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ABSTRACT 

Some steps in the assembly of Printed Circuit Boards (PCBs) have not been 
successfully automated. For example, design modifications in the form of jumper 
wires are often manually applied to the boards as a final step in the production. 
To automate this process, the locations of the points of interest on the boards 
must be known precisely. The traditional approach to this problem involves pre-
cise mechanical alignment of the boards through the use of indexing pins or 
clamps. The disadvantage of this method lies in the expense of a mechanical 
fixturing device with the required tolerances. 

As an alternative method, this thesis describes the development and test 
results of a microcomputer-based system designed to locate features on the sur-
face of a printed circuit board through techniques of image processing, in particu-
lar, image registration. The system is a combination of hardware and software 
that has the ability to acquire, process and store images. Control and monitoring 
of results are achieved through human interaction with the system. 

Tests on the system reveal that rapid registration of printed circuit board 
images by microcomputer-based hardware is practical. For strictly translational 
offsets, registration accuracy to one pixel was achieved in times on the order of 
1.8 seconds. Estimates of the rotational offsets can also be derived. 
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1. INTRODUCTION 

1.1. Image Processing 

Image processing is a branch of science concerned with the acquisition and 

analysis of images by automatic means. Typically, this involves a combination of 

optical, analog electronic and digital electronic methods. Recent research has con-

centrated mainly on digital electronic techniques. New computer architectures 

and specialized hardware are continually being developed and new applications 

are discovered each year. 

Historically, applications have included enhancement of images from 

unmanned spacecraft, classification of biological specimens, guidance of robotic 

manipulators on assembly lines and inspection of manufactured parts to aid in 

quality control. This thesis describes the development of an image capture and 

analysis system to be used in the assembly of printed circuit boards. 

1.2. Basic Concepts 

Image processing is done for a variety of reasons. A given input image may 

be enhanced to provide an output image that is easier for a human observer to 

interpret. For example, noise may be filtered from an image, or corrections may 

be made for an improperly focused camera lens. Alternatively, the goal may be to 

automatically extract features from an image. For example, the computer may 

attempt to determine whether the scene viewed by the camera contains a tri-

angular object and if so, what its position and orientation are with respect to 

some fixed coordinate frame. An image processing system based on the latter 

example is shown conceptually in Figure 1.1. An implementation using a digital 

computer is illustrated in Figure 1.2. 
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Figure 1.1. Conceptual image processing system. 
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Figure 1.2. Image processor implemented by digital computer. 

Since a digital computer cannot directly utilize visual input, some conversion 

must take place between the optical image and the numerical data that the com-

puter can handle. The first step is to convert the optical image into an analog 

electronic signal with an electronic video camera. The second step is to convert 

the analog signal to digital form. This is performed by sampling the analog signal 

at regular intervals and converting each sample to a binary number. The result is 

a two-dimensional array of picture elements or pixels as shown in Figure 1.3. 

Each pixel is assigned an integer value, called the gray level, based on the image 

brightness at that point. A pixel is therefore specified by its rectangular coordi-

nate location in the image, and by its gray level. Since the coordinate location is 

discrete, it can be specified by index variables, i and j for example, that take on 
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integer values limited in range by the size of the image and the location of the 

coordinate origin. The pixel gray level is a function of location and is given the 

notation I(i,j). Once the computer has access to this array of data, processing 

algorithms in the form of computer programs can be applied. 

1 2 3 4 5 6 
••• 

• 
• 
• 

Figure 1.3. A two-dimensional array of picture elements. 

1.3. Image Acquisition Technologies 

Two steps are involved in acquiring the digital image. First, light rays from 

an object are focused onto a sensor to form an optical image and then this image 

is converted to a rectangular array of binary numbers by the digitizer. 

The operation of the digitizer depends to great extent on the nature of the 

signal output by the camera. Most video cameras use the vidicon tube or varia-

tions of it. Figure 1.4 illustrates the construction of a vidicon. It consists of an 

evacuated glass chamber with an electron gun at one end and a target and 

faceplate at the other. Light from an object is focused onto the photoconductive 

target after passing through a lens assembly. A thin beam of electrons emitted by 

the electron gun is swept across the target by means of a magnetic or electros-

tatic deflection system. Since the electrical resistance of the photoconductive 

layer is inversely proportional to the intensity of the incident light at any point, 

the output from the metal layer acting as a signal plate is representative of the 
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image intensity at the instantaneous location of the electron beam. The image is 

therefore represented electrically as a voltage waveform corresponding to a scan 

line. 

DEFLECTION 
MECHANISM

INCIDENT 
LIGHT 
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IMAGE 
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OUTPUT SIGNAL 

ELECTRON BEAM 

ELECTRON GUN 

Figure 1.4. The vidicon image transducer. 

In the early days of television research, the RETMA scanning convention 

was established as the standard for broadcast in North America. According to 

this standard, the target is repeatedly scanned in 525 parallel lines, 30 times per 

second. In practice, one entire target scan, called a frame is made up of two inter-

laced fields of 262.5 lines each as illustrated in Figure 1.5 [11. One field scans the 

odd numbered lines while the other field scans the even numbered lines. The pur-

pose of this somewhat unusual procedure is to reduce image flicker. Since an 

image is produced on the television receiver screen every 1/60th of a second, no 

noticeable flicker occurs even though a complete full resolution image is transmit-

ted only every 1/30th of a second. 

Vidicon tubes, although based on a very mature technology, have a number 

of disadvantages that have never been satisfactorily overcome. For example, 

sufficient time must be allowed for the electron gun to reach a stable operating 

temperature. The tubes tend to be large and fragile because of the evacuated 
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Figure 1.5. The scanning standard for North American television broadcast [1]. 

glass enclosure. The tubes suffer from image lag which causes the image of bright, 

moving objects to blur. If the camera is left exposed to one scene for an extended 

time, a permanent 'ghost' of the image may be burned into the image plate. 

Bright objects on a dark background also tend to 'bloom' to exagerated dimen-

sions. The system is often significantly nonlinear in terms of both output signal 

to input light intensity and output to input image geometry. 

In contrast to these disadvantages, vidicon tubes are inexpensive, readily 

available, and capable of high spatial resolution. 

A new technology has emerged which promises to overcome many of the lim-

itations of the vidicon tube. Charge-Coupled Device (CCD) image arrays are the 

solid state counterpart of vacuum tube sensors. These devices consist of an array 

of photosensitive elements on a silicon substrate. An electical charge is accumu-

lated in each element in proportion to the intensity of the light and the duration 

of exposure at each location. When the exposure is complete, the charge from 

each element is transferred to an adjacent analog shift register cell. The action of 

shifting these charges out of the device is equivalent to the scanning mechanism 
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The basic structure of a CCD image array is illustrated in F 
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Figure 1.6. CCD image array structure. 

Since the position of each sensing element in a CCD array is precisely con-

trolled in the manufacturing process, CCD cameras suffer no appreciable 

geometric distortion, even from that introduced by the optics. Also, problems of 

lag, blooming, and image burn-in are significantly reduced. The solid state nature 

of CCD arrays allows the camera to be small and physically durable, important 

considerations in an industrial application. 

At present, the chief disadvantages of the CCD image sensor are poor availa-

bility, high cost and limited spatial resolution. These factors are expected to 

change as the technology matures. 

Another solid state image sensing technology has been developed by exploit-

ing the light sensitive nature of Dynamic Random Access Memory (DRAM) cells. 

A DRAM cell initially charged to some electrical potential will discharge toward 
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zero volts at a rate proportional to both the intensity and the duration of expo-

sure to light. To determine if a particular picture element is black or white, the 

appropriate row and column associated with that element are read and compared 

with a threshold voltage. The element is considered to be black if the cell voltage 

is above the threshold and white if below. Note that the actual gray level of an 

element is not ascertainable in one scan; in general, for N gray levels to be dis-

cerned, N scans must be made. This is one of the main disadvantages of the light 

sensitive RAM. Also, the spatial resolution is limited (typically 128 by 256 ele-

ments) and the maximum scan rate is low (2 to 5 frames per second in typical 

room lighting). 

1.4. Application to Printed Circuit Board Assembly 

Printed circuit board (PCB) assembly is the application studied in this pro-

ject. State-of-the-art automatic component insertion machines generally rely on 

precise mechanical positioning of the PCB in order to achieve the 0.13 to 0.25 

mm tolerance required for component insertion [2]. This order of precision 

requires an accurately constructed fixturing device. If the fixture tolerances or the 

errors in the locations of the holes with respect to the edge of the board exceed 

the required insertion tolerance, component leads may not align with holes in the 

PCB when an insertion is attempted and the insertion will not be successful. 

Damage to the component is almost certain and damage to the board is possible. 

In any case, the insertion will not be successful. To maintain the productivity 

advantage of automatic assembly for high volumes of printed circuit boards, it is 

neccesary to keep the number of insertion failures low. 

Some steps in the PCB assembly process have not been successfully 

automated. For example, minor modifications are often made to PCBs to correct 

design errors or to add features. This usually involves manually cutting traces 
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and adding wire jumpers. With the crowded multilayer boards used in current 

designs, damage can result from an improperly postioned cutting tool. This is 

sufficient reason to automate this repair process. An alternative to precise fixtur-

ing for an automatic trace cutter is a robot device controlled by a computer 

vision system. The computer would still require a priori information on the exact 

relative location of traces ands components, but the absolute physical position 

and orientation of the printed circuit board could be determined by image pro-

cessing techniques. This concept forms the basis of this project. 

The problem has been approached in the following way. An image of the 

trace and hole pattern of a PCB under observation is produced by a fixed video 

camera configured as shown in Figure 1.7. A reference image of that same PCB is 

stored in the mass storage system of a computer and the computer has been pro- 

grammed with the type and location of operations to be performed on the board. 

However, the absolute locations of the points of interest on the PCB currently 

under observation are unknown. It is assumed that the board could be in any X, 

Y and 0 position, within certain limits. The problem, therefore, is to correlate 

the camera image with the reference image to determine the AX,AY, and AO 

offset between them. This process is called image registration. 

Recently, laboratory prototypes have been developed which make use of 

visual feedback to perform a variety of PCB assembly tasks. McVey and VanTol 

131 experimented with a system to drill PCBs automatically, They used a vidicon 

camera, digitizer and an HP 2100A minicomputer to locate doughnut-shaped 

pads on a simulated PCB blank. Once a pad was detected, two stepper motors 

moved the board into position over a rotating drill bit. A motor-driven cam 

moved the bit into contact with the board. The objective was a hole exactly in 

the centre of every pad. Testing revealed a pad recognition success rate of 98%. 

In a test of one board with 96 pads, the mean error between the centre of the pad 
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Figure 1.7. PCB under observation. 

and the centre of the corresponding hole was +0.18 mm in the X direction and 

-0.15 mm in the Y direction. The recognition and drilling procedure took an aver-

age of 2.45 seconds per hole. 

Hale and Saraga [4] used a similar apparatus to drill PCBs. Visual input to 

the computer consisted of a vidicon camera connected to a five bit digitizer. 

Image processing and pad recognition software executed on a Honeywell DDP516 

computer. Board positioning was accomplished using a commercially available 

numerically controlled PCB drilling machine. The researchers reported an average 

drilling time of approximately five seconds per hole. 

West and Hill [5] used a solid state linear imaging array and a positioning 

table driven under computer control to inspect PCBs for such defects as missing 

pads and traces, fine trace breaks and shorted traces. Of twenty PCBs examined 

using this system, no trace faults escaped detection and the false alarm rate was 

very low. 

Asano et AL [6] used two solid state cameras to observe the position of leads 

of electronic components prior to insertion. An image processor based on an eight 
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bit digitizer and an MC6800 microprocessor measured the exact position of com-

ponent leads and updated the position of the printed circuit board through the 

use of a motorized XY translation stage. The average recognition time was 122 

milliseconds per component and the recognition accuracy was 0.155 millimeters. 

1.5. Project Objective 

The objective was to design and construct in prototype form, a 

microprocessor-based image processing system for printed circuit board images. 

The system should: 

• be self-contained, that is, should not be dependent on external image digiti-

zation or computational facilites, 

• have facility for user interaction, 

• have mass storage capacity for at least twenty images, 

• be capable of registering two PCB images in times on the order of a few 

seconds, 

• have registration accuracy comparable to the positioning accuracy required 

by modern automatic component insertion machines (0.13 to 0.25 mm), 

• be a versatile, expandable research tool, both in terms of hardware and 

software. 



2. PROCESSING OF PCB IMAGES 

2.1 Introduction 

In this section, several useful analytical tools for PCB image processing will 

be discussed. These include the gray level histogram, noise analysis, autocorrela-

tion and registration. In this chapter, theorectical aspects of these topics will be 

presented; the software implementation will be presented in Chapter 4. 

2.2 Printed Circuit Board Characteristics 

Before any registration algorithms were developed, the chracteristics of a 

PCB image were studied in detail. The goal of this study was to identify any 

unique features that could be used to advantage in the analysis of the images. 

For this study, two printed circuit boards were obtained and analyzed. The 

boards are complete but unpopulated, that is, no components have yet been 

inserted. The boards would be in this state at a point just prior to an automatic 

insertion machine. The principal features of the board, as revealed by visual 

inspection, are substrate, traces, solder mask, silk-screened graphics and holes. 

The substrate comprises a rigid foundation for the traces and components. It 

is usually an epoxy-fibreglass material chosen for its high physical strength, good 

dielectric properties and resistance to high temperatures. The size of the board 

depends on the number and size of the circuit components but generally the 

boards have a total surface area of less than one square foot. For the boards 

examined in this study, the thickness also varies but is usually on the order of 1.5 

mm. Specifically, one sample board has overall dimensions of 150 mm by 258 mm 

by 1.68 mm. 

The traces are thin strips of copper on the surface of the substrate which 

electrically interconnect the leads of the various components. Traces on the 
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sample boards range in width from 0.4 to 2.7 mm. 

Solder mask is a transparent green plastic layer that covers most of the sur-

face of the boards. It serves to reject the applied molten solder in selected areas 

during the wave soldering process. This prevents solder from being needlessly 

applied to traces and reduces the chance of solder bridging between traces [7]. 

Unfortunately, the mask also decreases the visual contrast between substate and 

trace, making the latter difficult to discern in image analysis. 

Silk screened graphics are often applied to PCBs to identify component loca-

tions and other important features such as Integrated Circuit (IC) orientations, 

and test points. Because the silkscreened graphics are used to aid manual assem-

bly of the PCBs, the compound usually consists of opaque white paint with high 

optical reflectance that provides good visual contrast with the substrate. 

Holes are drilled in the PCB to allow component leads to pass through and 

make firm mechanical contact with the traces after soldering. Holes in the sample 

PCBs range in diameter from 1 to 5 mm with the smallest holes being prevalent 

(92%). 

A cross section of a hypothetical PCB is shown in Figure 2.1. This illustra-

tion reveals another common feature called a buried ground plane. The ground 

plane is used to assure uniform impedances for all of the traces. 

2.3 Gray Level Histogram 

Even though the envisioned image processing system would operate in a fac-

tory environment, the board illumination could be carefully controlled with 

respect to intensity, incidence angle, uniformity and spectral content. To study 

the distribution of gray levels in a PCB image and the effects of illumination, a 

gray level histogram algorithm was developed. 
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Figure 2.1. Cross section of a typical printed circuit board. 

The gray level histogram, which describes the distribution of gray levels in 

an image, is a simple but useful tool in digital image processing. When plotted, 

the histogram shows for every possible gray level, the number of pixels at that 

level. The plot takes on the appearance of a bar graph with gray level on the 

abscissa and frequency of occurance on the ordinate. A hypothetical example for 

a black object on a white background is shown in Figure 2.2. To separate this 

object from its background by means of gray level thresholding, the solution is to 

select a threshold level between the two modes. However an object and its back-

ground contain various levels of gray, the histogram might appear as in Figure 

2.3. This is an actual histogram for the sample PCB. The main features are to be 

identified in this image are holes, substrate, traces and silk screened graphics. 

The overlapping modes indicate that one feature cannot be perfectly separated 

from another by using gray level thresholding alone. In this case, the best solu-

tion is to choose a level that maximizes the area of the desired feature without 

including too much of the undesired feature. It has been shown that this 

optimum level lies at the valleys, or antimodes of the histogram [8]. 
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Figure 2.2. Gray level histogram of a black object on a white background. 
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Figure 2.3. Gray level histogram of test PCB. 
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2.4 Noise 

Electrical noise originating from the vidicon tube and video amplifier circuits 

will have an effect on the threshold operation. Because of the random nature of 

the noise, an image acquired at a certain threshold will not be exactly the same 

as an image of the same scene taken at the same threshold some time later. 

Some pixels, especially those at the boundary between light and dark features, 

will have changed from black to white or vice versa. The ratio of the number of 

transitional pixels to the total number of pixels in the image is a measure of the 

severity of the noise problem. An algorithm based on this reasoning was 

developed to analyze the effect of noise on the acquired binary image as a func-

tion of threshold level. A noise measure F for gray level g is defined as 

K H 
= KH E E 1,4M - 94_1(01 (2.1) 

where K and H are pixel dimensions of I, and 91,(i,j) is the binary pixel at loca-

tion (i,j) in the nth image taken at threshold level g. 

Essentially, the algorithm compares an image taken at threshold level g to 

an image of the same scene taken previously. The anticoincident pixels are 

counted and compared to the total number of pixels KH. In practice, the test is 

performed N times at level g and the results are averaged. When repeated for all 

possible values of g, an error histogram can be constructed that shows the sensi-

tivity of a particular scene to all sources of noise for each threshold level. 
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2.5 Registration 

Several different methods have been developed for detecting similarity 

between images and performing registration. Most widely known is the basic 

correlator. It consists of forming a correlation measure for each possible position 

of one image within another. The correlation measure, R, at the position (u,v) is 

defined as [9]: 

K H 
E E s(i,i) • mi+u,i+v) 

R(u,v) 1/2 K H 1/2 

I E E W2(i+tt,i+Vi 
kjaisliwaal View limas 1 

(2.2) 

where S is the search area, W is the image window to be correlated, and H and K 

are the pixel dimensions of W. Only translational offsets are considered in this 

expression. 

R(u,v) is computed for all values of u and v such that W is wholly contained 

within S. The maximum value of R is considered to indicate the best possible 

translational fit. Conceptually, as illustrated in Figure 2.4, this operation is 

equivalent to sliding the window, W, over the search area, S, and finding the 

position at which W is most similar to S. 

K H 
Since, for a given window, the term E E W2(i+u, j+v) in equation 2.2 is 

jalial 

constant, this term can be eliminated from the expression without detriment to 

the registration performance. Even so, a large amount of computation is associ-

ated with this correlation method of registration since R must be computed for 

all possible values of u and v before a decision can be made. Barnea and Silver-

man [10] proposed a Sequential Similarity Detection Algorithm (SSDA) that 

results in a saving in computation of as much as two orders of magnitude over 
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Figure 2.4. The search area and the image window. 

the basic correlator. This algorithm compares one image to another by forming 

an error function defined as, 

K H 

e(u,v) = : E Is(ifrw(i+u,i+v)1 
I-1‘.1 

(2.3) 

Possible registration points are examined in a random, nonrepeating 

sequence so that, in general, a great deal of new information is considered in each 

test. For each point, the error e(u,v) is accumulated but if e(u,v) exceeds a 

predetermined threshold before all elements are compared, then that point is 

rejected and a new point is considered. Assuming that points far from registra-

tion will accumulate error quickly, the test will terminate early, saving further 

computations. Figure 2.5 shows error growth curves for three hypothetical points 

considered for registration by the SSDA. By analyzing the rate at which curves 

A and B accumulate error, it may be possible to terminate the test even before 

the error reaches the constant threshold, by defining a new threshold, T. that 

is monotonically increasing with n. This would increase performance as long as 

the following criteria are satisfied: 
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1. T. should have a shape that is bounded from the bottom by the error 

growth curve for the correct registration point, 

2. The initial value of T. ( T. at n = 0) should be large enough so that a 

burst of errors at low values of n would be tolerated. 

ACCUMULATED 
ERROR 
e(u,v) 

I 

TEST (n) 

Figure 2.5. Error growth curves for hypothetical points in SSDA. 

Adapted from (10J. 

2.5.1 Binary Images 

A binary image contains only two gray levels, zero and one, that correspond 

to black and white pixels, respectively. The distinction is made such that 

10 for input < threshold 
= 11 for input > threshold (2.4) 

For the special case of binary images, the error equation may be simplified 

by noting that the absolute value of the difference of two boolean variables A and 

B is equivalent to the EXCLUSIVE-OR operation as shown in Table 1.1. 
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Table 1.1 Equivalence of absolute value and exclusive-or operator. 

A B ABS(A-B) A XOR B 

0 0 0 0 

0 1 1 1 

1 0 1 1 

1 1 0 0 

Thus for binary images, equation 2.3 reduces to: 

K H 
eb(u,v) = E E s(i,i) XOR W(i+u,j+v) (2.5) 

2.5.2 Computational Aspects 

As Figure 2.6 illustrates, a total of (L-H+1)(M-K+1) window pairs must be 

examined for similarity. For each window pair, K•H pixels would be compared if 

the test ran to completion every time. Of course, this does not happen since a 

test terminates if and when the error count exceeds the error threshold, T. 

Let n be the average number of tests per window pair. Then the total 

number of tests or pixel comparisons is iT(L-H+1)(M-K+1). If L = M and H = 

K, this reduces to iT(L-H+1)2. 
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Figure 2.6. The window pairs between S and W. 

Adapted from [10J. 

