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Background Art

Scanners for electronically forming an image of
an original are known. Typically, the captured image
provided by a scanner is a pixel data array that is
stored in memory in a-digital format. A distortion-free
image requires a faithful mapping of the original image
to the pixel data array. Scanners typically include at
least one means for imposing a mechanical constraint
durihg the image capture process in order to makimize the
llkelihood of faithful mapping.

The four types of scanners known in the art are
drum scanners, flatbed scanners, two-dimensional array
scanners and hand scanners. Drum scanners attach the
original to the surface of a cylindrical drum that
rotates at a substantially fixed velocity. During the
rotation of the drum, an image sensor is moved in a
direction parallel to the rotational axis of the drum.
The combination of the linear displacement of the image
sensor and the rotation of the original on the drum
allows the entire original to be scanned. At any moment
during the imaging proceés, the current position within
the pixel data array relative to the original can be
determined by measuring the angular position of the drum
and the translational position of the sensor. The
position of the pixel data array with respect to the
original is fixed as long as the original is properly
attached to the drum, the drum rotation is proﬁerly



and the transl ational position of the sensor. The position of the pixel
data array wth respect to the original is fixed as long as the original is
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of the flatbed scanner, the original is placed on a
transparent platen and the sensor, along with an image
illumination source, is placed on a side of the platen
opposite to the original. As long as the original is not
moved relative to the platen, the pixel data array will
be fixed with respect to the image to be cabtured. In
another embodiment, the original is moved, rather than
the sensor. This second embodiment is typical of
facsimile machines. Precision paper transports pro-
vide a high degree of positional accuracy during the
image-capture process. _

Advantages of the drum and flatbed scanners
include the ability to accommodate documents at least as
large as A4, or 8.5" x 11" paper. Moreover, some of
these scanners can handle Al paper in a single setup.
However, the scanners are not generally portable, since
they require a host computer for control, data storage
and image manipulation.

Two-dimensional array scanners may be used in
the absence of mechanical encoding constraints, and
require only that the array and the original be held
motionless during an exposure period. A two~dimensional
array of photosensitive elements directly accomplishes
the mapping of the image of the original into a pixel
data array. However, because a single 300 dpi mapping of
an 8.5" x 11" original requires an image sensor having an
array of 2500 x 3300 elements, i.e. 8.25 million pixels,
these scanners are cost-prohibitive in most applications.
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contact with the original has a high coefficient of
friction, e.g. rubber, so as to resist slip and skid.
A cylindrical roller or two wheels connected by a rigid
axle may be used to enforce a single translational degree
of freedom during the scanning process. A straight-edge
or other fixture is often used to fix the scan direction
with respect to the original and.to further enforce the
translational constraint provided by the pair of wheels
or the roller. Nevertheless, the position encode:
approach is one that is often susceptible to slips and
skips, so that the pixel data array loses its correspon-
dence with the image on the original. :
Hand scanners are typically connected directly

+to a personal computer for image data storage, process-
ing, and use. Data rates from the image sensor tend to
limit the scanning speed. The scanners provide feedback
to the user, typically by means of green or red light
emitting diodes, to maintain the appropriate speed for
the desired image resolution. Some hand scanners use
electromagnetic brakes to prevent the user from dragging
the scanner over the image too rapidly, with the mechan-
ical resistance increasing with increases in scanning
speed.

Hand scanners utilize relatively small imaging
arrays and generally cannot handle larger than A6 docu-
ments in a single pass. This requires stitching algo-
rithms to join together multiple swaths of a larger doc-
ument. Swath stitching is done in a separate operation
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user’s elbow. As a consequence, the scanned electronic
image will be distorted. Other curvilinear movements
during a swath of the scanner will also create distor-
tions.

What is needed is a scanning device that accom-
modates curvilinear movement during a scanning process,
with accommodation being achieved in a low-cost manner
and with a high degree of correspondence betweerni the
original image and the resulting image.

Summa the Inventio ‘
A scanning device and method for forming a.
scanned electronic image include using navigation
information that is acquired along with image data, and
then rectifying the image data based upon the naviga-
tion and image information. In the preferred embodiment,
the navigation information is acquired by means of at
least one navigation sensor that detects inherent
structure-related properties of an original being .
scanned. Movement of an image sensor along the original
may be tracked by monitoring variations of the inherent
structure-related properties as the image sensor is moved
relative to the original. Preferably, the inherent
structure~related properties that are monitored are
inherent structural features, such as paper fibers, or
other constituents of the original. Navigation may also
te speckle-based, wherein movement of the image sensor
along the original is tracked by monitoring variations of



docunent or report with a hand scanner is a tedious process that often
yields lowquality results. As previously noted, some type of fixture is
typically used with a hand scanner. In the absence of a fixture, there is a
tendency to inpose some rotation as the han#dsscanner is noved across an
original. If the user's elbowis resting on a flat surface during anenent
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Preferably, theséggggsggl features. "Inherent structural feéeatures" are
defined herein as those features of an original that are
characteristic of processes of forming the original and
are independent of forming image data and/or systematic
registration data on the original. For example, if the
original recorded media is a paper product, the inherent .
structural features of interest may be paper fibers.
As another example, navigation of the image sensor across
a glossy original or an overhead transparency film may
be determined by tracking surface texture variations that
affect specular fields. Typically, the inherent struc-
tural features are microscopic, e.g. between 10 and 40
pm, features of surface texture. _

Thus, the contemplated approaches to acquiring
naQigaticn information vary in scope. In the broadest
approach, there is no limitation to the sources of navi-
gation information that is to be used to remove distor-
tion artifacts of curvilinear and rotational movement of
the scanning device along a scan path. The navigation
signal may therefore be in the form of a position signal
that is responsive to detection of image data on the
original (e.g., identification of edges of text charac-
ters), with the position signal then being used in the
manipulation of an image signal. A narrower second
approach is one in which a position signal is responsive
to detection of inherent-structure related properties,
such as the properties that determine speckle patterns.
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m croscopic, e. grré)éééé\ﬁeaflﬁo@%e%(% If the original is planar, two of
the degrees of freedom are translational and are perpen-
dicular to each other within the plane of the original,
while the third degree of freedom is rotational about the
normal to the plane of the original. The éccuracy of
rotation tracking is enhanced by the use of two naviga-
tion arrays, with each array having a smaller array
extent than would be necessary if only a single naviga-
tion array were used. While the preferred embodiment is
one in which a navigation sensor is a two-dimensional
array, linear arrays may also be used. Moreover, as will
be described more fully below,'navigation information for
rectifying image data could feasibly be acquired by
fixing other position-tracking means to the scanning.
device, including encoding wheels and balls, computer
mice track balls, registration grid-detectors,
accelerometers, mechanical linkages, non-contacting
electromagnetic and electrostatic linkages and time-delay
integration sensor arrays. In many of these alternative
embodiments, navigation information for rectifying the
image data is acquired in manners independent of any
inherent structure-related properties of the original,
since position tracking does not include image acquisi-
tion. _

The navigation sensors are in a known position
relative to the image sensor. Preferably, the navigation
sensors are as close to the end points of the imaging
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there is nolimtation to the sources of navi- gation information that is
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the side-to-side swaths should overlap a portion of the
previous swath, so that the image may be manipulated with
respect to position and stitched either during or follow-
ing the scanning process. The manipulation of the image
signal is a rectification of image data, with the
rectification being based upon the relative movement
between the navigation sensor or sensors and the inherent
structure-related properties detected by the navigation
sensors. The manipulation is a "rectification" of the
image signal, i.e., an operation of arranging and
modifying acquired image data based upon navigation data
in order to achieve conformance between original and
output images. The stitching is used to connect image
data acquired during successive swaths.

Preferably, each navigation sensor includes one
or more light sources designed to provide contrast
dependent upon the inherent structure-related properties
of the original. Emitted light may be in the visible
range, but this is not essential. For example, "grazing"
light that has large angles of incidence relative to the
surface normal will interact with paper fibers at or near
the surface of an original that is a paper product,
creating contrast-enhancing shadows among the fibers.

On the other hand, if the original has a glossy surface,
such as a photographic print, a clay-coated paper or an
overhead transparency film, normally incident light
will produce an image in the specular field that has



dicular to each other within the plane of the original, while the third
dégreé of freedomis rotational about the normal to the plane of the
original. The accuracy of rotation tracking is enhanced by the use of two
navi ga- tion arrays, with each array having a&8smaller array extent than
woul d be necessary if only a single naviga- tion array were used. \Wile the
preferred enbodinment is one in which a navigatl sor
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afforded by contact with the surface of the original
throughout the image capture process. In fact, for
embodiments in which image rectification is provided by
correlation of navigation images, the device-to-original
contact constraint may be eliminated. Another advantage
is that because the scanning device of the preferred
embodiment forms an electronic image based upon detec-
tion of inherent structural features, large areas of
"whitespace” between image features of the original will
be preserved and therefore not result in the image
features being moved closer together during a stitching
step.

rief Description o Drawi .

