing procedure O (N )  =  N x N x N  =  N 3.
T h e  proposed analysis s tra teg y  descrined in  chapter 8 a llow s fo r a co m p u ta tio n  o f a 

reg ion o f in te res t in  w h ich  the  pars ing w i l l  be perform ed, w h ich  d ra s tic a lly  reduces the 
num ber o f can d ida te  p r im it iv e s  w h ich  m ust be checked to  make a de riva tion . W ith o u t 
such a m e tho d  the  system  w ou ld  waste its  t im e  t ry in g  to  m atch  w h a t is a c tu a lly  in te r
sections between lines, to o  large areas o f the  m ap, o r even subgraphs con ta in ing  on ly  a 
p a r t o f an ob je c t. T h e  pa ram ete r R, deno ting  the lis t  o f  p r im itiv e s  to  be parsed in  a 
procedure Bottom-up, is a l is t  o f p r im itiv e s  in  a com puted reg ion o f in te rest. Thus, the 
num ber N ,  be ing  the  num ber o f p r im itiv e s  is n o t very high.

I t  is obvious, th a t  the  key p o in t is teh r ig h t choice o f a s ta r t in g  p r im it iv e , especially 
in  case o f a r ic h  l ib ra ry  o f p ro to ty p e  objects. To speed up a reco gn ition  rate, a m ethod 
fo r  an " in te llig e n t"s e a rc h  o f a s ta r t in g  p r im it iv e  should be provided.
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Bottom -up  (
G  cc goal o f th e  reco gn ition ,
A cc s u b p a tte rn  a lready recognized,
T  cc ta i l  o f  A ;
H  cc head o f A ;
R  cc l is t  o f  p r im it iv e s  to  be parsed); 

begin 
T X = T  
H X =  H
w h ile  A  < >  G  do  cc goal is n o t reached 
choice o f a ne x t p ro d u c tio n  B  —► m  
i f  p ro d u c tio n  is recursive 
the n  set Is R e c  =  1 else Is R e c  =  0 
case

th e  p ro d u c tio n  is B  —> A  +  C  then  
T a il- to -H e a d  (C , H i ,  P , R )
Hi = P;

th e  p ro d u c tio n  is B  —> A  x  C  then  
Tail-to -Head  (C , T \ , P , R )
H i  =  P ;

the  p ro d u c tio n  is B  —► A  *  C  then 
Tail-to -Head  (C , T \,  P, R ) 
i f  P  < >  H i  then  E r r o r  =  1 ; 
cc coincidence o f heads m ust me verified ; 

the  p ro d u c tio n  is B  —> A  Beside ( length , angle) C  then  
T 2 =  value re s u lt in g  fro m  param eters o f Beside  
Tail-to-head  (C , T 2, P, R )
H i  =  P; 

end case
i f  E r r o r  =  1 then

i f  Is R e c  =  0 the n  break 
T  =  T i 
H  =  H i  
end w h ile ;

F ig . 11 .7 . T h e  b o t to m - u p  p a rs in g  p ro c e d u re

R y s . 11 .7 . P r o c e d u r a  m ie sz a n e j a n a l iz y  s y n ta k ty c z n e j ty p u  z  d o łu  d o  g ó ry

4. THE RECOGNITION ALGORITHM

Tail-to-Head  (
A cc s u b p a tte rn  to  be parsed fro m  ta i l  to  head,

T  cc a ta i l  o f A ;
H  cc a head o f A ;
R  cc l is t  o f  p r im itiv e s  to  be parsed); 

begin
i f  A  is a p r im it iv e  then

i f  the re  is an occurrence a o f A  in  R  whose ta i l  coincides w ith  T  

th e n  H  =  head(a) else e rro r  =  1 
choice o f a p ro d u c tio n  A  —> m  

case
the  p ro d u c tio n  is A  —► B  4- C  then 

Tail-to-Head (B , T , H i,  R )
T i  =  H i
Tail-to-Head ( C ,T i ,H 2 ,R )
H  =  H 2;

the  p ro d u c tio n  is A  —» B  x C  then 
Tail-to-Head (B , T , H i , R)
Tail-to-Head  (C , T , H 2, R )
H  =  H 2-t 

the  p ro d u c tio n  is A  —> B  *  C  then 
Tail-to-Head (B , T , H i ,  R )
Tail-to-Head  (C , T , H 2, R ) 
i f  H i < >  H 2 then  e rro r  =  1 

else H  =  H i ,
th e  p ro d u c tio n  is A  —> B  Beside (length , angle) C  then  

Tail-to-Head  (B , T , H i ,  R )
T 2 =  value re su ltin g  fro m  param eters o f Beside 

Tail-to-Head  (C ,T 2, H 2, R )
H  =  H 2, 

the  p ro d u c tio n  is A  —> B  then 
Tail-to-Head  (B , T , H i ,  R )
H  =  H i', 

end case 
end;

F ig . 11 .8 . T h e  to p -d o w n  p a rs in g  p ro c e d u re

R y s . 11 .8 . P r o c e d u r a  m ie szan e j a n a liz y  s y n ta k ty c z n e j ty p u  z g 6 ry  d o  d o lu



Chapter 12 

Discussion and conclusions

T he  first goal o f  the  research described in  th is  thesis was the  developm ent o f a flexib le , and 
genera lly  ap p licab le  reasoning fram ew ork fo r geographic m ap im age analysis w h ich allows 
to  solve a ll the  m entioned problem s in  m ap im age analysis. T he  second goal was to  aug
m en t the  proposed fram ew ork  w ith  s tru c tu ra l classifiers o f graphics and te x t com ponents 
o f a m ap, and to  overcome the bo rde r prob lem s o f s tru c tu ra l p a tte rn  recogn ition .