2.6 Autocorrelation 

Autocorrelation is a powerful analytical tool in image processing, especially 

when registration is involved. This function essentially describes how similar a 

function is to shifted versions of itself. For example, the well known autocorrela-

tion function R of a continuous time function f(t) is defined as RI]: 

1 R(r) = lim 
T 2 T 

fit). f(t+ r)dt 
--000 

+T 

(2.6) 

where f(t) is a power signal, and r is the time shift. 

The autocorrelation function possesses several important properties, sum-

marized below: 

1. R(r) = R(-r) that is, R(r) is an even function, 

2. If f(t) is periodic, then R(r) is also periodic with the same period, 

3. R(r) 5_ R(0) for all R(r). 

When dealing with digital images, the autocorrelation function is extended 

to two dimensions, the time variable becomes a pair of pixel index variables and 
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the time shift variable becomes a pair of pixel shift variables. For this case, the 

normalized autocorrelation function, R(u,v), is given by the following expression 

(121: 

K H 
E E 

R(u,v) — 1i- 1 
K H 

E E 
(2.7) 

The autocorrelation function can be used to predict the performance of the 

correlation-based registration algorithm described in section 2.6. When plotted for 

a given image, the function may have a sharp central mode at (u,v) = (0,0) and 

may decrease to some steady-state value for large values of (u,v). Since the regis-

tration algorithm searches the correlation surface for a global maximum, the 

registration performance will be good in this case since the maximum will be 

easily found. However, if the autocorrelation function has a significant periodic 

component, the registration algorithm may confuse one of the minor modes with 

the correct central mode. This would lead to significant registration errors. 

To predict the performance of the SSDA, a slightly different autocorrelation 

function may be defined. For the case of binary images, the SSDA uses the 

exclusive-or operator to compare window pairs. Therefore, it follows that the 

autocorrelation function should also use the exclusive-or operator as follows: 

K H  
E : Ai, j) XOR /(i+u,j+v) 

R(u,v)—  I 
K H 
E E 

(2.8) 

K H 
The normalizing term E E 1, which is equivalent to If-1I, does not 

depend on I and is therefore constant for all images of dimensions K by H. The 
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function has the same desirable properties of the classical autocorrelation func-

tion. For example, R(u,v) is maximum at (u,v) (0,0), and less than or equal to 

the maximum for any other (u,v). 
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3. PROTOTYPE HARDWARE DESIGN 

3.1 Introduction 

The objective of the hardware design was to create a system to acquire 

images of a printed circuit board and present them in a digitally encoded form to 

a digital computer for processing and analysis. The important design criteria 

determined for the system were as follows: 

1. User interaction should be provided for system control and display of analyt-

ical results. 

2. The spatial resolution of the digitizer in combination with the field of view 

of the camera must be suitable to resolve the the features of the printed cir-

cuit board. 

3. The camera and digitizer must be synchronized such that digitization begins 

only at the start of a video field. 

4. The user should be able to view both the image directly from the camera as 

well as stored images. 

5. The computer should be microprocessor-based to minimize system cost and 

complexity. 

6. The computer should have enough mass storage for at least 20 images. 

7. The system should be flexible and expandable to allow for additional proces-

sors, extra memory, etc. 

The following are trademarks of Intel Corporation: MULTIMODULE, MULTIBUS, Intel, 
intel, 
plus the following which may or may not appear with the i prefix: iRMX, iSDM, iSBX, 
iSBC, iAPX. 
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8. The system should be able to operate without assistance from a development 

system or host computer. 

9. The camera need not view the entire PCB, rather, only a small area of 

interest. This area must be large enough to be uniquely identifiable by the 

registration algorithm. 

10. The execution time of the registration software should be on the order of a 

few seconds. 

11. Some printed circuit boards, including the samples used in this project, have 

multilayer construction and/or buried groundplanes. Illumination of the 

board must account for these structures. 

12. Image capture requests from the computer need not be synchronous to the 

operation of the digitizer and camera. 

3.2 The Prototype System 

Based on the criteria outlined in section 3.1, a conceptual block diagram of 

the system was determined as illustrated in Figure 3.1. The video signal from the 

camera is digitized and stored in an image buffer in the digitizer block. The digi-

tizer also generates synchronizing signals which control the scanning circuits of 

the camera. The contents of the image buffer are made available to a video moni-

tor at all times, although the monitor input may be switched to allow direct 

viewing of the camera image. The image buffer is also connected such that its 

data are available to the microcomputer over the system bus. This arrangement 

is known as dual porting. 

The system bus also allows extra components such as meory expansion 

boards to be added to the system at any time with minimal effort and no 

redesign. This feature was actually exploited during the prototype development 

stage. Mass storage for the microcomputer consists of a disk drive unit. User 
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Figure 3.1. A simplified block diagram of the system. 

interaction with the system is achieved through a CRT type terminal with an 

asynchronous serial data interface. 

The individual components shown in Figure 3.1 will be dealt with in greater 

detail in succeeding sections. 

3.3 Microprocessor 

As shown in previous sections, image registration is a computationally 

intensive task. In order for the registration software to execute in a reasonable 

length of time as stipulated by the criteria of section 3.1, the hardware must be 

optimized for the task while keeping in mind practical limitations. 

The factors that influenced the choice of microprocessor type were as fol-

lows: 

1. The project must use development support that already exists in the 

research facility, 

2. Commercially available operating system software for the chosen processor 

should be available to reduce the software development time, 
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3. A commercially available single board computer (SBC) with a standard bus 

interface should be available to reduce hardware development time and 

avoid unnecessary duplication of existing systems, 

4. The types of operations performed most often in the registration algorithm 

are bit-shifting, block data movement, magnitude comparison and 

EXCLUSIVE-OR of large sections of data. These operations are most 

efficiently done by a processors that can directly handle large word lengths, 

5. The required memory space for operating system, application code and data 

buffers may exceed 64k bytes and would therefore be beyond the capability 

of microprocessors with the popular 16 bit address bus. 

It was decided that the system microcomputer would use an Intel micropro-

cessor. This choice was based primarily on the development support available in 

the research facilities of the Department of Electrical Engineering (Intel Series IV 

Development systems). 

The two Intel microprocessors most appropriate for this project, based on 

the given factors, are the iAPX86 and the iAPX186. The iAPX prefix refers to 

the Intel Advanced Processor line of products, these two specifically for the 8086 

and 80186 microprocessors. 

The 80186 integrates an enhanced 8086 CPU, a peripheral chip select logic 

unit, two independent high speed DMA channels, three programmable timers, a 

programmable interrupt controller and a clock generator onto a single silicon die. 

The performance of the 80186 is comparable to that of other sixteen bit 

microprocessors on the market, such as the Motorola MC68000. Unfortunately, 

at the time the preliminary hardware design was being done for the project the 

availability of the single board microcomputer based on the 80188 was question-

able. Therefore, the 8086 was chosen for the project. The main features of this 

processor are as follows: 
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• HMOS technology, 

• 1 Megabyte memory address space, 

• 16 bit internal and external data bus, 

• 16 bit internal registers, 

• 8 and 16 bit signed and unsigned arithmetic, 

• 5, 8 and 10 MHz clock rates available, 

• instruction prefetch queue, 

• segmented memory with segments up to 64 kbytes long, 

• access to words on even or odd boundaries, 

• special instructions for string operations such as move string, compare string, 

input string, load string from memory, store string to memory, 

• separate memory and I/O address spaces. 

The 8086 is supported by a wide selection of peripheral integrated circuits 

including programmable interval timer (8253), programmable peripheral interface 

(8255) for parallel I/O, programmable communication interface (8251) for RS-232 

and RS-422 serial communications, numeric data coprocessor (8087) for high 

speed integer and floating point calculations, and the programmable interrupt 

controller (8259). 

Intel also supports the 8086 family with an extensive operating system 

software package called iRMX-86, and a variety of single board computers, 

memory expansion boards, peripheral controllers and I/O expansion boards. 
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3.4 Single Board Computer 

In choosing a single board computer, the following factors were considered: 

1. At least 64k bytes of Random Access Memory (RAM) would be required for 

operating system software, application code and data segments. This esti-

mate was based on Intel guidelines for iRMX-86 code size [13) and the 

assumption that at least one on-board image buffer would be required and 

that application code would occupy approximately 10 kbytes. 

2. At least one RS-232 serial communication channel would be required for the 

user interface. 

3. A disk drive controller would be required. 

4. A standard microcomputer bus interface would be required. 

5. Sockets for non-volatile (EPROM) software storage would be required. 

The SBC selected in accordance with these factors was the Intel iSBC 86/30. 

The features of this board include an 8086-2 microprocessor with jumper-

selectable 5 or 8 MHz CPU clock rate, 128 kbytes of read/write (RAM) memory 

on board, sockets for up to 64 kbytes of memory expansion (RAM, ROM or 

EPROM), 24 programmable parallel I/O lines, one programmable RS-232 compa-

tible serial communication interface, two programmable 16-bit interval timers, 9 

levels of vectored interrupt control and an Intel standard Multibus interface. The 

SBC also contains two expansion sites for add-on peripherals such as serial and 

parallel I/O, disk drive controllers, etc. 
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3.5 Multibus 

Multibus is a microcomputer system bus designed by Intel for their Original 

Equipment Manufacturer (OEM) Computer Product Line. The specifications for 

Multibus are publicly available and were adopted by the Institute of Electrical 

and Electronics Engineers (IEEE) as standard IEEE 796. Multibus signal lines 

include 20 address lines, 16 bidirectional data lines, 8 multilevel interrupt lines 

plus numerous bus control, timing and power supply lines. Modules on the bus 

have a master-slave relationship. A single board computer is an example of a 

potential bus master; it can drive the address and control lines of the bus 

whereas a bus slave, such as a memory expansion module, cannot. Both 8 and 16 

bit masters and slaves are permitted on the bus. The bus architecture ensures 

that both types of modules are compatible. Several potential bus masters can 

reside on the bus but only one can control the bus at any given time. Thus, the 

bus architecture allows for a multiprocessor configuration with the addition of 

arbitration logic. 

3.8 Digitizer 

The digitizer is a Multibus module although at this point, no distinction will 

be made as to its role as master or slave. Instead,the basic requirements of the 

digitizer and camera will be investigated. 

The two basic parameters of interest in the image analysis system are spatial 

resolution and gray level resolution. Spatial resolution refers to the number of 

pixels required in a given field of view to identify the smallest features in the 

image. For purposes of image registration, the camera field of view must be large 

enough to include features that uniquely identify the image. For example, if the 

PCB contains an area with many closely spaced parallel traces and the camera 

field of view is too small to include any other features, the registration algorithm 
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cannot positively identify which traces in the reference image correspond to 

traces in the observed image. This ambiguity could lead to registration errors. 

However, there is no simple measurement that will indicate precisely what field of 

view would eliminate this problem. Measurements of potentially problematic 

areas of the sample boards such as large completely blank areas and large areas 

of long, straight parallel traces were made. These measurements revealed that a 

field of view 2 cm by 2 cm would be sufficient. For the designed system, these 

dimensions were doubled to 4 cm by 4 cm to eliminate any concern about ambi-

guity. 

The smallest features on the surface of the sample boards are the copper 

traces. They are as narrow as 0.4 mm and minimum trace separation is also 

0.4mm. This means that the minimum permissible resolution is 40mm/0.4mm = 

100 pixels to resolve the smallest features on the PCB. However, the required 

registration accuracy for component insertion is from 0.13 to 0.25 mm. This calls 

for a resolution between 158 and 315 pixels. An intermediate value of 256 pixels 

was chosen, which, as a multiple of both 8 and 16, is a convenient value to han-

dle the digital values. 

It was anticipated that a video camera utilizing the standard RETMA line 

scanning convention would be used. This meant that the maximum resolution in 

the vertical direction would be limited accordingly. The RETMA convention 

stipulates a total of 525 lines per image frame in 1/30th of a second. Each frame 

is composed of two interlaced fields of 262.5 lines each. Of these, 9 lines are part 

of the vertical synchronization interval and 11 more after the vertical sync. are 

inactive and contain no video information. Thus, 262.5 - (9+11), or 242.5 video 

lines contain picture information. The resolution in the horizontal direction is 

limited by the camera bandwidth, the size of the scanning electron beam and the 

characteristics of the photoconductive layer of the target plate. In the case of a 
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solid state sensor, the resolution is controlled by the number of sensing elements. 

Most CCD cameras and all vidicon cameras considered for this application had 

horizontal resolutions well in excess of 256. After these considerations, resolutions 

of 242 vertically and 256 horizontally were established. 

To address the question of gray level resolution, the practical upper and 

lower limits of resolution were investigated. A survey of both vidicon and solid 

state cameras commercially available revealed that an output signal to noise ratio 

of approximately 46 dB would be difficult to surpass for a reasonable cost. This 

means that a reasonable upper limit to resolution is that provided by approxi-

mately seven bits. At the other end of the scale, no less than 1 bit of digitization 

is useful. This special case, called threaholding results in a so-called binary image 

since only 2 gray levels, black and white, are discerned. 

To determine the number of gray levels required, the optical reflectance pro-

perties of the sample PCB were considered. From visual inspection, each type of 

feature (trace, silkscreen, substrate, etc.) appears to be uniform in reflectance 

throughout the area of the board. This is to be expected since PCB manufacture 

is a carefully controlled operation. If the board were illuminated uniformly, an 

intensity profile across some section might be as shown in Figure 3.2. 

SILKSCREEN 

TRACE 

SUBSTRATE 

Figure 3.2. Intensity profile across a printed circuit board image. 

This illustration of an ideal case suggests that traces could be separated 

from the substrate and the silkscreened graphics by a simple intensity threshold 
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operation. In practice, there are complications arising from electrical noise, PCB 

surface contamination, finite camera bandwidth and the difficulty of providing an 

adequately uniform illumination of the PCB. However, thresholding also provides 

a number of practical advantages. For instance, it requires minimal image storage 

space. At one bit per pixel and 256 by 242 pixel resolution, the storage require-

ment is 

( 256 pixels) • ( 242 pixels) = 7744 bytes/image 
8 bits/byte 

or about 7.5 kbytes per image. 

The threshold function is easy to accomplish in hardware using only a com-

parator with an adjustable threshold voltage. Greater resolution would require a 

more complex and very fast analog to digital converter. To aquire the 256 sam-

ples in the approximately 52.5 microseconds of active video per line, the conver-

sion rate would be about 4.9 MHz and 7 bits of conversion wculd require approxi-

mately 53 kbytes of storage per image. 

Binary image coding makes good use of available storage space. Since most 

microprocessors access memory in eight or sixteen bit word lengths, data words 

that are not one, eight or sixteen bits long must be 'packed' into memory then 

unpacked for processing or must be padded with unused bits. In either case, 

manipulation of the data is awkward and time consuming. Also, for one bit 

words, arithmetic operations such as addition, subtraction, and multiplication 

reduce to simple logical operations such as AND, EXCLUSIVE-OR, and 

INCLUSIVE-OR. This significantly reduces processing time and complexity. 

To summarize the proposed hardware system configuration, the video cam-

era is a RETMA standard line scan camera. The digitizer converts the video sig-

nal into binary form with one bit per pixel resolution. The system bus is IEEE 
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standard 706 also known as Multibus . The system microcomputer is an Intel 

iSBC 88/30 with mass storage provided by a disk drive unit. A CRT-type termi-

nal with a serial (RS-232) data link provides for user interaction. 

3.7 System Components 

3.7.1 Introduction 

In this section, the selection of the individual components of Figure 3.1 are 

discussed in detail. The components were selected in accordance with the criteria 

of section 3.1. 

3.7.2 Video Camera 

Three types of video cameras were considered for this project: a standard 

vidicon, a charge-coupled device and an 'optical RAM' camera. The only supplier 

of the optic RAM device that could be found was Micron Technology Inc. of 

Boise, Idaho. The sensing element of their Micron Eye camera has a resolution of 

128 by 256 elements and operates at 2 to 5 frames per second in typical room 

lighting. These resolutions and speeds were considered inadequate for this project. 

The RCA model CKCO20 solid state color camera was also considered but was 

rejected for reasons of poor flexibility in the choice of optics and lack of video 

sync. inputs. The Fairchild model CCD4001 solid state camera was considered 

nearly ideal for the application, with a 256 by 256 element CCD sensor, a wide 

choice of optics and a versatile camera control unit with sync. inputs. However, 

the high cost and poor availability of this unit proved it unsuitable. 

The third camera considered and finally accepted was the Panasonic model 

WV-1550 with macro lens. This camera actually incorporates a sensing tube 

called the newvicon, which is an improved version of the standard vidicon. The 
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newvicon features higher sensitivity, lack of blooming, immunity to burn-in, and 

greater gray level resolution compared to the standard vidicon. The 

specifications for the WV-1550, as detailed in the data sheets for the product [14] 

are summarized in Table 3.1. 

The output of the WV-1550 is a standard composite video signal, meaning 

that both video and sychronization information are combined in the same signal. 

The characteristics of a composite video signal can be understood by recalling 

that the original application for electronic video technology was broadcast televi-

sion. A simplified block diagram of a monochrome transmitter/receiver combina-

tion is shown in Figure 3.3. For simplicity, this illustration excludes the audio 

sections. The camera scans the image in a series of 525 horizontal lines. In the 

CRT of the receiver, a similar process is used to form an image on the screen. An 

electron beam modulated by the video signal is made to sweep across the screen 

in a series of corresponding horizontal lines. To form a stable picture the receiver 

scans must be precisely synchronized to the camera scans. This is accomplished 

by combining synchronizing pulses with the video signal prior to transmission. 

One horizontal sync. pulse is included for every line and one vertical sync interval 

is included for each field. At the receiver, these sync. pulses are detected and are 

used to synchronize the horizontal and vertical oscillators of the deflection circui-

try. 

Although the voltage and timing relationships of the sync. pulses are readily 

found in various literature dealing with television broadcast [15], a simple experi-

ment was performed to measure the parameters of the actual video camera used 

in this project.. The experiment was configured as shown in Figure 3.4 and the 

results are given for illustration in Figures 3.5 and 3.6. 

Each horizontal line is divided into essentially four parts. The horizontal 

sync. pulse is characterized by its negative excursion. It is followed by the so-
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Table 3.1. Specifications for Panasonic WV-1550 Video Camera 

Power Source 120 VAC, 60Hz 

Power Consumption 10 watts 

Pick-up Tube 2/3 inch static focusing, magnetic deflection 

separate mesh newvicon 54102 

Scanning 525 lines / 60 fields / 30 frames 

Sync. internal line lock random interlace 

or 2:1 interlace (RS-170) 

or external (Genlock RS-170) 

AGC switchable (on/off) 

Minimum req'd 

Illumination 

0.03 footcandle (incandescent, with 

f/1.4 lens, 2854K) 

Horizontal 

Resolution 

650 lines at center 

S/N ratio 44 dB (AGC off) 

Gamma Correction 0.7 

Video Output 1.0 Vp-p composite, 750, BNC 

Black Clamp automatic 
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Figure 3.3. Television transmitter and receiver. 
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Figure 3.4. Circuit used to measure parameters of video camera output signal. 
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Figure 3.5. Video output waveform for an active line. 

called back porch blanking interval at a blacker-than-black voltage level which 

ensures that the electron beam of the CRT is completely cut-off during horizontal 
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retrace. Next is the active portion of the line which contains the video (luminance 

information). In this section, the amplitude of the voltage is proportional to the 

brightness of the image. Each line ends with a front porch blanking interval that 

serves the same purpose as the back porch. 

The vertical blanking interval, which occurs once every 1/60th of a second is 

divided into three parts consisting of two equalizing pulse intervals and one verti-

cal synchronizing pulse interval. The equalizing intervals consist of a series of 

narrow negative-going pulses generated at twice the horizontal scan rate, that is, 

at 31.5kHz. Each pulse triggers the horizontal sweep oscillator but the pulses are 

too narrow to trigger the vertical sweep oscillator. The vertical synchronizing 

pulse interval consists of six consecutive wide negative-going pulses. The narrow 

positive-going pulses in the midst trigger the horizontal sweep to maintain oscilla-

tor synchronization, while the much longer period between these pulses serves to 

trigger the vertical sweep oscillator. 

The double pulse rate is required to cause the half line variation in the start-

ing positions of the fields for interlaced scanning. 

3.7.3 Digitizer 

The digitizer compares the signal from the the video camera with an adju-

stable threshold to form a two level (binary) signal. The binary signal is sampled 

and stored in Random Access Menory (RAM) such that one complete field is 

acquired. The stored image is continuously read out of the device, complete with 

synchronizing pulses, so that the stored image may be viewed on a standard 

monochrome monitor. Every pixel of the image memory is available for both read 

and write operations to the system microcomputer through the Multibus system 

bus. 



I— 63.5119-01 

FIRST FIELD 11 INACTIVE LINES 

41.1111•••••• 

SECOND FIELD 

Figure 3.6. Vertical synchronization intervals. 

2.5p,s 
H

Ea-

11.5 INACTIVE LINES 

EL
SI

sa
a 

ex
em

p
re

ll
 •

g 



- 39 - 3. Hardware Design 

A number of different configurations for the digitizer were considered. For 

example, the digitizer could write the image data directly into the microcomputer 

memory through the Multibus. The digitizer would act as a bus master for the 

brief time during which an image was being acquired. This would eliminate the 

need for on-board memory but would not permit the stored image to be displayed 

on an external monitor without tying up the Multibus with continuous data 

transfers from the microcomputer to the digitizer. For this reason, this 

configuration was not acceptable and an on-board memory was therefore neces-

sary. The final design determined for the digitizer system is illustrated in Figure 

3.7. 
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Figure 3.7. Block diagram of video digitizer. 

