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METHOD AND APPARATUS FOR ENTERING 
DATA USING A VIRTUAL INPUT DEVICE 

RELATION TO PREVIOUSLY FILED 
APPLICATION 

[0001] This is a continuation of co-pending U.S. utility 
patent application Ser. No. 09/502,499, ?led on Feb. 11, 
2000, Which Will issue as US. Pat. No. 6,614,422 on Sep. 2, 
2003. The ’499 application claimed priority from US. 
provisional patent application, serial No. 60/163,445, ?led 
on Nov. 4, 1999 entitled “Method and Device for 3D 
Sensing of Input Commands to Electronic Devices”, in 
Which applicants herein Were applicants therein. The ’499 
application also referenced applicant Bamji’s then co-pend 
ing US. patent application Ser. No. 09/401,059 ?led on Sep. 
22, 1999, entitled “CMOS-COMPATIBLE THREE-DI 
MENSIONAL IMAGE SENSOR IC”, Which ’059 applica 
tion issued as US. Pat. No. 6,323,942 on Nov. 27, 2002. 
Each of these applications and US. patents Was assigned to 
common assignee herein Canasta, Inc. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to inputting com 
mands and/or data (collectively, referred to herein as “data”) 
to electronic systems including computer systems. More 
speci?cally, the invention relates to methods and appara 
tuses for inputting data When the form factor of the com 
puting device precludes using normally siZed input devices 
such as a keyboard, or When the distance betWeen the 
computing device and the input device makes it inconve 
nient to use a conventional input device coupled by cable to 
the computing device. 

BACKGROUND OF THE INVENTION 

[0003] Computer systems that receive and process input 
data are Well knoWn in the art. Typically such systems 
include a central processing unit (CPU), persistent read only 
memory (ROM), random access memory (RAM), at least 
one bus interconnecting the CPU, the memory, at least one 
input port to Which a device is coupled input data and 
commands, and typically an output port to Which a monitor 
is coupled to display results. Traditional techniques for 
inputting data have included use of a keyboard, mouse, 
joystick, remote control device, electronic pen, touch panel 
or pad or display screen, sWitches and knobs, and more 
recently handWriting recognition, and voice recognition. 

[0004] Computer systems and computer-type systems 
have recently found their Way into a neW generation of 
electronic devices including interactive TV, set-top boXes, 
electronic cash registers, synthetic music generators, hand 
held portable devices including so-called personal digital 
assistants (PDA), and Wireless telephones. Conventional 
input methods and devices are not alWays appropriate or 
convenient When used With such systems. 

[0005] For example, some portable computer systems 
have shrunk to the point Where the entire system can ?t in 
a user’s hand or pocket. To combat the dif?culty in vieWing 
a tiny display, it is possible to use a commercially available 
virtual display accessory that clips onto an eyeglass frame 
Worn by the user of the system. The user looks into the 
accessory, Which may be a 1“ VGA display, and sees What 
appears to be a large display measuring perhaps 15“ diago 
nally. 

Mar. 11, 2004 

[0006] Studies have shoWn that use of a keyboard and/or 
mouse-like input device is perhaps the most ef?cient tech 
nique for entering or editing data in a companion computer 
or computer-like system. Unfortunately it has been more 
dif?cult to combat the problems associated With a smaller 
siZe input device, as smaller siZed input devices can sub 
stantially sloW the rate With Which data can be entered. For 
eXample, some PDA systems have a keyboard that measures 
about 3“><7“. Although data and commands may be entered 
into the PDA via the keyboard, the entry speed is reduced 
and the discomfort level is increased, relative to having used 
a full siZed keyboard measuring perhaps 6“><12“. Other PDA 
systems simply eliminate the keyboard and provide a touch 
screen upon Which the user Writes alphanumeric characters 
With a stylus. HandWriting recognition softWare Within the 
PDA then attempts to interpret and recogniZe alphanumeric 
characters draWn by the user With a stylus on a touch 
sensitive screen. Some PDAs can display an image of a 
keyboard on a touch sensitive screen and permit users to 
enter data by touching the images of various keys With a 
stylus. In other systems, the distance betWeen the user and 
the computer system may preclude a convenient use of 
Wire-coupled input devices, for eXample the distance 
betWeen a user and a set-top boX in a living room environ 
ment precludes use of a Wire-coupled mouse to navigate. 

[0007] Another method of data and command input to 
electronic devices is recogniZing visual images of user 
actions and gestures that are then interpreted and converted 
to commands for an accompanying computer system. One 
such approach Was described in US. Pat. No. 5,767,842 to 
Korth (1998) entitled “Method and Device for Optical Input 
of Commands or Data”. Korth proposed having a computer 
system user type on an imaginary or virtual keyboard, for 
eXample a keyboard-siZed piece of paper bearing a template 
or a printed outline of keyboard keys. The template is used 
to guide the user’s ?ngers in typing on the virtual keyboard 
keys. A conventional TV (tWo-dimensional) video camera 
focused upon the virtual keyboard Was stated to somehoW 
permit recognition of What virtual key (e.g., printed outline 
of a key) Was being touched by the user’s ?ngers at What 
time as the user “typed” upon the virtual keyboard. 

[0008] But Korth’s method is subject to inherent ambigu 
ities arising from his reliance upon relative luminescence 
data, and indeed upon an adequate source of ambient light 
ing. While the video signal output by a conventional tWo 
dimensional video camera is in a format that is appropriate 
for image recognition by a human eye, the signal output is 
not appropriate for computer recognition of vieWed images. 
For example, in a Korth-type application, to track position of 
a user’s ?ngers, computer-executable softWare must deter 
mine contour of each ?nger using changes in luminosity of 
piXels in the video camera output signal. Such tracking and 
contour determination is a dif?cult task to accomplish When 
the background color or lighting cannot be accurately con 
trolled, and indeed may resemble the user’s ?ngers. Further, 
each frame of video acquired by Korth, typically at least 100 
piXels><100 piXels, only has a grey scale or color scale code 
(typically referred to as RGB). Limited as he is to such RGB 
value data, a microprocessor or signal processor in a Korth 
system at best might detect the contour of the ?ngers against 
the background image, if ambient lighting conditions are 
optimal. 
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[0009] The attendant problems are substantial as are the 
potential ambiguities in tracking the user’s ?ngers. Ambi 
guities are inescapable With Korth’s technique because 
traditional video cameras output tWo-dimensional image 
data, and do not provide unambiguous information about 
actual shape and distance of objects in a video scene. Indeed, 
from the vantage point of Korth’s video camera, it Would be 
very dif?cult to detect typing motions along the axis of the 
camera lens. Therefore, multiple cameras having different 
vantage points Would be needed to adequately capture the 
complex keying motions. Also, as suggested by Korth’s 
FIG. 1, it can be dif?cult merely to acquire an unobstructed 
vieW of each ?nger on a user’s hands, e.g., acquiring an 
image of the right fore?nger is precluded by the image 
blocking presence of the right middle ?nger, and so forth. In 
short, even With good ambient lighting and a good vantage 
point for his camera, Korth’s method still has many short 
comings, including ambiguity as to What roW on a virtual 
keyboard a user’s ?ngers is touching. 

