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(57) ABSTRACT 

A method and apparatus for designing an iris biometrics 
system that operates in minimally constrained settings. The 
image acquisition system has feWer constraints on subjects 
than traditional methods by extending standoiT distance and 
capture volume. The method receives design parameters and 
provides derived quantities that are useful in designing an 
image acquisition system having a speci?c set of perfor 
mance requirements. Exemplary scenarios of minimally 

(21) App1_ NO; 11/364,300 constrained settings are provided, such as a high volume 
security checkpoint, an o?ice, an aircraft boarding bridge, a 

(22) Filed; Feb. 28, 2006 Wide corridor, and an automobile. 
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METHOD AND APPARATUS FOR DESIGNING 
IRIS BIOMETRIC SYSTEMS FOR USE IN 
MINIMALLY CONSTRAINED SETTINGS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/687,106 ?led on Jun. 3, 2005, 
Which is incorporated herein by reference. In addition, this 
application is related to co-pending US. Application 
“Method and Apparatus for Providing Strobed Video Cap 
ture”, Attorney Docket No. SAR/l5245. 

GOVERNMENT RIGHTS IN THIS INVENTION 

[0002] This invention Was made With US. government 
support under contract number NMA40l-02-9-200l-004l. 
The US. government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The invention relates generally to biometric tech 
niques. More speci?cally, the invention relates to iris-based 
biometric techniques. 

[0005] 2. Description of the Related Art 

[0006] Iris based biometric techniques are useful for rec 
ognition, veri?cation, or tracking of individuals. Iris based 
biometric methods can provide high accuracy identi?cation 
and other functions With relatively loW system cost. Because 
of the availability of very ef?cient indexing techniques, 
iris-based biometrics can also be used When a large number 
of people must be screened and rapidly matched to a 
database of millions of individuals. 

[0007] HoWever, the Widespread use of iris-based biomet 
rics has been limited by the conditions imposed by the 
requirement that high resolution, high contrast images of the 
iris be obtained. This requirement Was only met reliably by 
the careful positioning of a single, cooperative, stationary 
subject Within the limited ?eld of vieW of a suitable illumi 
nation and image capture device. Typical existing systems 
limit this capture volume to a small region of space Within 
a feW l0’s of centimeters of the sensor. For example, the 
LG3000 system manufactured by LG Electronics requires a 
subject to remain stationary for 3-10 seconds at standoff 
distance of roughly 10 cm and provides a capture volume of 
roughly l0><2><2 cm or 0.04 liters. These limitations are 
Workable in constrained settings such as security check 
points, bank teller machines, or information system access 
points, but severely limit the applicability of iris biometrics 
in minimally constrained settings, such as screening in 
airports, subWay systems, or at entrances to otherWise 
uncontrolled buildings or facilities. 

[0008] In designing a practical iris-based biometric system 
having a large standoff distance, many variables must be 
addressed including the standoff distance for both the cam 
era and illumination source, the iris illumination poWer 
(pulsed and continuous), the lens focal length, the capture 
volume, and so on. To design a system to ful?ll speci?c 
design parameters for a given minimally constrained envi 
ronment for the system, extensive trial and error “tuning” is 
required. Such trial and error tuning is time consuming and 
costly. 
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[0009] Therefore, there is a need in the art for a method 
and apparatus for designing iris-based biometric systems for 
use in minimally constrained settings. 

SUMMARY OF THE DISCLOSURE 

[0010] The de?ciencies of the prior art are addressed by 
various exemplary embodiments of the present invention of 
a method and apparatus for designing iris biometric systems 
for use in minimally constrained settings. Design constraints 
for a minimally constrained setting and input parameter 
values are received. Using the input parameters and con 
straints, parameter(s) are calculated to produce a design for 
an iris biometrics system using synchroniZed stroboscopic 
illumination that operates Within the design parameters. The 
ultimate design is safe to a subject’s eye yet provides 
sufficient illumination to enable iris recognition over long 
distances. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The teachings of the present invention can be 
readily understood by considering the folloWing detailed 
description in conjunction With the accompanying draWings, 
in Which: 

[0012] FIG. 1 depicts a computer system that executes 
iris-based biometric system design softWare of the present 
invention; 
[0013] FIG. 2 depicts a How diagram of a method of the 
present invention; 

[0014] FIG. 3 depicts a block diagram of an iris-based 
biometric system having parameters that are designed by the 
present invention; 

[0015] FIG. 4 is a graph of an exemplary retinal thermal 
haZard function; 

[0016] 
[0017] FIGS. 6 and 7 are graphs of exemplary radiance 
threshold limit value (TLV) coef?cient functions; 

[0018] FIG. 8 is a How diagram shoWing an exemplary 
embodiment of a method for providing iris biometrics 
system design in minimally constrained settings, according 
to the present invention; and 

[0019] FIG. 9, Which includes FIGS. 9A, 9B, 9C, 9D, and 
9E, is a table of an exemplary parametric model of an iris 
recognition system. 

FIG. 5 is a graph of an exemplary haZard function; 

[0020] To facilitate understanding, identical reference 
numerals have been used, Where possible, to designate 
identical elements that are common to the ?gures. 

DETAILED DESCRIPTION 

[0021] The invention Will be primarily described Within 
the general context of exemplary embodiment of the present 
invention of a method and apparatus for de?ning an iris 
biometrics system for operation in minimally constrained 
settings. 
[0022] The present invention de?nes systems having 
feWer constraints on subjects than traditional methods by 
extending standoff distance and capture volume. The stand 
off distance is the distance betWeen the image acquisition 
system and the subject. In some cases, there may be tWo 
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standoff distances, the camera-subject distance and illumi 
nation-subject distance. The capture volume is a volume in 
four dimensions (i.e., space and time) Within Which an iris 
image can be captured With high probability that it Will 
generate an acceptable iris template. 

