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Aucilipa~ii - Bo osoj ~ p y n  ce p a 3 m e ~ a ~ 1 . r  p a s n ~ s ~ a  
~ 0 ~ 6 t i ~ I I p a I b a  Ha K J I ~ C H @ H K ~ T O P B  6a3~pa~1.1 Ha 
MaUIIIHHTe CO HOCesKH BeKTOPM (MHB) UITO pa6o- 
TaT Ha nse MHoxecTsa o6enexja 3a npeno3~asane  
Ha co paKa HcnIIrrraHH UH@PH. H c n ~ ~ y s a n a ~ a  rn 
IlOsHaBMe CO MHOXeCTBO COCTaBeHO On CTPYKTYPHM 
M CTaTHCTHYKII o6enexja H COOnBeTeH MHB KnacM- 
@ M K ~ T o ~  IIpMMeHeT BP3 UeJIOTO MHOXeCTBO o6e- 
J I e~ j a .  ~ O H ~ T ~ M Y  6ea MCnIITyBaHH pa3JIIIcIHH p a 3 6 ~ -  
Bana Ha MHoxecTBoTo o6enexja KaKo k~ npenHoc- 
THTe II C J ~ ~ ~ O C T ~ I T ~  Ha Pa3JIH9HMTe K O M ~ M H H ~ ~ & ~  

Ha K J I ~ c ~ ~ @ I I K ~ T o ~ H T ~  KpeHpaHH BP3 OnneJIHHTe 
MHoxecTsa 06enexja. A O ~ M ~ H I I T ~  pe3yn~a~11 noea- 
xysaaT AeKa e TerrrKo na ce HanMtiHaT n e p @ o p ~ a ~ -  
CHTe Ha eneH MHB KJI~cII@IIK~To~ I ~ P ~ M ~ H ~ T  npa- 
BOJtHHMCKII Ha qenOT0 MHOXeCTBO 06enexja. Aonon- 
HMTeJIHO e IIOKXKaHO AeKa p a 3 6 ~ s a ~ b e ~ o  Ha MHOXeCT- 
BOTO o6enexja cnopen npMponaTa Ha 0 6 e n e x j a ~ a  
(CTPYKTYPHM II CT~TIICTH'IKH) He e CeKOraUI ~ a j ~ 0 6 -  
PHOT HaT 38 KpeMpaEbe Ha CMCTeM 6a3HpaH Ha K O M ~ H -  

HHpane Ha ~ n a c ~ @ ~ ~ ~ a ~ o p n .  O B H ~  p e 3 y n ~ a ~ n  
HaMeTHyBaaT n o ~ p e 6 a  O n  I I O C ~ ~ H H  IIpOqenypII 3a 
c e n e ~ q ~ j a  Ha 06enexja UITO Ha onTtiManeH Hasmi 
~e r o  pa3611saa~ MHoxecTBoTo o6enexja 3a cmxe- 
MHTe IJITO KOpIICTaT K O M ~ H H H ~ ~ H S  Ha KJI~cM@HK~To~M. 

C T ~ H ~ ~ P A H H O T  ~ ~ P I I C T ~ ~  38 IIpeII03HaBaHX Ha CIIM- 

6on11 ce BPTH OKOJIY nsa seKopa, e ~ c ~ p a ~ u v r j a  Ha o6e- 
nexja, Kane UITO ce pa3~11sa noronHo npeTcTaByBa6e 
Ha O~JIHKOT II K J I ~ C ~ I @ E I K ~ ~ H ~ ~ ,  Kane UITO ce ne@ti~ t ipaa~  
npastina 3a onnenysane Ha KnacMTe Ha o 6 n ~ q ~ ~ e .  
n o ~ a x a ~ o  e neKa K O M ~ H H H P ~ B ~ T O  Ha 06en'exja on pa3- 
JIHsHa IIpllpO~a HpeKy K O M ~ H H H ~ ~ ~ ~  Ha COOnBeTHMTe 
KJI~cM@IIK~To~H e BeTyBaYKM npHCTan BO CkICTeMIITe 
3a npenos~aaane  co paKa xcnHwaHti CLIM~OJIM [I] ,  [2], 
[3], [4], [5]. I . I n @ o p ~ a s m i ~ e  on n o s e ~ e  H ~ B O P M  UITO ce 
OflRenHO 0 6 p a 6 0 T e ~ ~  seCT0 MOXaT KOPIICHO na ce 
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Abstract - In this paper, various cooperation schemes of 
SVM (Support Vector Machine) classifiers applied on 
two feature sets for handwritten digit recognition are 
examined. We start with a feature set composed of struc- 
tural and statistical features and corresponding SVM 
classifier applied on the complete feature set. Later, we 
investigate the various partitions of the feature set as 
well as the advantages and weaknesses of various deci- 
sion fusion schemes applied on SVM classifiers designed 
for partitioned feature sets. The obtained results show 
that it is difficult to exceed the recognition rate of a 
single SVM classifier applied straightforwardly on the 
complete feature set. Additionally, we show that the 
partitioning of the feature set according to feature na- 
ture (structural and statistical features) is not always 
the best way for designing classifier cooperation 
schemes. These results impose need of special feature 
selection procedures for optimal partitioning of the fea- 
ture set for classifier cooperation schemes. 

Index terms -classification, committee, features, rejec- 
tion, reliability 

1. INTRODUCTION 

The classical paradigm for character recognition is con- 
centrated around two steps, feature extraction, where an 
appropriate representation of the pattern is developed, and 
classification, where decision rules for separating pattern 
classes are defined. Combining features of different nature 
and the corresponding classifiers has been shown to be a 
promising approach in handwritten recognition systems [I], 
[2], [3] ,  [4], [5]. Data from more than one source that are 
processed separately can often be profitably re-combined 
to produce more concise, more complete andlor more accu- 
rate situation description. 

In this paper, classification systems for handwritten digit 
recognition using two different feature families and SVM 
classifiers [6] are examined. Following widely used termi- 
nology, our feature families are referenced as structural and 
statistical feature sets [7]. We start with a SVM classifier 
applied on both feature families as one feature set. These 
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H c K o M ~ H H H ~ ~ ~ T  naBajkH IIOKOMnJIeTeH H HOTOseH 
n p ~ ~ a s  Ha peanHaTa c ~ ~ y a q ~ j a .  