Fig. 1 is a perspective view of a hand-held
scanning device.following a meandering path on an
original in accordance with the invention.

Fig. 2 is a rearward view of imaging and
navigation sensors of the scanning device of Fig. 1.

Fig. 3 is a perspective view of the scanning
device of Fig. 1, shown with the imaging and navigation
sensors exposed.

Fig. 4 is a schematical side view of an
illumination system for one of the navigation sensors of
Fig. 3. '

Fig. 5 is a side schematical view of a light
emitting diode and optical elements for providing the
illumination described with reference to Fig. 4.
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Fig. 13 is a representation of a registration
tile that may be utilized to achieve stitching of

successive swatches.

Best Mode for Carrving Out the Inventio

With reference to Fig. 1, a portable, hand-held
scanning device 10 is shown as having followed a meander-
ing path 12 along an original 14. In the preferred
embodiment, the original is a piece of paper, an overhead
transparency film, or any other image-bearing surface
upon which inherent structure-related properties of the

original generate sufficient contrast to provide position
information during navigation along the meandering path.
Typically, the positions of inherent structural features
are tracked and the position information is used to
rectify image data, but other embodiments will be
described. The scanning device is preferably self-
contained and battery powered, but may include a connec-
tion to an external source of power or to data ports of
computers or networks.

The scanning device 10 of Fig. 1 includes an
image display 16. The display may provide almost
immediate viewing of a captured image. However, a
display is not essential to the use of the scanning
device.



creating contrast-enhanci ng shadows anong the fibers. On the other hand, if
the original has a glossy surface, such as a photographic print, a

cl ay-coated paper or an overhead transparencg film normally incident |ight
will produce an image in the specul ar fieldlPnat has I mage- contr ast
features sufficient for purposes of navi - gatlon Optical elements such as

filters and one or nore i enses furt her,
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during a stitcff Br|e DES&ripti
may have an angle of attack that is not perpendlcular to

the direction of device translation.

Referring now to Figs. 1-3, the forward side 18
of the scanning device 10 includes a pivoting member 20
that aills in maintaining proper contact between the
original 14 and an imaging sensor 22. Navigation sensors
24 and 26 are located at the opposed ends of the imaging
sensor. Because the navigation sensors are mounted on
the pivoting member, the navigation sensors are in a
fixed location relative to the imaging sensor.

For reasons of physical compactness, the imag-
ing sensor array 22 is preferably a contact image device,
but for applications in which compactness is less of a
concern or a smaller image is desired, sensors employing
projection optics may be employed, with magnification
less than unity. In such applications, the elements of
the imaging sensor 22 should be smaller and more closely
packed together. Contact imaging devices typically
employ lenses sold under the trademark SELFOC, which is a
federally registered mark of Nippon Sheet Glass Company
Limited. Less conventionally, contact imaging can be
obtained using interleaved array elements of sources and
proximal sensors, without any imaging lenses. Conven-
tional imaging sensors for scanning applications may be

used. The imaging sensor may be part of a unit that also
includes an illumination source, illumination optics, and
image transfer optics.



Fig. 1.is a perspective view of a hand-held scanning device follow ng a
nmeandering path on an original in accordance with the invention. Fig. 2 is
a rearward view of imagi ng and navi gati on sensors of the scanning device of
Fig. 1. Fig. 3 is a perspective view of tiellstanning device of Fig. 1
shown with the inmagi ng and navi gati on sensors exposed. Fig. 4 is a
schematical side view of an illumnation system for one of the navi t|on

sensors of Fig. 3. Fig. 0% lpaging onsefiis shrun 8F & LiBRereArt@ivng
di ode and opti e deﬂm dptrmmm/y Hagsitbve | évenaatison thecsphedng th

reference to Fi conc tual w_of g ture
oper ation of tﬁ% §@§hﬁ %%Rﬁ(ﬁj%*srﬁgf° e egefglﬁgngpéggtggﬁ%ﬁd*
of one enbodinrnsaﬁutﬂumruﬁnqpﬂlsnannemesexngFof ekamptepnandidearce of

Fig. 1. Fig. 84 g C’iﬁ)'acal éfl’l"ré’% fﬁ’ieétﬁ‘ﬂ ?éﬁﬁir&% Eb.Eo ;En@og: 91is

a bl ock dlagran1o onent carrying o
Fig. 10 is a reéﬁmﬁﬂﬁﬁnﬁQM?thQYQMﬁnR¢$ﬂﬂutag@eqfdéﬂﬁ §PieanWh9pﬁ@asQﬁ

that output frgmFirge 9 di edllcéuﬂéé @é@zé@PrsﬁeaﬁérbﬁaﬁsOEli‘i’%'?ﬁ by

t he scanni ng device of FI% : resentation of
registration photodiode array, or any other ype of linear array

sensor known in the art.

A key consideration in the design of the
imaging sensor unit is speed. The imaging sensor 22
preferably is able to image each pixel at approximately
10K samples per second. Linear imaging arrays generally
produce a serial data stream, wherein pixel values, i.e.
charges, are placed into a shift register and then
shifted out. Achieving the desired speed requires either
very fast serial transfer rates out of the entire image
array or multiple taps, so that pixel values can be
shifted through fewer cells. This introduces paral-
lelism, which is advantageous for digital processing.

Another consequence of the speed requirement is
that the products of pixel areas, at the surface of the
original, and their solid angles of emitted light
collected and conveyed to each array element should be
sufficiéntly large to produce a detectable signal in
integration times on the order of 100 microseconds. Aan
enhancement option is to add an optical element to the
sensor to increase the effective fraction of sensor pitch
for which each sensing element is responsive. Since
there is typically unused area in the array matrix, such
light collection optics increase sensitivity.

A straightforward modification of the imaging
sensor 22 enables sensing of color images. Three linear
arrays parallel to one another, each with at least one
embedded filter element that selectively passes red,
green and blue components of the incident light respec-
tively, would allow color imaging. Alternatively, a
single array having broad-band sensitivity may be



ti.le that may be utilized to achieve stitching of successive swatches. Best
Mode for Carrying Qut the Invention Wth reference to Fig. 1, a portable,
hand- hel d scanni ng device 10 is shown as having foll owed a nmeander- ing
path 12 along an original 14. In the pref§??€d enbodi ment, the original is
a piece of paper, an overhead transparency film or any other inmage-bearing

surface upon which_inhetent ructure-rel ated, pr i e hgi na
generate suff i%‘?‘é‘ﬁ?ngbﬁﬁ'iké‘iﬁ'kf‘mbpagﬁge%ﬂ'oﬁ%% 'oré}'ip eﬁ‘ﬁ)r g %)]h&%u%?ﬁg '
navi gati on al agwurbesmeandering path. Typically, the positions of inherent

structural features are g?ﬁé?agﬁﬁgglﬁﬁﬁﬂﬂgiﬁﬁﬁ"féfﬁf“ iéﬁbiéhéSEd to

rectify image data, but I ments w be descri .~ The scanni ng
device is prefepepsrfion pf &bt AmagdngnFenaarrdR pdekidirah ATFAY Plicl ude a

connec- tion tigh entenBakySQighe ahiRk®ieiy Widdeslaitd Hos tamwérconputers
or networks. The scanning device 10 of Ejg. 1 includes an iyage_digsplay 16.
“The di spl ay rra‘\}aﬁﬁgﬂ‘&&gams S Bredi-at gqg‘{eé(ﬁ%'g e asilz‘iﬁﬁ'%‘g ?gragg.e
However, a di sprafeirredotildnndnaitiont gdurecadisndfanycopeival ngldrents.
{rans at o ant® oREPERGRRE, S, £ MEFRE OF Y BALE o, HBeobald: "
nmovement (X axlengthewdnttheallightt ie selgiaoted o Maxinizetheegrpdrast
freedomis novepeab WA Aondtdadai?4@{lthe scan of a given area of
the original 14, while disregarding unwanted signals.
Illumination optics may consist of LED dome lenses or may
include a light pipe consisting of a precision-molded
optical element that channels the illumination onto the
original with a minimal amount of light loss. Such a
design can afford a relatively uniform illumination of a
target area of the original at a wide range of angles,
but blocks normal incident rays in order to aveoid
specular surface reflections.

In Fig. 1, the meandering path 12 is shown as
having four and a fraction swaths, i.e. side-to-side
passes'across the original 14. A useful imaging sénsor
22 for most opportunistic applications has a length
within the range of 25.4 mm and 101.6 mm. If the sensor
22 has a length of 63.5 mm, an A4 paper can be scanned in
four or five swaths. As will be explained more fully
below, the swaths should include regions of overlap, so
that a stitching process can be used to produce a
faithful reproduction of the original image.