[0023] An input to the system comprises a de?nition of the 
environment in Which iris biometrics are to be captured. The 
invention processes these environmental constraints to 
derive the parameters of an iris biometric system that 
enables iris imaging using large standoff distances and 
optimal, safe iris illumination. 

[0024] Exemplary embodiments of systems designed 
using the present invention may be used in many different 
scenarios, including the folloWing exemplary scenarios: (1) 
a high volume security checkpoint, (2) an office, (3) an 
aircraft boarding bridge, (4) a Wide corridor, and (5) an 
automobile. In a high volume security checkpoint, subjects 
must be imaged Without stopping or actively cooperating in 
the identi?cation method. In an of?ce, multiple subjects 
must be imaged While moving through a large volume, 
changing direction orientation. In an aircraft boarding 
bridge, Which is loading or unloading, subjects must be 
imaged With only the constraints on position and speed of 
motion imposed by the Width of the space. In a Wide 
corridor, subjects may move in different directions or change 
direction and the capture volume must be large enough that 
all persons passing through the corridor are imaged success 
fully. In an automobile, subjects must be imaged at a range 
of distances from an outside camera and illuminator. 

[0025] These scenarios differ in the degree of constraint. 
For example, the corridor is less constrained than the other 
boarding bridge and, hence, likely to have a loWer acquisi 
tion rate. Also, the automobile has the di?iculty of a glass 
partition in front of the subject. Consequently, exemplary 
embodiments of the present invention include a method for 
designing systems to meet various combinations and degrees 
of constraint, such as a system for a particular scenario. 

[0026] FIG. 1 depicts an exemplary system used to imple 
ment the present invention. The system 100 comprises a 
general purpose computer 102 that, When executing certain 
softWare, becomes a speci?c purpose computer that per 
forms the present invention. The computer 102 comprises at 
least one central processing unit (CPU) 104, support circuits 
106, and memory 108. The CPU 104 may be any one of the 
many microprocessors that are commercially available. The 
support circuits 106 comprise circuits that facilitate opera 
tion of the CPU 104 including clock circuits, cache, poWer 
supplies, input/output circuits and the like. The memory 108 
may comprise one or more of read only memory, random 
access memory, disk drives, optical memory, removable 
memory and the like. The memory 108 stores an operating 
system 110 and iris-based biometric system design softWare 
112. When the softWare 112 is executed, the computer 
processes input information 114 to de?ne an optimal bio 
metric system 116 that ful?lls the given design constraints. 
As such, the system 100 processes input design constraints 
114 to produce output system design parameters 116. 

[0027] FIG. 2 depicts a How diagram of the method 200 
performed by the computer When executing the softWare 
112. At step 202, the method 200 receives input constraints 
that de?ne the environment in Which the iris biometrics are 
to be captured. These constraints are generally entered into 
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a table or spread sheet that de?nes the scenario. At step 204, 
these constraints are processed as described beloW to gen 
erate, at step 206, a set of parameters that de?ne an iris 
based biometric system that Will operate in the given envi 
ronment. 

[0028] FIG. 3 depicts a block diagram of an iris biomet 
rics system 300 that is designed using the present invention. 
The system 300 comprises an ambient illuminator 304, a 
controlled illuminator 306, a camera 308, and an iris image 
processor 312. The present invention generates the system 
parameter 310 including, but not limited to, an illumination 
standoff (the distance from the controlled illuminator to a 
subject 302), an illumination level, the camera standoff (a 
distance from the camera to the subject 302), and the camera 
settings (position, focal length, and the like). The scenario 
represents a multidimensional problem that includes numer 
ous variable parameters. 

[0029] The subject is illuminated by both ambient illumi 
nation and controlled illumination. Both illuminators 304 
and 306 may be controlled, or only the controlled illumina 
tor 306 may be controlled. The illumination levels received 
at the subject 302 from all sources of illumination must meet 
speci?c safety levels to avoid damage to the retina of the 
subject, yet provide suf?cient illumination for the iris image 
to be processed. Thus, a safety assessment is performed that 
accounts for scenario constraints (e.g., camera and illumi 
nator position), standoff distances, ambient illumination, 
maximum level of illumination from the controlled illumi 
nator and so on. 

[0030] Once illuminated, the camera 308 captures one or 
more images of the subject’s iris, the processor 312 seg 
ments and normalizes the images. Then, an iris template is 
created, Which is matched to a database of templates to 
identify the subject. 