[0010] In an attempt to gain depth information, the Korth 
approach may be replicated using multiple tWo-dimensional 
video cameras, each aimed toWard the subject of interest 
from a different vieWing angle. Simple as this proposal 
sounds, it is not practical. The setup of the various cameras 
is cumbersome and potentially expensive as duplicate cam 
eras are deployed. Each camera must be calibrated accu 
rately relative to the object vieWed, and relative to each 
other. To achieve adequate accuracy the stereo cameras 
Would like have to be placed at the top left and right 
positions relative to the keyboard. Yet even With this con 
?guration, the cameras Would be plagued by ?ngers 
obstructing ?ngers Within the vieW of at least one of the 
cameras. Further, the computation required to create three 
dimensional information from the tWo-dimensional video 
image information output by the various cameras contributes 
to the processing overhead of the computer system used to 
process the image data. Understandably, using multiple 
cameras Would substantially complicate Korth’s signal pro 
cessing requirements. Finally, it can be rather dif?cult to 
achieve the necessary camera-to-object distance resolution 
required to detect and recogniZe ?ne object movements such 
as a user’s ?ngers While engaged in typing motion. 

[0011] In short, it may not be realistic to use a Korth 
approach to examine tWo-dimensional luminosity-based 
video images of a user’s hands engaged in typing, and 
accurately determine from the images What ?nger touched 
What key (virtual or otherWise) at What time. This short 
coming remains even When the acquired tWo-dimensional 
video information processing is augmented With computer 
iZed image pattern recognition as suggested by Korth. It is 
also seen that realistically Korth’s technique does not lend 
itself to portability. For example, the image acquisition 
system and indeed an ambient light source Will essentially 
be on at all times, and Will consume suf?cient operating 
poWer to preclude meaningful battery operation. Even if 
Korth could reduce or poWer doWn his frame rate of data 
acquisition to save some poWer, the Korth system still 
requires a source of adequate ambient lighting. 

[0012] PoWer considerations aside, Korth’s tWo-dimen 
sional imaging system does not lend itself to portability With 
small companion devices such as cell phones because 
Korth’s video camera (or perhaps cameras) requires a van 
tage point above the keyboard. This requirement imposes 
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constraints on the practical siZe of Korth’s system, both 
While the system is operating and While being stored in 
transit. 

[0013] What is needed is a method and system by Which 
a user may input data to a companion computing system 
using a virtual keyboard or other virtual input device that is 
not electrically connected to the computing system. The data 
input interface emulation implemented by such method and 
system should provide meaningful three-dimensionally 
acquired information as to What user’s ?nger touched What 
key (or other symbol) on the virtual input device, in What 
time sequence, preferably Without having to use multiple 
image-acquiring devices. Preferably such system should 
include signal processing such that system output can be in 
a scan-code or other format directly useable as input by the 
companion computing system. Finally, such system should 
be portable, and easy to set up and operate 

[0014] The present invention provides such a method and 
system. 

SUMMARY OF THE INVENTION 

[0015] The present invention enables a user to input 
commands and data (collectively, referred to as data) from a 
passive virtual emulation of a manual input device to a 
companion computer system, Which may be a PDA, a 
Wireless telephone, or indeed any electronic system or 
appliance adapted to receive digital input signals. The inven 
tion includes a three-dimensional sensor imaging system 
that functions even Without ambient light to capture in 
real-time three-dimensional data as to placement of a user’s 
?ngers on a substrate bearing or displaying a template that 
is used to emulate an input device such as a keyboard, 
keypad, or digitiZed surface. The substrate preferably is 
passive and may be a foldable or rollable piece of paper or 
plastic containing printed images of keyboard keys, or 
simply indicia lines demarking Where roWs and columns for 
keyboard keys Would be. The substrate may be de?ned as 
lying on a horiZontal X-Z plane Where the Z-axis de?ne 
template key roWs, and the X-axis de?nes template key 
columns, and Where the Y-axis denotes vertical height above 
the substrate. If desired, in lieu of a substrate keyboard, the 
invention can include a projector that uses light to project a 
grid or perhaps an image of a keyboard onto the Work 
surface in front of the companion device. The projected 
pattern Would serve as a guide for the user in “typing” on this 
surface. The projection device preferably Would be included 
in or attachable to the companion device. 

[0016] Alternatively, the substrate can be eliminated as a 
typing guide. Instead the screen of the companion computer 
device may be used to display alphanumeric characters as 
they are “typed” by the user on a table top or other Work 
surface (perhaps a table top) in front of the companion 
device. For users Who are not accomplished touch typists, 
the invention can instead (or in addition) provide a display 
image shoWing keyboard “keys” as they are “pressed” or 
“typed upon” by the user. “Keys” perceived to be directly 
beloW the user’s ?ngers can be highlighted in the display in 
one color, Whereas “keys” perceived to be actually activated 
can be highlighted in another color or contrast. This con 
?guration Would permit the user to type on the Work surface 
in front of the companion device or perhaps on a virtual 
keyboard. Preferably as the user types on the Work surface 
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or the virtual keyboard, the corresponding text appears on a 
text ?eld displayed on the companion device. 

[0017] Thus, various forms of feedback can be used to 
guide the user in his or her virtual typing. What ?ngers of the 
user’s hands have “typed” upon What virtual key or virtual 
key position in What time order is determined by the 
three-dimensional sensor system. Preferably the three-di 
mensional sensor system includes a signal processing unit 
comprising a central processor unit (CPU) and associated 
read only memory (ROM) and random access memory 
(ROM). Stored in ROM is a softWare routine executed by 
the signal processing unit CPU such that three-dimensional 
positional information is received and converted substan 
tially in real-time into key-scan data or other format data 
directly compatible as device input to the companion com 
puter system. Preferably the three-dimensional sensor emits 
light of a speci?c Wavelength, and detects return energy 
time-of-?ight from various surface regions of the object 
being scanned, e.g., a user’s hands. 