The scanning device 10 typically includes at
least one navigation sensor 24 or 26. In the preferred
embodiment, the device includes a pair of navigation
sensors, with the sensors being at opposite ends of the
imaging sensor 22. While a one-dimensional array of
optoelectronic elements may be used, in the preferred
embodiment, each naVigation sensor is a two-dimensional
array of elements. The navigation sensors 24 and 26 are



along the original (Y axis novenent). The third degree of freedomis the
ability to operate the device with rotational nisalignnent of a |inear
array of ‘i mage sensor elenents relative to an edge of the original 14
([err] axis novenent). That is, the |inear arféygbf I magi ng el enents may
have an angle of attack that is not perpendicular to the direction of"

device translation, _Referrin to Figs. J- th r Is t he.
scanni ng devi ce 10“?%% %(?est%‘%)%‘ﬁ%r%brﬁér% ?égﬁggl\a@sgﬁ%l%% %%a%ﬁln%@lve
proper contact betteethehexidigialall44 and an i magi ng sensor 22. Navigation
sensors 24 and 26 are |ocated @} ¢} &”ﬁﬁbaﬁiﬁgﬁtinﬁ Eggﬁ; tion

t he er, the
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Conven- tional imaghag 2%t igeretatal PRI APPLAESERaSoRRY Beet®Ad. nilth-
i magi ng sensor may be, part %T a unit_that also includes an |Ilun1nat|29
sour ce, iIIuninatiBﬂnE%ﬁﬁﬁa mages of surface texture can be generated by

detecting structural variations that are inherent to the
medium or are formed on the medium, e.g., text. For
example, images may be formed based upon the contrast
between shadows in valleys and bright spots at the peaks
of inherent structural features. Such features are
typically microscopic in nature, often ranging between

10 ym and 40 ugnm in size on common printed media. As an
alternative, speckle may be used, since specular reflec-
‘tion of a coherent beam produces a contrast pattern of
bright and dark areas. A third source of contrast
information is color. Color contrast is independent of
surface texture. Even when illuminating the texture-free
surface with light in the visible range, color contrast
exists between regions of different colors, e.g., between
different shades of gray.

However, it is contemplated to use the inven-
tion for applications in which navigation information is
independent of inherent structure-related properties of
the original. For example, one or both of the navigation
sensors 24 and 26 of Fig. 2 may be used to form succes-
sive images of print on the original, with correlation of
the successive images being used to determine the posi-
tion and the orientation of the image sensor 22 along the
original 14. In this embodiment, all three sensors 22,
24 and 26 image text on the original, but only the signal



| mage .transfer optics. The imagi ng sensor is shown as a linear array of
discrete optically sensitive elenents. The spacing of the elenents plays a
role in determning the spatial resolution of the scanner 10. For exanple,
a linear array having a length of 101.6 nT##@quires 1200 sensor el ements to
achieve a resolution of 3Q0 dpi. The sensor may be a charged coupl ed

devi ce, an anprpho Si_l i todi apra :..aN e e I near
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charges, are placed int ¥onsmagingRRPEPAERES: FBR NSO &F &KFe i evi ng

the desired spegdikRiuneprAidd¥y ¥ery fAa! thethapokidAshe infram toidn Of
the entire imagé array or. nultiple taps, so,that pixel values can be
shifted througREPERENataLYy mﬁﬁ%;? thﬁuéggeﬁﬁﬁggyeI@Fﬁﬁﬁ HHREE i s
advant ageous ¥aridug ldmivatciksss ngpornebhipactnessquesnyerfidrve gkatse,
ori'gi nal - anaSPRERy SEReRIc 4 o1 Bhy T poler SrpSbmktioRsy Hhaet ol oy 1o
each array el presisdlesul s aui¢ost ent Onel Amgging-gndepeddenietaltemmna—
signal in integual agRiiait alb (el thgOhol 0218 TR orf s to
enhancenment option iIs to add an opfical &l enent to the
provide one or more encoding wheels in place of the
navigation sensors. The encoding wheels may then roll
without slip upon the scanned surface, enabling the
scanning device to travel along straight or curvilinear
trajectories. It is not critical that the encoding
wheels be on a common axis. The wheels may be mounted to
swivel. Encoders coupled to monitor rotations would
provide the input data from which to calculate position
and orientation of an imaging sensor relative to a
starting position and orientation.

Another image-free approach to acquiring navi-
gation information is to use track balls similar to ﬁhose
for a computer mouse. A track ball could be used in
place of each encoder wheel described above. Encoders
would be used to obtain two-dimensional displacement
information from each track ball. In another approach,
optical or electronic (capacitive, resistive or induc-
tive) sensors may be used in place of the navigation
sensors of Fig. 2 in order to sense position and orienta-
tion relative to a cooperative (active or passive) grid
or other reference constructed in an unde:lying tablet
that, in turn, serves as a support for the original being
scanned. _

Another image-free approach to acquiring
position and orientation information is to provide an
accelerometer. An on-board inertial navigation platform
may be used, with accelerations being sensed and inte-
grated either once to obtain velocities or twice to



sensor, to increase the effective fraction of sensor pitch for which each
sensing elenent is responsive. Since there is typically unused area in the
array matrix, such light collection optics increase sensitivity. A
straightforward nodification of the inmagi ngl®ehsor 22 enabl es sensing of
color images. Three linear arrays parallel to one another, each with at
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relatively unif8
relative movement of the mechanical members. These

sensors could be of either the relative or absolute type

and could be based on direct position and orientation
sensing, or the éensing of accelerations or velocities
that would then be integrated with respect to time, once
or twice, to obtain positions. Non-contacting remote
sensing could also be used to measure position and
orientation of the scanning device relative to reference
coordinates fixed with respect to the scanned original.
Examples of such non-contacting sensiné would include
those that use electro-magnetic fields, waves or beams
(e.g. at optical or radio frequencies); electric effécts
(e.g. capacitive); and/or magnetic effects (e.g. induc-
tive). These approaches could utilize standard or dif-
ferential Global Positioning technoleogies and potentially
could use satellites. These approaches can also include
traditional navigation/surveying methods, such as
triangulations. ' They could also include techniques
employed in robotics technologies, such as using shaped
light beams and interpreting position from images of
where these beams intercept the moving object.

The navigation sensors 24 and 26 of Fig. 2
effectively observe a moving image of the original 14 and
produce an indication of the displacement in two planar
dimensions between successive observations. As will be
explained more fully below, pixel values from the naviga-
tion sensors are operated upon by processing elements to
determine proper mappihg of image data from the imaging



target area of the original at a wide range of angles, but blocks nornal
_incident rays in order to avoid specular surface reflections. In Fig. 1,
t he neandering path-12 is shown as having four and a fraction swaths, i.e.
si de-to-si de passes across the original 14.“¥Tseful inmgi ng sensor 22 for
nost opportunistic applications has a length wwthin the range of 25.4 nm
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Referring now to Figs. 4 and 5, navigation
sensor 24 is shown as being operatively associated with
illumination optics. If the original 14 is a paper
product for which paper fibers are to be detected by the
navigation sensor 24, the introduction of light at a
grazing angle of incidence is preferred. While not
essential, one or more light emitting diodes (LEDs) 28
may be used. The grazing angle 30, which is the comple-
ment of the angle of incidence, is preferably in the
range of zero degrees and fifteen dégrees, but this may
change depending upon the properties of the original 14.
In Fig. 5, the source 28 is shown with illumination
optics 34. The optics may comprise a single element or a
combination of lenses, filters and/or holographic
elements to acdomplish suitable collimated and generally
uniform illumination of the target surface. The
waveiength of the light emitted by the source 28 should
be selected to enhance the spatial frequency information
available for navigation. Fixed pattern noise in the
illumination field should be minimized. The output of
source 28 may require adjustment to accommcodate wide
dynamic ranges of reflectivity of the medium as the
scanning device proceeds over printed materials with
absorbing or reflecting inks or other marking agents.

In Fig. 4, light from a source 35 is collimated
at illumination optics 36 and then redirected by an
amplitude splitting beam-splitter 37. That portion of
the light energy from the LED directly to and transmitted



* . scannj ng device 10. For nost prior art scanning devices, inherent

structural features are considered to be noise. For the scanning device 10
of Figs. 1-3, such features are noise with regard to the inmagi ng sensor 22,
but may be used to provide a basis for the naAZyati on sensors 24 and 26 to
generate position information. Useful, high- contrast inmages of surface
texture can be generated by detecting structural variations that are

i nherent to the mﬂﬁrﬁﬂGBrtéﬁebﬁéﬂmﬁsiitﬁﬁna#ﬁxﬁ@ﬁ1559§ﬂ,1ﬂef@9fFGP The
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enbodi ment, all twhbchsdetects2the focused light. In many applications,

the modulation transfer functions, i.e. the amplitude
measure of optical frequency response, of the navigation
optics must be such as to provide attenuation before the
Nyquist frequency that is determined by the pitch of the
sensor elements of the navigation sensor and by the
magnification of the optical elements. The optical
elements should also be designed to prevent background
illumination from creating noise. Note that a wavefront
splitting beam-splitter could also be used.