Bo o ~ o j  ~ p y n  ce p a 3 r n e n a ~ ~  cHneMH 3a m a c ~ @ ~ ~ a -  
q ~ j a  Ha co paKa HcnHruaHH qki@p~ K O P H C T ~ ~ K H  rise pa3- 
JIHqHM @aMHJIkiH Ha 06enemja ki MHB KJI~CM@HK~TOPH 
[6]. Cnenejhi ja LUHPOKO pacnpocTpaHeTaTa TepMHHono- 
r~lja,  Hue rki HapeKoBMe Hamme ( P ~ M ~ I ~ H H  06enemja 
CTPYKTYPHH H CTaTHCTHYKH [7]. ~ C I I H T ~ B ~ F ~ ~ T ~  rH 
s a n o s ~ a ~ ~ e  co eneH MHB ~ n a c ~ @ a ~ a ~ o p  npHMeHeT 
Ha RBeTe @~MHJIHH 06enexja KaKO eRH0 MHOXeCTBO. 
O B H ~  p e 3 y n ~ a ~ ~  6ea 6a3a 3a noHaTaMourHwre Hcna- 
TyBaEba. n0HaTaMy KOPHCTeBMe RBa MHB KJIacH@ki~a- 
TOpa LUTO pa60TaT OnneJIHO BP3 CTPYKTYPHHTe H CTa- 
THCTHsKHTe @~MIIJIHEI 06enexja H r H  MCnkiTyBaBMe HMB- 
HHTe K O M ~ I I H H ~ ~ ~ ~ .  Cnopen HaruaTa ~ e p ~ k i ~ o n o r ~ j a ,  
HMe f 0 pa36kiBMe KOMnJIeTHOTO MHOXBCTBO 06enexja 
CIIOpeR HHBHaTa IIpHpOna Ha CTPYKTYPHO H CTaTHC- 
THVKO MHoxecTBo. HHe acnnTasMe p a 3 n ~ s ~ ~  ruemi Ha 
~0~6kiHHpa%e H rH nan0BMe COOnBeTHHTe pe3yJITaTH 
Ha n p e n o s ~ a ~ a s e .  3 a  s r o n e ~ y s a s e  Ha AoBepnmocTa 
Ha CHCTeMOT 6ea BOBeneHM KPHTePHYMM 38 O T @ P J I ~ ~ ~  
Ha HeCHI'ypHHTe KJI~cM@HK~~HH KaKO AeJI O n  LUeMMTe 
Ha ~ 0 ~ 6 H ~ E i p a b e .  

~ O ~ H ~ H K T ~  p e 3 y n ~ a ~ ~  n0Kaxysaa-r neKa co K O M ~ H -  

HHpase Ha ~ n a c ~ @ a ~ a ~ o p t i  e TeruKo co na ce nocTHrHe 
HHBOTO Ha n p e n o s ~ a s a s e  Ha eneH m a c k i @ i ~ a ~ o p  npH- 
MeHeT BP3 MHOXeCTBOTO LUTO rki 06enM~yBa ABeTe 
@ a ~ u n m  06enexja. C e n a ~ ,  rueMmTe Ha ~ 0 ~ 6 1 1 ~ t i p a s e  
naBaaT nono6pa MOXHOCT 3a nonecysase Ha TproBm- 
j a ~ a  ~ e f y  n p e n o 3 ~ a s a s e ~ o  H noBepnmocTa H ja HaMa- 
JIYBaaT KOMIIJIeKCHOCTa Ha KJI~CH@J.IK~TOPOT KaKO H 

HeroBaTa n o ~ p e 6 a  on npmepoqv 3a 06ysysa%e. 
~o~oJIHHT~JIHo,  HHe ja HCIIHTyBaBMe H KOPHCHOCTa 

Ha p a 3 6 ~ s a s e ~ o  Ha MHoxecTBoTo 06enexja cnopen npu- 
ponaTa Ha ~ O ~ H ~ H H T ~  o6enemja. H c ~ p a x y ~ a s ~ ~ e  Ha 
K O M ~ H H M ~ ~ % ~ T Z ~  Ha K ~ ~ C H @ H K ~ T O ~ H  IIpeMOJIseHO Ce 
cornacysaaT neKa rpynnpaseTo Ha 0 6 e n e x j a ~ a  cno- 
pen HHBHaTa IIpHpOna (T.e. p a 3 6 a s a s e ~ o  Ha KOMnJIeT- 
HOTO MHOX~CTBO) e n p ~ @ a ~ n k ~ ~  npHcTan 3a KpeApase 
Ha cMcTeM 3a n p e n o s ~ a ~ a s e  o 6 n ~ q ~  IUTO KOPMCTH KOM- 

6H~kipane Ha KJI~cH@HK~To~H. O C H O B H ~ T ~  IIpeTnOC- 
TaBKa e neKa P ~ ~ J I H ~ H H T ~  06enexja (no noTeeno, T.e. 
npkipona) ce p a 3 y ~ ~ 0  H ~ ~ ~ B M C H H .  Tne r o  " r n e n a a ~ "  
o ~ ~ H K o T H ~ P ~ ~ ~ I H ~ ~ H H ~ Y ~ ~ H , ~ ~ T ~ K ~ H O ~ ~ ~ K H T ~ H ~  

COOnBeTHHTe HHAHBMAYaJIHH K.JI~~CH@MK~~TOPH MOXe KO- 
PkiCHO na Ce I ~ C K O M ~ M H H ~ ~ ~ T  3a na Ce n o 6 ~ e  IIOTOqHO 

npenosea~awe. HaLUtl~e p e 3 y n ~ a ~ ~  n o ~ a k y s a a ~  neKa 
CTPYKTYPHHTe M CTaTElCTMsKHTe 06enexja LUTO IIIllPOKO 
ce KopMcTaT BO CMcTeMHTe 3a n p e n o 3 ~ a s a s e  o6ntlqa 
6a3Ilpa~H Ha K O M ~ H H H ~ ~ K ~  Ha KJI~cH@MK~To~H He Ce 
ceKoraru ~ a j n o 6 a p  Hasm Ha pa36tisase Ha MHoxecT- 
BOTO 06enexja. O ~ o j  p e 3 y n ~ a ~  HaMeTHysa n o ~ p e 6 a  
on passoj Ha n o c e 6 ~ ~  nocTanKki 3a cene~qkija Ha o6e- 
nemja IUTO Ha OnTaManeH HawH Ke r o  p a 3 6 ~ j a ~  KOM- 
nJIeTHOTO MHOXeCTBO 38 CHCTeMElTe Ha npenO3HaBa%e 
6a3llpaHH Ha K O M ~ E I H M P ~ F ~ ~  Ha KJI~cM@HK~ToPH. 

L fen~a  Ha o ~ o j  ~ p y n  He e na ce HaTnpesapysa co 
HHBoaTa Ha npenozi~asase Ha npyrme cMcTeMH 3a npe- 
nosaasase co paKa McnHruaHH q ~ @ p ~  [8] TYKY na ce 

results serve as a basis for future investigations. Further, 
we used two SVM classifiers that work on the structural 
and statistical feature families and examined their coopera- 
tion using statistical decision fusion. In our terminology, 
we partition the complete feature set according to the fea- 
ture nature into structural and statistical feature sets. Dif- 
ferent statistical cooperation schemes were examined and 
corresponding recognition results are presented. In order 
to improve the system reliability, we introduced rejection 
criteria as a part of the classifier cooperation schemes. 

The presented results show that it is difficult to achieve 
the recognition rate of single classifier applied on the fea- 
ture set that includes both feature families by combining 
the individual classifier decisions. However, the classifier 
cooperation schemes offer better possibility for fine tuning 
of the recognition versus the reliability tradeoff and reduce 
both, the classifier complexity and the need for samples. 

Additionally, we tackle the problem of usefulness of 
partitioning of the feature set according to the nature of the 
obtained features. The researchers in the area of combining 
classifier tacitly agree that partitioning of the features ac- 
cording to their nature is an acceptable approach for de- 
signing pattern recognition systems based on classifier 
cooperation. The basic supposition is that different fea- 
tures (by their origin) can be considered as reasonably in- 
dependent. They "see" the same pattern from different 
points of view and consequently, corresponding individu- 
al classifier decisions can be profitably re-combined to pro- 
duce more accurate recognition. Our results show that sta- 
tistical and structural features, widely used for designing 
pattern recognition systems based on classifier coopera- 
tion schemes is not always the best way to partition the 
feature set. This result imposes need of special feature se- 
lection procedures for optimal partitioning of the feature 
set in cases of classifier decision fusion applied on differ- 
ent feature families. 