[0031] In an of?ce scenario, there are many possibilities 
for designing a biometric system. The subjects may be 
seated in chairs and all looking in the same direction, 
toWards a desk of the occupant of the of?ce, or they may be 
in various places around the room. Subjects may be entering 
or leaving the room and may be looking in any direction. For 
seated, non-moving subjects, the camera (or cameras) can be 
positioned on the desk or behind the person sitting at the 
desk. For moving subjects, the cameras may need to be 
positioned around the room, because, in effect, the entire 
room is the capture volume. There are different challenges 
for moving and non-moving subjects. In the case of non 
moving subjects seated in front of the desk, one challenge is 
simply to ?nd the subjects’ eyes and irises and to associate 
the identi?cation With a particular person. In most cases, the 
subjects are not concealing their irises, although the person 
behind a desk could ask them, for example, to remove 
sunglasses. With no movement or occlusion, exemplary 
embodiments of the present invention are able to capture 
essentially all the irises. For moving subjects, the challenge 
is harder. Subjects may be facing in any direction, may be 
moving, and may be entering and leaving the capture 
volume at any time. Additionally, their irises may be found 
at varying heights, depending on Whether they are standing, 
seated, or in the act of sitting doWn or getting up. On the 
other hand, it can be anticipated that subjects Will not be 
moving particularly fast4dilferentiating the of?ce scenario 
from, for example, the airport scenario Where subjects are in 
a hurry. 
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[0032] Table 1 shows design constraints for an exemplary 
of?ce scenario. These constraints include speci?c values for 
the capture volume, the standoff distance, a number of 
persons in the capture volume that a biometric system is able 
to handle at one time, the acquisition rate, the speed at Which 
the persons are moving, the cooperation of the subjects, and 
Whether the exemplary embodiment of the present invention 
includes features for an attendant. In one exemplary embodi 
ment of the present invention, these speci?c values and 
others are input to the method 200 for designing iris bio 
metric systems in minimally constrained settings and the 
con?guration for a particular iris biometric system is pro 
vided that operates Within the input constraints for the office 
scenario. 

TABLE 1 

Exemplary Constraints for an Office Scenario 

Capture Volume 3 m x 3 m x 2.5 m 

Standoff Distance 23 m 
Number of subjects in capture volume 26 
Acquisition rate Seated 100%/Moving 75% 
Speed of subjects 21 m/s 
Cooperation Little or none 

Attended/Unattended Optional 

[0033] In a boarding bridge scenario, passengers may be 
boarding or exiting an airplane through a boarding bridge. 
Typically, the space through Which passengers pass is 
approximately 1.5 m Wide and 2.1 m high. The depth of the 
capture volume is approximately 1 m. Most people in the 
capture volume are moving and facing in the same direction, 
but that direction changes depending on Whether the people 
are boarding or exiting. People may be moving side-by-side 
and occluding persons behind them. One challenge is to ?nd 
the eyes in the volume, capture the irises, and associate 
identi?cation With a particular person. Persons on the bridge 
are rarely more than tWo abreast and are frequently single 

?le. HoWever, occlusion, Which occurs When one person is 
directly betWeen the camera and another person, is expected 
to occur occasionally. It is also expected that individuals 
may deliberately or inadvertently block their irises from the 
vieW of the camera, e.g., With near infrared (NIR) opaque 
glasses or contact lenses. Upon identi?cation, a person for 
Whom a good iris image has not been acquired may need to 
be taken aside for further screening. It may be desirable to 
screen for aberrant behavior, e.g., a person moving opposite 
to the general traf?c ?oW. Upon detection, a person, Who is, 
for example, attempting to board When passengers Were 
exiting, may be checked against a list of authoriZed person 
nel. 

[0034] Table 2 shoWs speci?c values of constraints for an 
exemplary boarding bridge scenario. In one exemplary 
embodiment of the present invention, these speci?c values 
and others are input to the method 200 for designing iris 
biometric systems in minimally constrained settings and the 
con?guration for a particular iris biometric system is pro 
vided that operates Within the input constraints for the 
boarding bridge scenario. 
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TABLE 2 

Exemplary constraints for a Boarding Bridge Scenario 

Capture volume 1.5 m x 1 m x 1 m 

Standoff Distance 3 mil0 m 
Number of subjects in capture volume 23 
Acquisition rate 80% 
Speed of subjects 22 m/sec. 
Cooperation When asked 
Attended/Unattended Attended 

[0035] While similar to the boarding bridge scenario, the 
capture volume of a corridor scenario may be larger and 
people may be moving in both directions at all times. For full 
coverage, therefore, it is desirable to have cameras pointing 
in both directions and across the corridor. It is expected that 
at times there may be many persons in the capture volume 
and that there may be multiple occlusions. One challenge is 
to capture as many iris images as possible, given the 
uncontrolled nature of the environment. Usually it is di?icult 
to ask persons to undergo secondary screening, because this 
scenario is usually an uncontrolled passageWay Without 
speci?c security measures associated With it. It may be 
desirable to identify as many persons as possible in a 
database (possibly a Watch list), given that some percentage 
of irises Will not be captured. 

[0036] Table 3 shoWs speci?c values of constraints for an 
exemplary corridor scenario. In one exemplary embodiment 
of the present invention, these speci?c values and others are 
input to the method 200 for designing iris biometric systems 
in minimally constrained settings and the con?guration for 
a particular iris biometric system is provided that operates 
Within the input constraints for the corridor scenario. 

TABLE 3 

Exemplary Constraints for a Corridor Scenario 

Capture Volume 3 m x 1 m x 1 m 

Standoff Distance 23 m 
Number of subjects in capture volume 210 
Acquisition rate 75% 
Speed of subjects 22 m/sec. 
Cooperation None 
Attended/Unattended Unattended 

[0037] In an automobile scenario, the irises of the driver of 
a moving automobile are to be captured. Unlike the other 
scenarios Where multiple people are in the capture volume, 
in the automobile scenarios, the subject is the single person 
seated in the front seat on the driver’s side. In the automobile 
scenarios, the automobile is not moving very rapidly, e.g., it 
has sloWed doWn for a barrier or a tollbooth or a drive-by 

WindoW, such as an automated teller machine (ATM) or a 
food service WindoW. One challenge is to ?nd the iris and 
capture it through a glass partition, Which may be either the 
front Windshield or the side WindoW. The WindoW may have 
a large degree of unpredictable specularity and may be tinted 
so that image brightness is attenuated. Getting suf?cient 
light on the subject under these circumstances might prove 
dif?cult. The transparency of different varieties of autoglass 
in the near infrared under various conditions may be deter 
mined. Sometimes it is desirable to immediately identify the 
driver of a car When the subject is in the database. This is 
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useful for installations such as drive-through ATMs and 
tollbooths, security barriers, and border crossings. In the 
automobile scenario, failure to capture results in additional 
screening, much like a portal (constrained capture) scenario. 
For example, at a tollbooth, if capture through the Wind 
shield fails, the driver is required to stop, open the driver 
side WindoW, and peer at a device until recognized. 