[0018] At the start of a typing session, the user Will put his 
or her ?ngers near or on the Work surface or virtual keyboard 
(if present). Until the user or some other object comes Within 
imaging range of the three-dimensional sensor, the present 
invention remains in a standby, loW poWer consuming, 
mode. In standby mode, the repetition rate of emitted optical 
pulses is sloWed to perhaps 1 to perhaps 10 pulses per 
second, to conserve operating poWer, an important consid 
eration if the invention is battery poWered. As such, the 
invention Will emit relatively feW pulses but can still acquire 
image data, albeit having crude or loW Z-axis resolution. In 
alternate methods for three-dimensional capture, methods 
that reduce the acquisition frame rate and resolution to 
conserve poWer may be used. Nonetheless such loW reso 
lution information is suf?cient to at least alert the present 
invention to the presence of an object Within the imaging 
?eld of vieW. When an object does enter the imaging ?eld of 
vieW, a CPU that governs operation of the present invention 
commands entry into a normal operating mode in Which a 
high pulse rate is employed and system functions are noW 
operated at full poWer. To preserve operating poWer, When 
the user’s ?ngers or other potentially relevant object is 
removed from the imaging ?eld of vieW, the present inven 
tion Will poWer doWn, returning to the standby poWer mode. 
Such poWering doWn preferably also occurs When it is 
deemed that relevant objects have remained at rest for an 
extended period of time exceeding a time threshold. 

[0019] Assume that noW the user has put his or her ?ngers 
on all of the home roW keys (e.g., A, S, D, F, J, K, L, :) of 
the virtual keyboard (or if no virtual keyboard is present, on 
a Work space in front of the companion device With Which 
the invention is practiced). The present invention, already in 
full poWer mode Will noW preferably initiate a soft key 
calibration in Which the computer assigns locations to key 
board keys based upon user input. The user’s ?ngers are 
placed on certain (intended) keys, and based on the exact 
location of the ?ngers, the softWare assigns locations to the 
keys on the keyboard based upon the location of the user’s 
?ngers. 

[0020] The three-dimensional sensor system vieWs the 
user’s ?ngers as the user “types” on the keys shoWn on the 
substrate template, or as the user types on a Work space in 
front of the companion device, Where “keys” Would nor 
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mally be if a real keyboard Were present. The sensor system 
outputs data to the companion computer system in a format 
functionally indistinguishable from data output by a con 
ventional input device such as a keyboard, a mouse, etc. 
SoftWare preferably executable by the signal processing unit 
CPU (or by the CPU in the companion computer system) 
processes the incoming three-dimensional information and 
recogniZes the location of the user’s hands and ?ngers in 
three-dimensional space relative to the image of a keyboard 
on the substrate or Work surface (if no virtual keyboard is 
present). 
[0021] Preferably the softWare routine identi?es the con 
tours of the user’s ?ngers in each frame by examining Z-axis 
discontinuities. When a ?nger “types” a key, or “types” in a 
region of a Work surface Where a key Would be if a keyboard 
(real or virtual) Were present, a physical interface betWeen 
the user’s ?nger and the virtual keyboard or Work surface is 
detected. The softWare routine examines preferably optically 
acquired data to locate such an interface boundary in suc 
cessive frames to compute Y-axis velocity of the ?nger. (In 
other embodiments, loWer frequency energy such as ultra 
sound might instead be used.) When such vertical ?nger 
motion stops or, depending upon the routine, When the ?nger 
makes contact With the substrate, the virtual key being 
pressed is identi?ed from the (Z, X) coordinates of the ?nger 
in question. An appropriate KEYDOWN event command 
may then be issued. The present invention performs a similar 
analysis on all ?ngers (including thumbs) to precisely deter 
mine the order in Which different keys are contacted (e.g., 
are “pressed”). In this fashion, the softWare issues appro 
priate KEYUP, KEYDOWN, and scan code data commands 
to the companion computer system. 

[0022] The softWare routine preferably recogniZes and 
corrects for errors in a drifting of the user’s hands While 
typing, e.g., a displacement on the virtual keyboard. The 
softWare routine further provides some hysteresis to reduce 
error resulting from a user resting a ?nger on a virtual key 
Without actually “pressing” the key. The measurement error 
is further reduced by observing that in a typing application, 
the frame rate requirement for tracking Z-values is loWer 
than the frame rate requirement for tracking X-values and 
Y-Values. That is, ?nger movement in Z-direction is typi 
cally sloWer than ?nger movements in other axes. The 
present invention also differentiates betWeen impact time 
among different competing ?ngers on the keyboard or other 
Work surface. Preferably such differentiation is accom 
plished by observing X-axis, Y-axis data values at a suf? 
ciently high frame rate, as it is Y-dimension timing that is to 
be differentiated. Z-axis observations need not discriminate 
betWeen different ?ngers, and hence the frame rate can be 
governed by the speed With Which a single ?nger can move 
betWeen different keys in the Z-dimension. Preferably the 
softWare routine provided by the invention averages Z-axis 
acquired data over several frames to reduce noise or jitter. 
While the effective frame rate for Z-values is decreased 
relative to effective frame rate for X-values and for Y-values, 
accuracy of Z-values is enhanced and a meaningful frame 
rate of data acquisition is still obtained. 

[0023] The softWare routine can permit the user to toggle 
the companion computer system from say alphanumeric data 
input mode to graphics mode simply by “typing” on certain 
key combinations, perhaps simultaneously pressing the Con 
trol and Shift In graphics mode, the template Would emulate 
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a digitizer table, and as the user dragged his or her ?nger 
across the template, the (Z, X) locus of points being con 
tacted Would be used to draW a line, a signature, or other 
graphic that is into the companion computer system. 