The selection of the angle of incidence depends
upon the material properties of the original. Grazing
angles of illumination generate longer shadows and more
apparent contrast, or AC signal if the surface of the
original is not gleossy. The DC signal level, however,
increases as the illumination angle approaches the normal
to the original.

Illuminating the target region of the original
14 at a grazing angle 30 works well for applications in
which the surface of the original has a high degree of
unevenness at the microscopic level. For example, the
introduction of light from the source 28 at a grazing
angle provides a high signal-to-noise ratio of data
related to inherent structural- features when the original
is stationery, cardboard, fabric, or human skin. On the
other hand, the use of incoherent light at a normal angle



24 and 26 image text on the original, but only the signal -14- fromthe
sensor 22 is used to acquire inage data. The signals fromthe navigation
sensors 24 and 26 are used to acquire inmge-based navigation information.
Non-i magi ng approaches can al so be used to acgug&e and process X, Y and
theta position information. Unfortunately, many of the alternative neans

i npose various |initations upon conpactness, convenience of use, speed,
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or facets. Many of the "tiles" of an original reflect
light in directions slightly perturbed from the normal.

A field of view that includes the scattered light and the
specularly reflected light can thus be modeled as though
the surface were composed of many such tiles, each tilted
somewhat differently with respect to the normal. This
modeling is similar to that of W.W. Barkas in an article
entitled "Analysis of Light Scattered from a Surface of
Low Gloss into Its Specular and Diffuse Components," in
Proc. Phys. Soc., Vol. 51, pages 274-292 (1939).

Fig. 4 shows illumination by a source 35 of
incoherent l1ight, which is directed along the normal of
the surface of the original 14. Fig. 5 describes
illumination at a grazing angle 30. In a third embodi-
ment, no illumination is provided. Instead, the naviga-
tion information is accumulated using background light,
i.e. light from the environment. |

' In a fourth embodiment, coherent illumination
' is introduced at normal incidence to permit speckle-based
navigation. Relative motion between a scanning device
and an original may be tracked by monitoring motion of
speckle relative to the navigation sensors. If coherent
illumination is used without using imaging optics, then
by selecting a small area of.illumination and by having a
relatively large separation between the surface of the
original and the photodetector array of the navigation
sensor 24, the resulting predominant speckle cell sizes
with coherent illumination are sufficiently large to



optical or electronic (capacitive, resistive or induc- tive) sensors may be
used in place of the navigation sensors of Fig. 2 in order to sense
position and orienta- tion relative to a cooperative (active or passive)
grid or other reference constructed in an unde¥9+<ying tablet that, in turn
serves as a support for the original being scanned. Another imge-free
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user to follow a curvilinear path across the original, as
. when the hand and forearm ;f-the user rotate about the

elbow. In Fig. 6, the scanning device is shown as
following a curved path 48 across the block 46. If the
lower edge of the scanning device is the edge that is
closer to the elbow that defines the axis of rotation,
the lower edge will have a shorter radius. Consequently,
imaging elements of an imaging sensor will vary with
respect to the time and distance required to pass over
the block 46. A distorted image 50 of the block is
captured as the device is moved to the second position
52, shown in dashed lines.

The captured image 50 would be the stored image
in the absence of processing to be described below. How-
ever, as the imaging sensor captures data related to the
block 46, navigation information is acquired. 1In the
preferred embodiment, one or more navigation sensors
capture data related to inherent structural features of
the original 44. Movement of the inherent structural
features relative to the scanning device 10 is tracked in
order to determine displacement of the imaging sensor
relative to the block 46. A faithful captured image 54
may then be formed. The image 54 is defined herein as
the "rectified" image. _

In Fig. 7, one embodiment of navigation
processing is shown. The navigation processing is
performed by correlating successive frames of navigation
information, such as data related to inherent structural



sensing could al so be used to neasure position and orientation of the
scanni ng device relative to reference coordinates fixed with respect to the
scanned original. Exanples of such non-contacting sensing would include

t hose that use el ectromagnetic fields, wawyg-or beanms (e.g. at optical or
radio frequencies); electric effects (e.g. capacitive); and/or magnetic
"effects (e.g. induc- tive).” These approaches could utilize standard or dif-
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of the surface,ssidsby 8aad fachl GhednaEYation sensor at the later
time and then computing correlations 60 between the
reference frame and the later—-acquired sample frame.

Acquiring the initial reference frame 56 may
take place upon initiation of the imaging process. For
example, the acquisition may be triggered by mere place-
ment of the scanning device into. contact with the
original. Alternatively, the scanning device may include
a start button that initiates the image process and the
navigation process. Initiation may also take place by a
periodic pulsing of the illumination system of each
navigator. If there is a reflected signal that exceeds a
prescribed threshold of reflection or a correlation
signal that indicates motion, the reference frame is then
acquired. _ ’
While the navigation processing is performed

computationally, the concepts of this embodiment may be
described with reference to Figs. 7 and 8. A reference
frame 62 is shown as having an image of a T-shaped
inherent structural feature 64. The size of the
reference frame depends upon factors such as the maximum
scanning speed of the scanning device, the dominant
spatial frequencies in the imaging of the structural
features, and the image resolution of the sensor. A
practical size of the reference frame for a navigation
sensor that is thirty-two pixels (N) by sixty-four pixels
(M) is 24 x 56 pixels.



representing a known position of inherent structural features, wherein the
stored image serves as. a position reference. However, operations other than
the correla- tion process may be enployed in nmani'pul ati ng the input inage
data to formthe output inmage. Referring napato Figs. 4 and 5, navigation
sensor 24 is shown as being operatively associated with illum nation
optics. If the original 14 is a paper product for which paper fibers are to
be detected by the navi gahtoa babeortide Kﬂt)imnnauigatﬂunﬁsém§¢W at a
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and acquiring 58 the sample frame 66, the first and
second images of the T-shaped feature will be ones in
which the feature has shifted. While the preferred
embodiment is one in which dt is less than the time
that allows a full-pixel movement, the schematic repre-
sentation of Fig. 8 is one in which the feature 64 is
allowed to shift up and to the right by one pixel. The
full-pixel shift is assumed only to simplify the

- representation.

Element 70 in Fig. 8 represents a sequential
shifting of the pixel values of frame 68 into the eight
nearest-neighbor pixels. That is, step "0" dces not
include a shift, step "1" is a diagonal shift upward and
to the left, step "2" is an upward shift, etc. 1In this
manner, the pixel-shifted frames can be combined with the
sample frame 66 to produce the array 72 of position
frames. The position frame designated as "Position o"
does not include a shift, so that the result is merely a
combination of frames 66 and 68. "Position 3" has the
minimum number of shaded pixels, and therefore is the
frame with the highest correlation. Based upon the
correlation results, the position of the T-shaped feature
64 in the sample frame 66 is determined to be a diagonal
rightward and upward shift relative to the position of
the same feature in earlier-acquired reference frame 62,



anplitude splitting beamsplitter 37. That portion of the |light energy from
the LED directly to and transmtted -17- through the beamsplitter is

not shown in Fig. 4. The light energy fromthe beamsplitter illum nates
the original 14 along the normal to the sur<dzme. Al so represented in Fig. 4
I's the portion of the light energy that is reflected or scattered fromthe
original 14 and passed through the beamsplitter 37 for aperturing and
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where S;; denotes the navigation sensor-measured value at
the position ij of the sample frame 66 and R;; denctes the
navigation sensor-measured value at the frame 68 as
shifted at the element 70 in the k direction, with k _
being the identifier of the shift at element 70. In Fig.
8, k=3 provides the correlation coefficient with the
lowest value.

Correlations are used to find the locations of
identical features in successive frames in order to
determine the displacements of the features from
frame~to-frame. Summing or integrating these displaée-
ments and correcting for scale factors introduced through
the design of the relevant optics determine the displace-
ments of the imaging sensor as a scanning proéedure
progresses. )

As previously noted, the frame-to-frame
correlations are referred to as "microsteps," since frame
rates are chosen to be sufficiently high to ensure that
the displacements'do not exceed the dimension of a éingle
pixel. Oversampling can provide sub-pixel displacement
precision. Referring to Fig. 7, a determination 74 of
whether a microstep is to be taken is made following each
computation 64 of the correlations. If a microstep is
required, the reference frame is shifted at 76. In this
step, the sample frame 66 of Fig. 8 becomes the reference
frame and a new sample frame is acquired. The correla-~
tion computation is then repeated.



apparent contrast, or AC signal if the surface of the original is not

gl ossy. The DC signal |evel, however, increases as the illum nation angle
approaches the normal to the original. Illumnating the target regi on of
the original 14 at a grazing angle 30 work23rel| for applications in which
the surface of the original has a high degree of unevenness at the
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conmposed of many such ti|Bys,ussirnd mattesteps, a more precise determina-
tion of scanner displacement across a distance of m image
frame displacements, i.e. m microsteps, can be obtained.
The error in one macrostep is a result of a single cor-
relation calculation, whereas the equivalent error of m
microsteps is m'/2 times the error in a single microstep.
Although the average of errors in m microsteps approaches
zero as m increases, the standard deviation in the
average of errors grows as n'/2. Thus, it is advantageous
to reduce the standard deviation of accumulated error by
using macrosteps having m as large as practical, as long
as the two frames that define a macrostep are not so far
spaced from one another that they have no significant
region of common image content.