[0038] Table 4 shoWs speci?c values of constraints for an 
exemplary automobile scenario. In one exemplary embodi 
ment of the present invention, these speci?c values and 
others are input to the method 200 for designing iris bio 
metric systems in minimally constrained settings and the 
con?guration for a particular iris biometric system is pro 
vided that operates Within the input constraints for the 
automobile scenario. Of course, other constraints and other 
speci?c values for these and other scenarios are Within the 
scope of the present invention. 

TABLE 4 

Exemplary Parameters for an Automobile Scenario 

Capture Volume 0.5 m x 0.5 m x 0.5 m 

Standoff Distance 3 mil0 m 
Number of subjects in capture volume 1 
Acquisition rate 75% 
Speed of subjects 21 m/sec. 
Cooperation None 
Attended/Unattended Optional 

[0039] There are various outcomes for attempting to per 
form iris recognition. For example, the system may fail to 
recogniZe that a subject is Within the capture volume, fail to 
acquire an iris template from a subject knoWn to be Within 
the capture volume, fail to recogniZe an acquired iris tem 
plate, match an iris template against a Watchlist, match an 
iris template against some other database (e.g., authoriZed 
users, passenger manifest, employee database), recogniZe 
some feature of an acquired template or iris image that 
triggers an alarm (e.g., an attempt to spoof the system, or a 
subject moving counter to expected ?oW for that type of 
subject, or a false match against a database. Exemplary 
embodiments of systems for performing iris recognition can 
be designed to respond di?ferently to the outcome depending 
on the particular scenario and the needs and desires of the 
client. Some exemplary responses to failure to acquire an iris 
template from someone knoWn to be in the capture volume 
include sounding an alarm, signaling a person, and collect 
ing the failure as a statistic to measure system performance. 

[0040] When designing an iris biometrics system, the 
method 200 must account for the possible retinal damage 
that could occur in any environment. FIGS. 4 and 5 are 
charts of exemplary haZard functions 400 and 500. These 
charts illustrate the relative haZard of thermal damage to the 
retina from visible or infra-red light as a function of the 
Wavelength of that light. A haZard function according to 
these charts is used in an exemplary embodiment of the 
present invention of an iris acquisition model (see FIGS. 
9A-E) to determine eye-safe levels of absorption. 

[0041] The American Conference of Industrial Hygienists 
(ACGIH) 2004 handbook for threshold limit values (TLVs) 
and biological exposure indices (BEls) recogniZes three 
regimes for retinal injury from visible and near IR radiation: 
retinal photochemical injury from chronic blue light expo 
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sure, retinal thermal injury from visible or near IR exposure, 
and retinal photochemical injury from chronic blue light 
exposure in Workers With a lens removed and cataract 
surgery in Which the lens is not replaced With a UV absorb 
ing lens (called aphakic hazard). The handbook provides 
three retinal haZard spectral Weighting functions corre 
sponding to these three haZard regimes: A0»), B0») and R0») 
for the aphakic, blue and thermal haZards respectively. These 
functions are shoWn in FIG. 5. They are not analytic; they 
are presented in the handbook as tables. They are based on 
analysis of empirical data. These functions are used to Weigh 
other functions that depend on exposure time and angular 
subtense of the source. The other functions are not analytic 
and cover multiple cases. FIG. 7 provides an assessment of 
hoW the three haZards vary With Wavelength. The values of 
the three Weighting functions cannot be compared betWeen 
haZards. The TLV value is set by the product of the Weight 
ing function With a haZard-speci?c function of exposure and 
subtense. 

[0042] For the near IR, the TLV for a single Wavelength is 
expressed in the form 

radianceT L V=f(l)/ (R (7»)(1) 

Where t is the exposure time, R is the retinal thermal haZard 
function of FIG. 7, 0t is the angular subtense of the source 
as seen by the eye and f(t) is de?ned as the radiance TLV 
coef?cient, Which is a function of exposure time that is 
presented in FIGS. 6 and 7. 

[0043] FIGS. 6 and 7 are graphs of exemplary radiance 
threshold limit value (TLV) coef?cient functions 600 and 
700. The TLV describes the level of exposure to some haZard 
(in this case infrared illumination) that is deemed to be the 
maximum acceptable to avoid risk of injury. This TLV 
coef?cient gives the relative e?‘ectiveness of an infra-red 
illumination dose as a function of the length of time over 
Which that dose is absorbed. The potential for damage is 
greater When very intense radiation is absorbed over a short 
period of time than When the same total dose is applied as 
loW intensity radiation over a longer time. 