Our goals in this paper are to examine usefulness of our 
feature extraction and selection technique, to study differ- 
ent classifier cooperation schemes and to investigate use- 
fulness of partitioning of the feature set according to the 
nature of the features rather than to compete with the rec- 
ognition rates of other handwritten digit recognition sys- 
tems [8]. 

2. THE SYSTEM ARCHITECTURE 

The recognition system is constructed around a modu- 
lar architecture of feature extraction and digit classification 
units. Preprocessed image is an input for the feature extrac- 
tion module, which transfers the extracted features toward 
SVM classifiers (see Fig. 1). 

From the digit images with resolution of 128x128 pixels, 
we have obtained 16x16 binary images on which the 
smoothing and centralizing preprocessing techniques have 
been applied. We have extracted 116 features that are clas- 
sified as 54 structural and 62 statistical. The both feature 
families as one set are forwarded to the SVM classifier and 
obtained results are basis for future comparisons. 
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2. APXHTEKTYPA HA CHCTEMOT 

CHCT~MOT 3a n p e n o 3 ~ a s a ~ e  e ~ s r p a n e ~  oKony 
Monynme 3a e ~ c ~ p a ~ q ~ j a  Ha o6enexja H K ~ ~ C M @ M K ~ -  
q ~ j a  Ha q t i @ p ~ ~ e .  n p e ~ n p o q e c ~ l p a ~ a ~ a  c n m a  Ha q ~ -  
a p a ~ a  e sne3 3a MonynoT 3a e ~ c ~ p a ~ q n j a  Ha 06enexja 
OR Kane ILITO 06enemja~a ce n p a ~ a a ~  KOH MHB KnacH- 

I @ H K ~ T O ~ H T ~  (BIIRII CJI. 1). 

CJIHKHT~ Ha qll@pHTe CO pe30JIyqqa 128x128 TOsKH 

Ce CBeAeHH Ha ~ H H ~ ~ H H  CJIHKH CO pe30JIyqHja 16x16 
TOsKM Han KOH '2. H3BPILIeHO H3paMHyBaKe H qeHTpH- 
paKe. HMe eKcTpaxapaBMe 116 o6enemja npn LLITO 54 
Ce CTPYKTYPHM 11 62 CTaTBCTHqKM. Q B ~ T ~  $~MHJIHH o6e- 
JIeXja KaKO eRH0 MHOXeCTBO Ce IIpaTeHH KOH MHB 
KJI~cH@HK~To~ H TaKa A O ~ H ~ H M T ~  pe3yJITaTH Ce OCHOBa 
3a HHHHTe cnopen6~.  

CTPYKTYPHHT~ H CTaTMCTHYKkITe 06enexja IIOOnne- 
JIHO ce HCTO TaKa npaTeHH KOH 3 a ~ e 6 ~ H  MHB Knacn- 
(PLIK~TOPH, a ~ o ~ H ~ H H T ~  H3JIe3ki Ce KOM~EIHIIP~HII  KOPH- 
C T ~ J K H  pa3JIHsHH CTaTHCTHsKH ILIeMH Ha K O M ~ H H H ~ ~ K ~ .  
BO  TO^ MOMeHT Ce BOBeneHH H KPHTePHyMHTe 38 OT$P- 

JIaHX Ha HeCHrYPHHTe KJI~cH@MK~~HII  H IIpeCMeTaHH 
Ce COOABeTHHTe BPenHOCTM 3a nOBePJIHBOCTa Ha 
CHCTeMOT. 

SVM 
classifier 

eature extraction 

1 SVM class$er 1 

combining 
Decision classifiers 
fusion 1 

Fig. 1. The architecture of the system 

The structural and statistical feature sets are also for- 
warded to the separate SVM classifiers, and obtained clas- 
sifier outputs are combined using statistical cooperation 
schemes. On this level, rejection criteria are introduced and 
the corresponding system reliabilities are calculated. 

3. THE FEATURE EXTRACTION MODULE 

The structural feature set is a domain dependent set. Its 
nature and the techniques implemented for detection and 
extraction are strongly dependent of the nature of the ob- 
jects to be recognized. 

The first step in creating of the structural feature set is 
defining a reasonable set of elementary shape primitives 
for digit constructions. We have proposed 27 elementary 
primitives showed in Fig. 2. The digit image is searched for 
these primitives twice: firstly on the original digit image 
orientation, and secondly on the rotated digit image for 90". 
So, the total number of primitives is 54, and that is the num- 
ber of the elements in the structural feature set. 

The detection and the extraction of the structural fea- 
tures are performed by dividing the image binary matrix into 
two, three, four and six sub-regions. The existing shape in  
each of those sub-regions is compared with the proposed 
primitives in the same sub-regions whose existence is ex- 
pected. 

CTPYKTYPHHT~ 06enexja Ce 3aBHCHH O n  ROMeHOT. C n l l ~ a  2. P ~ ~ H O H H T ~  H ~ ~ ~ M ~ H T ~ P H M T ~  0 6 n ~ 4 ~  
H H B H ~ T ~  npHpona H TexHMKMTe 3a e ~ c ~ p a ~ q k ~ j a  MHory Fig. 2. Image sub-regions and the elementary 
s a s ~ c a ~  on O ~ ~ ~ K T O T  ILITO ce n p e n o s ~ a ~ a .  primitives 
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~ P B H O T  PeKOp IIPH KPeHPaFbeTO Ha CTPYKTYPHHTe 
o6enexja e ~ e @ ~ ~ n p a % e ~ o  Ha p a 3 y ~ ~ 0  MHoxecTBo 
eneMeHTapHH o 6 n ~ q ~  on KOH q t i@pa~a Moxe na ce 
KOHCTpyHpa. Hne  npe$(noxHBMe 27 eneMeHTapHH 
o 6 n ~ q ~  IIpHKaXaHH Ha Cn. 2. E J I ~ M ~ H T ~ ~ H H T ~  o 6 n ~ q ~  
Ha cnmaTa Ha qki@pa~a ce 6 a p a a ~  Asanam: npBo Ha 
opHrHHanHaTa o p n e ~ ~ a q ~ j a ,  a noToa Ha HcTaTa cnma 
POTHpaHa 3a 90". T a ~ a  BKYIIHMOT Gpoj eJIeMeHTapHH 
o 6 n ~ q ~  e 54, IIa TOnKaB e H G ~ O J O T  Ha CTPYKTYPHHTe 
06enemja. A e ~ e ~ q q a ~ a  H e ~ c ~ p a ~ q ~ l j a ~ a  Ha CTPYKTYP- 

HHTe o6enexja ce npam co nonen6a Ha MaTpHqaTa Ha 
q ~ @ p a ~ a  Ha nsa, TPH, sempki H mecT PerHoHH. 0 6 n ~ -  
q m e  BO c e ~ o j  on o m e  perHoHti ce cnopenysa co npen- 
noxeHHTe eneMeHTapHH o 6 n ~ q ~  BO HcTHTe perHoHH 
Kane UITO ce oseKysa HHBHOTO ~ P H C ~ C T B O .  