F rom  the  resu lts  described in  th is  thesis we conclude th a t the  goals have been reached. 
T he  proposed, general reasoning fram ew ork fo r knowledge-based geographic m ap image 
analysis, tog e the r w ith  the  developed, and p ro pe rly  in te g ra te d  w ith in  the  fram ew ork 
s tru c tu ra l classifiers, responds to  a ll the  problem s m entioned in  C h ap te r 1. The  devel
oped classifiers, be ing  the  s tru c tu ra l p a tte rn  recogn ition  m odules, are in teg ra ted  in to  a 
w ho le  analysis process by the  su itab le  in te llig e n t analysis s tra tegy  described by the  image 
analysis flow  scheme. T he  proposed approach to  im age analysis enables fo r increased flex- 
ib ilty :  the  im age analysis flow  scheme is independent o f the  a p p lica tio n , the  m ap m odel, 
dependent on  the  a p p lica tio n , can be used fo r  ano the r ones o n ly  a fte r sm a ll ad justm ents. 
The  fram ew ork  proposed in  th is  thesis is a p rom is ing  and flex ib le  approach to  m ap image 
analysis in  p a rtic u la r, and graph ics docum ents in  general.

F rom  p ra c tic a l experience i t  fo llow s th a t  the  m ap conversion m odu le  M A P IN ,  being 
the  im p le m e n ta tio n  o f the  proposed fram ew ork, w h ich  replaced the  m anua l in p u t in to  the 
In teg ra ted  S p a tia l O rg a n iza tio n  System S IT -y  ([260]), c o rre c tly  converts a b o u t 70% o f 
the  in fo rm a tio n  in  the  m aps (s itu a tio n a l and land  reg ister layers) in to  A rc ln fo /A rc  V iew , 
leav ing  th e  rem a in ing  30% to  the  opera to r. T he  system  capable o f conve rting  the  en tire  
m ap b u t  w ith  an e rro r ra te  o f 10% is n o t p ra c tic a l as a ll resu lts  have to  be verified 
and corrected m anua lly . Thus, M A P IN  enables to  achieve a considerab le speed-up o f 
the  ove ra ll conversion process. T he  ob jects are recognized re lia b ly  b u t a t th e  cost o f 
a s ig n ifica n t re jec tio n  ra te . T he  fu lly  au to m a tic  analysis o f m aps is there fore  n o t yet 
feasible, however, in te g ra tio n  w ith in  a sem i-au tom atic  en v ironm en t shou ld  be possible.

In  w h a t fo llow s, we sum m arize the  characteris tics o f these proposed m ethods, so lu tions 
to  the  m en tioned  problem s, and discuss the  rem a in ing  problem s.

175
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1. Im a g e  a n a ly s is  flow  sch em e

T h e  proposed im age ana lys is  flow  scheme enables to  overcome the fo llo w in g  problem s:

•  Reasoning with incomplete inform ation  (P rob le m  1)
T h e  proposed, n o n -m o no to n ic  reasoning m e thod , the  complementary reasoning 
([321 ]), can be in it ia te d  a t any t im e  based on th e  in com p le te  in fo rm a tio n  thus 
fa r  ob ta in ed , and th e  de sc rip tion  o f the  m ap  can be con s tru c ted  even, i f  some in fo r
m a tio n  is m iss ing. T h is  is due to  the  process o f ac tive  hypothesis  genera tion  w h ich  
com pensates fo r  in su ffic ie n t in p u t  in fo rm a tio n .

T h e  lo g ica l fram ew ork  o f the  com p lem en ta ry  reasoning is based on a m od ified  
P oo le ’s approach to  n o n -m o no to n ic  reason ing ([258 ]). T h e  com p le m e n ta ry  reason
in g  does n o t m o n o to n ic a lly  deduces theorem s fro m  a fixed  lo g ica l theory , instead, 
i t  a tte m p ts  to  use d e du c tion  to  con s tru c t consis ten t theories (i.e. com p a tib le  ex
p la n a tio n s ) fo r  w h ic h  th e  re la tio n s  are lo g ica l consequences.

A lth o u g h , com p le m e n ta ry  reasoning proved to  be successful, the re  are s t i l l  some 
lim ita t io n s . T h is  reason ing is based on a concept th a t  each o b je c t has one o r m ore 
re la tio n s  w ith  o th e r ob jects. In  the  geodesic base layer o f P F L M  (con to u r lines and 
d iffe re n t a lt i tu d e  p o in ts ), th is  concept m ay be o n ly  p a r t ly  va lid , as the  a ltitu d e  
p o in ts  are d is tr ib u te d  m ore o r less ra n d o m ly  over th e  m ap, and  do n o t share a clear 
s p a tia l re la tio n  w ith  o th e r ob je c t types.