The sampling period dt does not have to be
constant. The sampling period may be detéermined as a
function of previous measurements. One method that
employs a variable dt is to improve the accuracy of
displacement calculation by keeping the relative
displacement between successive reference frames within
certain bounds. For example, the upper bound may be
one-pixel displacement, while the lower bound is
determined by numerical roundoff considerations in the
processing of the navigation data.

Referring again to Fig. 9, the image signal
generated at the imaging sensor 22 may then be
"position-tagged" based upon the navigation data. 1In
one embodiment, pixel values from the two navigation



sonmewhat differently with respect to the normal. This nodeling is simlar
to that of WW Barkas in an article entitled "Analysis of Light Scattered
froma Surface of Low Qoss into Its Specular and D ffuse Conmponents,” in
Proc. Phys. Soc., Vol. 51, pages 274-292 T#%39). Fig. 4 shows illunination
by a source 35 of incoherent light, which is directed along the normal of
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conver er 84, mu t.%le taps, each with an A/D converter,
are within the scope of the invention. The current
' position coordinates of the navigation sensors are
"tagged" at the ends of a line of data that corresponds
to the number of pixels within the imaging sensor. The
output 86 of the navigation processor 80 is therefore a
position-tagged data stream. In Fig. 10 an increment 88
of the data stream is shown as having position coordinate
cells 90, 92, 94 and 96 at the opposite ends of N pixel
cells, although this ordering is not essential.
The position-tagged data stream at the output
86 of the navigation processor 80 may be first stored in
image space that allows the image to £ill memory loca-
tions which provide continuity in both the X and Y axes.
Consequently, image acquisition is not restricted to
scanning from an upper-left corner of an original to the
lower-right corner. Because each imége pixel is
associated with a relative (X,Y) displacement from an .
arbitrary starting point, the image can expand in X and Y
to the full size of the image memory.
The imaging sensor 22 is clocked as the
scanning device moves across an original. The clocking
ensures that the fastest moving element of the sensor
samples at least once per pixel displacement. As pre-
viously noted with reference to Fig. 6, in the case of
significant curvature of the scanning device 10 during
image capture, one end of the imaging array will trans-
late more rapidly than the other end, causing pixels at



accomplished in Fig. 4. Referring nowto Fig. 6, the scanner 10 is shown as
bei ng noved across an original 44 having a block 46 inprinted onto a
surface of the original. Because the scanner 10'is not subjected to any _
ki nematic constraints in the plane of the-pBkginal, there is a tendency for
a user to follow a curvilinear path across the original, as when the hand
~and forearm of the user rotate about the elbow. In Fig. 6, the scanning
device is showmaﬁSIQﬁ¢bw#ng tochevovepsanmpldedacr G¥xis (ad traklkonecanst benhe
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Bresenham Raster Line Technique. The modification is

that because the array of pixels in the imaging sensor is
fixed, the line loop will be fixed at that same number.
That is, the usual Bresenham algorithm is ohe in which
the number of iterations in the liné loop is the greater
of delta_x and delta_y, i.e., max (delta_x, delta_y), but
for the modified algorithm the number (N) of pixels along
the array is used where max (delta_x, delta y) is
customarily used, so that the loop runs N times. The
following program element describes this algorithm:



processing i s shown. The navigation processing is perforned by correlating
successive frames of navigation information, such as data related to

i nherent structural _20- features. The_correlations conpare the
positions of the inherent structural feal"@P8s in successive franes to pr o-
vide information related te the position of a navigation sensor at a
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al so take pl age= lxg;a perlodlc pul sing of the illum nation system of each
navigator. Ifythemre is a reflected signal that exceeds a prescribed
t hreshol d of ¥£ﬂq§e§t'on or a correlation signal that indicates notion, the
reference frafe i's tHen
for (L = 0; i < N; it++)
{ get_p;xel(x [/ 2, x7 2, y/ 2);
x_err += delta x;
Y_ ary += delta_y,
if (x_err >= N)
{ x_err -= N;
X‘l'" :an X3

if (y_err >= N)
{ y_err == N;
y += inc_y;

}
}
Thus, given two points on a raster (xa, ya) and (xb, yb)
which are the end points of an imaging sensor of N
pixels, the purpose is to find successively the points
(x, y) on the raster where each pixel is to be read.
These points form the best approximation to a straight
line connecting the end points at a and b. Take the dif-
ferences in x and y. From the sign of the distances
between a and b, determine whether x and y will be
incremented or decremented as the line is traversed.
Start at x = xa, y = ya, with two error registers x_err
and y_err set to zero and begin the loop. Next, read the
value at (%, y) and write it to the output raster using
get_pixel(). Given a linear image sensor with half the
resolution of the navigation, use i/2, x/2, y/2 for the
pixel number in the sensor and the position in the output
raster. Add delta_x and delta_y to the respective error
registers, then test both error registers to see if they
exceed N. If so, subtract N from them and change x
and/or y by the increment. If an error register does not



acquired. Wile the navigation processing is performed conputationally, the
concepts of this enbodi nent may be described with reference to Figs. 7 and

8. Areference frame 62 is shown as having an inage of a T-shaped i nherent

structural feature 64. The size of the refeR&nce franme depends upon factors
such as the maxi num scanni ng speed of the scanning device, the dom nant

spatial frequencies %n thgﬁinagigg of the structural featg&gf, and the

i mge resol uti GFTTEE WS Ns oFONRIBRG toc #sesthe surment X e for
a navigation sq11sor'rttdsle¢r¢<semicbnt*im1eai &ﬁkg.l( hdheb ovpxihad atin M xelted M
s 24 x 56 pixels. - 215, AL ager. ti,nme (dt) . avigation sensor
acquires a sanple frane é’(‘ih(\%h?%ﬁ{:l égapsﬁ'ﬁaé:éds&vil?ﬁ r %%é:&ss'[lovq rHE%2, but
whi ch shows sulsstatths avithimetkair regéoanbfsoverilapal fMdisuimest Be done
duration dt is; tagu 3 : atl | t t he

T- shaped featurlg1r gdzliﬁlﬂglbalh )é‘gj?t?gmegnse'agllvx;(-'é'??o?ﬁbh%b%g\?g:%mo%%gﬁetr%g%r at
the vel ocity ofRQqumsiatednayigatienasnrey aad to. maskaeaapiresisiudle

period is 50 [@idod or Mel®CtmasRiRG"0c4h BB BbRESSH AkeR) d?igl%ﬂis

relative displacemant is_ refe reg to herein as a "mcrostep.” |} ©

scanni ng devi c @ R & '@Eﬂ'{“'ﬁg ?ﬁggFPHdeeﬁPSdeEFéF‘Eé@a BYq@tdtahisw t he

reference franendy aiml witike rspacé8arbassaipbe hrame &dtht Hatdrsityand

second i mages QEde%_%ﬁgwgm%lifglaégcﬂﬁkgdbgrogsgpkgve threshold. The
following paragraphs describe how redundant data from
areas of overlap is identified (to be discarded) and how
the navigation error is measured and corrected.