T a ~ a ,  C T P ~ K T ~ P H O T O  MHoxecTBo Ha o6enexja ce 
COCTOH O n  54 BPenHOCTH Ha IIpeCMeTFiHHTe CJIMsHOCTH 

[9] ~ e f y  06nkiqki~e BO COOnBeTHHTe PerHOHH H COOnBeT- 
Hme eneMeHTapHzi o 6 n ~ q ~ .  

CT~TE~CTH~KOTO MHOXeCTBO o6enemja Ce COCTOH 

O ~ ~ ~ B P ~ ~ H O C T H ~ O ~ H ~ H H ~ ~ ~ K ~ ~ ~ ~ C M ~ T K ~ H ~ ~ ~ C T H -  

Hme Ha ~ P H H  T O ~ K H  BO p a 3 n ~ r ~ ~  pertioHH Ha cnkiKaTa 
Ha qki@pa~a. I lpsrn~e 54 CTaTHcTHsKa o6enemja ce 
n o 6 ~ s a a ~  On XHCTOrpaMHTe Pi TOa O n  BepTHKaJIHHTe 
(16), XOpa30HTaJIHHTe (16) H ABeTe R M ~ ~ ~ O H ~ ~ H M  (22) 
npoeKqm (no 5 T O ~ K H  neBo H necHo on rnaBsaTa a 
cnopenHaTa n ~ j a r o ~ a n a ) .  n o c n e n ~ ~ ~ e  8 o6enexja ce 
~ O ~ H ~ H M  On pa3JIHsHH perHOHEI ( 3 0 ~ ~ )  Ha CJIkIKaTa KaKO 
IIITO e npliKamaHo Ha Cn. 3. 

O ~ o j  Tkin Ha o6enemja BO p a 3 n ~ q ~ a  @ o p ~ a  ce KO- 

PHCTeHH BO MHOrY CHCTeMki 38 IIpen03HaBaHS C H M ~ O J I M  

( ~ a  npaMep [lo]). 

E a s a ~ a  3a eKcnepHMeHTIi e e ~ c ~ p a ~ q a j a  on NIST 
(National Institute of Standards and Technology) 6 a 3 a ~ a  
Ha co paKa kicnHmaHH qki@p~ ( B H ~ H  Cn. 4). B K ~ ~ H H O T  
Gpoj on 23.898 npaMepoqH Ha NH@PH e noneneH Ha nse 
rpynH H Toa 17.952 npaMepoqH 3a @ a s a ~ a  Ha 06ysysa~be 
a 5.946 npmepoqli 3a @ a s a ~ a  Ha TecTHpafie. q ~ @ p ~ ~ e  
OR 6 a 3 a ~ a  ce OPraHH3HpaHH TaKa IIITO ~ M @ P H T ~  3a 
TecTnpafie n p ~ n a f a a ~  Ha p a 3 n ~ s ~ ~  nmuysasti on 
qki@pki~e 3a 06ysysa~be. 

Hkie KopHcTeBMe MHB ~ n a c k i @ a ~ a ~ o p  co r a y c o ~ o  
janpo. I l o p a ~ ~ l  roneMHoT Gpoj npwepost i  6e111e KO- 

pHCTeHa nopo6yc~a s a p l l j a ~ ~ a  Ha C O @ T B ~ ~  (SVM Torch) 
3a 06ysysa~be Ha MHB K J I ~ c H @ H K ~ T o ~ H T ~  [ll]. 

M3JIe3llTe Ha O B O ~  KJI~CH@MK~TOP IIPHMeHeT Ha 
Hamme npkiMepoqH ce BO HHTepsanoT [-8, 51. Aa r a  
o 3 ~ a s ~ ~ e  ~ s n e s k i ~ e  on ~ n a c k ~ @ t i ~ a ~ o p o ~  BO onafases 
penocnen co O,, 02, ..., 0," (0 ,  eL02 e> ... e2O,,). HaIIIkloT 
KpmepHyM 3a o ~ @ p n a ~ e  Ha HeckirypHHTe ~ n a c ~ @ ~ ~ a -  
QHH ce 6 a s ~ p a  Ha npsme nsa ~ s n e s a .  C e ~ o j  npMMepoK 
38 K O ~  HZ~JBHCOKAOT H3JIe3 On KJI~CH@MK~TOPOT 0, e 
noMan on AaneH npar TI (0,  < T I )  kinu 3a ~ o j  p a 3 j r ~ ~ a ~ a  
~ e f y  nsaTa H ~ ~ B H C O K H  ~ 3 n e 3 ~  e noMana on AaAeH npar 

Thus, the structural feature set is composed of 54 values 
of the calculated similarities [9] between the found shapes 
in the corresponding sub-regions and the corresponding 
elementary primitives. 

The statistical feature set is composed of 62 features that 
give the pixel-based information presented by the densities 
of the lit pixels in various regions of the digit image. The 
first 54 statistical features are obtained from the projection 
histograms obtained by the vertical (16), horizontal (1 6) and 
two diagonal (22) projections (5 pixels left and right around 
the main diagonals). The last 8 features are obtained from 
the zone-pattern regions showed in Figure 3. 

CJl. 3. ~ P O ~ K ~ H O H H  XHCTOrPBMH H 

BOHCKM o6enexja 
Fig. 3. Projection histograms and 

This kind of features in different forms has been ex- 
ploited in many pattern recognition systems [e.g. 101. 

4. THE RECOGNITION RESULTS 

The database for our experiments is an extraction of 
the NIST (National Institute of Standards and Technology) 
handwritten digit database (see Fig. 4). The total number 
of 23.898 digit images is divided into two groups, 17.952 
images for the training phase and 5.946 images for the test 
phase. The digits from the original database are rearranged 
so that digits in the test set belong to different writers from 
those in the learning set. 

We have used a SVM classifier with Gaussian kernel. Be- 
cause of the large number of samples, a more robust variation 
of SVM training software (Torch3) has been used [ l  I]. 

The outputs of this classifier applied on our samples fall in 
[-8, 51 interval. Let us denote the classifier outputs in de- 
scending order by O,, 02,  ..., O,, (0,  e?02 e? ... e?O,,). We 
have used a rejection criterion based on the top two classifier 
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T, (0, - 0, < T,) ce o ~ + p n a  KaKo HecHrypHa m a c ~ + ~ ~ a -  
qnja. nonecysa jk~ r H  osne nparosH 3a na ce n o 6 ~ e  
AOBepJIHBOCT O n  H ~ ~ M ~ J I K Y  99% HHe r M  ~ O ~ E I B M ~  

p e 3 y n ~ a ~ ~ ~ e  npHKaxaHH BO ~ a 6 e n a ~ a  1. 
~ q 5 m 3 m ~ 1 ~ 7 ~ 2 ~ n ~ m m  

Ta6ena 1. H H B O ~ T ~  Ha npenoa~asalae 3a 
CTpyKTypHHTe, CTaTHCTHrKHTe H ABeTe 