[0044] FIG. 8 shoWs an exemplary embodiment of the 
present invention of a method 800 for providing iris bio 
metrics system design in minimally constrained settings. 
The method 800 receives design constraints and provides 
derived design parameters that are useful in designing a 
system having a speci?c set of performance requirements. In 
this example, the method 800 receives particular values for 
the folloWing design parameters: a lens focal length 802, an 
illuminator poWer 804, a camera standolf 806, an illuminator 
standolf 808, a camera resolution 810, a camera sensitivity 
812, and an illuminator Wavelength 814. In response, the 
method 800 provides an amount of radiation absorbed by the 
iris 816, a captured image contrast 818, and a depth of ?eld 
820. With this provided information, an exemplary embodi 
ment of the present invention of a system can be designed 
meeting particular performance requirements to perform in 
a minimally constrained setting. The method 800 may be 
implemented using the information in FIGS. 9A-E to gen 
erate a set of inequality constraints on the system design 
parameters to be satis?ed. One exemplary embodiment of 
the present invention is a system designed in accordance 
With method 800 using the information in FIGS. 9A-E. Of 
course, other exemplary embodiments of the present inven 
tion include methods that are not limited by any particular 
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values or selection of system components, parameters, units 
or formulas, such as those in FIGS. 9A-E. 

[0045] FIG. 9, Which includes FIGS. 9A-9E, is a table 
de?ning an exemplary iris acquisition model. This model is 
implemented as a spreadsheet With macros (see Table 6). In 
this table, for each system component, there are associated 
parameters Which have a sample value, units, symbol, and 
formula. Values and units are also provided in international 
system of units (SI). In this exemplary model, the following 
system components are de?ned: illumination, illumination 
standoff, ambient illumination, subject, camera standoff, 
camera lens, camera sensor, iris image, and constants. Of 
course, the present invention contemplates various similar 
models and is not limited to any particular values shoWn in 
FIGS. 9A-E. 

[0046] This exemplary model is implementable as a sys 
tem design and analysis tool using softWare, such as a 
Microsoft® Excel® spreadsheet program. Design param 
eters (such as lens focal length, illuminator poWer, camera 
standoff, illuminator standoff, camera resolution, camera 
sensitivity, illuminator Wavelength, and so forth) are entered 
and derived quantities are output. The derived quantities 
may comprise the amount of radiation absorbed by the iris, 
the captured image contrast, and the depth of ?eld for the 
particular constraints. This model is capable of generating 
many different iris biometrics systems based on different 
combinations of parameters, such as capture volume, camera 
placement, speed of motion, and other factors. 

[0047] In designing a system for a speci?c set of perfor 
mance parameters (e.g., camera standoff greater than three 
meters and capture volume greater than x by y by Z), the 
exemplary embodiment of the present invention of the iris 
acquisition model shoWn in FIGS. 9A-E uses design prin 
ciples embodied in that model to generate a set of inequality 
constraints on the system design parameters to be satis?ed. 
For example, in order to obtain a speci?ed depth of capture 
volume, the Far Focus LimitiNear Focus Limit must be 
greater than this speci?ed value. The Near Focus Limit is 
given by the model as a numerical expression relating 
Camera Standoff Distance, Hyperfocal Distance, and Focal 
Length. Hyperfocal Distance in turn is computed in terms of 
Focal Length, F number, and Circle of Confusion. Each of 
these quantities is either speci?ed directly or computed from 
design constraints. Thus, the capture volume is translated 
into a constraint on system design parameters, alloWing 
engineering tradeolfs to achieve application requirements to 
be evaluated. 

[0048] The exemplary iris acquisition model shoWn in 
FIGS. 9A-E includes the folloWing model components: 
controlled illumination, illumination standoff, ambient illu 
mination, subject, camera standoff, camera lens, camera 
sensor, and iris image. The controlled illumination is the 
illumination supplied by the iris acquisition system. The 
illumination standoff is the distance betWeen the controlled 
illumination and the subject including the properties of the 
intervening medium. The ambient illumination is the illu 
mination not controlled by the iris acquisition system. The 
subject is the iris being measured. The camera standoff is the 
distance betWeen the front of the camera lens and the 
subject. The camera lens is the optical elements of the 
camera. The camera sensor is the device that converts 
photons into electronic signals. The iris image is the output 
of the sensor. 
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[0049] Table 5 lists exemplary parameters associated With 
controlled illumination. Wavelength is the Wavelength of the 
illumination source. Radiance is the brightness of the illu 
mination source, the areal density of radian intensity, and the 
Watts/s per unit area of source. Radiance TLV is the thresh 
old limit value of radiance for eye sage operation. It depends 
on Wavelength, exposure time, and angular subtense of the 
source as seen from the subject’s iris and the pulse Width and 
repetition rate if the illumination source is not continuous. 
The TLV is de?ned by the ACGIH. In one exemplary 
embodiment of the present invention, macros in a spread 
sheet compute the TLVs. (Table 14 shoWs exemplary code 
for these macros.) The area of a single emitter is the area in 
meters squared of one of an array of emitters. The number 
of emitters is a number of emitters in an array of emitters. 
The duty cycle is a function of the time the source is on. The 
pulse Width is the Width of pulses for a pulsed source. The 
repetition rate is the frequency of pulses for a pulsed source. 
The duration is the duration of exposure, Which encom 
passes multiple pulses for a pulsed source. 