[0024] Preferably a display associated With the companion 
computer system can display alphanumeric or other data 
input by the user substantially in real-time. In addition to 
depicting images of keyboard keys and ?ngers, the com 
panion computer system display can provide a block cursor 
that shoWs the alphanumeric character that is about to be 
entered. An additional form of input feedback is achieved by 
forming a resilient region under some or all of the keys to 
provide tactile feedback When a “key” is touched by the 
user’s ?ngers. If a suitable companion device Were 
employed, the companion device could even be employed to 
enunciate aloud the names of “typed” keys, letter-by-letter, 
e.g., enunciating the letters “c”-“a”-“t” as the Word “cat” 
Was typed by a user. A simpler form of acoustic feedback is 
provided by having the companion device emit electronic 
key-click sounds upon detecting a user’s ?nger depressing a 
virtual key. 

[0025] Other features and advantages of the invention Will 
appear from the folloWing description in Which the preferred 
embodiments have been set forth in detail, in conjunction 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1A depicts a three-dimensional sensor system 
used With a passive substrate keyboard template, according 
to the present invention; 

[0027] FIG. 1B depicts a three-dimensional sensor system 
that may be used Without a substrate keyboard template, 
according to the present invention; 

[0028] FIG. 1C depicts a companion device display of a 
virtual keyboard shoWing a user’s ?nger contacting a virtual 
key, according to the present invention; 

[0029] FIG. 1D depicts the display of FIG. 1C, shoWing 
in additional text entered by the user on a virtual keyboard, 
according to the present invention; 

[0030] FIG. 2A depicts a passive substrate in a partially 
folded disposition, according to the present invention; 

[0031] FIG. 2B depicts a passive substrate, bearing a 
different character set, in a partially rolled-up disposition, 
according to the present invention; 

[0032] FIG. 3 is a block diagram of an exemplary imple 
mentation of a three-dimensional signal processing and 
sensor system, With Which the present invention may be 
practiced; 

[0033] FIG. 4 is a block diagram of an exemplary single 
pixel detector With an associated photon pulse detector and 
high speed counter as may be used in a three-dimensional 
sensor system With Which the present invention may be 
practiced; 

[0034] FIG. 5 depicts contour recognition of a user’s 
?ngers, according to the present invention; 

[0035] FIG. 6 depicts use of staggered key locations in 
identifying a pressed virtual key, according to the present 
invention; 
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[0036] FIGS. 7A-7O depict cluster matrices generated 
from optically acquired three-dimensional data for use in 
identifying user ?nger location, according to the present 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0037] FIG. 1A depicts a three-dimensional sensor system 
10 comprising a three-dimensional sensor 20 focused essen 
tially edge-on toWards the ?ngers 30 of a user’s hands 40, as 
the ?ngers “type” on a substrate 50, shoWn here atop a desk 
or other Work surface 60. Substrate 50 preferably bears a 
printed or projected template 70 comprising lines or indicia 
representing a data input device, for example a keyboard. As 
such, template 70 may have printed images of keyboard 
keys, as shoWn, but it is understood the keys are electroni 
cally passive, and are merely representations of real keys. 
Substrate 50 is de?ned as lying in a Z-X plane in Which 
various points along the X-axis relate to left-to-right column 
locations of keys, various points along the Z-axis relate to 
front-to-back roW positions of keys, and Y-axis positions 
relate to vertical distances above the Z-X plane. It is 
understood that (X,Y,Z) locations are a continuum of vector 
positional points, and that various axis positions are de?n 
able in substantially more than feW number of points indi 
cated in FIG. 1A. 

[0038] If desired, template 70 may simply contain roW 
lines and column lines demarking Where keys Would be 
present. Substrate 50 With template 70 printed or otherWise 
appearing thereon is a virtual input device that in the 
example shoWn emulates a keyboard. As such substrate 50 
and/or template 70 may be referred to herein as a virtual 
keyboard or virtual device for inputting digital data and/or 
commands. An advantage of such a virtual input device is 
that it may be printed on paper or ?exible plastic and folded 
as shoWn in FIG. 2A, or rolled-up (or folded and rolled-up) 
as shoWn in FIG. 2B. It is understood that the arrangement 
of keys need not be in a rectangular matrix as shoWn for ease 
of illustration in several of the ?gures, but may be laid out 
in staggered or offset positions as in a real QWERTY 
keyboard. FIG. 2B also shoWs the device With an alternate 
keyset printed as template 70, here Cyrillic alphabet char 
acters. If desired, one keyset could be printed on one side of 
the template, and a second keyset on the other, e.g., English 
and Russian characters. 

[0039] As described With respect to FIGS. 1B-1D, alter 
natively an image of a virtual keyboard may be displayed on 
the screen associated With the companion device. In this 
embodiment, the substrate and even the Work surface can be 
dispensed With, permitting the user to “type” in thin air, if 
desired. This embodiment is especially ?exible in permitting 
on-the-?y changes in the “keyboard” being used, e.g., pre 
senting an English language keyboard, or a German lan 
guage keyboard, a Russian language keyboard, to emulate a 
digitiZer sheet, etc. The various keyboards and keysets are 
simply displayed on screen 90, associated With companion 
device or appliance 80. Understandably, great ?exibility is 
achieved by presenting alternative key sets as displayed 
images of virtual keys bearing the various character sets on 
the display of the companion device With Which the present 
invention is used. Thus, in FIG. 1B, the virtual keyboard has 
been eliminated as a guide, further promoting portability and 
?exibility. 
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[0040] In the various embodiments, data (and/or com 
mands) to be input by a user from a virtual keyboard 50 (as 
shown in FIG. 1A), or from a Work surface 60 devoid of 
even a virtual keyboard (as shoWn in FIG. IE) will be 
coupled to a companion computer or other system 80. 
Without limitation, the companion computer system or 
computer-like system may be a PDA, a Wireless telephone, 
a laptop PC, a pen-based computer, or indeed any other 
electronic system to Which is desired to input data. If a 
virtual keyboard is used, it preferably may be folded or 
rolled When not in use. The folded or rolled siZe may be 
made suf?ciently small to be stored With the PDA or other 
companion computer system 80, With Which it Will be used 
to input data and commands. For eXample, When folded a 
keyboard may measure perhaps 2.5“><3“, and preferably at 
least smaller than say 8“><8“. A virtual keyboard for a PDA 
might have a folded form factor siZed to ?t Within a pocket 
at the rear of the PDA. HoWever When in used, the virtual 
keyboard is unfolded or unrolled to become an essentially 
full siZed albeit virtual keyboard. 