IIpen. e HHBOTO Ha npeno3~asane  Ha ~nacx@l. i~a-  
TOPOT. Enpen., n0I'p. Ei O T @ ~ .  r H  03HasyBaaT HHBOaTa 
Ha n p e n o 3 ~ a e ~ ~ ,  norperrrHo n p e n o 3 ~ a e ~ ~  a o ~ + p n e ~ a  
IIpMMepOqH On MHOXeCTBOTO 3a TeCTHpaHX 3a AOBep- 
JIHBOCT On H ~ J M ~ J I K Y  99% ~ O ~ A C H M  CO KPHTePHYM 3a 
o ~ @ p n a n e  IUTO rH KOPHCTM naneHaTe BpenHocTH 3a 
IIparOBHTe TI H TZ A O B ~ P ,  03HaYyBa AOBepJIHBOCT IUTO 

ce n o 6 ~ s a  co @ o p ~ y n a ~ a  Aosep. = AIIpen./(lOO%- 
OT@~. ) .  Osae  p e 3 y n ~ a ~ ~  noKaxyBaaT neKa CTaTAc- 
TIlrKOTO MHOXeCTBO o6enexja AaBa IIOBHCOKO HHBO Ha 
n p e n o s a a ~ a ~ e  on CTP~KT~PHOTO.  C e n a ~ ,  HHBOTO Ha 
n p e n o 3 ~ a s a n e  on CTaTacTHwwTe o6enexja  e 3a 
noseke On 0.7% IIOHHCKO On OHa ~ O ~ H ~ H O  CO KJI~cH@H- 

KaTOp IIpklMeHeT Ha IJeZOKyllHOTO MHOXeCTBO o6e- 
nexja. 

4.1 K o ~ 6 n ~ u p a ~ e  Ha OAJlyKWTe Ofl CTpYKTYpHOTO H 
CTaTUCTUqKOTO MHOXeCTBa obenexja 

L U ~ M H T ~  3a K O M ~ H H H ~ ~ F ~ ~  Ce H3rpaReHM OKOJIy RBa 
MHB ~ n a c ~ @ ~ ~ a ~ o p a  IUTO npasaT ~ n a c a @ a ~ a q ~ j a  
OAneJIHO CO IIOMOIU Ha CTPYKTYPHOTO H CTaTklCTHYKOTO 
MHoxecTBo 06enemja. Bo ~ a 6 e n a ~ a  2 ce Ranem H a -  

BoaTa Ha npenossaaane Ha pa3nkis~a meMa 3a K O M ~ H -  

HHpaHX Ha K ~ ~ C H @ H K ~ T O ~ H T ~ .  T y ~ a  KOpHCTeBMe HCTH 

KpIlTepHyMH 3a oT@pJIaFbe Ha IIpHMepOlJHTe KaKO BO 

~ a 6 e n a ~ a  1. B p e n ~ o c ~ ~ ~ e  3a npa rosme  TI ti T, ce 
~ O B T O P H O  TaKa ~ 3 6 p a ~ 1 1  na ce n o 6 ~ e  ~ O B ~ ~ J I M B O C T  OR 

~ a j ~ a n ~ y  99%. 
M ~ T O A H T ~  3a ~ 0 ~ 6 H ~ H p a f b e :  ~ P O ~ I ~ B O ~ ,  A ~ M ~ c T ~ -  

POBO IIpaBHJIO, HeogpeneH HHTerpaJl H OnJIysyBasKEiTe 
111a6no~1.i 6 a p a a ~  s e p o j a ~ ~ o c ~ ~  H ~ J I ~ ~ H .  3 a  npecnaey- 
BaFbe Ha OpHrMHaJIHMTe M3ne311 BO IIHTePBaJI [O, 11 Ja 
KOpHCTeBMe +yHKIJkijaTa l/(l+e-"). 

3 a  flOHeCyBa%e OnJIyKa, IIpBllTe seTHPH KOM~IIHII-  

PaFba KOPMCTaT MaKCHMYM On CyMaTa, MaKCHMYM O n  

nPOH3BOAOT, MaKCHMyM On MaKCHMYMHTe II MaKCHMYM 
08 MHHHMYMHTe Ha COOnBeTHHTe IIaPOBH Ha H33Ie311Te 
On KJ I~cH@HK~To~HT~ [12]. ~ ~ M I I C T ~ ~ O B O T O  npaBlm0 
rti KopHnH HeonpeneHocrme BO ~ 3 6 o p m e  Ha KJI~CH@EI- 
KaTopHTe npeKy nonenysane Ha no~ana .nosep6a  Ha 

C ~ M K ~  4.100 npnMepoqu Ha q n a p ~  
Fig. 4.100 handwritten samples 

sifier outputs. Each sample for which the highest classifier 
output 0, is smaller than a certain threshold T, (0,  < T,) or 
for which the difference between the top two classifier out- 
puts is smaller than a certain threshold T2 (0 ,  - 0, < T,) is 
rejected. Varying these thresholds to obtain reliabi-lity of at 
least 99% we have obtained the results shown in Table 1. 

Table 1. Recognition rates on the structural, 
statistical and both feature families 

Recog. is the classifier recognition rate. RRecog., Miscl. 
and Reject. denote the recognition, misclassification and 
rejection rates for reliability of at least 99% provided by the 
rejection criterion using the corresponding values of T I  
and T,. Reliab. denotes the reliability that is calculated as 
Reliab. = RRecog./(lOO%-Reject.). These results show that 
the statistical feature set has stronger discrimination power 
and provides better recognition rate. However, the recogni- 
tion rate of the statistical feature set is more then 0.7 per- 
cent lower then the recognition rate of the classifier applied 
to the complete feature set. 

4.1 Decision Fusion on Statistical and Structural 
Feature Sets 

The classifier cooperation schemes are built around two 
SVM classifiers performing classification separately on 
structural and statistical feature families. In Table 2, the 
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IIOMaJIKy CHrYPHHTe ~ 3 6 0 ~ ~  [13]. H~HBHOTO E ; ~ ~ ~ c o B o  
K O M ~ H H H ~ ~ % ~  r H  KOPHCTH KOH@Y~HOHHT~ MaTPHqH Ha 
KII~CH@HK~TO~HT€! 3a IIpOqeHKa Ha CHrypHOCTa Ha 
HHBHHTe OnJIyKH [13]. n p e 6 p o j y ~ a f b e ~ o  Ha 6 0 p ~ a  e 
enHa re~epaJlH3aqqa Ha K O M ~ H H H ~ ~ B ~  CO MH03HHCKO 

rnacafie [14]. H e o n p e n e ~ ~ o ~  HHTerpan 6apa MaKcHMa- 
JleH CTeneH Ha COrJIaCHOCT Mefy O ~ ~ ~ K T H B H H T ~  Bpen- 
HOCTll ( ~ O ~ U ~ H H  On COPTHPaHHTe H3JIe3H Ha K J I ~ c H @ M K ~ -  

TOPHTe 38 KOHKpeTHa KJIaca) H OseKyBa%aTa (n06HeHki 
KaKo MepH Ha HeonpeneneHocT Ha AsaTa ~ n a c a @ ~ ~ a -  
 TOP^) [15]. H H ~  HCTO TaKa KOPMCTeBMe HeKOJIKy 
OnJIysy~asKH I I I ~ ~ J I O H H  3a K O M ~ H H H ~ ~ % ~  Ha KJI~cH@H- 