TABLE 5 

Exemplag Parameters for Controlled Illumination 

Parameter Input Symbol SI Units 

Wavelength X hsoum m 
Radiance X Source W/mZ-sr 

Radiance TLV I-j-Lv W/mZ-sr 
Area of single emitter X Asoum m2 
Number of Emitters X 
Radiant Intensity ISource W/sr 
Duty cycle X % 
Pulse Width sec 
Repetition rate X HZ 
Duration X sec 

Measurement of Radiance 

[0050] The radiance of an LED is seldom speci?ed by the 
manufacturer. Hence, for the exemplary iris acquisition 
model of FIGS. 9A-E, radiance is measured or computed 
from other parameters. Given a calibrated irradiance meter, 
the irradiance is measured as a function of distance from the 
source. By plotting the irradiance vs. the inverse square 
distance, the slope of the line is the radiant intensity of the 
source. Radiance is determined using the area of the source. 
The area of the source is determined by taking a picture of 
the source With the intensity turned doWn loW enough that it 
Will not bloom the camera. The dimensions of the active area 
of the LED are scaled off, the active area, and the radiance 
of the source are computed. In one example, 

[0051] Table 6 lists exemplary parameters associated With 
controlled illumination standoff. Distance is the distance 
from the source to the iris. Distance/siZe ratio is the ratio of 
the source distance to the largest transverse dimension of the 
source. In one exemplary embodiment of the present inven 
tion, values larger than about 10 for the small angle approxi 
mations are considered valid in a model, such as the model 
in FIGS. 9A-E. Angular subtense is the largest subtended 
angle of the source as seen from the iris. The optical 
properties of the intervening medium are absorption, refrac 
tion, dispersion, and scattering. 
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TABLE 6 

Exemplag Parameters for Controlled Illumination Standoff 

Parameter Input Symbol SI Units 

Distance X dSource m 
Distance/size ratio 
Angular subtense sr 
Optical properties X 

[0052] Table 7 lists exemplary parameters for ambient 
illumination. The Wavelength is the Wavelength of the 
illumination source. The subject irradiance is the irradiance 
measured at the subject due to ambient illumination. 

TABLE 7 

Exemplag Parameters for Ambient Illumination 

Parameter Input Symbol SI Units 

Wavelength X m 
Subject irradiance X W/m2 

[0053] Table 8 lists exemplary parameters for the subject. 
The subject irradiance is the irradiance at the subject due to 
the controlled illumination source. The irradiance TLV, non 
laser is the TLV for incoherent, non-laser light, While the 
irradiance TLV, laser is the TLV for laser light. The iris 
albedo is the measured average albedo of a prototype iris. 
The iris albedo root mean square (RMS) is the measured 
RMS variation of albedo about the average. The skin albedo 
is the measured average skin albedo. The sclera albedo is the 
measured average sclera albedo. The pupil albedo is the 
measured average pupil albedo. The iris diameter is the 
measured iris diameter of a prototype iris. The iris average 
excitance is the light re?ected from the iris. The iris RMS 
excitance is the variation in light re?ected from the iris. 

TABLE 8 

Exemplag Parameters for the Sub'ect 

Parameter Input Symbol SI Units 

Subject irradiance Esubjec‘ W/m2 
Irradiance TLV — non-laser W/m2 

Irradiance TLV — laser W/m2 

Iris albedo X 
Iris albedo RMS variation X % 
Skin albedo X 
Sclera albedo X 
Pupil albedo X 
Iris diameter X m 
Iris average excitance W/m2 
Iris RMS excitance W/m2 

Measurement of Albedo 

[0054] Iris albedo and variation of iris albedo data in the 
near IR does not seem to be readily available in the open 
literature. Hence, iris albedo is measured for the exemplary 
model. This is done using a re?ectance standard, such as the 
type provided by Labsphere, North Sutton, N.H. or Ocean 
Optics, Dunedin, Fla. by performing the following method. 
Arrange a light source to uniformly (i.e., constant irradiance) 
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illuminate the subject iris and a re?ectance standard at the 
desired Wavelength. Image the subject and standard With a 
camera With gamma correction and automatic gain control 
(AGC) turned off. Adjust the illumination level for pixel 
values of the standard at approximately 90% of full scale. 
Capture image(s). Compare pixel values of the iris With that 
of the standard. If the standard has an albedo of about 1.00, 
the iris albedo is the ratio of the pixel value on the iris to that 
on the standard. If the iris albedo is loW, capture one image 
as described above and then increase the illumination level 
by a knoWn factor and recapture. Rescale the pixel values of 
the iris in the original image by the illumination level ratio 
of the tWo images and proceed to compare those values With 
the iris pixel values in the neW image. A series of images 
may be taken With increasing intensity to plot the pixel 
values for the various structures, (e.g., reference, skin, iris, 
sclera) of interest as a function of the intensity. The data 
usually ?ts straight lines. The ratios of the slopes of the iris, 
sclera, and skin to that of the reference then give the albedos 
for those structures. The variation of albedo is estimated 
Within a structure by extracting a region of pixels from the 
structure and computing the average and standard deviation 
of the pixels. 

[0055] Table 9 lists the exemplary parameters associated 
With the camera standoff. The distance is the distance from 
the front of the camera to the subject iris. The optical 
properties of the intervening medium are absorption, refrac 
tion, dispersion, and scattering. 