Techniques for stitching image swaths are known
in the scanning art. These techniques typically require
a pair of complete image swaths and produce a single,
global transformation which brings the two swaths into
registration. In this case, however, continuous navi-
gation data provides the registration information needed
for stitching. Since the navigation signal tends to
accumulate error, it is continually amended by feeding
back a correction signal derived from analysis of feature
offsets. '

Some area of overlap is necessary in order to
stitch two image swaths, since the navigation correction
is calculated by correlating features within this area.
Consider the situation portrayed in Fig. 11, where the
Swath #1 is being resampled by the return pass, Swath #2.
At time T, a partial swath has thus far been scanned.
Fig. 12 highlights this overlap area 108. As shown in
Fig. 12, during collection of Swath #1, quadrilateral
image segments (henceforth called "registration tiles")
are periodically labeled along the lower edge of the
swath with the location of Tags 110, 112 and 114 that are
described above. On a later pass (Swath #2) the “Surplus
Overlap Area" 108 above the tagged areas of Swath #1 is
clipped, using navigation information to determine where
to clip. As each segment length in Swath #2 is acquired,



which the feature has shifted. Wile the preferred enbodinent is one in
which dt is less than the tinme that allows a full-pixel novenent, the
schematic repre- sentation of Fig. 8 is one in which the feature 64 is
allowed to shift up and to the right by one8txel. The full-pixel shift is
assuned only to sinplify the representation. Elenent 70 in Fig. 8

represents a sequenti al shifting of the pi xel es of fra to the
ei ght near est - BBRgRSGL§HEaARL0 %pﬁaﬁ 4%°msst‘é?)th"&)il H5e£°ﬁ6f'e n F‘u &, top
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conbi ned with Fﬁré‘ ?{?ﬁgl eh‘lffa%n ‘{log%rlt)‘%hciaY%eié $§§‘L‘%§ §§g % S"o“"n:Ll
frames. The pobet nen difsat dwtivgean ctheaslodasion onf 0Tagodd and ithel ude a
shift, so that lde i qﬁgg n he 68.
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minimize the total accumulated error. In this way the
total accumulated error in the navigation data is
prevented from growing so large that it introduces an
obvious distortion in the region of the swath overlap.

Since both Swath #1 and Swath $#2 are combined

to produce a single image, a buffer is used to temporar-
ily store a copy of an original registration tile until
Swath #2 has been located in it. The entire registration
tile could be used for this correlation, but in the
preferred embodiment a small area of high-frequency
contrast (henceforth called a "feature"”) consisting of a
rectangular tile (e.g., 15x15 pixels) of grey scale image
is located within the registration tile of Swath #1.and
saved to buffer. When the location of this feature is
crossed for a second time, the offset between the loca-
tion of the saved feature and the same feature in Swath
#2 produces a navigation correction signal, i.e. the
translation required to bring the two features into close
correspondence. While other correlation approaches could
be employed, an acceptable approach is a "sum of squared
difference" correlation. A small search area is defined
around the original location of the feature and correla-
tion coefficients are determined by equation:

Cy1 = };; (Ti.i - Iitk.jbl)z

where T, ; denotes the grey scale values of the feature
from Swath #1 and I,, ,, denotes the grey scale values of



di.fferences" correlation. For the enbodi nent of Fig. 8, there are nine
correlation coefficients ([err] [err] [err] ... C8) formed fromthe nine
of fsets at elenent 70, with the correlatlon coefficients bei ng determ ned
by equation: [err] where [err] denotes the28avi gati on sensor-neasured val ue
at the position ij of the sanple frane 66 and Ri | denotes the navi gation

- | t _th ft .t t 70 t k
i root on- v (e IEFHE ARECAAEH: ERAEHLS: ZoRR SHATh 2 el cRBRRCSd, 4 #nd g
8, k=3 prOV|qusﬂecrﬁyrmbaatdansoaﬁthdhemmemﬂéatﬁmeépmnhileakuand 1l
Co | at i f t
Correl atlone G deey 0! kil Badosd woe oddatd! celoleptobhsyln |
from frame-t ocfifget mﬁﬁﬁﬁgaéﬂeﬂnﬁ@gr&m&n@l wHdthinli the agearahnspased -
correcting forp lﬁé‘aérﬂajdﬁégﬁr élbﬂhh‘&d'iﬁeq:h@‘ Y d g d6SE g8 et ibhe a&%aS"’a”t

optics deternine th lace- ments of the | mMagi NG sensor as_a_scann
procedure prodianQkas %@epPSF§SESP?tHGF§dth@hé“ﬂ? ?%F$$anESB§rPéW@ﬂions

ar fef_referrled sﬁ@c:.mﬂoat:eaﬁac vS mYC ®ef biﬁf%ﬂ!ﬁ@&lﬁ 1Bg CIRE&Pp b%a*&&on to
dimensi on of 4 dhcFaERBRmAAE, %Eﬁa R ahagas AL o xel
displacenent.preC|S|on ﬂhéefeahgréowﬁt@;n?tha(hﬁgismramiom ¥dlef ishet her
corr ol at i ons. Serected 6 max1RIR solag" VAR sk " ATIHES | LTS PdnbrckieS
76. In this stdie acreusasyl off theccosreflatipn sdthades Ineonef poesdblier ane
and a new sanpiddAfiEnt; 8A1Y h°HubkBe G 1¥Ations within the region
: is considered. These locations 116, 118, 120, 122 and
124 are shown in Fig. 13 as lying along the principal
axes 126 and 128 of the registration tile (lines joining
opposite midpoints of lines that define the region) and
are sampled at the intersection and halfway between the
intersection and each endpoint of the axis. For each
location 116, 118, 120, 122 and 124, the variance VAR, ,
is calculated using the equations:

smx.z = ;Zj: Ties, 149

suM2,, = );Zj:(lm.m)z

VAR,, = SUM2,,/N - (SUM,)*/N?

In order to prevent obvious distortions in the
final representative image, the error estimate is applied
slowly; the "position-tags" are modified in small fixed
magnitude steps as each new row of linear sensor data is
loaded into memory, ﬁntil there has been an accounting

for the entire error.

In the preferred embodiment, the proceséing
electronics for image reconstruction, stitching and image
management is contained within the housing that defines
the scanning device 10 of Fig. 1. Thus, the scanned
image may be immediately presented at the image



tion conmputation is then repeated. -23- Wiile the process provides a
hi gh degree of correlation match, any errors that do occur will accunul ate
with each successive shift 76 of a sanple frane 66 to the reference frane
designation. In order to place a restricti=dPon the growmh rate of this
"random wal k" error, a sanple franme is stored in a separate buffer nenory.
Thi s separ atela/, stored %arrpl e frane beconmes a new reference frane f,or a

subsequent serdiSPLRYcPrel HOWEYEZan e (GARN LAY ARYLCE, MAY, CORLALD, | s
referred to amemérpctossepre MhalPosd tiRti-Osdgyped fmageedataci bat
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the other end is connected to the pivoting member. The
elastomer acts as a hinge. Thus, the pivoting portion is
allowed to "float" without the use of frictional ele-
ments. Power, control and data signals may be conducted
“to the sensors via flex cables that are shielded in order
to minimize electromagnetic interference. Other methods
of pivotally attaching the pivoting member can be used.
If the pivoting member is deleted and the sensors are in
a fixed position on the housing, care must be taken not
to tilt the scanning device 10 excessively during image
capture. In this embodiment, the design of illumination
and optical elements must be given increased attention.
While the invention has been described and

illustrated as one in which a planar original is scanned,
this is not critical. In fact, persons skilled in the
art will readily understand how many of the techniques
may be used for scanning three-dimensional images.
However, the preferred embodiment is one in which the
image of interest is formed on a medium, such as a piece
of paper, a transparency, or a photograph, and the
scanning device is in contact with the medium.



functign of previous neasurements. One method that enploys a variable dt is
to i nprove the accuracy of di spl acenment cal cul ation by keeping the relative
di spl acenent between successive reference franes within certain bounds. For
exanpl e, the upper bound nay be one-pi xet31Hspl acenent, while the | ower
bound is determ ned by nunerical roundoff considerations in the processing
of the navigation data. Referring again to, Fig. 9, the inage signa
generated at the imaging sensor 22 may €a+P%e "position-tagged” based upon
~the navigation data. In one enbodi nent, pixel values fromthe two

navi gati on lsS r v av on processor
80 for perfor%1nghtﬁgegpera%45ﬁggéﬁg Q Scﬁgﬁga Qg Q%ase u%g%bkhe conput ed
correl ati ons, cosprdsinge$her stepse P!=n1ned for the current position of the

first navigation sensor mgdi w kcﬁﬁﬁﬁxef dahfcsutieptrapat&ventaf ahhe
second naV|gat| n,se sgﬂ‘s e naV|gatL8 5 0Ccesso
|

recei ves pi xeP¥® QFH |ﬁ§ Ag8, 531 f?gldﬁﬁgFFfler 82 and
an anal og-t o- hdvdngalanc dmagingr medansA{eRdugbr Rigte€tihgwsaddl gimagei,ngle tap

fromthe |Mmoga3aN31a2dvd Uoleblent! QoRURIAGNNCELEN BAenYha) Rl € aps, each

with an A/D converter, are w thi nthe scope The current
posi ti on coordi nates ofc@P@“ﬁ&Fﬂgétﬁﬁﬁu§§ﬁ809§ a$%get€55§d(59e £fREmERds of
a line of datast batdcdmagimgndevice! hevasnhtongf spidessani path;t he i nagi ng

sensor. The forming navigation information (56)
representative of travel of said scanning device along
said scan path; and

forming an output image (54) from said image
data, including removing distortion artifacts of
curvilinear and rotational movement of said scanning
device with travel along said scan path, said removing
distortion artifacts being based upon said navigation
information. '

2. The method of claim 1 wherein said step of forming
havigation information (56) includes detecting varlations
of inherent structure-related properties (64) of said
original.

