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Image Scanner Technology* 

An evaluation of image scanning technologies with respect to 
requirements for digital mapping systems. 

INTRODUCTION 

T HE STEADILY INCREASING data require- 
ments imposed on the mapping commu- 

nity are forcing the development of auto- 
matic systems for map production. Emphasis 
is on both speed and accuracy, and espe- 
cially on the reduction of the labor-intensive 
parts of the map-making process. Because 
much of the map data is derived from aerial 

cal medium-to-high-resolution photographic 
image in digital form is large (from 10' to 10"' 
bits, or more). Therefore, it is not now a 
practical medium for the archival storage of 
many images. A viable alternative to dig- 
itizing and storing entire frames of imagery 
is to scan, digitize, and temporarily store the 
required sections of an image when and as 
required for digital processing. Using this 
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for a digital mapping system. Certain requirements are dictated by  
the operating environment, i.e., whether the scanner will be used for 
production or research, and whether i t  will be used on an on-line, 
interactive, or off-line system. Other requirements are dictated by  
the specific scanner application intended, of which there are cur- 
rently three major ones: stereo photogrammet7y, feature extraction, 
and feature positioning. 

The various mapping requirements are best met wi th  different 
operating modes. Some require a full format, whereas a smaller 
"window" scanning mode suffices for others. In some cases, an in- 
teractive capability would be beneficial; in others, batch processing 
is better. The critical requirements imposed on an image scanner for 
digital mapping applications are resolution ( in  total number of 
elements per viewing area), uniformity of performance over area, geo- 
metric accuracy, and speed. Systems adaptable to all these require- 
ments include drum-type laser scanners, rotating-mirror laser scan- 
ners, and solid-state scanners comprised of a series of optically 
butted linear arrays. Before the most appropriate technology can be 
selected and a system design recommended, the application scenario 
and intended environment must be known and resulting require- 
ments must be carefully evaluated and ranked. 

photographs, a system to rapidly convert 
these sources into the proper digital data 
form is becoming necessary. 

The magnetic storage required for a typi- 
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alternative eliminates the need for a large 
permanent magnetic storage since the image 
stored in photographic form serves as a mas- 
sive read-only memory. 

In order to convert pictorial data to digital 
form, an analog signal related to the trans- 
missive variations in an image on film must 
be generated. The analog signal is then sam- 
pled and quantized into discrete digital 
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numbers for use as computer input. There 
are several alternative approaches to the im- 
plementation of this conversion process, in- 
cluding microdensitometers, laser scanners, 
flying spot scanners, solid-state array scan- 
ners, and vidicon scanners. Each has its own 
capabilities and limitations, which should be 
considered with regard to the task that must 
be verformed. 

f h e  trade-offs among them include speed, 
resolution, accuracy (both geometric and 
photometric) and cost. Optimization of the 
trade-offs depends on the application, and 
requires the prospective user to determine 
the relative importance of these parameters 
for his specific application. For example, 
mensuration precision may be required for 
precise location of details in a scene but, for 
many applications, exact positional informa- 
tion may be unimportant. 

Speed requirements vary greatly; a gro- 
duction facility may require the digitization 
of large amounts of data in a day, while in a 
research and development application speed 
may not be considered important. Similarly, 
micl.odensitometers might be suited to off- 
line bulk conversion of film imagery to dig- 
ital form with high accuracy and high reso- 
lution, but they may be too slow to support 
on-line utilization during interactive pro- 
cessing. 

Solid-state scanners, with their parallel 
readout capabilities, are at the other end of 
the spectrum and are fast enough for in- 
teractive use. Between these are other alter- 
natives representing various levels of con- 
version rates, metric performance, and con- 
straints on the production process. 

This article evaluates several different 
scanning technologies with respect to a 
hypothetical set of requirements for a digital 
mapping system. Functional and perfor- 
mance requi rements  for a scanning1 
digitizing system are discussed and various 
technologies are described and compared 
with respect to them. 

The three basic functions associated with 
any image scanner providing input to a dig- 
ital mapping system are shown in Figure 1 
and listed beiow. 

Digitize image areas, either selected areas 
within an input format or the entire format 
area. 
Provide coordinate information that relates 
each pixel to all others, with regard to lo- 
cation in pixel space, and also relates pixel 
space to input image space. 
Output digital image and coordinate data 
directly to a using system or to some in- 
termediate storage medium. 