KaTOpH AaAeHH BO [16]. & ~ H ~ M H ~ K H O T  IIpOCeK KOPHCTH 
UmiaMHrKci noneneHH TemHHH WTO ce nonecyBaaT 
TaKa IIITO ke 6 t ina~  IIpOIIOpqHOHaJIHH Ha CHrYPHOCTElTe 
Ha noonenHme ~ s n e s t i  on K ~ ~ C M @ H K ~ T O ~ E I T ~ ,  a He Ha 
r n o 6 m ~ o  1136pa~H TeXHHH KaKO Kaj O~OIIIIIT~HHOT KO- 
MHTeT [17]. K O M ~ ~ I H H ~ ~ % € ! T O  IIPeKY O~OIIIIIT~HHOT 
KOMHTeT Ce 6 a s ~ p a  Ha TeXHHCKaTa CyMa Ha OAJIyKHTe 
Ha ~ I ~ C M @ H K ~ T O ~ H T ~  [18]. MO~H@HK~B~HHOT O~OIIUIT~H 
KOMHTeT Ce pa3nHKyBa On O~OIIIIIT~HHOT KOMHTeT CaMO 
no ~ 3 6 p a ~ ~ ~ e  TexHHH KOH ce p a 3 n ~ ~ ~ ~ 3 a  c e ~ o j a  maca. 
CO ApyrH 3 6 0 ~ 0 ~ ~ 1 ,  HHe KOPHCTeBMe BeKTOP OR TeXHHH 
HaMecTo enHa s a e n ~ ~ r ~ a  TexIiHa no ~ n a c ~ @ ~ ~ a ~ o p .  

H ~ K O ~ K Y  p e 3 y n ~ a ~ u  on T a 6 e n a ~ a  2 3acnyxysaa~ 
BHrtMaHHe. Ha jno6p~  Hmoa Ha npen03~aBane (IIpen. 
> 97.70%) Ce U O ~ H ~ H H  On IIeT IIleMH Ha K O M ~ A H H ~ ~ £ ~ ~ .  
)la 3a6e~1eXHMe neKa osue p e 3 y n ~ a ~ a  ce pesncH HneH- 
T H ~ H H  co HHBOTO Ha n p e n o 3 ~ a ~ a n e  Ha MHB m a c ~ @ ~ -  
KaTOPOT IIITO TH KOPHCTH ABeTe @aMHJIHH 06enexja 
KaKO enH0 MHOXeCTBO (BH~H Ta6ena 1). 

On npyra crpaaa, ~ a j n o 6 p ~  Hmoa Ha n p e n o 3 ~ a ~ a n e  
3a flOBepnHBOCT O n  99% Ce ~ O ~ H ~ H H  CO UIeMHTe 21 
( 0 6 0 n I I I ~ e ~  KOMMT~T) A 2 ( n p 0 ~ 3 ~ 0 n ) .  OBHe pe3yJITaTH 
Ce 3HaYHTeJIHO nono6pti O n  COOnBeTHMTe pe3yJITaTH 
AaneHM BO Ta6ena~a 1. r e ~ e p m ~ 0 ,  UIeMHTe Ha K O M ~ ~ M -  
pane  CO KPHTePHYMH 38 o~@pJIafbe Ha HeCHrypHATe 
m r a c ~ l @ ~ ~ a q ~ ~  HynaT noBHcom Hmoa Ha n p e n o 3 ~ a ~ a ~ e  
BO cnopen6a co MHB KJI~cH@HK~To~oT UTo r H  KOPHCTH 
HBeTe @ ~ M H J I H H  06enexja KaKO enH0 MHOXeCTBO (BHAM 
Ta6ena 1). 

4.2 Ko~ba~aparbe Ha onnyrtaTe npu cnyrajea 
pasb~~arba Ha MHoxecTBoTo obenexja 

3 a  na ja wxIiTaMe KopHcHocTa Ha rpynupaneTo Ha 
06enex ja~a  cnopen HtlBHaTa "npxpona" m e  Hanpa- 
BHBMe HeKOJIKY c J I Y ~ ~ ~ H H  pa36H~ana Ha KOMIIJIeTHOTO 
MHOXeCTBO 06enexja BO Pa3JIHZIHH COOAHOCH Ha 
CTPYKTyPHklTe H CTaTHCTHsKHTe 06enexja. 

Eea HanpaseHa neceT napom Ha c n y s a j ~ ~  p a 3 6 ~ -  
sass Ha MHoxecTBoTo 06enexja co cnojysane Ha 25 
cnysa j~o  a 3 6 p a ~ ~  o6enexja on C T P ~ K T ~ P H O T O  MHOX~C- 
TBO H 29 C J I Y ~ I ~ ~ H O  ~ 3 6 p a ~ ~  o 6 e n e ~ j a  O n  CTaTHCTHsKOTO 
MHOXeCTBO @~pMHpajkH MeIIIaHO MHOXeCTBO O n  54 
06enexja. O C T ~ H ~ T H T ~  29 06enexja on C T P ~ K T ~ P H O T O  

MHOXeCTBO H OCTaHaTHTe 33 o6enexja O n  CTaTHCTMs- 
KOTO MHOXeCTBO 6ea CnOeHH BO BTOPOTO MHOXeCTBO 
co 62 06enexja. Co BaKBoTo p a 3 6 ~ ~ a n e  H c n o j y ~ a n e  
Ha AeJIOBHTe Ha CTPYKTYPHOTO M CTaTMCTHYKOTO 

recognition rates using various statistical cooperation 
schemes are presented. We have used the same rejection 
criterion as in Table 1, and suitable values for T, and T, 
were chosen in order to achieve reliability of at least 99%. 

The decision fusion methods: Product, Dempster Rule, 
Fuzzy Integral, and Decision Templates require possibilistic 
outputs. To map the original output values to [0, 11 interval 
we used the mapping l/(l+e-7). 

In order to make the final decision, first four coopera- 
tion schemes use the maximum of the sum, the maximum of 
the product, the maximum of the maximum and the maximum 
of the minimum of the corresponding pairs of the classifier 
outputs [12]. The Dempster rule considers the fuzziness of 
the classifier votes by giving less confidence to less cer- 
tain votes [13]. The naive Bayes cooperation scheme uses 
the confusion matrices of member classifiers to estimate 
the certainty of the classifier decisions [13]. The Borda count 
cooperation method is a generalization of the majority vote 
[14]. The fuzzy integration is based on searching for the 
maximal grade of agreement between the objective evidence 
(provided by the sorted classifier outputs for specific class) 
and the expectation (the fuzzy measure values of both clas- 
sifiers) [15]. We have also used several decision template 
approaches described elsewhere [16]. The dynamic aver- 
age approach uses dynamic weights that are adjusted to be 
proportional to the certainties of the respective classifier 
outputs rather than globally chosen weights as in general- 
ized committee [17]. The generalized committee prediction 
is based on a weighted sum of the predictions of the mem- 
ber classifiers [18]. The modified generalized committee dif- 
fers from the generalized committee only by the chosen 
weights that are different for every class output. In other 
words, we used a vector of adjusted weights rather than 
one common weight per classifier. 

A few results in Table 2 deserve attention. The best 
recognition rates (Recog.>97.70%) are obtained by five of 
the cooperation schemes. Let us note that these results are 
almost identical to the recognition rate of the SVM that 
uses both feature families as one feature set (see Table 1). 

On the other hand, the best recognition rates with reli- 
ability of 99% are provided by the schemes 21 (Generalized 
Committee) and 2 (Product). These results are noticeably 
better than the corresponding results shown in  Table 1. 
Generally speaking, the classifier cooperation schemes with 
rejection criteria offer improved recognition rates in com- 
parison to the classifier that utilizes the both feature fami- 
lies in one feature set. 