3. A scanning device comprising:

sensor means (22) for forming image signals
upon relative movement between said sensor means and an
original (14) having an image, said relative movenment
being a scanning process, said image signals being
rasponsive to said image;

navigation means (24 and 26), in fixed position
relative to said sensor means, for forming at least one
position signal (56) responsive to detection of inherent
structure~related properties (64) of said original during
said scanning process; and

AR



out put 86 of the navigation processor 80 is therefore a position-tagged
data stream In Fig. 10 an increnent 88 of the data streamis shown as
havi ng position coordinate cells 90, 92, 94 and 96 at the opposite ends of
N pi xel cells, although this ordering is not essential. The position-tagged
data stream at the output 86 of the navi gaBRon processor 80 nay be first

stored in inmage space that allows the image to fill nenory |oca- tions
whi ch provide continuity_in both the X and } axes. Cbnsquﬁgtl ,. | mage
acqui sition is not restrPEPERSEOTs BERANN] 80 o FRFPIRTHVS er of an

original to thposbtitonrsgghator for maeipuiatdaghsategdmageslsiighadssoci at ed

wth arelativ LS tmf:q,gfa rhptrar rLd int, the

i mage can expaﬁaééﬁ@pghdg%ﬁ? gqﬁ%e. ul %ngeg*'%te %eglaﬁ'atdgé‘taq‘)l}%oa&&o%he

i magi ng sensorhganssapfogpdd a¥igiaalcasndegermined iy sariationsaet

original. The gh9akifHefBAY 8Erultturieiselateaspropertddd emitly of the

sensor sanples at.le SE.OnCﬁ Rer plgﬁhgggéflacenent. As pre- viously noted

with reference™®BBRHataNg; ReLRI 8 1 §Ri ~PEXRASAY RSP BAenGe

scanni ng devi cbet@ednrangoutpyt dmager ¢549nandndadtl tiaged rai@ray wll

trans- late ”Dgfigfﬂéfly than the other end, causing pixels at -25- the

sl ower end to be Oversanpled. This situation can be handl ed by either

recordi ng the nost recent reading (for grayscales) or by recording in a

| ogical OR node (for binary imges) at a specific pixel location in inmage
4. The device of claim 3 wherein said navigation means
includes a first two-dimensional array (24) of navigation

sensor elements.

5. The device of claim 4 wherein said naviéation means
includes a second two-dimensional array (26) of
navigation sensor elements, said first array (24) being
spaced apart from said second array.

6. The device of claim 3, 4 or 5 wherein said sensor
means (22) and said navigation means (24 and 26) are
fixed relative to a contact surface (18) to be brought
into contact with said original (14), said device further
comprising a first light means (28) positioned for
directing light onto said original at an acute angle (30)
relative to said contact surface.

7. The device of claim 3, 4 or 5 wherein said sensor
means (22) and said navigation means (24 and 26) are
fixed relative to a contact surface (18) to be brought
into contact with said original (14), said device further
comprising a second light means (35) for directing light
onto said original at an angle that is generally
perpendicular to said contact surface.
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space. _.The next operation is to map the position- tagged increnments. In one
enbodlnent the end points of the increnents are joined by a line. since
the distance of each pi xel of the inmaging sensor 22 is fixed, the physical

| ocation of the pixels relative to the |ine_can be calculated One approach
for determ ning the physical |ocations of Fach pi xel is a nodification of
the Bresenham Raster Line Technique. The nodification is that because the

array of pixel g.n déﬁ@eng,fsgi%q_r is 4 x%d é e 9 ey W Il be fixed

at that sanme nunber. ‘hé usual® Br&sertham 4l gorlt mi1s one in which
the nunmber of ﬂogvpmsdﬁg .anh@wé-mar:@ntﬂcai:amet hougiag 10, &3k sensrr
deltay, i.e. zt)aam (éalztﬂa d&vié&&zérprméamg nedl A0 2d)0dd ingn t he

nunber (N) of pi gt rr s used where nmax (delta_x, deltay) is
i ea-‘c 31%8413@ 3 By

customarily us * N tinmes. The follow ng program
el ement describes this algorithm

************************************************************ Load pl Xel

val ues with get pixel (). using Iocatlonépal rs (xa,ya) and (xb,yb) of the
endpoi nts of a®-N dherdeviger of claim d whenain $aiidy sensay Meanssr@nham

line draw al gomindhsadd tn&v)iqaf)ibxr meangle{ 44 ahg ared pilvttal ¥y (del ta X
> 0) - (deltax;%‘%llncr nts are +1 or -1 * |ncr—(deltay>0) -
(delta y < 0) 5’ 3 S 5e St% absol ute val ues */

10. The device of claim 8 or 9 further compr'ising an
image display (16) connected to said processor means (80)
to form an image, said image display being attached to
said housing (10).

* C L L} s *



delta'y *- incy, x -xa;, y - ya;, xerr - 0; yrr - 0; for (i - 0; i <N
i++) { get pixel(i / 2, x/ 2, y /Il 2); x err += delta x; y err + deltay; if
(xerr > N) x err -= N, x + inc x; if (y err > N y err - N Y + incy;
Thus, given two points on a raster (xa, ya) and (xb, yb) which are the end
poi nts of an inmagi ng sensor of N pixels, the purpose is to find
successively the points (X, y) on therasger where each pixel is to be
read. These points formthe best approximtion to a straight |ine
connecting the end points at a and b. Take the dif- ferences in x and y.
Fromthe sign of the distances between a apd b, determ ne whether x and y

will be increnented or decrenented a 2 I\ne is traversed. Start at x =
Xxa, y =ya, with two error registers x err and yeig set to zero and begin
the I oop. Next, read thewa o it to the output raster
using get pixel (). &ven a |linea mage segs with half the resolution of

unber in the sensor and
defga y to the

t he navigation, use\/2, ==yl 2 for the p
the position in the outpk ster. Add _de
respective error ’_::f'a
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registers, then test both error registers to see if they exceed N. If so,
subtract N fromthem and change x and/or y by the increnment. If an error
regi ster does not -27- exceed the N, continue to use the current val ue
of x or y. The process continues until the loop has run N tines. The next
step is to stitch successive inmage swaths,w ghin their region of overlap.
This nust be done in such a way as to identify and correct nost of the
accurul ated navigation error and to nask any residual error. This "masking"
can be done in areas of black print on a white background, for exanpl e, by

stitching only in white space areas, i.e. areas with iaens{ty val ues above
a pre-described or adaptive threshol d. i Ng descri be
how redundant data from areas of overlap s Nde ar ded)

and how the navigation error is neasured and _x
stitching i mage swaths are knol@ t

gl obal transformation which brings
this case, however, continuous pa

i nformati on needed for stitc
accunul ate error, it is cont
signal derived fron1ana|y
necessary in order 8
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stitch two i rage swaths, since the navigation correction is calcul ated by
correlating features within this area. Consider the situation portrayed in
Fig. 11, where the Swath #1 is being resanpled by the return pass, Swath
#2. At time T, a partial swath has thus far been scanned. Fig. 12

hi ghlights this overlap area 108. As ?h ng in Fig: 12, during collection of
Swat h #1, quadril ateral inage segnent ? nceforth called "registration
tiles") are periodically | abeled along the | ower edge of the swath with the
| ocation of Tags 110, 112 and 114 that are descri bed above. On a | ater pass
(Swath #2) the "Surplus Overlap Area" 108 above the tagged areas of Swath
#1 is clipped, using navigation information to determ ne where to clip. As
each segnent length in Swath #2 is acquired, -28- the registration tile
fromSwath #1 is located in the top of what remains of Swath #2, after the
"surplus has been clipped. If the navigation data is perfect, there wll be
no of fset between the location of Tag #1 and the location of that tile's
rescanned inage in Swath #2. Mre realistically, sone navigation error wll
have accunmul ated since the |ast registration was perforned. The offset

bet ween these two tiles produces a correction factor which is then used to
update future navigation position-tags, associated with the data, in order
to mnimze the total accunulated error. In thifsyway jhe total accunul ated
error in the navigation data is prevented from|gLeW mg so large that it

i ntroduces an
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obvi ous distortion in the region of the swath overlap. Since both Swath #1
and Swath #2 are conbined to produce a single imge, a buffer is used to
tenporar- ily store a copy of an original registration tile until Swath #2
has been located in it. The entire registration tile could be used for this
correlation, but in the preferred enbodinent a small area of high-frequency
contrast (henceforth called a "feat ur & wamisting of a rectangular tile
(e.g., 15x15 pixels) of grey scale inage is located within the registration
tile of Swath #l and saved to buffer. Wen the location of this feature is
crossed for a second tinme, the offset between the |oca- tion of the saved
feature and the sane feature in Swath #2 produces a navigation correction
signal, i.e. the translation requi bring the two features into close
correspondence. Wil e other coreel ati on approaches coul d be enpl oyed, an
accept abl e approach is a "suy aQce” correlation. A snal
tNhe ofiginal |l ocatign of the feature and
Ydet ef m ned Ry equatjion: [err] where [err]
oMthe Mfeaturle from[Swath #1 and [err]

-29- thHe newy acquired feature from

y | beat+ers Withip the features, while k

he proposed trangl ati onal offset

correla- tion coefficients
denotes the grey scal e val uey
denotes the grey scal e val ues
Swath #2. Indices i and j speci
and 1 specify the magnitude of

50

6

FIG.