Figure 1 also shows a set of secondary 
functions that must be implemented in order 
to digitize image areas. The implementation 
and performance requirements associated 
with these functions, however, depend upon 
the specific uses intended for the digital 
output of the device as well as the manner in 
which the scanner itself is to be used, i.e., in 
a production or research and development 
( R ~ D )  environment, and whether it will be 
used on-line, interactively, or off-line. 

The on-line versus off-line versus interac- 
tive considerations mostly influence the im- 
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FIG. 1. Basic functional requirements of an image digitizer. 
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plementation requirements associated with 
the coordinate measurement and the output 
interface. 

Speed, degree of automation, flexibility, 
and cost are features that vary in importance 
with the operational environment intended 
for the scanner; whereas resolution, geomet- 
ric and photometric accuracies, and format 
accommodation a r e  more application- 
dependent. 

Automatic digital data-processing tech- 
niques are being developed for three major 
applications associated with the mapping 
process: 

Stereo Photogrammetry-including con- 
touring, determination of the elevation of 
discrete points, profiling, and the accurate 
determination of ground coordinates for 
discrete points from pairs of stereo images; 
Feature Extraction-involving the gener- 
ation and maintenance of feature signature 
data bases via the analysis of texture and 
tonal information extracted from imagery, 
and the subsequent automatic feature clas- 
sification via the analysis of texture and 
tonal information on a variety of input im- 
ages and comparison with the feature sig- 
nature data base; and 
Feature Positioning-including image rec- 
tification and orthorectification. 

The requirements imposed on a scanner 
by each application differ, but taken collec- 
tively include a selected area window scan- 
ning as well as full format scanning capabil- 
ity; window rotation and orientation read- 
out; variable resolution; measurement of 
reference point coordinates; geometric 
linearity and repeatability; photometric ac- 
curacy; high data rate; and, in some cases, an 
interactive capability. 

IMAGE SCANNERS 

In  all image digitizing systems, light 
transmitted or reflected from an illuminated 
image is projected onto a photosensitive 
surface which produces an electrical signal 
related to the variations in light intensity 
reaching that surface. The signal is then pro- 
cessed, sampled, and passed through an 
analog to digital (AID) converter to quantize it 
and produce a digital bit stream. 

For discussion purposes, scanners can be 
grouped into three classes based on either 
the technology used to illuminate the input 
or the method of detecting the energy trans- 
mitted by uniformly illuminated input. The 
three classes are referred to in Figure 2 as 

Electronic Scanners-which may use 
cathode ray tube (CRT) devices, vidicon 
type devices, or image dissector tubes; 
Electro-Optical Scanners-which may use 
lasers, light-emiting diodes, or conven- 
tional lamps as sources of illumination; 
and 
Solid-State Scanners-which may use 
charge-coupled devices (ccD's), charge 
injection devices (CID'S), charge-coupled 
photodiode devices (CCPD'S), or self- 
scanned photodiode devices (ss~o's). 

These classes are further divided in Fig- 
ure 2 according to the technology used to 
scan the sampling aperture over the area of 
the input to be digitized. 

ELECTRONIC SCANNERS 

The electronic scanners discussed in this 
paper use cathode ray tube devices, vidicon 
type tubes, or image dissector tubes as major 
elements of the systems. 

The heart of the CRT-type scanner is the 
CRT. It serves as the source of illumination 
and at least part of the deflection subsystem. 

ILLUMINATION 
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FIG. 2. Classification of image scanners by technology. 
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FIG. 3. Basic CRT scanner. 

A photosensitive device for the detection 
subsystem is required to complete the basic 
elements of a CRT scanner (Figure 3). 

The CRT is a vacuum tube in which a finely 
focused beam of electrons is made to im- 
pinge upon a light-emitting material (phos- 
phor) deposited on the face of the tube. The 
beam is deflected across this phosphor by 
electrostatic or magnetic means in a manner 
determined by the waveforms supplied to 
the controlling device. The intensity of light 
emitted is proportional to the current in the 
electron beam, which is controlled by a sep- 
arat- electrical control. 

Light emitted from the phosphor is then 
collected and focused onto the film to be 
scanned. Light passing through the film in 
the scanner is collected and focused on a 
photodetector, which converts the variations 
in transmitted light (density of film) into an 
electrical signal. 