The basic operation of the digitizer is as follows. The 1.0 Vp-p composite 

video signal from the camera is amplified by a wide-bandwidth video amplifier. 

The amplified signal is compared with two adjustable thresholds simultaneously. 

If the signal level is between the lower and upper thresholds, the resulting output 

is a logic high voltage, otherwise it is a logic low voltage. The double threshold 
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allows image features with a specific range of gray levels to be separated from the 

other features in a single operation. 

The thresholds are set by one of two sources, depending on the setting of a 

front panel switch. For manual settings, two front panel potentiometers are pro-

vided. For computer controlled settings, two digital to analog converters (DACs), 

accessible through Multibus, are provided. The resulting binary signal is sampled 

to obtain a serial bit stream then converted to sixteen bit parallel format by a 

serial-to-parallel mode shift register. The sampling rate was determined by the 

required horizontal resolution of 256 pixels and the 52.5 microsecond duration of 

the active video line as follows: 

Sampling Rate =  Pixels per line 
Active video duration per line 

256 pixels 
4.88 MHz 

52.5ps 

(3.1) 

The sampling rate was adjusted to exactly 5 MHz to allow use of standard 

crystal frequencies. At this value instead of 4.88 MHz, 1.3ps out of the 52.5ps of 

the active line time are unused. The resulting wastage of 2.5% was considered 

tolerable. 

In the image capture mode, the resulting sequence of 16 bit words is applied 

to a local data bus at a rate of 312.5 kwords/sec. The words are written into a 4 

k by 16 bit read/write memory composed of four 2 k by 8 static RAMs. The 

address for each location is provided by a 12 bit address generator. This address 

generator also acts as a sync. pulse generator for the video camera. The sync. 

pulse generator is used to maintain a precise timing relationship between the gen-

erated video signal and the digitizer sampling mechanism. 

It was discovered that with suitable timing of the sync pulse generator, the 

camera could be made to scan one field continuously rather than interlacing two 
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fields. This reduces the worst case image acquisition time from 3/60th to 1/30th 

of a second since the digitizer never has to skip an entire field. 

After an image has been acquired, the control logic transfers control of the 

local data bus to the memory unit. Image data is read out of the memory, placed 

on the bus and sent to the output parallel to serial shift register for conversion to 

the original binary signal. Sync. pulses are inserted back into this signal so that 

the stored binary image can be viewed on a standard monitor. 

When a read or write command from the system microcomputer arrives over 

the Multibus, it is given immediate attention if the digitizer is not in the image 

capture mode. The address multiplexer switches control of the local memory unit 

from the on-board address generator to the Multibus address lines. The com-

mand is executed and local control is restored. 

To the system microcomputer, the digitizer appears to be a block of 

read/write memory that appears at some user-defined location in the memory 

map. 

In summary, the digitizer can be in one of three modes at any given time: 

• image capture or acquisition mode, 

• image display mode, or 

• Multibus access mode. 

These modes are illustrated in Figure 3.8. The shaded portions indicate active 

data paths. 
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II

(a) Image capture mode. (b) Image display mode. 

(c) Multibus access mode. 

Figure 3.8. The three digitizer modes. Shaded portions indicate active data 

paths. 

3.7.3.1 Multibus Interface 

The Multibus interface circuitry separates the local data, address and control 

lines from those of the Multibus itself. This allows the digitizer to act as a closed 

system during image acquisition and display modes. When the system microcom-

puter requests access to the memory unit or digital-to-analog converters of the 

digitizer, the interface temporarily links the local bus to the Multibus if it 
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determines that such an operation will not interfere with image acquisition. 

Before exploring the operation of the interface circuitry, the features, characteris-

tics and parameters of the Multibus will be investigated. 

The Multibus signal lines consist of 20 address lines, 16 bidirectional data 

lines, 8 multilevel interrupt lines, plus several bus control, timing and power sup-

ply lines. These signals are contained available on two connectors compatible 

with the Multibus specification. One connector, defined as P1, has a total of 86 

pins that carry the address, data, bus control, bus exchange, interrupt and power 

supply lines. The P2 connector has 60 pins that carry optional signals mainly 

concerned with power failure sensing and backup. The P2 signals are of no 

importance in this system and will not be discussed further. 

The design and performance of the image aquisition system depends strongly 

on the architecture of Multibus. The important signals of the Multibus 

specification required in the design of the digitizer are as follows. A slash (/) 

appearing after a mnemonic designates an active low signal. 

1. INIT/ Initialization. This signal resets the system to a known internal state. 

2. ADRO/-ADR13/ Address lines. These are driven by the bus master to 

transmit memory and I/O addresses to bus slaves. Sixteen bit masters use all 

20 lines for memory addressing and 12 lines for I/O addressing. In 16 bit sys-

tems, ADRO/ is used to indicate whether a low or high byte of memory or 

I/O is being accessed. 

3. BHEN/ Byte High Enable. This signal from the master indicates that the 

data will be transferred on the high byte of the data bus lines. When active, 

it specifies that a two byte (16 bit) transfer is to take place. This signal is 

useful only in systems that incorporate 16 bit memory or I/O. 
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4. DATO/-DATF/ Bidirectional Data Lines. These are driven by master or 

slave, depending on nature (read/write) of the operation. Eight bit systems 

use only the least significant byte. 

5. CCLK/ Constant Clock. This is a clock signal generated by any bus 

module for unspecified general use by any other module. 

6. MRDC/ Memory Read Command. This indicates that a slave to master 

data transfer is to take place. Prior to activating this signal, the master 

places the desired memory address on the system address bus. 

7. MWTC/ Memory Write Command. This indicates that a master to slave 

data transfer to the specified address is to take place. 

8. IORC/ Input/Output Read Command. This is the same as MRDC/ except 

that it pertains to I/O ports. 

9. IOWC/ Input/Output Write Command. This is the same as MWTC/ 

except that it pertains to I/O ports. 

10. XACK/ Transfer Acknowledge. This is a response signal from a slave to a 

master indicating that the operation commanded (MDRC, MWTC, IORC, 

IOWC) has been acknowledged and that data have been either accepted 

from the data bus (write command) or placed on the data bus (read com-

mand). 

11. POWER SUPPLY Power for each board on the Multibus is provided by 

power supply lines at -12V, -5V, +5V and +12V potentials. All of these vol-

tages will not necessarily be present; this depends on the particular require-

ments of the system modules. 
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3.7.3.2 Data Transfers 

Images are transfered as data between the digitizer and the microcomputer 

using the Multibus. Memory and I/O data transfers on the Multibus follow an 

asynchronous protocol. When a bus master commands a read or write operation, 

it waits for an indefinite period of time until the slave responds with a transfer 

acknowledgement signal. To avoid system lock-up if a slave fails to respond or a 

non-existant memory or I/O location is accessed, the master is usually equipped 

with bus timeout protection. This ensures that the central processor on board the 

master will regain control if the system bus does not respond within a certain 

time limit. The read operation timing is illustrated in Figure 3.9. 

— •l sons MIN 
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RACK/ 

--Sol 50ns MIN 

STABLE ADDRESS 

STABLE DATA 

65ns MAX 

DIRECTION 

MASTER TO SLAVE 

MASTER TO SLAVE 

SLAVE TO MASTER 

SLAVE TO MASTER 

Figure 3.9. Multibus READ timing. 

The bus master applies the desired memory or I/O location address to the 

address bus then waits at least 50ns to allow the address lines to stabilize and for 

the address to propagate through address decoders on board slave units. When 

the read command line is asserted, the slave module places the data on the data 

lines and returns the Transfer Acknowledge {RACK/) signal to the master. Upon 

receiving this signal, the master latches the data from the bus and removes the 

MRDC/ or IORC/ signal. To complete the operation, the address remains 
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asserted for a minimum of 50ns after the command and the slave removes the 

XACK/ signal within 65ns to allow the next bus cycle to begin. 

The write operation timing is illustrated in Figure 3.10. The bus master 

applies the desired memory or I/O location address to the address lines and the 

associated data to the data lines at least 50ns before asserting the MWTC/ or 

IOWC/ line. The slave module then accepts the data from the bus and asserts 

the )(ACV line. The master recognizes acknowledgement of the command and 

deactivates MWTC/ or IOWC/. The address and data lines are held stable for at 

least 50ns longer and the slave is required to remove the XACK/ signal within 

65ns of the rising edge of MWTC/ or IOWC/. 
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Figure 3.10. Multibus WRITE timing 

For compatibility with other systems, the Multibus specification allows both 

8 and 16 bit modules to reside on the same bus. Since the specification states that 

all eight bit transfers shall use the least significant bits of the system data bus, a 

byte swapping buffer must be included on 16 bit masters and slaves to allow 

access to the upper (odd) byte of memory or I/O. The implementation of this 

buffer, as recommended by Intel [161, is shown in Figure 3.11. The devices 

labelled 8287 are octal inverting bus transceivers that provide high output drive 
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capability and high input noise immunity. These devices are manufactured by 

Intel and conform to the Multibus electrical specifications. 
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Figure 3.11. Byte swapping buffer. Adapted from (16]. 

Figure 3.12 summarizes the three types of data transfers allowed on Mul-

tibus. Byte High Enable (BHEN/) active indicates a sixteen bit transfer and 

address bit zero (ADRO/) defines an odd (ADRO/ low) or even (ADRO/ high) byte 

transfer address. The first type of transfer involves a single byte on the bus to 

an even address on a 16 bit device. In this condition, both BHEN/ and ADRO/ 

are inactive and the transfer takes place on data lines DATO/ through DAT7/. 

The second type of transfer involves a single byte to an odd address. BHEN/ is 

inactive while ADRO/ is active and the transfer again takes place over data lines 

DATO/ through DAT7/. The third type of transfer involves a full word (16 bit) 

transfer. BHEN/ is active and ADRO/ is inactive. This time, the even byte is 

transferred on DATO/ through DAT7/ while the odd byte is transferred on 
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DAT8/ through DATF/. 
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Figure 3.12. Multibus data transfers. 

From [161. 

3.7.3.3 Base Address Decoder 

To determine where the captured image will be stored in memory, it is 

necessary to control the base address of the digitizer. For system configuration 

flexibility, a user-selectable base address for the digitizer board is incorporated. 

The base address can be set to any 64 kbyte boundary from 00000H to 77000H 

through the use of two jumper wires. The decoder is implemented as shown in 

Figure 3.13. Two one-of-eight decoders monitor the upper 7 bits of the address 

bus. When they determine that a valid on-board address is being accessed, the 

BASE/ line goes low to initiate a data transfer. Schmitt trigger inverting buffers 

isolate the LS138 decoders from the Multibus lines to improve noise immunity. 

Table 3.2 lists possible base addresses and the corresponding jumper positions. 
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Figure 3.13. Base address decoder. 

The jumper position marked G in Figure 3.13 is included for compatibilty 

with eight bit masters that can access only 64 kbytes and thus do not use the 

upper four bits of the address bus. 

3.7.3.4 Bus Control 

Bus control refers to the generation of on-board READ, WRITE and 

BOARD ENABLE signals from both Mulibus and on-board sources. It also 

includes generation of the transfer acknowledge (XACK/) signal. 

The circuitry used to perform the control functions is shown in Figure 3.14. 

Two factors are central to the initiation of a board access operation, whether 

read or write. First, the board must be selected as determined by the base 

address decoder. Second, the digitizer must not be in the image capture mode. A 

Multibus access during image capture could result in part of the image being 

missed and would therefore invalidate the image data. This condition is easily 

avoided by disallowing a read or write signal from passing into the system when 
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Table 3.2. Digitizer base address decoder jumper positions. 

Jumper A Base (HEX) Jumper B Base (HEX) 

0 x0000 0 Ox000 

1 x1000 1 1x000 

2 x2000 2 2x000 

3 x3000 3 3x000 

4 x4000 4 4x000 

5 x5000 5 5x000 

6 x8000 6 6x000 

7 x7000 7 7x000 

the Capture Field (CF) line is active. In this case, no XACK/ signal is returned 

to the master and bus timeout occurs. If a read or write operation is allowed, the 

Board Enable (BD ENBL) signal goes high to prepare the memory bank for a 

data transfer. This same signal initiates a user-selectable time delay after which 

the XACK/ signal is asserted onto the bus. This function is implemented by an 

LS164 eight bit shift register with jumper selected taps. The time delay for each 

tap is listed in Table 3.3. The user selects that tap which allows the fastest bus 

cycle, with proper regard to the access time of the static RAM chips in the 

memory bank. 
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Figure 3.14. Bus control circuitry. 

3.7.3.5 Field Synchronization 

The system microcomputer requests an image capture by briefly asserting 

the CAPTURE FIELD REQUEST (CFREQ) line. This could occur at any point 

during the vertical sync. cycle. Since it is desirable to have an entire field stored 

in memory rather than part of one and part of the next one, the image capture 

process should wait until the start of the next field. This is done by a circuit 

called the Capture Field Synchronizer, shown in Figure 3.15. 

FACTIVE 
1 

S

CF STATUS 

Figure 3.15. Capture Field Synchronizer. 

When CFREQ/ is not asserted, the rising edge of FACTIVE clocks a low 

level through both flip-flops 1 and 2 at the beginning of each vertical trace. 

FACTIVE is a signal, generated by the local address generator, that is used to 
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Table 3.3. Transfer Acknowledge signal delay jumpers. 

Jumper Position XACK delay (ns) * 

a 0- 100 

b 100 - 200 

c 200 - 300 

d 300 - 400 

e 400 - 500 

f 500 - COO 

g 600 - 700 

h 700 - KO 

* (uncertainty due to asynchronous nature of clock and CLR signals.) 

indicate that a field is active. Thus, CAPTURE FIELD (CF) is low. If CFREQ/ 

goes low briefly, the output of flip-flop 1 goes high. When the next rising edge of 

FACTIVE occurs, CF of flip-flop 2 goes high and the output of 1 goes low. On 

the next rising edge of FACTIVE, CF goes low again and the capture is com-

plete. The Q output of flip-flop 1 is fed back to the system microcomputer to 

indicate the status of the field capture. When high, CFSTATUS indicates that a 

capture is in progress and the microcomputer should not attempt to access the 

digitizer through the Multibus. When low, the capture is complete and Multibus 

data transfers can take place. 
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3.7.3.6 Video Field Memory 

Figure 3.16 shows the video field memory, including the address multiplexer. 

It was calculated in a previous section that 7744 bytes of memory are required to 

store one video field. The closest standard memory size that can handle the 

requirement is 8 kbytes (64 kbits). Both static and dynamic RAM integrated cir-

cuits were considered for this application. The following considerations for each 

are shown in Table 3.4. 
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Figure 3.16. Block diagram of video field memory. 

These factors were compared with the system design considerations as fol-

lows: 

1. For maximum data transfer efficiency, memory word length should equal 

system bus width of 16 bits. 
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Table 3.4. Considerations for dynamic and static RAM. 

Dynamic RAM 

Low cost per bit. 

High storage capacity per chip: 10 to 258 kbits commercially available. 

Require row/column address multiplexing. 

Require periodic refresh to maintain data integrity. 

Usually arranged as a linear array of bits. This means that all data bits are 

accessed through one data line (or two if there are separate data input and 

output pins). 

Static RAM 

Higher cost per bit. 

Storage capacity up to 64 kbits per chip commercially available. 

No address multiplexing required. 

Often constructed with eight bidirectional data pins. 

Simpler circuit design considerations. 

2. In image capture mode, the input bit rate is 5 Mbit/s or one bit every 200 

ns. Dynamic RAM able to sustain this data input rate would be expensive. 

The input 16-bit word rate, on the other hand, is only 312.5 kwords/s. 

3. To display the stored image on the external monitor, memory read cycles are 

continuous. This means that refresh cycles would probably not be necessary 

if dynamic RAMs were utilized in the design. 

As shown in Figure 3.16, 2k by 8 static RAMs (SRAMs) were chosen and 
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configured into the system. SRAMs 1 and 2 are mapped into the upper 2 kwords 

of memory while 3 and 4 map into the lower 2 kwords. SRAMs 1 and 3 connect 

to the upper or most significant eight bits of the local data bus while 2 and 4 

connect to the lower eight bits. The gates at the lower left of the diagram con-

trol the read/write and output enable lines of the SRAMs. The function of this 

circuitry for different digitizer modes is listed in Table 3.5. 

Table 3.5. SRAM control circuitry functions. 
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The SRAM output control circuitry disables the output buffers if a field cap-

ture or Multibus write operation is in progress and also if a Multibus access to 
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the 8255 PPI is in progress. This last feature enables the FPI to reside at the 

same address as some unused bytes of SRAM, without causing bus contention. A 

timing diagram for Multibus read/write operations is shown in Figure 3.17. The 

discussion of the details of the local read/write operations is delayed until the 

input/output data converters are discussed in the following section. 
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Figure 3.17. Timing diagrams for Multibus read/write operations. 
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3.7.3.7 Input and Output Data Converters 

The purpose of the input converter circuitry is to convert the incoming serial 

bit stream from the video comparators to a 16 bit parallel format compatible 

with the local data bus. Similarly, the output converter changes the 16 bit paral-

lel format back to serial format for display on a standard monochrome video 

monitor. 

The input circuitry as shown in Figure 3.18 consists of two cascaded 8 bit 

serial to parallel shift registers. Due to the constraint of SRAM access time 

(150ns), there is not sufficient time between samples to store the parallel data 

into SRAM; output latches consisting of two 8 bit D-type flip-flops are therefore 

included. After the shift registers have completed 16 shifts, the flip-flops are 

clocked and the SRAMs then have 16 sample periods (3.2ps) of stable input data 

to accomplish a write cycle. The waveform timing associated with this input and 

output circuitry is shown in Figure 3.19. 
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Figure 3.18. Input and output data converter circuitry. 

The output circuitry as shown in Figure 3.18 consists of two cascaded 8-bit 

parallel to serial shift registers. Data on the local data bus are loaded into the 

devices synchronously with the rising edge of the sample clock occuring 1.5 clock 

cycles after the SRAM address changes state. These 1.5 cycles, equivalent to 300 
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Figure 3.19. Input and output data timing relationships. 

ns, allow for the 150 ns access time of the SRAMs. 

3.7.3.8 Sync Pulse Extraction and Reinsertion 

Synchronizing pulses from the composite video signal of the video camera 

are not stored along with the video information in the memory. Instead, these 

pulses are separated and then, for display, are recombined with the output video 

signal from the digitizer. The circuitry that accomplishes this task is shown in 

Figure 3.20. A discussion of the operation of this circuitry follows. 

The video output of the camera floats, as though capacitively coupled. A 

clamping circuit consisting of C1 and D1 clamps the sync pulse level to approxi-

mately -0.2V which is the cut-in voltage of the germanium diode Dl. The sync. 

pulses can now be extracted by simply comparing this voltage to ground poten-

tial. This is done with an LM311 voltage comparator. The pulses are combined 

with the binary video signal in a network of resistors, open collector drivers, and 

a transistor. The relationship between these signals is shown in Figure 3.21. 
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Figure 3.20. Sync. pulse extraction and reinsertion circuitry. 
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Figure 3.21. Composite video output from digitizer. 

3.7.3.9 Analog Video Processor 

The circuitry associated with the input video processor is shown in Figure 

3.22. For simplicity, only those components and connections vital to understand-

ing its operation are shown. Detailed schematics are contained in Appendix A. 

The overall function of the circuit is to provide a logic high voltage for an input 

signal between the lower and upper thresholds and a logic low otherwise. 

The 1.0Vp-p signal from the video camera is matched with a 7511 resistive 

load, then capacitively coupled to a wide bandwidth differential amplifier. Poten-

tiometer R1 serves as an attenuation control and R2 serves as a D.C. offset 
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Figure 3.22. Input analog video processor. 

control by taking advantage of the input bias current of the LM733. These con-

trols are adjusted to provide a 4.5 Vp-p full scale signal, not including the sync. 

level, at the output of the amplifier. The black level of the signal is clamped to 

zero volts by the capacitor and open-collector buffer driven by the blanking signal 

from the sync. generator. The resulting signal is simultaneously compared with 

two adjustable threshold voltages. Depending on the position of switch SI, these 

voltages can be set manually by potentiometers R3 and R4 or under computer 

control by two digital to analog converters (DACs). The digital to analog 
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converters used are the popular National Semiconductor DAC-08 eight bit multi-

plying converters. The basic operation of these devices is illustrated in Figure 

3.23 [17]. 
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2.2k11 

0 

Figure 3.23. The operation of the DAC-08 digital to analog converter. 

The output current,/., is the product of the input digital number and the 

input reference current, ' REF. The full scale output current is a linear function of 

the reference current and is given by 

255 ,„ r
IFS 256 A IREF (3.2) 

The external Vref voltage forces current through the 5.6 kfl resistor into the 

Vref+ terminal of an internal reference amplifier. The high gain of this amplifier 

maintains the voltage at the Vref- terminal equal to that of the Vref+ terminal. 

To trim the full scale output of the DAC, a 10 kfl potentiometer is used to 

adjust the voltage at the Vref- terminal. With the component values shown, Iref 

can be varied from 1.70 mA to 2.14 mA. The full scale output voltage, V., in 

turn varies from +0.97 V to +0.01 V. The maximum output voltage occurs when 

no current flows through the 2.2 kfl load resistor, and is equal to +4.70 V. 

The comparators are implemented with an LM319 dual high-speed compara-

tor package. The LM319 features 80 ns response time, 1.0pA maximum input 

bias current and isolated open collector outputs. The circuit uses these open 
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collector outputs and a pull-up resistor to form a 'wired OR' gate. 