[0041] As the user inputs data into companion system 80, 
the display 90 that typically is present on system 80 can 
display in real-time the data being input 100 from the virtual 
keyboard, for eXample, teXt that might be input to a PDA, 
e-mail that might be input to a Wireless telephone, etc. In one 
embodiment, a block cursor 102 surrounds a display of the 
individual alphanumeric character that the invention per 
ceives is about to be typed, the letter “d” in FIG. 1A, for 
eXample. This visual feedback feature can help a user 
con?rm accuracy of data entry and perhaps provide guid 
ance in repositioning the user’s ?ngers to ensure the desired 
character Will be typed. Acoustic feedback such as “key 
clicks” can be emitted by system 80 as each virtual key is 
pressed to provide further feedback to the user. If desired, 
passive bumps 107 may be formed in the virtual keyboard to 
give the user tactile feedback. By Way of eXample, such 
bumps may be hemispheres formed under each “key” in a 
virtual keyboard fabricated from a resilient plastic, for 
eXample. 

[0042] As noted, visual feedback may also, or instead, be 
provided by displaying an image of the virtual keyboard (be 
it a substrate or an empty Work surface in front of the 
companion device) on the screen of the companion device. 
As the user types, he or she is guided by an image of a 
keyboard shoWing the user’s ?ngers as they move relative to 
the virtual keyboard. This image can include highlighting 
the keys directly under the user’s ?ngers, and if a key is 
actually pressed, such key can be highlighted in a different 
color or contrast. If desired, the screen of the companion 
device can be “split” such that actual alphanumeric charac 
ters appear on the top portion of the screen as they are 
“typed”, and an image of virtual keys With the user’s ?ngers 
superimposed appears on the bottom portion of the screen 
(or vice versa). 

[0043] In FIG. 1A and FIG. 1B, the companion system 80 
is shoWn mounted in an cradle 110, to Which the three 
dimensional sensor 20 may be permanently attached. Alter 
natively, sensor 20 could be permanently mounted Within a 
preferably loWer portion of companion device 80. Output 
from sensor 20 is coupled via path 120 to a data input port 
130 on companion device 80. If a cradle or the like is used, 
insertion of device 80 into cradle 110 may be used to 
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automatically make the connection betWeen the output of 
sensor 20 and the input to device 80. 

[0044] As described herein, the con?guration of FIG. 1B 
advantageously permits a user to input data (e.g., teXt, 
graphics, commands) to companion device 80, even Without 
a printed virtual keyboard, such as Was shoWn in FIG. 1A. 
For ease of understanding, grid lines along the X-aXis and 
Y-aXis are shoWn on a Work surface region 60 in front of the 
companion device 80. Various softWare mapping tech 
niques, described herein, permit the present invention to 
discern What virtual keys (if keys Were present) the user’s 
?ngers intended to strike. Whereas the embodiment of FIG. 
1A alloWed tactile feedback from a virtual keyboard, the 
embodiment of FIG. 1B does not. Accordingly it is pre 
ferred that screen 90 of device 80 display imagery to assist 
the user in typing. Of course, as in the embodiment of FIG. 
1A, device 80 may emit acoustic key click sounds as the 
user’s ?ngers press against surface 60 While “typing”. 

[0045] FIG. 1C depicts one sort of visual assistance 
available from an appropriate device 80, Which assistance 
may of course be used With the embodiment of FIG. 1A. In 
FIG. 1C, screen 90 displays at least part of an image of a 
keyboard 115 and an outline or other representation 40‘ of 
the user’s hands, shoWing hand and ?nger location relative 
to Where keys Would be on an actual or a virtual keyboard. 
For ease of illustration, FIG. 1C depicts only the location of 
the user’s left hand. As a key is “touched” or the user’s ?nger 
is suf?ciently close to “touching” a key (e.g., location on 
surface 60 at Which such key Would be present if a keyboard 
Were present), device 80 can highlight the image of that key 
(e.g., display the relevant “softkey”), and as the key is 
“pressed” or “typed upon”, device 80 can highlight the key 
using a different color or contrast. For eXample in FIG. 1C, 
the “Y” key is shoWn highlighted or contrasted, Which can 
indicate it is being touched or is about to be touched, or it 
is being pressed by the user’s left fore?nger. As shoWn in 
FIG. ID, a split screen display can be provided by device 80 
in Which part of the screen depicts imagery to guide the 
user’s ?nger placement on a non-existent keyboard, Whereas 
another part of the screen shoWs data or commands 100 
input by the user to device 80. Although FIG. 1D shoWs teXt 
that corresponds to What is being typed, e.g., the letter “Y” 
in the Word “key” is highlighted as spelling of the Word 
“key” on screen 90 is completed, data 100 could instead be 
a graphic. For eXample, the user can command device 80 to 
enter a graphics mode Whereupon ?nger movement across 
surface 60 (or across a virtual keyboard 70) Will produce a 
graphic, for eXample, the user’s signature “Written” With a 
fore?nger or a stylus on surface 60. Collectively, user 
?nger(s) or a stylus may be referred to as a “user digit”. 

[0046] Optionally softWare associated With the invention 
(e.g., softWare 285 in FIG. 3) can use Word conteXt to help 
reduce “typing” error. Assume the vocabulary of the teXt in 
a language being input is knoWn in advance, English for 
eXample. Memory in the companion device Will store a 
dictionary containing most frequently used Words in the 
language and as the user “types” a Word on a virtual 
keyboard or indeed in thin air, the companion device soft 
Ware Will match letters thus far typed With candidate Words 
from the dictionary. For instance, if the user enters “S”, all 
Words starting With letter “S” are candidates; if the user 
enters “SU”, all Words starting With “SU” are candidates. If 
the user types “SZ” then, at least in English, there Will be no 
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matching candidate Word(s). As the user types more letters, 
the set of candidate Words that can match the Word being 
typed reduces to a manageable siZe. At some threshold point, 
for instance When the siZe of the candidate Words reduces to 
5-10 Words, the software can assign a probability to the next 
letter to be typed by the user. For instance, if the user has 
entered “SUBJ”, there is a higher probability that the next 
letter is the letter “E”, rather than say the letter “W”. But 
since letters “E” and “W” are neighbors on a real or virtual 
keyboard, it is possible that the user might press the region 
near the key for the letter “W”. In this example, companion 
device softWare can be used to correct the key entry and to 
assume that the user meant to enter the letter “E”. 