With regard to implementation options for 
the aperture scanning subsystem, CRT sys- 

tems fall into e i ther  the  all-electronic 
beam-deflection category, or the electro- 
mechanical hybrid category. The former re- 
quires a two-axis deflection system that can 
be used to scan a uniform matrix of spots 
(raster) or generate an irregular (random) 
scan under computer control. Two different 
hybrid scanning approaches (Figure 4) can 
be implemented with CRT systems: 

Mechanical stages providing motion along 
two orthogonal axes can be used to posi- 
tion the CRT with respect to the image for- 
mat to be scanned, and two-axis electronic 
beam deflection can be used to generate 
the uniform matrix of sampling spots at the 
localized area; and 
Single-axis electronic beam deflection can 
be used to generate repetitively a scan line 
while cross-scan motion is provided by a 
linear-motion translating mechanical stage 
or a film transport. 

An image dissector is a vacuum tube with 
one end, the photocathode, coated with a 
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FIG. 4. Mechanical hybrid scanning designs. 
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FIG. 5. Image dissector scanner. 

material that converts incoming photons into 
electrons. It is a non-storage type of camera 
tube and does not employ a scanning beam. 
In reality, it is a photomultiplier with a 
small, electronically-movable photocathode 
area. The operating principles are illustrated 
in Figure 5. 

An electron lens accelerates and focuses 
the electrons emitted from each point on the 
photocathode onto a corresponding point in 
the image plane containing the dissecting 
aperture. The resulting electron image is 
analogous to the image on film, because the 
current density at any area on the image 
plane will be proportional to the light inten- 
sity incident on the corresponding area of 
the photocathode. The entire electron image 
is electronically deflected or repositioned on 
the image plane to cause the selected part of 
the electron image to pass through the 
aperture at the center of the image plane. 

Consequently, at any instant of time the 

aperture samples the electrons from a small, 
well-defined area of the input optical image 
incident on the photocathode. An electron 
multiplier behind the aperture multiplies 
only those electrons passing through the 
hole, and the resulting output  signal 
emerges as a current in the output anode cir- 
cuit. This output signal is converted to a 
digital number that is proportional to film 
transmittance at a specific sample point 
(pixel). Successive deflections, which can be 
digitally commanded through a D/A con- 
verter, produce digital values for additional 
pixels and may produce a raster scan pattern 
if desired. As is the case with CRT scanners, 
image dissectors can be used in scanners 
employing all-electronic deflection tech- 
niques or either of the hybrid techniques 
previously discussed. 

In a vidicon system, the light reflected 
from or transmitted through an image on film 
impinges upon the photoconductive target of 

ELECTRON GUN 

0 CONDUCTIVE TARGET 
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FIG. 6. Vidicon scanner. 
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the vidicon, as illustrated in Figure 6. The 
variation in the local charge concentration 
due to the image on the surface is converted 
into a video signal by repeatedly scanning 
the photoconductive surface with an elec- 
tron beam. 

A device of this type has an electron gun, 
which produces the electron beam, and a 
magnet ic  or  e lec t ros ta t ic  def lec t ion  
mechanism for controlling the landing loca- 
tion of the beam on the target. 

The target in a vidicon is a photoconduc- 
tive mosaic deposited upon a transparent 
metal film (the signal plate). Light passes 
through the signal plate and strikes the 
photoconductive mosaic, changing its resis- 
tivity. 

The signal electrode is operated at a posi- 
tive voltage with respect to the back side of 
the photoconductor. When a light pattern is 
focused on the photoconductor, its conduc- 
tivity increases in the illuminated areas, and 
the back side of the target changes to more 
positive values. The electron beam then 
reads the signal by depositing electrons on 
the positively charged areas, thereby pro- 
viding a capacitively coupled signal at the 
signal electrode. This signal is transmitted 
through a video amplifier and signal con- 
ditioner to sampling and quantizing elec- 
tronics. 

As with other electronic scanners, vidicon 
systems can employ all-electronic deflection 
techniaues or either of the hybrid deflection 
techniques previously discussed. 

