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Abstract 

A video rate proccssor for binary images is described in this paper. The device convolves a binary image with 

a 3 level 64 by 64 mask. Images are processed at a rate of 10 million pixcls per second, allowing real time 

processing of images obtained from a CCD camera. 
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1. Introduction 
I n  this documcnt wc dcscribc thc dcsign of an imagc prtxcssor for binary imagcs. 'I'hc dcvicc is uscd as a 

prcproccssor in a computcr vision system. 'I'hc input imagc is obtnincd dircctly from a solid stntc camera and 
proccsscd at vidco ratcs. 'I'hc processing consists of convolving thc input iniagc with a iiscr spccificd 64 by 64 
operator kcrncl. 

'I'hc conLolution of a discrctc two-dii7icnsion;il imagc array /(x,y) with a 2N-t  1 by 2 N +  1 opcrator kernel 
K(i, j )  yielding an output imagc O(x,y)  is givcn by 

N N  

In thc systcm described, thc input imagc I(x,J') is a binary imagc consihtiiig of two lcvcis, 1 and -1.  'l'hc 
opcrator kcrncl K( ;,,/I is ;I 64 b y  64 arrayx whosc clcmcnls arc rcstr-ictcd to bc O's, l's, and -1's. 'l'hc input 
imagc is 2048 pixcls widc and arbitrarily long. 'I'hc imagc is obtnincd by a lincar CCII array solid statc camcra. 
'I'hc dcvicc can prtxcss 10 inillion pixcls per second. 

2. Background 
'l'hc convolution opcration dcscribcd by cquation 1 can be cxprcsscd as a corrclation with a mask KI( i , j )  

N N  

whcrc tlic corrclation mask K'( i j )  is the convolution mask of cquation 1 rotated by 180': 

K'( i ,J) = K( - i, -1) 
'I'hc corrclntion opcration can bc uscd to dctcct translated instances of a givcn shape. This mcthod. known as 
matched filtcring,' is demonstrated in scction 5 :  early hardwarc for pcrforming the same task is dcscribcd by 
Kovalevsky.2 Another rclatcd type of imagc processor is the cellular logic ~omputc r .~ '  'I'hc opcrators in these 
prtxcssors arc rclativcly small: 3 by 3 is common. 'The operator is specified by a boolean function of thc 9 
input pixcls i i i  the ncighborhood of the output pixel. Largcr opcrators are implcmcntcd by thc cascaded 
application of the small opcrators. 

3. Architecture of the Convolution Processor 
A pipclincd architccturc is uscd to obtain thc video rate proccssing. 'I'hc data path for a single row of the 

opcrator kcrncl is shown in figure 3-1. 'I'hc shift rcgistcr contains 64 pixcls from onc row of tlic input image. 
'l'hc shift rcgistcr contains a 1 whcrcvcr tlic corresponding input pixcl is 1 and a 0 whcrcvcr thc corresponding 
input pixel is - 1 .  ' I l c  sign rcgistcr and mngnitudc rcgistcr contain elcmcnts from one row of tlic opcrator 
kernel. l 'hc sign rcgistcr contains a 1 whcrcvcr tlic corrcsponding clcmcnt is positivc: thc magnitude rcgistcr 
contains a 1 wlicrcver thc corresponding clcmcnt is non-zcro. The sign bits arc t<XCI.USIVF-OR'cd with thc 
input pixcls: tlic inversion of this result is thcri AND'cd with thc magnitude bits. 'I'hc nunibcr of onc bits 
rcsulting from this opcration is countcd by a summation nodc, producing a 7 bit output for that row of the 
kernel. 'I'hc circuit shown in  figurc 3-1 is comincrcially availablc on a single intcgratcd circuit.' 

Thc convolution proccssor contains 64 row proccssors, intcrconncctcd as shown in figure 3-2. Onc of the 
row proccssors is fcd dircctly from the input pixel stream. The othcr row processors are fcd from a serics of 
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S h i f t  Register ( 6 4  b i t s )  
/ I n p u t  P i x e l s  

Magni tude  R e g i s t e r  ( 6 4  b i t s )  

'lhe output produccd by the circuit described abovc is not equal to thc dcsircd rcsult as shown in cquation 
1. 'l'hc desired result, O(x,y) can bc obtained from thc rcsult produccd by the circuit, T, by the cquation 

O(x,y)= 2T-tn 

whcrc t u  is thc numbcr of non-zero clcmcnts in thc operator kernel. 

Ihr ing cach prtxcssing cyclc, a ncw input pixcl is shifted into thc systcm, and an oiitpirt valuc is gcncratcd. 
'I'hc high dcgrcc of parallclism in the pipclincd dcsign permits thc systcm to prtxcss 10 million pixcls pcr 
second. 

'I'hc convolution proccssor is constriictcd on fivc MULTIBUS* boards. Four of thc boards cach contain 16 
rows of rhc data path. A controllcr board contains a four-input addition trcc and timing and intcrface 
circuitry. l'hc division of the data path into four identical 16 row boards permits thc controllcr board to 
implcmcrit scvcral configurations in addition to the 64 row threc lcvcl operator described abovc. One 

* 
MUt,TIRUS is a tradcrnark of Intel Corporation. 
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variation is to segment thc data path to allow multiple smaller opcrators, such as two 32 row opcrators or four 
16 row opcrators. ‘I’hc othcr option is to combinc the outputs from thc data path boards with a binary 
wcightcd addition, allowing opcrators with morc than thrcc Icvcls. ‘I’hc availablc configurations arc a 32 row 
scvcn lcvcl opcrator and a 16 row thirty-onc Icvcl operator. 