[0047] Turning noW to operation of three-dimensional 
sensor 20, the sensor emits radiation of a knoWn frequency 
and detects energy returned by surfaces of objects Within the 
optical ?eld of vieW. Emitted radiation is shoWn in FIGS. 1A 
and 1B as rays 140. Sensor 20 is aimed along the Z-axis to 
determine Which of the user’s ?nger tips 30 touch What 
portions of template 70, e.g., touch Which virtual keys, in 
What time order. As shoWn in FIG. 1B, even if template 70 
Were absent and the user simply typed on the Work space in 
front of device 80, sensor 20 Would still function to output 
meaningful data. In such an embodiment, screen 90 of 
companion device 80 could display an image 100‘ of a 
keyboard 105 in Which “pressed” or underlying “keys” are 
highlighted, such as key 107, for the letter “T”. 

[0048] As shoWn in FIGS. 1A and 1B, if desired a light 
or other projector 145 that emits visual light beams 147 
could be used to project an image of a virtual keyboard to 
guide the user in typing. For example, a source of visible 
light (perhaps laser light in a visible Wavelength) may be 
used With diffraction type lenses to project an image to guide 
the user in typing. In such embodiments, the image of a 
keyboard, perhaps rendered in a common graphics ?le 
format (e.g., GIF) is used to “etch” a diffractive pattern on 
the lens. Although portions of the projected image Would at 
times fall on the surface of the user’s ?ngers, nonetheless in 
the absence of a substrate to type upon, such a projected 
guide can be useful. The use of diffractive optics including 
such optics as are commercially available from MEMS 
Optical, LLC of Huntsville, Ala. 35806 may ?nd application 
in implementing such a projection embodiment. 

[0049] FIG. 3 is a block diagram depicting an exemplary 
three-dimensional image sensor system 200 that preferably 
is fabricated on a single CMOS IC 210. System 200 may be 
disposed in the same housing as three-dimensional sensor 
20, and is used to implement the present invention. As 
described in greater detail in co-pending US. application 
Ser. No. 09/401,059, incorporated herein by reference, such 
a system advantageously requires no moving parts and 
relatively feW off-chip components, primarily an light emit 
ting diode (LED) or laser source 220 and associated optical 
focusing system, and if suitable shielding Were provided, 
one might bond laser source 220 onto the common substrate 
upon Which IC 210 is fabricated. It is to be understood that 
While the present invention is described With respect to a 
three-dimensional sensor 20 as disclosed in the above 
referenced co-pending U.S. utility patent application, the 
invention may be practiced With other three-dimensional 
sensors. 

[0050] System 200 includes an array 230 of pixel detectors 
240, each of Which has dedicated circuitry 250 for process 

Mar. 11, 2004 

ing detection charge output by the associated detector. In a 
virtual keyboard recognition application, array 230 might 
include 15><100 pixels and a corresponding 15><100 process 
ing circuits 250. Note that the array siZe is substantially less 
than required by prior art tWo-dimensional video systems 
such as described by Korth. Whereas Korth requires a 4:3 
aspect ratio or perhaps in some cases 2:1, the present 
invention obtains and processes data using an aspect ratio 
substantially less than 3: 1, and preferably about 2:15 or even 
1:15. Referring to FIGS. 1A and 1B, it is appreciated that 
While a relatively large X-axis range must be encompassed, 
the edge-on disposition of sensor 20 to substrate 50 means 
that only a relatively small Y-axis distance need be encom 
passed. 

[0051] During user typing, a high frame rate is required to 
distinguish betWeen the user’s various ?ngers along a roW of 
virtual keys. HoWever, the back and forth movement of a 
given typing ?nger is less rapid in practice. Accordingly the 
rate of acquisition of Z-axis data may be less than X-axis and 
Y-axis date, for example 10 frames/second for Z-axis data, 
and 30 frames/second for X-axis and for Y-axis data. 

[0052] Apractical advantage of a decreased Z-axis frame 
rate is that less electrical current is required by the present 
invention in obtaining keyboard ?nger position information. 
Indeed, in signal processing acquired information, the 
present invention can average Z-axis information over 
frames, for example examining one-third of the frames for 
Z-axis position information. Acquired Z-axis values Will 
have noise or jitter that can be reduced by averaging. For 
example Z-values may be averaged over three successive 
thirty frame/second frames such that three consecutive 
image frames Will share the same processed Z-values. While 
the effective frame rate for Z-values is loWered to one-third 
the acquisition rate for X-axis and Y-axis data acquisition, 
accuracy of the Z data is improved by averaging out the 
noise or jitter. The resultant decreased Z-axis frame rate is 
still suf?ciently rapid to acquire meaningful information. 
This use of different frame rates for X-values and Y-values, 
versus Z-values is useful to the present invention. For 
example, a reduced acquisition rate of Z-axis data relative to 
X-axis and Y-axis data minimiZes electrical current drain, 
and avoids taxing the signal processor (CPU 260) With 
redundant signal processing. 

[0053] Thus, the present invention acquires three-dimen 
sional image data Without requiring ambient light, Whereas 
prior art Korth-like systems acquire tWo-dimensional lumi 
nosity data in the presence of ambient light. In essence, the 
present invention can sense three-dimensionally objects, 
e.g., ?ngers and substrate, analogously to a human’s feeling 
an object by touching. Advantageously, this can be accom 
plished using relatively small operating poWer, e.g., perhaps 
3.3 VDC at 10 mW, Which permits the present invention to 
be battery operated and fabricated in a relatively small and 
mobile form factor. 

[0054] Multiple frames per second of three-dimensional 
image data of the user’s hands and ?ngers and the substrate 
are available from array 230. Using this data the present 
invention constructs a three-dimensional image of the hands 
and ?ngers relative to the substrate, or if the substrate is 
absent, relative to Where virtual keys Would be if a keyboard 
Were on the Work surface in front of the companion device 
80. Exemplary techniques for doing so are described in 
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applicant Bamji’s earlier referenced co-pending US. patent 
application. Constructing such a three-dimensional image 
from time-of-?ight data is superior to prior art methods that 
attempt to guess at spatial relationships using tWo-dimen 
sional luminosity based data, e.g., as suggested by Korth. It 
should be noted that time of ?ight methods may include 
return pulse time measurement, phase or frequency detec 
tion, or a high speed shutter method, as described in the 
Bamji patent application. Other methods that do not rely on 
time-of-?ight can capture three-dimensional data, including 
stereo imagery, and luminosity-based techniques that dis 
cern depth from re?ective intensity. 