ELECTRO-OPTICAL SCANNERS 

Electro-optical scanners utilize lasers, 
light-emitting diodes (LED'S), and incandes- 
cent lamps as sources of illumination. Refer- 
ring to Figure 2, they are grouped into two 
subcategories based on the means of imple- 
menting the scanning function: 

Acousto-optic beam deflection, and 
Mechanical scanning techniques 

The latter category includes rotating drum 
scanners, translating flat-bed scanners such 
as microdensitometers, and rotating or os- 
cillating mirror scanners. 

Acousto-optic devices are very useful in 
laser scanning systems for a variety of func- 
tions. Of particular concern in this discus- 
sion are their deflection and focusing 
capabilities. 

Since the angle at which an acousto-optic 
device deflects light is proportional to the 
frequency of the acoustical drive signal, it 
can be made to scan a beam by changing the 
frequency of the drive signal. This is usually 
accomplished by employing linearly swept 
EM signals. Consequently, scanning speeds 
are flexible, with the highest speeds deter- 
mined by the acoustic propagation time 
through the cell. In general, single devices 
are limited to a one-dimensional scan, with 
between 1000 to 2000 resolvable spot diam- 
eters per line. 

Higher resolutions have been achieved by 
employing a technique that incorporates two 
acousto-optic devices (a beam deflector 
work ing  i n  s e r i e s  w i t h  a n  acous t i c  
traveling-wave lens device). The acousto- 
optic deflector forms approximately 1000 
spots, which are imaged onto the traveling- 
wave lens. This device is driven by an elec- 
tronic pulse having the appropriate shape so 
as to cause the index-of-refraction variation 
in the acoustic media to approximate a thick 
lens, which reduces the spot size. The 
scanned laser beam from the first deflector 
is synchronized with the traveling-wave 
motion to scan the reduced spots. 

One of the simplest mechanical scanner 
configurations uses a rotating drum. In the 
configuration illustrated in Figure 7, the 
light source is focused by a high-quality 
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FIG. 7. Rotating drum scanner. 
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lens, such as a microscope objective, onto 
the material to be scanned or exposed and 
the film is mounted on the outside of a trans- 
parent drum which rotates about its axis. 
Scan in one direction is accomplished by 
rotating the drum under the focused beam. 
Scan in the other direction is accomplished 
by translation of the light source/lens paral- 
lel to the axis of the drum, or by translation of 
the rotating drum. 

The drum scanner can provide high reso- 
lution scanning over large formats. Since 
there is no requirement to deflect the beam 
from the optical axis of its optical system, 
ultimate spot size is limited only by the 
wavelength of the source and the quality of 
the optics used. The major limitation of this 
type system is the data rate that can be han- 
dled while trying to accurately control speed 
and dimensional stability. 

Flat-bed systems are usually slower than 
rotating drum systems; however, they have 
the added flexibility of accommodating glass 
plates, roll film, and cut film, and can oper- 
ate at very small raster increments (down to 
1 micrometre or less) because of the flat 
image plane and slow rates. A flat-bed scan- 
ner usually has a stationary optical system 
through which the image plane is moved on 
two orthogonal stages. The film is mounted 
on a precise flat glass platen in this plane. 
Matched illumination and scanning optics 
provide optimum illumination and mea- 
surement accuracy. Major advantages of 
flat-bed systems are high positional accuracy 
(within a few micrometres over several 
inches), and excellent resolution (typically 
several hundred lines per millimetre). 

Minor systems utilize either a rotating, 
multifaceted minor or an oscillating flat mir- 
ror to move a light beam across a film sam- 
ple. The transmitted or reflected light is fo- 
cused onto a photomultiplier and the output 
signal is amplified, sampled, and digitized. 
The light source may be either coherent or 
incoherent; however, for high-speed, high- 
resolution applications, the coherent illumi- 
nation from a laser source is usually pre- 
ferred. 

Mirror scanners can be separated by types 
into the following groups: 

Self-Resonant-Operates at a fixed fre- 
quency but can be varied in amplitude; 
Variable Frequency-Follows an analog 
input and can be controlled in both fre- 
quency and amplitude; and 
Rotating Polygons-Scans through a fixed 
angle and, because of high inertia, can be 
changed in frequency only at relatively 
slow rates. 

Torsion rod and taut band devices constitute 
the self-resonant class. Both are excited 
electro-magnetically and scan symmetrically 
about their static positions. Devices in the 
"variable frequency" category include those 
with galvanometer movements and those 
using the piezoelectric phenomenon to ob- 
tain motion. Being analog devices, control- 
lable both in frequency and position, they 
offer virtually unlimited operating modes, 
including holding a fixed position and scan- 
ning any sector either symmetrically about 
the center or over any selected portion of 
travel. 