TABLE 9 

Exemplary Parameters for the Camera Standoff 

Parameter Input Symbol SI Units 

Distance X dcamm m 

Optical properties of intervening medium X 

[0056] Table 10 lists the exemplary parameters associated 
With the camera lens. The magni?cation is the iris radius at 
the sensor divided by the iris radius at the subject. The focal 
length is the distance along the optical axis from the lens to 
the focus (or focal point). The lens F# is the ratio of the lens 
focal length to the lens diameter. The transmission is the 
fraction of light transmitted by the lens. The effective lens 
diameter is the areas of the lens for light capture. The lens 
capture e?iciency is the fraction of light from the subject that 
is captured by the lens. The total lens e?iciency is the 
fraction of light from the subject that arrives at the sensor. 
The circle of confusion (at the sensor) is the maximum 
diameter of a point source as imaged on the sensor that is 

beloW the resolution limit of the sensor. The hyper focal 
distance is the focus point at Which the depth of ?eld extends 
from half hyper focal distance to in?nity. The near focal 
distance is the near edge of the depth of ?eld. The far focus 
limit is the far edge of the depth of ?eld. The depth of ?eld 
is the region of space Within Which a point is imaged to a 
circle smaller than the circle of confusion. 
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TABLE 10 

Exemplag Parameters for the Camera Lens 
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TABLE 1 1 -continued 

Exemplag Parameters for the Camera Sensor 

Parameter Input Symbol SI Units Parameter Input Symbol SI Units 

Magni?cation Sensor Width m 
Focal length f m Sensor Height In 
F# X F# Shutter time X sec 
Transmission X TlenS % Photon Energy joule 
Effective Lens Diameter m Sensor average irradiance W/m2 
Lens Capture Efficiency Sensor RMS irradiance W/m2 
Total Lens Efficiency Sensor Signal Photons photons 
Circle of confusion (at sensor) m Sensor Average Signal e— 
Hyper focal distance In Sensor RMS Signal e— 
Near focus limit In Total Sensor Noise e— 
Far focus limit In Dynamic Range Fraction 
Depth of ?eld m Signal/Noise dB 

Contrast Signal/Noise dB 

[0057] Table 11 lists exemplary parameters for the camera 
sensor. The quantum e?iciency is for interacting/incident 
photons. The camera gain I for interacting photons and the 
camera gain K for electrons are from the Well known photon 
transfer curve. The Well depth is the depth of the sensor Well 
in electrons. The read noise is the noise in the absence of 
photons. The shot noise is the square root of the sensor 
average signal. The pixel Width is set by the pitch and ?ll 
factor. The pixel height is the same as Width for square 
pixels. The pixel pitch horizontal is the pixel spacing, Which 
is not the same as the pixel Width. The pixel pitch vertical is 
the same as Width, for square pixels. The pixel area is the 
pixel Width times the pixel height. The ?ll factor is the siZe 
of the light sensitive photodiode relative to the surface of the 
pixel. The sensor Width and height are measured in pixels 
and meters. The shutter time is the exposure time. Photon 
energy=Planck’s constant*the speed of light/the source 
Wavelength. Sensor average irradiance=iris average 
excitance*total lens ef?ciency. Sensor RMS radiance=iris 
RMS excitance*total lens ef?ciency. Sensor signal photons= 
sensor average irradiance*pixel area*camera shutter/photon 
energy. Sensor average signal=quantum ef?ciency’l‘sensor 
signal photons. Sensor RMS signal=sensor average 
signal*iris albedo variation. Total sensor noise=read noise+ 
shot noise. Dynamic range fraction=sensor average signal/ 
Well depth. Signal/noise=20 log(sensor average signal/total 
sensor noise). Contrast signal noise=20 log(sensor RMS 
signal/total sensor noise). 

TABLE 11 

Exemplag Parameters for the Camera Sensor 

Parameter Input Symbol SI Units 

Quantum Efficiency X QE 
(interactingincident) photons 
Camera Gain I (interacting photons) X photon/DN 
Camera Gain K (electrons) X e—/DN 
Well depth X e— 
Read Noise e— 
Shot Noise e— 
Pixel Width X m 

Pixel height m 
Pixel pitch horizontal m 
Pixel pitch vertical m 
Pixel Area m2 
Fill factor X % 
Sensor Width, Pixels X 
Sensor Height, Pixels X 

[0058] Table 12 lists the exemplary parameters for iris 
image. The pixels across iris is the desired pixel resolution 
at the subject. The resolution is the resolution at the subject. 
The contrast is the contrast at the subject. The excess 
resolution factor is used to determine the optical resolution 
needed for recognition. The minimum required resolution at 
the subject is the minimum needed for recognition. 

TABLE 12 

Exemplag Parameters for the Camera Sensor 

Parameter Input Symbol SI Units 

Pixels across iris X 

Resolution(at subject) pixels/m 
Contrast 
Excess Resolution Factor 
Minimum Required Resolution (at subject) X pixels/m 

Radiometric Physics 

[0059] The parameters in Table 13 are general optics 
terms. Using subscripts s for source and t for target, R as the 
source target distance and AS and At as the target and source 
respectively, the radiant intensity is related to the radiance 
and the source area by 

for a uniform extended source. A point source is modeled as 
LS~l/AS as AS goes to Zero. The radiant ?ux incident on a 
target is the product of the solid angle subtended by the 
target and the radiant intensity 

The albedo of a surface is the ratio of its radiant exitance to 
its irradiance. For an extended source of radiance Ls, Which 
has a siZe large enough to ?ll the viewing angle, 0, of a 
detector, the measured irradiance is given by 

[0060] independent of distance. Conceptually, as the dis 
tance increases, the detector sees more of the source and the 
increased source visibility balances the l/r2 fallolT from each 
area element, dA. 
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TABLE 13 
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TABLE 14-continued 

Some general optics terms 

Parameter Symbol Units Use to measure 

radiant Q Joule 
energy 
radiant q> Joule/sec 
poWer Watt 
radiance L W/m2-sr source brightness 
radiant I W/sr light flux propagating in space 
intensity 
irradiance E W/m2 light flux density impinging on a 

surface 
radiant M W/m2 light flux density emitted from a 
exitance surface 
albedo reflectance of a surface 