•  Control strategy (P ro b le m  2)

T h e  proposed, m ixe d  co n tro l s tra teg y  ([321]) is the  fle x ib le  in te g ra tio n  o f b o tto m -u p  
and to p -d o w n  stra teg ies. I t  does n o t requ ire  ad hoc co n tro l know ledge a b o u t when 
to  a c tiva te  one ana lys is  o r th e  o the r, instead, th e  to p -d o w n  ana lys is  is ac tiva ted  
dyn am ica lly , depend ing on the  contents o f the  cu rre n t scenario under analysis. 
C o m b in a tio n  o f the  dom ain-spec ific  know ledge w ith  the  de rived resu lts  renders the  
p o s s ib ility  fo r selecting the  m ost p ro m is in g  goals to  c o n tro l and  gu ide the  analysis 
process. M oreover, the  p ro p e rly  chosen w e igh t values assigned to  lin k s  enable to  
c o n tro l q u a n tita tiv e ly  the  analysis process. Reasoning based on cost values im proves 
the  robustness o f the  analysis. T he  analysis can be focused on the  m ost re liab le  
p a r t ia l in te rp re ta tio n , leav ing  the  others unanalyzed.

T h e  pe rfo rm ance  o f  com p lem en ta ry  reason ing w i l l  be im p roved  by  in tro d u c in g  nu
m e rica l re l ia b il ity  c o m p u ta tio n  instead o f the  very s im p le  scenario cost c o m p u ta tio n  
scheme described in  chap te r 8. However, th is  requires an a u gm e n ta tio n  o f o rd in a ry  
p ro b a b il ity  m odels ( fo r  exam ple D em pste r and Shaffer ([70, 289]), as the y  assume 
a fixe d  set o f  en titie s  fo r  p ro b a b il ity  c o m p u ta tio n . T he re  is also need to  represent 
the  re l ia b il i t y  o f pieces o f evidence by  num erica l value. M o s t system s have used 
ad hoc re l ia b il i t y  assignm ent rules. W e need w e ll defined fou nda tion s  to  trans fo rm  
p ro p e rty  va lue o f  a piece o f  evidence in to  a nu m erica l re l ia b il i ty  value.
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•  Contextual layer separation, interaction of segmentation with recognition, selection 

o f region of interest (P rob lem s 3, 8, 9).

T o  cope w ith  the  above problem s, we proposed a context-based segm enta tion and 
v e c to riza tio n , based on the intelligent map analysis strategy ([321]) w h ich  uses a 
p rio ri knowledge (the  m ap m odel) ab ou t the  m eaning o f the  ex trac te d  com ponents, 
th a t  means a lg o rith m s  have conceptual m odel o f w h a t th e y  are lo o k in g  fo r. T h is  
s tra teg y  a llow s the  fea tu re  e x tra c tio n  process to  be con tinuous ly  refer to  the  image 
da ta , and to  be d y n a m ic a lly  dependent upon  the  cu rre n t con tex t (th e  analyzed 
scenario). T h is  is im p o rta n t, as in tro d u c tio n  o f con tex t (de te rm ined  by the cur
ren t scenario be ing  analyzed) im proves d ra s tic a lly  the  q u a lity  o f segm enta tion and 
ve c to riza tio n . B y  in te rp re tin g  the  p ixe ls in  te rm s o f the  possible hypotheses, the 
in te llig e n t analysis s tra teg y  can com pensate fo r the  im p e rfec tio n  o f segm entation: 
a d e sc rip tio n  o f a p a r t ia l ly  overlapped ob jec t can be com ple ted by  in tro d u c in g  hy
potheses fo r the  overlapped parts , and hypotheses are used as goals to  guide the 
to p -d o w n  search (o r segm enta tion ) fo r m issing ob jects. R ecogn ition  techniques th a t 
depend on hav ing  the  ob je c t o f in te rest iso lated fro m  the  image, m ay fa il because 
an e rro r in  the  iso la tio n  w i l l  preclude success in  the  subsequent processing steps.

To cope w ith  noise and s tru c tu ra l de form ations, a ll the  proposed and im plem ented 
p a tte rn  re co g n itio n  m odules are e rro r-co rrec tin g  ones. Each o f the  proposed pa tte rn  
reco gn ition  m odu le  is n o t trea ted  as a standalone to o l, o r a "b lack  b o x ", instead, 
the  reco gn ition  m odu le  is p ro p e rly  inserted in  its  con text, and in te rac ts  co rrectly  
and e ffic ie n tly  w ith  its  su rround ing  m odules, th a t means, b o th  w ith  the  low-level 
im age segm en ta tion  (V ecto r G raph  con s tru c tion  m odu le ), and w ith  h igher level 
ana lys is  m od u le  (Reasoning E ng ine). Thus, the  developed w ith in  th e  fram ew ork 
im age analysis flow  scheme, based on in te llig e n t analysis stra tegy, enables fo r proper 

in te g ra tio n  o f  th e  proposed p a tte rn  reco gn ition  m odules.