4.2 Decision Fusion on Random Partitions of 
the Feature Set 

To examine usefulness of grouping features according 
to their "nature" we performed a few random partitioning 
of the complete feature set in different relations between 
structural and statistical features. 

Ten pairs of random feature subsets were created by 
combining 25 randomly chosen features from the structural 
feature set and 29 randomly chosen features from the sta- 
tistical feature set to form a mixed feature set containing 54 
features. The remaining 29 features from the structural fea- 
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Ta6ena 2. Pa3nHr~H CTaTHCTHr KH UleMH Ha K O M ~ H H H ~ ~ ~ ~  H HHBHHTe HHBOa Ha flpeflO3HaBabe 

Table 2. Various statistical cooperation schemes and corresponding recognition rates 

U ~ ~ M H  Ha ~ 0 ~ 6 H ~ b l p a l a e  / llpen. (% 

Cooperation schemes Recog. 
(W 

2. n p o M 3 ~ 0 ~  / Product 97.73 

3. M ~ K c - M ~ K C  / Max-Max 97.09 

11 5. 160p,qa npe6pojyeabe / Borda count 1 97.70 

11 6. I H ~ M B ~ H  6aiecoe / Naive Baves 1 97.24 

11 7. l ~ e ~ n c ~ e p  / Dempster 1 97.78 

11 8. IHeoApeAe~ MHTerpan / Fuzzy Integral 1 97.09 I l0,qnyrYearn~ m a 6 n o ~ ~  I l l  1 Decision 1 97.66 
9. Tem~lates PI I loAnYryeaarn~~ w a 6 n o ~ ~  n2 I Decision 1 97,68 
lo' Tem~lates P2 

O~Jlyry~arKLl wa6noti~ n3  1 Decision 
Templates P3 1 97.61 

O ~ n y r y e a r ~ ~  w a 6 n o ~ ~  n4 I Decision 
Templates P4 1 97.56 

0 , q n y r y e a r ~ ~  w a 6 n o ~ ~  MI I Decision 
Temolates I1 1 97.66 

0 ,qny ryea r~~  w a 6 n o ~ ~  V12 1 Decision 
Tem~lates 12 1 97.60 

I l 0 ,qny rysa r~~  wa6no~~1 M3 I Decision / 97.56 
5' Templates 13 

O~(nyrysa.1~~1 wa6no~n M4 / Decision 
96,99 Templates 14 

O~nyryeacl~n W~~JIOHM M5 / Decision 
97,09 Templates 15 

O ~ n y r y e a r ~ ~  w a 6 n o ~ ~  I Decision 1 97.12 

O ~ n y r y e a r ~ ~  w a 6 n o ~ ~  E / Decision 
Templates E 1 97.71 

11 20. I A H H ~ M M ~ ~ H  npoceK / Dynamic average 1 97.70 

060n~TeH KOMMTeT / Generalized 
Committee 1 97.73 

OA. 060nIll~eH KOMHTeT / Modified 

MHOXeCTBO 06enexja HHe R O ~ H B M ~  MHOXeCTBa CO HCT 

6poj 06enexja KaKO OpHrHHaJIHHTe MHOXeCTBa Ha 
CTPYKTYPHH H CTaTHCTH'IKH 06e~rexja. H O B O ~ ~ O ~ H ~ H M T ~  
MHOXeCTBa COflpXaT 06enexja On ABeTe @~MMJIHM BO 

OAHOC IIITO COOABeTCTByBa Ha OPHrHHaJIHHTe CTPYK- 
TypHH H CTaTHCTHsKM MHOXeCTBa 25:29 z 29:33 z 54162. 
CO BaKBHTe pa361isaba HHe CMe BO MOXHOCT ua r 0  
KOPMCTHMe HCTHOT CIlCTeM Ha IlpeIIO3HaBabe 3a 
npasebe Ha eKcnepIiMeHTHTe, T.e. ua r H  o u 6 e r ~ e ~ e  
I I o B ~ ~ ~ T o  on p e 3 y n ~ a ~ c ~ ~ ~ e  nopeMeTysaba IIITO MO- 

XaT fia Ce CJIy'IaT IlOpaRH IIpOMeHeTMOT CHCTeM. 

ture set and the remaining 33 features from the statistical 
feature set were combined in another feature set containing 
62 features. By partitioning and joining the parts of the 
structural and statistical feature sets this way, we have ob- 
tained two feature sets with the same number of features as 
the original structural and statistical feature sets. The new 
feature subsets contain features from both feature families 
in relations that correspond to structural and statistical fea- 
ture families 25:29 =29:33 -54:62. By this partitioning we 
were able to use the same system to conduct the experi- 
ments, i.e. to avoid most of disturbances that could be im- 
plied by the altered system. 
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3 a  c e ~ o j  nap on MeruaHHTe MHoxecTsa o 6 e n e ~ j a  For each pair of obtained feature subsets a pair of SVM 
Gerue TpeHHpaH nap Ha MHB K ~ ~ C H @ H K ~ T O ~ H .  EI3ne- classifiers was trained to perform classification over a sin- 
3 n ~ e  OA c e ~ o j  nap MHB rnack i@~~a~op13  6ea KOM~HHH- gle mixed feature set. The outputs of each pair of classifiers 
paHH co HcTHTe meMH Ha KOM~IIHHPF~H& A ~ H ~ H H  BO Ta- were combined using the same classifier cooperation 
6 e n a ~ a  2. Bo ~ a 6 e n a ~ a  3, ce A ~ H ~ H H  n p o c e s ~ ~ ~ e  H H B O ~  schemes given in Table 2. In Table 3, average recognition 
Ha npen03~asa%e 3a EeceTTe cnysa j~ t i  pa36~sa1ba Ha rates over the ten random partitioning of the feature set are 
He KOMnneTHOTO MHOXCCTBO o6enexja. presented. 

Table 3. Average recognition rates of cooperation schemes on 
10 random partitioning of the feature set 
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~ O ~ H ~ H H T ~  p e z i y n ~ a ~ ~  noKaxysaaT ueKa Mema- 
BeTo Ha 06enexja~a og " ~ O C J I ~ ~ O T O "  C T P ~ K T ~ P H O  H 

" I Io~~KoTo"  CTaTHCTMsKO MHOXeCTBO ROBeAYBa A 0  
IIOM3eflHaYeHH HHBOa Ha IIpeII03HaBaKe CO 0.65% 
npocesHa p a 3 n ~ ~ a  H 2.69% npocesHa p a 3 n ~ ~ a  Kora ce 
KOPHCTH KPHTePHYM 3a OT@PJI~%C 38 ,QOBePnHBOCT On 

99%. SJIaraTa IIpeAHOCT Ha MHOXeCTBOTO OR 62 
06enexja e o s e ~ y s a ~ a  6 ~ n e j ~ a  HHBHHOT 6p0j ~ O ~ H T H B -  

HO ~ n ~ j a e  Ha HmoaTa Ha rrpeno3~asa~~,e. 
HHBoaTa Ha npenos~aaa%e R O ~ E ~ ~ H E I  co c n y s a j ~ ~ l ~ e  

pa36~sa%a Ha KOMnneTHOTO MHOXeCTBO 06enexja 
(BHAH ja ~ a 6 e n a ~ a  3) He ce nonorun, HO He ce H nouo6p~ 
On OHMe go6He~H CO pa36HBa%eTo Ha MHOXeCTBOTO 
o6enexja cnopeu HEiBHaTa npapoua Ha C T P ~ K T ~ P H H  H 