Relationship between Retinal Irradiance, Corneal Irradi 
ance, Source Radiance, and Retinal Hazards 

[0061] For corneal and lens damage to the eye, the depo 
sition of energy to the cornea depends on the corneal 
irradiance EC. For retinal damage, the deposition of energy 
in the retina depends on the retinal irradiance, E. In many 
cases, the corneal irradiance tells little about the retinal 
irradiance, because the corneal irradiance is focused onto the 
retina and the details of the focused image depend on the 
source, rather than the corneal irradiance. The retinal irra 
diance is given by 

[0062] Where fe is the focal length of the eye lens and r is 
the transmission of the lens and the intraocular ?uids. 
Because '5 and f6 are reasonably constant across the popu 
lation, the eye safety limits are expressed in terms of the 
source radiance. There are complicating factors. The siZe of 
the image on the retina has an impact on the rate at Which 
energy is diffused from the image and this interacts With the 
exposure time so that the maximum permissible source 
radiance for safety depends on the angular subtense of the 
source, the source Wavelength, and the duration of the 
exposure. For sources that are effectively very far aWay so 
that the light impinging on the eye is essentially plane Waves 
(e.g., laser light) or for true point sources, the siZe of the 
image on the retina is determined by diffraction and aber 
ration in the eye, rather than by the siZe of the source. In 
these cases, the corneal irradiance is a better indicator of 
retinal irradiance than the source radiance. These relation 
ships have been used to develop eye safety standards for 
corneal/lens and retinal damage. 

TABLE 14 

Exemplary TLV Macros 

‘ TLV Macros 

Private Const CM2perM2 = 10000 
factor 
Option Explicit 

‘ cm 2 per in 2 conversion 

Public Function OccularRadianceTLV(ByVal exposureTimeSec As 
Single, i 

ByVal WavelengthNM As Single, i 
ByVal angularSubtense As Single) As Single 

‘ returns WHIIS/SILI'HAZ 

‘ from ACGIH 2004 TLVs and BEIs, page 154. Get a copy at 

Exemplary TLV Macros 

WWW.acgih.org 
Dim myTLV As Single 
myTLV = 0 ‘ default in case Where We do not knoW it or 

have not calculated it 
If (exposureTimeSec < 0.00001) Then exposureTimeSec = 

0.00001 
If (WavelengthNM >= 770) And (WavelengthNM <= 1400) Then 

If (exposureTimeSec >= 10) Then 
myTLV = 0.6 / (angularSubtense * 

retinalTherrnalHaZardMultiplier(WavelengthNM) ) ‘ page 154 
section 4b 

Else 
myTLV = 5 / 

(retinalThermalHaZardMultiplier(WavelengthNM) * 
angularSubtense * exposureTimeSec A 0.25) 

End If 
End If 
OccularRadianceTLV = CM2perM2 * myTLV 

End Function 

Public Function OccularIrradianceTLV (exposureTimeSec As 
Single, WavelengthNM As Single) As Single 

‘ returns Watts/mA2 

‘ from ACGIH 2004 TLVs and BEIs, page 154. Get a copy at 
WWW.acgih.org 

Dim myTLV As Single 
myTLV = 0 ‘ default in case Where We do not knoW it or 

have not calculated it 
If (WavelengthNM >= 770) And (WavelengthNM <= 3000) Then 

If (exposureTimeSec >= 1000) Then 
myTLV = 0.01 * CM2perM2 

Else 
myTLV = 1.8 * exposureTimeSec A (—3 / 4) * 

CM2perM2 ‘page 154 section 4a 
End If 

‘ page 154 section 4a 

Else 
End If 
OccularIrradianceTLV = myTLV 

End Function 
Public Function LaserOccularIrradianceTLV (exposureTimeSec As 
Single, WavelengthNM As Single) As Single 

‘ returns Watts/mA2 

‘ from ACGIH 2004 TLVs and BEIs, page 137. Get a copy at 
WWW.acgih.org 

Dim myTLV As Single 
myTLV = 0 ‘ default in case Where We do not knoW it or 

have not calculated it 
If (WavelengthNM < 700) Or (WavelengthNM > 1000000#) Then 

‘ not yet implemented 
End If 
If (WavelengthNM >= 700) And (WavelengthNM <= 1400) Then 

‘ 700 nm to 1400 microns —— IRA 

If (exposureTimeSec > 30000#) Then ‘not yet 
implemented 

End If 
If (exposureTimeSec >= 1000) And (exposureTimeSec <= 

30000#) Then 
myTLV = 320 * Ca(WavelengthNM) * Cc(Wavelengt_hNM) 

‘ microWatts/cm 2 

myTLV = 0.000001 * CM2perM2 * myTLV ‘ W/mA2 

End If 
If (exposureTimeSec < 1000) Then 

If (WavelengthNM >= 700) And (WavelengthNM < 1050) 
And L 

(exposureTimeSec >= 0.0000000000001) And 
(exposureTimeSec < 0.00000000001) Then 

myTLV = 1.5 * Ca(WavelengthNM) * 0.00000001 / 

exposureTimeSec 
myTLV = myTLV * CM2perM2 ‘ W/mA2 
‘ 1.5 Ca 16-8 .I/cmA2 

End If 
If (WavelengthNM >= 700) And (WavelengthNM < 1050) 

(exposureTimeSec >= 0.00000000001) And 