T he  in te llig e n t analysis s tra tegy  allows also fo r precise selection a reg ion o f in te r
est w h ile  searching fo r  p o te n tia l cand ida te  s truc tu re s  (graphs, trees), o r  p r im it iv e  
p a tte rn  con s titu e n ts  to  be m atched w ith  the  m odels, o r used in  con s tru c tion  o f a 
d e riv a tio n  by  a parser. Param eters o f such a reg ion are de te rm ined  based on the 
geom etry, and lo ca tio n  o f the  ob je c t w h ich  generated a hypothesis.

•  Reliable analysis (P ro b le m  4)
T h e  accu m u la tio n  o f p a r t ia l evidence, the  idea taken fro m  [221], increases the  re lia 
b i l i t y  o f the  analysis. W e extended th is  idea by the  usage o f re la tio ns  fro m  a dom ain 
m ode l to  co n tro l q u a n tita tiv e ly  the  accum ula tion  process, as w e ll as by  in tro d u c in g  
c o m p a t ib il i ty  e xa m in a tio n  in  each in te rp re ta tio n  cycle to  de tect con tex tua l incon

sistences as e a rly  as possible.

In  th e  proposed fram ew ork , m any hypotheses are generated to  com p lem ent insu ffi
c iency o f in p u t  in fo rm a tio n  and increase the re lia b ility . F rom  a co m p u ta tio n a l p o in t o f 
v iew , however, genera tion  o f such m u ltip le  descrip tions need large m em ory space and 
m uch c o m p u ta tio n  tim e . W e used several mechanisms to  reduce the  num ber o f pieces o f
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evidence in  the  database, fo r exam ple hypothesis genera tion  by hypo thes is  is p ro h ib ite d , 
v e r if ie d /re fu te d  hypo thes is  are im m e d ia te ly  removed. T he  g lo b a l se lection  m e tho d  in  
in te rp re ta tio n  cyc le  also helps to  increase the  efficiency. T hus, the  c o m p u ta tio n a l com 
p le x ity  its e lf  is n o t great. B u t,  as reasoning scheme in  the  fram ew ork  inc ludes m uch 
p o te n tia l pa ra le lism , p a ra lle l processing lik e  p a ra lle l a p p lic a to n  o f  ru les, o r  c o m p a tib ility  
e xa m in a tio n , w i l l  be usefu l to  im p rove  the  speed o f the  analysis.

2. M a p  m o d e l

A s a m ap  m ode l, we proposed h y b r id  knowledge rep resen ta tion  scheme, the  h y b r id  se
m a n tic  n e tw o rk  ([321 ]), w h ich  is a com b in a tio n  o f d iffe re n t know ledge representa tion  
fo rm a lism s: th e  o b je c t-o rie n te d  c o m p u ta tio n  pa rad igm , pure  sem antic  ne tw ork , fram e 
system  and ru les. T h e  proposed h y b r id  sem antic ne tw ork , tog e the r w ith  the  developed 
im age ana lys is  flo w  scheme provides a general reason ing fram ew ork  w h ich  a llow s the 
integration  o f  a v a r ie ty  o f pieces o f know ledge, and reasoning m ethods in to  one consis
te n t fram ew ork . O b je c t instances are n o t s ta tic  d a ta  s tru c tu re s  to  record  prope rties  
o f recognized ob jec ts , b u t ac tive  reasoning agents w h ich  pe rfo rm  reason ing ab ou t th e ir  
s u rro u n d in g  env ironm en ts . T he  know ledge requ ired fo r an o b je c t ins tance  to  pe rfo rm  
reason ing is represented by  ru les w h ich  are stored in  co rrespond ing  o b je c t class: a l l in 
stances o f  th e  same o b je c t class share the  same set o f rules. In  th is  sense, th e  knowlege 
rep resen ta tion  can be considered as a m ix tu re  o f fram e and rules. M oreover, in  o rder to  
rea lize fle x ib le  reasoning, ru les are augum ented by  in tro d u c in g  Hypothesis and Function  
fie lds w h ich  p lay  a c ru c ia l ro le  in  c o o rd in a tin g  reasoning a c tiv it ie s  by  in d iv id u a l ob jec t 
instances. E xe cu tio n  o f tasks is synchron ized th ro u g h  th e ir  co rrespond ing  hypotheses. 
T h e  ob je c t-o rien te d  approach, th ro u g h  encapsu la tion  and m o d u la r ity  enables to  im prove 
the  consistency, u n d e rs ta n d a b ility , and m a in ta in a b ili ty  o f  a evidence poo l.