3.7.3.10 Address and Synchronization Generator 

The purposes of this circuitry are to provide a 12 bit address for the SRAM 

memory bank, to provide horizontal and vertical sychronization pulses for the 

video camera and to provide miscellaneous timing signals and clocks synchronized 

to the above signals. The basic system clock rate was chosen to be 10.0 MHz. 

This is twice the required sample rate and allows an integral number of clock 

periods in the 63.5 ps video line. The video line is therefore divide into the ele-

mentary clock periods shown in Figure 3.24. 

BLANK 
SYNC ACTIVE 'VIDEO 

  525 

TOTAL 50 + 45 + 525 + 15 a  625 100ns PERIODS, OR 62.Sps. 

15 

Figure 3.24. Video line timing. 

The three basic intervals illustrated in Figure 3.24 are horizontal sync., 

blanking interval, and active interval. They are each represented by signals which 

are generated by a finite state machine. This machine consists of a state counter, 

state decoder and state timer as illustrated in Figure 3.25. 

Each video line is divided into a series of states, each identified by a state 

number. The state number is an eight bit integer generated by the state counter. 

This byte acts as an address to a nonvolatile memory component implemented as 

an EPROM. Each location in the EPROM is programmed with a byte of data 

split into five separate fields. One bit is provided for each of the four required sig-

nals and a four bit code is provided to represent the duration, in clock periods, of 
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Figure 3.25. Finite state machine to generate timing signals. 

the next state. Also, because of the output latch on the four signal lines, they 

represent the conditions of the next state rather than the current one. 

The state timer, which consists of a programmable counter, provides the 

required delay then issues a CARRY signal. This immediately reloads the timer 

with the duration code for the next state and, one clock period later, advances 

the state counter. The one clock period delay is necessary because of the 

required hold time of the state timer load inputs. When a line is complete, the 

End-Of-Line (EOL) signal, which is also programmable, clears the state counter 

and restarts the same process for the next line. 

The contents of the state decoder EPROM are given in Table 3.6. The 

BLANK, STOL and HSYNC signals in relation to the video signal are shown in 

Figure 3.26. An adjustable delay for the HSYNC pulse is provided by an eight 

bit tapped shift register clocked at the system clock rate of 10.0 MHz. This 

allows fine tuning of the timing relationship between the generated timing signals 

and the corresponding intervals in the video output signal of the camera. 

Since the serial bit stream from the comparators is grouped into 16 bit 
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Figure 3.26. Relationship of video signal to input and output data. 

words by the input data converter, a total of 256 / 16 = 16 addresses must be 

generated for each video line. This is accomplished by a six bit synchronous 

counter as illustrated in Figure 3.27. The most significant bit is not required for 

the address bus, instead it is defined as the Horizontal Enable (HEN/) signal. 
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Figure 3.27. Horizontal address generator. 
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Table 3.6. State decoder EPROM contents. 

Address 

(Hex) 

State Count 

(Cycles) 

Contents 

(Binary) (Hex) 

0300 BLANK and STOL 18 0100 0000 40 

0301 BLANK and STOL 18 0100 0000 40 

0302 BLANK and STOL 13 0100 0011 43 

0303 STOL and LACTIVE 5 0000 1011 OB 

0304 LACTIVE 18 0010 0000 20 

0305 LACTIVE 18 0010 0000 20 

0308 

thru 

0322 

LACTIVE 18 0010 0000 20 

0323 LACTIVE 8 0010 1000 28 

0324 LACTIVE 9 0010 0111 27 

0325 LACTIVE and SYNC 07 0011 1001 39 

0328 SYNC and BLANK 15 0111 0001 71 

0327 SYNC 10 0011 0000 30 

0328 SYNC 12 0011 0011 33 

0329 — 18 0010 0000 20 

032A — 0 1010 1010 AA 

The horizontal count is incremented by a divide-by-sixteen counter, clocked 

at the system clock rate. Because the system clock rate is twice the sample rate, 

the least significant bit of the horizontal counter is unused. The counter is ini-

tialized at the beginning of each line by the STOL signal. The initialization 

value depends on whether data are being written into or read from the SRAMs. 

This is illustrated by the timing diagrams in Figure 3.26. 
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During a field capture, data are written into the SRAMs. Sixteen bits of data 

are collected by the input shift register during the first horizontal interval, but 

these data are not written into the SRAMs until the second interval. Thus, the 

second interval must generate a zero for the horizontal address. During the 

display mode, data are read out of the SRAMs and latched, sixteen bits at a 

time, by the output shift register. To force the left hand edge of the image to line 

up with the left hand edge of the monitor screen, the data at horizontal address 

zero must be read from the SRAMs as soon as possible after the STOL pulse. 

This is done by advancing the horizontal count by one as shown at the bottom of 

Figure 3.26. 

The vertical or line address is generated by a nine bit counter incremented 

by the End-Of-Line signal from the horizontal state machine. The output of the 

counter is decoded to provide a Terminal Count signal and a vertical sync. signal. 

The vertical sync. signal is active for the following vertical addresses: 

O 1111 1100B = OFCH = 2521) 

O 1111 1101B = OFDH = 253D 

O 1111 1110B = OFEH = 254D 

The terminal count decoder resets both the vertical address counter and the 

horizontal state machine when count 1$0000$0111B = 107H = 263D is reached. 

The most significant bit of the vertical counter is not required for the SRAM 

address bus and is instead latched to provide the Frame Active (FACTIVE) sig-

nal. The use of the FACTIVE signal is described in section 3.9.4. 

When the VSYNC signal is applied to the vertical sync. input of the video 

camera, the camera is forced to scan one field continually. The vertical sync. por-

tion of the video signal generated by the camera then appears 83 shown in Figure 

3.29. Note that the first equalization interval contains 7 pulses rather than six as 

was the case for no VSYNC input (see Figure 3.8). 
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Figure 3.28. The vertical state machine. 

3.7.3.11 Multiphase Clock Generator 

The sequence of events in the digitizer is controlled by an eight phase clock 

generator. It consists of a modulo-16 walking ring counter implemented as an 

eight bit shift register and a feedback inverter as shown in Figure 3.30. One of 

the important features of this type of counter is that any interval with boun-

daries on rising clock edges can be uniquely decoded without any possibility of 

spurious glitches, as is common if straight binary counters are used. Disallowed 

states are possible with the walking ring counter, but in this case, the register is 

cleared on every STOL pulse so that any disruption of the normal count sequence 

would be short-lived. 

The various phases of this multiphase clock generator are used throughout 

the digitizer. For example, (1)3 serves as the write enable pulse for the SRAMs, 

the logical AND of (DO and (1)1 serves as the parallel load signal of the output 

shift registers and 4)7 serves as the clock signal for the 16 bit input latch. 
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Figure 3.30. Mutiphase clock generator and timing waveforms. 

3.7.3.12 PPI Chip Select and SRAM Output Enable 

The 8 kbytes of digitizer SRAM fill the entire 8 kbyte system memory space 

allocated to the digitizer. Only 7744 bytes of these 8192 bytes actually contain 

active video information; the rest are filled with blank data. The chip selection 

logic of the 8255 PPI (Programmable Peripheral Interface) places it at address 

zero in the SRAM address space. This causes no problems during Multibus write 

cycles; the same data go into both the PPI registers and the corresponding SRAM 

memory locatoons. However, during Multibus read cycles, there is the possibility 

of bus contention since an input port on the FPI will not necessarily read the 

same value as that in the corresponding SRAM location. To eliminate this prob-

lem, the output of the SRAM is disabled while the PPI chip is selected. The logic 
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is implemented as shown in Figure 3.31. The digitizer memory map that results 

from this arrangement is shown in Figure 3.32. 
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Figure 3.31. PPI chip select and SRAM output enable circuitry. 
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3.7.4 System Microcomputer 

The system microcomputer is the iSBC 86/30 Single Board Computer 

manufactured by Intel Corporation. The entire microcomputer is contained on a 

single 17.2 by 30.5cm printed circuit card as illustrated in Figure 3.32: A block 

diagram of the iSBC 86/30 is shown in Figure 3.33. The following sections refer 

to these diagrams to explain the functional details of the iSBC 86/30 as it is used 

to implement the image acquisition and analysis functions. 
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3.7.4.1 Central Processing Unit 

The CPU used in the iSBC 86/30 is the Intel iAPX86/10, also referred to as 

the 8086-2. This CPU, constructed with HMOS technology, runs at a maximum 

guaranteed clock rate of 8 MHz. A clock generator on board the SBC 86/30 pro-

vides jumper selectable rates of 5 or 8 MHz; the 5 MHz rate was selected for this 

project. The 8086 features a 20 bit address for a maximum addressing range of 1 

Mbyte. Memory is segmented into portions 64 kbytes maximum in length. At any 

given time, four such segments are specified: code, data, stack and extra. The 

base location of each segment is specified by a 16 bit segment register. These 

registers are given the mnemonics CS, DS, SS and ES, respectively. All instruc-

tions are fetched from the current code segment while operand fetches are usually 

made from the current data or stack segment. The extra segment also holds data 

and is used by default as the destination segment for string operations. The 

default segment for a memory reference may be overridden in certain cases by an 

instruction prefix. The physical address of a memory reference is specified by a 

base-offset pair, denoted as base:offset. The offset is a 16 bit unsigned quantity 

that refers to the distance in bytes from the base address. A physical address is 

calculated by adding the offset value to 16 times the segment value. This process 

results in a 20 bit quantity as illustrated in Figure 3.35. 

15 

15 0 

OFFSET 

0 

SEGMENT 0000 

19 0 

PHYSICAL ADDRESS 

Figure 3.35. Calculation of physical address from base:offset pair. 
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The location in memory of segment bases is not restricted except that they 

must lie on boundaries whose addresses are multiples of 16 bytes ( ie., paragraph 

aligned ).The programmer may specify segments to be partially or completely 

overlapped, to be adjacent or disjoint. 

The 8086 utilizes a 16 bit external data bus. Optimum use is made of this 

bus when 16 bit memory accesses are made to even addresses. Word accesses to 

odd locations are allowed, but require two bus cycles to complete, which virtually 

eliminates the advantages of a 16 bit bus over an 8 bit bus. Instructions and 

data, therefore, should be word-aligned wherever possible. Word storage in 

memory follows the convention of most significant byte at the higher address. 

Systems based on the 8086 are not meant to have I/O ports located in the 

memory address space, although this is certainly possible. Instead, a separate 64 

kbyte I/O space and special I/O instructions are provided. 

3.7.4.2 Random Access Memory 

The SBC 86/30 contains 128 kbytes of dual port dynamic RAM with 750 ns 

cycle time. In the memory map of the system, the RAM appears as a contiguous 

block of read/write memory from 0000011 through 1FFFFH. This memory can be 

arranged as a public resource for use by any Multibus master module, or it can 

be configured as a private resource, protected from Multibus access. The amount 

of memory allocated as a private resource may be configured in increments of 

25% of the total on-board memory, ranging from 0 to 100%. The first 1024 

bytes of memory are reserved by the CPU for use as interrupt pointers. In the 

image analysis system, all RAM is configured as a public resource. The RAM is 

used to hold program code and data segments of the image analysis software. 
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3.7.4.3 Read Only Memory 

The board has four 28 pin sockets for use with EPROM, PROM, ROM or 

Static RAM devices. Pinouts of these sockets conform to JEDEC standards for 

memory devices. The maximum on-board capacity is 64 kbytes, which can be 

obtained with four 27128 16k by 8 EPROMs. Because of the 16 bit data bus, the 

memories must be programmed in pairs such that one holds the low (even) bytes 

and the other holds the high (odd) bytes. 

The chip select circuitry maps the memories to the top (highest addresses) of 

the memory. For example, four 27128s would reside in locations F0000H through 

FFFFFH. 

Jumper selectable CPU wait states may be inserted during EPROM read 

cycles in accordance with the access time of the particular EPROM used. In the 

image analysis system, the SDM86 debug monitor resides on a set of four type 

2732 EPROMs that are mapped to addresses FC000H through FFFFFH. 

3.7.4.4 Timers 

The SBC 86/30 utilizes the Intel 8253 Programmable Interval Timer (PIT) 

to provide three independent fully programmable 16 bit timer/counter units. 

One timer is used by default to control the baud rate of the serial channel. The 

other two are free for use by the systems programmer to generate accurate cry-

stal controlled timing intervals. The intervals are programmble under software 

control to extend from 1.63ps to 53.3 ms for timer 0 , from 13 ps to 426.7 ms for 

timer 1 and from 3.26 ps to 58.25 minutes using a series combination of timers 0 

and 1. The figures quoted are valid for the default configuration of 1.23 MHz 

clock input to timer 0 and 153.6 kHz clock input to timer 1. 

The PIT can operate in any of six basic modes: 
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• Mode 0. Interrupt on terminal count. 

• Mode 1. Programmable one-shot. 

• Mode 2. Rate or pulse generator. 

• Mode 3. Square wave generator. 

• Mode 4. Software triggered strobe. 

• Mode 5. Hardware triggered strobe. 

In the image analysis system, the timers are used for generating the clock 

signal for the serial channel and for timing the execution of software. 

3.7.4.5 Serial I/O 

One serial communication channel is provided on-board the SBC 86/30. It 

utilizes the Intel 8251A Programmable Communication Interface (PCI), one timer 

of the 8253 PIT for baud rate generation, and level shifters to form a complete 

RS-232 channel. The general characteristics of the PCI are user programmable 

through a mode register and a command register. The mode register defines the 

baud rate factor (1, 16 or 64), the character bit length (5, 6, 7 or 8 bits), parity 

on/off, parity odd/even and the number of stop bits (1, 1.5 or 2). The command 

register defines transmit on/off, DTR status, receiver on/off, break status, error 

reset, RTS status and internal chip reset. The CPU can, at any time, determine 

the operational status of the serial channel by reading a status register. It indi-

cates the DSR status, framing error occurrence, overrun error occurrence, 

transmitter buffer status, receiver buffer status and transmitter readiness. 

The combination of PIT timer programming and PCI baud rate factor deter-

mines the baud rate of the serial channel. All popular rates from 75 baud to 38.4 

kbaud are possible. All the signal and ground lines for one RS-232 connection are 

brought out to a 26 contact card edge connector labelled J2. 
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In the image analysis system, the serial port provides a communication link 

with an external video display terminal. Through this terminal, the user can con-

trol the system and obtain results from image analysis operations. The port is 

configured for a fixed baud rate of 600 and no parity generation or checking. 

3.7.4.8 Parallel I/O 

The SBC 86/30 utilizes an Intel 8255 Programmable Peripheral Interface 

(PPI) to provide a total of 24 parallel I/O lines. These lines are grouped into 

three 8 bit I/O ports designated Port A, Port B and Port C. Each port has indi-

vidually programmable characteristics. Three basic modes of operation can be 

selected by system software: 

• Mode 0. Basic input / output 

• Mode 1. Strobed input / output 

• Mode 3. Bi-directional bus. 

Port A is connected to an octal bus transceiver. The mode (transmit or 

receive) of this transceiver is programmable through jumper connections. Ports B 

and C are connected to 14 pin sockets where line drivers or terminators may be 

installed by the user. All 24 lines exit the board via connector J1. 

In the image processing system, one Port A is used to transmit image data 

to the remote video display terminal and Port C is used to control and monitor 

the operation of the digitizer. 

3.7.4.7 Interrupt Control 

On the SBC 86/30, hardware interrupts may originate from a wide variety 

of sources. Table 3.7 lists these sources and the conditions which cause an inter-

rupt to occur. 
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Table 3.7. Interrupt Sources 

Device Conditions 

8255 PPI External device has sent or 

received data 

8253 PIT Terminal count reached 

8251A PCI Character transmitted or 

received 

iSBX sites (2) Multimodule interrupt 

Power fail Power failure imminent, as 

determined by power supply 

Multibus (8) Multibus slave interrupt 

An Intel 8259A Programmable Interrupt Controller (PIC) manages all 

hardware interrupts. The basic functions of the PIC are as follows: 

1. To resolve the priority of interrupt requests, 

2. To issue a single interrupt request to the CPU based on that priority, and 

3. To send an interrupt type number to the CPU so that the appropriate inter-

rupt service routine can handle the event. 

The 8259A has six basic modes of operation: 
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• Fully nested mode 

• Special fully nested mode 

• Automatic rotating mode 

• Specific rotating mode 

• Special mask mode 

• Poll mode 

In the fully nested mode, the eight interrupt inputs, IRO through IR7, of the PIC 

are assigned a priority from zero through seven. IRO has the highest priority and 

IR7 has the lowest. The interrupt with the highest corresponding priority is ack-

nowledged while those with lower priority are inhibited. The special fully nested 

mode is similar to the mode just discussed but has special features that allow 

slave PICs to be connected to the on-board (master) PIC. 

In the automatic rotating mode, the interrupt priority rotates. Once an 

interrupt on a given input is serviced, that interrupt assumes the lowest priority. 

In specific rotating mode, the software can change the interrupt priority sequence 

by specifying the lowest priority, which automatically sets the highest priority. 

The special mask mode is similar to the fully nested mode except that inter-

rupts of a priority lower than the one currently in service can be enabled by the 

use of an Interrupt Mask Register internal to the PIC. 

In the poll mode, CPU interrupts are disabled. A software routine is used to 

interrogate the PIC to determine whether or not an external device is requesting 

service. 

The 8086 CPU maintains an interrupt pointer table that occupies the lowest 

1 kbyte of local memory as illustrated in Figure 3.38 [20). Each pointer is four 

bytes long; the upper two bytes contain the 16 bit base address and the lower 

two bytes contain the 16 bit offset. Five of the pointers are dedicated to special 
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CPU operations such as divide-by-zero error, overflow error and software inter-

rupts. Twenty-seven pointers are reserved in the current 8088 architecture to pro-

vide compatibility with more advanced processors. Two hundred and twenty four 

pointers are available for general use. 

3FFH  

3FCH  

AVAILABLE 
INTERRUPT 
POINTERS 
(224) 

084 H 

080H 
07FH 

RESERVED 
INTERRUPT 
POINTERS 
(27) 

).•^, 

TYPE 5 POINTER: 
Immo 

(RESERVED) 
014H 

TYPE 4 POINTER: 
Mims ••••••1 

OVERFLOW 
010H 

I__ TYPE 3 POINTER: 
1-BYTE INT INSTRUCTION 

00CH 
DEDICATED 
INTERRUPT TYPE 2 POINTER 

/Maw 

POINTERS NON-MASKABLE 
15) 008H 

TYPE 1 POINTER.
SINGLE-STEP 

004H 

TYPE 0 POINTER CS BASE ADDRESS 

000H 

.1mr• On. 

DIVIDE ERROR IP OFFSET 

_I 

TYPE 255 POINTER 
(AVAILABLE) 

TYPE 33 POINTER 
(AVAILABLE) 

TYPE 32 POINTER 
(AVAILABLE) 

TYPE 31 POINTER 
(RESERVED) 

16 BITS---..1 

Figure 3.38. 8088 interrupt pointer table. From [20]. 

When an interrupt to the processor is acknowledged, the type number, 

which is either inherent to the particular interrupt or is supplied by the interrupt 

controller, is generated. This number is multiplied by four to obtain the address 

in the interrupt pointer table which contains the complete address (base and 
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offset) of the corresponding service routine. 

In the image processing system, configuration of the interrupt controller is 

handled by the operating system software. the assignment of interrupt levels is as 

shown in Table 3.7. Note that level 1 is devoted to a debug interrupt that breaks 

execution of the application code and passes control to SDM86. 

Table 3.8. The assignment of interrupt levels on the SBC 88/30. 

LEVEL ASSIGNMENT 

0 unused 

1 Multibus INT1 

2 System clock 

3 unused 

4 unused 

5 iSBX 218A 

e 8251A Rx ready 

7 8251A Tx ready 

3.7.4.8 ISBC 88/30 Configuration 

Two iSBX bus multimodules have been added to the SBC 86/30. One of 

these modeules, the iSBX 351, provides an extra serial communication channel 

that can be congfigured to match the RS-232 or RS-422 standards. Like the iSBC 

86/30, this Mu lt imod ul e contains an Intel 8251A Universal 
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Synchronous/Asynchronous Receiver/Transmitter (USART) and an 8253 Pro-

grammable Interval Timer (PIT) for baud rate generation. The USART connects 

through line drivers and receivers with a 32 contact card edge which provides 

access to all necessary signals. RS-232 and RS-422 standards. The other Mul-

timodule is an iSBX 218A Floppy Disk Drive Controller. Mass storage for the 

SBC 86/30 is provided by an NEC FD1055 Floppy Disk Drive (FDD) in conjunc-

tion with this Multimodule. The FD1055 is a double sided, double density drive 

that uses the standard 5.25 inch flexible diskette media. the total unformatted 

storage capacity of the drive is 1.0 Mbyte; the total formatted storage is 638 

kbytes. The data is transferred at a rate of 250 kbytes per second under direct 

control by the CPU of the iSBC 86/30. detailed specifications of the iSBX 218A 

and the NEC FD1055 can be found in Appendix D. 

The overall memory and I/O maps for the iSBC 86/30 as configured for this 

system are illustrated in Figure 3.37. 

The iSBC 86/30 contains approximately 280 jumper posts to configure vari-

ous operating modes and features. A list of all jumpers installed in the board can 

be found in Appendix C. 

3.7.5 Video Monitor 

The monitor used in this project is the Panasonic WV-5351 monochrome 

video monitor. It has an 8.25 inch (diagonal) screen and is complete with 

hardware for mounting in a standard 19 inch equipment rack. The significant 

specifications of this unit are summarized in Table 3.8. 
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Figure 3.37. Memory and I/O maps for the iSBC 86/30 microcomputer. 