[0055] In practice, array 230 can acquire and generate data 
at 30 frames/second, a frame rate suf?cient to process virtual 
typing of 5 characters/second, Which is about 60 Words/ 
minute. If array 230 is rectangular, e.g., comprising a 
number n of X-axis pixels and a number m Y-axis pixels, if 
n=100 and m=15, then a grid comprising 1,500 pixels is 
formed. For each frame of data, each pixel in array 230 Will 
have a value representing the vector distance from sensor 20 
to the surface of the object (e.g., a portion of a user’s ?nger, 
a portion of the substrate, etc.) captured by that pixel, e.g., 
a vector or Z-value. This data is far more useful than Korth’s 
luminosity-based image data that at best provided video 
frames With RGB grey or color scale values in determining 
the contour of a user’s ?ngers and location on a virtual 
keyboard, in tWo dimensions. 

[0056] Use of acquired three-dimensional data permits 
softWare 285 to determine the actual shape of the user’s 
?ngers (nominally assumed to be someWhat cylindrical), 
and thus relative ?nger position With respect to other ?ngers, 
to location over or on the substrate, and relative to three 
dimensional sensor 20. In FIG. 1A, for example, as a ?nger 
is sensed to be moving to a Y=0 position, it can be 
determined that the ?nger is probably preparing to type a 
virtual key. If that ?nger is also sensed to be approaching the 
Z=Z1 region, then that ?nger is probably prepared to type a 
virtual key in the ?rst roW of keys on the virtual keyboard. 
Determination of Whether a virtual key is about to be pressed 
also takes into account velocity data. For example, a user 
?nger detected to be moving rapidly doWnWard toWard Y=0 
is probably getting ready to strike a virtual key. 

[0057] In FIG. 3, IC 210 Will also include a microproces 
sor or microcontroller unit 260 (denoted CPU), random 
access memory 270 (RAM) and read-only memory 280 
(ROM), a portion of Which ROM preferably holds a soft 
Ware routine 285 executable by the CPU to implement the 
present invention. Controller unit 260 preferably is a 16-bit 
RISC microprocessor operating at perhaps 50 MHZ. Among 
other functions, CPU 260 performs vector distance to object 
and object velocity calculations, Where the object is the 
substrate and user’s hands. IC 210 further includes a high 
speed distributable clock 290, and various computing, opti 
cal drive input/output (I/O) circuitry 300, and interface 
data/command input/output (I/O) circuitry 310. Digital key 
board scan type data or digitiZer tablet/mouse type data is 
output from I/O 310, for example from COM and/or USB 
type ports associated With system 200. 

[0058] Preferably the tWo-dimensional array 230 of pixel 
sensing detectors is fabricated using standard commercial 
silicon technology, Which advantageously permits fabricat 
ing circuits 250, 260, 270, 280, 290, and 300 on the same IC 
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210. Understandably, the ability to fabricate such circuits on 
the same IC With the array of pixel detectors can shorten 
processing and delay times, due to shorter signal paths. 

[0059] Each pixel detector may be represented as a par 
allel combination of a current source, an ideal diode, and 
shunt impedance and noise current source. Each pixel detec 
tor Will output a current proportional to the amount of 
incoming photon light energy falling upon it. Preferably 
CMOS fabrication is used to implement the array of CMOS 
pixel diodes or photogate detector devices. For example 
photodiodes may be fabricated using a diffusion-to-Well, or 
a Well-to-substrate junction. Well-to-substrate photodiodes 
are more sensitive to infrared (IR) light, exhibit less capaci 
tance, and are thus preferred. 

[0060] As shoWn in FIGS. 3 and 4, a circuit 250 is 
associated With each pixel detector 240. Each circuit 250 
preferably includes a pulse peak detector 310, a high speed 
counter 320, and has access to the high speed clock 290. 
Preferably formed on IC 210, high speed clock 200 outputs 
a continuous train of high frequency clock pulses preferably 
at a ?xed frequency of perhaps 500 MHZ, preferably With a 
loW duty cycle as the pulses are output. Of course, other high 
speed clock parameters could instead be used. This pulse 
train is coupled to the input port of each high speed 
interpolating counter 320. Counter 320 preferably can sub 
count, as described in the Bamji pending patent application, 
and can resolve times on the order of 70 ps. Preferably each 
counter 320 also has a port to receive a START signal (e.g., 
start noW to count), a port to receive a STOP signal (e.g., 
stop counting noW), and a port to receive a CONTROL 
signal (e.g., reset accumulated count noW). The CONTROL 
and START signals are available from controller 260, the 
CLOCK signal is available from clock unit 290, and the 
STOP signal is available from pulse peak detector 310. 

[0061] Virtual keyboard 50 Will be placed perhaps 20 cm 
distant from three-dimensional sensor 20, substantially in 
the same plane as the sensor lens. Since a typical sensor lens 
angle is perhaps 60°, a 20 cm distance ensures optical 
coverage of the virtual keyboard. In FIG. 3, for ease of 
illustration the distance betWeen sensor 20 light emissions 
and collected light has been exaggerated. 

[0062] In overvieW, system 200 operates as folloWs. At 
time t0, microprocessor 260 commands light source 220 to 
emit a pulse of light of knoWn Wavelength, Which passes 
through focus lens 288‘ and travels at the speed of light (C), 
300,000 km/sec. toWard objects of interest, e. g., substrate 50 
and user’s ?ngers 30. If light source 220 is suf?ciently 
poWerful, lens 288‘ may be dispensed With. At the surface of 
the object being imaged at least some of the light may be 
re?ected back toWard system 200 to be sensed by the 
detector array. In FIG. 3, the objects of interest are the 
?ngers 30 of a user’s hand, and, if present, substrate 50, 
Which as noted may include vieWable indicia such as key 
board keys 70 or perhaps projected grid lines, to guide the 
user in ?nger placement While “typing”. 

[0063] As Was indicated by FIG. 1A, the position of 
virtual keys 70 (or other user available indicia) on substrate 
50 is knoWn in tWo dimensions on the X-Z plane relative to 
the position of other such keys on the substrate. As the user’s 
?ngers move back and forth over substrate 50, touching 
virtual keys 70 While “typing”, it is a function of CPU 260 
and softWare routine 285 to examine return optical energy to 
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identify Which, if any, virtual keys are being touched by the 
user’s ?ngers at What times. Once this information is 
obtained, appropriate KEYUP, KEYDOWN, and key scan 
code or other output signals may be provided to input port 
130 of the companion device 80, just as though the data or 
commands being provided Were generated by an actual 
keyboard or other input device. 