3. O b je c t  d e te c t io n  m eth o d s

For the  d iffe re n t g ra p h ic s /te x t com ponents o f m ap d ra w in g  we have developed w ith in  
the  fra m e w o rk  detectors ( classifiers), each o f  w h ich  is based on th e  a p p ro p ria te  s truc 
tu ra l m ode l o f a shape o f graphics/text com ponents. V arious m odels have been used to  
describe ob jects , those based on lo ca l features like  a ttr ib u te d  re la t io n a l graphs, a s tr in g  
g ra m m a r tog e the r w ith  specia l opera to rs fo r  describ ing  tw o -d im e n s io n a lity , as w e ll as 
g loba l, q u a lita t iv e , quas i-to po log ica l features describ ing  th e  s tru c tu re  o f a general 2D- 
curve.

W e have developed th e  fo llo w in g  classifiers:

1. P o lygon  classifier.
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2. C lass ifie r based on re la tio n a l m a tch ing  o f 2D -curve s tru c tu ra l descrip tions ([314, 

317]).

3. C lass ifie r based on inexac t graph m a tch ing  ([323]).

4. S yn ta c tic  de tec to r th a t  relies on e rro r-co rrec tin g  pa rs ing ([318]).

T he  proposed s tru c tu ra l m odels o f graph ics and te x t elem ents in  a m ap d ra w in g  enable 
to  overcom e th e  fo llo w in g  problem s, in tr in s ic  to  s tru c tu ra l p a tte rn  recogn ition .

•  Lim ited  descriptive power of a gram mar (P rob lem  5)
T h e  developed syntactic detector ([318]) based on programmed, higher-dimensional 
extension o f a string gram m ar w ith  special opera tors fo r describ ing  tw o dim ension
a lity , a llow s to  expand th e  generative power o f a pure  C F G  g ram m ar. T he  parsing 
a lg o r ith m  fo r  the  proposed g ram m ar has p o lyn o m ia l c o m p le x ity  (0 (n 3).

•  Errom eous patterns  (P rob le m  6)
T h e  usage o f  a  programmed gram m ar in  the  proposed syn ta c tic  de tec to r ([318]), by 
p ro v id in g  a fa c il ity  fo r  e x p lic it ly  p rog ram m ing  the  a p p lica tio n  order o f productions 
enables to  overcom e th e  p rob lem  o f d e riv in g  s tructu res th a t  do  n o t be long to  the 

p a tte rn  class (errorneous ones).

•  High number of prototypes per class and diversity of document’s structures (P rob lem

7)
T w o so lu tio ns  to  the  above problem s have been proposed w ith in  the  fram ew ork. 
F irs t ,  we proposed the  incorporation to  a s tru c tu ra l p ro to typ e , a graph, a procedural 
inform ation  w h ich  inc ludes algorithmic, and rule-based mechanism  in  th e  nodes and 
edges o f a g raph , and extend i t  w ith  IS A  and P O  re la tions. T he  resu lted , augm ented 
p ro to ty p e  g raph  s tru c tu re , is  the  hybrid semantic network ([321]). T h e  nodes in  
a p ro to ty p e  g raph  are in te rp re te d  as concepts o f a sem antic  ne tw ork , w ith  node 
a ttr ib u te s  and labe ls correspond ing to  p a rtic u la r s lo ts o f a fram e in  a sem antic 
ne tw o rk . In  a s tru c tu ra l p ro to ty p e  the re  are p rob lem -dependent re la tions  between 
nodes. T h e y  correspond exa c tly  w ith  p rob lem  dependent re la tio ns  between the 
concepts in  a sem antic  ne tw ork . T he  proposed au gm e n ta tio n  o f  a g raph  allows fo r 
a g reat nu m be r o f d iffe re n t reasoning procedures w h ich  are p r in c ip a lly  useful fo r 
sem antic  ne tw orks, in c lu d in g  m a tch ing  (be ing  the  o n ly  feasib le typ e  o f inference in  

g raphs), as a specia l case.

For exam ple, the  va rie ty  o f p ro to types  w h ich  are requ ired  to  describe d iffe ren t 
possib le v a ria tio n s  o f R O A D  and corre la ted  ob jec ts  fro m  a m ap m ode l shown in  
F ig . 7.1 in  chap te r 7, has been reduced to  one, by in c o rp o ra tin g  su ita b le  a lgo rithm s 
and ru le  com ponents (w ith  a p p lic a b ility  predicates) in  nodes and edges o f a graph.

Secondly, we proposed a m ethod  w h ich  reduces a nu m be r o f  req u ire d  pro to types  
pe r class, by the  proposed, inexact, m any-to -one graph m a tch ing , th a t  manages 
d y n a m ic a lly  the  re la tive  d is to rtio n  between a cand ida te  shape and its  p ro to type ,
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and enables fle x ib le  m a tch in g  between com ponents and a fle x ib le  g ro up ing  o f the 
in d iv id u a l com onents to  be m atched. T h is  has been im p lem e n ted  in  a s tru c tu ra l 
class ifier fo r  h a n d -p rin te d  geographic sym bols, as w e ll as characters ([323]).

A s  the  geograph ic ob jec ts  are ha nd p rin te d , d iffe re n t shape de fo rm a tio ns  are in ev ita b le , 
the  developed s tru c tu ra l reco gn ition  m ethods are e rro r-co rre c tin g  ones.