3.7.6 Power Supply 

Power for the iSBC 86/30 Single Board Computer, the digitizer board and 

the floppy disk drive is provided by a unit incorporating the Intel iSBC 635 

power supply module. A simplified schematic of this unit is shown in Figure 3.38. 

The unit supplies +12V, +5V, -5V and -12V D.C. at 2.0A, 14.0A, 0.9A and 0.8A 

maximum, respectively. 

Table 3.9 lists the current drain of each of the devices connected to the 

power supply. The power distribution system was designed such that no more 

than 0.1 volt potential drop occurs, in the supply and ground lines between the 

power supply and the system components, at the maximum expected current 

drains. 
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Table 3.9. Specifications for Panasonic WV-5351 monochrome monitor. 

Feature Specification 

Power Source 120 VAC, 80 Hz, 23 W 

Tube Size 8.25 inch (diagonal) 

Input Impedance 7511 or high impedance 

(switch selectable) 

Video Input Level 0.5 Vp-p to 2.0 Vp-p 

composite 

Horizontal Resolution > 750 lines at center 

External Sync Input 

Level 

2.0 Vp-p to 5.0 Vp-p 

OND 

+3V 

+5V 
3A 

GND 

II5VAC,60H2 P2 iSSC 633 

PILOT LAMP OND 

-5, 

+1IIV 

+5V 

CHASSIS GROUND +5V 

GND 

Figure 3.38. Power supply schematic. 
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Table 3.10. System current consumption (Maximum Amperes). 

Device +5V -5V +12V -12V 

SBC 88/30 5.60 0.00 0.03 0.02 

SBX 218A 0.81 0.00 0.00 0.00 

SBX 351 0.48 0.00 0.03 0.03 

Digitizer 5.00 0.10 0.20 0.10 

Disk Drive 0.48 0.00 0.21 0.00 

TOTAL 12.33 0.10 0.47 0.15 

Grand total: 13.05A max. 

3.7.7 Terminal 

A special terminal was developed for user interaction with the system. It 

consists of a Commodore C-64 microcomputer executing a firmware-based termi-

nal emulation program. Also, a hardware expansion module was developed to 

allow downloading of binary images from the main system computer to this ter-

minal. The schematic diagram for the expansion module is shown in Figure 3.39. 

The connections to the chip select circuitry of the MC6821 place it at a base 

address of DE0OH in the C-64 memory space. 

The C-64 has an expansion port which allows access to the data bus, address 

bus and control bus of the internal CPU. The expansion module consists of a 

board which plugs into this port. The board contains an MC6821 Peripheral 

Interface Adaptor (PIA) and interface circuitry that forms an eight bit parallel 

unidirectional communication link. 
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The interface utilizes the eight lines of Port A on the MC6821 for data 

transfer and two handshake lines, CAl and CA2. CAI is an input from the com-

munication channel that, when low, indicates that valid data are available on the 

data lines. For this reason, it is referred to as the Data Available/ (DA/) signal. 

CA2 is an output to the channel that, when high, indicates that data have been 

accepted from the data lines and the next transfer can begin. It is referred to as 

the Acknowledge (ACK) signal. 

+5V • +5V 

2.2101 

RESET/ 
CSO cS1 VDD 

RESET/ INVERTING 
CC1 DO-D7 PAO-PAT BUS DO-D7 

.2 
8 9 9 

/C> DATA & DA/ 
RECEIVER 

E 
ADM RS1 CAI 
ADRO 

DA 

R93 6821 
IRQA/ 1.0K11 MQ/ ACK 

MO/ CA2 

p • WRITE/ WRITE/ 
C S 2 i VSS 10K0 

'lol l 

DE00 H 

Figure 3.39. C-64 expansion module schematic. 

The MC6821 is connected to the 8255 PPI of the iSBC 86/30 as shown in 

Figure 3.40. Line drivers are utilized on the transmission end of each line and 

Schmitt trigger line receivers are used on the reception end. These features 

increase noise immunity and help ensure data integrity. 

The complete handshake sequence for a single data transfer operation is 

illustrated by the timing diagrams of Figure 3.41. The CPU of the SBC 86/30 

first checks the status of the DA/ and ACK lines. If they are both high, a 

transfer can begin, otherwise the microcomputer must wait. To begin a cycle, the 

8086 CPU writes data to Port A of the PPI. The data are valid after the rising 

edge of the WRITE/ pulse and simultaneously, the DA/ signal goes low to signify 
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Figure 3.40. Connections between C-64 and iSBC 86/30. 

that the data have been accepted. At the other end of the channel, the MC6821 

detects the falling edge of the DA/ signal and immediately sets the ACK line low. 

The falling edge of ACK sets DA/ to its orignal high state. The CPU of the C-64 

detects the low state of the ACK line and reads data from Port A of the 

MC6821. The rising edge of the RD/ signal from the CPU of the C-64 sets the 

ACK line high again and the transfer is complete. The average data transfer rate 

is approximately 8.0 kbytes per second. 

8255 WRITE/ 

DATA 

DA/ 

ACK 

6821 READ 

DATA VALID 

Figure 3.41. The iSBC 86/30 to C-64 data transfer handshake sequence. 
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3.8 Concluding Remarks 

The hardware of the image analysis system is comprised partly of custom 

designed and built devices and partly of commercially available subsystems. A 

video digitizer, compatible with Multibus, was constructed to convert an analog 

video signal from a vidicon camera into a sequence of one bit binary words that 

are stored in an on-board buffer. Ccntrol and analysis is done by a system CPU 

that resides on an iSBC 86/30 single board computer. The SBC also contains 

timers, a serial port for communication with external devices, parallel ports for 

digitizer control, a floppy disk drive controller and 128 kbytes of RAM for pro-

gram code and data. User interaction with the system is achieved through a 

remote video display terminal with image download capability. The mass storage 

requirements are handled by a 5.25 inch floppy disk drive with 638 kbyte data 

capacity. 
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4. PROTOTYPE SOFTWARE DESIGN 

4.1 Introduction 

This chapter describes the details of the software that is incorporated into 

the prototype image processing system. In general, the purposes of the software 

are to handle system maintenance and to provide a means of implementing the 

image analysis algorithms. Hardware and software considerations interact in that 

hardware must provide the machine that contains resources in the form of 

memory, timers, I/O ports, and so on while software must be tailored, at the 

lowest levels, to the characteristics of the hardware. The specific purposes of the 

software are as follows: 

1. Hardware testing to ensure proper operation. This applies mainly to the cus-

tom designed and built digitizer and the floppy disk drive. 

2. System initialization. Since most of the system software is executed from 

RAM, some means of loading the object code from mass storage must be 

provided. 

3. User interaction. Input to the system from the user is in the form of ASCII 

characters from a remote terminal. This coded information must be inter-

preted into a sequence of low level operations within the computer. 

4. Computer resource management. The iSBC 86/30 contains resources in the 

form of RAM memory, serial communication channels, parallel ports, an 

interrupt controller, a mass storage unit, timer, etc. The system software 

must be tailored to utilize these limited resources effectively. 
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5. Application program execution. The overall purpose of the entire system is 

the study of rapid image registration. The registration and related algo-

rithms are implemented as system software modules. 

4.2 Software Architecture 

Figure 4.1 shows the architecture of the system software. This diagram illus-

trates how different software modules interact. The outermost level is the user. 

The user "sees", for the most part, only the Command Line Interpreter (CLI). 

The monitor and test routines are special in that they interact directly with the 

user, but are not part of the final system configuration. The CLI interacts with 

the application and utility software which, in turn, use procedure calls from the 

operating system and the Disk Operating System (DOS). 

LINE 

OPERATING 

SYSTEM 

a'oy

0 
0 
cn 

Figure 4.1 System software architecture. 

The Operating System, in this case, refers to a commercial software package 

that manages the resources of the system computer. It was found during the early 

system definition phases of the project that the complexity of the SBC 86/30, the 

added modules and the external devices that must be handled in real time was 
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too great to allow application software to manage these resources with a reason-

able amount of programming effort. Consequently, a commercially available 

operating system was obtained so that programming effort could be expended on 

development of application code rather than on developing an operating system. 

The three factors most influential in this decision were interrupt management, 

floppy drive control and terminal support. These are essential components of the 

system and proven software modules already exist for these functions. 

The operating system chosen for this application is the RMX-86 Realtime 

Multitasking Executive developed by Intel specifically for use on their sixteen bit 

single board computers. 

The utility software includes various low-level image handling routines such 

as camera-to-disk and disk-to-monitor transfers, pixel counting and logical 

(AND,OR,XOR,NOT) operations. These differ from the application software 

mainly in terms of lower complexity. 

The Disk Operating System provides high level procedures for transferring 

images to and from disk, formatting disks, reading disk volume names and delet-

ing disk files. 

The application code consists of routines written to perform the histogram, 

noise analysis, autocorrelation and registration algorithms. These programs make 

use of the operating system through procedure calls. For example, a data file 

may be transferred to the disk through the use of a general purpose WRITE com-

mand. Similarly, parameters are received from the user and the results are sent to 

the user through terminal communication routines built into the operating sys-

tem. 

The test software was used during the hardware development process to ver-

ify correct operation of the digitizer, floppy disk drive and the SBC to C-64 

image transfer hardware. This software is not part of the final system 
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configuration. 

The Command Line Interpreter (CLI) interacts through the terminal with 

the user and attempts to identify the operation requested and any associated 

parameters. When a valid request is detected, the parameters are passed to the 

appropriate application or utility routine and the command is executed. 

The monitor is the Intel SDM-86, a commercially available software package. 

It too was used as a debugging tool during the development process and is now 

required only to load the other software components from the development sys-

tem into RAM. 

4.3 Languages 

The source code, for those software components that were not commercially 

available, was written in PL/M-86 with time-critical sections written in ASM-86 

(8086 assembly language). The criteria used to determine the appropriate 

languages are as follows: 

1. The goal of the image pocessing system is to perform the capture and 

analysis in the minimum possible time. 

2. The language should take advantage of the special features of the 8086 CPU 

such as direct string manipulation, and 16 bit internal and external data 

word length. 

3. Floating point arithmetic and trignometric functions are not required. 

4. For ease of development, the language should be as high in level as possible. 

5. The language should have direct logical, bit manipulation and I/O instruc-

tions. As well, registers rather than external memory locations should be 

used, wherever possible, to speed execution. 
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Four languages were considered for the application, based on their support 

by the Intel development system. They were assembly language (ASM-86), 

PL/M-86, PASCAL-86 and C. The characteristics of each are summarized in 

Table 4.1. Considering these characteristics and the above criteria, the languages 

chosen were PL/M-86 and ASM-86. 

4.4 PL/M-86 

PL/M-86 is a medium level computer language that is similar in many 

respects to PASCAL. PL/M-86 was developed by Intel for the 8086 family of 

microprocessors and is compatible with other languages for this family. PL/M 

procedures can be called from an assembly language program and vice-versa 

through a convention known as the procedural interface. Details of this conven-

tion can be found in Appendix E. The PL/M compiler takes advantage of the 

special features of the 8086, such as string manipulation and direct I/O, and can 

optimize the generated code to produce very efficient programs. The compiler can 

be instructed to create a listing file of the generated code. By examining this file, 

the programmer can, in some instances, replace sections of inefficient code with 

efficient assembly language procedures for even greater performance. 

4.5 Operating System 

The RMX-86 operating system is a software package designed for use with 

the Intel SBC 86,88,186,188 and 286 Single Board Computers. The operating sys-

tem can also be configured to run on custom-designed microcomputers that use 

the APX 86,88,188,186 or 286 microprocessors and Intel peripherals. The charac-

teristics of RMX-86 include the ability to monitor and control unrelated and 

unpredictable events occuring outside the computer, support for user interaction 

to monitor and control the operation of the system, support for a variety of I/O, 
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Table 4.1 Characteristics of the languages considered for the application. 

Characteristic ASM PL/M-88 PASCAL-88 C 

Intel Support Yes Yes Yes Yes 

Level Very Low Medium High Low 

String Manipulation Yes Yes Yes Not Directly 

I/O Yes Yes Yes Not Directly 

ASM-88 Compatible Yes Yes Yes Yes 

Floating Point No Yes Yes No 

Trig. Functions No No Yes No 

Structured No Yes Yes Yes 

Logical Instr. Yes Yes Some Yes

Type Checking No Yes Yes No 

Interrupt Control Yes Yes Yes Unknown 

mass storage devices and coprocessors, and configurability to precisely match 

resources provided by a wide variety of different microcomputer systems. 

RMX-86 consists of a collection of subsystems as shown in Figure 4.2 [18). A 

given system need not contain all possible subsystems; only those that provide 

the required features need be included. For example, the image processing system 

utilizes only the NUCLEUS and the BIOS. 
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Figure 4.2. The structure of RMX-86 [191. 

RMX-86 is a real time operating sytem. As such, certain special features 

have been incorporated into its design. The more important of these are summar-

ized in this section. These same features were important in the development of 

application software and in the integration of software with hardware. 

4.5.1 RMX-86 Architecture 

Real time systems are designed to handle events outside the computer that 

occur at unpredictable intervals. The processor must respond to a new event 

quickly and without corrupting the processing of a previous event. To handle this 

situation, RMX-86 is an interrupt driven system. When an interrupt is detected, 

the operating system schedules a task to process the event. RMX-86 uses a tech-

nique called multitasking to coordinate the processing of interrupts. In essence, a 

separate program or task is associated with each event rather than having one 

large program process all events. This technique produces a simpler, easy to 

understand and more structured system. In RMX-86, each task has a priority 

associated with it that determines if and when that task executes. The general 

rule is that the task with the highest priority at any given instant is the one that 
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executes. The scheduling is preemtive, that is, if a task with a certain priority is 

interrupted by a task with a higher priority, the task with the higher priority 

begins execution immediately. The lower priority task resumes execution when 

the current task ends. 

Processor utilization is a precious resource that must be scheduled on the 

basis of the importance or priority of an event. This contrasts with the familiar 

time-sharing system in which each user is granted, for example, a fixed length of 

processor time on a round robin basis. As well, error conditions should not be a 

catastrophic event in the system. The system should be able to recover and con-

tinue processing. To handle the inevitable errors that occur in a system, RMX-86 

contains exception handlers which are routines that are entered upon the detec-

tion of an error condition. 

It is possible that memory requirements of an application could change 

according to the events that occur in the environment. For this reason, the 

operating system maintains a memory pool from which blocks of memory can be 

allocated to and de-allocated from the applications. 

4.5.2 Multiprogramming 

RMX-86 has the capability to run more than one application program on the 

same hardware; this is called multiprogramming. Applications are partitioned 

from each other by providing a separate environment for each one. This typically 

consists of different memory and mass storage spaces. 

To isolate and protect one application from another, each one is considered 

to be a different job. A job is simply a collection of tasks that share system 

resources amongst themselves but are isolated from the tasks of any other job. 
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4.5.3 Intertask Coordination 

To handle multiprogramming, some means of task coordination must be pro-

vided. For example, tasks must be able to exchange information, mutually 

exclude one another and synchronize with each other. In RNDC-86, these require-

ments are met through the use of three basic objects called mailboxes, (memory) 

segments and semaphores. Tasks communicate by placing data into a segment 

and then sending a message through a mailbox to the receiving task. Mutual 

exclusion and synchronization of tasks is accomplished through the use of sema-

phores. A semaphore is an object that holds abstract values called units. Tasks 

can send and receive units to determine when critical events such as access to a 

shared resource are allowed. 

4.5.4 RMX-86 Subsystems 

The RMX-86 operating system consists of six basic subsystems. The struc-

ture is illustrated in Figure 4.2 and the components are described as follows: 

1. The NUCLEUS is the foundation for the RMX-86 operating system. All 

other subsystems use the nucleus, therefore it must be included in every 

application built upon RMX-86. 

2. The Basic I/O System (BIOS) provides the input/output device interface 

and also manages system files. 

3. The APPLICATION LOADER allows an application to load programs from 

secondary storage such as a disk drive, into main system memory. 

4. The Extended I/O System (EIOS) is an extension of the BIOS that adds 

features such as automatic buffering of I/O operations, efficient sequential 

I/O operations and higher level I/O system calls. 
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5. The HUMAN INTERFACE interprets commands entered by a user at a ter-

minal. It parses the command line and sends parameters to the appropriate 

application task. 

6. The Universal Development Interface (UDI) allows software development 

tools such as compilers, assemblers, linkers, and locators to execute directly 

on the target system. 

Although the image processing system under consideration could potentially 

utilize all of the above RMX-86 subsystems, the price in terms of system memory 

requirements would be very high. This is illustrated by the configuration size 

chart in Table 4.2. For this reason, only the Nucleus and BIOS subsystems are 

incorporated into the application system. They manage two difficult and complex 

operations: floppy disk drive control and terminal communications. 

Table 4.2 RMX-86 Configuration size chart. Adapted from [191. 

Subsystem Min. ROMable 

Size 

Max. Size Data Size 

Bootstrap Loader 0.5K 1.5K OK 

Nucleus 10.5K 24K 2K 

BIOS 28K 78K 1K 

Application Loader 4K 10K 2K 

EIOS 10.5K 12.5K 1K 

Human Interface 22K 22K 15K 
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4.5.5 Nucleus 

The functions of the Nucleus are to perform task scheduling, control access 

to system resources, coordinate and communicate between tasks, and to detect 

interrupts. 

To the application programmer, the Nucleus consists of a number of pro-

cedure calls. For example, there exist calls to do the following operations: 

• create tasks, mailboxes, semaphores and segments, 

• delete tasks, mailboxes, semaphores and segments, 

• send messages to mailboxes, 

• set the priority of tasks, 

• enter and exit interrupts. 

The Nucleus can be configured to match the requirements of a specific appli-

cation, although some Nucleus calls, such as CREATE$TASK, are required in all 

configurations. Others may be chosen as desired by the application programmer. 

The process for RMX-86 configuration is described in section 4.4.13. 

4.5.8 Basic I/O System (BIOS) 

The Basic I/O System provides direct access to system I/O devices as 

required by the application program. The key features of the RMX-86 BIOS are 

device independence, asynchronous operation, and file handling. 

Device independence means that a single set of BIOS calls serves all I/O dev-

ices, regardless of their nature. For example, the WRITE call can be used to send 

data to a floppy disk drive, a terminal or a parallel printer port. 

Asynchronous operation means that some types of BIOS operations can run 

concurrently with the application program. For example, when an application 

program sends a message to a terminal, it need not wait until the whole message 
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has been sent before resuming normal program flow. Instead, the BIOS queues 

the character string in a buffer and resumes processing the main line program. 

An interrupt-driven routine is then responsible for sending the individual charac-

ters to the serial channel, at a rate determined by the channel hardware. 

Three types of files are supported in RMX-86. Named files allow hierarchical 

organization of the files in an application. This is the only type of file that allows 

more than one file to reside on a device. Named files are intended for use with 

random access secondary storage devices such as disk drives. Stream files provide 

a means for concurrent intertask communication. As such, they use no devices. 

Physical files allow an application to access a device as though it was one one 

large file. Physical files do not allow hierarchical structure, names or access con-

trol. This type of file is used primarily for communication with printers, CRT ter-

minals, parallel ports, etc. 

4.5.7 Application Development 

The development of application software ususally requires some means of 

debugging the system. Standard debugging tools include, for example, monitors, 

logic timing analyzers, and in-circuit emulators. Monitors allow access to the sys-

tem at very low levels. They permit examination and modification of processor 

registers, memory locations , I/O ports, etc. Logic timing analyzers allow direct 

examination of voltage waveforms in the circuit. They are most useful for 

hardware debugging and hardware-software integration. In-circuit emulators 

replace the processor with a unit that emulates the processor but allow complete 

control of the function of the microcomputer such as single stepping and setting 

breakpoints. As well, processor states can be recorded in a trace buffer as they 

occur to permit later analysis. 
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In addition to these standard debugging mechanisms, real-time systems 

require unique facilities to allow the system to be monitored at a high level and 

in real time. For example, RMX-88 may be configured to include a system 

debugger software package that permits the observation of task activity in the 

system. 

4.5.8 Device Interface 

Application software communicates with an I/O device through several 

layers of software and hardware, as illustrated in Figure 4.3 

APPLICATION SOFTWARE 

TASKS TASKS TASKS 

FILE DRIVER 

DEVICE DRIVER 

DEVICE CONTROLLER 

DEVICE UNIT 

SOFTWARE 

HARDWARE 

Figure 4.3. The I/O device interface structure. From [211. 

The actual I/O device shown at the bottom of the figure is interfaced to the 

microcomputer addresss, data, and control lines through another device known as 

the device controller. The device driver is a software package that provides a 

standardized interface between higher levels of software and the actual hardware. 

In this manner, any hardware device can be added to the system simply by pro-

viding a device driver for it. Higher levels of software need not be modified at all. 

The file driver represents the device as one or more files and therefore allows the 

application to treat any device as a collection of files. 
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When an application program begins running, there is a gap between the 

application software and the file drivers and another gap between the file drivers 

and the device drivers. Before a particular I/O device can be accessed, the appli-

cation must bond the layers together by providing connections. The device con-

nection is established by using the ROASPHYSICALSATTACHSDEVICE BIOS 

system call. The call is made with parameters that indicate the device name, the 

file type, a mailbox for post-call responses and the location of a status word. 

After the call is complete, the response mailbox contains a token (a 16 bit 

number) for the device connection. The file connection is established by the 

RQ$A$CREATE$FILE system call. Its parameters include the token for the dev-

ice connection, several file characteristics, a response mailbox token and a pointer 

to the status word. Aftwer the call, the response mailbox contains a token for the 

file connection. 

After all connections are complete, the file can be opened by using the 

RQ$A$OPEN system call. At this point, the I/O device can be accessed by sys-

tem calls that employ the file connection as a parameter. 