The smal fest elenment in the resulting correlation array denotes the of fset
between the two features. Sub-pixel positional accuracy ny be obtained
using interpolation to find the mnim of this bow -shaped result. The
feature within the registrationtile is selected to naxim ze i nmage

vari ance, since this inproves the accuracy of the correlation nmethod. In
one possi bl e enbodi nent, only a subsef Zﬁylocations within the region is
consi dered. These locations 116, 118, 120, 122 and 124 are shown in Fig. 13
as lying along the principal axes 126 and 128 of the registration tile
(l'itnes joipning opposite mdpoints of lines that define the region) and are
sanpl ed at] the intersection and hal fway between the intersection and each
endpoi nt of the axis. For each location 116, 118, 120, 122 and 124, the
variance [fegx] is calculated using the equations: [err] [err] In order to
prevent obyv& tpstortions in the final representative inage, the error
estimate i ldyed slowy; the "position-tags" are nodified in small fixed
magni t ude ste@ as each new row of |inear sensor data is | oaded into
menory, untill ##hepe has been an accounting for the entire error. In the
preferred 8@ i®ent, the processing electronics for inmage reconstruction,
stitching p@l i nrage nanagenent is contained within the housing that defines
the scanni p§? device 10 of Fig. 1. Thus, the scanned i mage nay be

i mredi ately presented at the inmage
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--30-"di splay 16. However, the scanning device may contain nenory to store

t he ‘position-tagged i nrage data, but wi thout processing and file managenent
el ectronics and firmmvare. As noted in reference to Fig. 3, the navigation
and i magi ng sensors 22, 24 and 26 are preferably nounted on a pivoting
menber 20. In one enbodi nent, the pivotiqg nber is connected to the

remai nder of the housing by at |east one {&&tonmer for which one end of the
el astoner is connected to the stationary portion of the housing and the

ot her end i s connegtedt eV O --Rg—HEB e he si-one [S as a
hi nge. Thus, the pijvoiing- tign |sialloved tol"fllg Wit hotit! t he use of
frictional ele- nentgziPowbr! lednt FofiEdd 1data si dndtd Wiy _bel cbnducted to
the sensors via fPex tEablek I hat| S ef ddad | pv“yr gé il ol ze
el ectromagneti ¢ iAtleffir éntcel CtEi“ 54 s |ofl pEMot ach| ng the
pi voti ng nenber égr e lused. | If j=he pilvatilng memsar et pnd the
sensors are in aghijxéed|pos|t) on lgnl t hel Housiing, {gAr € b {aken not to
tilt the scanningEceV|ce 1D exce§§ VvEll [ddrijng IE?QG 2. [Th this
enbodi ment, the deéstgn of ITTumnatrton and optical elene must be given
I ncreased attenti on—Wrrrertirernv enttem—has—yegn © ' amch i | | ustrated
as one in which a pragg—ret+prral FSroearfee— i S Hgal . In
fact, persons ski] |ledziari-helaft W5k t-hyreade Ladnd uerﬂ1y of the
techni ques may bé& S vk iy adl] | Egereed.LHbwever, the
preferred enbodi g Sk \ )G lqidr gsiired f brmed on a
medi um such as & RLgEs - Fr
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of paper, a transparency, or a photograph, and the scanning device is in
contact with the nedi um -31- Cainms 1. A nethod of formng a scanned
el ectronic i nage conprising the steps of: noving a scanning device (10)
relative to an original (14) having an i nage, said scanning device having
an i magi ng neans (22) for detecting %gid i mage, said relative novenent
defining a scan path (12); capturing a/é%quence of image data (50) forned
as said i magi ng device noves al ong said scan path; form ng navigation
information (56) representative of travel of said scanning device al ong
said scan path; and form ng an output imge (54) fromsaid i nage data,

i ncluding renoving distortion artifacts of curvilinear and rotational
novenent of said scanning device with travel along said scan path, said

renoving distorgjon artifacts being based upon said Btpation i nformation
2. The net26éoo claim1l wherein said step of forni&g navigati on
informatioh (56) includes detecting variations of [fherent
structurettrdlated properties (64) of Q:\ianriginaI.}?). Al scanni ng devi ce
conpri sin sensor means (22) for form ng | mage sighals ppon rel ative
nmovemnent tween said sensor nmeans and an
POSITION-
22 c TAGGED
s 82 DATA
'4'\ NAVIGATION STREAM
% A/D ' Z
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D
84
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90 o, - . 94 96
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origiFnal+ (14) having an image,

said relative novenent being a scanning

process, said inmage signals being responsive to said image: navigation
means (24 and 26), in fixed position relative to said sensor nmeans, for

form ng at | east one position

signal (56) responsive to detection of

i nherent structure-related properties (64) of said original during said

scanni ng process; and -32-

position signal, for manipul ati
novenent between said navigati
variations of said inherent st

process@r/ﬁbans (80), responsive to said

ing said i mage signals based upon relative

on neans and said original as determ ned by
ructure-rel ated propertles sai d mani pul ati ng

bei ng conduct ed
said i mge of s
navi gati on neans/{i
sensor el enents.
i ncl udes a seco
said first arra

i mge (54) and
h said

of navigation

;mgg.tlon nmeans

on sensor el enents,

device of claimJ3; 4 or 5 wher
navi gati on neans (24 and 26) ¢
to be brought into colffact w

h sai d swWATHak2(14), said

el n said sensor neans (2 alog sai d
re fixed relative to a contact’surface (18)
gévi ce further

FlG. 11

7

A
VARV ARV A A 108
7/

V. Y S S A A 4 rd

110 112 14

FIG. 12

128
120
116 -/
122

FlG. 13



conprising a first light neans (28) positioned for directing |light onto
said original at an acute angle (30) relative to said contact surface. 7.
The device of claim3, 4 or 5 wherein said sensor neans (22) and said
navi gati on neans (24 and 26) are fixed relative to a contact surface (18)
to be brought into contact with said original (14) sai d device further

conprising a second |ight nea 35) .for rec ht onto said origina
at an angle that is generallyﬂgﬁ%ﬁéﬁﬁlﬁmzih éipigﬁ?act surf ace.

-33- 8. The device of clain13 4, 5, 6 or 7 further conprising a

hand- mani pul at abl e housi ng é sai d sensor neans (22) and said navigation
means (24 and 26) bmﬁﬁf%ﬁﬁ%ﬁh page Smanmbngi Bgvige ange Mrthed of claim 8
wherein said sensor neans (22) and sai d navigation neans (24 and 26) are
pivotally attached to said housing 10. The device of claim8 or 9 further

conprising an image dis % é connected to said processor neans (80) to
forman image, said i mag REBLAY gevAgeatldinand ekhed Risferming) a

scanned electronic image (54) include an imaging sensor
(22) and at least one navigation sensor (24 and 26). In
the preferred embodiment, the imaging sensor is a linear
array of sensor elements, with a two-dimensional
navigation sensor array at each end. The scanning device
has three degrees of freedom, since position information '
from the navigation sensors allows manipulation of an
image signal from the imaging sensor to reduce distortion
artifacts caused by curvilinear scanning. Acceptable
sources of the position information include printed
matter and contrast variations dictated by variations in
the inherent structure-related properties (64) of the
medium (14) on which the scanned image is formed.
Illumination for optimal operation of the navigation
system may be introduced at a grazing angle (30) in some
applications or in the normal to a plane of the original
in other applications, but this is not essential.
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Abstract of the Disclosure

Freehand Image Scanning Device and Method

A scanning device (10) and method of forming a
scanned electronic image (54) include an imaging sensor
(22) and at least one navigation sensor (24 and 26). In
the preferred embodiment, the imaging sensor is a linear
array of sensor elements, with a two-dimensional _
navigation sensor array at each end. The scanning device
has three degrees of freedom, since position information
from the navigation sensors allows manipulation of an
image signal from the imaging sensor to reduce distortion
artifacts caused by curvilinear scanning. Acceptable
sources of the position information include printed
matter and contrast variations dictated by variations in -
the inherent structure-related properties (64) of the
medium (14) on which the scanned image is formed.

(Please note that Figure 9 should accompany the abstract when published) -
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