W e have proposed the  s tra teg y  fo r reco gn ition  o f overlapping shapes. Due to  
specia l p o s t-v e c to r iz a tio n  technique, lin k in g  ne ighbo ring  p r im itiv e s , the  syn ta c tic  de tecto r 
([318]) to g e th e r w ith  the  in te llig e n t m ap analysis s tra teg y  enables co rrec t reco gn ition  o f 
o ve rla pp ing  ob jec ts  in  m ap draw ings.

4. M o d e l-b a se d  v e c to r iz a t io n

W e have proposed th e  e ffic ien t vecto r rep resen ta tion  o f an im age in  th e  fo rm  o f the  
V e c to r G ra p h  ([319]). T h is  vecto r rep resen ta tion  is achieved by  tw o  d iffe re n t m odel- 
based v e c to riz a tio n  schemes, each o f w h ich  is a p p ro p ria te  fo r  ve c to riz a tio n  o f d iffe ren t 
lines:

•  F o r s h o rt lines, representing sym bols and te x t we proposed vecto rized th in n in g  
([315 ]). In  th is  approach features are ex trac te d  based on d e tec tion  o f reg u la r and 
s in g u la r features w h ich  a llow s to  avo id the  m a jo r d isadvantage o f  a ll th in n in g  based 
ve c to riz a tio n  m ethods: d is to r tio n  a t ju n c tio n s . F in d in g  correc t p o s it io n  o f ju n c tio n  
is accom plished by f i t t in g  to  the  model of ideal junction.

•  For long lines, representing geographic ob je c t edges, we proposed 2 va rian ts  o f m ixed  
vec to riza tio n . T he  fu l l  v a ria n t (a m o d ific a tio n  o f [166, 168]) is based on lo ca tin g  
precise ly a ll d o m in a n t po in ts  f irs t,  then  f i t t in g  the  detected p o te n tia l curve segments 
to  con ic curves (here, be ing a model fo r  curve lines), and po lyg o n a l a p p ro x im a tio n  
o f the  rem a in in g  p o r tio n  o f a curve. Such a c o m b in a tio n  o f b o th  fea tu re  de tection  
m ethods, f ir s t  d o m in a n t po in ts  de tection , then  po lyg ona l a p p ro x im a tio n , a llow s to  
avo id  the  m a in  d isadvantage o f po lygona l a p p ro x im a tio n , th a t  some fea tu re  po in ts  
m ay be missed o r s h ift. As the  fu l l  v a r ia n t is c o m p u ta tio n a ly  expensive, i t  should 
be used o n ly  when the  resu lts need to  be o f h igh  q u a lity . In  the  rem a in in g  cases, 
the  lim ite d  v a ria n t, w ith o u t f i t t in g  to  a con ic curve w i l l  be su ffic ien t. W e suggest to  
use the  p o s t-ve c to riza tio n  based on a model of ideal result, to  im p rove  the  q u a lity  
o f th e  con s truc ted  lin e  ob jects.

Appendix A 

Layers of Polish Fundamental Land 
Map

Fig.

Rys.

A . I .  F ragm ent o f s itu a tio n a l (S) layer o f P F L M : the  road system (pavements w ith  trees, green 
be lts) along w ith  bu ild ings 

A . I .  FVagment w a rs tw y  sy tuacy jne j (S) Polskie j M apy Zasadniczej K ra ju : system dróg  w raz z 
budynkam i (ch odn ik i z drzew am i, pasy zieleni)

181
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F ig . A .2. F r a g m e n t  o f s i tu a t io n a l  (S ) la y e r  o f  P F L M : th e  r iv e r  a lo n g  w ith  scax p s  a n d  tre e s

R y s . A .2. F r a g m e n t  w a rs tw y  s y tu a c y jn e j (S ) P o lsk ie j M a p y  Z a sa d n icz e j K r a ju :  rz e k a , s k a rp y  i d rz e w a

F ig . A .3 . F Y agm en t o f  s i tu a t io n a l  (S ) la y e r  o f P F L M : b u ild in g s , t h e  ro a d  s y s te m  c o m p o se d  o f  ro a d , 
p a v e m e n ts ,  g re e n  s q u a re s  a n d  is la n d , S c a rp  is a lso  v is ib le

R y s . A .3 . F r a g m e n t  w a rs tw y  s y tu a c y jn e j  (S ) P o lsk ie j M ap y  Z a s ad n icz e j K r a ju :  b u d y n k i ,  s y s te m  d ró g  
z ło ż o n y  z d ro g i,  c h o d n ik ó w , z ie leń có w  o ra z  w y sep k i, w id o c z n a  s k a r p a

183

F ig . A .4 . F r a g m e n t  o f  s i tu a t io n a l  (S ) lay e r o f  P F L M : th e  ro a d  s y s te m , b u ild in g s  w ith  te r ra c e ,  s ta irs ,  
g re e n  s q u a re s .  G re e n  fen ce  a lo n g  p a v e m e n t a lso  v is ib le  