Piezoelectric devices have been made in a 
variety of configurations. One such is com- 
posed of two wafers of ceramic material, 
bounded into a biomorphic unit in a can- 
tilever mount, with a mirror affixed so that its 
rotation axis coincides with the midpoint of 
the bending elements. The wafers are ar- 
ranged so that, when opposing electrical 
fields are applied, the piezoelectric effect 
causes one to expand and the other to con- 
tract, bending the assembly and so moving 
the mirror. Motion is proportional to the 
voltage applied. 

Rotating polygons (spinners) constitute 
the third class. They can be driven by any 
type of motor, including air turbines for high 
speeds. These units offer a great variety of 
scan capabilities and can be operated from 
very slow to extremely high scan rates and 
from scan angles approaching 180' to very 
small angles. Mirrors can be large, providing 
high resolution, and maximum attainable 
rates are restrained by structural consid- 
erations and by the speed at which facets 
deform from stress induced by centrifugal 
force. 

System options for mechanical-type scan- 
ners can also be classified by what is moving 
relative to a fixed coordinate system: the 
focal point, the film, or both. If the film re- 
mains fixed while it is being scanned by a 
moving focal point, then a two-axis deflec- 
tion system is required to scan through a 
"raster." Motion of the film alone does not 
apply to mirror scanner systems; but, one of 
the two axes of area scan can be provided by 
moving the film and the other by deflecting 
the focal point. This is usually referred to as 
a "line-scan" approach. 

Very often raster scanning on a frame basis 
is accomplished with two scanners. They 
may be paired units or units of dissimilar 
types. A rotating polygon often is combined 
with a galvanometer or resonant scanner for 
this application, and self-resonant, gal- 
vanometer, and piezoelectric types can be 
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used in pairs or in combination with each 
other. 

Either oscillating or rotating mirrors can 
be used as line scanners in conjunction with 
either a precision film transport or a trans- 
lating platen to provide the required motion 
along the second axis. Typical curved field 
and flat field systems are illustrated in Fig- 
ure 8. The major difference between them is 
in the relative complexity of the optics and 
focal surface. 

SOLID-STATE SCANNERS 

The rapid development of arrays of dis- 
crete photodetector elements has brought 
about a variety of solid-state scanner sys- 
tems. In these scanners, instead of mechani- 
cally or electronically scanning a single 
beam across the area of interest, the area is 
sampled in small, discrete adjacent areas by 
electronically switching between detectors 
in an array. Hence, arrays with a sufficient 
number of elements to cover the area of 
interest at the desired resolution allow scan- 
ning without any moving parts. Unfortu- 
nately, with the current state of technology 
in producing area arrays, this is true only for 
small areas at high resolution or larger areas 
at lower resolutions. Techniques for 
generating long scan lines by butting two or 
more linear arrays together have, however, 
been developed. 

A solid-state image sensor consists of an 
integrated structure containing 

An array of sensing elements in which in- 
cident light is absorbed and converted to 
electric charge, and 
An array of storage elements (in one-to-one 
correspondence with the sensors) in which 
the charge is integrated and stored. 
A scanning circuit for readout of the stored 
charge. 

Solid-state devices are available in two for- 
mats: 

Linear arrays containing up to 2048 de- 
tectors; and 

ROTATING SHAFT 
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Two-dimensional, or area, arrays com- 
prised of matrices of up to 380 by 488 de- 
tectors. 

The sensor and storage elements may be 
diffused photodiodes or surface-depletion 
layers induced by a voltage applied to 
semi-transparent electrodes of a material 
such as polycrystalline silicon. The readout 
mechanism may be a digital shift register 
which controls a set of multiplex switches to 
empty sequentially the charge on the indi- 
vidual sensors onto a common output line, 
or it may be an analog shift register of the 
CCD or bucket brigade type. In the latter 
case, the sensors are emptied simulta- 
neously into corresponding sites in the 
analog shift register and are then shifted se- 
quentially to the output node. The basic 
building blocks can be combined in several 
ways to produce the various types of solid- 
state image sensors. Self-scanned photo- 
diodes (SSPD), charge-coupled devices (CCD), 

charge injection devices (CID), and charge- 
coupled photodiodes (CCPD) will be dis- 
cussed briefly. 