4.5.9 RMX-86 Configuration 

RMX-86 can be tailored to meet the specific requirements of an application 

through the use of a software package known as the Interactive Configuration 

Utility (ICU). When running, the program asks a series of questions that are 

answered in a YES/NO/PARAMETER fashion. For this project, the ICU was 

run on an Intel Series IV Development System. The output from this session is 

shown in Appendix F. 

To summarize the configuration, only the Nucleus and the BIOS subsystems 

are included and only those calls that are absolutely necessary are included. This 

was done to reduce the size of the operating system object code. In the BIOS, 
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only physical file system calls are included; named and stream file calls were elim-

inated. Two device drivers are configured: the 8251A serial communications port 

and the iSBX218A floppy disk drive controller. The serial port is named 'TO', the 

baud rate is fixed at 600, character echo is enabled and a CRT-type terminal is 

specified. The iSBX218A device name is 'PMFDYO'. The important specifications 

include 80 tracks per side, eight sectors per track, double density, 5.25 inch disks, 

and device size of OOF800H (653,312D) bytes. 

As configured, the ICU creates three basic modules: the Nucleus code, the 

BIOS code, and the Root Job. The Root Job is responsible for initializing the sys-

tem and then transfering control to the application, also known as the User Job. 

The locations of these modules in the iSBC86/30 memory space are illustrated in 

Figure 4.4. 

4.6 Command Line Interpreter 

To perform the image capture and analysis, the user enters a command line 

at the remote terminal. The command syntax, as illustrated in Table 4.3 is very 

similar to, and was in fact patterned after a typical machine language monitor. 

The function of the Command Line Interpreter (CLI) is to parse the input from 

the terminal into recognizable sections, decode the command, and execute the 

proper sequence of system procedures. The PL/M-86 source code for the CLI can 

be found in Appendix G. 

The CLI operates by establishing a command template which is a complete, 

numbered list of all valid command entries. Characters received from the termi-

nal are compared to the template to determine which type of command is being 

entered. Special allowances are made in the template for parameters such as 

numerals and names. Numeric parameters are converted from ascii encoded form 

to 16 bit signed or unsigned binary format and are placed, along with character-
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Table 4.3. CLI Command Syntax. 

# Description Syntax 

0 Transfer image from camera to monitor 

(capture image) 

TC,M 

1 Transfer image from camera to monitor 

using specified lower and upper thresholds 

TC,M(<low thres>, 

<high thres>) 

2 Transfer image from monitor to graphics 

terminal 

TM,T 

3 Transfer image from monitor to specified 

disk file 

TM,D<file number> 

4 Transfer image from monitor to first 

available disk file 

TM,D 

5 Transfer image from specified disk file 

to graphics terminal 

TD<file number>,T 

8 Transfer image from specified disk file 

to monitor 

TD<file number>,M 

7 Display disk volume name and number of 

image blocks free 

NAME 

8 Format disk volume with specified 

volume name 

F'name' 

9 Superimpose square grid on monitor GRIDM 

10 Delete specified disk file D<file number> 

11 Run specified application program R<program number> 

12 Count pixels in monitor image COUNTM 

( continued on next page ) 
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( continued from last page ) 

13 Count pixels in disk file image COUNTD<file number> 

14 Invert monitor image INVM 

15 Perform logical AND of disk image with 

monitor image ----> monitor 

ANDD<file number>,M 

18 Perform logical OR of disk image with 

monitor image -----> monitor 

ORD<file number>,M 

17 Perform logical XOR of disk image with 

monitor image --> monitor 

XORD<file number>,M 

18 Blank the monitor BLANKM 

19 Invert pixel at specified XY location DOTM( <x coord>, 

<y coord>) 

20 Transfer monitor image to Thinkjet printer 

on SBC88/30 serial port. Size = 1 for normal 

size, 2 for double size. 

TM,P<size> 
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NOTES: •SIZES ARE APPROXIMATE, 

-SBC 012 INSTALLED AT 20000H. 

APPLICATION 

21K 

INIT TASK 

SYSTEM FREE SPACE 

86K 

ROOT 1.4K 

SDB DEBUGGER 20K 

NUCLEUS 

24K 

BIOS 

56K 

RESERVED 

MONITOR DATA 

LNTERUPT VECTORS 

355DOH 

30100H 

3000011 

1A8COH 

1A33011 

I4FE011 

OF02011 

0104011 

00300H 

0040011 

0000011 

Figure 4.4. Location of iRMX-86 modules in memory. 

based parameters, into a parameter block with a maximum capacity of 40 bytes. 

All character-based parameters are held in the normal RMX-86 string format con-

sisting of a single byte containing the number of characters in the string followed 

by the string itself. 

For each type of command, there exists a corresponding command execution 

procedure which retrieves information stored in the parameter block and calls the 

appropriate procedures to complete the command. 
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If the input command cannot be successfully correlated to any template 

entry, the CLI is aborted, a question mark is printed on the user terminal screen, 

and the CLI is restarted to examine the next entry. 

4.7 Utilities 

Utilities refers to miscellaneous routines that were developed for the project 

to perform functions such as output character formatting, ascii to binary conver-

sion, numeric string length calculation, name length computation and parallel 

port initialization. These routines are known by the PL/M-86 names PRINT, 

STRING$TO$WORD, NO$OF$NUMERIC$CHARS, NO$OF$STRING$CHARS 

and INIT$PPI, respectively. 

The PRINT procedure prints a byte, word, integer or string to the specified 

open file as a string of ascii characters. For bytes, words and integers, leading 

zeros are suppressed. The procedure accepts as parameters the file connection 

token, a pointer to the item to be printed, the mode of the operation (byte, word, 

integer or string print) and, for string operations, the number of times the opera-

tion is to be performed. 

STRING$TO$WORD is a typed procedure that returns the word value 

represented by an ascii string. The input parameters are a pointer to the location 

of the string and the number of characters in the string. 

NO$OF$NUMERIC$CHARS is a typed procedure that returns the number 

of numeric ascii characters in a specified string. The only parameter is a pointer 

to the location of the string. The maximum string length is 255 bytes. 

NO$OF$STRING$CHARS is a typed procedure that returns the number of 

ascii characters in a string that is delimited by single quote (') characters. The 

only parameter is a pointer to the first character in the string. The maximum 

string length is 16 bytes. 
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INIT$PPI is an untyped procedure that initializes the 8255 PPI on board the 

digitizer with Ports A and B as outputs for the lower and upper threshold DACs. 

It also initializes the 8255 PPI on board the iSBC86/30 for digitizer control and 

parallel transfer handshake on port A, which is used to transmit images to the 

C-64. The only parameter is a pointer to the base address of the digitizer board. 

4.8 Disk Operating System 

The Disk Operating System (DOS) is a collection of five PL/M-86 procedures 

that were developed to simplify the transfer of images to and from the floppy 

disk drive. 

The FORMAT$DISK procedure formats a double-sided, double-density 5.25 

inch floppy disk with 512 bytes per sector, 8 sectors per track and 80 tracks per 

side. Track zero, however, is the Intel standard single density, 128 byte per sector 

format. The total formatted storage is 653,312 bytes per disk. Each disk is given 

a volume name, which is a standard iRMX-86 format ascii string up to 15 charac-

ters long. Each disk is also provided with a simple directory that consists of a sin-

gle byte for each 8 Kbyte image block on the disk. If the corresponding directory 

entry is OOH, then the file is unused and may be written into. Initially, the entire 

directory is set to the all-files-empty condition. The volume name and directory 

occupies the first 95 bytes of track zero. the remaining 79 tracks are divided into 

8K blocks with a capacity of one image per block. 

The input parameters for the procedure are a token for the disk file connec-

tion and a pointer to the iRMX-86 string that specifies the desired volume name. 

If the status word contains 0000H after completion of the procedure, no excep-

tional conditions were encountered. If the status word contains C000H, the 

specified volume name was greater than 15 characters in length. 
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The READ$NAME procedure is a typed procedure that reads the name of a 

mounted floppy disk volume and also returns the number of free blocks remain-

ing on the volume. The parameters are a token for the disk file connection and a 

pointer to the block of RAM where the volume name will be placed. If the status 

word contains C00111, the directory was found to be invalid (contained entries 

other than OOH or FFH). This implies that the volume was not correctly format-

ted. 

The DELETE$FILE procedure sets the directory entry for the specified file 

number to the empty file condition (OOH). the corresponding file, however, is not 

altered. The parameters are a token for the disk file connection and the file 

number. Status equal to COO2H indicates that the file is already empty. 

The IMAGE$TO$DISK procedure transfers an image (7744 bytes) from the 

specified location in RAM to the specified file on the disk. If the file number is 

OFFH, then the first available file is used as the destination. This is called 

dynamic file location. Before the transfer is made, checks are run to ensure that 

the volume is not full, the specified file is empty, and the file number is valid (ie., 

less than 79). This typed procedure returns a byte value which contains the 

number of the file used as the destination. The input parameters are a token for 

the disk file connection, a pointer to the start of the image to be transferred, the 

file number to be used as the destination and a DELETE$ACCESS byte that, 

when set, allows a non-empty file to be overwritten. Status equal to C003H indi-

cates that the file was to be dynamically allocated but the volume is full. Status 

equal to COO4H indicates that the specified file is not available and status equal 

to COO5H indicates that the specified file number is out of the acceptable range. 

The DISK$TO$BUFFER procedure transfers an image (7744 bytes) from the 

specified disk file to the specified block of system RAM. The volume directory is 

not checked to ensure that the specified file contains a valid image although the 
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file number is checked for out-of-range conditions. The parameters are a token 

for the disk file connection, a pointer to the location of the destination RAM 

block and the desired source file number. Status equal to COO5H indicates that 

the specified file number is out of the acceptable range. 

4.9 Application Software 

The application software consists of interactive routines for gray level histo-

gram analysis, noise analysis, autocorrelation, and image registration. 

4.9.1 Histogram 

The gray level histogram analysis program consists of a PL/M-86 procedure 

named HISTOGRAM. The program computes and displays the N level histogram 

of the scene viewed by the video camera. The results from a number of separate 

trials are automatically averaged by the program to reduce the effects of noise. N 

must be an integer value that ranges from 1 to 256. The number of trials must 

also be an integer value from 1 to 65,536. Both of these parameters are obtained 

from the user. 

The source code for HISTOGRAM is shown in Figure 4.5. The program 

operates by determining the number of elementary digitizer levels that should be 

contained in one histogram level. This factor is called the granularity and is 

determined from the user's requirement for the number of histogram levels. The 

lower and upper threshold DACs of the digitizer are then set to different levels 

such that the difference between the upper and lower thresholds is equal to the 

granularity. The digitizer is then strobed to capture an image and the resulting 

binary ones in the captured binary image are counted by the ASM-86 procedure 

named FAST COUNT. Another image is captured at the same threshold settings 

and the pixel count is averaged with the previous count until the user specified 



- 111 - 4. Software 

number of trials is complete. The next pair of thresholds is set to obtain the next 

higher histogram level. This continues until all histogram levels are completed. 

The pixel count for each histogram level is displayed in tabular form on the ter-

minal screen and control returns to the command line interpreter. The results of 

several histogram tests are given in section 5.3. 

GRAN = 256/NO$OF$LEVELS; 
DO LEVEL = 0 TO NO$OF$LEVELS - 1 ; 

IF LEVEL = NO$OF$LEVELS - 1 
THEN CALL THRESHOLD (LOW (LEVEL*GRAN), 255, @DIGITIZER); 
ELSE CALL THRESHOLD (LOW (LEVEL*GRAN), LOW ((LEVEL+1 )*GRAN), 

@DIGITIZER); 
RESULT = 0; 
DO TRIAL = 1 TO NO$OF$TRIALS; 

CALL CAPTURE; CALL WAIT; 
RESULT = RESULT + FAST_COUNT (@DIGITIZER.FRAMESBUFFER); 

END; 
RESULT = RESULT / NO$OF$TRIALS; 
CALL PRINT (TERM$FILE$CONN, @LEVEL, WORD$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @( 1 ,SP), STRINGSMODE, 5); 
CALL PRINT (TERM$FILE$CONN, @RESULT, WORD$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @( 1 ,SP), STRINGSMODE, 5); 
IF LEVEL = NO$OF$LEVELS - 1 

THEN GRAN = NOT (LEVEL*GRAN); 
CALL PRINT (TERM$FILE$CONN, @GRAN, BYTE$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @(2,CR,LF), STRING$MODE, 1 ); 

END; 

Figure 4.5. The PL/M-86 source code for the HISTOGRAM routine. 

4.9.2 Noise Analysis 

The noise analysis program provides a measure of the effect of system noise 

for different threshold levels. It is implemented by a PL/M-88 procedure named 

NOISE$ANALYSIS shown in Figure 4.6. Like the histogram procedure, inputs to 

NOISE$ANALYSIS from the user are the number of levels and the number of tri-

als. The program sets the lower DAC threshold to the first analysis level and 

strobes the digitizer to capture an image. The number of ones in the resulting 

binary image is recored and another image is captured at the same threshold. 
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The number of ones in this image is compared to the number from the previous 

image and the difference is recorded. The underlying assumption is that any 

differences are due to electrical noise inherent in the video camera and the video 

amplifiers and fluctuations in illumination. The results from the requested 

number of trials are averaged and recorded. The whole process is repeated for 

each analysis level. The result is a table of noise count versus gray level, which is 

displayed to the user. The results of the noise analysis tests are described in sec-

tion 5.4. 

GRAN = 25B/NO$OF$LEVELS; 
DO LEVEL = 0 TO NO$OF$LEVELS - 1 ; 

CALL THRESHOLD (LOW(LEVEL*GRAN), 25S, @DIGITIZER); 
NOISE$COUNT = 0; 
CALL CAPTURE; CALL WAIT; 
DO TRIAL = 1 TO NO$OF$TRIALS; 

CALL MOVW (@DIGITIZER.FRAME$BUFFER, BUFFER$PTR, 7744/2); 
CALL CAPTURE; CALL WAIT; 
DO WORD$INDEX - 0 TO 7744/2-1 ; 

BUFFER(WORD$INDEX) = BUFFER(WORD$INDEX) XOR 
DIGITIZER.FRAME$BUFFER(WORD$INDEX); 

END; 
NOISE$COUNT = NOISE$COUNT + FAST_COUNT(BUFFER$PTR); 

END; 
NOISE$COUNT = NOISE$COUNT / NO$OF$TRIALS; 
CALL PRINT (TERM$FILE$CONN, @LEVEL, WORD$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @( 1 ,SP), STRING$MODE, 6); 

CALL PRINT (TERM$FILE$CONN, @NOISE$COUNT, WORD$MODE, 1 ); 

CALL PRINT (TERM$FILE$CONN, @( 1 ,SP), STRING$MODE, 7); 
IF LEVEL = NO$OF$LEVELS - 1 

THEN GRAN = NOT (LEVEL*GRAN); 
CALL PRINT (TERM$FILE$CONN, @GRAN, BYTE$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @(2,CR,LF), STRING$MODE, 1 ); 

END; 

Figure 4.6. Noise analysis program source code. 



- 113 - 4. Software 

4.9.3 Auto correlation 

The autocorrelation program computes the two dimensional autocorrelation 

function of a portion of the binary image held in the video frame buffer. A win-

dow dimensioned in multiples of 32 by 32 pixels is chosen at the centre of the 

image. User input to the program specifies the Ax and Ay pixel increments away 

from the original window position at which the function is to be evaluated. The 

window is XORed with the original image at that location and the resulting pixel 

matches and mismatches are counted and displayed. The PL/M-86 source code 

for the autocorrelation program is shown in Figure 4.7. 

In operation, th program first obtains the window size factor, N„„ from the 

user. This value may range from 1 to 4 with the corresponding window sizes 

ranging from 32 by 32 to 128 by 128 pixels, respectively. Then the Ax and Ay 

offsets are obtained. These parameters may take on positive or negative integer 

values, the range of which is dependent upon the window size. For example, with 

a 128 by 128 pixel window, the maximum values of lAxl and lAyl are (256 - 128) 

/ 2 = 64. The data in the window are then copied into a buffer and the data 

inside a horizontal strip of width 32 times N„ centred Ay pixels away from the 

centre of the original image are shifted -Ax units horizontally. This is equivalent 

to moving the window over the original image +Ax pixels horizontally and Ay 

pixels vertically from its original position. The data from the buffer is XORed 

with the data at the corresponding locations within this strip and the number of 

resulting pixel matches are recorded and displayed to the user. Finally, the strip 

of the original image is restored to the original position. By running the auto-

correlation program at different values of Ax and Ay, the autocorrelation surface 

can be determined. 
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/* Tran'3fer window from image to buffer*/ 
CALL SETW (0, @BUFFER$ROW, 7744/2); 
N$WINDOW$ROWS = 32 * WINDOW$SIZE; 
N$WINDOW$COLUMNS = 2*WINDOW$SIZE; 
DO WINDOW$ROW$INDEX = 0 TO N$WINDOW$ROWS - 1 ; 

SOURCE$PTR = @IMAGE$ROW(8-WINDOW$SIZE)*16 + 
WINDOW$ROW$INDEX).COLUMN(8-WINDOW$SIZE); 

DEST$PTR = @BUFFER$ROW(UNSIGN(INT( (8-WINDOW$SIZE)*16) 
+ INT(WINDOW$ROW$INDEX) Y$OFFSET)).COLUMN( 
6-WINDOW$SIZE); 

CALL MOUW (SOURCE$PTR, DEST$PTR, N$WINDOW$COLUMNS); 
END; 

/* Shift image window in x direction. */ 
CALL X_SHIFT ((-1 )*X$OFFSET, @IMAGE$ROW( 

(6-WINDOWSSIZE)*16 -UNSIGN (Y$OFFSET)).COLUMN(0), 

N$WINDOW$ROWS*16); 

/* 
DO 

XOR buffer window with image window */ 
WINDOW$ROW$INDEX = 0 TO N$WINDOW$ROWS -1 ; 
DO WINDOW$COLUMN$INDEX = 0 TO N$WINDOW$COLUMNS -1 ; 

B$WORD$PTR = @BUFFER$ROW(UNSIGN(INT((8-WINDOW$SIZE 
)*16) - Y$OFFSET + INT(WINDOW$ROW$INDEX))) 
.COLUMN(B-WINDOW$SIZE+WINDOW$COLUMN$INDEX); 

I$WORD$PTR = @IMAGE$ROW(UNSIGN(INT((8-WINDOW$SIZE 
)*16) - Y$OFFSET + INT(WINDOW$ROW$INDEY))) 
.COLUMN(6-WINDOW$SIZE+WINDOW$COLUMN$INDEX); 

6$WORD = B$WORD XOR I$WORD; 
END; 

END; 

/* Shift image back into original place */ 
CALL X_SHIFT (X$OFFSET, @IMAGE$ROW(8-WINDOW$SIZE) 

*16 - UNSIGN(Y$OFFSET)).COLUMN(0), N$WINDOW$ROWS*16); 

/* Count matches. */ 
MATCHES = N$WINDOW$ROWS * N$WINDOW$COLUMNS*16 - 

FAST COUNT (@BUFFER$ROW); 

CALL PRINT(TERM$FILE$CONN, @( 1 1 ,'X offset =',SP), 
STRING$MODE, 1 ); 

CALL PRINT(TERM$FILE$CONN, @X$OFFSET, INT$MODE, 1 ); 
CALL PRINT(TERM$FILE$CONN, @( 13,CR,LF,'Y offset =',SP), 

STRING$MODE, 1 ); 
CALL PRINT(TERM$FILE$CONN, @Y$OFFSET, INT$MODE, 1 ); 
CALL PRINT(TERM$FILE$CONN, @( 12,CR,LF,'Matches =',SP), 

STRING$MODE, 1 ); 
PRINT(TERMSFILESCONN @MATCHES WORDSMODE, ; 

Figure 4.7. AUTOCORRELATION program source code. 
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4.9.4 Registration 

The image registration program utilizes a modified form of the sequential 

similarity detection algorithm of Barnea and Silverman [10]. The program imple-

ments the SSDA discussed in section 2.6. The error measure 

K H 
eb(u,v) = E E s(i,i) XOR W(i+u,j+v) 

i.1i. 
(4.1) 

where S is the search area, 

W is the search window, and 

K and H are the pixel dimensions of W. 

is formed for each window/search area pair. However, if eb reaches a fixed thres-

hold as the error accumulates, the test is immediately terminated and a new pair 

is considered. In this particular implementation, the search starts with W in the 

upper left corner of S, that is, u=v=0, and procedes linearly across the top of S 

until the maximum value of of u is reached. Then v is incremented and the hor-

izontal scanning repeats. When all test pairs have been compared, the first pair 

with the lowest overall error is considered to indicate the best registration point. 