R y s . A .4 . F ra g m e n t  w a rs tw y  s y tu a c y jn e j  (S) P o lsk ie j M ap y  Z a sad n icz e j K ra ju :  s y s te m  d ró g , b u d y n k i, 
p o k a z a n e  ta ra s y ,  sch o d y , t ra w n ik i.  W id o c zn y  ż y w o p ło t w z d łu ż  c h o d n ik a
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F ig . A .5. F r a g m e n t  o f  iso lin es  a n d  g eo d es ic  b a s e  (W ) la y e r  o f  P F L M : s ta b le  p o in ts  a n d  iso lin es  w ith  
a l t i tu d e s

R y s. A .5. F r a g m e n t  w a rs tw y  s y tu a c y jn e j  (S ) P o lsk ie j M a p y  Z a sad n icz e j K r a ju :  p u n k ty  s ta ł e  o ra z  izo- 
lin ie  z  o z n a c z o n ą  w y so k o śc ią
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209

In te g r a tio n  o f  s tr u c tu ra l p a tte r n  re co g n it io n  m e th o d s  in to  
k n o w led g e -b a sed  fram ew ork

A p p lic a tio n  to  geo g ra p h ic  m ap  im a g e  a n a ly s is

A b str a c t

In this thesis the generally applicable reasoning framework with the developed and 
properly integrated within it structural classifiers for autom atic conversion of paper doc
uments into a digital form is proposed. As the application of the proposed methods, the 
Polish Fundamental Land Map has been chosen. The proposed framework is based on the 
knowledge-based approach, and is composed of the three schemas: 1 ) map model, repre
sented in the form of the developed hybrid semantic network which is a combination of 
the different knowledge representation formalisms: semantic network, rules, frame system 
and the object-oriented computation paradigm, 2 ) object detection methods (structural 
classifiers), 3 ) image analysis flow scheme composed of the two structures: mixed control 
mechanism and the non-monotonic reasoning method called complementary reasoning. 
The image analysis flow scheme, which is based on the proposed intelligent analysis 
strategy, is accomplished by having the initial recognition of seed objects followed by the 
progressive extraction of the remaining layers of geographic objects through the iteration 
of the 4-step interpretation cycle: hypotheses generation, compatibility examination, sce
nario selection, and scenario verification.

Each of the developed structural classifiers of the different graphics/text components 
of map drawing is based on the appropriate object model. The simplest is the polygon 
detector which is based on the defined polygon models. The second detector relies on the 
relational model of a general 2D curve, and the recognition method consists of matching 
relational structures (i.e. searching for relational homomorphism), followed by distance 
calculation in a param eter space. The third detector is based on the error-tolerant graph 
matching procedure between objects represented by the attributed  graphs which is a 
search for an optim al many-to-one graphs homomorphism. The most general detector is 
the fourth one, in which objects are represented by the programmed, higher-dimensional 
extension of a string grammar, and the recognition is performed by error-correcting, mixed 
(top-dow n/bottom -up) parsing. All detectors are translational and rotational invariant 
and are tolerant to  many complex structural deformations, including topological ones.

The proposed framework is composed of the following modules: 1) reasoning engine 
which is is a global coordinator of the reasoning performed by the independent object 
instances, 2) detectors manager, 3) detectors which are based on the different pattern 
recognition techniques and use the intrinsic properties of objects for model-based recog
nition, 4) vector graph construction module, 5) resegmentation module which realizes 
the refining matches by resegmentation technique to recover the missing object features, 
and 5 ) evidence pool which is a database where accumulation of object instances and 
hypotheses is performed during the analysis.
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The following 4-level structure of geographic map image analysis process is proposed 
in the thesis: 1 ) pre-processing level composed of binarization, filled region extraction 
and thinning, 2 ) vector graph construction level, i.e. line structure tracking, vector graph 
segmentation, small and big graph vectorizations, 3) graphics and text recognition level, 
4) understanding level.

The proposed, general reasoning framework, together with the developed structural 
classifiers respond to  the all posed problems of geographic map image analysis (reasoning 
with incomplete information, control strategy, contextual layer separation, reliable anal
ysis) , as well as of the structural pattern  recognition (limited descriptive power of string 
grammars, errorneous patterns, high number of prototypes, interaction of segmentation 
with recognition, selection of region of interest). The proposed approach to  document 
image analysis enables for increased flexibilty: the image analysis flow scheme is inde
pendent of the application, the map model, dependent on the application, can be used 
for another ones only after small adjustments.

The proposed framework has been implemented as the map conversion module 
M APIN, which replaced the manual input of paper maps into the Geographic 
Information System, converting correctly about 70% of the information in the maps and 
leaving the remaining 30% to the operator.
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In teg r a c ja  m e to d  stru k tu ra ln y ch  ro zp o zn a w a n ia  ob razów  z 
o p a r tą  n a  w ie d z y  s tru k tu rą  w n io sk u ją cą

Z a sto so w a n ie  do  a u to m a ty c z n e j a n a lizy  m ap  geogra ficzn ych