The classical SSPD array utilizes photo- 
diode sensors and digital shift register scan- 
ning. Its major advantages stem from the 
properties of the sensors, i.e., repeatability, 
high quantum efficiency, broad spectral re- 
sponse, and low dark current. They are also 
easily fabriacted in different shapes and 
sizes. 

Conventional CCD arrays use surface de- 
pletion layers as detectors and a CCD analog 
shift register for readout. The charge, 
created by photo interaction, is stored in a 
potential well formed by modulating the 
voltages applied to a series of electrodes as- 
sociated with the detectors. After the charge 
has been allowed to accumulate, it is col- 
lected by increasing the voltage on selected 
electrodes in order to create a deeper poten- 
tial well under that electrode. If the elec- 
trodes are sufficiently close together, the 
charge will spill over into the new well, ef- 
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FIG. 8. Curved-field and flat-field scanning systems. 
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fecting a shift. Thus, by properly modulating 
three voltages, an optically generated charge 
can be collected and swept out as if it were 
stored in a shift register. 

The CID'S utilize field-induced surface- 
depletion layers as detectors and digital shift 
registers for scanning. Therefore, the essen- 
tial difference between the CCD and the CID 

is the method of charge readout. In contrast 
u 

to CCD'S, in which the signal charge is trans- 
ferred from the storage register sequentially 
to a readout amplifier at the edge of the 
array, the CID readout takes place at the 
image site by transferring charge from under 
one electrode to another at each imaging 
site. 

The CCPD arrays use photodiodes as sen- 
sors and CCD analog shift registers for read- 
out. The sensing region is a row of diffused 
photodiodes which operate in the integra- 
tion mode. At the end of each integration pe- 
riod, the charge on the diodes is simulta- 
neously dumped into one of the two CCD 

registers for readout. The output from the 
even register is delayed one-half sample pe- 
riod with respect to the odd register so that a 
full wave signal is obtained by multiplexing 
the two outputs off-chip. 

Since linear solid-state photodetector ar- 
rays available today contain no more than 
2048 detectors each, for many applications 
several arrays must be butted together to 
provide the required number of pixels per 
line. Because of the physical structure of an 
individual array (typically twice as long as 
the actual photosensitive area), multiple ar- 
rays cannot be placed close enough together 
to maintain the pixel spacing inherent in the 
individual arrays. 

Figure 9 depicts two different optical but- 
ting approaches that have been used to pro- 
duce linear scans composed of more ele- 
ments than are available in a single commer- 
cially available array. The basic differences 
between the two approaches shown are in 
the focal plane assemblies and the quality of 
the imaging optics. 

Format accommodation, resolution, data 
rates, geometric accuracy, photometric accu- 
racy, and dynamic range were identified 
earlier as the major performance criteria 
against which evaluation of different im- 
plementation technologies should be based. 
A hypothetical set of scanner requirements 
is presented in Table 1. The format accom- 
modation and resolution capabilities of the 
different technologies are summarized in 
Table 2; the geometric accuracy, photomet- 
ric accuracy, and data rate capabilities, in 
Table 3. 

A major influence upon scanning system 
design is the need for format flexibility, both 
dimensionally and in resolution. Dimen- 
sionally, it is desirable to attain a full frame 
size of 230 by 230 mm and additionally be 
adaptable to perform a sub-raster or "win- 
dow" mode over a substantial number of 
picture elements (pixels) in both directions. 
In resolution variability, it should allow ad- 
justment of the scan spot size (the footprint) 
on the storage material over a 5:l range of 
spot diameter to accommodate variations in 
input resolutions. Another major influence 
upon the scanning system selection is the 

LINEAR ARRAYSSTAGGEREDON / CYLINDRICALSURFACE 
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FIG. 9. Optical systems for butting linear arrays. 
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TABLE 1. HYPOTHETICAL SCANNER REQUIREMENTS 

Format Accommodation 
Full format mode Variable, up to 230 x 230 mm 
Window mode Variable, up to 2000 x 2000 pixels 

Resolution Variable, from 20 to 100 lplmm in both modes 
Scanning spot size Variable, from 5 to 25 pm 
Pixels per line 46,000 = 100 lplmm 
(full format) 9,200 = 20 lplmm 
Lines per raster No less than 9,200 to 46,000, as function of 
(full format) input resolution 