4. Architecture of the Image Processing System 
Figurc 3-3  shows how tlic convolution proccssor is uscd as a preprrxcssor in a vision systcm. ‘I’hc chargc- 

couplcd dckicc (CCD) camcra produccs a voltagc for cach pixcl in  thc input imagc. ’I‘hc analog to digital 
convcrtcr translates this voltrigc into a 6 bit digital numbcr. ‘I‘his numbcr is cotnparcd with a thrcshold from 
thc threshold mcmory to producc thc binary image. Thc thrcshold memory provides a scpiiratc ilircshold for 
cadi of thc 2048 column positions in thc input image, allowing compcnsation for variations in thc scnsitivitics 
of thc individual photoscnsors and nonuniformitics in the distribution of tlic sccnc illumination. ’I’hc binary 
imagc can bc fcd directly into tlic convolution proccssor or through thc smoothing and sampling circuit. ‘ h e  
smoothing and sampling circuit pcrforms 2: 1 two-dimcnsional sampling of thc input imagc, allowing 128 by 
128 opcrator kcrncls to bc approximated. Whcn operatcd in a sampled modc, thc lcngths of dic shift rcgistcrs 



4 

2 0 4 8  E lemen t  T h r e s h o l d  Memory >TI -1 
A n a l o g - D i g i t a l  6 b i t  

C o n v e r t e r  

To Host  
P r o c e s s o r  

T h res hol  d C o n v o l u t i o n  Srnoo t h i ng 
& Sampl i n g  P r o c e s s o r  Compara to r  

j41-I J 
De t e c  t o  r 

Figure 3-3: Architccturc of tlie rcal-timc vision system 

in tlic convolution prtxcssor arc rcduccd to 1024. I’hc output of the convolution prwcssor is 13 bits widc. 
‘l‘his data is convcrtcd back into a binary irnagc by cithcr a tlircshold comparator or a two-dirncnsionnl pcak 
dctcctor. The resulting binary irnagc is cncodcd by a runlength cncodcr and transmitted to thc host proccssor. 
Thc runlcngth cncodcr cncodcs the transitions along cach scan linc, reducing thc amount of data which must 
be transmitted to thc host proccssor. A sccond runlcngth cncodcr encodes cithcr thc original unprocessed 
irnagc or thc diffcrencc bctwecn thc original and unproccssed images. 

5. Examples 
Scction 2 described how thc convolution proccssor can bc used in an optical charactcr rccognition system. 

Figurc 5-la is a digitized binary imagc consisting of positive (white) and ncgativc (black) arcas. Figurc 5-lb is 
a corrclation mask consisting of positivc (white), negative (black), and neutral (gray) arcas. Figiirc 5-lc is the 
corrclation of 5-la and 5-lb, as produccd by thc convolution proccssor. Figurc 5-ld is the binary image 
rcsulting from thrcsholding 5-lc with an appropriatc value. All 7 “r”’s in thc original input irnagc liavc bccn 
succcss fu I1  y dctcctcd. 

‘I’hc sccond cxamplc is from thc Gomain of automated inspection of printed wiring boards.6* ‘I’hc input 
irnagc is figiirc 5-2a. ‘I’hc dcfcct is tlic ovcrwidth portion of thc horizontal linc ncar thc ccntcr of Llic image. 
Figurc 5-2b shows an opcrator kcrncl dcsigncd to dctcct this typc of dcfcct. ‘I’hc opcrator is a spatial bandpass 
filtcr consisting of a ccntral positivc rcsponsc arca surrounded b y  an outcr ncgativc rcsponsc arca. Such an 
opcrator has a maximum rcsponsc for a fcaturc whosc width matches thc diamctcr of tlic positivc rcsponse 
arca. ‘Ihc opcrator will dctcct dcfccts of thc typc shown without falscly flagging normal lincs and pads. Figure 
5-2c shows thc output of the convolution proccssor; figurc 5-2d is tlic tlircsholdcd output. 
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6. Conclusion 
A dcsign for a binary convolution proccssor has bcen prcscntcd. Currcnt tcchnology allows cost cffcctive 

implcmcntation of video-ratc convolution prtxcssors with large mask s i m .  ‘I‘hc largc mask sizes allow 
complcx tcmplntc shapcs and immunity from quantization noisc. ‘lhc algorithms dcmonstratcd in scction 
5 arc classical pattcrn rccognition tcchniqucs which havc bccn largcly of thcorctical intcrcst duc to the 
coinputational cxpcnw of iniplcincnting thcm. 7’hc tcchnology dcscribcd hcrc makes rhcsc tcchniqucs 
attractivc for usc in practical real-timc systcms. 
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Figure 5-la: Character Recognition Example - Input 

Figure 5-lb: Charactcr Rccognition Examplc - Mask 
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Figure 5-lc: Character Recognition Example - Correlation 

Figure 5-ld: Character Recognition Example - Tlircsholdcd 
Corrclation 
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Figurc 5-2a: Printed Wiring Example - Input 

Figurc 5-2b: Printcd Wiring Example - Mask 
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Figure 5 - 2 :  Printed Wiring Example - Convolution 

Figure 5-2d: Printed Wiring Exnmplc - Thrcsholdcd Convolution 