S treszczen ie

W  rozprawie przedstawiono zaproponowaną, ogólną strukturę wnioskującą wraz z 
wbudowanymi strukturalnym i klasyfikatorami dla celu automatycznej analizy (konwersji) 
dokumentów z postaci papierowej do odpowiedniego formatu cyfrowego. Jako zastoso
wanie opracowanych metod wybrano Polską Zasadniczą Mapę Kraju. Zaproponowana 
struk tu ra  wnioskująca bazująca na opartym na wiedzy podejściu złożona jest z trzech 
schematów: 1 ) modelu mapy w postaci hybrydowej sieci semantycznej opartej na różnych 
formalizmach reprezentacji wiedzy: sieci semantycznej, reguł, ram i podejścia obiektowo- 
zorientowanego, 2) metod detekcji obiektów (strukturalnych klasyfikatorów), 3) schematu 
przebiegu analizy obrazu złożonego z dwóch podschematów: mieszanego mechanizmu kon
troli oraz metody wnioskowania niemonotonicznego, zwanego wnioskowaniem uzupełnia
jącym. Schemat przebiegu analizy obrazu, oparty na zaproponowanej, inteligentnej stra
tegii analizy składa się z wstępnego rozpoznawania obiektów zarodkowych, po którym 
następuje ekstrakcja pozostałych warstw obiektów geograficznych poprzez iterację cy
klu interpretacji złożonego z czterech kroków: generacji hipotez, testu  kompatybilności, 
wyboru scenariusza oraz jego weryfikacji.

Każdy z zaprojektowanych strukturalnych klasyfikatorów graficznych/tekstowych 
komponentów mapy wykorzystuje odpowiedni model obiektu. Najprostszym jest 
detektor wielokątów, który oparty jest na zdefiniowanych modelach wielokątów. Drugi z 
detektorów oparty jest na relacyjnym modelu krzywej, zaś algorytm rozpoznawania 
polega na uzgadnianiu struktur relacyjnych (poszukiwaniu relacyjnego homomorfizmu), 
po którym  następuje obliczanie odległości w przestrzeni cech. M etoda rozpoznawania 
w trzecim detektorze jest przybliżonym, odpornym na strukturalne zniekształcenia 
porównywaniem grafów atrybutywnych reprezentujących obiekty wzorca oraz 
nieznanego obiektu. Najbardziej uniwersalnym jest detektor czwarty, w którym 
obiekty są reprezentowane za pomocą rozszerzonej o specjalne operatory, programowej 
gramatyki łańcuchowej, zaś rozpoznawanie polega na niedokładnej, mieszanej analizie 
syntaktycznej, z wbudowaną korekcją błędów. Wszystkie opracowane klasyfikatory są 
odporne na translację oraz obroty, a także wykazują dużą tolerancję na różnego typu 
deformacje strukturalne obiektów.

Zaproponowana struktura wnioskująca zrealizowana jest za pomocą następujących 
modułów: 1 ) mechanizmu wnioskującego, który jest globalnym koordynatorem procesów 
wnioskowania poszczególnych obiektów, 2) modułu zarządzania detektorami obiektów, 3) 
detektorów, opartych na różnych metodach strukturalnego rozpoznawania obrazów, 4) 
m odułu konstrukcji grafu wektorowego, 5) modułu resegmentacji, w którym wykonywane 
jest wielokrotne powtarzanie procedury segmentacji ze zmienionymi wartościami para
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metrów w przypadku niemożliwości detekcji poszukiwanych obiektów przez detektory, 5) 
bazy faktów, w której akumulowane są wszystkie pośrednie wyniki rozpoznawania (obiek
tów i hipotez).

W pracy zaproponowano i zrealizowano następującą, 4-poziomową strukturę analizy 
map geograficznych: 1 ) przetwarzanie wstępne, obejmujące binaryzację, ekstrakcję regio
nów wypełnionych oraz szkieletyzację, 2 ) konstrukcję grafu wektorowego (śledzenie linii, 
segmentacja, wektoryzacja małego i dużego grafu, 3) rozpoznawanie komponentów gra
ficznych oraz tekstowych, 4) interpretacja.

Zaproponowana struk tu ra  wnioskująca wraz z wbudowanymi strukturalnym i klasy
fikatorami pozwala na rozwiązanie postawionych w rozprawie problemów dotyczących 
zarówno samej automatycznej analizy map geograficznych (wnioskowanie z niepełną in
formacją, mechanizm kontroli, kontekstowa segmentacja, rzetelna analiza), jak również 
problemów strukturalnego rozpoznawania obrazów (ograniczona moc opisowa gramatyk 
łańcuchowych, generacja błędnych struktur, duża liczba strukturalnych prototypów, in
terakcja rozpoznawania i segmentacji, wybór właściwego obszaru do analizy).

Zaproponowane podejście do automatycznej analizy dokumentów jest w dużym stop
niu uniwersalne: schemat przebiegu analizy obrazu jest niezależny od rodzaju aplikacji, 
natom iast model mapy, zależny od typu dokumentu (syntaktyka), może być w prosty 
sposób zaadaptowany dla celów innej aplikacji.

Przedstawiona struk tura  wnioskująca wraz z klasyfikatorami została zaimplemento
wana w postaci m odułu półautomatycznej konwersji map, co pozwoliło na jej 70% auto
matyzację.
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