The PL/M-86 source code for the registration program is shown in Figure 

4.8. In this program, the search area S is taken from the centre of the image 

currently in the video image buffer of the digitizer. The window W is taken from 

the centre of an image held in a specified disk file. The dimensions of S are fixed 

at 64 by 64 pixels while those of W are fixed at 32 by 32 pixels. User input to the 

program consists of parameters specifying the disk file number and the error 

threshold. Output to the user, after execution is complete, consists of the com-

puted values of the Ax and Ay offsets between the two images and the execution 

time of the program not including the time taken for disk access. 
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DECLARE ERROR$TABLE (256) BYTE DATA 
0, ,1 ,2,1 ,2,2,3,1 ,2,2,3,2,3,3,4,1 
1 ,2,2,3,2,3,3,4,2,3,3,4,3,4,4,5,2,3,3,4,3,4,4,5,3,4,4,5,4,5,5,6, 
1 ,2,2,3,2,3,3,4,2,3,3,4,3,4,4,5,2,3,3,4,3,4,4,6,3,4,4,6,4,5,5,6, 
2,3,3,4,3,4,4,5,3,4,4,5,4,5,6,6,3,4,4,6,4,6,5,6,4,5,6,6,5,6,6,7, 

2,3,3,4,3,4,4,5,3,4,4,5,4,5,5,6,3,4,4,8,4,5,5,6,4,5,5,6,5,6,6,7, 

); 

/* Set up counter to record execution time in milliseconds 
OUTPUT (PIT$CNTRL) = 00$1 1$01 1$0B; 
OUTPUT (PIT$CNTRL) = 01$1 1$01 1$013; 
OUTPUT (COUNTER$0) = LOW(2458); 
OUTPUT (COUNTER$0) = HIGH(2458); 
OUTPUT (COUNTER$1 ) = OFFH; 
OUTPUT (COUNTER$1 ) = OFFH; 
OUTPUT (USER$LED) = ON; 

*/ 

CALL DISK$TO$BUFFER (FDC$FILE$CONN, BUFFER$PTR, FILE$NUMBER); 

OUTPUT (PIT$CNTRL) = 01$00$01 1$0B; 
TIME$1$L = NOT(INPUT(COUNTER$1 )); 
TIME$1$H = NOT(INPUT(COUNTER$1 )); 
OUTPUT (PIT$CNTRL) = 01$1 1$01 1$0B; 
OUTPUT (COUNTER$0) = LOW(2458); 
OUTPUT (COUNTER$0) = HIGH(2458); 
OUTPUT (COUNTER$1 ) = OFFH; 
OUTPUT (COUNTER$1 ) = OFFH; 
/* Initialize template and subimage */ 
DO ROW$INDEX = 0 TO 31 ; 

DO COLUMN$INDEX = 0 TO 1 ; 
TEMPLATE$ROW(ROW$INDEX).COLUMN(COLUMN$INDEX) = 

BUFFER$ROW(ROW$INDEX +7*16).COLUMN(COLUMN$INDEX +7); 
END; 

END; 
DO ROW$INDEX = 0 TO 63; 

DO COLUMN$INDEX = 0 TO 3; 
SUBIMAGE$ROW(ROW$INDEX).COLUMN(COLUMN$INDEX) = 

IMAGE$ROW(ROW$INDEX +6*16).COLUMN(COLUMN$INDEX +6); 
END; 

END; 

/* Begin cross - correlation to find registration point */ 
REGISTRATIONSTABLE.ERROR$COUNT = OFFFFH; 
DO X$OFFSET$INDEX = 0 TO 32; 

DO Y$OFFSET$INDEX = 0 TO 32; 
N$ERRORS = 0; ROW$INDEX = 0; 
DO WHILE (N$ERRORS < ERROR$THRESHOLD) AND (ROW$INDEX <=31 ); 

COLUMN$INDEX = 0; 
DO WHILE (N$ERRORS < ERROR$THRESHOLD) AND (COLUMN$INDEX 

1 ); 
RESULT = SUBIMAGE$ROW(ROW$INDEX + Y$OFFSET$INDEX). 

COLUMN(COLUMN$INDEX) XOR TEMPLATE$ROW(ROW$INDEX). 
COLUMN(COLUMN$INDEX); 

N$ERRORS = N$ERRORS + ERROR$TABLE(LOW(RESULT)) + 
ERROR$TABLE(HIGH(RESULT)); 

COLUMN$INDEX = COLUMN$INDEX + 1 ; 
END; 

(continued on next page.) 
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( continued from last page ) 

ROW$INDEX = ROW$INDEX + 1 ; 
END; 
IF ROW$INDEX = 32 AND COLUMN$INDEX = 2 

THEN DO; 
IF N$ERRORS < REGISTRATION$TABLE.ERROR$COUNT 

THEN DO; 
REGISTRATION$TABLE.ERROR$COUNT = N$ERRORS; 
REGISTRATION$TABLE.X$OFFSET = X$OFFSET$INDEX; 
REGISTRATION$TABLE.Y$OFFSET = Y$OFFSET$INDEX; 

END; 
END; 

END; 
CALL SHIFT_LEFT (@SUBIMAGE$ROW, 64*4); 

END; 

OUTPUT (PIT$CNTRL) = 01$00$01 1$0B; 
TIME$2$L = NOT( INPUT(COUNTER$1 ) ); 
T1ME$2$H = NOT( INPUT(COUNTER$1 )); 
OUTPUT (USER$LED) = OFF; 

IF REGISTRATION$TABLE.ERROR$COUNT = OFFFFH THEN CALL PRINT 
(TERM$FILE$CONN, @(25,'Registration not found. " ,CR,LF), 

STRING$MODE, 1 ); 
ELSE DO; 

Y$OFFSET = SIGNED(REGISTRATION$TABLE.Y$OFFSET) - 16; 
X$OFFSET = SIGNED(REGISTRATION$TABLE.X$OFFSET) - 16; 
CALL PRINT (TERM$FILE$CONN, @(20,'Registration Found', 

CR,LF),STRING$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @( 10,'X offset=',SP), 

STRING$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @X$OFFSET, INT$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @( 12,CR,LF,'Y offset=',SP), 

STRING$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @Y$OFFSET, INT$MODE, 1 ); 

END; 

CALL PRINT (TERM$FILE$CONN, @( 1S,' Time = ), STRING$MODE, 1 ); 

CALL PRINT (TERM$FILE$CONN, @TIME$1$L, WORD$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @(3,' + ` ), STRING$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @TIME$2$L, WORD$MODE, 1 ); 
CALL PRINT (TERM$FILE$CONN, @(S,' ms',CR,LF), STRING$MODE, 1 ); 

Figure 4.8. REGISTRATION program source code. 
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The program uses a special algorithm developed to compute the number of 

anti-coincident pixels after an XOR operation. The word value obtained as a 

result of the XOR operation is divided into the most significant and the least 

significant bytes. Each byte then serves as an index to a predetermined table of 

byte wide constants. The value of the constant at the effective address specified is 

equal to the number of ones in the index. This value for the most significant byte 

is added to that of the least significant byte. The result is the number of ones in 

the original word. This algorithm is much faster than previous algorithms used, 

for example in the autocorrelation program, which shifts the word by one bit pos-

tion then increments a counter if the carry bit is set. 

4.9.5 Test Software 

The test software consists of routines to test the operation of the digitizer 

memory bank, the floppy disk drive and the iSBC86/30 to C-64 image transfer 

hardware. 

The digitizer memory is tested by filling the entire 8 Kbytes with an initial 

value then reading back each byte and comparing it to the value written. This is 

repeated for all possible byte-wide values (0 - OFFH). The program is designed to 

illuminate an LED on board the SBC if an error occurs, that is, if the value read 

does not equal the value written. 

The floppy disk drive hardware is tested in a similar manner. A single byte 

value is written to every track and sector of a disk. The disk is then read and the 

data compared. This process is repeated for all possible byte values. 

The image transfer hardware is tested by sending a screen full of data to the 

C-64 that will form a known pattern (ex. vertical bars) on the screen. The pat-

tern is then examined visually for defects. The method was found to be very 

effective and aided in diagnosing a problem with the original design of the 
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hardware on the expansion port of the G64. 

4.10 C-64 Graphic Terminal Emulator 

The graphic terminal emulator software for the C-64 is actually an adapta-

tion of a terminal emulator written previously by the author. The original pro-

gram, written in 6502 assembly language, obtains the desired baud rate from the 

user then opens a file to the RS-232 port (user port) of the C-64. Characters from 

the channel are translated from ascii code to the CBM character code then 

printed on the screen. Likewise, characters entered at the keyboard of the C-64 

are translated to ascii and sent to the serial channel. Permissible baud rates 

extend from 50 to 2400. Revisions were made to the original emulator for graphic 

download from the iSBC86/30, fixed baud rate of 600, and automatic program 

start on power-up through EPROM-based code. 

The C-64 does not contain a standard RS-232C interface. Instead, the sig-

nals are implemented at TTL voltage levels (sic.) on the user port of the micro-

computer. A Commodore peripheral, the 'VIC-1011A, is used to translate the vol-

tage levels to standard RS-232C specifications. 
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5. LABORATORY TESTING OF PROTOTYPE 

5.1 Introduction 

This chapter describes the test procedures applied to the prototype image 

processing system and also, the results of those tests. Results are given for the 

hardware verfication tests as well as for the histogram, noise and autocorrelation 

analyses and for the image registration performance. 

All tests were run using the configuration illustrated in Figure 5.1. The 

printed circuit board was mounted on an XY translation stage (Newport 

Research, model 400) and the video camera was mounted vertically over the 

board by means of a photographic copy stand (Testrite, #CS3). Two 60 watt 

incandescent desk lamps mounted on either side of the apparatus provided 

oblique illumination of the PCB. The objective was to illuminate the board as 

uniformly as possible and to minimize any specular reflections. 

[a— 270 mm 

1C;c7 P.C.BOARD 

74 del. 

CAMERA 

1 11/

ILLUMINATION: 
120 VAC, 60 WATT 

250 mm INCANDESCENT 
DESK LAMPS (2) 

-- LENS 

/CV TRANSLATION STAGE 

70 des. 

Figure 5.1. The test apparatus configuration. 

Tests were made on two different sample PCBs, both supplied by Northern 

Telecom Ltd., Saskatoon. One board bears the number NT2E24, the other 
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NT2E4101. Both are of epoxy-glass construction and both contain buried ground-

planes. However, NT2E4101 contains a greater trace density and more regular 

features. 

5.2 Hardware Verification Tests 

The digitizer memory test (see section 4.9) was run for several different 

hardware configurations. the duration of the tests ranged from a few minutes to 

approximately one half hour. With the digitizer mounted inside the Multibus 

cardcage, the test ran successfully for the duration of the experiments. Tests were 

run with the digitizer in various different slots within the cardcage. All tests with 

the digitizer inside the cardcage produced no errors. However, with the digitizer 

mounted on a card extender (Vector, #3690-18), the tests would run for only a 

few seconds before an error was detected. This is due to the signal crosstalk, 

increased propagation delays and impedance mismatches inherent in card 

extenders. A commercial memory expansion board (Intel SBC012B) mounted on 

the extender also experienced errors. 

The floppy disk drive hardware was tested in the manner described in sec-

tion 4.9. The test was run continuously over a period of approximately one half 

hour with no error condition encountered. 

5.3 Histogram Tests 

A gray level histogram analysis was performed on each board. The results 

are shown in Figure 5.2 and 5.3 for NT2E24 and NT2E4101, respectively. The 

modes in Figure 5.2 correspond to holes, substrate, traces and silkscreen. As 

expected, the mode representing the substrate is the largest since it comprises 

most of the surface area of the board. The separation of the modes indicates that 

traces and silkscreen can be easily differentiated from substrate, however 
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separation of traces from sustrate would be more difficult. 
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Figure 5.2. Gray level histogram, as obtained by the HISTOGRAM application 

program, for NT2E24. 

Figure 5.3 shows modes corresponding to substate, traces and silkscreen for 

NT2E4101. This histogram is significantly different from that of Figure 5.2, 

although both were taken under identical conditions. The absence of a mode 

corresponding to holes is as expected since NT2E4101 had been passed through a 

wave soldering machine. There is less gray level distinction between substrate 

and traces on NT2E4101. 

Figure 5.4a illustrates the result of thresholding the image characterized by 

the histogram of Figure 5.2 at the points labelled AL and A u (lower and upper 
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Figure 5.3. Gray level histogram, as obtained by the HISTOGRAM application 

program, for NT2E4101. 

thresholds, respectively). For clarity, the resulting binary image has been inverted 

such that intensity levels between A L and Au are represented as black pixels and 

the rest as white pixels. As expected, only the holes are evident in this image. 

Figure 5.4b illustrates the result of thresholding at levels BL and Bu. The traces 

are clearly evident, however the outlines of the holes and silkscreened graphics 

are also visible. Figure 5.4c illustrates the result of thresholding at levels CL and 

Cu. As expected, the traces and silkscreen are the predominant features. Again, 

the outlines of the holes are visible. 
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Figure 5.4. Binary images resulting from gray level thresholding. 

6.4 Noise Analysis Tests 

In addition to the gray level histogram of NT2E4101, Figure 5.3 also shows 

the result of running the noise analysis program on the same scene. The results 

show that noise greatly affects the binary image of in the range of intensities 



- 125 - 5. Lab Testing 

characteristic of the substrate. 

5.5 Autocorrelation Tests 

The image in Figure 5.5a represents the result of thresholding an area of 

NT2E24 such that traces and silkscreen are separated from the rest of the 

features. Figure 5.5b shows the result of thresholding the 

same scene to reveal only holes. These images were chosen for autocorrelation 

because of the presence of holes, traces, silkscreen, some regular and some irregu-

lar features. 
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Figure 5.5. The binary images resulting from different thresholds of 

the same scene. 

The autocorrelation program was run on these two images, using a 32 by 32 

pixel window from the centre of the image, as illustrated. The output from the 

program is shown in graphical form in Figure 5.6. There are two curves for each 

image: one for the X direction and the other for the Y direction. The curve 
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corresponding to holes in the X direction is roughly periodic with a period of 

approximately 14 pixels. This is equal to the hole spacing on the board and sug-

gests that registration of holes alone would not yield a unique solution for initial 

displacement errors of more than 0 or 7 pixels, in this case. 
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Figure 5.6. Autocorrelation curves for images in Figure 5.5. 

Figure 5.7 illustrates the result of using a larger window in the autocorrela-

tion function. In this case, the window is 128 by 128 pixels, taken from the centre 

of image #15 (Figure 5.5a). 

Figure 5.8 shows a section of NT2E4101 that contains many closely spaced 

parallel traces. The autocorrelation curve using a 128 by 128 pixel window at the 

centre of this image is illustrated in Figure 5.9. There is a significant periodic 

component of the function in the direction perpendicular to the traces. 
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Figure 5.7. Autocorrelation function using a large window (128 by 128 pixels). 
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Figure 5.8. A section of NT2E4101 used in autocorrelation. 
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Figure 5.9. The autocorrelation function for the image of Figure 5.7. 

5.6 Registration Tests 

Three areas of interest were investigated with respect to registration. These 

are registration accuracy, algorithm execution time, and extraction of information 

regarding rotational offsets. 

With regard to accuracy, all registration programs written for the system are 

able to determine the registration point to a resolution of one pixel. Techniques 

exist for sub-pixel registration but these were not employed in this project. In lab 

tests the accuracy of registration fell into one of two categories. Either the error 

was very small, zero to two pixels, or it was very large, on the order of 15 pixels 
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or more. For example, one series of tests that involved a 32 by 32 pixel window 

search over a 64 by 64 pixel area revealed perfect registration (ie., zero pixel error 

) for approximately 40 offset pairs picked at random throughout the allowed 

range of offsets. Another series of tests that involved a section of the NT2E4101 

board that contained a collection of long, straight, parallel traces produced regis-

tration errors on the order of 10 to 20 pixels in the direction parallel to the 

traces. This indicates that a larger window size is necessary under these condi-

tions. 

The time required to execute the registration program is a function of the 

error threshold in the SSDA. Figure 5.10 demonstrates the result of running the 

program on image #25 using a 32 by 32 pixel window, a 64 by 64 pixel search 

area and a 5 MHz CPU clock frequency. Registration time does not include the 

time required for disk I/O. As illustrated, the registration time also varies slightly 

with the XY offset between the images. The curves corresponding to offsets (7,11) 

and (-9,-12) do not extend lower than 50 and 40 pixel error thresholds, respec-

tively, since at lower thresholds, the algorithm is unable to determine any regis-

tration point at all. This means that all window pairs produced errors greater in 

quantity than the erroe threshold. 

Some regard was given to extraction of information on the rotational offset 

between images. All algorithms and tests discussed so far have considered only 

translational offsets. However, it is unreasonable to assume that in a practical 

situation the PC boards could be expected to undergo no rotation while being 

fixtured. A program was written to indirectly estimate the rotation between the 

monitor image and a disk-resident image by registering two small areas in oppo-

site corners of the images. By knowing the individual translational offsets and the 

distance between registered areas, the rotation, 43, can be determined. The prob-

lem was to determine how much rotation the registration algorithm can tolerate 
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Figure 5.10. Registration time for various error thresholds. 

before gross errors are encountered, since the SSDA is based on translational dis-

placements. To investigate this problem, a sample PCB was fixed to a calibrated 

rotation stage and images were registered at values of rotation angle 0 between 0 

and 15 degrees. For each degree of rotation, the minimum permissible error thres-

hold for accurate registration was recorded. The results are illustrated by the 

graph of Figure 5.11. At 12 degrees offset, registration errors started to occur and 

by 15 degrees, the errors were 18 and 9 pixels in the X and Y directions, respec-

tively. Under the conditions of this particular test, the conclusion is that it is pos-

sible to accurately register images with rotational offset as long as this offset is 

less than 12 degrees. 
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6. CONCLUSIONS 

6.1 Image Processing 

Rapid registration of printed circuit board images by microprocessor-based 

hardware was shown to be practical. For strictly translational offsets, registration 

accuracy to one pixel was achieved using an adaptation of the sequential similar-

ity detection algorithm of Barnes and Silverman [101. The use of binary images 

for both the search area and the image window allowed an acceptable computa-

tional load on the processor such that the registration of a 32 by 32 pixel window 

to a 64 by 64 pixel search area could be performed in times on the order of 1.8 

seconds. 

The registration algorithm provides a measure of the correlation between 

images by performing the logical exclusive-or (XOR) of corresponding bits from 

each image. This operation is done 16 bits (one word) at a time and the resulting 

number of asserted bits (ones) from successive words is accumulated until a 

specified, constant threshold is reached, or until the end of the window is 

reached. The asserted bits resulting from the XOR operation correspond to 

anticoincident pixels in the two images and thus give a measure of the pixel 

errors. A special algorithm was developed to expedite the counting of these 

asserted bits. Each word is split into the most significant and least significant 

bytes. Each byte then acts as an index to a 256 byte table of error values. The 

value of the byte in the table corresponding to any index is equal to the number 

of asserted bits in that index. This operation is performed twice for each word 

and the results are added. If the registration algorithm reaches the error thres-

hold before all bits are compared then the operation is terminated and a new 

window/search area pair is considered. The algorithm successively examines all 
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possible pairs until a pair is found such that the total number of pixel errors does 

not exceed the error threshold. This pair is considered to indicate the best regis-

tration point. A better registration algorithm, incorporating a monotonically 

increasing error threshold for example, would yield better performance. As well, a 

preliminary search could be done using a coarse grid. Once the approximate regis-

tration point was found, a maximum resolution search could be done in that area. 

The registration accuracy was found to depend on the image characteristics. 

Images with irregular, non-periodic features, such as shown in Figure 5.4, resulted 

in the best registration accuracy while those with uniform or periodic features, 

such as shown in Figure 5.8, resulted in reduced accuracy. The autocorrelation 

function proved useful in determining the type of features and the size of window 

that produce acceptable registration accuracy. However, a cross-correlation of the 

stored image with a recently acquired image would yield a more realistic model of 

the registration process. A large window reduces the size of the side lobes in the 

cross-correlation and therefore reduces the chance of misregistration although a 

large window also creates a larger computational load for the processor. 

The gray level histogram of the PCB images proved to be a valuable tool in 

selecting the optimum gray level threshold for the conversion of the analog video 

to digital form. By appropriate settings of gray level thresholds, the features of 

the PCB such as traces, silkscreened graphics, substrate and holes can be 

separated from each other successfully although it was found that when separa-

tion of traces was attempted, the outlines of holes and silkscreen also appear. The 

histogram was also used to determine the effects of PCB illumination on the cap-

tured image. For best performance, it was found that the PCB must be uniformly 

illuminated over the area to be registered, the illumination must not change from 

one registration attempt to another, and specular reflections must be minimized. 

In the prototype system, incandescent lamps powered from the 120 VAC, 60 Hz 
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mains were used for illumination. The 120 Hz flicker rate of these lamps made 

some contribution to the image noise and interfered only slightly with the regis-

tration process. 

8.2 Hardware 

A one bit video digitizer was designed and constructed to convert the analog 

signal from a video camera into a format compatible with a digital computer. 

The digitizer was integrated into a system consisting of commercially available 

components including an 8086 based microcomputer, a memory expansion card, a 

card cage, a power supply, a floppy disk drive, and a remote terminal. The 8086 

microprocessor has sufficient computational power to perform the image registra-

tion in reasonable time. To test and improve registration algorithms, a pro-

grammable machine is desirable over a purely hardware approach. 

The use of a standard microcomputer bus allowed a modular system design. 

This permitted the custom built digitizer to be easily linked to commercially 

available processor, memory and peripheral boards. An image buffer consisting of 

RAM memory elements was incorporated into the digitizer board so that the sys-

tem bus and the Central Processing Unit (CPU) need not be tied up when an 

image capture is in progress. After the capture is complete, the buffered image 

appears as a block of data in the memory space of the CPU. 

In the prototype, the digitizer board generates signals to synchronize the 

video camera to the internal clocks of the digitizer. This function was imple-

mented by a crystal controlled finite state machine that also generates clock and 

address signals for the buffer memory. This system results in an extremely stable 

timing relationship between the camera and the digitizer and can be used to force 

the camera to scan the same lines every time instead of interlacing two fields. 
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The actual analog to digital conversion of the video signal from the camera 

is performed by a window comparator. This allows a range of input levels to be 

separated from the input signal and therefore takes this burden away from the 

software. Both the upper and the lower levels are software controlled through 

registers that are mapped into unused memory locations at the base of the 

address space of the image buffer. Optionally, these levels can be controlled 

manually through potentiometers. 