CTaTticTHsKn (BHAH ja ~ a 6 e n a ~ a  2). Aa 3 a 6 e n e x ~ ~ e  
geKa neT Hmoa Ha n p e n o s ~ a ~ a n e  on ~ a 6 e n a ~ a  2 HaRMH- 
HyBaaT 97.70%, JJOAeKa BO Ta6eJIaTa 3 TaKBH HMa CaMO 
usa. On upyra cTpaaa, ~ a j u o 6 p o ~ o  HHBO Ha npenos~a- 
Ba%e ~0a i ' a  On M O ~ H @ H K ~ B ~ H ~ I O T  O~OIIIUT~H KOMHTeT 
O n  Ta6eJIaTa 3 (97.82%). CO KOpHCTe%eTO Ha KPHTePH- 
YMHTe 3a 0T@pna&e BO IIIeMHTe Ha KOM~EIHHP~%€! CHTY- 

a q ~ j a ~ a  e cnHuHa, HO BO cnpoTHBHa HacoKa. T y ~ a  BO 

~ a 6 e n a ~ a  2 maMe seTmpti HtlBoa Ha npeno3~asane 
Hau 95.30%, noneKa BO ~ a 6 e n a ~ a  3 HMaMe TaKm mecT. 

The obtained results show that mixing the features from 
the "weaker" structural and "stronger" statistical feature 
set provides more comparable classifier performances with 
0.65% average difference in recognition rate and 2.69% av- 
erage difference when rejection criteria is used. The slight 
advantage of the feature set that contains 62 features is 
expected, because of the larger number of features used to 
represent the sample. 

The recognition results obtained by random partition- 
ing of the feature set (Table 3) are not worse, but also not 
better than the recognition results obtained by partitioning 
of the feature set according to the feature nature (Table 2). 
Let us note that in Table 2 five recognition rates exceeds 
97.70%, while in Table 3 there are only two. On the other 
hand, the best recognition rate comes from the modified 
generalized committee in Table 3 (97.82%). By applying re- 
jection criteria in the cooperation schemes, the situation is 
quite similar in opposite way. Now, in Table 2 we have six 
recognition rates over 95.30%, while there are four in Table 
3. The best result is obtained by the generalized committee 
in Table 2 (95.41%). 

5. CONCLUSION 

Haj~o6pHo~ pe3yJITaT e U O ~ H ~ H  CO 060IIIIITeH KOMHTeT 
og ~ a 6 e n a ~ a  2 (95.41 %). In this paper, we address some issues in designing high 

reliability system for hand-written digit recognition using 

BO OBO] TpyA Ce pa3meUaHH HeKOH ~ H T H A  MOMeHTkI 
BO KpeHpaEbeTO Ha CHCTeM CO BHCOKa J(OBePJIHBOCT 38 

n p e n o s ~ a ~ a ~ e  co paKa HcnHruaHH q ~ @ p a  IUTO KOPHCTH 

K O M ~ H H E ~ ~ ~ % ~  Ha MHB K J I ~ c H @ H K E ~ T o ~ H .  3 a  Taa qen 
6ea KopkicTeHu UBe @ a ~ ~ l n ~ t i  o6enemja HapeseHH 
CTPYKTYPHH H CTaTIICTH9KH. CnojyBa%eTo Ha OflnyKHTe 
Ha K J I ~ C H @ H K ~ T O ~ H T ~  e HanpaBeHO CO CTaTHCTHsKH 
IUeMH Ha K O M ~ H H H ~ ~ ~ ~ .  3 a  nogo6pysa~be Ha go- 
BepJIHBOCTa Ha CHCTeMOT 6ea BOBeReHH KPHTePHYMli 
3a oT@pJlaEbe Ha HeAOBOJIHO CHrYPHMTe KJI~CH@HK~~HH. 

A a u e ~ u ~ e  p e 3 y n ~ a ~ ~  noKaxysaaT ReKa e TeruKo 
ga ce uocTHrHe HHBOTO Ha n p e n o s ~ a ~ a n e  Ha egeH 
~ n a c n @ i ~ a ~ o p  IIITO ro  KOPHCTH qenoTo MHomecTBo 
06enexja CO K O M ~ H H H ~ ~ % ~  Ha ORJIYKHTe Ha HHJJHBHAY- 

anHkITe ~ n a c ~ @ ~ ~ a ~ o p ~  KpeHpaHIi noce6ao 3a C T ~ ~ K -  

TYPHOTO II CTaTHCTH4KOTO MHOXeCTBO 06enemja. 
C e n a ~ ,  K O M ~ M H H ~ ~ K ~ T O  Ha ~ n a c ~ @ n ~ a ~ o p ~  ja HaMa- 
JIyBa KOMnneKCHOCTa Ha CHCTeMOT, MOXe 6naro ua r0 
nouo6pk1 NHBOTO Ha n p e n o s ~ a ~ a ~ e  H O B O ~ M O X ~ B ~  

nono6pa ~proskija ~ e ? y  HHBOTO Ha npeno3~asane a 
AOBepJIHBOCTa Ha CHCTeMOT. ~ o ~ o J I H H T ~ ~ I H o ,  Hkie rH 
CnOpeAyBaBMe K O M ~ H H H ~ ~ % ~ T ~  Ha K J I ~ c H @ M K ~ T o ~ H T ~  

KpeHpaHH BP3 Pa3JIH9HH pa36HBa%a Ha MHOXeCTBOTO 
o6enexja ~ ~ n y s y s a j ~ ~  c n y s a j ~ ~  p a 3 6 ~ s a n a  KaKo H 

pa36asane ~ p 3  6a3a Ha " n p ~ p o g a ~ a "  Ha 06enexja~a.  
Ostie p e 3 y n ~ a ~ u  noeaxaa ueKa " I I ~ H ~ O ~ H O T O "  pa36~-  
Bane Ha MHomecTsoTo 06enexja He e ceKorarrr ~ a j g o -  
6ap Hasm ga ce KpeHpa cHcTeM 3a n p e n o 3 ~ a s a ~ e  ~ p 3  
6a3a Ha K O M ~ E I H A ~ ~ % ~  Ha KJI~CH@IIK~TOPH. 

cooperation of SVM classifiers. We used two different fea- 
ture families referenced as structural and statistical features. 
Decision level fusion is performed using statistical cooper- 
ation schemes applied on classifiers designed individually 
for both feature families. To improve the system reliability, 
we introduced rejection criteria in decision fusion schemes. 

The presented results show that it is difficult to achieve 
the recognition rate of single classifier applied on the com- 
plete feature set by statistical decision fusion applied on 
the individual classifier outputs. However, classifier coop- 
eration schemes reduce classifier complexity, slightly im- 
prove recognition rates and enable fine tuning of the rec- 
ognition versus the reliability tradeoff. Additionally, we 
compare decision fusions of the classifiers designed for 
different partitioning of the feature set including random 
partitioning and partitioning by feature nature and show 
that "natural" partitioning of the feature set according to 
feature nature is not always the best way to apply classifier 
decision fusion. 
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