Data Rates At least 0.75 million pixelslsec, goal, 
3.7 x lo7 pixelslsec 

Geometric Accuracy 0.001 to 0.002 percent 

Dynamic Range At least 200: 1 
(0.2-2.5 density units) 
(63.1-0.316% transmittance) 

Photometric Accuracy 
6-bit quantization (min) 1 unit 64 = k0.035D or +0.98%T 
8-bit desirable 1 unit in 256 = +0.009D or +0.25%T 

need for relatively high resolution in terms 
of total number of elements per scan format. 
Interpreting this resolution from the point of 
view of inputs that may vary in resolution 
from 20 to 100 cycleslmm, represents a full 
format resolution requirement between 
4,600 and 23,000 image cycles per scan. 

Since valid digitizing may be executed 
with no less than two samples per informa- 
tion cycle, this raises the pixel count to be- 
tween 9,200 and 46,000 per scan, depending 
upon the resolution of the input. 

It is further known that the 2:l sampling 
criterion is adequate only when the relative 
phase of the sampling interval is controlled 
with respect to the cyclic information. If the 
sampling occurs precisely at the peaks and at 
the troughs of the image cycles, than two 
samples per image cycle are adequate. If, 
however, the peaks and troughs of the image 
fields bear no maximally phased relationship 
with the sampling intervals, then all sam- 
pling conducted at times other than at the 
precise maximum and minimum points will 
be reduced in detected intensity, and will be 
nulled to zero when occurring at the mid- 
points between the peaks and the troughs. 
To guard against this real condition during 
periodic sampling of an arbitrary field, 
over-sampling (beyond the Nyquist crite- 
rion) is sometimes instituted. 

The use of over-sampling imposes an extra 
demand upon the digital image processing 
techniques in terms of the volume of the data 
that must be handled. If modulation transfer 
losses attributed to the information phasing 
problem can be tolerated, the system de- 
signer would favor sampling at the Nyquist 

limit. With that in mind, the format and res- 
olution comparisons are summarized in 
Table 2. 

The data requirements imposed on a 
scanner are generally dictated by the type of 
interface involved. Typical disk systems 
such as the standard CDC-844 can accom- 
modate transfer rates up to 6 x lo6 bitslsec. 
Assuming density level encoding at eight 
bits per pixel sets an upper limit on the data 
rate at approximately 0.75 x los pixelslsec 
for this type of installation. However, special 
interfaces for mass memory modules, 
employing multiple disk systems, and array 
processors that can accommodate data rates 
on the order of several million pixels per 
second, have been developed for applica- 
tions requiring extremely high transfer and 
processing rates. Consequently, scanners 
having high data rate capabilities would be 
attractive from a production point of view. 
Data rate comparisons are summarized in 
Table 3. 

The various mapping applications are best 
accomplished with different operating 
modes. Some require scanning a full format 
(230 by 230 mm maximum area) whereas a 
smaller "window" (part of a full format area) 
scanning mode suffices for others. In some 
cases, an interactive capability would be 
beneficial; in others, batch processing is 
better. The critical requirements imposed 
on an image scanner for digital mapping 
applications are resolution (in total number 
of elements per viewing area), uniformity of 
performance over this area, geometric 



TABLE 2. FORMAT ACCOMMODATION A N D  RESOLUTION CAPABILITIES OF DIFFERENT TECHNOLOGIES 

Approximate Units or 
Maximum Resolution Segments Req'd 

Maximum Window At Full Format For Full Format 
Pixels1 Scan At With Single Line Scan At 

Technology Line 100 lplmm Unit (Iplmm) 100 lplmm Comments 

Electronic 
CRT 
Vidicon 
Image Dissector 

Adequate for window scanning applications in 
conjunction with precision translating stages. 
However, data rates at high resolutions are low. 