[0064] At or before time t0, each piXel counter 310 in 
array 230 receives a CONTROL signal from controller 260, 
Which resets any count previously held in the counter. At 
time t0, controller 260 issues a START command to each 
counter, Whereupon each counter begins to count and accu 
mulate CLOCK pulses from clock 290. During the roundtrip 
time of ?ight (TOP) of a light pulse, each counter accumu 
lates CLOCK pulses, With a larger number of accumulated 
clock pulses representing longer TOF, Which is to say, 
greater distance betWeen a light re?ecting point on the 
imaged object and system 200. 
[0065] The fundamental nature of focus lens 288 associ 
ated With system 200 is such that re?ected light from a point 
on the surface of imaged object 20 Will only fall upon the 
piXel in the array focused upon such point. Thus, at time t1, 
photon light energy re?ected from the closest point on the 
surface of object 20 Will pass through a lens/?lter 288 and 
Will fall upon the piXel detector 240 in array 230 focused 
upon that point. A?lter associated With lens 288 ensures that 
only incoming light have the Wavelength emitted by light 
source 220 falls upon the detector array unattenuated. 

[0066] Assume that one particular piXel detector 240 
Within array 230 is focused upon a nearest surface point on 
the tip 70 of the nearest user’s ?nger. The associated detector 
300 Will detect voltage that is output by the piXel detector in 
response to the incoming photon energy from such object 
point. Preferably pulse detector 300 is implemented as an 
amplifying peak detector that senses a small but rapid 
change in piXel output current or voltage. When the rapidly 
changing output voltage is sufficiently large to be detected, 
logic Within detector 300 (e.g., an SR ?ip?op) toggles to 
latch the output pulse, Which is provided as the STOP signal 
to the associated counter 320. Thus, the number of counts 
accumulated Within the associated counter 320 Will be 
indicative of roundtrip TOF to the near portion of the 
?ngertip in question, a calculable distance Z1 aWay. 

[0067] Distance Z1 may be determined from the folloWing 
relationship in Which C is the velocity of light: 

Z1=C-(t1—tO)/2 
[0068] At some later time t2 photon energy Will arrive at 
lens 288 from a someWhat more distant portion of the user’s 
?ngertip, 30, and Will fall upon array 230 and be detected by 
another piXel detector. Hitherto the counter associated With 
this other detector has continued to count CLOCK pulses 
starting from time t0, as indeed have all counters eXcept for 
the counter that stopped counting at time t1. At time t2, the 
pulse detector associated With the piXel just noW receiving 
and detecting incoming photon energy Will issue a STOP 
command to the associated counter. The accumulated count 
in this counter Will re?ect roundtrip TOF to the intermediate 
point on the ?ngertip, a distance Z2 aWay. Within IC 210, 
controller 260 executing softWare routine 285 stored in 
memory 280 can calculate distance associated With the TOP 
data for each light re?ecting point on the object surface. 
Velocity can be calculated by eXamining successive frames 
of acquired data. 
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[0069] In similar fashion, at time t3 yet another piXel 
detector in the array Will detect suf?cient just-arriving pho 
ton energy for its associated pulse detector 300 to issue a 
STOP command to the associated counter. The accumulated 
count in this counter represents TOF data for a still farther 
distance Z3 to the imaged object. Although for ease of 
illustration FIG. 3 shoWs but three emitted light rays and 
light re?ections, all falling near one ?ngertip, in practice 
substantially all of the substrate and user’s ?ngers and 
thumbs Will be subjected to illumination from light source 
220, and Will re?ect at least some energy into lens 288 
associated With three-dimensional sensor 20. 

[0070] Some piXels in the array may of course not receive 
suf?cient re?ected light from the object point upon Which 
they are focused. Thus, after a predetermined amount of time 
(that may be programmed into controller 260), the counter 
associated With each piXel in the sensor array Will have been 
stopped due to pulse detection (or Will be assumed to hold 
a count corresponding to a target at distance Z=in?nity). 

[0071] As noted, in the present application it suf?ces if 
system 200 can accurately image objects Within a range of 
perhaps 20 cm to 30 cm, e.g., about 20 cm plus the distance 
separating the top and the bottom “roW” of virtual keys on 
substrate 50. With each detected re?ected light pulse, the 
counter-calculated TOF distance value for each piXel in the 
array is determined and preferably stored in a frame buffer 
in RAM associated With unit 270. Preferably microprocessor 
260 eXamines consecutive frames stored in RAM to identify 
objects and object location in the ?eld of vieW. Micropro 
cessor 260 can then compute object, e.g., ?nger movement 
velocity. In addition to calculating distance and velocity, the 
microprocessor and associated on-chip circuitry preferably 
are programmed to recogniZe the outline or contours of the 
user’s ?ngers, and to distinguish the ?nger surfaces from the 
substrate surface. Once the ?nger contours are identi?ed, 
system 200 can output via a COM or USB or other port 
relevant digital data and commands to the companion com 
puter system. 

[0072] The above eXample described hoW three piXel 
detectors receiving photon energies at three separate times 
t1, t2, t3 turn-off associated counters Whose accumulated 
counts could be used to calculate distances Z1, Z2, Z3 to 
?nger surfaces and the substrate in the ?eld of vieW. In 
practice, the present invention Will process not three but 
thousands or tens of thousands of such calculations per each 
light pulse, depending upon the siZe of the array. Such 
processing can occur on IC chip 210, for eXample using 
microprocessor 260 to execute routine 285 stored (or stor 
able) in ROM 280. Each of the piXel detectors in the array 
Will have unique position locations on the detection array, 
and the count output from the high speed counter associated 
With each piXel detector can be uniquely identi?ed. Thus, 
TOF data gathered by tWo-dimensional detection array 230 
may be signal processed to provide accurate distances to 
three-dimensional object surfaces, such as a user’s ?ngers 
and a substrate. It Will be appreciated that output from 
CMOS-compatible detectors 240 may be accessed in a 
random manner if desired, Which permits outputting TOF 
DATA in any order. 

[0073] Light source 220 is preferably an LED or a laser 
that emits energy With a Wavelength of perhaps 800 nm, 
although other Wavelengths could instead be used. BeloW 
