To capture an image, the microcomputer strobes a line extending from its 

parallel port to the digitizer, then waits for an end-of-capture signal from the 

digitizer. Unfortunately, these functions cannot be accomplished over the Mul-

tibus since the local digitizer address and data buses are busy during the capture 

process. The digitizer design could be modified to generate a Multibus interrupt 

upon completion of an image capture. 

The use of a remote terminal for user interaction with the system proved 

very effective although the graphic download capability built into the terminal 

was found to be of limited use. 

8.3 Software 

The system software was divided into two major functional blocks: applica-

tion code and operating system. The application code was developed to imple-

ment the necessary image processing algorithms, including the gray level histo-

gram analysis, the autocorrelation analysis, the noise analysis and the registration 

process. Also, application code was developed to perform miscellaneous system 

functions such as image transfers from digitizer to disk, formatting of new disk 

volumes, and logical operations on images. The use of a commercially available 

operating system for the microcomputer greatly simplified the design of system 

software and forced a structured approach to the design. However, a penalty was 
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paid in the form of increased system memory requirements. 

As an extension of the project, the operating system configuration could be 

enhanced to include features such as named files, the Extended Input/Output 

System (EIOS), and the human interface subsystem. This would result in a more 

versatile and more user-friendly system. 

It was found that the use of special software development tools aided the 

integration of application software with the operating system. The familiar 

firmware-based monitors and in-ciruit emulators permit debug access to the sys-

tem at very low levels (machine code and cycle), but special high level debuggers 

such as the Intel SDB are much more effective at tracing pure software faults at 

high levels. For the development of application software, the PL/M-86 language 

proved to be very suitable. It is a medium level, structured language that is well 

suited to control applications. A good technique for obtaining the best code 

efficiency is to examine the output listing file of the compiler and then rewrite, in 

assembly language, those portions that can be significantly improved. 

To summarize, hardware and software for determining the location of a 

printed circuit board to within 0.16 mm was developed. The system uses image 

processing techniques to determine the offset between an observed image and a 

stored image that are offset less than plus or minus 16 pixels (2.5mm). An 

enhanced version of the system could be used in a manufacturing environment, 

with standard incandescent lighting powered from the A.C. mains. The system 

would avoid the need for precise mechanical indexing of printed circuit boards on 

an assembly line. 
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Table 4 Pin Assignment of Bus Signals on IAULTIBUS* Board Connector (P1) 

Pin 
(Component Side) 

Pin 
(Circuit Side) 

Mnemonic Description Mnemonic Description 

Power 1 GNO Signal GNI) 2 OND Signal OND 
Supplies 3 +5V +5Vdc • +5V +Wide 

5 +5V +5Vdc 6 +5V +5Vde 
7 +12V +12Vdc 8 +12V +12Vdc • 
9 Reserved, bussed 10 Reserved, bussed 

11 GND Signal ONO 12 ONO Signal OND 

Bus 13 BCLK• Bus Clock 14 'NIT* Initialize 
Controls 15 BPRNe Bus Pri. In 16 °PRO* Bus Pd. Out 

17 BUSY • Bus Bully 18 BREO* Bus Request 
19 IMMO. Mem Read Cmd 20 MWTC • Mem Write Cmd 
21 IORC • 1/0 Read Cmd 22 lOWC* I/0 write Cmd 
23 XACK • XFER Acknowledge 24 INHI• inhibit 1 (disable 

RAM) 

Bus 25 LOCK • Lock 26 INH2* Inhibit 2 (disable 
PROM or ROM) 

Controls 27 SHEN• Byte High Enable 28 AD10. 
and 29 CBRO* Common Bus Request 30 A011* Address 
Address 31 CCLK • Constant UK 32 A012* Bus 

33 INTA* Int, Acknowledge 34 A013* 

interrupti 35 INT6* Parallel 38 INT 7* Parallel 
37 IN74* Interrupt 38 INTS* Interrupt 
39 INT2* Requests 40 INT3* Requests 
41 INTO* 42 INTI• 

Address 43 AORE* 44 AORF• 
45 ADRC • 48 *ORD. 
47 ADRA • Address 48 ADRB* Address 
49 ADR8* Bus SO ADR9* Bus 
51 ADR6* 52 ADR7* 
53 ADR4* 54 AD1154
55 AID112. 56 ADR3* 
57 ADRO* 58 AORi • 

Data 59 DATA• 60 ATF• 
61 DATC • 82 ATO* 
63 DATA* Data 84 ATB• Data 
65 OATS* Bus 86 AT9* Bus 
67 DAT6* 68 AT7* 
69 DAT4* 70 ATS* 
71 MTV. 72 AT3* 
73 DATO• 74 ATI • 

Power 75 GNO Signal GND 76 GNO Signal ONO 
Supplies 77 Reserved. Bussed 78 Reserved, bussed 

79 -12V -12Vdc 80 - I 2V - I 2Vde 
81 +5V + SVdc 82 +5V +5Vdc 
83 +5V +5Vdc 54 +5V +5Vdc 
85 GNO Signal GNI) 88 GNO Signs' ONO 
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SOURCE: Ski TEL. CARP.` MilL11131)5 1. A•-c t 

Re.fere rice. 130oK " / 9 8 . 

5 PI COMAJE-Crog 
COMPONENT SIDE 

0 X 000 

I X 000 I 

? X 000 2 

32(000 3 

9X000 

5X00 0 5 

in X000 6 

7)(000 I

0 

0 

0 

0

0..1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

o 1(0000 

X1000 

2 X20000000

3 x30

0

I X 1-1000 

0 0 60000 5 )  

7000 

: 

x 

x 

COMMON 

u PPS. A 
AuDR'55

PATS 

C OMmOn/ 

LOWER 
ADDRESS 
PITS 

8ASt: ADakEss s ELEcToR, 

EXAMPLE SHOWN: q 00.30 H 

0 

0 

0 

0 

0 

0 
0 

Delay C n 5) 

0- 100 
100 - 200 
zoo- 300 

30o- 400 

900- SOO 

500 - Goo 

600 -100 

700 - 5,00

COMMON 

0 

Lei 

XACK-. DELAY 
EXAMPLE 400'1-0 600 05 

/AULT 'BUS PINOUT, 

JUMPER CONN& . 

ft LOCKHART 

/0 MARCH eq, 

SHEET 7 OF 8 

CO 



..„,, _,..„... 
azT zyr 

<31)7 
1:3VA) Cs, 

PA7 
,c ).136 27 i.), PA6 

vi CD pc --Lys PAS 
n <=-11:21.L_______LJ Dki PALI 
Q.)

'C3 n 5  
so

 03 PAS 

▪ 
Q1 ,z ,-.) 

D? PAZ ,. - 
o <3 f-' 1 = !)1 PA I 

‹ ..:3 Do 53 vo PAO '2 < „.....-, gE SE r/  KE5E I/ 

L
2' 

E 682 I 
cL 
,u

<DA' 35 RS I cAI 

T- <=3'10 3t' )250 
-.0 

6 
c ir pc, / I  31;  MQQA/ 

I 7' rPcle./ CAZ 
qr) •„,, 

G
-6

4
 

E
xP

A
N

C
.t

o
w

 
B

U
5,

 

P.P.] 
CS 2 / 

+5v1 

14 LSI4 
i 1.1 
10 

+5 

0 

3 

 2/O. I 
.-_.-_-.1 

epr/ ,,..p.:Ktr...Y... DE0oH 
4sv 

2.11. 

<Div i 7  D7 vPP AtoZ.L___ 

.C1 'L. )F. ph Al 22 At c> 

1-)5 AS 23 AS,c, 

`_}' 1 LL 4, 4 A7 I AS P

<3 1)3 
13 05 A&  2. Abp 

<-jaL_____i_L D2 A5 - 3- 61C> 
< ALI  4-) 1 

D I A9 _y Ai> 
s- A3D>
6 AZ C>

-f LILE > 

5.&K 
2.2 if1<-11- 

3 I - i 
31,   j i

 ti  ' 32 

4 0 

a.?Km. 

1 . 0 K o 

11-4L

 ti  
1 7 1- 9 6 

10.0k 

) 00 
I  DO A3 

„,......a.Pomi/ 18  CE/ Az
, . ,........y___. i l> , ..)..1__ ...c1 it/ AI 

<I3' ''''' 41-0 Z .1 lb no 
Kj e.m.;,14,,..a  EiT;AM 

2142 2 2 2-

T1-32 

Ti 30 

S6r 
KS-sr 

L 

O 

ff.1 
r37 
rsb 

r; 

1,1 
(33 

0-471Z 
A7 

Ac 
Att 

In A2 

p 

411 Al 

•-0. ,oUll A3 
8/ 

▪ Zg..."L 

7443 -2 
B 

5 

14132 

19432 

50c: € 30 

11.35 
$Z55A 

oP oc.
PI

PA? 
PAL. 

PA5 
PA 

PAS 

PA 2 
PA I 

PAC4 

P 

pa, 

stic. 86!30 - To- c-cs,
r_AA&E TOWS F '34)5 

AND 
Cr 64 AuTosTA RT E pRom 

R. LOCKHART I I MARCH 
SHEET 8 OF R 



148 - 8. Appendices 

APPENDIX B. iAPX86 (8086) CPU Architecture 

The 8086 architecture is split into two basic units: the Execution Unit (EU) 

and the Bus Interface Unit (BIU). The EU contains the arithmetic logic unit 

(ALU), the general registers and the processor flags. The BIU contains the seg-

ment registers, the instruction pointer, the bus control unit and a four byte 

instruction queue. The sole purpose of the BIU is to fill the instruction queue 

with instructions and operands and to write results from the EU to memory. The 

operation of these two units is asynchronous and thus allows the CPU operations 

to be pipelined. This means that fetch-execute and write-execute cycles can be 

overlapped, which keeps the external bus busy almost continuously and therefore 

increases system efficiency. 

The register structure of the 8086 is illustrated in Figure 8.1. Four sixteen 

bit general purpose or data registers exist. They are known as AX, BX, CX, and 

DX. Each of these registers is divided into an upper and lower byte. Operations 

may be performed on the entire 16 bit register, just the lower 8 bits or just the 

upper 8 bits. Another group of four 16 bit registers is referred to as the pointer 

and index group. As the name implies, they are used as pointers to memory 

addresses and as memory index registers. 

The segment registers have already been discussed in conjunction with the 

8086 memory addressing scheme. 

The instruction pointer is a 16 bit register equivalent to the program counter 

of second generation microprocessors. The actual physical address of the next 

instruction to be fetched is determined by the CS:IP register pair. 

The last register is the processor status or flag register. The individual bits 

of this register provide information that the EU generates to reflect certain pro-

perties of the result of an arithmetic or logical operation. 
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AX 

BX 

CX 

DX 

SP 

BP 
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DI 
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INSTRUCTION 
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Figure B.1. The registers of the 8086. From 1201. 

The 8088 provides many different addressing modes. They include register, 

immediate, implicit, direct, indirect, base, indexed and base indexed. In addition, 

string operations are included for rapid processing of byte and word arrays. 

Instructions are available to move, compare and scan for a value, as well as for 

moving string elements to and from a general purpose register known as AX. 

These instructions are well suited for the image processing application in which 

large arrays of data are involved. 
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Other notable instructions in the 8086 repertoire include signed and 

unsigned division and multiplication, single instruction loop control, repeat prefix 

for string operations and the translate instruction which replaces the byte in the 

lower half of the AX register (AL) with the entry in a 256 byte translation table 

corresponding to the index equal to the original value of AL. 

APPENDIX C. SBC 86/30 Jumper Configuration. 

The following jumpers are installed on the SBC 86/30 motherboard: 

E2 - E3 E6 - E10 E13 - E14 

E15 - E16 E17 - E18 E22 - E23 

E26 - E32 E28 - E32 E30 - E31 

E33 - E34 E38 E39 E40 E41 

E42 - E43 E44 - E53 E45 - E54 

E46 - E55 E47 - E56 E48 - E57 

E49 - E58 E50 - E59 E51 - E60 

E52 - E61 E61 - E62 E76 - E77 

E84 - E85 E108 - E109 E112 - E113 

E124 - E125 E126 - E134 E136 - E149 

E137 E155 E144 - E145 E147 - E158 

E152 - E169 E175 E176 E178 - E179 

E184 - E185 E189 - E193 E190 - E194 

E191- E195 E202 - E203 E219 - E225 

E205 - E207 E208 - E209 E210 - E211 

E213 - E214 

APPENDIX D. Floppy Disk Drive and Controller 

Mass storage for the SBC 86/30 is provided by an NEC FD1055 Floppy Disk 

Drive (FDD) in conjunction with an iSBX 218A Flexible Diskette Controller 
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(FDC) Multimodule board. 

The FD1055 is a double sided, double density drive that uses 5.25 inch 

floppy disk media. The total unformatted capacity per disk is 1.0 Mbyte. 

Detailed specifications on this unit are given in Table D.1. 

Table D.1. FD1055 floppy disk drive specification summary. 

Feature Specification 

Capacity (unformatted) 

Per Disk 

Per Surface 

Per Track 

1.0 Mbyte 

500 kbyte 

8.2 kbyte 

Transfer Rate 250 kbyte/sec 

Track-to Track 

Access Time 3 msec 

Settling Time 15 msec 

Motor-on Time 800 msec (max) 

Rotational Speed 300 rpm 

Track Density 98 tpi 

Power Requirements +12V, +5V 

The SBX 218A is an iSBX bus compatible Multimodule capable of support-

ing virtually any soft sectored single or double density and single or double sided 

FDD. It can control up to four drives and supports the standard IBM 3740 and 
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IBM System 34 formats. In addition to programmable sector sizes and recording 

density, the head load time, head unload time and track to track access time are 

specified by software. Data transfers to and from the host board can be done by 

Direct Memory Access (DMA) or by sofware polling by the host CPU. Since the 

SBC 86/30 does not contain a DMA controller, the latter method is used in this 

project. 

A block diagram of the SBX 218A is shown in Figure D.1. The most impor-

tant components are the 8272 FDC chip, the Phase Locked Loop (PLL) data 

separator, the SBX bus interface and the FDD interface. 

FLEXIBLE 
DISK 

DRIVES 

J1 CONNECTOR 

FLEXIBLE DISK DRIVE INTERFACE LOGIC 

LATCH 
OPTIONS 

A 

DMA 
SIGNAL 

GENERATOR 

8272 
FOC 

READ 
WINDOW 

GENERATOR 

TIMING 
AND 
PLL 

READ 
DATA 

SHAPING 

WRITE 
PRECOM - 

PENSATION 

ADDRESS, DATA. AND CONTROL BUS 

ISBX " BUS 

Figure D.1. Block diagram of the iSBX 218A Flexible Diskette Controller. 

The 8272 is an Intel floppy disk controller integrated circuit. This device can 

execute 15 different commands related to floppy disk drive control. Software 



- 153 - 8. Appendices 

development is simplified by the high level nature of these commands. For exam-

ple, there are commands to seek a specified track read data, write data, format a 

track and sense drive status. 

The PLL data separator decodes the read signal from the FDC into a data 

stream compatible with the 8272. Both FM (single density) and MFM (double 

density) data formats are supported. 

The SBX bus interface provides the communication link between the 8272 

and the host CPU. The host CPU passes commands to the FDC through this 

interface and receives status information from the 8272. As well, data to be writ-

ten to or read from the floppy disk is transferred 8 bits at a time through this 

interface. 

The FDD interface routes control and raw data signals to and from the disk 

drive. A total of 15 signals are required by the FD1055; the connections are illus-

trated in Figure D.2. 

The signals are: 

Side Select -determines which side of the diskette is to be used during an opera-

tion. High = side 0, low = side 1. 

Head load -when active, causes the head load solenoid of the FDD to bring the 

read/write head into contact with the rotating diskette surface. 

Index -a signal from the FDD used to indicate the origin or reference point on 

the diskette corresponding to the index hole. 

Ready -a signal from the FDD that, when active, indicates that power is sup-

plied to the FDD, a disk is mounted and the rotational speed of the diskette has 

reached at least 90% of the specified speed. 

Drive Select 0,1,2,3 -signals from the FDC indicating which drive in a multiple 

drive system is to be accessed. 
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Figure D.2. Floppy disk drive interface. 

Direction Select -determines which direction (in or out) the head is to move on 

the next Step pulse. 

Step -a pulse which moves the head one track in or out, as determined by the 

Direction Select signal. 

Write Data -data from the FDC to be written onto the diskette. 

Write Gate -determines whether a read or write operation is to be performed. 

Track 00 -a signal from the FDC indicating, when active, that the read/write 

head is positioned over track zero. It is used by the FDC to calibrate the drive 

after power-up and after a track error. 

Write Protect -a signal from the FDC indicating the presence/absence of a 

write protect tab on the mounted diskette. 
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Read Data -raw data from the FDD to be formatted and transferred to the host 

board. 

Motor On -a signal to the FDD controlling the motor actuation. 

Jumper posts are provided on the SBX 218A board to select the various 

operating modes. The configuration of these jumpers was determined partly from 

the requirements of the FD1055 Floppy Disk Drive and partly from the require-

ments of the iRMX 86 Operating System software. The jumpers installed on the 

SBX 218A for this project are as follows: 

E5 - E8 E6 - E7 E9 - El0 

Eli - El4 E18 - E17 E18 - E19 

E20 - E21 E22 - E23 E24 - E25 

E28 - E29 E31 - E32 E36 - E37 

E38 - E39 E40 - E41 E43 - E44 

E47 - E48 E49 - E50 E53 - E54 

E56 - E57 E58 - E59 E61 - E62 

E64 - E65 E66 - E67 E68 - E69 

APPENDIX E. PL/M-86 Procedural Interface 

ASM-86 procedures called from a PL/M-86 main program (or vice-versa) 

must adhere to a strict convention in terms of parameter passing. This conven-

tion is called the procedural interface. 

A typical PL/M-86 statement to call an ASM-86 procedure is: 

CALL EXAMPLE (Parameter_l , Parameter_2); 

where: Parameter_l is a byte parameter, 
Parameter_2 is a word parameter. 
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In PL/M-86, all parameters are passed on the run-time stack and all, regard-

less of type, are passed as words and are pushed onto the stack in the same order 

that they appear in the PL/M-86 calling statement. 

The run-time stack as implemented by the 8086 microprocessor is located in 

RAM memory and is accessed by the Stack Segment Register (SS) and the Stack 

Pointer Register (SP). The SS contains the base address and the SP contains the 

offset of the Top-Of-Stack (TOS) from the base. The stack is sixteen bits wide, 

thus, stack items are added and removed one word at a time. A word is pushed 

onto the stack by decrementing the SP by 2 and placing the item at the new 

TOS. Similarly, a word is popped from the stack by reading it from the TOS and 

then incrementing the SP by 2. Obviously, the stack grows downward in 

memory, toward the base address held in the SS while the SP holds the offset of 

the last word pushed. Early in the main program, SP is initialized to some value 

greater than zero, based on the programmer's expectation of the required stack 

size. 

If the stack appeared as illustrated in Figure 4.2a before the PL/M-86 calling 

statement described earlier in this section, it would appear immediately afterward 

as illustrated in Figure E.1. 

At this point, the ASM-86 procedure takes control. It's initial activity 

depends on the type of the procedure. The type can be SMALL, COMPACT, 

MEDIUM, or LARGE. The type affects the manner in which memory is accessed. 

For compatibility with iRMX-86, the PL/M-86 LARGE model of computation is 

used. This has two important ramifications: 

1. All procedure calls must be of the FAR or intersegment type, meaning that 

both CS and IP must be saved on the stack to provide the return address. 
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HIGH ADDRESSES 

ICC 

XX SP (TOS) 

XX 

30C 

XX iPARAMETER_I 

PARAMETER _2 

OLD CS 

OLD IP SP (TOS) 

Figure E.1 The run-time stack before (a) and after (b) the PL/M-86 calling 

statement. 

2. Each procedure must establish its own local data region. This means that 

the procedure must save the calling routine's Data Segment (DS) value, set 

up it's own DS and then restore the caller's DS before returning. 

The first few instructions of the procedure would therefore appear as in Fig-

ure E.2. 

EXAMPLE PROC FAR ; An example procedure 

PUSH DS ; Save the caller's DS 

MOV AX,DATA ; Establish new DS 

MOV DS,AX 
PUSH BP ; Save BP 

MOV BP,SP ; Parameters on stack will be accessed 

relative to BP. 

Figure E.2. An ASM-88 procedure prolog. 

DS is saved as required by the PL/M-86 procedural convention. Then, a new 

data segment is defined for the use by the procedure. BP is also saved as required 

by the convention, and 1313 is set to point to the same location as the stack 
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pointer. The stack now appears as illustrated in Figure E.3. 

Now, PARAMETER." can be accessed by addressing [BP+8] and PARAM-

ETER...1 by [BP+10]. If desired, local storage can be allocated on the stack. This 

is important if a procedure must be reentrant. To do this, an immediate value, C, 

is subtracted from SP to create C 16 bit locations just below the location pointed 

to by BP. These local storage elements are addressed as [BP-21, [BP-4], [BP-6], 

etc. This situation is also depicted in Figure E.3. 

roc 

/0C 

BP+10 

BP+8 

BP-2 

BP-4 

'CC ;PARAMETER_I 

PARAMETER_, 

OLD CS 

OLD IP 

OLD DS 

OLD BP 

LOCAL_I 

LOCAL_2 

SP a BP 

SP (TOS) 

Figure E.3.Appearance of the stack after procedure prolog. 
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