Electro-Optical 
Rotating Drum Window and full format capability 

Inefficient in window mode 
Rates relatively slow 
Window positioning inaccurate 

Window and full format capability 
Rates relatively slow 

Full Format 

 ransl slating Flat 
Bed 

Full Format 

Oscillating 
Mirror 

2000-10,000 10 mm x 10 mm 22 
(varies with (2000 x 2000) (10,000 pixels) 
mirror size 

and scan rate) 
46,000 Full Format 100 

Window mode with translating stages 
Full format at low resolution and poor linearity 

Window and full format 
InefEcient in window mode 

Rotating Mirrors 

Solid State 
Linear Arrays Window and full format at high data rates 

and with accurate positioning 

Area Arrays Larger arrays expected by 1980 will satisfy 
window requirements 
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TABLE 3. GEOMETRIC ACCURACY, PHOTOMETRIC ACCURACY, AND DATA RATE CAPABILITIES 

Geometric Photometric 
Technology Accuracy Accuracy 

Electronic 
CRT 0.05% 0.02 D 

Vidicon 0.2% 0.02 D 

Dissector 1-2% 0.02 D 
Electro-Optical 

Rotating Drum 0.002% <0.01 D 
Flat Bed 0.002% <0.01 D 
Oscillating Mirror 0.01% <0.01 D 

Rotating Mirror 
Solid State 

Linear Arrays 

Area Arrays 

Data Rates 
(PixelsISec) Comments 

5 x lo6 With distortion correction 
4000-5000 pixelslline, max. 

8 x 10g With shading correction module 

1 x 10J Non-constant spiral distortion. 

1.5 x lo5 
4 x lo4 
1 x 10g With reference grating limited 

to 10,000 pixelslscan 
1 x lo8 

9.2 x 10" Several optically butted arrays in 
parallel 

5 x lo6 Over single array 

accuracy, and speed. Systems adaptable to 
all these requirements include drumtype 
laser scanners, rotating-mirror laser scanners, 
and solid-state scanners comprised of a 
series of optically butted linear arrays. In 
all cases, careful design and implementation 
are essential. The rotating drum and mirror 
approaches are inefficient in the window 
mode because of their duty cycle, whereas 
the solid-state approach is equally efficient 
in both the full format and window modes. 

Even the highest performance electron- 
beam systems are not capable of covering 
the full format with the requisite number of 
resolution elements at sufficiently high con- 
trast and detectability to allow adequate 
dynamic range and scan linearity. The mon- 
taging of strips or areas of sub-rasters to 
allow the use of such systems is extremely 
unattractive because of the critical edge- 
matching requirements to achieve con- 
tinuity with accuracy and because of the 
bulkiness of a multi-unit configuration. 

If different scanners are planned for each 
operating mode, then oscillating mirror 
technology, in conjunction with precision 
positioning stages, can be adapted to satisfy 
a "window only mode." Some of the elec- 
tronic scanners can also be adapted to the 
"window only mode" if geometric and 
photometric accuracy requirements are re- 
laxed. 

The flat-bed microdensitometer meets or 
exceeds all of the requirements outlined in 
Table 1 except data rate. Mechanical consid- 
erations usually limit the maximum scanning 
velocities attainable and use of a flat-bed 
scanner would be more appropriate to situa- 
tions where the system data rate is limited 

by the computer or the mass-storage 
peripherals. 

I t  is noted that most of the scanning 
technologies discussed in this paper have a 
relatively long history, and scanner systems 
using these represent near maximum or op- 
timum refinement. Solid-state sensor array 
technology, however, is relatively new and 
will very likely see significant improvement 
in the coming years. Certainly, the relative 
infancy of solid-state sensor array technology 
and the rapid rate at which refinements are 
being introduced in terms of number of ele- 
ments per array, element size and spacing, 
and noise characteristics strongly suggest 
that these capabilities and associated im- 
plementation simplicity will surpass other 
alternatives for most scanning applications 
in the very near future. 

The operating environment intended for 
the scanner, i.e., production or research and 
development, also significantly influences 
the requirements imposed on it. Con- 
sequently, it is concluded that the applica- 
tion scenario and intended environment 
must be known and resulting requirements 
must be carefully evaluated and ranked be- 
fore the most appropriate technology can be 
selected and a system design recommended. 

This survey of image scanning technology 
was performed at the request of the U.S. 
Army Engineer Topographic Laboratories, 
Ft. Belvoir, Va., and reported in ETL-0137, 
Imaging Scanner Technology Study, John 
Montuori, Perkin-Elmer, March 1978. The 
author wishes to thank Roger J. Arguello, 
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Leo Beiser, Howard Burg, Lawrence W. 
Cassidy, and Richard Labinger for their as- 
sistance. 
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